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i
AC losses in superconducting magnets

I.IIlfisnik

Electrotechnical Institute, Slovak Academy of Sciences, Dubravska cesta,

809 32 Bratislava, Czechoslovakia

Summary

Paper presents principal results obtained in the research ol losses in

superconducting magnets especially at alternating and pulsed fields during

the last years and gives a review of some unsolved problems in this domaine.

1. Introduction

Losses in superconducting magnet systems /SMS/ are of two types, electro-

magnetic and mechanical ones.

Electromagnetic losses in SUS arise when magnetic induction § and/or

current I are changing.

Mechanical losses are due to the movement and/or deformation of conduc-

tor material,as well as to the release of energy at cracks in insulating or

potting materials.

Both these types of losses have played and are playing still a very im-

portant role in the design and exploitation of SMS for two reasons :

1. Because of very small specific heat Cv of superconductors at helium tem-

peratures / Cv = 10
3rl04 J/m3K/and because of decrease of critical current

density J with increasing temperature, any release of heat in the winding

can potentially lead to premature transition of the SMS from superconducting

to normal state. This aspect of losses in SUS leads to well known effects

called instabilities, training and degradation.

2. Because of small efficiency of helium refrigerators /300 f 1000 W at

300 K are needed to evacuate 1 W from 4,2 K to 300 K/ losses in SMS diminish

the economical effect of the use of SMS and in some cases eliminate their

application e.g. for many A.C. electrical machines.

Better understanding of different mechanisms of losses in SMS was con-

ditione sine qua non of the superconducting magnet technology.

The aim of this paper is to present the principal results obtained in

the last years in the research of losses in SMS specially at alternating

and pulsed fields and to sketch a review of some unsolved problems in this

domaine. The choice of this topic was made with regard to its importance for

future large scale applications of SMS in turbogenerators, tokomaks, energy

storage and transfer divices and in magnetically levitated trains. The paper

is divided in to three parts. The first part deals with electromagnetic los-

ses, the second with mechanical ones and the third part gives a short review

of some problems not yet fully understood and solved in this domaine.

2. Electromagnetic losses

Electromagnetic losses in SMS are curently divided into 3 types:
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1. hysteretic losses in superconductor itself due to'the change of exter-
nal magnetic field,

2. eddy current losses due to the Foucault's currents in the normal me-
tal,

3. seIf field losses and/or coupling losses due to the changing transport
current in the superconductor.

3.1. Hysteretic losses in superconductor

If for simplicity critical current density Jc is supposed to be inde -
pendent on B, for a superconducting slab of thickness D in parallel harmonic
field, amplitude of which is Hffl, the hysteretic losses * h per unit volume and
per cycle are given by'1'

, ii
J.D

if H
B * Hps ~ /2a/

and by Wh = J D *0Hffi / 3a /

i f H
B» HpB / * • '

For a superconducting cylinder of diameter d in a transverse harmonic
magnetic field » h i s given byt2>

W „ 256
a ~

if H m« Hp/ = i «

/4b/

If the field is longitudinal, the Wh i s f 2 )

h

Hm<H
Pc = J T ~ ^ /«./

Hpc /4c/
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If the superconducting cylinder is rotating about an axis parallel to its axis

in a transverse magnetic field H , then Wn is given by

47T

if
/4d/

Jcz and JcG are critical current densities in the direction parallel

to the cylinder axis and in the aziniuthal direction respectively, both in

magnetic field perependicular to J. The fact that the losses at high magnetic

fields are proportional to the diameter of the wire, as well as the f t y i

gnetic instabilities could be eliminated if the superconductor diameter is

small enough,led to the fabrication of multifilamentary superconductors /MFS/

However the electromagnetic coupling between filaments and the induced edy

currents reduce the posibility of full ex[ioitation of the obtained diameter

reduction /to 1-10 (um/ for fastly changing magnetic fields.

In the next section we shall briefly analyse how the electromagnetic

losses depend on the external parameter i.e. on the angular frequency Co, or

on the rise time ^ and on the amplitude of the applied field II as well as

on the internal parameters of the MFS itself, i.e. on its dimensions,twist

pitch 1 , Jc, resistivity of the matrix and its structure.

2.2. Electromagnetic losses in multifilamentary superconductors

Because of a very complex structure of MFS from the electromagnetic po -

int of view it is practically impossible to find the exact solution of ele-

ctromagnetic field in it. Therefore to calculate electromagnetic losses in

MFS it was necessary to look for more or less approximative solutions with

the aide of simplified models. Mainly two approaches were used.

The first one is based on the application of the circulating integral

tE.dr along a properly chosen path in a discrete heterogeneous structure

consisting of normal metal matrix and of superconducting filaments ' ~ W

The second approach proposed by Carr is based on a model of anisotro-

pic continuum characterised by conductivities 6̂  , 6j, and permeabilities M x (

(UN in the direction transverse and parallel to the filaments respectively.

The first approach is more elucidating,but the second one is more ge-

neral.

In the next sections we illustrate the basic parameters and results of

the theory of losses in MFS in the fr̂ rae of the first approach following ma-
(71

inly a recent paper of Ries and we complete them by those obtained by Carr

and his coworkers * " ' Jand by Zenkewitch and his coworkers too^ '*' .

2.2.1. Eddy current losses in MFS in transverse external magnetic field

Let us consider a twisted MFS with a simple matrix in the interior of

which a small homogeneous transverse magnetic field Hx is assumed in the
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x - direction. Let the integrating path C follow the electric centre lines
in two opposite filaments on radius R and two straight lines perpendicular
to the axis of MFS and going through it /see fig.l./.

Fig.l

The total induced voltage will be

• lp ,2«r
V S - . 0 S - 4 - T - Rsin(—•

2;r lp

x* 4 V /5/

wher 1 is the twist pitch,^
pendisular to the axis of MFS

is effective permeability in direction per -
b and v/R,v>,z/ is the induced voltage between

the filament on radius R at the point z and the electric centre line in the
central filament. Because Rsin / j-± z/ is simply the coordinate x and ex.
/3/is valid for all filaments, we Bee that the induced voltage give rise to
a constant mean transverse electric field component E which gives rise to
a constant transverse current density

If the barrier resistivity between the superconducting filaments and the
matrix is zero, then fl0)

1 +A
1 T 1 - A /7/

where A is the space filling factor of the superconductor in the filamenta-
ry zone of MFS.

If the barrier resistivity is very high,then

« -IT. ±ll

In general ̂ 4 0,5, therefore 6̂ = /0,33 i 3/K..
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If we choose the integrating path D which follows the electric center
lines in two adjacent filaments of the same layer / see Fig.l/ we can find
that there exits also a mean electric field component E

27C R

which gives rise to a mean z - component of the current density in the ma-
trix

•is the angle between H^and the radius vector R in the plane perpendicular to
the axis of MFS, m is the distance between two neighbouring superconducting
surfaces.

Moreover the induced voltages V. . between peripheral filaments drive a
current through the normal conducting layer surrounding the filamentary zo-
ne with the current density J« which is given by

- sin</>

and has the direction perpendicular to the filaments, where
= arc tg^*"**/^/ is the angle between the axis of MFS and the axis of pe-

ripheral filament.
JJJD has an azimuthal component

* * • % • * * * *
 / 1 2

* '

and a longitudinal one
JNpz= "flA^N Ro ^ '

where R is the external radius of the filamentary zone.
The transverse component JNx and azimuthal component JL are collected

by peripheral filaments and give rise to a supercurrent Ig in filaments

/

This current gives rise to a peripheral longitudinal surface density

and to an azimuthal surface current density

J J * * * /IS/
I sin*0 . 1 / c

Fig. 1.shows different current density components in MFS induced by
changing transverse magnetic field.
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The sin^ distribution of longitudinal components of eddy currents J^z
and JH and of the supercurrent Jsz give rise to a practically homogeneous

transverse field H vwich will act against the change of the field H x

"01 • \ [J.z

t

where time constantfis given by

rf _o ffl"a Bo o ~\\

\ nv

For resulting transverse magnetic field in the composite we obtain the

following differential equation

i ~ ext " 01 ~ ext " i

If external field H » is harmonic

Hext = H m 8 i n w t

then in complex notation for W± from ex./18/we obtain

H, = ' =, v 9.j/» = H_e II - /ao/

where c<=arc 4g«Jr and 8= arc tg/WT/"

We see that the amplitude of the transverse field in the interior of the

composite

H - V

is smaller than the amplitude of the external field H due to the transverse

opposite field H Q i amplitude of which is

oi m ~ n m f,^,.2 <r-2\*/2 /22/

If we neglect the effect of longitudinal magnetic field related to eddy

currents J^% and J»_,L, the eddy current losses per unit volume of the fila-

t d lmentary zone and per cycle are

w e - r H e^ 1-")

• J d-t J m (1 + ft.2 <J-2)/2

/23/
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-i
From ex./23/ we see, that for angular frequency <J « <J4= t"

the eddy current losses W# will increase linearly with frequency andT.i.e.

with 1 . For u>ui they will tend to be inversely proportional to these pa-

rameters. For cj>ui
(xr^> the ex./23/ is not more valid, because in this re-

gion the effect of the longitudinal component Hg which is due to JNx and

corresponding part of JM_ A can not be neglected. In fact H , which is gi-

ven by

J% /24/

i s for<M^/2 in this frequency region higher than HA.
The eddy current losses obtained by Carr and his coworkers in the frame

of his anisotropic model /see /2/• /^/r/U/,/15/,/\Q/ a r e f o r w < W i

3 . 4 + tgafc

times higher than tho-

C ff
se given by ex . /23/ . For tgip<< 1, K- • rJ*-& 1 and |U = 1 this ratio

o i
equals to 2.

The effect of the longitudinal component H on eddy current losses was

evalueted by Carr' ' for frequencies CJ>t*J2 = /pn
6! r\o /" ••

which moreover the normal skin effect affects the eddy current losses.

The eddy current losses per unit volume of the filamentary zone and per
/2 /cycle are then giyen f f by PIT H 2

o o

Zenkiewich and Romaniuk ' ' have analyzed eddy current losses in MFS

for such cas« of periodic and single field pulses of different shape, in

which the supercurrent I does not saturate the peripheral filament. They

have shown that these losses could be expressed as

We = 2 1 +{—2-j (UA4H; . Q /26/

where 41^ is the change of external field during time rise % and Q is

a dimensionlessfunotion which is different for different pulse shapes.

We quote here three typical examples /see Fig.2/. For a single pulse

with linearly increasing field /Fig.2a/ Q is given by

-£ / 2 7 /

where T

Por a single pulse with exponentially changing field /see Flg.2b/
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For a periodic trapezoidal field variation /see fig. 2c/

I o
1-

/29/

HJ

AH
H Hf

Fig. 2a, Fig. 2b, Fig. 2c/

Zenkievich et al./18'/ have studied the losses in. UFS under exponential

rapid high magnetic field pulses too. They have found that in this case ge-

nerally the UFS transits into the normal state at the begining of the pulse

which diminishes the total losses.

2.2.2. Hysteretic losses in MFS in transverse external magnetic field

As far as the supercurrent IB does not saturate a great part of the su-
perconducting filaments i.e. if

On and H. H
m nn - Hpf /30/

allmost all the superconducting filaments are in field ttim> Therefore if

H a
1 ffl

/31/

the hysteretic losses pnr unit volune of the filamentary zone and per cycle

are given by /see ex./lb//

w -
h "

and if

then

- H,

nijr C Po / 1

For the skin effect region and Hm< 11, Carr et
steretic losses W. following expression

/32/

/33/

•
1

/34/

the hy-
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512

275r V d J
c e

27 5T
sin3-T/2 a"'?o

where

/35/

If thu supercurrent Ig saturates most of filaments, then the coupling

losses become dominant. This case is treated in the next section.

2.2 .3 . Coupling losses io MFS fo transverse external magnetic f ield

In that region where the superconducting filaments are saturated, MFS
behaves approximately as a superconducting cylinder whith a mean cri t ical
current density AJC in a magnetic field HQi.
Therefor* if „ _. o <\ i n

H - m *"*! , & " c » = H - » e /36/

coupling losses per unit volume of the filamentary zone and per cycle are

18S ft" "m &jW c = /I ^ r-T/3/2 /37/

If
H

OJ.B9'
/38/

UPS behaves as a monofilament in the field Hez . If moreover

H o x n s = "

and at the same time

CJ <0J> --

/39/

/40/

the coupling losses Wc, which equal practically to total losses

given by ex./3b/i.e.

W c = W t = ^ * J c B o ( * o H m

are

2.2.4. Total loss dependence on dimensionless parameters

To summarize the influence of different parameters and to allow the coa

parison of the the oretical and experimental results we can scale the total

losses by hysteretic ones at zero frequency.

Then for CJ <6J2
 w e obtain:

1• If /1+w2 f2/^

V HnMPq a n d H»< < Hnf n+<V21~2/1/2 / 4 2 /
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Who

2* If Hm<<HplIFS / « * * / " " '**V* and " m ^ V 7 1 +w"^"/*'" /44/

which could be true only if d « 2'AR O, then

W* o o i /o f 3JT At. H,,,

Who

3 ^ ? ? R0 i^, /i -HJ2 r2/ J
/45/

We see that for UKKCJ^T the total losses increase linearly with

go through the maximum at (0 = Wj and then decrease attaining a constant value

at cj»cjt.

W L /46/

then

«n7= "^^
4«FordJ»&' i.e. for the skin effect region if

2

«.»« H
Pf

then

-1/2
the total losses decrease as Co .

We see that in the first case W. / WnQ depends on five dimensionless pa-

rameters 6JT,(U±/fio , H ./H ,
 d/R0

 a n d ^ • in tue second one only on four of

these parameters and in the third case Wt/W_o = 2 RQ/d.

For the skin effect region the ratio v
t^bo is a function of six de -

mensionless parameters (iu/p0, Hpf/Hm, U>/co2, A. Jcz/Jc0 and f0 .

2.2.5 - Comparison of theoretical and experimental results

Some uncertainties about 6"x, fKx and (U.h make difficult the quantitative

comparison of calculated and measured losses especially at small fields

/H m«H p f Vl+o? T
2/ and very high frequency / co>coz /. Nevertheless experinen-
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tal results obtained by many authors confirms qualitatively very well pre-

sented theoretical predictions /see e.g. /7/* / 1 2 / " / 1 4 / > / l 6 / " / 1 8 //.

For illustration we compare the experimental results obtained by

Kwasnitza ' '' ' ' and Wagner et al.'1 '. Kwasnitza made its measurements

on copperstabilised multifilamentary wires differing only by twist pitch,

i.e. by*?". Because for used type MFS /IMI type FM Aei/40/?" is proportional

to if, it was possible to scale all obtained experimental curves multiplying
P 2

the frequency by 1 . Fig.3 shows that scaled losses wt/
ft'h0 are practically

the same for all twist pitches and are very cl«»se to those calculated from

ex./45/. For the loss calculations its was taken from' : J - 3,5.10 A/m

R =0,185 mm i.e. H/H r=2.1; 2 =A R2,VR2 = 0,6, where A .=0,435 is the spa-
o • m pi ex o \ /T/

ce filling factor of the superconductor in the total crossection
R,,,, = 0,2 mm is the external radius of MFS'7{

300 K 9 300 K
= 7.7. l O 9 ^ " 1 m"1. where ? 3 0 0 K / p 4 i2K 180

9 4.2 K
/see /21// and A^ /9o = 0.3 at 1 T and 4.2 X /see / 2 2 /7. Existence of resisti-
ve bariers between NbTi and copper in accordance with ax/6/ gives

9 ^ 1= I*92 • 109,ft ̂ n f Because for 1 ̂  10 mm fQ^ ti.5° and because^
20'fQ

c/R = 0.14, /m-a/ /2a = 2,5, corresponding to ex. /17/ T could be expressed

as % - 40 1 /sec, m/. Fig. 4. shows the comparison of experimental eddy

current loss power per unit volume and per unit ac field amplitude squared

with that calculated from continuum model and from ex. /23/. AC field

amplitudes which are less than necessary to fully penetrate the filaments

were used throughout the experiment. We see that experimental curve lies

in the midle between the theoretical ones.

2.2,6o Multifilamentary superconductor in longitudinal external field

Let us consider at first an infinitely long MFS in a slowly increasing

longitudinal field H e x t. As it was pointed out by Jungst '*"', the multifi-

lamentary superconductor represents a serie of concentric superconducting

coils each with ̂ — ; — — — - turns per unit length. In these coils supercur-
xn/u+a/

rents are induced in rtwo opposite directions, because the total current is
zero.
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—J?a .

Fig.5

With the aid of c^E.df it can be easily shown/see / 2 3 /~ / 2 8 /7 that for the

first increase of field near the surface the current counteracts the exter-

nal field and saturates the superconducting filaments up to a radius R Q a t

/see Fig.5/It can be shown that for I!<Roat.
 the currents in the filamentssat

are in opposite direction and their magnitude depend on R so, that mean

current density in this non saturated region of MFS i.e. J^ = ^ is

Js /R/ =
41TH

ex /50/

The resulting field on the axis of the iTS equals to H -

Assuming
45TH

JVR/ = ex 751/

in the non saturated region , Turck has shown that

"sat
"c

/52/

where

i.e. at II > 11 the internal zone saturates too.

/53/

When the field after having reached its maximum H is decreasing, the

current density changes the sign in the surface region, where

B V*f
^ Rl =h

remains constant in the region

/54/

R 1 > R > Rsat n

and is given by ex /51/ for

R < Rsat »

/55/

/56/
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MR/

Turck '" 'has calculated the losses per unit volume of filamentary zone and

per cycle due to these coupling currents for a pulsed magnetic field H and
found

if

and if

Hm^

Wc =

H m »

W_ =

Hc

t

3

2

2

*;

Hc
*>

Ay _
— C

4

o Uc

/Ho +

< ("o
O l 0

Ip

X

/««"«

«m/2

Ho Hm

/57/

/59/

/ 6 0 /

This last expression was obtained also by Ries and Jiingst

It can be easily shown that for alternating magnetic field these losses

are given by following expression

W - 1 *2 Bo "c fo lJ - 8 tg^ <"o "m
C ^H P

I /I + H /H /
P 10 (7

if the condition /57/ is fullfiled; If the condition /59/is valid,then they

are double the losses given by ex./60/.

For short samples,if the sample length L< L „ with

f2AJc a 1.
Lc2 =[~Fi7

H » !? and for field rise time large compared to the axial diffusion time,
S I C or

the losses per unit volume and per cycle for* pulsed field are
-_ ffl* T} \ T U I
JU A «• A u It lj

W = i-2 °_£ E _ /63/
c , , , ̂  . J

p c2

and double for alternating field.

We see from ex/58/,/61/and/60 that coupling current losses in low

/ex.'5''and high /ex. ''/ longitudinal fields are inversely proportional

to the third or to the first power of the twist pitch 1 respectively.

Therefore an increase,instead of a decrease, of 1 is one way how to reduce

these losses. However if a transverse changing magnetic field is present,

this way leads to an increase of losses from this transverse field. Becau-

se for short sample lengthes /1*<L / the coupling losses are proportional to

I", Jungst and Ries ' °' have proposed to reduce them by an alternating

twist, i.e. to change the sense of rotation every alternation length lfl,

which must be the multiple of the twist pitch. The Fig.6. shows the effect of

such a alternating twist on coupling current losses. The upper curve cor-

responds to a sample ol L=80 mm, the lower one to the same sample with al-

ternating twist with la = 16 mn - To the reduction ratio of L equal to 5

corresponds ai, low rate change of field the reduction of coupling losses
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by a factor of 18 to 22.

H

0 Ot HI U 16
IM7E Of CHANCE OF FIEID 11/51

Pig. 6 Pig. 7

Car has applied the anisotropic continuum model to calculate the longi-

tudinal and transverse eddy current losses in a round flat winding of MFS

placed in a small uniform harmonic field /H m« HQ/ parallel to the plane of

the winding /see Pig.7/ as it could be the case in a tokomak magnet.

For

f < fskin /64/

he obtained

Bl

-1

f
I

L2/l2
a7 p

16 /65/

and for
f > f.skin

/S7/

where 21 & is the length of one turn of the winding and

The first term on the right hand side of ex. /65/ and /67/ results
from transverse applied field and the second from the longitudinal field.
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3 . Mechanical losses in SMS

Maybe because of the fact that superconductivity concerns at first the

electromagnetic properties of materials,the influence of mechanical effects

and mechanical properties of superconducting materials itself on the per-

formance of superconducting magnetB was neglected far a long time. In ma-

gnet design only the care was taken to keep the stress below the macroceopic

yield stress.

It was only after the elimination of electromagnetic instabilities by

the fabrication of instrinsically stable multifilamentary superconductors

that the mechanical effects such as movement of wires, craks in potting mate-

rials and other begun to be studied in more details. At first it was made ma-

inly because of training and degradation of SMS and recently also because of

complementary losses in pulsed SMS.

At present the sources of mechanical losses in SMS could be cathegorized

mainly in 3 following groups

- external friction on the conductor surface

- release of energy at craks of insulating and potting materials

- internal friction in the conductor

If first two sources are present in SMS only, the third one could be

observed on short samples too as it was pointed out by Schmidt and Pasztor>

To give some quantitative ideas about the importance of these different

types of mechanical losses we shall discuss them birefly.

3.1, Medhanical losses due to the external friction

Let us consider a section of superconductor of the length 1, cross-sec-

tion S, carrying a current I in a perpendicular magnetic field B, which will

be displaced by 6x in the direction of Lorentz force in adiabatic conditions

against the friction force /see Fig.8./. From the energy balance we can obtain

following relation between the temperature rise AT &nd the displacement 6x

Bj6x
AT = /68/

./29/

whure C ? is the specific heat ^er unit volume of the superconductor and J the

current density in it.

If we admit AT of the order of 1 K,

then for B=5 T, J=109A/m2 and

Cy=5.10
3 J/m3K we obtain for 6x 1 pm.

From this figure we feel the importan-

ce of a perfect mechanical fixation

of the superconducting winding.
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3>2. Release of strain energy at craks of insulating and potting materials
This type of losses in SUS was described in details by Smith and Cc-

lyr' 3 0'.
The strain energy in an impregnated coil may be stored during fabrica-

tion, cooldown and/or during energization.
The most important seems to be that stored by differential thermal con-

straction on cooldown, which will be of the order

W = f 769/

wheref is the portion of impregnant, c is the differential contraction, and
Y is Young's modulus for the inpregnant. For F=0,2, c= 10~2, Y=5.109 N/m2,
W s 105 J/m3, that is approximately 20 times the energy needed ' for a 1 K
temperature rise of the winding. The associated stresses are 5.10 N/m .

MO

I'M

<!O

£0

M)

20

UNIMMEGNATED

( 2 3

PARAFIN WAX

| ^ o - ' — • o—o-

TRANSFORMtR OIL

y—•"

V

• • 5 6 7

EPOXY

^ ^

8 9

RESIN WITH

B «

.MKPRCNE'

"^UMTIu-tO E.POKI- RESih

1

(2 (3 h 45 <C 17
NUMBER OF O L ' ( . > ' S

Fig.9 Influence of impregnant on the training and degradation of SUS.

Thus to eliminate or to diminish the influence of this source of losses
it is necessary to reduce the portion of impregnant as much as possible, to
match the thermal contraction, to reduce the strength of the impregnant or
to prevent the release of strain energy,for example by an extremely rigid
coil structure.

Another effective way to do it is the use of wax or oil as impregnant
instaed of epoxy resin /see Pig.9./.

3.3. Mechanical lasses due tooths, internal friction in the conductor

The recent studies of strain-stress characteristics of bare and composi-
te superconductors by different authors ' ' ' *-'r' ' have shown that there
are two different mechanisms of loss generation in these materials, the mi-
croplastic effects and macroplastic ones.

The microplastic effects demonstrated in NbTi by Schmidt and Pasztor
occur already at relatively low strain levels / £ « 0,5 %/ in the supercon-
ducting material itself, while the macroplastic ones as serrated yielding and
plastic deformation appear at higher strain of conductor /£> 0.5%/ and are
due in most extent to the deformation o-f copper *' . •

V29/
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The microplastic effects are irreversible in that sense, that they ap-
pear only at the first loading cycle. At following cycles they start only at
strain value exceeding fche previous maximum strain. Therefore they could be
eliminated from a superconducting coil by the preloading the conductor before
winding at a strain level higher than that expected in the coil. Tfitis conclu-
sion seems to be confirmed by the last results obtained by Schmidt and
Turck/35/. .

On the contrary macroplastic effects in a composite material consisting
of NbTi filaments in normal metal matrix occur at both the first and the fol-
lowing loading cycles as it is seen from the strain-stress curves shown in
the Fig.lO/34{

1.
.*.

TABLE I

PULSED LOSSES I N A P O t O I O A L F I E L D C O I L

Fig. 10

fOO 100 300

Fig . l l

Loss Type

Magnetic hysteresis

Eddy currents (conductor)

Eddy currents (steet)

Thermoroechanical (conductor)

Energy

1

2

Loss Per Cycl
(joules)

.59 x

.9 x

1.92 x
1.1 X

10s

to1-

I05

10s

The losses are proportional to the surface of hysteresis loops • and are re-
presented in Fig.ll/3i^ a function of maximum stress for different NbTi con-
ductors. The lowest losses were oberved on a conductor with Al alloy matrix.
The quantitative evaluation of mechanical losses due to the cycled loading
of the superconductor in pulsed SMS have been made by Akin andUoazed
They showed that these losses could be of the same amount as Lysteretic or
eddy current losses and should be considered in the design. /See Table 1 /.

The presented results on mechanical losses in SMS convincingly demon-
strate their importance in the design and construction of SMS. The most ge-
neral conclusion concerning the mechanical rigidity of the superconducting
winding structure preventing the strain and the movement of conductor has
been already confirmed many times, espacially in large SMS. Nevertheless
the necessity in continuing the research leading to better qualitative as
well as quantitative understanding of mechanical losses in SMS and their con-
sequences remains acute.

4. Some unsolved problem* in the research of electromagnetic losses in
superconductors

Because the volume density of the electromagnetic loss power in hard
superconductors is

p = 1 . J /70/
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one of the most important question in the research of these losses is tne stu-
of the constitutive relations between, J,E and H or B and the research of con-
venient methods to solve the electromagnetic fields with this constitutive re-
lation. Up to now most of the electromagnetic problems in hard superconductors
war solved only for transversal one dimensional case, when E and J were per-
pendicular to B using the oversimplified relation proposed by E ^ ^ ^

T
J = J /71/

where J was depending upon T and D only.
The study of losses in twisted multifilamentary superconductors espe-

cially in relation to their use in tokornaks has shown, that it is of pri-
mary importance to know J as function o£ arbitrary oriented B and E
in the Superconductor. Therefore recently much of experimental and theore-
tical work has been done in the study of the anisotropy of J„, t;ie pin -

— — /°8/ /38/'
nine force F , and of the influence of B orientation on them "Oltf

A S / p

For the transversal case,e.g. in NbTi wires,it was found that the

critical current density Jcgin the azimuthal direction in the plane per-

pendicular to the wire axis is about three times higher than J in the

axial direction /see' 8/»/44/ and |.ig#i2./A relatively small transverse com-

ponent DT causes a ten times reduction of J n . Analogically the critical

current density ior the longitudinal case Jn /B,, / fall very rapidly with
/44/ cz

the transversal component \ /see Fig.i3/ and depends on the structure
of the superconductor /see Fig.

Jt A; - '

. 1 0 '

20

MONOFLAhCNT
SUPERCON T48

d =127^

J9 (AB«=1XBi)

« • '

B,

Pig. Fig. 13 Fig. 14

It is clear that to define Jn in such an anisotropic material the consti-
- — E —

tutive relation between JC,E and B or H should have a tensor form in which
the vectors B as well as E, or the fluxoid velocity v^, and superconductor
structure characterizing parameters will enter.

One such a relation was proposed by Irie nad Yamafuji on the basis
of Lorentz force and wiscous drag-force model. Neglecting the viscous drag-
force it has following form

B i J = P = n/B/ £D/vjV= b.n.b F .v /J2/
where n is the density of active pinning centers per unit volume depending
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on B, f the pinning force per active pinning center depending on. ?L,
B=5/B, vo=vL/v are the unit vectors in the direction of B and V^ respective-
ly, n is the deasity tensor of active pinning centers and 7 the tensor of
pinning force per active pinning center. Although this constitutive relation
does not include "force free effects", it is quite complicated and up to now
it was not widely used in both theoretical and experimental studies on aaiso-
tropy o£ critical currents in superconductors/28/t/38/"/'48/.

Recently Fe"vrler and Renard proposed' ' for a round wire another expression

If1
Ffb /73/

where f is the antisymetrical unitary tensor refered to a coordinate system
/r,8,Z/ attached to the wire.S is a tensor which describes the interaction
between the fluxoid lattice and pinning centres and Ff is a parameter related
to "force free effects". However thjs expression seems to be incomplete, becau-
se it does not Include the Influence of £ on ? c. It seams that most simple
form of this relation could be of the following typa

E. Z . B /74/

H.g.15

where I is a tensor of the third degree, which is a function of E,B and of
the structure of the superconductor.

It is very probable that *de study

of this question will contribu-

te not only to elucidate some

aspects of losses in HS but im

can give informations abount new

interesting features and possi-

bilities of application of the-

se materials. Here it could be

mentioned as example the decrea-

se of A.C.. losses in superconducting wires in longitudinal fields observed by
Gauthier and Le Blanc/45/, /see Fig.15/.

TEe~irifluence of the simultaneous increase of the current and field
on losses in MFS is another problem which is not yet definitively solved.
Many attempts have been made in this region but the recent experimental re-
sults of Turck on the voltage - current characteristics has shown that
there is a discreapancy between theory and experiment.

It seems that this problem in superconducting magnets should be formu-
lated as the problem of behaveour of a MFS with transport current in inhomo-
genous resulting transverse magnetic field and that the interference of eddy
current losses dua to the transverse field nad the self field should be con-
sidered.

Further it would be of great interest to enlarge the number of solutions
of electromagnetic fields in superconductors in two- and threedimensional
cases. As first steps in this direetion it can be mentioned the solution
of electromagnetic field in a superoonducting cylinder in transverse magnetic



field ,in a superconducting cylinder rotating in a transverse magnetic

field/3/f/4/and in a slab rotating in parallel magnetic field/50/.

The problems related to transient phenomena, in hard superconductors

especially in nigh rate fied changes are not yet solved too. Another problem

which should be solved is the electromagnetic field in cylinder when a magne-

tic field with arbitrary orientation with regard to the cylinder axis is va-

rying in time, because it could say something about the field in supercon-

ducting filaments of a MFS.

To summarize we can say that an important progress have been achieved

in understanding of AC losses in SMS during last years. The present theories

allow to calculate these losses in most cases with an accuracy sufficient to

design SMS with changing field. However there remain still some unsolved

problems important not only from the point o£ view of AC losses in SMS but

from the point of view of technical applications of hard superconductor too.

I wish to thank Dr.B.Turck, Ds.M.Polak, l>r.6. Schmidt for valuable

discussions, Dr. Uajoros and Dr.Pevala for their help in elaboration

of experimental results of kwasnitza and for numerical calculations.
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DISCUSSION

L. Cesnak : Could you evaluate the influence of the transport
current on the losses?
I. HKsnik : The transport current enhances the AC losses in
superconducting magnets. In the monofilamentary conductor sup-
posing J c= const, at high fields / H m» H ^ / the relative in-
crease of AC losses due to the transport current is 0,33 /I

It/
Ic/'?

In nultifilamentary superconductors this problems are not yet
solved, as it was pointed out In the chapter 4*
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I. INTRODUCTION

In the early 70's interest was centred upon
a new phenomenon observed at CERN in two race
track shaped epoxy impregnated coils'). While
energized for the first time, they quenched
at about 30% of the measured short sample
current value. After numerous runs finally
design values were reached. Interestingly
enough many laboratories reported shortly
afterwards a similar trend in race track
shaped coils and even in solenoids. The phe-
nomenon, that after each successive quench
the transport current could be raised by.some
fraction yielding an improved performance of
the conductor until design, or short sample
value is reached, was termed "training".

The word training must not be blended with
degradation, which is essentially a deficien-
cy of the superconductor, a real inadequacy
in the magnet design, since the maanet may
never reach the calculated and predicted
field values.

A very careful design and procurement of a
magnet does not necessarily eliminate train-
ing. It is noted that identical coils manu-
factured from the same conductor train dif-
ferently^) (Fig. 1). Coils of identical shape
but various conductor manufacturers exhibit
various degrees of training^) (Fig. 2); race
track coils of different length, wound from
conductors of the same manufacturer exhibit
various degrees of training1*) (Fig. 3), coils
reinforced but not impregnated illustrate
training^) (Fig. 4), coils impregnated in a
thermosetting reach design values after many
quenches^) (Fig. 5) and solenoidal type coils
exhibit training (Fig. 5). Conductors of
short lengths have shown training in longitu-
dinal, transversal or no magnetic fields,
though the training in short samDles occurs
at relatively high stress values'1) (Fig. 6)
which are not encountered in normal magnet
performance. The listing of various types of
magnets, mode of construction, type of super-
conductor can be extended much further. The
investigation of the training phenomenon has
become the focal point of interest in many
laboratories of various countries.

One observation has become certainty: Whence
a coil, regardless of shape, provinience,
conductor shape and type has trained to a
certain current density value, it will not

exhibit training to less values again even if
it is thermally cycled. It will reach the
same maximum current value previously reached
after only very few training steps (Fig. 7).
Only in remote cases^) training could be ra-
peated, which indicates that the coil design
was not optimized.

Training is an irreversible process, whence
concluded it will not be repeated during the
maonet operation at least at stress limits
where once training had occured.

No training has been measured in cryostati-
cally stabilized coils. Adiabatically stabi-
lized conductors and coils have shown train-
ing. The mere observation of training curves
does not reveal the true nature of a prema-
ture transition from superconducting to nor-
mal phase. The training curves obtained are
taken from manufactured magnets which are
complex structures indeed. The distribution
of forces and tensions, the dynamic inter-
play between conductor, insulation, struc-
tural material, the metallurgical structure
of the composite conductor do not allow a
conclusive evidence to the origin of train-
ing. The accumulation of training steps can
be correlated to coil structure (solenoids
train less than race track coils), to poorly
constructed and reinforced coils (loosely
wound) and to the metallurgical composition
and manufacturing techniques of the super-
conductor. But are these reasons not an over-
simplification of the real problem? By scan-
ning through literature we find that perti-
nent information is missing and thus conclu-
sions are not warranted. The training is
carried out until the coil design current is
reached and not to the short sample current,
because of obvious rafety reasons. Assumed
reasons for training incidents seem often
inconsistent. Therefore it is not possible to
pinpoint the only source of the occurence of
training or link conclusevely few reasons. In
this work we list Dossible origins for train-
ing and try to give some quantitative numbers.

II. THE QUENCHDETECTION

Usually the detection of premature quenches
is coupled with safety circuits of magnets,
which record the voltage build up in the coil
and cut off the current source, should the
voltage exceed a preset level. Such a bridge
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Training behaviour of identi-
cal 0,5 m long (2a! = 0,125 m;
2a2 = 0,188 m) solenoids for
SIN. The individual in Epoxy
impregnated solenoids are
assembled to form two 8 m,
resp. 5 m long coils. [2]
Conductor data: I m a x = 1000 A
(5,75 T); Cu: NbTi = 3,1:1.
Cable 1,8 x 3 mm; Filaments
11 x 48; Kapton-tape-insulation

Number of
Solenoids

max
1 -

0,5-

8m

BSS S

5m

Training of four identical 0,34 m
long racetrack (dipole) coils. [3]
Manufacturer:

Cond. 1: MCA; Cond. 2: Furukawa;

Cond. 3: IGC; Cond. 4: Airco

Cable cross-section, strand and
filament diameter, number of
strands are practically identical.

Magnet 1 yEDiSSBO*
MagnM 1 1(15*1 ml790 A

Training measured in two quadru-
poles (long and short) procured
at IEKP. Bore diameter 4,6 cm.
Conductor: 1,28 x 0,83 mm2. 1920
filaments a 15 Urn diam.
Cu: Sc = 2:1

zo ta n K ioo itO HO WO ZOO B O
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.110*1*1

Performance of potted and
unpotted racetrack dipole
coils. (12,5 cm bore).
The dipoles trained from
I/Ic = 0,4 - 1. demode.
[5] Conductor•data: Braide
1/6 cm wide, 132 stands a
0,2 mm 0 transposed.

The training behaviour of
a selfsupporting solenoid
and an external supported
racetrack coil.

Short-sample training
in a transverse mag-
netic field. The
stress values are cal-
culated corresponding
to currents at which
the conductor
quenched [7j.

4"

V

le lUTlimU
•l -IJT

I \

Cwrt.ifwtLatitm; Cu-fci lM t*T! tftm.42tni
A %mm h HMIwn • Swivlt in HMiti
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circuit includes preferably a voltage compa-
rator system, shown in Fig. 8. The system has
two advantages, it is independent of the cur-
rent rise time and external disturbances are
mostly subpressed. While studying a premature
transition to normal condition, one observes
with the aid of the quench detecting circuit
initially a sharp voltage jump followed by an
increase of the coil resistance. Simultane-
ously with the voltage jump acoustic signals
are emitted. The sound emission is not con-
tinous but rather statistical in bursts of
some 100 us time length as shown in Fig. 9a.
This signal can be compared to the oscillo-
gram obtained for a short sample quench in
Fig. 9b. While the magnet is energized the
acoustic signal bursts are intensified with
increasing frequency until the charging is
interrupted with a powerful acoustic signal.

During the training procedure the maximum
acoustic signal rate moves towards higher
field values. When the magnet current is de-
creased few acoustic signals are registered
also, but only after the current is reduced
markedly or after a note worthy smaller me-
chanical tension value is reached compared
to the initial value in the magnet. During
normal magnet operation the activity of
acoustic emission is impared. A training step
can be distinguished from the critical state
condition when short sample values are
reached, by using sensitive devices with
slow registration systems. In the first case
the appearence of a voltage is sudden, in
the later the voltage is increased gradually
with preceding flux flow and current sharing.

III. SHORTSAMPLE TRAINING

Since it was not possible to eliminate train-
ing in a coil by careful winding and rein-
forcement techniques, it seems plausible to
start investigating the superconductor and
the composite conductor with respect to train-
ing. The technical superconductor has a cop-
per, aluminium or combined matrix of Cu and
CuNi, which serves as an adiabatic stabiliser.
During manufacturing process the composite
will undergo sever cold work with successive
annealing steps to achieve best performance
of the superconductor and is finally heat
treated to achieve the highest possible
values of the rest resistivity ratio. When
the composite is cooled down to liquid helium
temperature, the differences in thermal con-
traction between the superconductor and the
matrix make it difficult to envision some
kind of a mechanical tension pattern within
the bulk of a strand.

Referring to Fig. 6 we find that training
steps occur, when the copper matrix is
strained to the plastic region (Fig. 10),
while the superconducting filament is still
elastic. The stress strain interaction bet-
ween the components of the conductor (Bau-
schinger-Effect)9) may be a cause for the

training. The Bauschinger-Effect states,
that if a material is loaded in tension
beyond the elastic limit, the elastic limit
in tension is increased, the elastic limit in
compression is reduced.

This means that in the composite conductor
copper is workhardened, while in the super-
conductor the compression limit is lowered.
However training has been measured in such
composite conductors, where the copper was
still in the elastic limit (Fig. 6). It is
also unlikely that in a twisted multifila-
mentary conductor the superconducting spiral
will carry any load initially or at very
short strain duration, which preempt plastic
strain of copper. Schmidt and Pasztor') have
shown that training occurs also in the super-
conductor alone without any stabilizing
material (Fig. 6). In a single core Nb (50wt%)
Ti training was observed to occur below the
macroscopic yield stress, i.e. within the
elastic range. The qualitative explanation
for the incitement of a quench seems the
local release of energy due to a deformation
of material.

assumes that training and serration
are closely coupled. Serration has been
measured at 4.2 K, but the first recordable
values have occured above 600 MPa, a value
which is never reached in a coil! Easton
and Koch1!) found in ternary composite con-
ductors a large number of serrations or load
drops. NbTi and Cu-Ni both shovi serrated be-
haviour and it is difficult to separate the
source of load jumDS, which may lead to train-
ing.

Easton and Koch^} and Schmidt^) assume for
NbTi alloys and composites that "micro yield-
ing" or the anelastic behaviour lead to a
temperature increase above 4.2 K. They find
acoustic emissions during loading and un-
loading of the probe similar to the oscil-
logram shown in Fig. 9. The microplastic
behaviour of composite NbTi wires at liquid
helium temperatures seems to explain train-
ing behaviour. The mechanism to induce
quenches and training is irreversible (at
the successive sample loadings no transi-
tion will occure at stresses less to the one
releasing a preceeding quench). It can be
explained by serration, but since training
occurs at conductor strain values of z = 0,}%,
while serrated yielding is observed at
e = \%, we can discard macroscopic instabili-
ties as a primary source of training in short
samples and coils.

If microplastic behaviour occuring statisti-
cally over the conductor length, is a source
of premature quenches, the following questions
must be answered:

a) The energy density of the microplastic
region.

b) The duration of a microscopic instability.
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Training behaviour of a dipole
coil with epoxy-glassfibre
reinforcement bandages
(1st run) and Al-ring rein-
forcements (2nd run).

:

r

Schematic representation of a
bridge circuit to detect the
appearance of the ohmic resis-
tance in a superconducting coil.
The quenchindicator triggers at
a preset voltage level the power-
switch and the quenchrecorder.

Fig. 9

Oscillograms of premature quenches.

a) Voltage step followed by the
increase of the ohmic resistance
in a superconducting coil.

b) Acoustic burst in a current cary-
ing short sample strained exter-
nally.

The numbers indicate full range
times in ms resp. ys..
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c) The critical size of the micropiastic
region leading to a quench.

It is admitted that at present we are unable
to answer these questions rigorously. Even
model calculations '>'3»14) in short samples
are subject to doubt. Since a coil is a much
more complex body a quench will occur by co-
existance of mechanical and electro dynamic
processes. We cannot measure these processes
yet, thus we are forced to combine reasoning
and speculation and fit simple phenomenol-
ogical theories to experimental results al-
ready obtained in short samples and coils'.

Using the simple current sharing model in the
superconductor (alone) to obtain the tempera-
ture reserve to Tc we may write

(1)

Jmax being the critical current density at
the reference (~Bath) temperature T5.

With

Br(T) = Bc(O)<l -rVTc(O)r> (2)
= c J m a x (load line, c = 3 constant)

= m-Jmax (m = 1 indicates the quench
value).

We obtain the temperature rise in the super-
conductor

AT = (3)

For Nb6OTi4o we may use the values
15):

c = 0,23-10-9(Vs/A); Tc(0)=10,6K; BC(O)=17,6K;

Bmax = Bc = 6T5 Tb S 4'5K and obtain from (3):

AT = (l-m)-[lO,6-(l-O,341m)1/Z- 4,5]

for m = 0,4; AT = 3,2 K.

The current sharing model is more complicated
for a composite conductor, since over the
region of current sharing the voltage appear-
ing over the length of substrate must be
equal to the voltage over the same length of
superconductor. From the initial flux flow
condition results a flux avalanche.

In most cases the duration of a microscopic
instability is taken to be less than lO-'s,
assuming the heating of the microscopic
region is practically adiabatic. Half of the
energy released by the micropiastic strain
is converted to heat, the other half is stored
in new lattice deffects. Numerous measurements
carried out7) on multifilament conductors in-

conductor being immersed in liquid helium,
where training nearly disappears. The effect
of the coolant upon the training is not very
pronounced in mere NbTi wires (Fig. 6).

The heating of the superconductor without a
substrate is nearly adiabatic. The energy w,
that produces a temperature rise of 3,2 K
must be % 6.10-3j/cm3..The increase in plas-
tic strain (Ae) is obtained from

cr-Ae = w

with 0= e-E. For e = 10'3 and E = 8.2-1010

NnT2 (NbTi-filament) the stress is 0 = 82 HPa.

Thus Ae S 7-10"4.

In the multifilament conductor the heat is
carried to the coolant by the thermal dif-
fusion process (in copper D t n = 103cm

2/s).
The heat is transferred to the coolant at a
time comparable to the duration of a micro
instability. The energy to generate a quench
is thus much higher and can be calculated
using the simple equation

AT s (see Fig. 11) (4)

with d being the conductor diameter. If how-
ever the conductor is coated in a resin, the
heat transfer is impared and the adiabatic
heating assumption is valid. In a short-
sample not impregnated but immersed in liquid
helium the energy released by micropiastic
effects is carried away to initiate a quench.
In this case internal frictional losses due to
wire motion will generate a quench. Whence in
an impregnated sample where wire motion is
greatly elliminated micropiastic effects may
trigger the quench, (cooling impared)

To investigate the spread of the region of
disturbance (normal zone) which may lead to a
conductor quench we use the simple spherical
model proposed by Martinelly and Wipf'6). For
NbTi alone the critical radius of the sphere
is obtained from

rcrit (5)

For NbgQTi"4o the thermal conductivity is
k s c = 0,15 W/mK; peff = p g c = 2.10~

7flm. For
m = 0,4 and Jmax = 6,5-108 A/m2 we get
J = 2,6.108A/m2. Since AT = 3,2 K the critical
radius becomes rcrjt = 10"

5
 m.

A normal zone with r > rcr-j^ will expand,
while the region with r < rcrit will collapse
after the disturbance,has passed.

The thermal time constant T
plastic region is given by

for the micro

Tth
4

"th
dicate that training starts at much lower current
levels when the sample is located in vacuum The thermal diffusivity of the superconductor
and cooled by conduction, compared to the is Dtn = l O ' W / s and thus for rcrit = 10~

5 m
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we obtain
T th = 4-10"7s. (NbTi)

The superconductor is able to incorporate
local normal regions without a structural
damage.

The spatial distribution of microplastic dis-
turbances over the sample is purely statisti-
cal, while the natural quench (J = Jc) occurs
generally at the same sample region.

With i v v wsc
cond

km"ksc'dcond

(in 1 o n g i t u d i n a 1

direction)

t r ~

and pm =

• = 0,23 W/mK

(in transversal
direction)

(magnetoresistance and
stress effects included)

km = 250 W/mK; p e f f = 8,6-10-lOffln

we obtain for a single core composite conduc-
tor (e.g. sample I, Fig. 6) the two critical
radii of the ellipsoid from eq. (5):

•"crit.l = 4,8-10-3 m

rcrit,tr = 2'10"4 m-

The expansion of the normal zone is mainly in
longitudinal direction. With a thermal diffu-
sivity of D^n = 0,14 m

2/s we get the time con-
stant in longitudinal direction
Tth £ 7-10~5s (composite)

At this time some of the released energy is
already conducted through the substrate to
the coolant (Fig. 11). The heat flux from
the critical normal region is given by

Ps = m(l-m)

The heat flux for the NbTi core is obtained
for m = 0,4

Ps = 4.65-10
4 (W/m2)

For the single core composite conductor
(d = 0,4 mm; df = 0,26 mm) we calculate the
two heat flux values corresponding to the
two axis of the elliposoid:

Pc , = 9.37-10
4 (W/m2) in axial direction

S 9 I

Pc + = 3,78-10
3 (W/m2) in radial direction.

The heat is conducted mainly in longitudinal
(axial) direction. The corresponding value of

the average power density for r = rcr-jt are:

Pv = 14>10
9 (W/m3) for NbTi

Pv = 2-107 (W/m3) for single core composite.

The time limit for adiabatic heating is about
10"5s. (Fig. 11). During this time the average
energy of

Wcn-t = 14-10
4 (Ws/m3) for NbTi

will be converted into heat. The energy densi-
ty to warm up the critical region is equal to
the heat capacity integral

with

7,7

W = P CdT (Ws/m3)
4^5

C = 32«T3(—I-) for NbTi

(8)

we obtain W = 2,5'104 (Ws/m3)

The total energy required to induce a quench
of the NbTi short sample will be in the order
of 10"9j. To induce a quench at the single
core composite conductor (d = 0,4 mm) the
total energy required will be 10"4j.

Our simple model does not claim to deliver
exact data. The training in a composite con-
ductor is much too complex to be solved
accurately this way. But it still sheds some
light in to the mechanism of short sample
training and delivers the order of magnitude
of energies required to induce a quench and
explains why the accumulation of training
steps in a sample depends on the mode of
coolant illustrated in (Fig. 6).

(7)

IV. TRAINING AND DEGRADATION IN MAGNET COILS

With the present data available on the train-
ing behaviour of superconducting coils it is
difficult to make a quantitative comparison
between short samples and magnets. There are
several reasons, prohibiting conclusions from
short sample data as the origin of the train-
ing and degradation in coils:

1. The stress values at which training occurs
in short samples is about an order of mag-
netude higher than in coils. The^first
training steps measured at J/Jc = 0,4
correspond to c?t~400MPa, in short samples
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and to at = 30 MPa in magnet coils.

2. The number of training steps per unit vol-
ume of the short sample is by several or-
ders of magnitude higher than in a coil.
This experimental result, however, does
not contradict the above (1) finding, since
at lower magnetic stress values at the con-
ductor, high local strain energy accumu-
lations may lead to a quench.

3. Compared to a short sample, a magnet coil
is a very complex configuration. Treating
the coil as a homogeneous body will cer-
tainly not yield correct results. Magneto-
mechanical and thermal stresses are not
uniform. Moreover strain energy distribu-
tion over the coil body is statistical and
one may only guess their magnitude. Com-
pounding stress enhancement in corners,
due to reinforcements add to the intricacy
of the problem.

4. While in a short sample load and cooling
conditions are more or less equable and
metallurgical properties uniform, they may
vary over the length of conductor being
wound into a coil.

5. The accumulation of training steps depends
upon the structure and geometry of the
magnet. Self-supporting solenoidal type
coils train much less than reinforced race-
track coils. This may be due to nonuniform
stress distribution over the coil circum-
ference in race-track type coils. Rein-
forcements with metall rings lead to local
stress enhancement. No experiment has been
reported which shows the effect of a con-
tinuous reinforcement cylinder instead of
a number of rings.

Since superconductors are extremely suscep-
tible to small heat inputs, we can find many
reasons, which can lead to a premature quench
of the superconductor wound into a coil. The
heat input can have the form of a short pulse
{£ 10 us) and the heating may be adiabatic or
the energy released is slow and a substantial
portion of it is carried away by the sub-
strate to the coolant. It is known that the
incorporation of a high diffusivity substrate
into a composite conductor results in an en-
tirely different training behaviour when it
is submerged in liquid helium, or is potted in
a thermosetting or is located in vacuum7). In
a very well ventilated magnet the number of
training steps until design value is reached,
is smaller than in a compact coil where the
coolant is only in contact with the coil
through outer magnet surfaces. However even a
slow rise in transport current yields enough
losses through hysteretic effects (electrical
and mechanical) that the helium will evaporate.
The coolant passages will be filled by helium
gas and vapourlocking may impare heat trans-
fer. It seems feasible to assume that the
heating which leads to a premature quench is

adiabatic.

a. Microplastic Effects

We assume that the above single core conductor
is wound into a coil (single core conductors
are normally not suitable) and is evenly dis-
tributed throughout the coil cross-section.
The conductor is impregnated in a thermoset-
ting having a thickness of about 0,1 mm bet-
ween adjacent turns. We may calculate the
normal region in the coil due to a microplas-
tic deformation as shown in sect. III. Since
the heating is adjabatic we find that the
total energy freed in the ellipsoid is again
about 10"* Ws. This energy would correspond
to a mechanical stress of about 400 MPa
(Fig. 6). Since ws anticipate in a magnet
stress values of 30-40 MPa at J/Jc = 0,4 we
are led to believe that microplastic effects
would not be a prime candidate to induce a
training quench.

A superconducting filament is by no means an
ideal cylindrical or prismatic body (Fig. 12).
Even using best manufacturing techniques the
filament cross section vary locally many
times over the total length of the conductor
used in the coil. Surface fractures, nicks,
indentations, filament necking, enclosures of
Cu in the NbTi filament forming intermetallic
CuNbTi partic|es, have been observend by op-
tical metallographic methods'7), while cracks,
fissures or real internal voids are very rare.
During the drawing process spalled particles
of CuNbTi adhere to the filament surface
(1-10 um), necking the filameYit. When the com-
posite conductor is strained in the coil,
these hard and brittle particles do not yield
as the superconductor. Segregations, enclo-
sures, neckings, oxydeparticles have similar
effects on the mechanical properties of a
filament as a notch. They lead to stress en- '
hancement which locally may reach substantial
values. The simple model of the enclosure
(Fig. 12b) gives the stress enhancement accord-
ing to

"max (3B-1)/ (6+0,3) (9)

with B = D/A and A the hydraulic diameter of
the enclosure.

If the spalled particle is located on the sur-
vace (Fig. 12 a,c), the semiempirical formula
of Neuber and Petersen18) gives the stress
enhancement:

(10)

with the filament under pure tension,the
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constants are:

C-, = 0,25 C2 = 1 foi cylindrical
geometries

C1 = 0,25 C? = 0,6 for flatt bar
geometries

For a realistic case of

rk/t = 0,02 t/D = 0,005

Eq. 10 gives the stress enhancement factor
of 15.'

Very small enclosures in the filament (D/A=°°)
gives according to Eq. (9) the value of a=3.

In general we may get stress enhancements,which
are at least an order of magnitude higher than
the nominal stress value would indicate. Thus
we may reach in the super-conductor locally
stress values we had encountered in short
samples. Plastic strain can occur in the fil-
ament which may induce a training quench.
These deficiencies in the super-conductor are
thanks to modern manufacturing techniques
scarce, nevertheless they do exist and are a
source of magnetcoil training. The effect of
sharp notches in filaments is smaller in mul-
tifilament conductors since the transport
current will redistribute, should a filament
quench. The current redistribution may lead
however to a mechanical conductor motion.
Notching can be enhanced by twisting, speci-
fically filaments locate.d at the outer con-
ductor circumference are strained more than
filaments located close to the conductor axis.

b. f'agnetomechanical and thermal stresses
It was mentioned (sect. IV), that accumula-
tion of training steps depends on the geom-
etry and shape of the coil. Solenoidal type
coils with self supporting layers train much
less than racetrack windings (Fiq. 5). Ellip-
tically shaped coils degrade more than coils
with cylindrically shaped bores'9) (Fig. 13).
These phenomena cannot be explained accurate-
ly by the occurance of microplastic regions.

The sudden appearance of a voltage as the
prelude to a premature quench and the simul-
taneous acoustic emission burst suggests
that motion within the coil must be the
prime reason for a training step. The voltage
is immediately succeeded by the advent of
resistance. Thus the distrubance must be
initiated by the super-conductor. The wide-
spread hypothesis that only the mechanical
motion of the conductor triggers the quench
must be restrained, since the inductive volt-
age can also be induced by vortex movements
in the bulk of the super-conductor. Since the
conductor motion of a few ym in the magnetic
field can generate the observed voltage,
presently it seems difficult to differentiate
between the two. A frequent argument that
training quenches originate in locations of
highest force concentrations cannot be sus-
tained experimentally since quenches occur

statistically all over the coil. Observations
in dipole- and quadrupolecoils clearly indicate
that premature quench accumulation occured sta-
tistically in both coilhalfes, specifically in
high field regions. To study this effect the
dipole was subdivided in 10 sections and a
quench-indicatorsystem according to Fig. 14
was used.

If we would succeed to determine the location
of a premature quench in the coil, or if we
could measure the stresses and the stress
distribution in an operating magnet, we would
be able to determine and analyse the reasons
for the transition to normal condition. In
default we are forced to use simplified theo-
retical models to calculate stresses in the
heterogeneous coil body and the strainenergy
released due to magnetomechanical and thermal
stresses to induce the quench.

Accumulated local strainenergy in the coil-
body has several origins:

- The conductor is wound into a coil under
constant tension of 30-40 MPa. This results
in a nonuniform stress distribution between
layers. (Fig. 15)

- During the curing process of the potting
material (low viscosity thermosetting, such
as epoxies, silicones), strainenergy is
stored locally due to endothermic reactions
leading frequently to cracks in resinrich
areas.

- During magnetcooldown stresses are produced
and with them strainenergy is stored due to
the thermal contraction of the resin.

W.'th = 2E (J/m3)

Thermal contraction stresses occur at least in:

i. The resinlayer surrounding the conductor
due to different thermal contraction values
of the conductor (composite) and the resin
(pure or filled).

ii. Within the coilbody due to different
thermal contraction values of the compo-
nents incorporated in the coil.

The thermal stress is given by

T

. J E-o-dT3th (12)

With the elastic modulous of most epoxy resins
of

E = 6,9-109 Pa (at 4,2 K)

E =(3,4 ... 5 )-109 Pa (at 300 K)

The elastic modulous of the composite conductor
is obtained from the relation

nsc
tot

+ E,•mat (1- (13)
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Degradation of potted and unpotted circular- and elliptical
shaped coils [19].

Bridge circuit arrangement to detect
the initial quench in a multilayer
coil. The logic circuitry in the
quench analyser destinguishes the
particular layer in which tha first
transition to normal phase occurs.

Comulative circumferential a t, radial a r

and sheer stresses T of a solenoid with
ai = 0,0 m; &2 = 0,126 m; 2b = 0,105 m
producing a centralfield of 4T. The con-
ductor used is a single core (0,26/0,4 mm)
composite.
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with
Esc = ENbTi = 8,2-1010 Pa (at 4,2 K)

Emat = ECu = H-2-10 1 0 Pa (at 4,2 K)

The integrated thermal contraction for the
unfilled resin is

300

j (adt)
res

120.10"4

4,2

If the conductor and the resin do contract
during cool down, then

300 300

E c o m
(adT)

4,2
com- J Eres(adT)res (14)

42
J

4,2

If the contraction of the composite conductor
is prevented in two dimensions (e.g. along
and perpendicular to the conductor axis), we
can write for the stress

300

J Eres(adT)
res

1-u
(15)

res

with u • = 0,35 the Poissonratio of the

resin used. If the resin is restrained three
dimensionally

300

J
1-2U

(16)
res

When e coil is impregnated, layers of unfilled
resin nay reach a thickness of 0,2 mm or more.
In corners of the coil or in areas where the
conductor (or the joint) is guided from one
layer to another resin rich regions of several
mm thickness may develop.

If the contraction of the epoxy is restrained
only by the conductor, uresi-n = 0 and a=60 MPa.

If the resin is restrained in two dimensions,
eq.(15) gives a = 92 MPa. In fully restrained
epoxy resins a = 200 MPa. Most epoxies with-
stand the first case, while only few epoxies
are able to resist the stress of 90 MPa at 4K
even in thin layers. Practically no epoxy
resin used for coil impregnation is able to
hold stresses of 200 MPa without cracking.

Additional stresses, may arise from the non-
homogeneous coil structure: Resinrich areas
exert tensile forces on neighbouring regions
with low resin content. High local stresses
develop around sharp corners, inclusions or
voids in the encapsulant.

- When the coil is energized, body forces
create tangential, radial and axial stresses
in the coil. Whence the distribution of the
bodyforces fr(z,r) and fz(z,r) is known.

The circumferential, the axial and radial
stresses can be obtained using two or three
dimensional computer calculation methods™).
The caluclations are based on heterogeneous
coil properties in axial and radial directions,
but on homogeneous coil properties in at least
one direction.

Stresses due to winding tension, thermal con-
traction and Lorentzforces are superimposed
on conductor elements. The combined tangential
and radial stresses result in shearstresses,
which if the bond between the conductor sur-
face and the impregnant is broken, may yield
in a relative movement between

- the outer coil boundary and the support
structure,

- the conductor and the impregnant,

- conductors in adjacent layers.

Matching thermal contractions of the impreg-
nant to the conductor by using fillers has
not been quite successful. The filler gener-
ally filters out, leaving pockets of pure
resin within the coil.

The training quench is inhibited by a rapid
release of energy within the coil. The energy
release locally could be the result of insu-
lation cracking (impregnant), sudden movement
of the conductor, a seratod yielding of the
superconductor or a vortex movement.

Energy released by the cracking of the encap-
sulant originated at the interface between
the conductor and the resin will only par-
tially be used to raise the temperature in
the resin. This heat will be carried away by
the resin or by the high thermal conductivity
substrate. It is quite unlikely that the heat
would reach the superconductor causing a
quench.

The serated yielding occurs at very high stress
levels not encounterd in a magnet, even if
stress concentration is considered.

Little is known about the energy released by a
sudden movement of a vortex. This effect needs
more systemativ consideration. Shearstresses
occur at the bond between conductor surface
and encapsulant due to Lorentz forces. These
shearstresses are obtained from

T = 0,5.(at - ar) (17)

with Of- and a r the comulative circumferential
and radial stresses acting simulatneously on
each conductor element of the operating coil.
To illustrate these shearstresses we have cal-
culated a simple solenoid producing a central
field of 4T in a bore of 0,2 m diameter20).
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The coil data are given in Fig. 15. The maxi-
mal shearstress obtained between two layers is
1,75 MPa. This stress must be less than the
bond-shear strength of the impregnant used,
otherwise a crack along the conductor axis
will form. Data of shear-bond strength of two
widely used epoxies, given in Table 1, indi-
cate that under inauspicious conditions (e.g.
1 mm gap) the bond strength will be only
2 ... 3 MPa.'

Stress calculation in racetrack coils show
that shearstresses in excess of 10 MPa bet-
ween layers are not uncommon.

Our computer calculations use generally ide-
alized geometries. Variation of the insula-
tion thickness between layers, fluctuation
of the conductor-cross-section, local stress
enhancement due to sharp edges, resin necking
due to foreign and spalled particles and
variation of resinproperties are not consid-
ered. We may therefore expect in a few scat-
tered areas shearstress values much higher
than our calculation does indicate. On the
other hand the impregnant could be much weak-
er than the tests show. All taken into account
we may anticipate the first training steps at
much lower current values than the operating
or short sample current.

If the bond between conductor and impregnant
is brocken and the friction overcome by
Lorentzforces, the conductor will suddenly
move. The energy released will raise the tem-
peratur of the composite conductor.

In order to reduce the danger of a premature
quench, following possibilities may be con-
sidered:

- Use of a resin with much higher bond strength
at low temperatures.

- Use of a resin with low elastic modulous.

- Match the contraction coefficient of the
resin to the conductor, without using too
much filler which jeopardizes the uniform
impregnation due to the high viscosity.

- Eliminate resin rich areas within the coil.

- Eliminate grease, dirt or other foreign
bodies from the conductor surface, in order
to improve the quality of impregnation.

- With the qualities of the resin unchanged,
reduce the bondstrength between conductor
surface and the resin.

Large coils not impregnated must be reinforced
to an extend, that they are not practicable.
Thus encapsulated large coils are still pre-
ferred over unpotted coils. The reduction of
the bondstrength between conductor and resin
may seem ambiguous, but has the advantage that
the conductor can move at lower stress values
than the resin would allow. The stored energy
at these low stresses cannot accomodate for a
quench. Lowering the bondstrength is possible
by utilizing an oxyde coating or a varnish not
compatible to the resin on the conductor. The
conductor or the cable can also be wrapped
with a thermoplastic tape, which does not
adhere to the impregnant.

T A B L E 1

Bond shear stress of expoxy imprermants

Type

Araldit CY 225
Hardner CY 225
Filler K13

Araldit CY 225
Hardner CY 225
No Filler

Araldit B
Hardner 901
Filler K 13

Araldit B
Hardner 901
No Filler

(100
(100
(270

(100
(100

(100
( 65
(200

(100
( 65

pbw)
pbw)
pbw)

pbw)
pbw)

pbw)
pbw)
pbw)

pbw)
pbw

Configuration

0
0.5
1.0
0
0,5
1,0

0
0,5
1,0
0
0,5
1,0

mm
mm
mm

mm
mm
mm

mm
mm
mm

mm
ran
mm

gap
9ap
gap

gap
gap
gap
gap
gap
gap

gap
<jap
gap

Testtemperature
300 K 4,2

14,7
5,9
3,0

8,0
< 1,0
< 1,0

10,8
< 1,0
< 1,0

10.9
< 1,0
< 1,0

MPa
MPa
MPa

MPa
MPa
MPa

MPa
MPa
MPa

MPa
MP£
MPa

15,5
6,0
3,3

11,0
< 1,0
< 1,0

12,0
< 1,0
< 1,0

13,0
< 1,0
< 1,0

K
MPa
MPa
MPa

MPa
MPa
MPa

MPa
MPa
MPa

MPa
MPa
MPa

^Samples tested:

In comparison:

2,5 mm Cu-tape, 1,25 cm overlapped. Surfaces cleaned.
The gap refers to the distance between the Cu-tapes
filled with resin.
The tensile strength of Araldit B (CIBA) and 901 is
70 MPa with no filler and 68,5 MPa with filler at 300 K.
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CONCLUSION

A premature training quench in a coil is cou-
pled to a voltage jump and an acoustic burst.
There is no such correlation in short samples.
The duration of the acoustic signal is much
longer in a coil than in a short probe. The
signals may even have different origins.

While a natural quench (J = Jc) occurs con-
sistently at one region within the coil, the
distribution of training quenches is statis-
tical. A training quench has a duration of
about 10"5s or less. The energy released to
trigger a quench originate partly from nicro-
plastic disturbances. If the coil is potted
in a thermosetting, we may assume the heating
to be adiabatic and a total of 10"4 Ws would
suffice to trigger a premature sudden transi-
tion to the normal phase.

Microplastic disturbances occur in short sam-
ples at stress values of about 400 MPa. The
first quenches in a coil happen at ~30 MPa
corresponding to (30-40%) of the nominal cur-
rent. The main reason for this premature
quench in a coil is local stress enhancement
due to an effect similar to notching. Con-
ductor necking due to spalled particles, en-
closions of CuNbTi in the superconductor lead
to a stress enhancement at least an order of
magnitude higher than nominal stresses. These
local high stresses induce a microplastic
deformation and with them a possible quench.
In composite conductors the quenching of one
or few superconducting filaments result in a
current redistribution coupled with forces,
energy release and rapid wire motion until a
new equilibrium condition is reached. The
energy released may heat up the conductor lo-
cally triggering a quench.

Not every microplastic deformation originates
a quench. If the energy released, can be car-
ried away as fast as it is generated, e.g. in
unpotted coils, the temperature rise will be
small as to trigger a quench.

Training can still happen in very well venti-
lated coils due to Lorentz forces if the wire
moves. Race track shaped coils are more suc-
ceptible to training with external support
structures than solenoids where the coils are
selfsupporting. In potted racetrack coils the
bond between the conductor and the resin may
break due to magneto-thermo-mechanical
stresses. The conductor being under tension
due to cooldown stresses in the resin may
move against frictional forces and the re-
leased energy may lead to a quench.

Boveri and Mr. G. Pasztor, IEKP, Karlsruhe,
for many discussions.
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DISCUSSION

C.H. Rosner : Since you cite experimental evidence that trai-
ning can be drastically reduced by more effective mechanical
constraint of the windings - and, according to our own data
actually eliminated completely in this way - it is difficult
to accept your hypothesis of training being caused by super-
conductor defects or inclusions. Clearly, this may.very occa-
sionally be a minor contributing factor, but more likely trai-
ning is a combination of microscopic thermal and mechanical
effects that can and must be eliminated by proper engineering
and fabrication cf adiabatically stable magnets. Have you exa-
mined the absence of training in Nb^Sn magnets?

H. Brechna : According to experimental and theoretical inves-
tigations training is induced by the combination of microplas-
tic effects which occure at < 0.1 % strain and macro mechani-
cal- thermo-magnetic-effects. No mechanical constraint will el-
liminate Microplastic effects, however, since in a magnet,
stresses on the conductor /Loreritz forces/ are low, only fila-
ment deficiencies /necking, inclusions, apalled particles/
y.lel local stressenhancement and with them microplastic defor-
mation or microcracks. The energy released by this effect is
small and can be carried away by the thermal diffusion process,
•If Vh<3 heating is adiabatic /epoxy impregnated conductor/ the
released energy may induce a quench. This effect is true also
in. NbgSn multifilamentary conductors but not in Nb3Sn tapes,
which does not show training quenches due to microplastic ef-
fects. Wire motion, after a crack along the conductor surface
has occured in the resin, may induce a quench. This will be
elliminated either if the shearbond stress of the resin is low
/incompatible surface conditions/ or V is high. In the first
case the energy released will be too small to provoke a quench.
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EFFECTS OF STRESS ON PRACTICAL SUPERCONDUCTORS

A. F. Clark

Cryogenics Division
Institute for Basic Standards
National Bureau of Standards

Boulder, Colorado, USA

ABSTRACT

The effects of stresses.and the resultant strains on practical superconductors is reviewed
with respect to magnet design. The mechanical and electrical behavior of superconductors
subject to both static and dynamic stresses is discussed. Emphasis will be on the mechanical
properties of superconducting wires, the degradation of critical current in wires under stress,
and their correlation with superconducting coil composite behavior.

1. INTRODUCTION

Superconducting magnets are getting
bigger. What started as small laboratory
magnets to prove feasibility of design,
fabrication, and operation has grown into
small scale and even full scale prototypes
for applications such as rotating electrical
machinery and magnetohydrodynamic genera-
tors. Energy storage and magnetic fusion
energy applications are demanding even
larger magnet systems, some as large as 100
meters in diameter. The stresses generated
in a superconducting solenoid are directly
proportional to the product of the current
density, the magnetic flux density, and the
radius. Thus, the bigger they are, the
stronger they must be without decreasing the
other design parameters. If there is a
natural limit to the stress and resultant
strain which a superconductor can experience
without undue degradation of its performance,
then it must be known and designed for as
magnets get larger and larger.

The purpose of this review is to sum-
marize the current research on stress
effects in practical superconductors both to
permit extension to larger designs and to
point out areas of needed research. The
subject is limited to practical superconduc-
tors, in particular, multifilamentary con-
ductors of NbTi and Nb3Sn, and from room
temperature to liquid helium temperature.
The experiments considered are those which
reproduce in principle the in situ conditions
where the stress and current are applied to
the conductor at 4 K and in a magnetic field
as pictured in Figure 1. Much of the work
in the United States has been reported at
several conferences, and in large part this
is a review of those works. In particular,
there were special sessions on stress
effects in superconductors at the two Inter-
national Cryogenic Materials Conferences
held in 1975 at Kingston, Ontario, Canada^
and in 1977 at Bouldsr, Colorado, USA2 and a
one day "Symposium on Stress Effects in

•Contribution of NBS, not subject to copy-
right.

Figure 1. Schematic of a stress effects on
practical superconductors experiment.24

Superconductors" sponsored by the Cryogenics
Division of the National Bureau of Standards
held at Vail, Colorado, USA during April
1976.3

Stresses can be generated in the super-
conductor in a superconducting magnet in many
ways. First, there can be residual stresses
in the conductor itself resulting from the
manufacturing process and the coiling on a
reel for shipping and handling. Second, there
is the winding tension applied to the conduc-
tor or other fabrication stresses resulting
from encapsulation. Third, residual stresses
are generated when the system is cooled down
to liquid helium temperature due to anisotro-
pic thermal contraction. And fourth, the
application of the self and external magnetic
fields generate more stresses. In addition,
temperature fluctuations, quenches, oscillating
magnetic fields, and mechanical vibrations can
all generate dynamic stresses which must be
considered.

All of these stresses result in some
strain in the conductor, and, ultimately, it
is this strain which results in degradation of
the superconducting properties, usually a
decrease in the critical current which will
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affect the operation of the system. This
degradation must be known and accounted for
or the strains must be limited by design
for the superconducting magnet to operate
efficiently and reliably. Also, the
mechanism of this degradation must be
understood in order to properly design and
manufacture superconducting materials for
use in this rapidly expanding field.

2. STATIC STRESSES

2.1 Mechanical Properties. A thorough
review of the mechanical properties of
practical superconductors has recently been
written by Koch and Easton.4 There also
exists a good review of the extensive
literature on the elastic properties of the
A-15 compounds,5 but because of their
inherent brittleness, little is known about
their plastic behavior. The literature
will only be summarized here for the
behavior relevant to the degradation of the
superconducting properties.

The NbTi alloys are relatively well
behaved with their Young's moduli (about 8-
10 x 10l0 N/m2) increasing 12-15% from room
temperature to 4 K with a corresponding
loss in ductility. Frequently serrated
yielding is observed,6 which has been
attributed to a stress-induced phase trans-
formation such as martensite or twinning.
No direct observation of this has been made
and a micro-characterization would be
useful to confirm or refute this. In
general, composite conductors made from
NbTi alleys show similar behavior and a
rule of mixtures is adequate to describe
the composite properties. Typical of the
results are shown in Figure 2.7

14

12

Superconducting
Composite

0.02 0.03 0.04 0.05
STRAIN

Figure 2. Stress-strain curves at 298, 76,
and 4 K for NbTi, copper, and a NbTi/Cu
composite conductor./

The brittleness of NbjSn and other A-15
superconductors has led TJTiiirtque manufactur-
ing techniques in order to accomodate these
compounds .in a copper stabilizing matrix.
The resulting composites are also generally
well behaved with elongations up to several
percent possible. A ductile-to-brittle tran-
sition is observed in the mechanical proper-
ties of Nb3Sn composites8"10 when the Nb3Sn
exceeds about 10-15% of the composite volume.
However, as will soon be shown, the degrada-
tion of the superconducting properties will
more strongly dictate the design parameters
than the mechanical properties.

2.2 Critical Current Degradation. The
effect of lattice distortions on the critical
parameters for the NbTi alloys has been
expected to be small except for the critical
current where the flux lattice interacts with
the crystal lattice and its defects.4 The
first measurements of this effect on multila-
mentary wire were by Ekin, et al.ll where the
critical current was reduced with the appli-
cation of stress as shown in Figure 3. The

260

a.

<

10 12

STRESS (108 Pa)
Figure 3. Critical current as a function of
applied stress at various applied magnetic
fields. Solid curves while stress is applied;
dashed curves after stress is removed.12

solid curve is the reduction of the critical
current as the stress is applied and the
dotted curve shows the recovery of the criti-
cal current after the stress is removed. The
reductions are reasonably uniform, mostly
recoverable and have little field dependence.
More recent work by Ekin and Clarkl2 and by
Easton and Koch'3 confirm these results and
show about a 15-25% degradation for strains
approaching failure (about 2.0-4.0%) which is
recoverable to about only a 4% reduction in
critical current. The degradation begins (I.e.
greater than about 5% reduction in critical
current) at strains of about 0.5%. These
results^2,13 a-j s o are independent of the
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resistivity of the stabilizing matrix,
whether it's aluminum or copper, and of the
magnetic field. In fact, the consistency
of the results lend themselves to a univer-
sal curve which is shown below in Figure 4,
which also shows some of the early results
for multifilamentary l2

STRAIN tpercenil

Figure 4. Comparison of critical current
degradation for NbTi and Nb3Sn multifilamen-
tary superconductors. Dashed line is for
recovery after unloading.12

There are many early works on the
effects of stress on the critical parameters,
particularly critical temperature, for
single, crystals, thin films, and diffusion
layers of Nb3Sn and other A-15 compounds
which has been"reviewed by Smith.1*
Further bend tests and tests on tapes has
been summarized by Koch and Easton.4 There
has been a recent flurry of activity in the
measurement of the effect of stress and
strain on the critical current in ND3Sn
multifilamentary conductors!2,15-21 with
almost as many different results. Frequently
the critical current increased with strain
before showing a final decrease, some
degradation was reversible - some was not,
and values ranged from a few percent to as
much as 95% reduction in critical current
for a fraction of a percent to 2% strain.
To complicate matters further, resistive
voltages are generated in Nb3Sn with stress
so that the choice of a criterion to define
the critical current can dramatically
affect the results.22 The only result that
was consistent was that ultimately there
was a region where the degradation was
quite irreversible. The degradation versus
strain is shown in Figure 5 for some of the
results where strain, magnetic field, and
the critical current criterion are compara-
ble and where they have been normalized by
the initial, unstressed values of critical
current.

The differences in the behavior of
these Nb3Sn multifilamentary bronze compo-
sites with strain can be explained by the
amount of compressive strain applied to the
Nb3Sn reaction layer by the surrounding
bronze as the composite is cooled from the

06 03 >0 ! 2 '4 < 6 .3
Sfcn € X'O

Figure 5. Critical current as a function of
strain in Nb3Sn multifilamentary conductors
made by the bronze diffusion technique nor-
malized to the initial critical current.24

reaction temperature to 4 K. This compressive
strain is caused by the larger thermal con-
traction of the bronze compared to that of the
NbjSn and can be as large as 0.9". If this
compressive strain degrades the critical
current then the application of a tensile
stress will relieve it and allow the critical
current to initially increase as seen in some
of the data in Figure 5. The amount of ten-
sile strain needed to return the Nb3Sn reac-
tion layer to an approximately strain free
state should correspond to the maximum in the
critical current curve, and further strain
will only degrade the critical current again.
This "intrinsic strain" may also be zero or
positive (tensile). In these cases the cri-
tical current curve may be initially flat or
decrease rapidly with the applied strain as
can also be seen in Figure 5. The exact
amount of this intrinsic strain will depend on
the bronze-to-Nb3Sn ratio, the properties of
the bronze, the reaction temperature and
annealing history, and any other bending or
winding stresses applied to the conductor
during manufacture of the wire or assembly of
the magnet.

If this hypothesis is valid, then nor-
malization of all the curves in Figure 5 to
the maximum in the critical current curve, or
the state of zero intrinsic strain, should
lead to similar behavior for all of the
data.21 Figure 6 shows this renormalization
for all of the data in Figure 5 and the agree-
ment is remarkable. Some very recent data at
about the same field by Deis, et al.23 shows
a definite maximum at about 0.35? applied
strain and also falls on the same curve in
Figure 6 when it is replotted. This data also
shows in Figure 7 the dependence of the
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Figure 6. Critical currant as a function
of "intrinsic strain" in the Nb3Sn where
the current values have been normalized at
the maximum.24
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Figure 7. Dependence of critical current on
strain and magnetic field for multifilamen-
tary 23

critical current degradation in Nb3Sn on
the magnetic field which had been reported
earlier.15 in general, the degradation
increases with magnetic field.

Thus we can see that the many varied
results do have an internal consistency
which cou'ld be expected to hold for dif-
ferent field values, for different manufac-
turing processes, or different conductor
configurations.24 But more important,
knowing that conductors can be fabricated
with an intrinsic compressive strain, then
one could design a magnet whose operating
stress could compensate for this strain and
allow operation with the superconductor in
a stress free state and maximum critical
current. It also will allow a better
estimation of safety margins for the known
degradation of the critical current,
because it can be seen in Figure 6 that
there is less than 5% degradation for ±
0.2% strain. It should also be noted that
in most of the results this degradation
becomes irreversible at about 0.5%
strain.23,24

2.3 Mechanism of the Critical Current
Degradation. In both NbTi and Nb3Sn multifil-
amentary conductors the mechanisms responsi-
ble for the critical current degradation are
not well understood. For both, Ekin25 has
shown that it is not caused by reduction in
filament cross sectional area, heat genera-
tion by slow plastic deformation (creep), nor
degradation of the matrix resistivity, but
probably due to a stress induced change in
the superconductor itself. Where the effect
is reversible it could be brought about by
changes in the intrinsic critical temperature
or magnetic field. The reversible changes
could also be brought about by a change in
the vortex-pinning structure, in which case
the stress induced changes would have to be
on the order of the coherence length in
size25 or about 10 nm. This might be brought
about by reversible phase transformations,
either martensite or twinning, as was men-
tioned earlier. Direct metallurgical obser-
vations and the temperature dependence of the
critical current degradation will be neces-
sary to explore these possibilities.

The irreversible degradation in Nb3Sn at
higher strains has been attributed to the
formation of microcracks or other permanent
damage which have been seen by direct obser-
vation with scanning electron microscopy.8,25
There is no explanation for the small irre-
versible portion of the degradation in NbTi.

It should be pointed out that the curve
shown in Figure 6 is nearly symmetric about
the "zero strain" axis with a slightly steeper
fall off of current on the tensile strain
side. This symmetry is difficult to explain
from the known pressure dependence of the
critical temperature for Nb3Sn14 which is
monotonic with the elastic distortion of the
crystal lattice. A probable explanation
would be that there are two competing mechan-
isms to degrade the critical current for the
positive and negative strains. Since the
pressure dependence of the critical tempera-
ture for V3Ga is opposite in sign, this
symmetry should not exist for similarly
manufactured V3Ga multifilamentary conductors,
and its properties should be determined.

3. DYNAMIC STRESSES

The rotation of electrical machinery;
the pulsing of poloidal field coils, and the
repetitive storing and removal of energy will
all induce cyclic stresses in superconducting
magnets. These too ,.iust be accounted for in
efficient and reliable design for magnets
with long term applications. Because there
is only a small elastic region in the stress-
strain properties of multifilamentary super-
conductors, it has been pointed) out by several
authors6,7,26 that hysteresis Voops will be
developed with any cyclic stresses and provide
mechanical energy input into the conductor
which could significantly degrade its super-
conducting properties.
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Very few studies of the critical
current degradation with cyclic fatigue
have been done. There have been a few
studies of low cycle fatigue on both
NbTil9«27,28 and more recently Nb3Sn28,29
multifilamentary conductors. These ranged
from 20 up to 1000 cycles and for strains
up to about 0.2% which showed significant
critical current degradation, often in the
first few cycles. Most of these studies
were in a tension-compression fixture with
the conductor soldered in a solid copper
bar with a complex stress distribution.
The effect of cyclic fatigue on the resis-
tivity of matrix materials independent of
the superconductor has also been briefly
reported for a low numbers of cycles and
shows a continued increase for copper30 and
a saturation after about a 20? increase for
aluminum.31

A thorough and complete study of high
cycle fatigue (more than 10^ cycles) for
both NbTi and Nb3Sn has been recently
reported by Ekin.24 The mechanical wear-
out of the NbTi conductor is best pictured
by the classical S-N diagram shown in
Figure 8 where the number of cycles to
failure is plotted versus the stress as a
percentage of the ultimat' tensile strength.

60

40

20 h

0

NbTi • Cu (IM.B]

O 4K,cruli = IO55Kro8N/m2

a 77K,o-uit= 850xl08N/m2

& 295K,o-uit= 632xlO8IM/m2

10° to1
I02 103 104 I05

Number of Cycles lo Failure

Figure 8. S-N curves for multifilamentary
NbTi/Cu conductor for 295, 77, and 4 K.24

The "knee" of the curve at about 104
cycles occurs when the conductor accumulates
enough damage to cause failure before the
normal tensile failure. The curves also
begin to flatten out again at about 10^
cycles and 20% of ultimate stress indicating
an "endurance limit" below which the conduc-
tor could supposedly be cycled forever
without mechanical failure.

The critical current as a function of
the number of cycles for two stress levels
is shown in Figure 9. There is no evidence
of any degradation all the way to failure
other than that due to the initial applica-
tion of the static stress. This indicates
that there is no mechanical degradation of
the superconductor itself and the mechanical
failure must be due to the damage created
in the matrix material. In order to check
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Figure 9. Critical current as a function of
the number of fatigue cycles for NbTi multifil-
amentary conductor.24

this, the residual resistivity of the copper
matrix was measured as a function of the
number of cycles for various stress levels and
is shown in Figure 10. The decrease in resi-
dual resistivity ratio implies a corresponding
increase in resistivity due to the accumulated
damage. This, then, will be the limiting
factor in the fatigue Droperties of a NbTi
multifilamentary conductor because of the loss
of stabilization and increased current trans-
fer resistivity between filaments.

10° IO1 IO2 IO3 I04 IO5 I06

Number of Faiique Cycles

Figure 10. Residual resistance ratio (R295K/
Rgi<) as a function of the number of fatigue
cycles for various stress levels.24

The degradation of the critical current
in Nb3Sn conductors with cyclic fatigue behaves
differently depending upon whether the applied
strain causes irreversible static degradation
or not. This can be seen in Figure 11 where
the top curve is for 0.4% strain which is
below this limit (about 0.5%) and the bottom
two curves which are for strains that exceed
the limit and show a small amount of degrada-
tion with fatigue. However, note that the
vertical axis is the critical current normalizec
to the initial zero stress state in these
conductors and the initial degradation in the
first cycle (50-80%) far exceeds any subsequent
damage due to cycling.
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4. OTHER STRESS CONFIGURATIONS

There are two other experiments with
different stress configurations that should
be mentioned in this review because of
their applicability to magnet design. If
the solenoid is externally constrained,
significant compressive stresses can be
generated perpendicular to the conductor
axis. The only study of this kind by
Froelich3? has shown that transverse com-
pressive strains of up to 0.19% cause less
than 0.3% degradation in tfie critical
current. This work should be extended to
higher strains and to Nb3$n conductors.

The other experiment was recently per-
formed in our laboratory and was done to
simulate the operational stresses applied
to a fiberglass-epoxy/NbTi-Cu coil composite.
Smal1, 200 turn coi1s were wound and potted
with different epoxies. The resulting
small solenoids (about 15 x 1 x 1 cm) were
internally stressed with the "split D"
grips used to test filamentary composites,
and the results were compared to the criti-
cal current degradation obtained in single
wires. A typical curve is shown in Figure
12 where the strain is that averaged across
the cross section of the coil at the cir-
cumferential point of maximum stress. The
results show a remarkable similarity to
those for a single NbTi conductor shown in
Figure 3. These tests will be extended to
other conductors, epoxies, and test condi-
tions including cyclic fatigue. A more
uniform stress distribution will be tried,
perhaps utilizing the slotted cone recently
reported by Hong, et al.33

5. CONCLUSION

That superconductors have a natural
limit to.the strain that they can withstand
without significant degradation of thejr
superconducting properties is no surprise.
This is also no surprise to magnet designers
and builders who have successfully built
and operated many superconducting magnets
subject to a variety stresses and strains.

Wet layup EpoKy A
Superconductor-NbTi.Cu-1 3

Wet layup Epoxy-B
Superconductor-fJbTi:Cu=13

Vacuum impregnated Epoxy-C
Superconductor-NbTi:Cu=M8

STRAIN (percent)
Figure 12. The critical current degradation
in a fiberglass-epoxy/NbTi-Cu coil composite.

It is only with the extension to larger and
larger systems that must operate reliably for
longer and longer times that these limits must
be defined and understood. Small decreases in
design limits can also lead to dramatic cost
savings for large systems. These limits are
now being better defined and as Ekin has
recently pointed out24 they are not that much
different than the limits imposed by the
strain at failure for epoxies, the yield
strains in support materials, or the resisti-
vity increase in the matrix materials. What
is lacking now is the basic understanding of
the mechanisms for the degradation of the
superconducting properties, in particular the
critical current. There are other areas that
we have not covered in this review such as
heat generation in the superconductor, the
effect on stability, and the still largely
unknown causes of training, all of which may
well be helped if we were to understand the
effects of stress.

Listed below are several immediate and
long term areas of research where increased
understanding would be of real benefit.

1. Micro-characterization of supercon-
ductors under strain for both alloy and com-
pound materials to pursue the degradation
mechanisms.

2. Stress effect studies in other A-15
multifilamentary conductors to evaluate the
intrinsic strain hypothesis.

3. Stress characterization of the produc-
tion techniques of compound superconductors to
develop conductors that operate at near zero
strain.

4. Measurement of ac losses as a function
of applied stress to determine their importance.

5. Development of internally supported
composite superconductors to limit the strain
in the superconductor itself.

6. Compressive and transverse strain
effect studies to determine design limits and
check for anomalies.
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7. Stress effect studies in coil
composites and other structural configura-
tions to prove"extrapolation to full scale
systems.

8. Standardization of measurement
techniques to assure comparability.

All in all, there is a great deal yet to be
done. In spite of this, however, we can
conclude "that there appears to be no inherent
limit that will prevent the design, fabri-
cation apd operation of efficient and reli-
able superconducting magnet systems.
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The advantages of increasing SMS tem-

perature level are discussed.

Applications of superconducting

VARIOUS METHODS OP SUEEROOHDUCTIHG MAGHET SYSTEMS

V.JS.Keilin

I.V.Kurchatov Atomic Energy Institute

Moscow, USSR

Summary

Problems connected with the ne- cooling problem consisting in essence

cessity of cryogenic cooling of SMS can in. requirement of local removal of he-

be divided into two groups:"external" at produced by any disturbances during

refrigeration problems and "internal" SHS^operation to prevent their prema-

stabilization problems* Classification ture superconducting-to-normal transi-

of various methods of SMS cooling is tion.

given with reference to stabilization It is evident that this'require-

method, type of heat inputs, state of ment is more difficult to meet than the

refrigerant and to the method of its requirement of total SMS cooling down

renewal. It is noted that the most di- to operation temperature, say, 4.2 K.

fficult problem is removal of heat ca- Moreover the solution of the problem

used by impulse irregular disturbances.of local temperature stabilization at a

Time constants for different mecha- level which ensures the operation of

nisms of heat transfer are evaluated. SMS at its design parameters is pos-

sible only by combined electro-and

thermo-physical methods and presumes

besides all the information about the

disturbances (their cause, duration,

magnet systems (3wl3) in various fields e n e r gy f extension etc).

of science and engineering are eventu- I n t h 9 following text for brevity

ally broadening. Their advantages are w e shall term the first proup problems

obvious and well recognized. Really "cryogenics", and the second group -

their only drawback is the necessity _ "stability" problems. Notwith-

of cryogenic cooling. The latter may s t a n d i ng a n t h e importance of cryoge-

be considered as a tribute paid by the a i c p r o D l e m s w e Bhtai p a y the main at-

mankind to Nature for the possibility t e n t i o n t o the stability problems be-

to exploit the unique free-of-charge

phenomenon of superconductivity. And

when (and if) really high-temperature

superconductors are discovered rather

rare situation of their gratis appli-

cations will occur though being not

forbidden by the laws of nature.

The cryogenic cooling of SMS me-

ans first of all that helium liqui-

fiers, refrigerators, cryostats etc

(in general - cryogenic systems) are

necessary. It is so to say an external a 3 (jriteria of "fullV/'cryostatic" or

side of the problem which provides te- "stationary" stabilization results in

chnical equipment to maintain SMS as B a possibility for the transport cur-

whole at low temperatures. r e nt to become superconducting again.

There is however a more profound stekly had investigated this model as-

(or, at least, less known) part of the suming the heat transfer coefficient

cause they are less investigated and

due to the lack of spac*.

The simplest example of solution

of stability problems is the approach

proposed by Stekly in mid 60*s.: the

intensity of heat transfer has to en-

sure the Joule heating removal without

raising conductor temperature above the

critical level in a given magnetic fi-

eld.

This condition usually referred
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to toe constant. Later on many authors
investigated the peculiarities of the
stationary stabilization due to varia-
bility of heat transfer coefficient,
crisis of boiling etc. The most general 5
method of "equal areas" was proposed by t
Haddock et al in late 60's.

4.2. Single-phase.

4.2.1. Subcooled liquid.

4.2.2. Supercritical helium.
4.2.3. Gaseous helium.

Method of refrigerant renewal at

conductor surface.
5.1. Free convection.
5-1.1. Free convection in large vo-Nowadays Stekly»s approach is

considered as rather old-fashioned. Re- lume.

ally the stationary stability condition 5-1.2. Air-lift and thermosyphon.
results from one side in unacceptable 5.2. Forced convection.
low current density. From the other si- 5«2.1. Due to pressure of refrigera-

de there are cases when SMS designed
taking into account all the require-
ments of stationary stabilization oc-
cured to be unsatisfactory. Finally
there are many successfully operating
iJMS which are very far from being sta-
tionary stabilized. All these facts ex-
plain a disappointment towards statio-
nary stabilization though from our point SMS
oiT view its ideas and methods, appropri-^r0]

ately modified and non-stationary si- helium channels just in the conductor

tuations included, can be rather rruit- as well as from pool-type SMS (3.1.).

tor compressor.
5.2.2. Pump.
5.2.3. Mixing of constant volume of
refrigerant.
5.3. Undefinite (e.g. in weightless-
ness ).

Most positions of the table do
not need, any explanations. Ventilated

3.?.) in the classification differ
force-cooled SMS (3.2.) with

ful. Being close to the latter with the

In any case the conception of sta- pHesign of their winding ventilated

tionary stability can be used as one of S M S csa De defined as pool-type SMS

the convenient startpoints to classify
various methods of SMS cooling.

From the point of view of cooling
problems SMS can be classified as fol-
lows (Fig.1):

1. Stabilization method.

1.1. Stationary stabilized.

1.2. Stationary not stabilized.
2. Type of heat generation.
2.1. Regular heat generation.

2.2. Irregular heat generation.
3. Method of cooling.
3.1. Pool-type.
3.2. Force-cooled.
3.3. Ventilated.
3.4. Indirect cooling.

with forced renewal of refrigerant at
the conductor surface. In addition the
idea of pool-type SMS usually includes
the existence of phase-separation
surface; it may not be the c§se for
ventilated SMS.

Indirectly cooled SMS (3.4.) are
helium cooled only from the winding
surface and the.inner turns are cooled
only due to heat conductivity of the
winding. Such definition seemingly in-
cludes all the impregnated not force-
cooled SMS. However immersed into li-
quid helium impregnated SMS are likely
to have helium in voids and cracks
between the turns. Therefore it is

4. State of refrigerant (mainly for SMS probably more correct to classify im-

3.2 and 3.3).
4.1. Two-phase (e.g., boiling liquid
helium).

pregnated SMS as pool-type ones (3.1.)
or indirectly cooled SMS (3.4.) depen-
ding on whether their winding is in
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helium or in vacuum. The classifica- division are:

tion according to the refrigerant sta- 1. Maintaining the SMS at the ope-
te can be best explained using helium rating temperature without heat genera-
temperature- enthropy diagram of the tion.
state (Fig.2). The diagram shows that 2. Ensuring the required intensi-
only two-phsse helium cooling has dis- ty ox heat transfer,
tinct limits. The differences between The first requirement is quite
cooling with "supercritical" and gase- obvious. The second more general requi-
ous helium from one side and "super- rement is rather indefinite because the
critical" and "subcooled" helium from exact meaning of "required" neat tran-
che other side are rather conditional sfer intensity is not quite clear and
and of quantitative nature. Usually moreover it is not known how to deter-
"supercritical" helium is considered mine the "required" level. In statio-
as a single-phase media at pressure nary stability method for example the
higher than the critical one and at heat transfer intensity is determined
temperatures in the region of maximum by stationary Joule heating. It is also
heat capacity at constant pressure. relatively simple to determine required

The classification given above heat transfer intensity for SMS with
can also include SMS with artificial regular heat generation (2.1), e.g.,
gravitational field, e.g. rotating su- due to AC losses of different origin.
perconducting electromachinery. Cor- Slightly more complicated example is
responding SMS can be refered as "po- the so called stationary stabilized
ol-type", "force-cooled", "ventilated" force-cooled SMS (1.1, 3.2). There is
etc. The analysis of such SMS has of a possibility to meet the stationary
course to take into account their con- stability criteria at short lengths of
crete qualitative and quantitative fe- conductor but limited heat capacity of
atures. fluid flow restricts the fulfilment of

The advantages and disadvantages the requirements at any long legths.
of usage of refrigerant in various sta- Moreover helium heated within a normal
tes for cooling of force-cooled and region can become a cause of disturban-
ventilated SMS was discussed in litera-ces at a downstream region,
ture in detail. Moreover from our point Thus it is necessary either to admit
of view the importance of the question the impossibility of making force-co-
was even overestimated. In particular oled SMS stationary stabilized or to
the force-cooled SMS with two-phase revise our stationary stability con-
helium were a priori rejected because cepts.

of expected hydrodynamic instabilities. Determination of required heat transfer
But the experience has shown the possi- intensity for stationary not stabilized
bility to utilize helium in any ph.a- SMS with irregular heat generation
se provided the necessary temperature (1.2, 2.2) is apparently a most corn-
is ensured. plicated task. It is important to note

Now it's time to discuss the least that the complexity is " neither
investigated problem directly connected the choice of cooling method nor especi-
with the division of all cooling pro- ally refrigerant renewal method (items
blems into cryogenic and stability ones. 3,4,5 of the classification) but the

General requirements to any cooling correct estimation of patterns of ir-
system which reflect the abovementionedregular disturbances: their causes,
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energy, duration, extension etc. Mo- ig <-r~ _ o &.* where <£
reover there are reasons to assume e &
that all the positions 3,4,5 of the " heat conductivity
table give almost equal (and not too & ~ conductor length where the dis-
consoling) results with respect to ir- *«**««>« occurs^ ^
regular and as a rule impulse distur- If £ = 1 W cm deg
bances. We believe that the main mea- & ~ 10 cm ^
SUE«S against the irregular disturban- then ^ ' 1o sec*
ces lay not in the plane of their re- Thus if the disturbance is much
moval (the possibilities of the latter more ^ S * 1 ^ *han 1° <"» ̂ d '^ du"
are rather limited), but in the plane ration is snorfcer tnan °-1 sec tne lon-
of their investigation and elimination Situdinal heat conduction can be negle-
of their causes. It is the more true, oted'
the more of impulse nature the distur- xt is worthwhile to mention that
bances are. Whether disturbances are *%• seems *° be dependent on distur-
adiabatic or not is among all determi- banoe character when <Ze strongly de-
ned by heat transfer intensity. P e n d s o n dis*^ance length. It can

We shall refer disturbances as * » » out tnat tais s t r o n6 dependence
adiabatic or impulse if SMS "feels" on- c a n t e used for experimental evaluation
ly tneir energy but not duration. of the characteristic lengths of dis-

Various modes of heat transfer turbances.
and correspondingly various time con- M*** time constants can be in-
stants are possible wnxch determine deduced, responsible for instance for
the boundaries between adiabatic and *«»P««*ure equalizing across conductor
nonadiabatic diswrbances. cross-section: ̂  = Ggr , where

i'or surface heaT; transfer, tor 1 - radius of a round conductor etc
instance, from dimensionaiconsiderations (Pig.3J.
the time constant is The latter constant for 2 mm dia-

(— C-/7 ^ meter conductor is of order of 10 sec.
~ A-P * Where Thus only shorter disturbances can re-

and f - cross-section and cooled sult i n «««5*a revealing conductor non-
perimeter of a conductor correspon- onedimensionality.
dingly ^n some cases not only thermal ti-

C - volume specific heat of the con-me constant is important but also an
ducto- electromagnetic one. Analysis of the
/£ -'heat transfer coefficient. problem is beyond the frames of the pa-

If C ~ 10"5J cm"3 deg"1 Per*
/}- 0.1 cm2 •'•* ̂ s ^P 0 1* 8 1 1* *° note that all
A- 0.1 W cm~2 deg"1 *ne expessions for time constants in-
p _ ̂  cm elude conductor specific heat. There-

then <5a 1o-3'sec. Consequently if the^016 it: is ^uite reasonable to try to
disturbances are much shorter than increase the effective conductor speci-
1 msec the role of external heat tran- fic neat either b^ u s i nS low D e by 9 tem-
sfer is negligible. perature metals or as was proposed by

For one-dimensional heat dissipa- M-Wilson at Stanford ASC-77 by intimate
tion along a conductor corresponding c°**act <* conductor with liquid helium
time constant owever the latter problem is by no
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means simple as one can conclude in lability of multifilamentary niobium-
the first approximation analysing the tin superconductors makes the possibi-
expressions for time constants. Indeed lity quite real. 'Though in this case
assuming equal time constants for tem- the range of adiabatic disturbances
perature distribution across flat con- broadens the stability increases due
ductor with thickness 2 a (index "c") to rapid specific heat grow. Moreo-

and for adjacent helium layer with
thickness b (index "r")» we obtain
from (£-

£ Cc

Thus "effective" specific heat
/** C*** L-C. i** C- O* b

Q * £
after simple rearrangements

For typical values

4 = 1 W cm"1 deg"1,

Cc = 1O~
3J cm"5 deg"1

£t= 3 10"* W cm~1 deg~1,

C?= O.i> J cm"^ deg"1

ver as different modes of heat remo-
val become less important (at the sa-
me length of disturbances time con-
stants increase) the stability analy-
sis becomes more reliable. It is pos-
sible also that increase of operating
temperature will result in decrease
of irregular heat disturbances of me-
chanical origin. An obvious result of
increasing the operating temperature
is also a simplification of cryogenic
problemss decreasing of refrigerator
energy consumption, simplification of
its design etc0

Nevertheless it is quite possible
that until the superconductors really
operatable at liquid hydrogen tempera-
tures are at hand the operating tempe-
rature of SMS will remain close to the

the specific heat increase is negligi- normal boiling point of helium (with

bly small (of order 10 ).Taking into exept-ions of evident special cases),

account surface resistance (heat tran- This statement is supported from one

sfer coefficient) tends to further di- side with the possibility of liquid

minishing this effect. It can be more
pronounced only for relatively slow
disturbances. However corresponding

time constant even at

n

to = 0.01 mm exceeds 1 msec which is

typical for time constant responsible

for usual surface heat transfer. There-.

helum preliminary Jtoring and from
the other side with relatively weak
influence of refrigeration cycle ener-
gy comsumption on the total SMS effici-
ency.

Conclusions

1. The SMS cooling problems can

be divided into external "cryogenic"
fore the utilisation of high heat capa-^ i n t o m a X «stabillty.. proDlemS.
city of refrigerant to remove impulse
heat disturbances seems to be question

2* Various methods of SMS cooling

can be classified by stabilization
nable at least if their duration is lessmethod) ^ Qf h e a t generatioilt C<K-

' oling method, state of J»he refnge-

Much more realistic method of r a n t ^ f ± n a i l y b y r e f r i g e r a n t re_
solving stability problems is from our n e w a l method
point of view the increasing of SMS ?# ^ m o g t d a n g e r o u s f r o m t n e

operation temperature even if tempera- ̂ ^ Qf v ± e w Q. , S M g o p e r a t a b i l i t y ^
ture distance to the critical surface ±TTegalaT ifflpulse d i s t u r b a n c e 8 b e c a u s e

does not increase. Nowadays the avai- t h e y ^ ^ l n v e s t i g a t e d p r o p e r l y ^

c o n d u c t o r surfaoe.
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oecause of the limited possibility

of their damping by cooling.

4. The estimates of time con-

stants of various heat transfer me-

chanisms are given. From that point

of view the impossibility of utili-

zation of adjacent refrigerant heat

capacity is shown.

5. The advantages of increasing

the operation temperature are briefly

discussed. The advantages can be ful-

ly realized only when helium can be

replaced by hydrogen.

The author does understand that

many of M s statements are not proved

and that seme of them are questionable

He can be excused only by the extensi-

vity of the problem and by the laci:

of space.

Classification of SMS
as to Cooling Problems

Method of Stabilization
j£ Stationary StabiUiaiion
/.f. Partial Stabilization.
Hiai Ctneratian
l.i. Regular
s.S. Irregular
Cooling Mode
sx Pool Type
s.S. Forced FLew
s.3. Ventilated
3^. Indirect
Cooiani State
4U Tn>a-Phase
MS. Single Phase

J/.e.i. Subcooled Uguid
big Supercritical Helium
t.e.s Gaseous Helium

Coolant kenewal at the Conductor 5urf*ee_
s* free Convection

s.1.1. Free Ctnrecilcn in a large Mume
5J.1. fapor-llft andThermosyplion

s.s, Forced Can»eoUon
SM Due io Hefrigtrator Compressor
s,g,i, 3# a Pump
S,s.». Mixing of a Ctnstant Cltlant

S.3. InitflnlU (e.g,, In »eigl>ilet$n*si)

Jims Constants
for Transient Heat Transfer

I Surface Meat Transfer

_ cA
- HP ims

2. Longitudinal Conduction.
>2

if to-10 cm
3. Cross-Section Conduction

2

if r*imm
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RADIATION DAMAGES IN SUPERCONDUCTING MATERIALS

W. Heinz and E. Seibt

Kernforschungszentrum Karlsruhe

Institut fur Technische Physik

7500 Karlsruhe, Postfach 3640

Federal Republic of Germany

Summary

Radiation damage investigations

of technical superconductors are

reported and discussed with respect

to their main properties like critical

current j , transition temperature T ,

upper critical field B , pinning and

annealing behaviour. Ordered A15 type

alloys (like Nb,Sn and V^Ga) show

significant reductions of all critical

parameters above a threshold of about

2 x 10 2 1 itf2 with SO MeV deuterons
22 2

corresponding to 2 x 10 neutrons/m
(E > 0.1 MeV). Pure metals andn
disordered B1 type alloys (like Nb or

NbTi) show only a small linear decrease

in critical parameters (except B of

niobium). Experimental results are

compared with theoretical calculations.

1. Introduction

The investigation of radiation

effects in superconductors has twc .

different but closely linked objectives:

(1) to study the radiation damage in

superconductors, especially the

influence on j , T c, and B c with

the final goal being to determine

the limiting flux to which a

technical superconductor can be

exposed without undergoing an

appreciable degradation of these

critical parameters;

(2) to study the influence of the defect

structure induced by irradiation on

the properties of a superconductor,

e.g. the influence on crystal

structure and pinning mechanisms to

get a better understanding and to

improve superconductors with respect

to their critical parameters.

This paper will be concerned mainly with

the first objective.

1.1 Applications of Superconductors

The most important application of super-

conductors is in magnets. Superconducting

magnets are able to carry very high

d.c. currents and produce high d.c.

magnetic fields without any electrical

losses. The only losses which occur

during operation are thermal ones,

necessary to maintain the cryogenic

environment. Electrical losses will

occur only in pulsed or a.c. operation.

A very promising application,

already in wide use, is the construction

of superconducting magnets for focussing

or deflecting high energy particle beams,

or for confining and stabilizing the

plasma in controlled fusion research.

A future thermonuclear reactor utilizing

magnetic confinement, whether a tokamak

or a mirror machine, will be economically

viable only if superconducting magnets

are employed. In either case, the magnets

will be exposed to gamma and particle

irradiation. Therefore, it will be

necessary to know whether the conductors

which are nsed can withstand the expected

irradiation level without suffering

inadmissable degradation.

An estimate of dose rates incident

on focussing and bending magnets in a

high energy accelerator has been carried

out by several authors ( 1 }' ( 2 )' ( 3 ).
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For a 1OCOGeV proton beam with an

intensity of 10 ppp (pulse duration

10 s, 3 pulses per minute) and a proton

loss of 1 % on a septum target nearby

magnets will be exposed to an average

total dose of 5 x 10 J/m per pulse.

This corresponds to a neutron fluence

(En > 0.1 MeV) of about 3 x 10 ° m~ .

The beam loss of an unperturbed machine,

however, is and has to be 1 to 2 orders

of magnitude less.

These proton cascades represent a

significant additional heat load to the

magnet. The operating thermal load of a

pulsed synchrotron magnet will be within

the 5 x 103 to 104 W m~3 region; this

figure is so critical that an additional

10 W m from radiation sources would

well cause the magnet to quench.

(4)McCracken and Blow* have calculated

the neutron flux by means of a Monte

Carlo code in the various regions of the

blanket and shield of a fusion reactor.

The bpectrum and dose experienced by the

magnet will crucially depend on the

reactor design details. Most of the

calculations (4)'(5) show that 1O22 n/m2

with a fission neutron spectrum is an

upper limit on the neutron dose incident
23 2

on a magnet within a year. So 10 n/m

will be a reasonable assumption for a

neutron dose during the life time of a

reactor (about 30 years). On the other

hand, the neutron intensity can be
4

reduced by a factor of 10 by 0.6 m of
(A)

additional shielding material . The

task will then be to determine what

maximum dose a superconductor can with-

stand in order to optimize the reactor

design.

- high transition temperature T

(above 4.2 K)

- good mechanical properties (ductility,

mechanical strength).

The requirements for rf application

are less stringent on j and B ,

in addition.

but

- good surface properties to reduce

rf losses are needed. Finally,

- simple and economical production

and processing

is desired for all applications.

The most important representative

technical superconductors are (1)

pure metals like niobium (for rf

applications), (2) AB alloys with B1

(NaCl) structure like NbTi which is

used for the majority of superconducting

magnets at present, and (3) ordered

A3B alloys with A15 (6-tungsten)

structure (fig.1)like Nb Sn or V3Ga for

higher field magnets or NboSn possibly

for future rf application. Promising

new candidates for technical super-

conductors are other A15 compounds

B1-Structure: AB A15-Structure:A3B

Fig. 1: Structures of disordered and
ordered alloys

1. 2 Technical Superconductors

The requirements for a technical super-

conductor for use in magnets are

- high critical current density j
o •) c

(exceeding 10 A/m at 5 T and 4.2 K)

- high critical field Bc (above 10 T)

like Nb3Ge, refractory metals like

Nb(C,N), or superconducting ternary

molybdenum chalcogenides like Pb Mo, S-.

The A15's have the highest T values

thus allowing enhanced operating

temperatures and fields. The refractory

metals have a reasonable T , together

with a simple crystal structure. Their

structure will be less sensitive to

imperfections and therefore to mechanical
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loads or irradiation. The chalcogenides

have the potential for applications in

very high fields because of their

extraordinary high critical fields.

Some characteristic values of techni-

cally used superconductors and super-

conductors which might become of

technical interest are given in table 1.

material

Nb

NbTl

Nb,Sn

V3Ga

Nb Ge

^3^0.75

N b < C ° - 3 N ° -
Pb MOgSg

9.1

9.5

18

15

23.2

Ge a 2 5

21

18

14.6

Bc (4.2K)[T]

0.28

12

22

23

=36

=41

24

=50

V4

5T

-

1.7

25

12

= 10

6

.211) 10 A/m ]

10T

-

0.1

5

5

=5

1

15T

-

-

0 .5

2

Table 1: Characteristic data of technical
superconductors(upper part) and
superconductors which might get
technical interest (lower part).
Critical current density values
not given in the table are still
uncertain or not yet optimized

Technical superconductors are stabilized.

The stabilizing material is pure copper

or aluminium,with a resistjvity ratio

(ratio of the electrical resistivity at

room temperature to that at liquid

helium temperature^exceeding 100. Super-

conducting wires or cables are usually

insulated. The insulating material is

usually organic. Both, the stabilizing

and the insulating materials, are

influenced by irradiation. The

irradiation of stabilizing metals will

increase their residual resistivity,

thus hardening the metal and degrading

its stabilizing properties. The organic

materials will degrade due to the break-

up of their chemical constituents and

structures. Superconductors for big

magnets are complex conductor composites

with many other constituents. Besides

the superconducting material strengthening

material, cooling ducts, etc may

also be influenced by irradiation.

1.3 Radiation Damage

Energetic gamma rays and fast particles

with energies exceeding 100 keV will

undergo elastic and inelastic collisons

with lattice atoms and thus produce

lattice distortions. These may change

the critical parameters of the super-

conductor. If enough energy is transfered

during the collision to exceed the

binding energy of the lattice atoms

they will be displaced. The displacement

of atoms wilJ take place at energies

ranging from 20 to 40 eV, thus creating

lattice defects. For example the energy

transfer and defect production i;; super-

conducting materials by niobium is listed

in table 2.

The kinds of irradiation defects

which will occur are (fig. 2)

- statistically distributed point de-

fects, like displacement of single

atoms cr production of pairs of in-

terstitlals and vacancies (Frenkel
c

pairs)

- atomic disordering by replacing

ordinary atoms by others (A-*~>B)

- defect clusters like cascades,

displacement spikes, dislocation

loops, dilutions, voids.

Frenkel Pair Crow^dion ° jg/

o o o o o o o o o o o o o v ,
o o o o ,o o o o o q o o o u r

o o o o b j o o o o oT« o o v o
o o o q p o o o o ^r o o o o

o o o O J Q T O o o o j f o o o o o
o o o

fimat, Collision Main Cascade (Vacancies I

Fig.2: Defect production (schematic)
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type of projectile electrons
(3 MeV)

neutrons deuterons
(>0.1 MeV) (50 MeV)

ions
(Ol6, 25 MeV)

maximum energy
transfer per central 71
collision [ev]

0.042 x 106 4.155 x 106 12.533 x 106

mean energy transfer
per collision fev]

25 3 X 103 0.42 x 103 0.46 x 1Q3

rate of displacements
per atom [dpa] a>

lo"5 to 10~6 lo~4 to lo"5 10~2 to lo~3

type of defect point- defeats
(Frenkel
pairs)

defect agglomerates

(cascades, displacement spikes, dilutions,

dislocation i.oops, voids, etc.)

Table 2; Energy transfer and defect production in superconducting materials
represented by Nb. a> related to a total fission reactor flux of
2.5 x 1019 n/m2-s

Fast electrons transfer only a

small part of their primary energy and

produce mainly Frenkel pairs, which are

homogeneously distributed, not more than

a few atomic diameter apart. Protons,

deuterons, or ions of light atoms un-

dergo mainly Coulomb collisions with re-

latively small energy transfer in each

collision. Fast neutrons transfer large

energies to the lattice atoms.

Fig.3 shows TEM micrographs of irradia-

ted niobium at different neutron doses.

One can see the increase of statisti-

cally distributed black dots with dose

rate which are due to vacancies.

Neutrons and ions produce charac-

teristic recoil spectra (PKA), but in

both cases, the majority of defects is

produced by secondary collision cas-

cades. Though the recoil spectra are

different in neutron and ion collisions Fig. 3: TEM micrographs of neutron
.. . - . . -. irradiated niobium*').

.8 x 1O22 n/m2

0.3M

4.4 x 1O22 n/m2

• their secondary cascades are signifi-
cant in the production of lattice, and
in their structure and size.

Thus experiments can be performed
to simulate neutron induced radiation
damage by irradiation with heavy ions

irradiated niobium

to shorten irradiation time. The main

advantage of heavy ion irradiation are

that (1) their cross section for atomic

displacements is orders of magnitude

higher than for fast neutrons', thus redu-

cing exposure times from years to hours
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for a comparable number of displace-

ments per atom (dpa).(2) Different

measurements are possible in situ

during the irradiation and (3) there

are fewer problems with radioactive

contamination of the samples. The

main disadvantage of any simulation

technique is that the recoil spectra

are different from those of neutrons,

thus possibly creating different, or

only a portion of the defects. So,

for example, transmutations are not

produced when superconductors are

irradiated with heavy ions.

We will limit ourselves in this

paper to discussing particle irradia-

tion, neglecting gamma radiation; also,

little consideration will be given to

electrons and heavy ions.

2. Irradiation Techniques and Irradia-

ted Materials

2.1 Irradiation Techniques

In order to carry out irradiation

experiments to study,for example,

damage in the superconductors for

magnetic coils of future fusion reac-

tors exposed with a moderated 14 MeV

4)
spectrum

10 1 3 to 10 1 4 m~2 8-1,

and neutron fluxes of

the irradiation

facilities must meet certain standards:

Nb3Sn<22 K. This requires an effec-

tive coupling of the specimen to

the cooling bath.

3. to ensure rnprcducibility of mea-

surements of the characteristic

data of the superconductor, such

as j , T , Bc_, before and after

irradiation, manipulations such

as exchange or warming up of

specimens, must be avoided.

4. to cover a wide range of data, a

-variation of dose, energy and kind

of projectile is desired. In this

respect, a particle accelerator

as a radiation source has certain

advantages.

2.2 Irradiation Facilities

Existing irradiation facilities are, in

me:t cases reactors, cyclotrons or

van de Gruaff-accelerators. A variety

of facilities, with different parameters

and properties of the projectiles, is

in operation. Homogeneous irradiation

of the sample is easily obtained in a

reactor, but can also be achieved by

scanning a charged particle beam across

the sample. The temperature control of

the irradiated specimen can be easily

provided in an irradiation facility with

an accelerated particle beam. Heating

is a source of many problems when irra-

1.to simulate the operattogcondi- d i a t i n g a s p e c l i n e n i n a reactor core,

tions of a superconductor in a p a r t Q f fche gaJma i r r a d i a t i o n c a n b e

coil, homogeneous irradiation

of the specimen volume is re-

quired; therefore, the range of

the projectile has to be much
i . . , . , , . , j. be described these being typical of
larger than the thickness of lv

the specimen.

2. to avoid annealing of the radia-

tion defects produced during

irradiation, the specimen has

to be maintained at a suffi-

ciently low temperature (near

the operation temperature of

the superconductor): NbTi<15 K;

shielded, but nevertheless, the helium

consumption during irradiation is large.

Three xrradiation facilities will

other similar installations with fast
(8)(9)(10)(11)

neutrons and charged

particles
(12) (13)

1. Low Temperature Irradiation Facility of

the 4 MW Munich Research Reactor FRM (14)

A schematic view of this facility is given

in fig. 4a. It is possible to carry out

irradiations in the reactor core at 4.7K
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Low Temperature Irradiation Facilities

(schematic)

Measuring cryostat^fi
Heater- — ~ ^ M
Superconducting HI
magnet rj

11
II

XI
He-Supply

" Sample

'Irradiation cryostat

~ Reactor core

a) Research Reactor Munchen

to Data recording systems, computer

JL^Sample holder

1 He I IF—1
Cyclotron

beam

y^r^y Sample /
Superconducting magnet Beam dump

b) Isochronous Cyclotron Karlsruhe

Fig. 4: Typical irradiation facilities

with a neutron flux of 1.4 x TO17 m~2s~1

with energies E > 0.1 MeV. For taking

measurements of the properties of a super-

conducting specimen after the irradiation,

it can be removed from the reactor core

in a special cryostat without warming

it up. Measurements of the critical

current as a function of the applied

field are possible in a superconducting

coil with a field of about 3 T. Succeeding

heat treatments of the specimen to

investigate annealing properties can

be performed by heaters in the measuring

cryostat. The temperature control of the

sample in the reactor core is accomplished

by the use of thermocouples. Shielding

of the cryostat in the core lowers the

specific gamma dose from 1.4 kW/kg to

about 0.4 kW/kg.

The advantages of this facility are its

high flux of neutrons with energies above

E > 0.1 MeV, and a spectrum similar

to that of a fusion reactor in the

magnet region, and the capability of

removing the measuring cryostat and

exchanging samples while the reactor

is running.

2. The Irradiation Facility at the

Karlsruhe Cyclotron

This facility'15' (fig. 4b) was

designed for testing superconductors

during and after irradiation.

Irradiating particles derived from

the extracted beam of the cyclotron,

with an energy of 25 MeV per nucleon,

are p, d, a, Li . The superconductors

are immersed in liquid helium to

permit irradiation and measurements

at liquid helium temperature and

above (up to 78 K), without dis-

assembling or warming-up of the

specimens. The helium bath irradiation

cryostat is equipped with a special

beam window system. During irradiation

of the sample, the charged-particle

beam passes through the liquid heliura-

filled gap between the inner windows.

The particle flux is adjusted to

produce a temperature in the sample

equal to Tc, which is easily monitored.

In the case of 50 MeV deuteron

irradiation, the beam current is up

to 1 pA, with a beam diameter of 10 mm.

Between irradiation periods, the

samples are lowered into the super-

conducting solenoid (maximum B = 7.5 T)

for critical current and magnetization

measurements. The transition temperatures

may be recorded with a resistive method.

There are special rample holders which

permit dc currents up to 2000 A. The

helium supply permits continuous

irradiation. The critical current

density jc(B), the transition tempe-

rature T , the normal state resistivity

Pn, the upper critical field B , and

magnetization M can be measured as a

function of integrated flux.
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The advantage of this facility is the

capability of irradiating specimens at

helium temperature, with different

kinds of particles.

3. 14 MeV-Neutron Sources

Neutron Sv. ..-063 are needed to investigate

the irradiation damage in future fusion

reactors, especially in the inner wall,

but also in the structural, insulating

and superconducting materials. We now

discuss neutron sources, which can

simulate a fusion spectrum properly with

respect to the damage effects it produces:

displacement of lattice atoms (dpa), the

FR-parameter (ratio of helium production

to displacements), the primary knock-on

spectrum (PKA), and transmutation rate.

The analysis of existing data showsthat

none of the proposed simulation methods

can be scaled to a fusion spectrum. This

can finally achieved only in a fusion

test reactor, proposed by several

groups^16*'^17'. An intermediate step

would be an intense neutron source

delivering 14 MeV neutrons. For example

the rotating target neutron source of
(18) y y

LLL is delivering a 14.8 MeV neutron
flux of 1.3 x 1015 m"2 s~1 (RTNS) and

2 x 1017 m~2 s~1 (RTNS-upgrade). The

d-Li-source proposed by several

groups ' where an intense

deuteron beam hits a liquid lithium

target thus producing a high flux of

neutrons with a spectrum peaked at

14 MeV of 1019 m~2 s~1 in 10 cm3 or

5 x 1017 m"2 s"1 in 103 cm3.

3. Irradiation Measurements and Results

Irradiation measurements have been

performed with a great variety of

different irradiating particles and

irradiated superconducting materials.

The particles differ in mass, energy,

and spectral distribution. The super-

conducting materials also differ

widely in their properties, preparation

technique and treatment before irradiation

This makes the comparison of data

resulting from different experiments

difficult. Materials differ mainly in

- j -values before irradiation, due

to different microstructure

- geometries of the specimens

- irradiation temperature, ranging

from liquid helium temperature to

about 400 K

- projectiles and their energy spectra.

The major portion of the investigation

concentrates on the determination of

the radiation damage and the change

of superconducting critical parameters

and pinning force. The main parameters

which have been varied are species of

irradiating particle, their energy

and fluence, applied magnetic field,

annealing temperatureand time. We will

try to give a survey of the multi-

plicity of measurements on Nb, NbTi,

Nb,Sn, and V,Ga.

3. 1 Critical Current Density j

The critical current density of a

superconductor depends on the metallurgi-

cal treatment of the specimen and its

preparation. To obtain sufficiently
Q

high critical current densities (10

to 10 Am ), pinning-active defect

structures like subbands, dislocations,

or grain boundaries have to be optimally

formed in the superconductor. This is

accomplished in niobium and its alloys

by cold-working, and heat treatmenting.

Pinning-active dislocations and normal

conducting precipitaticns(e.g. a- or u-

Ti in NbTi alloys) of a certain size

and arrangement are thereby produced

within the superconducting material.

The density and size of precipitations

have an essential influence on the

attainable critical current densities.

J rises nearly linearly with the

product of the density and the square

of the diameter of the precipitation.

The active pinning centers in

Nb3Sn and V^Ga are, in addition to
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precipitations, mainly grain boundaries.

Dislocations are of minor importance

since these materials cannot be cold-

forked because of their brittleness.

The highest critical current densities

in A15 materials have been achieved with

relatively small grains (mean grain dia-

meter less than 100 nm)because the total

boundary surface, which is the pinning-

active part, is increased with decreasing

grai;, size.

Irradiation of a superconductor

with neutrons or ions will introduce into

the atomic lattice additional defects

which may change the critical parameters

of the superconductor. Essentially two

different observations are made of the

behaviour of j :

1. at lov; radiation doses (<J>t<10 1d/m or
22 2

10 n/m ) the defects act as additional

pinning centers (radiation pinning).

Thus, new pinning centers, rather than

missing cr inactive centers, will be

introduced, /'n increase of j is

A typical example of low and high

dose radiation behaviour can be seen

in the j (B) curves of deuteron or

neutron irradiated Nb,Sn specimens

(fig. 5).

Nb3Sn/50MtVDtuterons
Low Dost Region

> 2 l 2
High Dose Region

[j»2«10J1d/m2|

B[T] B[T]

observed, if original pinning is not

optimized.

212. at higher radiation doses ($t:iO d/m
22 2

or 10 n/m ) the defects change the

atomic ordering and structure, and

hence, other parameters like elastic

Fig. 5: Schematic diagram of radiation
damage effects for Nb^Sn

Curve 1 in the low dose region

represents specimens with low pinning

concentration, that is, with relatively

low critical current density before
2 irradiation (<_ 5 x 108 A/m2) . The

critical current density is increased

in the entire field range (1T<B<8T)

because nearly all the additional

constants and resistivity of the super- pinninn centers introduced by

conductor. The pinning behaviour,

which is a function of these para-

meters, is likewise influenced, and

this fact leads to a degradation in

j , to a greater or lesser degree.

It should be mentioned that together

with the production of defects,

spontaneous recombination of Frenkel

paisrs will take place. With increasing

defect density, the defect production

will decrease because of the increasing

recombination probability. The minimum

separation for stable Frenkel defects is

about 2 to 3 atomic constants (about

1.0 to 1.5 nm for Nb,Sn) ..

irradiation contribute to an enhancement

of pinning, and thus, an enhancement

of j . This is also in agreement with

CVD-Nb,Sn samples measured after neutron
( 711

irradiation1 ' .

Curve 2 shows results from superconducting

samples which were irradiated in the

same low dose range, but with a nearly

optimal pinning concentration; that

means each fluxoid is already inter-

acting with at least one pinning center.

Therefore, the additional radiation-

induced pinning centers cannot further

enhance j . The observed slow rise of
j in fields greater than 4 T can bec
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explained by the fact that the mean de-

fect separation d is still larger than

the lattice constant a of the fluxoid

lattice (d > a = 24 nm at 4 T). With

increasing defect density/ the mean

defect separation decreases until it

becomes equal to or smaller than a.

In this case (d < a) a further produc-

tion of pinning centers no longer leads

to an increasing, but rather, a decrea-

sing j_. This saturation effect was ob-

served by Brown et al. '. The re-

sults are in agreement with other mea-

surements (23) (24) (25) . Curve 3 repre-

sents samples after high dose irradia-

tion. A reduction of j in the entire

field range is observed. It is indepen-

dent of the applied magnetic field. In

this case (d << a), the defect density

is already so high that the mean sepa-

ration of defects is smaller than the

distance between the flux lines. The

effective areas of single pinning cen-

ters begin to overlap. An agglomeration

of pinning centers will occur, with the

result that the pinning force will be

reduced. This result was also observed

by Snead and Parkin^26' who irradiated

NbjSn filaments with fast neutrons.

The measurements performed with

neutrons and ions on Nb and its alloys

show essentially the same picture ex-

cept that in the high dose range the

reduction at comparable doses is much

less. A summary of the results is given

in table 3.

The question of radiation resis-

tence will become important for the

application of technical superconduc-

tors in irradiation fields. An upper

limit for the irradiation load with

fast neutrons is, for example, given

for a future fusion reactor with about

10 m~ . The comparison of properties

after high dose irradiation with 50 MeV
•j? -2

deuterons up to about 1O" m shows a

drastic differencein the j.-behaviour

of the disordered (NbTi) and ordered

alloys (Nb3Sn, V3Ga) (fig. 6).

The A15 superconductors show a

remarkable reduction in j c which is

95 % at a deuteron flux of
2? —2

<3>.t = 10 m . In comparison, NbTi

shows a degradation of only 10 % at a

comparable fluence. The curves of

the A15 superconductors have a charac-

teristic bend at deuteron fluences ox

2 to 5xlO21m"2. A similar bend is ob-

served in the Tc curve at the same

fluence. This bend defines a threshold

where the influence of atomic disorde-

ring on the effective pinning forces

begins to predominate. In A15 super-

conductors the chains of A-atoms

(Nb or V) are interrupted by atomic

replacements (the A-atom replaces the

B-atom), thus leading to a considerable

degradation of superconducting proper-

ties. In pure metals like niobium, or

disordered alloys, like NbTi, +he

atomic disordering has only a small

influence on the pinning forces because

the distribution of the atoms on the

available lattice points is statisti-

cal. Here the defect clusters are pre-

dominating. The influence of radiation

damage on j of metals and disordered

alloys like NbTi therefore.is less

pronounced.

The annealing behaviour of the

irradiated samples shown in fig. 6 was

investigated by applying different

thermal cycles up to temperatures of

400°C. NbTi recovers already at liquid

nitrogen temperature whilst Nb3Sn

scarcely shows a recovery effect

(maximum 15 %) at these temperatures.

At higher temperatures (above 6OO to

700°C) the A15 phase reestablishes

leading to full recovery. This applies

to j as well as T .c c

A comparison of radiation damage of

neutrons and deuterons were made at the

Karlruhe irradiation facilities (cylotron
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10" Dlradsl'O1 tl t2 t3 U tS t6
H96>Clt25fCl (1O0'CK200*CN300*aU00*C)

Fig. 6: Normalized c r i t i c a l current densi t ies and annealing of deuteron i r r ad i a -
ted NbTi, Nfc>3Sn and V3Ga

; no.

: 1

! 2

j 3

4

5

6

7

8

material
(sannle)

(foil)

Nb
(cavity)

NbTi (45%Ti)
(composite)

b)

NbTi
(conposite)

NbTi(50%Ti)
(composite)

Nb3Sn o )

(composite)

•fc Sn *
(composite)

v c a c )

(composite)
i

projectile
(energy)

N-ions
(19 MeV)

P
(1 and 3 MsV

n
(14.8 Ms")

P
(30 GeV)

d
(50 MeV)

n
(> 1 MeV)

d
(50 MaV)

d
(50 MaV)

irradiation
temperature

70°C

70°C

4.2 K

4.2-K

10 K

140°C

18 K

15 K

j

3X1O19

1X1020

8x1O20

1.5x1O22

,1X1O22

1.8x1O23

O.7x1O22

1x1O22

j (B,4.2K)

LVm2]

<1O6(a2T)

(0.0518 T)

1.9x1O9(4T)

1.6x1O9(4T)

1.6X1O9(4T)

1.0x1010(4T)

1.6x1O1O(4T)

1.3x1O1O(4T)

= 1-5 (0.2T)

no
degradation

0.89 (4T)
0.76 (8T)

0.80 (4T)

0.90 (4T)
0.88 (7T)

0.12 (4T)

0.10 (4T)
0.05 (7T)

O.28 (4T)
0.23 (7T)

j c / j c -recovery
at°KT

_

-

0.93

* 0.96

0.98

-

0.12 (4T)
0.07 (7T)

0.41 (4T)
O.38 (7T)

reference

(27)

(28)

(29)

(30)

(31)

(32)

(31)

(31)

Table 3; Irradiation data of critical current densities for different superconducting naterials
(18)a) annealed sanples, b) 14 MeV neutron source RTNS , c) threstold effect
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and reactor FR2) to obtain the scaling

factor. Equal specimens were irradiated

with 50 MeV deuterons and fast neutrons

(ER > 0.1 MeV) resulting in equal

degradation effects at doses which

differ by a factor of about 10 (fig. 7).(33)

Jc.
ICof

\

Ed = 50 MeV

E n ' O I M«V

. Dcutcrons
\

\

10" m ' K>»
D [rads]

Fig. 7; Comparison of deuteron and
neutron irradiated V-Ga specimens

Samples of multifilamentary NbTi

Fig. 8: Normalized transition tempe-
rature of deuteron irradiated
NbTi, Nb3Sn, and V3Ga

conductors have been irradiated (29), (34) whilst for NbTi the reduction is only

recently by 14 MeV neutrons to a maximum

"2 at
(18)

Id -2
fluence of 8 x 10 m at the LLL Rotating

Target Neutron Source A linear

decrease in j was observed at neutron
20 -2fluences beyond 1 x 10 m up to 24 %

reduction at the maximum fluence and at

an applied field of 8 T. This is a factor

of 3.7 more than was expected on a damage

energy basis, thus showing the rather

high damage efficiency of high energy-

neutrons in comparison to fission neutrons

or 50 MeV deuterons.

3.2 Transition Temperature Tn

The influence of irradiation on transition

temperature was investigated by several

authors (31), (34),(35) Some of the

results are summarized in table 4.

Measurements of the transition

temperature, T , after irradiation with
c

50 MeV deuterons have been made on the

technical superconductors NbTi, Nb^Sn

and V-Ga. The results are shown in fig. 8.

Qualitatively, the picture is similar to

the j behaviour after irradiation. The

observed T reduction after a deuteron

21 2
(about 2 x 10 d/m ). Apparently,

dose of about 102 2 m"2 for Nb 3Sn is 32 %,

2 %. The T -curves of Nb,Sn afterc 3
irradiation show the same bend as the

j -curves. The onset of degradation

of the transition temperature occurrs

at the same dose as was observed for
jc

the same mechanism is responsible for

this degradation. The long chains are

broken up into smaller pieces; the

atomic ordering is reduced. The longer

the chains, the higher is the atomic

ordering which can be described by the

long range order parameter S.

For the case of a statistical

distribution of defects, the ordering

parameter S, depending on the particle

fluence of the irradiating particles,

can be described by an exponential

function,

S = S Q • exp(-a-$t)

wh'ere a is the interaction cross-

section of the projectiles, and S ,

the ordering parameter of the material

before irradiation. When a is known,

a correlation between the transition

temperature T ($t) and the ordering
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i 1 . Nb
: ' (foil)

! 2 | NbTi (50%Ti)
(composite)

•3

I

oxygen ion j <20 K
(25 MeV) I

Nb3Sn
(canposite)

4 I Nb3Sn
(comp3
(composite)

5 ! Nb^SnNb^Sn
(CvD-layers)

! 6 i V3Gaj 3
i (composite)

(50 MeV)

(- 1 MeV)

(50 MeV)

10 K

60°C

18 K

oxygen ions | '.30 K
(25 MeV)

n
( • 1 MeV)

0.8x10"
I

9.5 -0.19

5x1O,23

O.8x1O2 2

5.1X1O2 0

15

17.2

= 17.6

I
3.4x1O23 j 13.4

-12

-5.5

=-13.6

-8.35

(31)

! (37)

(31)

(38)

(39)

Table 4: Irradiation data of transition temperature for different superconducting
materials

parameter S(*t) after irradiation can be

found:

T, = T exp '-- c- (1-f-) \ .

-24 2
"or 1 MeV neutrons a = (0.9;0.3)x10 m ;

for 50 MeV deuterons c, = 3.5 x 1O~ 2 4 m .

c can be obtained by a least squares fit

from experimental data. Using this

relation, one obtains the interesting

result that a relatively small perturbation

of the Nb-chains, in which one out of about

'00 Nb-atoms has been replaced by a En-

atom, (S ~ 3 %) causes a relatively

large reduction in T c (about TO % ) .

The results of experiments obtained

with p.-'Utrons and ions are in fairly good

agreement with that. (40)

3.3 Upper Critical Field Bir sr . _ c 2

Bc is a function of the transition tempe-

rature Tc,the electronic density of states

n(E), and the resistivity ratio c,all of

which will be influenced by irradiation.

Ordered alloys will undergo a significant

reduction in B because T and n(E) are
C2 c

very sensitive to a decrease of the
ordering parameter S, whilst pure metals

like niobium will show an increase in

BQT which is due to the increase in r

during irradiation. A linear rise of

B c. with p \;as observed «;»».n niobium
(41 )

was irradiated with neutrons and

25 MeV oxygen ions
(42)

A linear

decrease of B c 2 was observed when

NbTi or Nb3Sn were irradiated with

neutrons or oxygen ions.

A result fjiven by Karkin et al.

is shown in fig. 9. There Nb3Sn

specimens were irradiated with

(43)

neutrons (E
n

0.1 MeV) at 70°C.

and B are significantly reduced

after irradiation. The B c values

drop sharply when the neutron dose
i g _o

exceeds 2 x 10 m and saturate at
19 —2

the maximum of 7 x 10 m showing

a total reduction of 84 % in B .

Annealing can be accomplished with

temperatures exceeding 900 to 95O°C,

at which point the A15 structure is

reestablished.

3.4 Comparison of Results with Theory

The special physical properties of the

A 3B superconductors are related with

the (quasi) one-dimensionality of the
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m
20

10

p
Nb3Sn
° KARKIN

\

P

etfli
rZER/
ARKIN

8

it[1023n/m2]

di dj dj

S,P

S=1

Fig. 10: Density of electronic states
n(E) of an A*5 structure for
different long range ordering
parameters S (schematically)

100 500 900

isochronal annealing temperature VCl

Fig. 9: Dose dependence of B (T = 0)
and annealing 2

atomic arrangement of A-atoms which leads

to singularities (peaks) in the density

of electronic states per atom n(E) (fig.10).

These are smeared out in real crystals

1.5

1.0

0.5

»n(En>1MiV)
° d(Ed=50MtV)

0.1

Ei2-Ll±
fluxes compared with theoretical
calculations

with imperfections (long range ordering

parameter S < 1). The chains are further

subdivided by radiation induced defects,

thus reducing S by atomic disordering 4. irradiation and Pinning Mechanisms
effects (S < 1) and the critical para-
meters depending on it. Appel and

.(45)
The critical current density j c is

Fahnle have calculated the influence a strong function of the defect structure

of an atomic disordering concentration of the superconductor. If a transport

on T for neutron irradiated Nb,Sn current is applied to an ideal crystal,

(fig. 11). Similar calculations have flux lines will start to move under the

been performed for Bc_ and j . They show influence of the Lorentz force and

a good agreement with experimental data, dissipate energy. A lossless current

transport will be possible only when

"pinning centers" can compensate the

effect of Lorentz force and thus prevent
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flux motion. The maximum value where

the pinning force can prevent flux

motion due to Lorentz force is called

the volume pinning force P (P =j xB).

It is an average force which is a

combination of elementary forces fD

between a single pinning center

(a defect) and the fluxoid lattice.

These forces have to be summed up.

This summation procedure is one of the

difficulties in quantitatively understanding

pinning. Firstly, fp is not well known.

Secondly, how to take account of the

rigidity of the flux line lattice is

unknown. A perfectly rigid lattice will

have a zero volume pinning force if the

pinning centers are randomly distributed

because all force vectors will cancel.

Only a certain elasticity of the flux

line lattice will lead to a non-zero

pinning force. Thirdly, the geometry

and distribution of pinning centers are

also only partly known. Nevertheless,

a lot of experimental results allow a

phenomenological description of the

facts to be made. Scaling laws have
(46)

By irradiation, new imperfections

will be produced which will influence

the volume pinning force Pv depending

also on the size and species of the

defect. Kramer'49 has given the spe-

cific pinning force (Pv normalized by

the defect density o) related to their

size (fie. 12).

fdt)«ci

•

-

-

0

• 1
Frtnhvl pa

•

/ '
/

/

i n

^ J

° /D"™™""

1 c * - . . .

-

D [nmj

Fig. 12: Normalized volume pinning

force in dependence of defect sizes
for different defects after neutron-
(white circles^ ar.d Ni53-irradiations
(black circles)

been derived which allow a separa-

tion of temperature and field dependent

effects. A qualitative agreement with

experimental results has been observed

in a lot of materials. Essentially two

different pinning models have been de-

rived: (1) The statistical model by
(47)

Labusch where the interaction bet-

ween flux lines itself is assumed to be

larger than that between flux lines and

Fig. 13 shows typical curves calculated

for the scaling law of Kramer, point

and line defects and a comparison with

experimental data for neutron and deu-

teron irradiated Nb^Sn, which are in

good agreenent with the scaling law.

(lower solid curve).

It would be of great interest to

produce a model system by means of

irradiation where the conditions could
pinning centers (statistically distribu- e a s i l y b e v a r i e d ± n c o n t r a s t t o me_

ted point defects) which leads to an

f dependence of Py; (2) the direct

summation model of Dew-Hughes , where

the elementary pinning force fn is so

large that the interaction between flux

lines is negligible (e.g. for line de-

fects) thus leading to P.. ~ f .

tallurgical treatments where it is

difficult to independently change para-

meters. It is possible to change the

size or species of defects, to control

their density and distribution. Thus

irradiations might be used to study

the defect structure and their influence

on the superconducting properties.The main sources for pinning in

unirradiated materials are dislocations, especially on pinning, from a basic

precipitations and grain boundaries. point of view.
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Fig. 13: Experimental results of irra-
diated Nb,Sn compared to theoretical
calculations'45'

5. Outlook

After looking at the results of irra-

diation measurements two questions may

arise:

- is there any possibility to get

superconductors which are more re-

sistent to irradiation without

loosing technically important proper-

ties like high T c or jc?

- is the superconductor the limiting

component in a device exposed- to

irradiation? " ,\,| ,; •

that of Nb,Sn would present a remarkable

improvement. Nb(CQ 3N Q ?) might fulfill

these expectations: T c a 18 K, JC~1O P/m

at 5 T. Bauer et al. (50) have investigated

NbN and Nb(C,N) doped with 10B and" U up

to neutron doses of 5 x 1022m~ without

seeing appreciable degradation. If it

proves to be technically feasible to use

chemical vafior deposited Nb(C,N) on

carbon fibres(51) one migth combine

their mechanical strength with good

superconducting properties.

The superconductor is an important

but not the only constituent of a

conductor. Each of these constituents

will suffer from radiation damage and

it might well prove that the supercon-

ductor is not the limiting element.

The difference in'"-'degrading 'of SJfo'Ti &ntl;
Nb,Sn is due to .the differdn.ee "'la• theiT:

crystal structure: long niobiiiih <̂ i4ins,'

in Nb3Sn are responsible for
1 ihe"*Tiigh?::|'

T - and j -values, statisticallyc c *
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A comparison between the lialculetecl mechanical stresses and observed training

in some cylindrical superconducting magnets wound under pretension

J. Kokavec and L. Cesnak

Electrotechnical Institute SAS, Bubravska cesta, 809 32 Bratislava, CSSF

Summary

The resulting stresses on the former surface of four laboratory size

cylindrical superconducting magnets are calculated and confronted with the

experimentally observed training. The confrontation indicates the training

to be unsignificant or zero when a sufficient compressive stress remains on

the inner conductors even at the theoretical quenching current of the megnet.

1. Introduction

In paper ' ' a set o* theoretics] formulae has been derived for a comp-

lex calculation o^ stresses which occur in non-impregnated cylindrical super-

conducting coils wounc. under pretension. The stresses are effected by:

a/ the pretension in course of winding,

b/ different thermal contractions of the former and the winding after cool-

ing down,

c/ different thermal contractions of the winding in the radial and tangential

directions after cooling down, and

d/ magne tome chp.nical forces when a current is fed into the coil.

The basic assumption - beside others listed in paper*1 i - in the derived

theory is that the stress does never exceed the elastic limit in any of the

coil components. Consequently, the effects of the individual stresses may be

added linearly. The winding is treated as homogeneous but anisotfopic medium.

From experiences with superconducting coils it seems to follow that the

training is mainly caused by successive motions of the conductor due to mag-

net omechanical forces. Under this assumption, in paper^ the ides hes been

expressed that it is desirable to preserve a non-zero resulting compressive

stress on the conductor even at the critical current to prevent any motion.

Here we try to verify the validity o*" this idea by celculeting the radial

stresses on the former surface, where the resulting compreseive stress may *>e

ainiaua. The obtained results for our cyJindrical superconducting magnets are

compared with the experimentally observed training.

2. Formulae used for calculation p-r stresses

In the former surface on which the innermost l&yer o' conductors is plac-

ed, the formulae derived in"' may be adapted into the following dimensiorJess

fcrm:

due to pretension at winding,

(f*~
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. 1)1 y -

due to different thermal contractions of the -former and the winding,

due to different thermal contractions o-" the winding in the radial and tan-
gential directions,

d/-

where

A _ n+2 + v °<w D _ 3f +(n+2)v <xw

due to megnetomechanicfe] ^orces in the special case o? a very long winding
/ i . e . ••"or a linearly decreasing magnetic ^ield in the winding r̂om the maxi-
mal value o* field on the inner surface to zero on the outer surface/.
The meaning nf the constants in the formulae fl) to (4) is £-s'follows

s = («f+ 1)(*f-1)~1 + Hk-4) - k* (e)
v = (s + 2k%)/S (7)
u = [S •/• k(X- 1)]fS (8)
H is Poisson's rat io. " t p ^ s + ^ e e"PJ!*ective wincing tension obtained t:s the
ratio o^ the ^orce acting on the conductor in course of winding to the whole
conductor cross-section, including the -free space and insulation in the wind-
ing. A£* is the difference between relative thermal contractions of the for-
mer and the winding. It is uS^ K. 0 when the thermal contraction o^ the -for-
mer is lower than tnat of the winding. A£r is the difference between rela-
tive thermal contractions of the winding in the tangential and radial direc-
tions. It is u£T > 0 when the thermal contraction of the winding is greater
in the tangential than in the radial direction. c<^ and o( are relative geo-
metrical variables, k and 3£ are relative material constants.

3. Calculated stresses

The calculations were performed ^or -""our cylindrical superconducting
magnets having an unrein-forced / i . e . without any "i]ling material/ winding.
The geometrical and materiel characteristics of the magnets are presented in
Tt.ble 1. The materials characteristics are taken -̂ orr. the papers^ ' ' and

me-.-surements performed in the Research Institute for Cables and Insula-
tors ir. ^ratislavfi ' ' . In tneir values several uncertainties have been met
when ev&l'JHtin/- Young's moduli for the multifilamentary superconductors -from
the ctress - strain diagram and when determining the properties of the wind-
ing which consists o^ a conplex of conductors and insulations. As demonstrat-
ed V>y node] measurements^ ' , the mylar interlayer insulation is so^t and at
tensions used during winding at room temperature it is very likely strained
over the elastic limit. The circular conductors may sink between one-another
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in the jrajor part of the winding circumference and so strain the mylar

alike a bent beam between neighbouring turns. On the other hand, the elastic

limit - and, partially, also the Young's modulus of the mylar ' o i l - increase

after cooling down to helium temperatures thus making the winding very com-

pact. The thermal contraction value of the mylar *"oil l ies very closely to

that of the superconductor.

In Table 2 the results o^ our calculations are presented. The ratio k

is evaluated for the ecuivalent tangential Young's .-nodulus Et o^ the non-

homogeneous winding /cf v ' /

where X is the total f i l l ing factor of the winding. The ratio # is evalu-

ated -for the equivalent rsdial Young's modulus Er which follows -from

/cf (1)/

J_ 1~\r , Xr

fr~ EL ~hEsl2 + Ei(1
where XT, Xz

 a r« t h e radial and axial billing "actors, respectively. I ts

calculated value l ies between 1 and 2. The above considerations concerning

the soft mylar foil indicate the real value o-f1 oC to be- higher, i . e . 5 to 10.

Therefore, the stresses for three values of 9? (1,5,10} have been evaluated

with the aim to demonstrate the influence of the "softness" of the interlay*

er insulation. All the moduli are taken *"or room temperature.

In Table 3 the real stresses on the former surface are listed taking

into account the pretension used during winding, the real differences bet-

ween thermal contractions and the expected theoretical quenching current de-

termined by the 1Q(B) characteristics of short conductor samples. The results

indicate that the resulting stress coes not imcr depend on the velue o* 3C

and, therefore, the ! .owledge o^ its exact value is not unavoidable. In the

last but one line o^ Table 2 the percentual "irargin o*" safety" o^ the result-

ing radial compressive stress on the former surface defined as

d)

is evaluated. In the laPt line o' Table 3 * typical sequence o*" experimental-

ly observed quenching currents il jurtrates the training of the magnets.

4. Discussion and conclusions

From Table 3 i t follows that in tb£ raacnets ^ and 4 which hnd a su*1*!-

cieritly high and positive calculated "merlin o'* se'pty" values v;ith regard

to the resulting compressive stress at the critical current no '-ifni^icant

training has been observed. Cn the contrary, some training nas been observ-

ed in the magnets 2 and 3 where the calculated "margin o^ safety" values tire

low or negative. The magnet 2 had considerable training because i t is wound

with a mcno-'"iliJ!r!entary superconductor and some *"] uy-.-'urcp 2i);e signals were

observed ;!t currents CJCGC to the> ct'itic&i on1-.. "<*'.'ii.£ int'- acccun: the
rough ar«profich fend the lirritc of precision o^ the f-.rt-lied theory, the obsorv-
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ed experimental results are consistent with the idea expressed in the begin-

ning. At the Fame time they confirm that the proposed method o* calculation

iifi.y be used 'or thp winding pretension choice and. selection o*1 convenient

r.tr-uctural eric insulating materials r̂om the point o-f view of a compact wind-

ing subjected to combined s t resses .

In tne 'uturp i t would be -desirable t r ennance tne precision of the cal-

culations whpn more exact dfcta or. the properties of materials /and their com-

bine t i or;s / will be available. The precision cat; be ei.hanced also by respect-

ing trie t< irpprat.ure dependence o*1 the elas t ic moduli. Perhaps i t would be

.Tore convenient to calculate the stresses during winding at room temperature

rot.ticerin,- b.irh 9f /"r-o"t" ir.tcrlayer material/ while, after cooling down,

ir, o-??i l ; t inp the Ptresses due to lugnetomcchanical forces to use "X~*\

/"hard" inter]ayer mater ial / . However, this way of calculation would be even

~FSS ^woureble r̂o.T the view-point o^ "margin o^ safety" than our resul ts

/"'t.Vle 3/ with constant k and af.

3. iiotatior. used

75 axial magnetic induction

H Young's modulus

1 F.iifTist cun-ent

T temperature

r. subscript 'or critical

e subscript "f'or external

f subscript por ^orirer

i subperirt ^or inner or insulation

j mean current denrit.y

k=B .̂/E^ ra t io o^ the moduli o^ the ^r.rmer and o^ the winding in the
tc-n^ential direction

1 length

r , t , z subscript •'"or rad ia l , tangential and axial respectively

q subscript for quenching

s subscript for superconductor

w subscript -for -winding

<X~re/r^ relat ive thickness of a cylinder

6 strain

3£={Et/ErJ ' square root of the ratio of the moduli of the winding in the
tangential and radial directions

K filling -factor

V Pcisson's ratio

^ =r/r^ relative radius in the cylinder

<5 r.tress

V1' J . Kokavec, L. Cesnak: to be published in J . Phys. D: Appl. Phys . , Vol.10
jc-77

v°^ GESSS - 3: feciterials Tor use in superconducting magnet const ruct ion, April

-«<-74

W IV..S. Lubell: Cryogenics 12, 1972, 5, 353
0) E. J«vorsky, M. Popelis: Research report VUKI 837, September 1974
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T a b l e
Characteristics o^

Magnet No
Former inner dismater, mm
'Winding inner diameter, mm

outer diameter, mm
height, mm

Mepnet constant, T/A
relative field in-
crease on inner
winding surface
theoretical quenching
current, A

Winding force, K
section for one turn,
IDE

Former material
Young's at 293 K
modulus, MPa
relative
thermal contraction x x /

T-78 K
Superconductor x x x / type

diameter insulated/
noninsalated, mm
number/diameter of
the filaments, mm
copper/superconduc tor
ratio
Young's at 293 K
modulus, MPa,at 78 K
relative T*78 K

Interlfcyer insulation

thickness, mrc
Young's at 293 K
modulus, MPa,at 78 K
relative
thermal T-78 K

• vv /

contraction

1
30

32

53
210

0,1792

1,0

38,5
11,77

0,1365

1
the magnets

2

32,5
34

60

120

0,0980

1,075

66

14,71

C,262
dursluminium CSf

3

45
52

86

2x46,5
C.O553

3 ,3

99,5
29,42

0,352
.' 424P54-O

4

50

54,5
74,5

145
C,C166

1,12

271

73,55

1,108

7355C

4,15

m A 61/33

O,36/C,33

61/0,028

1,35
38250

2 ,8

mylar

0,05

1 TN 50

0,52/0,48

1/0,30

1,5
77500

118C0C
2,55

T..,:HV

C,C4

n A 61/50

0,55/0,50

61/0,042

1,35
38250

2,e
TK.V ] a r

C,C75

1C TN 50

1,02/0,98

10/0,14

35300
382 50

3,22

•hyi ar •*! th
p a p e r

C.Cc.5

i'.CCC
5C( CO

- S . O

x / det .erTir .ed °or maximal i n d u c t i o i . on the v:itilir.p i r n - r rur^sc-e ''

l o / B / c h a r ? c t e r i s t i c

y7x/7U t:os Seen d e l i v e r e d by

Nb-Ti
n:T.~iriEh;,T, rt. '••,. .. r \ .• f h x i ' r



H.a^net No.

CKf

V
k

-Qra f^tO
Orb /AStEt
-Grc/AdrEt
Srdo /BJe Hw
-Otdi/BjeHw
Ord =(prda+6rdi)lBJenw

l

0,2975
0,1330
0,0385
0,6093
0,4938
0,1155

Relative

1

1

0 ,

c,
0 ,

c,
o,
o,

1"

,067
,656
0,3

3
5

2323
C958
0188
3703
2784
0919

0

0

0

0

0

0

stresses

10

, 1 3 2 4

,0650
,CC71
,2100
,1437
,0662

c,
c,
c,
o,
c,
c,

T a
corr

i

1709
0b:-2
0175
2500
1983
0517

b 1 e 2

esrondir.g

2

2,046
2 ,765
0 , 3

2,38
5

0,2329
0,0472
0,0098
0,1710
0,1230
0,0480

to (1)

20

0,0922
0,0282
0,0042
0,2132
0,0729
0,0403

0 ,

0 ,

o,
1 ,

o,
o,

- (4)

1

4068
2272
0667
04 25
8450
1975

I
• •

C

0

c
c
0

c
0

3
» -*- J "J y

,654
,3
, 42

5
,2665
,2 367
,0269
,5291
,3982
,1310

1 0

0,1530
0,0816
0,0089
0,2641
0,1811
0,0830

0
r\

0

c
0

0

1

,2294

,1355
,0265
,7289
,6339
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Acoustic emission and flux jump phenomena during the training
of superconducting magnets

P. Turowski
Kernforschungszentrum Karlsruhe
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Federal Republic of Germany

Summary

The premature quenches and the natural quenches at short sample values in mag-
nets show different characteristic patterns of events, e.g. in a fast regi-
stration mode of voltage and acoustic emission signals. The origin of premature
quenches and training seems to be stepwise mechanical movements of the winding
package which is a tension loaded compound of superconducting windings gliied
together by epoxy resin. The transition to normal conductivity at the short
sample values proves to be a gradual one.

1. Introduction

The first run of superconducting magnets is often accompanied by premature
transitions to normal conductivity which are shifted nearly systematically to
higher field values during the so called training phase. In most cases, the
magnets have achieved the field values given by the critical current and field
data of the superconductor usod: the training proved to be irreversible. A
number of causes can be considered initiating normal conductivity, either coming
primarily from outside of the conductor such as a heat release in the structure
with subsequent heat conduction process onto the superconductor or as a process
directly in the conductor material itself by changing crystal structure under
the magnetomechanical load*1'. The following investigations are an attempt to
get systematic and detailed informations about the events during a premature
quench by means of a set of detector devices. Acoustic emission bursts and flux
changes and their coincidence could be observed in solenoids, race track coils
and different wire testing arrangements. A premature quench was always intro-
duced by a steep flux change and an acoustic emission burst. Because the magnets
had to be investigated as they were incidentally built, it was not possible to
use always the same set of detectors. But the observations agree sufficiently to a
complete scheme of phenomena occurinn during a premature quench.

2_. The experimental set-up

The experimental set-up consists on the one hand of the different magnets and
wire arrangements and on the other hand of the set of different detectors.

2.1 The magnets. From the various magnets tested, the results of a solenoid and
of a quadrupole will be given: the first one as an example for a winding struc-
ture carrying the magnetic forces by the conductor itself, the second one as an
example for a winding structure supported by an external armature. The magnets
have been built very carefully from an engineering point of view, regarding win-
ding tension and the difference of thermal contraction of the superconductor and
the structure material. Therefore the oossibilities of mechanical movements
should be restricted to a certain elastic deformation which can not be avoided
in principle. All the magnets have been wound from multifilamentary NbTi super-
conductor adiabatically stabilized by the filament diameter of <40 um and em-
bedded in a copper matrix (Cu/S.C. ~2). The solenoid was wound on a bore tube
of stainless steel. The side flanges consisted of a glass fibre e^oxy material
separated from the windings by a teflon foil to avoid shear stresses due to the
qluoing to the flanges and the elastic strain of the windings under ths magnetic
forces.

The bore tube was thick enough to carry the total winding stresses without brin-
ging the innermost layer into a compression stage. The windings have been wound
wet with epoxy resin. The current density was graduated in three steps by reduc-
tioi of conductor diameter and the windings were cured for each of these steps.
Thus, only a thin film of resin between the windings and layers provided for the
transmission of forces.

A view of the clanped quadrupole windings is shown in Fig. 1. More detailed in-
formations about the design parameters are given by Arendt et. al.^'2'. To match
the thermal contraction coefficients of the superconductor and the magnet struc-
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Fig. 1: Arrangement of Al clamping
rings at the assembled quadru-

* pole windings.

ture as good as possible, the coil for-
mer and the support structure were made
of stainless steel. The windings were
put into a U-shaped winding space, com-
pressed and glued together layer by
iayer by epoxy resin to meet the requi-
red small mechanical tolerances of the
rectangular winding package. The azi-
muthal forces of about,4.1 1O-> N/m are
supported by means of stainless steel
wedges with remaining gaps between win-
ding and wedge being filled up by a
0.5 mm teflon foil and silicon rubber
that becomes completely rigid a low
temperatures. The radial forces of
about 2.6 105N/m on each winding
package are carried by shrink fitted
rings of a high strength aluminium
alloy having a width of 2.5 cm and
sitting in distances of 6.5 cm. The
ends of the pole windings are wound on
a special shaped former to get a con-

stant perimeter winding for each layer. They are fixed completely rigid.
For investigations of wire samples cylindrical coils with two layers of 5 cm
diameter, and U-shaped samples with a straight length at the side of about
35 cm were used. The two layer coils contained 10 to 20 m of wire depending on
the wire diameter. The windings were glued together by epoxy resin, but were
not fixed to the bore tube so that the conductor itself has to carry the magne-
tic forces similar to a solenoid. The U-shaped wire sample, which was mainly
used for measuring quench propagation velocities(3)r w a s embedded in a slot in
an epoxy glass fibre block and fixed by a stem and screws. It was tested in a
dipole field with the Lorentz forces on the straigth parts supported by the
stem and screws. This external support resembles the situation in the quadru-
pole magnets.

2.2 The detector arrangements. Informations about the events during the prema-
ture and natural transitions to normal conductivity were achieved by pick-up
coils, acoustic detectors and bridge circuits containing the magnets as one
branch. Fig. 2 is a schematic drawing of the detector arrangement used in a
solenoid. Not all detectors were simultaneously installed for all experiments
performed.

The bridge circuit, completely balanced for inductive voltages in the supercon-
ducting stage of the magnet, was unbalanced by the appearance of an Ohmic
resistance. This differential voltage was amplified and used:

1. to shut down the power supply at a
preadjusted voltage level,

. to deliver a trigger pulse as an in-
dication for the event "quench" and
to trigger the digital storage os-
cilloscopes which hold the signals
before and after the triggering pulse
by the option of a mid-rsignal trigge-
ring mode,

. to be observed during current in-
crease by a pen recorder and simul-
taneously by an oscilloscope at the
moment of a quench.

PICK-UP
COIL

MIKROPHONE 1

OSCILLOSCOPE

PEN RECORDERMAGNET COIL x — * ^ carbon microphone, as it is commonly
used in handsets, proved to fie fully
applicable in the cold environment and
in the magnetic field. A high pass fil-

Fig. 2: A schematic scetch of the expe- ter of 5 kHz was used to eliminate low
rimental set-up with the dftffe- frequency noise. The microphone was
rent detectors. mounted on the outside of the magnets,

e.g. on the flange of the solenoid or
on the iron yoke of the quadrupoles.

The pick-up coils had a winding area of 0.1 m and a size as small as possible
(length 10 mm o.d. 10 mm). They were installed close to the windings but fixed
to the rigid flanges. Because of the inhomogeneous magnetic field at the posi-
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tion of the pick-up coiis, the detected field changes could be both mechanical
movements of the winding package or flux changes in the conductor itself.

3. Experimental results

3.1 Training and acoustic emission- Both types of magnets, the solenoid as well
as the quadrupolo, emitted acoustic bursts during the slow energizing
( I^-IO"^ Tesla-sec""1) even in low fields. The frequency and the intensity of
the acoustic emission increased' with increasing field, and the field rise was
terminated by a premature quench introduced by a strong acoustic burst.. During
the training phase, the maximum intensity and the rate of acoustic emissions
were shifteci to higher fields. After reaching the field value determined by the
critical data of the conductor, the activity in acoustic emission gradually di-
minished after a cor4:-!in periode of running with changing load. No acoustic
emissions were observed at constant current. During the discharge of the mag-
nets, acoustic bursts occured again and, contrary to the charging, the most in-
tensive bu-v-*.s were emitted at low currents and field. Obviously a certain
difference in mechanical tension is n^'-essary for acoustic emission.

_ The training behaviour of the solenoid
1.0. -->—•'-r - '...:-•• •" ] and the quadrupole is given in Fig. 3.
I/lJ I *r<r""*'' ' T h e quadrupole needed much more training

steps to achieve the short sample value
than the solenoid which, in this res-
pect, is similar to other solenoids. A
second quadrupole built in the same
manner but 25 % longer reached the same
short samnle value with an enhanced
number of- training steps nearly propor-
tional to the length. This may be a hint
that rhe training occurs mainly in the
straiani. sections and not in the ends.

(4)
The tangential tension in the solenoid
a--cunts to a = 110 N/mm2 at the final

200 value. The force situation in the qua-
drupole cannot be expressed by a simple
evaluation because the forces are carried

Fig. 3: Training steps of a 7.5 T sole- by the clamping rings, and therefore the
and a 87.5 cm winding package in between has to be

considered as a loaded beam. Using the
moment of inertia of the winding cross

section only and the formula of a beam with fixed ends(5), the maximum stress
load results to z = 100 N/nim2 and the beam deflection to 6 = 11 um. The tangen-
tial stresses in the bended ends do not exceed values of a = 20 N/mm2 because
of the small bending radius of about 1 cm. So the training in the quadrupoles
starts also at a low stress level of about 1 0 - 1 5 N/mm2.

7
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sion and flux changes. The fast and simultaneous recording of
signals and the voltage signals of the pick-up coils revealed
emission burst and the voltage signal, i.e. a flux change,
sly. Fig. 4 shows the sinultaneousness of both signals. Both,

the acoustic burst and the voltage pulse
represent an c:;nonentially decreasing
oscillation with a rise time of about
0.2 msec and a time constant of about
5 msec. It suggests that the pick-up
signal is also an effect of the mecha-
nical resonance oscillation of the mag-
net body.

In case of a premature transition to
normal conductivity, a voltage step at
the bridge circuit, similar to flux
jump, and an acoustic burst could be
observed simultaneously, as can be seen
in Fig. 5. Immediately after the voltage
step the bridge deflection continues in
a smooth increase due to the quench pro-
pagation and the increase of resistance.
The same picture could be found if the
pick-up coil voltage was recorded in-

chango (lower trace) during ths stead of the acoustic emission. This
energizing of the solenoid.

Fig. 4: The acoustic emission burst
(upper trace) and the simulta-
neous apr>earance of a field
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pattern of events, a voltage step in
the bridge circuit and simultaneously
an acoustic emission burst, was found
to be typical of premature quenches in
the solenoid and in the quadrupole mag-
net.

The voltage step in the bridge circuit,
the pulse rise of the acoustic signal,
and the induced voltage have the same
rise time in the range of 100 usec. The
delay of the acoustic burst to the vol-
tage step of about 200 to 500 usec may
be caused by the propagation time of
acoustic waves from the origin to the
receiver.

The sinn of the step like bridge deflec-
tion indicates always an increase of
resistance. If interpreted as an indu-
ced voltage, this step would be caused

Fig. 5: The step like bridge deflection by a fast stepwise mcvenent of a part
with the following increase of of the coil in the direction of the ge-
the Ohmic resistance- (upper nerated magnetic force: may be that the
trace) and the simultaneous oc- bridge deflection and the acoustic burst
curence of an acoustic emission have the same mechanical origin,
bur^t (lower trace) during a
premature quench of the quadru- 3.3 Quench studies on wire samples. The
pole. small test coils and the U-shaped wire

samples exhibited some premature quen-
ches only in a few cases. In these instances similar phenomena as in magnets
could be observed, and the difference between premature and natural transitions
to normal conductivity was very clearly revealed.

First, there is a characteristic difference on the slow registration of trai-
ning steps with a pen recorder as it can be seen in Fig. 6. The premature quen-
ches are marked by an abrupt increase of voltage drop while the approach of the
short sample value is characterized by a smooth voltage increase caused by
flux-f]owl6) asBoci=terl with current sharing. This gradual voltage increase was

observable in magnets, too which have
finished their training and reached

AU |_ QI \ their short sample values. It can be
considered as typical for the final
stajr of a superconducting magnet.

Secondly in the fast registration mode
by means of the digital storage oscillo-
scope there were remarkable differences
between premature and natural quenches,
too. The premature quench for example
in the U-shaped vrire sample, was intro-
duced by a voltage step accompagnied
simultaenously by an oscillating field
pulse detected by a pick-up coil located
anywhere along the wire. The picture was
completely sizuilar to those found in
magnets. In the contrary, a natural
quench at the short sample value went
to the normal conducting stage by a
smooth increase of voltage with no addi-
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Fig. 6: A series of pen recorded prema- tional event as it can be seen in Fig.7.
ture quenches in a short sample An artificial quench initiated by a
coil (10 m) and the final short heat pulse from a heater wrapped around
sample value (Q8) with the the wir- >ent to normal conductivity
smooth increase of voltage be- without v special event in the same
fore the transition into normal way as i ral quench. The transition
conductivity. to norm?.! conductivity in a magnet at

the short sample value showed the same
smooth behaviour as in short samples. Obviously, the natural quench is initiated
by the heating due to the gradual appearance of resistivity which can be consi-
dered as a smooth process like the external heating.
It may be worthwile here to mention that in the case of the U-shaped sample a
training phase could be started again by reversal of the current. A similar ob-
servation was .nade by n.p. Anashkin et. al. (7> .
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The voltage deflection (a) and the pick-up coil signal (b) in an
U-shaped sample during a premature quench (picture A: (a) lower trace,
(b) upper trace) and a normal transition at the short sample value
(picture B: (a) upper trace, (b) lower trace). The voltage peak in the
pick-up signal of picture B is the B effect caused by passing of the
normal zone.

The premature quench is possibly caused by a. stepwise movement which excites
mechanical oscillations of the magnet structure. This hypothesis is at least
qualitatively supported by the observation that the voltage step in an U-shaped
sample had only an amplitude of 6-10~^V at 140 usec rise time as compared to
0.2 V in the quadrupole in nearly the same rise time of 100 usec. The voltage
difference is easily explained by an amplification due to 28S windings in the
quadrupole. A more accurate estimate with the formula ^ _ g . t2L . \ would

require detailed informations on the length 1 and the doflectibn .'x which are
not available. The instantaneous appearance of resistivity during the movement
suggests that the quench is immediately initiated in the conductor material it-
self, since thermal conduction processes from an external source would '..ave a
time delay of some msec until they initiate normal conductivity'^) in the con-
ductor.

4. Discussion

The investigations on the magnets and on the wire samples have shown that in
case of premature quenches the same pattern of events exists as a voltage step
and a simultaneous acoustic emission burst. The possibility of a sudden mecha-
nical movement was considered as the origin of both phenomena. It is clear
that the acoustic emission is a mechanial oscillation but it may be a secon-
dary process. The voltage step in the bridge circuit was explained as an induc-
tive voltage which can be caused either in the superconductor itself by some
sort of flux movement or by a macroscopic movement of the magnet winding. An
estimation of the resulting deflection , _ U-At takina the measured values

of U, At and B and assuming for 1 values in ' the range cm givesvalues for ix
in the range of pm. Since this is well within the possible range, a final deci-
sion on mechanical movement versus flux motion, cannot be made by the detectors
used. For the superconductor possesses magnetic properties which can changs and
therefore a signal of a flux sensitive device cannot be interpreted clearly as
a mechanical movement.

If the mechanical argument counts the conclusion h?s to be drawn, that the ela-
stic elongation of the magnets under the magnetic load occurs in many discon-
tinuous steps as indicated by the acoustic emission bursts and the simultaneous
appearance of pick-up signals during the energizing of the magnets. This would
be an unusual behaviour for elastic mechanical strain which is usually thought
of as a smooth continuous elongation. However, the windings have to be conside-
red as a compound of superconductor glued together by epoxy resin and loaded by
all the tensions coming from the winding process, the cooldown and last not
least from the magnetomechanical load in the superconductor itse]f. A final
equilibrium stage in all the tension forces may be ac'.-.ieved in discontinuous
movements.

If, on the other hand, a flux jump process is responsible for the voltage step,
the acoustic emission must be correlated to flux jumps which seems to be un-
likely at first glance. The adiabatic stability criterium states the harmless
influence of a flux jump in a single filament, so a premature quench must be

.•=•'«»/<
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caused either by a cooperative phenomenon between filaments or by a mechanical
disturbance involving wider parts of the conductor cross section.
The first steps of training appeared in the tested solenoids at stress levels
of about 20 N/mm2 for inner diameters between 5 and 15 cm. The maximum stress
load grew up to about 110 N/mm^.
The short sample training investigated by C. SchmidtC' started in technical
superconductors at stress levels above 100 N/mn)2 which was the maximum value
in magnets. The pronounced training and the low stress level in the quadrupoles
seem to exclude the argument of only tension induced training in magnets. The
separated ring clamping system in the quadrupoles results in an accumulation of
compressive forces at the rings.

5. Conclusion

Inspite of the very clear observations in magnets it is impossible to give a
simple explanation for the origin of the flux signals and the acoustic bursts.
It is clear that these effects are directly related to the normal transition
in superconducting magnets, but it is not. obvious if they are a primary or
secondary indication of the events happening in the magnet structure.

Acknowledgement

Thank to M. Scherer and W. Specking for their helpful assistance during the
training investigations.

References
(1) C. Schmidt, G. Pasztor, IEEE Trans, on Magn. MAG-13, 116 (1977)
(2) F. Arcndt, N. Fessler, P. Turowski, IEEE Trans, on Magn. MAG-13, 290 (1977)

(3) M. Scherer, P. Turowski, to be published
(4) D.B. Montgomery, Solenoid Magnet Design, J. Wiley, New York
(5) S. Timoshenko, Strength of Materials I, Van Nostrand Comp., New York 1962
(6) K. Kaiho, T. ohara, K. Koyama, Cryogenics J_6, 1O3 (1976)

(7) O.P. Anashkin, V.A. Varlaklim, V.E. Keilin, A.V. Krivlkh, V.V. Lyikov,
IEEE Trans, on Magn. MAG-13, 673 (1977)

(8) W. Goll, P. Turowski, submitted to Cryogenics



- 65k -
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Abstract

The development of large high current density superconducting magnets requires an under-
standing of the quench process by which the magnet goes normal. A theory which describes the
quench process in large superconducting magnets is presented and compared with experimental
measurements. The use of the quench theory to improve the design of large high current
density superconducting magnets is discussed.

Introduction

The Lawrence Berkeley Laboratory has been developing high current density superconducting
solenoid magnets for over two years '*•'. The use of superconductors at high current densities
(> 5x10° Am~2) requires an understanding of the quench process. Quenching, the process by
which a superconducting magnet goes normal, can be very damaging to a magnet unless the current
in the coll is dropped quickly. The energy which is dissipated into the superconducting coil
while the magnet turns normal will tend to be concentrated into the warmest parts of the magnet.

The quench process in a one-dimensional superconductor can be characterized by the
following one-dimensional equation^)

(1)

where C is the specific heat per unit volume (Jm K~ ); T is temperature (K); t is time (s);
p is the electrical resistivity of the wire (ohm-m); j is the current density (Am~2); x is the
dimension along the wire (m); and k is the thermal conductivity of the wire (Wm~̂ K~-'-) . C, p
and k are nonlinear functions of temperature. Equation 1 can be rearranged into the form

"5T = J + ~ "5~ laP T~ ) (2)
at p ox \ ox /

where F is defined as follows:

T
F(T) ' f £ dT (3a>

and a the thermal diffusivity is

Equation 2 Is nonlinear; hence, difficult to solve in a meaningful way. The quench can be
divided into three distinct regions. The first region (Region A) is characterized by a low
thermal diffusivity. When a is neglected,

f - J2 . (4)

This equation is used to calculate burnout of a superconducting magnet as described by
Tollestrup'-*) . xhe second region (Region B) is dominated by heat transfer and it Is a region
where the electrical resistivity is a constant. The differential equation describing this
region is:

*
Work performed under the auspices of the U.S. Energy Research and Development Administration.

Fellow of the Swiss National Science Foundation
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3F
3t (5)

Equation 5 takes a form similar to the wave equation. From it a characteristic quench velocity
can be obtained. The third region (Region C) is characterized by zero resistivity. This
region will not enter into the discussions of this paper. The boundary between Region A and
Region B occurs at between 20 and 30K. The boundary between Regions B and C occurs at the
critical temperature of the superconductor.

The velocity of quench waves. The velocity of normal region propagation can be found from
Equation 5. The solution to this equation takes the following form"':

P ottnc
hnc"hno

1/2

(6)

where p n is the resistivity of the normal metal, a,,c is the thermal diffusivity of the normal
metal at the critical temperature of the superconductor and h n c-h n o is the normal metal
enthalpy difference (Jnr3) between the critical temperature of the superconductor and the
normal operating temperature. Note the above equation has no direct dependence on r, the
ratio of normal metal to superconductor. The form of the velocity equation which LBL is
currently using is

v ? 0..6 j
p a*n nc

/2

(7)

The preceding equation is dependent on B and j. There is almost no dependence on r. The
dependence on current density is about j at low current densities. At high current
densities, this becomes a J^ dependence similar to that observed by Turowskl^ . At higher
magnetic inductions, the quench wave moves faster (see Fig. 1).
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1. Theoretical and measured quench velocities
as a function of superconductor matrix
current density.

Figure 1 compares measurements of quench velocity in the LBL thin solenoids with a
theoretical curve derived from Equation 7 and with the Karlsruhe measurements made by
Turowski. Note that the trend of the measured points follows the shape of the theoretical
curve. The theoretical curve shows velocities which are higher than the measurements.
This is probably due to the fact that the theory does not take into account either the
insulation around the superconductor or the heat transfer out of the system. The Karlsruhe
data shows a j dependence; the LBL data does not. The Karlsruhe samples were much better
cooled than the LBL magnets; it is likely that good heat transfer to the helium bath accounts
for the reduced quench velocities measured by Karlsruhe at low current densities.
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Figure 1 shows the quench wave velocity in copper-based superconductors where the copper
has a resistance ratio of around 100. Increasing the resistance ratio has only a small effect
on the quench velocity. The velocity of quench waves in aluminum-based superconductors is
about a factor 3 higher than for copper-based superconductors. A greater dependence on r
the normal metal to superconductor ratio is expected.

R0Yv
2t

The increase in resistance of the coil as the quencli is propagated causes the coil
energy to be dumped. In a single wire R * vRot: in a thin coil (two-dimensional) R - Ro

and in a thick (three-dimensional) coil R = R 0Y
2v 3t 3 where t is time, Ro is a resistance

constant, v is the quench velocity along the wire, and y is the ratio of transverse to
longitudinal quench velocities. Increasing the velocity of propagation v and increasing y
all help to increase the resistance faster. One must dump the current fast enough to prevent
burnout.

2.

Derivation of the burnout condition. The limit under which burnout of a superconducting magnet
may occur can be found by integrating Equation 4:

•r (8)

Redefining this slightly, one gets

F*(f) = r Jo

(9)

where j 0 is the starting current density in the superconducting matrix and ~ is the ratio of
current io. If one defines a limiting temperature which the coil hot spot is permitted to be,
one defines a permissible integral of j2dt.

Figure 2 shows temperature as a function of F*(T) for copper and aluminum of various
resistance ratios. F*(T) is determined by the matrix material and its resistance ratio
(ratio of resistance at 273K to resistance at 10K). The permissible integral of j2dt is
determined by multiplying F*(T) given in Figure 2 by r/(r+l).
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A safe method of coll testing. One can test a superconducting magnet and avoid burnout by
quenching at low currents^. The integral of J2dt, which we will define as A, la measured.
If the product of A times (r+l)/r is less than W J H J J ) , one has not reached burnout. The
next safe current at which the magnet can be operated is determined as follows:

next
I nmx I
|_ A(r+1) J

1/2

(10)

where A is the measured integral of j dt when the magnet was quenched at a starting current of
i0; r is the normal metal to superconductor ratio and i n e x t is the highest value of current at
which safety from burnout can be guaranteed.

This method of quench testing has been used on all of the large high"current density
superconducting solenoids built at LBL. The value used for T^ax in all of the LBL tests was
400X.

Safe design of magnets with a single coil. It is possible to design a magnet and an
accompanying quench protection circuit that is safe against burnout. The most pessimistic
assumption one can make is to assume that the magnet coil has zero resistance (the hot spot
occurs In an infinitely small piece of conductor). Thus, the coil energy must be removed
by the quench protection circuit shown in Figure 3. The current decay is represented by:

-t/T,

V (11)

where T, the time.constant of the coil circuit (s), is
(H) while R^xt is a constant external resistance.

with L defined as inductance

(12)

where j 0 is the starting current density In the superconducting matrix; and tgo is the time
required to detect the quench and switch in the resistor. If a constant resistance is used,
the value of this resistance Rext is:

r+1
"ext " 2F*(Tmax) r (13)

where L is the coil inductance; Vo is the starting current density in the matrix; F*(Tmax) is found
in Figure 2 and r is the normal metal to superconductor ratio. The maximum voltage developed
across the coil electrical leads is:

Vo " K Re*t <14>

where iQ is the starting current.

Switch

, XBL 777-1564

Figure 3. Quench' protection circuit for a
simple coil.
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In general, one wants to limit Vo to some reasonable value. In most superconducting
magnets which have been built, the product of Vo and i0 has been limited to around 10

6W.
Thus, one can define a limit over which one should not operate a magnet. Fro« Figure 2, one
can see that F*(Tmax) for copper-based superconducting magnet is about 10

1 7. Thus, the
operating limits for superconducting magnets should be set so that

Vo* V 1o o **<Tmax> * ? "= 10
,23 (15)

where Eo is the magnet stored energy (J); j o is the superconducting matrix current density
(Am"2); v0 is the maximum voltage across the quench protection resistor (V); i 0 is the
starting current (A); and F*(Tmax) is found in Figure 2.

Figure 4 shows the superconductor matrix current density as a function of stored
magnetic energy for a number of superconducting magnets which have been built or have been
proposed. Note that most of them are near or below the E o j o

2 » 10 2 3 line. The notable
exceptions are the LBL thin solenoid test coils and the proposed TPC solenoid.
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Figure 4. Superconductor matrix current density,vs. magnetic stored energy for a
number of magnets which have been built or are proposed.

How have such large departures from the E Q j 0
2 - 10 2 3 line been achieved? Two methods have

been used: (1) the thyrite resistor, and (2) the conductive bore tube.

The thyrite r—is tor. The thyrite resistor or varistor is an external resistor with nonlinear
resistance. The resistance is low at high current and high at low current. The resistance
of a varistor is characterized by<7'

(16)

with b of the order of 0.2 to 0.25. The starting resistance of the varistor is R .
The value of F*(Tmax) in a circuit using a varistor is given as follows: °

(17)

where To - L /Ro. As b + 0, the varistor circuit reduces F A d , ^ ) to 2/3 the value that would
be obtained using a constant resistance R g ^ « R,,. This is not an impressive gain; therefore,
the varistor alone does not account for the spectacular gain in the LBL thin magnets.
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Magnet
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Figure 5. Quench protection circuit for

a simple coil with a coupled

bore tube.

Magnets with coupled bore tubes. The coupled bore tube is the key to making operation possible
well above the EoJo' • 1 0 " line. The theory of the coupled bore tube is discussed elsewhere <• 7»8^
This section will just describe its effect. The coupling between the bore tube and the coil
must be very good, say e < 0.05 where e » (l-M^/L^I^). M is the mutual inductance between the
coil and the bore tube, Li is the coil inductance and L2 is the bore tube inductance (see Fig. 5).
The resistance of the bore tube R2 should be low such that 12 ~ L2/R2 is greater than

a t a 1 1 temperatures above 10K. The bore tube is most effective when T2 > 2T.

ways:
The well-coupled low resistance bore tube will affect the quench process in the following

1) The bore tube behaves as a shorted secondary which causes a shift in current away from
the coil to itself.

2) The bore tube will absorb a substantial amount of the magnet stored energy during the
quench process.

3) Since the time constant for magnetic flux decay is long compared to the time constant
for the initial coil current decay, the transient voltages in the magnet coil system
are greatly reduced.

4) The bore tube causes portions of the coil to go normal which would not do so by
ordinary quench propagation. This phenomena is called "quench back".

When T^ and T2, the coil and bore tube time constants, respectively, are constant, the
current i in the coil has the following time relationship;

r<T-i
-t/TT

(18)

where when e is small

e Tl T2

(19 a)

(19b)

When T- and T_ are constant, the value of
(no quench back is assumed):

takes the following approximate form

(20)

From equation 18, one can see that substantial reductions of FMTgax) can be made> The

varistor has a much more dramatic effect when there is a bore tube. Figure 6 shows the current
decay of a magnet with and without a conductive bore tube. The constant resistor and the
varistor are used. In Figure 6 the boreAube time constant is assumed to be twice the coil
circuit time constant. The coupling is vary good, E • 0.02. Table 1 shows F*(Tmax) and T m a x
for a copper-based conductor with a resistance ratio of 100 and a copper to superconductor
ratio r of 1. j o » 7x10° Am~^, T2 • 2 and the switching time tgg is assumed to be zero.

Table 1 shows the effectiveness of the conductive: bore tube particularly when a varistor
is employed instead of an ordinary resistor. The behavior shown in Fig. 6 has been measured
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Figure 6. The current ratio H time for coils being discharged
through simple resistors and varistors with and without
a closely coupled conductive bore tube.

Table 1. F*(Tmax) and T^x for the four curves given
in Figure 6. j o = 7 x 10

s Am"2, tso = 0,
e = 0.02, r = 1.

bore tube

No

No

Yes

Yes

Type of
resistance

resistor*

varistor**

resistor*

varistor**

4.9 x io17

3.5 x 10 1 7

1.6 x io 1 7

6.1 x io15

^max
(K)

>1300*

>1300*

~350

- 28

copper melts

experimentally'^'. Varistors have reduced the current in the LBL thin solenoid magnet by
factors of 20 to 30. The integral j2dt measured during these tests was dominated by jo

2t_0

term. Even though tSQ is less than 10 ms, it is a dominant factor in the integral j
2dt

measured.

None of the curves shown in Fig. 6 take into consideration quench back from the bore tube.
The current flowing in the bore tube will cause the whole magnet to go normal quickly. If the
resistance of the bore tube grows fast enough, quench back will occur early enough to permit
fail safe coil operation (with no quench protection circuit). Fail safe operation without
quench protection has been demonstrated in the LBL test coils at values of E oj o^ = 6 * 1 0 ^ .
Experiments using the varistor quench protection system show that operation at values of
E o j o

2 > 10 2 5 is possible.

Conclusions

Large superconducting magnets operating at high current densities can be built provided
one understands the quench process. The basic theory suggests steps that can be taken to make
the operation of large superconducting magnets safe. In conclusion the following comments can
be made:
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1. Quench velocities vary with J and B. There Is a Jn dependence on the velocity where
N is between 1.5 and 2.1. Quench velocities in aluminum-based superconductors are
about a factor of three faster than ror copper-based superconductors.

2. Quench protection can be achieved in coils without conductive bore tubes provided
E0J0

2 < 1023 in copper-based coils. In aluminum based-coils EOJO < 3 x 1022.

.3. The closely coupled conductive bore tube substantially improves the ability of super-
conducting coils to withstand quenching. Fail safe operation without quench protection
has been demonstrated at E0J0

2 » 6 x 1023. The use of a good quench protection system
should percit copper-based coil operation at E0Jo > 1025.

4. The effectiveness of the thyrite resistor (varistor) quench protection circuit is
greatly enhanced by the closely coupled conductive bore tube.

5. Quench back due to current flowing in the conductive bore tube will help protect the
coil from burnout.

6. A coil with a quench protection circuit requires quick detection of the quench. The
switching time is very important when the coil operates at high current densities.

The quench process is well enough understood so that a large detector solenoid can be built.
This magnet will hiive an EOJO

2 * 8 x 102* (see the TPC magnet in Figure 4)' 1 0'.
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DISCUSSION

D. Lartaalastier : In what respects does your model offer advan-

• tages over computer programmes like QUENCH which include terms

for both longitudinal and transverse thermal conduction?
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F. H. Eberhard : Our hypothesis of absence oip heat conduction
is the same as the one used in QU£MCK to compute the temperatu-
res. However, QUENCK assumes values for the quench velocities
in both directions, a hypothesis,, that we don't have since the
current evolution is a measured one, not a computed one. Our
method is experimental and deals with the real world as compars^'
with a computer simulation. Moreover, I know circumstances
where the quench velocities computed for IjUKNOH were not found
to be experimentally correct.
J. C. Renard : What are your arguments to choose a maximum tem-
perature of 500 K ?
P. H. Eberhard : The 500 K value is specific to the particular
magnet we have built. It was very compact. 500 K was the tempe-
rature at which we could produce damage in the epoxy, the mate-
rial for which damage could be produced at the lowest tempera-
ture. Other magnets should have different values for T m a x if
this advocated testing technique is adopted.
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MECHANICAL PERTURBATION STUDIES ON
LARGE MHD SUPERCONDUCTING MAGNET*

S. T. Wang, L. R. Turner, S. H. Kim, Y. C. Huang,
M. A. Hilal and J. W, Davson .

Argonne National Laboratory
Argonne, Illinois 60439 U.S.A.

A program to develop basic information on the effect of local mechanical perturbations on
the cryostatic stability is described. An analytical model for computing the transient recov-
ery following the mechanical perturbation has been developed. A test program is undertaken to
develop data needed to verify the conclusions reached through the analytical study. Finally,
the mechanical perturbation studies on the U.S. SCMS1 Superconducting MHD magnet (i.e., U-25B
magnet) are reviewed.

1. - Analytical Studies

Past experiences with large magnets have shown that the success of predicting cryogenic
stability by equating I^R loss of a conductor in the normal Btate to the heat transfer flux in
the nucleate boiling state is spasmodic at best. This is because the mechanical perturbations
produced pulsed heating which is a transient disturbance and therefore, produces a more compli-
cated heating state than indicated by the simple steady state.

The origin of mechanical perturbations are the conductor frictional motion, the inelastic
strain energy release and the sudden fracture of impregnant, insulation or structural support.
As long as the time of the energy release is short («20 ms), the transient heat transfer and
recovery are independent of the forms of disturbance energy and independent of the exact shape
of pulsed heating. Recent works by Wipf2 and by Wilson and Iwasa3 indicate that there exists a
minimum disturbance energy above which the normal front will propagate. Therefore, the distur-
bance energy could be simulated with initial temperature distribution of a normal conductor
segments.

Fig. 1 illustrates the distribution of heat sources and heat sinks. Consider a section of
conductor in the coil normal, as the works of Maddock, James and Norris envisioned , the
heat removal is possible not only by the qjjP, i.e., losing heat to liquid helium through ex-
posed surface area, but also by heat conduction along the conductor, KcAj. fe£ , and by cooling
through insulation to neighboring turns; K<LA^ 21 . Therefore, the equation cgoverning the tran-
sient heat transfer and recovery is i

(B)AJ " [RA I
Where 0- is the mechanical perturbation energy, J is operational current density in the con-
ductor, p(B) is the resistivity of stabilizer; Ac is the conductor cross section, kc is the
thermal conductivity of copper, ?£ is the temperature gradient along the conductor, qh is the
rate of heat transfer in pool bolting helium, P is the wetted perimeter, K[ is the thermal con-
ductivity for the insulator, A't is the cross section for the interturn heat conduction, Ŝ T. is
the temperature gradient across neighboring turn, m is the mass density, C the specific fi&t
and -IP- is the time derivative of temperature.

at
A computer program has been written to calculate the responce of a cryostabilized magnet

coil to the heat input from a mechanical perturbation. Usually the heat input is assumed to be
almost instantaneous and to heat some specified section of conductor to a given temperature. A
heat input lasting for a specified time, may also be used. The composite conductor is discre-
tizf;d into elements and for each element the temperature development with time is calculated.
The temperature changes in response to heat input from mechanical perturbations, I*R heating if
the conductor is in normal or current-sharing region, heat conduction from neighboring elements
of the conductor, heat conduction from neighboring turns, and heat transfer to the helium. The
normal curve for pool boiling is used for the heat transfer to the helium. Constant-gradient
boundary conditions permit heat to flow out of the defined region.

In using the program, the conductor and heat pulse properties are fixed, and then the
current is varied to find the equilibrium current above which the normal region will propagate
and below which it will collapse. From that current I , the attainable average heat transfer
coefficient qh can be found by ,

= 'up P (2)
qh AP

*Work supported by the U.S. Energy Research and Development Administration
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where p is the electrical resistivity, A is the cross-sectional area and p is the wetted
perimeter. Fig. 2 composes q. predicted for the U-25B magnet, which has fairly good turn-to-
turn heat conduction through the insulation with q^ predicted for a square conductor with spiral
wrapped insulation and no turn-to-turn conduction. The lower curve is virtually unchanged when
the size of the conductor varies between 0.85 cm x 0.85 cm and 1.20 cm x 1.20 cm and when the
wetted area varies between 50% and 80%.

It is intended that the experiments described elsewhere in the paper can be used to vali-
date the computer program.

2. - Experimental Programs

The experimental programs consist of inter-turn thermal conductivity measurements, meas-
urement of static frictional coefficient, vapor locking experiment and simulations of transient
recovery after perturbations.

2,1 - Inter-Turn Thermal Conductivity Measurement

Heat transfer through the inter-turn insulation strongly affects the recovery current, as
clearly seen in Fig. 2. In the case of U-25B superconducting MHD magnet, excellent inter-turn
heat transfer accounts for the high recovery heat flux. Good data for tha composite thermal
conductivity of the inter-turn electrical insulation is needed to Analyze Che effect of inter-
turn heat flow on the recovery current. Fig. 3 illustrates the experimental apparatus for
measuring the thermal conductivity and its integral for the conductor-insulation composite.
The thermal conductivity integrals of the inter-turn composite is given by

KdT (3)

Where Q is the rate of heat conduction along the sample between heat reservoirs at T Q = 4.2° K
and T 2 at a distance L from Tj. The heat flow along the sample of constant cross-section area
A may then be determined from the difference of the thermal conductivity integrals, i.e.,

r i
XdT - / \dT

JT0

(4)

where Q is the sum of the rate of heat conduction from the heater and the rate of heat conduc-
tion along —rlon rod. The Latter could be determined by the measurements of T, and T, in a
steady state heat flux.

The thermal conductivity and its integral for the conductor-insulation composite will be
functions of temperature Tj, the compressive pressure and the magnetic field. The hydralic
cylinder allows us to vary the pressure. Measurements under various magnetic field levels are
also planned.
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The sample consists of twenty layers of copper-mylar tape simulating the inter-turn coil
structure of the 1/-25B superconducting magnet.

2.2 - Measurement of Static Frictional Coefficient

The conductor moves when the Lorentz force is equal to the maximum static frictional force.
The accelerating force is the difference between the static frictional force and the dynamic
friction force. Assume the mass being accelerated is m, the dynamic frictional coefficient
p., the static (is, the normal force Fn and the space for conductor motion is d, It is easy to
show that the total energy dissipated, E, is given by

2uFnd mV (5)

where h mV is the kinetic energy. Therefore, the energy dissipated in a conductor motion
depends only on the static frictional coefficient and is independent of the dynamic frictional
coefficient.

Fig. 4 shows the apparatus for measuring the static frictional coefficient. Helium gas
is used to pressurize the bellow exerting a normal pressure on the sample surface.

2.3 - Vapor Locking Experiments

The vapor locking experiment is used to establish the cooling conditions in the event of
a large pulse heat input. A pulsed heater is used to simulate the mechanical perturbation.
The decree of vapor locking could be measured as the change in capacitance due to the differ-
ence in the dielectric constants between the gas helium and the liquid helium. The measuring
apparatus is schematically shown in Fig. 5.

2.4 - Simulations of Transient Recovery

As shown in Fig. 6, a 25 cm diameter pancake coil wound of cryostable conductor from the
U-25B magnet is tested under a 6.5 T external field. The coil is noninductively wound. Heat-
ers of various length are embedded in the winding. Voltage taps are attached at many points
for turns adjacent to the heaters. Many Au-Fe thermocouples are also embedded in the conduc-
tors. Both the temperature profiles and the voltage profiles surrounding the normal zone will
be mapped by a microprocessor equipped with multichannel voltage amplifiers.

3. - The Studies on the U-25B Magnet

The U-25B magnet has successfully achieved full design field of 5 T at a current of
892 A, corresponding to a Joule heating per cooled area of 7 kW/m .

The principal concern for the U.S. SCMS coil stability was the frictional heating asso-
ciated with conductor motion. Two methods were used to detect the mechanical motion. One
involved the use of accelerometers which are mounted on the magnet vessel. The other involved
the use of many potentiometers which are connected across the magnet terminals. The inductive
voltage of each coil could be bucked out by proper adjustment of the center tap of each poten-
tiometer. It was found that the second method was very sensitive, and the information obtained

.,- HYDRAULIC
CYL'NCFfi

FIGURE 3 - THERMAL CONDUCTIVITY MEASURING
DEVICE

FIGURE 4 - FRICTIONAL COEFFICIEKT
MEASURING DEVICE
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proved exceedingly valuable in determining the charging rate.

The typical frictionnl motion is the damped oscillations as shown in Fig. 7. It is seen
that the details of a conductor motion could be very complex in nature. A typical time con-
stant for conductor motion is order of 10 tns.

2
The perturbation amplitudes increase approximately as B . This is shown in Fig. 3. In

addition to the larger perturbation, one found that more numerous conductor motions per incre-
ment of magnet current occurs in the high field level. Since the perturbation amplitude con-
sists of both the inductive voltage and the resistive voltage, it is not possible to derive the
disturbance energy from this information.

Although teflon tapes are the sliding surfaces for the U-25B magnet conductor, the fact
that motion occurs at all field levels indicates that the static frictional coefficient is a
function of pressure.
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G» Horlitz : Did you get already results from the measurements

of neat transfer in a capacitive device described in your paper

and which are the methods at overcoming the difficulty due to

the poor difference of the dielectricity constants of liquid

and vapour in helium?

L. R. Turner : We have not yet carried out the experiments.

However, we are aware of the difficulty, and have worked hard

to build a circuit sensitive enough to measure the effect.
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BEHAVIOUR OF SUPERCONDUCTING COILS MADE OF
MULTIFILAMENTARY NIOBIUM-TIN COMPOSITES *

J.J. PENINOU and J.C. RENARD

Laboratoires de Marcoussis, Centre de Recherches
de la Compagnie Generale d'Electricite

91 460 MARCOUSSIS (France)

SUMMARY

This paper summarizes experimental results on the behaviour, in short samples and coils, of
several multifilamentary niobium-tin composites.

In short samples, a small electrical field can be detected for currents lying between 25% and
80% of the classical "critical current" defined at a value of the electrical field in the sample
of 10~6 V.cm'l. This electrical field is mainly due to the grainy structure of the Nb3Sn layer.
The current for which this electrical field is detected accounts better for the coil quenching
current than the short sample "critical current".

Losses in coils in pulsed conditions have been measured in the 0 - 0.5 T.s"* range. The losses
per cycle, which are almost independent of the rate of variation of the magnetic induction in
the high values range, increase as dB/dt decreases. This behaviour is typical of multifilamen-
tary composites with a high resistivity matrix. In such composites, eddy current losses are very
low but additional losses take place which result from current transfer between the filaments
when these composites are submitted to a non homogeneous magnetic induction.

1. INTRODUCTION
Due to their superior superconducting properties, multifilarrentary Nb3Sn composites show great

promise for the design of superconducting rotating machines as well as for the construction of
high field superconducting magnets. In the former case they allow for a larger operating tempe-
rature range than Nb Ti composites ; in the latter, they make possible the generation of magne-
tic fields higher than those which can be achieved using this alloy.

Until now, numerous papers have been devoted to the properties of these composites but few
of them deal with the behaviour of Nb3Sn coils in relation to short sample characteristics. This
paper summarizes experimental results on short sample characteristics, coil quenching currents
and losses of several multifilamentary niobium-tin composites.

2. SHORT SAMPLE CHARACTERISTICS

2.1. Conductors parameters
Three pre-reacted niobium-tin multifilamentary wires [1] were investigated whose parameters

are the following ones :

- The wire "A", which has a diameter of 0.44 mm, includes 300 filaments of about 10 urn in diame-
ter in a bronze matrix. The niobium-tin layer on each filament is about 1 urn thick and the f i -
laments are twisted with a pitch of 25 mm. This wire has a 50 urn outer copper jacket.

- The wire "B" consists of six elemental composite wires, each containing 230 filaments of about
6 urn in diameter and a central copper core of 10% in volume fraction. The six wires are
twisted with a pitch of 5 mm around a tungsten wire and are embedded in s i lver- t in eutectic
solder, the overall diameter of the composite being 0.55 mm. In the elemental wires, the
filaments are twisted with a pitch of 25 mm.

- The wire "C", which has a diameter of 0.4 mm, includes 4 693 (13 * 19 * 19) filaments of about
2.5 urn in diameter and six copper bars of about 80 urn in diameter protected against t in pol-
lution by tantalum barriers. The niobium-tin layer on each filament is about 0.8 urn thick and
the filaments are twisted with a pitch of about 5 mm.

The wire "A" has a P.V.A. insulation whereas wires "B" and "C" are fiber glass insulated.

•
Work supported by La Delegation Generale a la Recherche Scientifique et Technique (DGRST).
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2.2. Current-voltage characteristics

Short sample characteristics measurements have been done at 4.2 K on samples of about 1 m in
length wound on a 7.5 cm diameter former. The windings were held in place with vacuum grease.
Current was supplied via copper flanges to which the conductors were soldered ; the flanges have
the same diameter as the former and are attached to its ends. Two voltage probes, 10 cm distant,
were soldered in the central part of the sample. For the measurements, the former was placed in
a superconducting coil with its axis parallel to the axis of the coil, thus the total length of
the conductor was submitted to an homogeneous magnetic induction perpendicular to its axis. This
condition must be fulfilled in order that current-voltage characteristics are not altered by
current flowing in the matrix due to heterogeneous field effects [2]. For a similar reason, the
length of the sample was chosen so that the voltage probes are far enough from the transitional
zones near the current leads where current flows through the matrix.

In Fig. 1 typical current-voltage characteris-
tics are presented for the three tested wires.
As a general feature, there is an electrical
field in the wires for currents very much lower
than the quenching currents or than the most
commonly adopted value for the "critical current"
I5 which corresponds to 10"6 V-cm-1 in the sample.
If la is the current for which a minimum volta-
ge is detected (a few 10-8 v.citr1 in the present
case), one can notice that the ratio Ia/Ic m ay
have values as different as 0.25 to 0.40 for
wire A, 0.6 for wire B and 0.80 for wire C. It
follows that, although the overall "critical
current" densities Jc of these wires are quite
similar, the Ja current densities are very
different as indicated in table 1.

S 1

UJ

Quenching currents <

O.1 0.2 0.3 0.4 0.5 0.6 0.7 O.B 0.9 1
Normalized current : I / l ( iO" 8 V.crtT')

1.1 1.2

Fig. I - Current-voltage characteristics of
the wires at 6 T.

TABLE 1 - Overall current densities at 6 T

Wire

J c (105 A.cm'2)

J a (105 A.cm'2)

A

0.57

0.23

B

0.57

0.31

C

0.53

0.44

The existence of an electrical field for such low values of the current can be attributed
to weak zones in the Nb3Sn layer, such as thickness irregularities or even breakings, which force
the currentto flow through the matrix in the vicinity of these zones. Here, those "weak zones"
seem mainly due to the grainy structure of the
Nb3Sn layer as it is shown on Fig. 2. For wire
A and B the Nb3Sn layer mostly consists of dis-
connected grains whose dimensions are very clo-
se to the layer thickness itself whereas for the
wire C the layer looks denser.

2.3. Strain effects

Irreversible effects of room temperature
strain on short sample characteristics of these
wires were also studied using two kinds of tests.
The first one, or "bend test" consists of forming
the sampla about a cylindrical mandrel of the
desired diameter. The short sample characteris-
tics have been measured with the sample on this
mandrel or after straightening and winding it on
a 7.5 cm diameter former. These two procedures
lead to similar results. In the second test or
"uniaxial tensile test", the sample is sub-
mitted at room temperature to the desired load
and then wound on a 7.5 cm diameter former

Fig. 2 - Scanning electron micrographes
wing the structure of
layers.

sho-
the NbjSn
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for the measurements.

"Critical current" degradation are summari-
zed in Fig. 3 where the 10"6 V.cm"1 criterion
is used for the definition of Ic. These results
agree with a critical strain of about 0.7 % in
the Nb3Sn layer. It must be mentioned that the
shape of the current-voltage characteristics
is modified along these strain tests [3] and
the current Ia decreases sharper than the
"critical current" Ic. This effect maybe attri-
buted to the increase of the number of defects
in the strained Nb3Sn layer [4].

3. Coil quenching currents and losses

3.1. Coil quenching currents

Two test coils have been built,with wires
A and B,whose characteristics are given in
table 2.

1

0.9

0.8

3 0.6

.u0.4

10.3

|0.2

z
0.1

os 06 0.7 o.e as
NORMALIZED LOAD

2 3 4 5 6 7 8 9 10
Bending diameter (cm)

3 - Bend diameter and uniaxial tests
results. Open symbols refer to
"A", black ones to "B" and stars
to "C" at 6 T. The load is nor-
malized to the breaking load.

For the winding, care was taken to avoid any p
bends of smaller diameter than the mandrel and
the tension of the wire was controlled by an
electronic feedback system at a level lower than
10 % of breaking load. The coils were vacuum
impregnated with epoxy resin. Quenching currents
were determined at 4.2 K by increasing the
current at a constant rate up to a final If
which was held constant for more than 30 s. The

quenching is then the maximum value of î  which can be carried by the coil without ?. quench.
For coil B quenching currents were also determined with the coil submitted to a constant bias
magnetic induction.

TABLE 2 - Dimensions and parameters of the test coils

Coll

A

B

Inner
diameter

(cm)

4

4.2

Outer
diameter
(cm)

10.2

11.4

Coil
length
(cm)

5.1

7

Wire
length
(•)

1 268

956

Number .
of turns

5 698

4 090

Exciting
constant
(T/A)

9.12 10"2

5.39 10"2

Fig. 4 and 5 summarize the coil's performances in comparison with short sample characteris-
tics. Quenching currents were reached without training, in the case of coil A, the two points
on Fig. 4 refer to two series of measurements carried out several months apart. One can see that
quenching currents are more related to the current IB , which corresponds to a minimum detec-
table voltage in short sample, than to the short sample "critical current" Ic. This is due to



- 671 -

, Short sample
' / quenching current

80

60

40

20

S I , (Minimum.,
detectable voltage) Coil quenching

| ^^- currents

1 2 3 4 5 6 7
Magnetic induction ( T )

Ic(i0-eV.cm-')

Coil quenching
curve

1 2 3 4 5 6 7 8

Magnetic induction ( T )

Fig. 4 - Coil performances of wire A.

the fact that D.C. losses which take place in
the coils when the current is higher than Ia
are much too high for its cooling conditions.
Fig. 6 which shows the D.C. voltage at the coil
A terminals partly illustrates this effect. The
most part of this voltage is due to the shape
of the current voltage caracteristies (cf. Fig.l)
but one part is also due to the current which
flows in the bronze matrix in order to achieve
the local sharing of the current between the
filaments along the wire [2]. A more quantita-
tive comparison is difficult since need is to
know actual values of the heat capacity and
thermal conductivity of the windings. Moreover,
the winding diameters are a little smaller than
the critical bend diameter (cf. Fig. 3) and the
wires have been slightly degraded.

At last, the decrease of the quenching current
of coil B {cf. Fig. 5), for negative values of
the bias magnetic idncution, is due to the fact
that when the bias induction is opposite to the
test coil induction there is a value of the bias
induction for which the point of highest magne-
tic induction in the winding shifts from the
inner layer at Ri to the outer layer at Ro (see
insert of Fig. 5), and then the quenching cur-
rent decreases as the absolute value of the bias
induction increases.

3.2. Losses

Loss measurements were carried out at 4.2 K
on coils A and B when the current is cycled at a

Fig. 5 - Coil performances of wire B. The
values of the bias induction are spe-
cified on load lines. The insert is a
drawing of the magnetic induction pat-
tern according to different values of
the bias induction Bt,. Black and open
symbols on the coil quenching curve
refer 4.6 1U~3 T.s"1 and 0.56 T.s '
for the rate of increase of the
magnetic induction.

Fig. 6 - D.C. Voltage at coil A terminals.

component has beer, subtracted.
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Fig. 7 shows losses per cycle as a function of
the rate of variation of the magnetic induction
and for different values of the maximum induction
reached in the coils. For both coils, in the
low range of the rate of variation of the magne-
tic induction, losses increase as dBmax/dt
decreases. This behaviour which is typical of
multifilamentary composites with a high resis-
tivity matrix [2] is also due, in the present
case, to the shape of the current-voltage
characteristics. For coil A, the integration of
the product of the current by the D.C. voltage
of Fig. 6 leads to an increase of losses very
close to the measured one shown on Fig. 7. For
coil B, the same integration leads to smaller
values than the measured ones. This is due to
the fact that in wirs B, which has a more compli-
cated structure than wire A and includes a
copper core in each elemental composite, the
sharing of the current across its cross section
is not the same in D.C. conditions as in time-
dependent ones.

In the high range of the rate of variation of
the magnetic induction, losses are almost inde-
pendent of dBma /dt. However, for coil B, c:°
can observe on Fig. 7 a small increase of losses
as dBmax/dt increases. As above, this behaviour
must be related to the structure of this wire.
This quasi-independence of losses upon the rate
of variation of the magnetic induction, which
accounts for the quasi-independence of the
quenching current with respect to the rate of
increase of the magnetic induction as shown on
Fig. 5, is due to the very low eddy current
losses in these composites v.'ith a high resis-
tivity matrix. To observe a laroe increase of
losses with dB/dt one needs to reach higher
rates of variation of the magnetic induction.

\
£ 1
u
\
in

I 5r
o \

11
I/I •>

o

2-

8... . !„.

B

3 T

2.4 T

1.8 T

1.2 T

0.6 T

0.1 0.2 0.3 0.4

4.09 T

2.73 T

1.82 T

0.91 T

dB/dt ( T / S )

Fig. 7 - Losses per cycle and unit volume of
conductor versus dB^,_../dt. On each
curve the maximum induction reached
in the coil, B

max'
is specified.
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ABSTRACT

The physical and mechanical properties of a superconducting coil composite and its com-
ponents are systematically studied in order to accurately predict the coil behavior from the
constituent material behavior. Multidirectional measurements of the Young's modulus, Poisson's
ratio, shear modulus, thermal conductivity, thermal expansion, specific heat and the critical
current behavior under stress were made on a Cu:NbTi and fiberglass-epoxy composite supercon-
ducting coil. Similar measurements were performed on the superconducting wire, fiberglass and
epoxy in order to establish the role of each component. A stress analysis for manufacture,
cool down, and operation of the coil can be used to predict behavior under operating conditions
from component properties.

1. INTRODUCTION

The superconducting coil which is used
as the magnetic field source in superconduct-
ing motors and generators is subject to a
wide range of thermal, mechanical and magne-
tic environments. It is necessary to under-
stand the coil behavior in these environments
to assure not only the desired operating
behavior but also long term reliability. The
research reported here has the objective of
determining the physical properties of a
superconducting coil composite and its com-
ponents in order to accurately predict the
coil behavio- under a variety of conditions.
It is a brief summary of extensive research
and important details and other references
can be found in previous O~7) and future
publications.

A pictorial representation of the general
program is shown in Fig. 1. The measured
properties of the individual components can
be related by micromechanical analysis to the

Figure 1. Superconducting coil composite
characterization program schematic.

*Work supported by the U.S. Naval Ship Research
and Development Center, Annapolis, MD and
NRC-NBS Postdoctoral Research Program.

measured properties of the coil composite as a
whole. This not only provides the composite
properties for design application and a check
on the micromechanical analysis, but also
permits selected modification of the composite
by an educated choice of its components. With
macromechanics the anisotropic coil properties
can be used to develop a stress analysis to
predict coil stresses due to the variety of
initial and operating conditions of the system.
Instrumentation of an actual coil will provide
a check on the applicability of the stress
analysis method and permit selection of coil
properties necessary for desirable coil behavior.

The properties measurement program include
many mechanical, thermal, and electrical mea-
surements and is best shown in Table 1. All of
those properties where their symbols are shown
have been measured. Asterisks (*) indicate
measurements in progress or to be done. Hyphens
(-) indicate no intention of measurement either
because it's inapplicable or not needed at this
time. Some other components, such as different
wires and epoxies, have been measured also but
are not reported here.

The coil, its construction, and the con-
vention for the coordinate axes is shown in
Fig. 2. The coil is wound from a 0.056 x 0.072
cm Cu:NbTi wire which has 180 filaments and a
Cu/s.c. ratio of 1.8/1.0. A layer of fiber-
glass cloth is placed between each layer of
wire and the whole coil (40 layers and 25 cm
O.D.) is vacuum impregnated with epoxy. Speci-
mens for some of the coil property measurements
were specially but identically manufactured and
others were sectioned from an actual coil.
Details of the specimens are available in the
separate publications and only the general
property results will be reported here.

2. MECHANICAL PROPERTIES

Several of the mechanical properties of
the coil composite and a similarly constituted



- 67** -

Table 1
Characterization of Superconducting Coil Composite

Property Coil Composite

1 2

Cu-NbTi
Wire

Fiberglass
Epoxy

MECHANICAL
Young's Modulus
Shear Modulus
Poisson's Ratio
Elastic Constants
Plastic Behavior
Fatigue

PHYSICAL
Thermal Expansion
Thermal Conductivity
Specific Heat

ELECTRICAL
Voltage
Stress (I , p)
Fatigue c

Magnetic Field
Temperature

DYNAMIC BEHAVIOR
Stability
Training

G21-31
V13

k11

E22 |h3
G13

A?1 "32
ff-e (also rings)

a22 ^33^v *

I-V

*c rings
*
*

*

Q(N) rings

S-N*

Sfn

I-V
rc' p

*c

*

E n (+ clo

a ? "
a-E

an
CP

• 
•

I 
1

1
• 

• 
1 

1
1

*to be measured
—not applicable

2 RADIAL

LONGITUDINAL

3 / AXIAL

EPOXY

•SUPERCONDUCTOR

WOVEN GLASS FIBER
CLOTH

Figure 2. Schematic of solenoid coil showing
construction and coordinate axes.

fiberglass epoxy were measured: the Young's
modulus in all three principal directions, two
shear moduli, several Poisson's ratios, and
some acoustic measurements of the same pro-
perties. Also reported are the tensile pro-
perties of the superconducting wire.

2.1 Young's Moduli• The specimen preparation
and experimental arrangement are described in
detail elsewhere "'. Briefly, the specimens
were machined from actual coil material, strain
gauges applied, and measurements performed at
the three temperatures, 293, 76 and 4 K, in a
normal low temperature tensile arrangement.

Because of the relatively weak fracture
properties df the epoxy bond between wires, the
load for the axial specimen was limited to
'v- 7.0 MN/mz {% 1000 psi). The resultant strains
were quite small and yielded an estimated
uncertainty of about 5%. The data for all of
the Young's moduli are tabulated in Table 2 and
the Young's moduli are shown in Fig. 3.

Table 2. Comparison of static and acoustic
measurements of elastic moduli.

Elastic Moduli(104HN/m2) Temperature (K)

293 76

E22

G13

fiberglass-
epoxy

acoustic
static
acoustic
static
acoustic
static
acoustic
static

8.14
7.58
3.14
2.76
0.76
0.74
3.14
2.80

8.77
8.08
4.07
3.79
1.09
1.16
3.47
3.33

8.96
8.53
4.17
4.12
1.12
1.22
3.42
3.56
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0
300

Figure 3. Young's moduli as a function of
temperature for coil materials.

The Young's moduli all increase slightly
with decreasing temperature with the longi-
tudinal specimens having a higher modulus
more appropriate to that of the wire. The
behavior of the axial Young's modulus, E,,,
is, as expected, very similar to that of the
radial specimen, E 2 2 and is probably due
almost entirely to the epoxy. The less accu-
rate Poisson's ratios also show a slight
increase with decreasing temperature,^) how-
ever the acoustic measurements described
below show a decrease.(3)

2.2 Acoustic Measurements. Composite
materials are usually highly anisotropic and
the determination of their elastic constants
is much more difficult than for the more
usual quasi-isotropic engineering materials.
Conventional methods of measuring the elastic
properties of solids have besn applied to
composites with only limited success because
these methods usually require relatively
large specimens and considerable time and
effort. The new application (3) of an
acoustic resonance technique to this super-
conducting coil composite has permitted
rapid determination of the coil's elastic
constants. It also has the advantage of
giving data continuous with temperature.

The technique consists of bonding
quartz-driver and quartz-guage piezoelectric
crystals to a specimen as shown in Fig. 4 to
produce and to detect a standing longitudinal
(or torsional) wave. Each component's
length is adjusted so that it's resonant
frequency is closely matched to that of the
other components. The elastic constants and
thus the moduli are obtained from the resonant
frequency (about 60 kHz) and the length and
density of the specimen.

Iriiir tutli Ctjs'il
( X l k l lir uphill sins;

•river Inls ni
Sippnt Wins

Cii|i liittt Crfslil

Figure 4. Pesonant piezoelectric oscillator
apparatus. (Reference 3)

An example of the continuous and accurate
data for one of the shear moduli is shown in
Fig. 5. A comparison of the static and acous-
tic data for several of the moduli is shown in
Table 2. (The static shear moduli were obtained
by a torsional technique (2).) The comparison
is very favorable and well within the larger
quoted accuracies for the static data. The
acoustic resonance technique should prove quite
useful.

r

uT t

Temperature

Figure 5. Shear modulus of the superconducting
coil composite by the acoustic resonance
technique. (Reference 3)

2.3 Mechanical Properties of the Superconducting
Wire. The tensile oroperties of the

multi-filamentary superconducting wire and its
base components, Cu and Nb-Ti, were measured at
298, 76 and 4 K (4). Conventional tensile
properties yield strength, tensile strength,
elongation and Young's modulus were obtained.
Additionally, the influence o." strain rate on
tensile behavior and the stress-strain hystere-
sis effects of the superconducting wire were
studied.
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The Young's moduli of the wires were
to be lower than the bulk values but

,.,e.-e predictable from those values for
ccaper and fibTi using a law of mixtures.
The tensile properties of the twisted Nb-Ti
fila~.ents, the drawn copper wire, and the
superconducting wire composite are summarized
in Fir,, 5, fhe tensile and yield strengths
(0.2 offset) have no abnormalities as a
function of temperature. The yield strength
nf Nb-Ti could not be determined since the
*"1 laments did not deform plastically 0.2".
^edicted values of the composite tensile
strength, based on the mixture law, fall
about 25"- below the actual composite values;
this discrepancy is thought to result from
the harder condition of the copper in the
composite, compared to the copper wire.
This harder condition may have resulted
fro;" cold working in manufacture and is
indicated by hardness and residual resis-
tivity measurements. There is little
dependence of tne yield strength of the
i-. ire composite on temperature.

14 p

002 0,03
STRAIN

0.04 0.05

•i ;u-e 6. Tensile properties of the super-
•..orrJucting wire, NbTi filaments, and copper.

i.4 Compressihiiity of Glass Cloth. The
compressibility of the glass cloth which
separates succeeding magnet layers is an
i:;.;T-''tant factor in the stress analysis for
determining internal magnet stresses. A
i.'-ief literature survey disclosed no infor-
•'(>.! i r. on this topic so compressive modulus
te:ts on the glass cloth were performed.
The coil winding is done at room temperature
:,j oiily room temperature measurements were
. ide. nine layers of glass cloth, separated
one from another by flat machined brass

washers, cumulatively provided enough compres-
sion that its magnitude could be measured
with reasonable accuracy using clip-on strain
gauges.

Results are plotted in Figure 7.
Because of the very large hysteresis and
nonlinearity in the curves of stress vs
strain, the logarithmic plots are necessary
in order to bring the results into a usable
form. Considerable scatter is also seen,
especially when the testing machine is
reversed under high load, so that stress
begins to decrease steadily with time. The
results were useful, however, in the stress
analysis and significantly affect the residual
winding stresses.

Figure 7. Compressibility of the glass cloth.

3. THERMAL PROPERTIES

The thermal conductivity and thermal
expansion of the composite coil material ana
the thermal expansion of one of its constituents,
the Cu-NbTi superconducting wire, are reported
in this section. The thermal conductivity is
highly anisotropic, and contributes signifi-
cantly to coil stresses. The thermal expansion
of the coil composite and the wire behave
more or less as expected. Several thermal
properties have yet to be measured as indi-
cated in Table 1, but the most immediately
useful, specific heat, is partially reported
here.

3.1 Thermal Conductivity of the Coil Composite.
Thermal conductivity measurements were per-
formed on longitudinal and transverse sections
of the superconducting coil composite w ) .
The longitudinal specimen was measured in
direction 1, as illustrated in Fig. 2 and
the transverse specimen was measured in
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direction 2 (radial). No measurements were
performed in the transverse-axial direction
but the thermal conductivity in this direc-
tion was calculated.

The results of the measurements on the
longitudinal and transverse coil composite
specimens are given in Fig. 8. The inter-
polated curve given for the longitudinal
specimen in Fig. 8 is based on the typical
temperature dependence of OFHC copper. The
measured data were compared to values calcu-
lated from the properties of the constituents
of the coil by summing the area-weighted
conductivities of each of the parts. Because
of the reasonable agreement obtained it was
useful to estimate values for the transverse-
axial case by the same technique. These
values are also shown in Fig. 8.
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Figure 8. Thermal conductivity of coil
composite materials.

The thermal conductivity is the most
highly anisotropic of all the properties
measured on the coil composite, the longitu-
dinal value being a factor of about 1000
times greater than the poorest conducting
transverse value in the radial direction.
Even the axial and radial thermal conductivi-
ties differ by a factor of 10. These dif-
ferences are not unexpected because of the
high thermal conductivity of copper compared
to epoxy and the obvious anisotropy in
conducting paths. These differences will be
of no consequence in steady state operation
but will have a significant effect on any
transient behavior such as cooldown or the
propagation of a normal conducting zone in
the wire.

3.2 Thermal Expansion of the Coil Composite.
The thermal expansion of several radial and
longitudinal specimens as well as one of the
fiberglass-epoxy were measured with a quartz
tube dilatometer '•'. The results are shown in
Fig. 9. The radial specimens have nearly twice
the total thermal contraction to 4 K as both
the longitudinal and fiberglass epoxy specimens.
This is consistent with the large known thermal
contraction of pure epoxy. The approximate
equality of the contractions of the longitu-
dinal and fiberglass specimens shows that the
fiberglass, which is in both, inhibits the
contraction of the epoxy and dominates the
composite behavior.

TEMPERATURE. K

Figure 9. Thermal contraction of superconduct-
ing coil materials.

3.3 Thermal Expansion of the Superconducting
Wire. The superconducting wire properties

are essential components of the composite
analysis and thermal contraction of the wire
during cooldown is one of the major sources of
stress. Toward this end the low-temperature
thermal expansion of the Cu-NbTi wire was
measured using the quartz tube dilatometer from
room temperature to 4 K. The results can be
compared with previous measurements of the coil
composite i') and with measurements of the con-
stituents of the wire in Fig. 10. The thermal
expansion curve of the coil composite in the
direction parallel to the wires is shown also
in Fig. 10 and is just slightly larger than
that of the wires. This would be expected
since the coil expansion should be dominated by
the wires but slightly enlarged by the weaker
epoxy whose thermal expansion coefficient is
significantly larger.
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Figure 10. Thermal expansion of Cu-NbTi wire.

3.4 Specific Heat of the Coil Composite and
Fiberglass Epoxy. The specific heat at

low temperatures was measured for both the
superconducting coil composite and the
fiberglass-epoxy composite *6J. Both specimens
were portions of the same material used for the
thermal expansion measurements. The measure-
ments were taken by adiabatic calorimetry and
only from 4 K to about 25 K, and either further
measurements or extrapolations will be done to
extend the data to room temperature. The
results are shown in Fig. 11. One can readily
see the similar behavior except for the small
discontinuity in the coil composite due to the
superconducting-to-normal transition of the
superconductor. This discontinuity reveals a
broad critical temperature transition centered
about 9.3 K. That the transition is several
tenths of a degree wide implies that there are
regions of different T due to cold working or
diffusion of the superconductor itself. The
presence of a dominant quadratic term in a
'polynomial fit of the data indicates the
presence of two-dimensional, rather than three-
dimensional, arrays of atomic oscillators.
Whether the two dimensionality is due to the
long, chain-like polymer molecules or to the
reinforcement by the fiberglass is uncertain
and could be the subject of further study.

10 20 30

TEMPERATURE |K)

Figure 11. Specific heat of superconducting
coil materials.

using composite techniques proved to be quite
accurate for values not actually measured"'.
The stresses accounted for included those due
to (1) winding tension, (2) removal of the
support bobbin after epoxy impregnation, (3)
cooldown to 4 K, and (4) activation of the
magnetic field.

Typical results for one of the calcula-
tions of stresses along the wire as a function
of radius is shown in Fig. 12. The effects of
the four sources of stress are readily observ-
able, and it also shows that programming the
winding tension can result in a much more
uniform final stress distribution. Other
parameterization also graphically demonstrated
the importance of anisotropic moduli, aniso-
tropic contraction, the stiffness of the
winding bobbin, the compressibility of the
glass cloth, the role of external support, and
several others, all of which can be optimized.

4. STRESS ANALYSIS OF TRANSVERSELY ISOTROPIC
MAGNET COILS

A simple, two dimensional analytical model
was developed I'J to evaluate the stresses
generated for the characterized coil when in
use. The model assumes cylindrical symmetry
for the coil and a transverse isotropy in the
coil composite in order to make the calculation
viable without going to a long, finite element,
three dimensional calculation. The material
properties used were those generated in the
complete study.

-ioon

Winding Tension

— ~ ~ Constant

— — ~ Programmed

Cooled to I K '

in 12

RADIUS, cm

Figure 12. Cumulative circumferential stresses
Material properties calculated for constant and programmed winding tension.
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5. CONCLUSION

Many physical properties of a super-
conducting coil composite and its components
have been measured and their correlation will
not only provide useful information about the
coil behavior but also permit changing one or
more of its components with predictable results.
Other measurements in this program carry the
study to its next step by determining the
effect of stresses on the critical current and
quenching behavior in both the superconducting
wire and a smaller version of the composite
coil (8.9). These results, however, are
summarized in a companion paper (10).
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A new type of superconducting magnet system for large fusion reactors is described in this
report. Instead of winding large planar or multi-axis coils, as has been proposed in previous
fusion reactor designs, the superconducting coils are made by joining together several pre-
fabricated conductor sections. The joints can be unmade and sections removed if they fail.
Conductor sections can be made at a factory and shipped to the reactor site for assembly. The
conductor stress level in the assembled coil can be kept small by external support of the coil
at a number of points along its perimeter, so that the magnetic forces are transmitted to an
external warm reinforcement structure. This warm reinforcement structure can also be the
primary containment for the fusion reactor, constructed similar to a PCRV (Prestressed Concrete
Reactor Vessel) used in fission reactors. Low thermal conductivity, high strength supports are
used to transfer the magnetic forces to the external reinforcement through a hydraulic system.
The hydraulic supports are movable and can be programmed to accommodate thermal contraction and
to minimize stress in the superconducting coil.

2. Introduction

The toroidal field coils in a Tokamak fusion reactor are interlaced with the blanket, OH and
poloidal field coils, and the neutral beam, coolant and vacuum lines, in a very complex arrange-
ment. Not only does this make construction of the reactor cumbersome, but replacement of a
failed TF coll after construction would be extremely difficult, if not impossible. Replacing a
failed TF coil would involve removing and replacing a large number of radioactive massive
components, with many cuts and seals to be made.

If a TF coil were constructed of several segments which could be readily joined and disjoined,
then a failed segment could be replaced relatively rapidly without involving other parts of the
reactor. The ability to rapidly replace failed segments would permit much less demanding
reliability levels for TF coils. Figure 1 shows reactor plant availability as a function of
failure rate in the TF coils. Three failure scenarios are compared: in the first, failure of
a TF coil results in a nonoperable reactor because it is impossible to replace the coil. In the
second, the TF coil can be replaced, but the reactor is down for a long interval, e.g., 3 years,
while massive replacement operations, involving movement of a large portion of the blanket and
shield structure, vertical field coils, etc., are carried out. In the third scenario, the TF
coil is segmented so that a failed segment can be replaced in a month without requiring opera-
tions on the rest of the reactor structure.

A plant availability of 80% is considered good for present plants, both fission and fossil.
Not all the down-time can be allotted to TF coil replacement in a fusion reactor, however, since
other scheduled and nonscheduled replacement and maintenance operations will undoubtedly be
necessary. Blankets will have to be replaced, beam and vacuum lines maintained, etc., and
failure of non-fusion reactor components will also contribute to reactor down-time. As a mini-
mum, a plant availability of 0.95 is required considering only TF coil replacement. For an
overall plant availability of 0.8, this corresponds to 25% of the shut-down time being a result
of replacement operations on TF coils.

Figure 1 shows plant availability as a function of P^, individual coil failure probability,
for the case of N = 18 coils and the three replacement scenarios: tR " 30 years (non-replace-
ment) ; tR - 3 years (replacement of a failed TF coil); t_ * 1 month Treplacement of a failed
portion In a segmented TF coil with demountable joints).

To achieve the desired plant availability of 95%, the allowable failure probability rate
must be M0~*/TF coil year if the coil cannot be replaced, but could be almost 3 orders of
magnitude greater if a segment could be replaced in 1 month. The achievement of coil failure
rates of 10~Vyear could be very difficjlt. It would also require many reactor years of
operation to establish meaningful statistics on failure rates and obtaining this data could tend
to retard implementation of fusion reactors.

A promising approach appears to be a demountable TF coil with a number of joints in it. The
TF coil assembly can be designed so that if a portion of a TF coil fails, only the failed
portion need be removed, without the necessity of moving other reactor components. There are a

* Work performed under the auspices of the U. S. Energy Research and Development Administration.
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variety of approaches to a demountable IF coil. The approach described In this paper appears
attractive, but other approaches may ultimately prove better.

A segmented rectangular IF coil (Figure 2) has several significant advantages over a
segmented curved coil:

1. Ease of segment manufacturing and shipping.
2. Ease of removal and insertion of both failed and new segments (only a straight pullout

or insertion of a segment is required).
3. Use of massive conductors and insulators is readily accommodated (joining and dis-

joining is easier if relatively few turns are used).

In order to use a rectangular TF coil, however, the coil must be externally supported at a
number of po.lnts to avoid excessive bending stresses if the amount of coil-structure is to be
reasonable. The best support scheme appears to be the warm reinforcement approach^) where the
supports go from the cold (4K) coll to a massive room temperature reinforcement structure. The
refrigeration power required for the supports can be kept relatively small by using high
strength materials with low thermal conductivity (stainless sf.eel and epoxy-f iberglass), and by
using intermediate temperature heat sinks, e.g., 20° and 80° Kelvin, in the supports. The re-
frigeration power resulting from heat leaks in the supports is a small fraction of the total
refrigeration power for the TF coll assembly. The largest heat leak is associated with the
power leads.

With the reinforcement structure at room temperature, the cost of the reinforcement can be
substantially reduced. It aopears possible that the DEALS (Demountable Externally Anchored Low
Stress) magnet can combine demountable capability with low stress in the conductor (on the
order of a few thousand psi) and still be cheaper than a conventionally wound D-shaped magnet
where the reinforcement structure is .at 4K and the conductor/reinforcement at much higher
stress.

Rather than constructing a warm reinforcement structure specifically for the magnet
assembly, it appears desirable to use the primary containment structure around the reactor as
the warm reinforcement. The primary containment will be required in any event to contain
activation products, etc., in the event of an accident. In general, it will be a relatively
thick structure of reinforced concrete, on the order of several meters thick, resembling to a
considerable degree the PCRy (Prestressed Concrete RaactQx Vessel) for HTGH's. Besides, serving
as the warm reinforcement structure for the magnet, and containing activation products in the
event of accidents, the PCRV type structure will also function as a biological shield.
Externally supporting the magnet conductor with a massive PCRV will also make the probability
of missile generation from magnet disruption vanishingly small.

Figure 2 shows the joints of the segmented TF coil to be located at the corners of the coil.
The joints are formed by soldering conductors that meet at a 90° angle. Other joint patterns
are possible. Figure 3 illustrates the removal procedure for the three types of segments
(inside vertical, top or bottom, outside vertical). To remove a top or bottom failed segment,
2 joints are unmade at the ends of the failed segment. The failed segment is then moved
slightly up, if it is at the top of the coil, or down, if it is at the bottom, to clear the
vertical segments of the coil, and then pulled out through an opening in the PCRV. The
appropriate warm reinforcement supports are retracted to permit the failed segment to move up
or down'into a shallow slot in the PCRV so that it can clear the vertical segments. The outside
vertical leg can be withdrawn by a similar procedure, with two disjoints at Che outer corners
of the coil. Removal of the inside vertical leg is somewhat more involved. Three disjoints
would be necessary, and the top horizontal leg would have to be retracted slightly to permit
the inside vertical leg to be withdrawn. An alternate way of removal with two disjoints
requires the movement of the rest of the coil radially outward by tracks designed for this
purpose to clear the passage for the inner leg. Another possibility is the removal of a portion
of the bucking cylinder and inward radial movement of the inner leg before upward withdrawal.

An example of a DEALS design for a UWMAK-II size reactor is developed in this paper. The
rectangular DEALS coil is sized to have the same overall dimensions as the D-shaped UWMAK-II
coll. Smaller size DEALS coils could be used, however, and any of the fusion reactor designs
could accommodate a DEALS magnet system, including the ANL, GA, and ORHL EFR designs.

Tha principal design feature requirements and advantages of DEALS can be summarized:

. Relatively high conductor currents are desirable to minimize number of joints.

. Rigid, plate type conductors are desirable to minimize stress at joints.
Conductors are contained Inside a rigid case which also serves as the helium container.

. Materials are selected to keep conductor bundle rigid after cool down.

. External supports are movable to accommodate thermal contraction of the DEALS coil.

. Refrigeration requirements are larger than those for a conventional D type coil,
principally because of larger lead heat leaks, but are still quite reasonable.
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. Using external supports reduces the stress in the conductor by a large factor, as compared
to a conventional D coil and also reduces the amount of expensive cold reinforcement
required in the coil.
Coil segments can be manufactured and pre-tested at a central factory location that could
service many fusion reactors, and then shipped to the reactor site. Field fabrication
requirements are minimal compared to those for conventionally wound coils.
Insulators can be thick, rigid plates. This permits the use of ceramic insulators
instead of organic insulators, which eliminates problems of radiolytic H, release and
insulator degradation. Use of alumina permits insulators to have high thermal con-
ductivity, which greatly reduces temperatures inhomogeneities during quench situations.

. Conductors car be fabricated and assembled in shapes that minimize eddy current losses
due to pulsed fields.
Grading of superconductors to accommodate changing fields is relatively easy.

. Brittle superconductors can be readily used since strain is minimized and conductors do
not have to be wound when the coil is assembled. Also, superconductors fabricated by
sputtering, vapcr deposition, etc., techniques can be used.

Though the primary motive for proposing DEALS is the capability of rapid repair in the event
of failure, the advantages of much lower stress, less cold reinforcement, much less field
fabrication, capability of using thick ceramic insulators, and ability to more readily use high
field superconductors are very important.

The need for relatively high conductor currents in DEALS, on the order of M O amps, may
appear to be a disadvantage as compared to the conductor currents of M O * amps that have been
postulated for the TF magnets in fusion reactor reference designs. It should be pointed out
that the DEALS conductors should be relatively easy to manufacture, and the relatively low coil
inductance of a DEALS TF coil permits the major portion of the magnetic energy,to be dumped
externally in a quench or accident situation. With a conductor current of M O amps, as
postulated in most reactor reference designs, the magnetic energy will have to be primarily
dumped in the TF coil conductor and structure instead of externally, unless the coil is sub-
divided into a large number of independent circuits which have separate leads and external dump
resistors.

3. DEALS Coil Design for UWMAK-II Size Reactor

The finished conductor is a long copper plate yith length, S, width w, and thickness t.
This TF magnet system is sized similar to that for the UWMAK-II^) type pGwer reactor. The con-
ductor lengths are 20 meters and 30 meters to form a 20m x 30m rectangular coil. The width of
the conductor is 1.0 meter and the thickness 0.01 meter. (The design example has not been
optimized and further work may change some dimensions.) A typical section and cross sections of
the conductor are shown in Figure 4. Three different types of conductor design are considered
in this study. Figure 4a shows the cross section of the conductor with transposed braid super-
conductor sandwiched and soldered between copper plates; 4b shows the conductor with graded
rectangular superconductor wires, soldered between the plates; and 4c shows the conductor with
graded round superconductor wires. (Grading can be accomplished by spacing. Conductor wires
can be more densely packed in the higher field region, and less packed in lower field region.
Superconductors can also be graded differently for each independent coil segment to achieve
optimized design.) The wires shown in (b) and (c) are commercially available. The transposed
braid is in the advanced development stage at BNL for Isabelle magnet windings. Figure 4d
shows a three-dimensional view of a section of the proposed conductors. Helium cooling
passages are also shown on both surfaces of the copper plate.

The conductor can be fabricated using present technology and machinery. Figure 5 shows the
finished conductor fabrication, with the end machined in preparation for joining. Each piece
of the conductor is machined to the specified size to conform to the desired design tolerance,
and the large number of identical conductors permit computer controlled machining and handling.

The special feature of this magnet system is that unlike other superconducting coils, there
is no coil winding process involved. Each coil section or its component is prefabricated in
the factory, and the only operation required on site is the joining and welding process. Trans-
portation of the coil segments from factory to re&ctor site is possible with present railroad
or truck systems.

Figure 6 illustrates the simple joint in which the following steps are taken: (1) engage
the end together; (2) insert the heater plate and clamp the joint as shown in Figure 6. The
heater is powered until the pretinned surfaces are soldered; (3) heater is turned off with clamp
on; (4) heater and clamp are removed when the joint is cooled off and insulations are inserted.
The joining operation is complete. The disjoining process is the reverse of the above. The
joining and disjoining operation of the coil case, 80K radiation shield, super-insulations, and
vacuum dewars are all standard present day techniques and will not be described here.

The cooling channels of the conductor are designed to provide 50 percent cooling area for
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2
each surface. The heat tranfer rate when the total current flows in the copper is 0.2 watt/cm
(average copper resistivity is 5 x 10 fl-m). This is well below the 0.4 watt/cm2 criterion
normally used to assure cryostatic stability. Either pool cooling and force cooling methods
could be used. The cooling channels of the conductor are designed to be short such that the
longest distance a helium bubble has to travel is no more than 1 meter long before it is
channeled through holes in the insulating plate, to the much larger helium channels on the in-
side wall of the coil case.

If organic insulators are used in superconducting coils for fusion reactors, radiation
damage is of considerable concern. The use of straight coil segments in this design allows
the use of ceramic insulators which are more durable in a neutron flux environment. This is
because the insulation pieces in this design are all flat plates. The grooves and windows are
well within the present day capability of ceramic fabrication. An importan* point is that only
compression will be felt by these insulators, and there should not be any significant tensile
or bending stress on these ceramic plates.

The inductance of each coil is approximately 0.33 henrys, which is much lower than any
previous superconducting coil design of comparable size and field. This results in short
charging and discharging times and fast energy removal capability during a quench. Assuming
2000 V as an allowable voltage across coil leads during a quench, an external 10 allll-ohm
shunt would remove the stored magnetic energy. The L/R time constant will then be 33 seconds.

The relatively short, flat conductor plates and low stidss of this coil design allow one to
readily use an advanced superconductor such as ift^Sn. The flat conductor can also serve as a
substrate to employ advanced superconductors which have to be made by evaporation, sputtering
or other methods (NbjAl, Nb3Ge, etc.). Very high field capabilities can be achieved by
utilizing the brittle high-critical field conductors with this conductor design and coil
support method. Also, cupronickel may be used to subdivide the copper stabilizer to further
reduce the AC losses.

The dewar system consists of the inner dewar which contains the coil and liquid helium,
the 80K radiation shields, and the outer dewar. A schematic diagram of the cross section of
the dewar system is shown in Figure 7. One of the coil case supports is also shown to
illustrate how the magnet coil is supported and the thermal contraction problem accommodated.

This dewar vacuum system contains superinsulations separated by one 80K radiation shield.
The radiation shield and the outer dewar wall can be weldeJ onto the framework built around the
coil case, and these vacuum walls are not designed to bear any forces. The magnet transmits
its load through the support system to the hydraulic supports external to the dewar.

The similarity between this coil conductor arrangement configuration and transformer core
lamination greatly reduces the matrix AC losses due to pulsed poloidal fields. The lamination
in this coil design is parallel to the direction of the pulsed field, in contrast to most coil
designs where the wider surface of the conductor is wound perpendicular to the pulsed field.
M. N. Wilson's?3^ formula for a conductor slab of thickness 2a parallel to the field pulse
(0.5T) is used to estimate the losses. Total AC power heating for this design of 24 coils
amounts to 2.88Kw for a 1000 second burn cycle. This computation does not include any shielding
effect, which could reduce the losses by a factor of 10, as suggested by AST's EPR design.^

There are also eddy current losses in the coil case, but since the resistivity of stainless
steel is"several orders of magnitude higher than copper, the coil case's contribution to the
losses are negligible.

Hysteresis losses were estimated based on a formula from M. N. Wilson. The total
hysteresis heating for a burn cyc^e of 1000 seconds is approximately 2.16Kw. The heating due
to joints are estimated assuming that the copper thickness between the superconductors at the
joint is 2mm thick, which results in 192 watt ef total loss. There are films of solder
between the joint and between the superconducting braid and the copper stabilizer; however,
their total thickness is less than a tenth of' a millimeter thick and their contribution to the
losses Is negligible.

The heat load through the gas-cooled leads is by far the largest loss in this design
because of the high magnet current. According to the power lead analysis by General Electric
Co., the loss is linearly proportional to the current carried and is 3.0 x 10~3 liter/hour
ampere/pair.^*) Therefore, a set of twenty-four pairs of leads carrying 200,000 amps would
require 14Mw of electrical power during operation to run a He liquefier or refrigerator. In
actual practice, coils can bs grouped together and connected in series to reduce the number
of power leads required if desired. Hence, 14Mw(e) would be the maximum room temperature
power requirement for leads and this power requirement could readily be cut by a factor of 2
or 3. In addition, the value of 3 x 10-3 l/hour amp pair'is quite conservative as compared
with the optimized power lead calculations of HilalC5) (100Z Carnot efficiency). He projects
an ideal power requirement of 300w(e)/KA pair. With practical refrigerator efficiencies ef
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the input power required to overcome lead heat leaks would be only 5Mw(e).

Fifty supports per coil were chosen for this estimate. Both in-plane and
out-of-plane supports are assumed to be included in this number.

According to a previous report, a support of epoxy fiberglass and stainless steel
laminate, half a square meter in area and 10cm thick, can be designed for a 2 watt heat leak
from a 20K heat station to the 4K coil case region. Hence, the heat leak per coil is 100 watt
and the total heat leak is 100 watt x 24 = 2.4Kv. The loss from the 80K to the 20K heat
station and from the 300K to the 80K heat station will not discussed in this paper.

Instead of using a separate 20K hydrogen refrigerator and 80K nitrogen refrigerator, it
appears to be more economic to use large helium refrigerators for all three temperature
functions, as was pointed out in the report of warm reinforcement for fusion reactors.(D

In conclusion, the estimated heat leaks are small enough that this design, with external
warm supports, appears feasible. The estimates are summarized in Table 1.

Table 1. Losses to 5K Environment

Room temp.* power
requirement (Mw)

Eddy current (1000 sec. burn cycle, no shielding) •
Hysteresis (1000 sec. burn cycle, no shielding)
Conductor joints
Power leads
Instrumentation leads
Coil case supports
Vacuum

Total
* [326 w/w]<6)

4. DEALS Structural Analysis for UWMAK-II Size Reactor

2.88Kw
2.16
0.19

0.18
2.40
0.26

0.94

0.70
0.06

14.0
0.06
0.78
0.08

16.62MW

For a DEALS magnet system comparable to UWMAK-II proportions, a field B Q of 3.7 Tesla at
13 meters and 10? amp turns per coil are required. For a rectangular coil of 30 meters by 20
meters and with the T x l force varying linearly through the coil thickness from a maximum on
the inside to zero on the outside, the following forces act on each leg of the rectangular coil:
3.6 x 108N on each 20m horizontal leg; 1.2 x 1 0 % on the 30m inside vertical leg; and 2.7 x
10°N on the 30m outside vertical leg. These in-plane forces are always perpendicular to the
leg and acting away from the plasma center. Since the corner joints are not designed to trans-
mit loads, the force each coil exerts on the central column is the 1.2 x 10°N of the inside leg.
With 24 coils the total force on the central column is 2.9 x 1010N.

To develop a better understanding of the stress levels in the rectangular coil, under
various support conditions, a plane linear elastic finite element code was used to investigate
the problem. Because of the plane nature of the code, a unit thickness layer of the coil was
modeled. In doing so, the stiffening effect of the coil case sides was neglected and only the
support against bending given by the coil case top and bottom were taken into account making
the model a conservative approximation.

Two sets of computer runs were made: Several calculations of the stresses in the entire
coil under various support conditions were done. When a reasonable support scheme was estab-
lished, a more detailed model of each of the legs was analyzed with the finite element code.

With Nb^Sn as the superconductor, stresses in the copper stabilizer should be kept below
10.4 x lO^N/m2 to avoid strains greater than 0.002. Although these limits are not necessary
for the NbTi superconductor used here, it would be desirable to prevent stresses from going
above the copper yield point of 8 x 10^N/m . The aim of the following analysis was to keep
stresses in the conductor-stabilizer well below the 8 x 10 N/m level. A 12.5cm thick steel
case was considered a reasonable structural reinforcement for the coil.

The whole rectangular coil was then modeled using 1888 elements and 1185 nodes for one unit
thickness. Elements modeling the copper and steel regions were given appropriate material
properties. Supports were simulated by fixing the nodes on the outside of the steel coil case
where a support would be placed. A reasonable support scheme was found to be the following:
Four corners of the coil kept in place by supports plus eleven supports equally spaced along the
30 meter vertical legs. In addition, ten supports were used along each horizontal leg. These
were evenly spaced since the magnetic force carried along these legs and closer support spacing
was used where the force was stronger. This scheme is within the heat loss estimates of this
paper.
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With this support configuration, stresses in the steel coil case stayed below 9.6 x 10 N/m
while conductor stresses remained below 5.2 x 10'N/m2, everywhere except on the inner vertical
leg at the support points themselves. Compressive stresses at these inner eleven supports
became too high, i.e., 2.1 x 10 N/m in the conductor. However, with a more continuous type '
of support along the central cylinder to distribute the centering force more evenly, these
stresses were brought below 5.2 x 10'N/m2, also. (Table 2).

Large rectangular coils' are only structurally feasible if supports along the span of"the
legs are provided to transmit the load from the coil to the support' structure. A hydraulically
controlled and adjustable system would provide reliable yet sensitive supports capable of
transmitting high loadings. Hydraulics provide a means of moving the support pads with a
uniform and controlled velocity while adjusting their bearing pressures with accuracy. The
supports could be adjusted to compensate for the thermal shrinkage during cool-down and the
centering effect when the currents start flowing through the coils.

Individual hydraulic rams could be extended from the support structure to the laminated
support pads carrying the coil case load through the dewars. While these individual
rams would allow very accurate control, so many individual hydraulic.drives would
increase the chance of failure of a support. A more reliable system would appear to be one
where the laminated support pads from the coil case are engaged by a massive beam running along
the coil leg length with only a few hydeaulic drives along its span. Such a system,
while simpler and more reliable, would also take up more room any may restrict access to
the coils to a greater degree. If the support structure surrounds a coil leg, hydraulic . ;;
supports may also be considered for providing lateral stability against out-of-plane forces.

Table 2.

Coil Case Thickness
Central Column Thickness
Stresses in Coils and Supports
Horizontal Legs

No. of intermediate supports
Max. stress in steel case
Max. stress in conductor
Max. stress in supports

Outside Vertical Leg
No. of intermediate supports
Max. stress in steel case
Max. stress in conductor
Max. stress in supports

Inside Vertical Leg
Continuous support along entire length
Max. stress in steel case
Max. stress in conductor
Max. stress in support

50% of length supported
Max. stress in steel case
Max. stress in conductor
Max. stress in supports

DEALS Structural Parameters
[UWMAK-II Size]

19

10
14
10
31

11
12
6

14

6
4
6

9
5

11

5 in
.7 in

ksi
ksi
ksi

ksi
ksi
ksi

ksi
ksi
ksi

ksi
ksi
ksi

12.7 cm
50 cm

9.6 x 10 N/m
6.9 x 107N/m2

2.1 x 108N/m2

8.3 x 10 N/m2

4.1 x 107N/m2

9.6 x 107N/m2

4.1 x lO^N/m2,
2.8 x 10 N/m
4.1 x 107N/m2

6.2 x 107N/m
3.4 x 10'N/m2

7.6 x 107N/m2
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MAKE GOOD CONTACT BETWEEN CONDUCTOR
TINNED SURFACES AND ALSO THE HEATER PLATES.

(2) WHEN PROPER SOLDERING ACTION IS FINISHED.
HEATER IS TURNED OFF WITH CLAMP ON.

(31 CLAMP AND HEATERS ARE REMOVED WHEN THE
JOINT RETURNS TO ROOM TEMPERATURE.

Fi.;. i Schematic diagram of conductor
fabrication process (3)
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FIELD-SCREENING CALCULATIONS FOR SUPERCONDUCTING TOKAMAK MAGNETS*

L. R. Turner, S. T. Wang, S. H. Kim
Argonne National Laboratory

Argonne, Illinois 60439 U.S.A.

If the polodial-field (PF) coils of a tokamak reactor are placed outside the toroidal-
field (TF) coils, the TF colls will be subject to a large (several kilogauss) pulsing field
from the PF coils. AC losses in the TF coils would be unacceptably large unless the TF coils
were wound of an ac type conductor. Such conductors are typically complicated, expensive, and
mechanically weak.

Alternatively, each TF coil can be shielded against the pulsed field by surrounding it
with a shield of high purity aluminum. The aluminum has a skin depth of 3.1 cm at 18 K and
2.0 cm at 4.2 K, for a fundamental frequency of one pulse per 75 sec, so that a 5 cm thick or
4 cm thick shield should be adequate at these temperatures, respectively.

In calculating the eddy current heating of the shield, each Fourier component is considered
separately, and the parallel and perpendicular components of field are considered separately.
For each component, integration around the TF coil is approximated numerically; then the results
are summed.

The shield temperature of 18 K was chosen by weighing the resistivity of the aluminum
against the efficiency of the refrigeration; in cooling below 18 K, the decreased resistivity of
the aluminum Is more than offset by the poorer efficiency of refrigeration. Over the inner leg
of the TF coils, where space does not permit a separate 18 K cryostat, the shield operates at
the same temperature as the TF coil, 4.2 K.

Of the several development problems of the aluminum shield, the most severe is probably
protecting it from radiation, which would raise its resistivity and impair its acreei ing.

Passive superconducting coils are considered as an alternative to the aluminum shield, but
they would require even more development work than the aluminum. They might prove especially
convenient on the inner legs of the TF coils, where space and radiation effects are most diffi-
cult for the aluminum shield.

1. - Introduction

For a tokamak reactor, there are advantages in placing the poloidal field (PF) coils out-
side the torus of toroidal field (TF) coils. First the installation and maintenance of the PF
coils are facilitated; this is particularly important because coils inside the TF coils would
probably have to be maintained remotely. Second, PF coils outside the TF coils can be super-
conducting and thus require much less power than conventional coils would. Superconducting PF
coils probably could not stand the radiation level inside the TF colls.

However, when the PF coils are outside the TF coils, they produce a sizable pulsed field
where the TF coils are; and this pulsed field can cause much heating of the TF coils through
ac losses. The heating could be reduced by making the TF coils of a conductor especially de-
signed for pulsed field operation; but such conductors are typically complex, expensive, and
mechanically non-rigid.

As an alternative way of minimizing the ac losses, we consider screening the TF colls from
the pulsed fields, either with high-purity aluminum or with passive superconducting coils. In
Sec. 2 the equations appropriate to an aluminum shield are developed, and in Sec. 3 they are
applied to the ANL Experimental Power Reactor (EPR) design. In Sec. 4 expressions for supercon-
ducting shield colls are developed, and in Sec. 5 these are applied to the EPR design. Finally
in Sec. 6 the two kinds of shields are compared, and a system employing both kinds of shields is
discuased.

2. - Aluminum Field Shield; Theory

The TF coils can be shielded from the time-varying field of the poloidal field coils and
plasma if they are enclosed by a good conductor. Eddy currents induced in the conducting shield
will produce a magnetic flux which opposes the change in flux inside the shield. For a change
of flux parallel to the TF coil, we can treat the shield as a long solenoid, with uniform in-
duced flux within.

0

Consider the shield as an ac circuit driven by an emf 0 A from the changing applied flux.
A length I of the shield has resistance R and inductance L given approximately by

Ri - pp/X (1)

U - Y^A (2)

*Work supported by the U.S. Energy Research and Development Administration
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where p and A are respectively the perimeter and enclosed area of the shield and P is the elec-
trical resistivity. The current depth X is taken to be the smallest of three lengths: the shield
thickness t, the skin depths, and the so-called mean hydraulic depth A/p. The numerical factor
Y is nearly unity in the interesting cases p6 « A or pt « A.

For a sinusoidal time variation of the applied flux, the circuit equation

O

% p ' L* i + « I

has a solution

I i<"BoA exp (JM) ( 3 )

The average power dissipated per unit length is, using Equations (1) and (2),

P , 111 D j X u> BrA* „,
1 » % |-j| Rl - » 5 (4)

2p p [1 + <vi>Ho AX/pp) ]

In the high conductivity limit in which R « u>L, Equation (A) becomes

P/jt - PpB*/2 X Y 2HQ (5)

If the time-varying field is perpendicular to the axis of the shield, the general eddy-
current problem does not have an analytic solution. For a circular cross section shield of
radius a in the high conductivity limit with y « 1, the power is given by

Vjl ' PPB̂ /X|J? (6)

Although Equation (6) is derived for a. circular shield, it is expected to hold for any convex
shield with aspect ratio not much different from unity.

From Equations (5) and (6) we can obtain the power lost in the shield of a TF coil in a
sinusoidally-varying flux, if the high-conductivity limit applies

P - <PP/X^> y (B^ + % B^) Al (7)

If the time variation is not sinusoidal, but given by the Fourier series

B(t) » Bo ) an cos 2 ir nt/T,

• n»0

with T the period, and if X » &n » (2P/U.O«D ) * • Vn6,, then Equation (7) becomes

P - (PP/^J) f <Bol + * Bo,,> < WX^ an • <8>
n-1

Equation (8) is used below to calculate the power lost in a normal metal shield.

3. - Aluminum Field Shield Applied to ASL EPR Design

The 1976 ANL EPR design ( 1 ) ( 2 ) incorporates an aluminum field shield. See Fig. 1.
Aluminum is really the only material suitable for shielding; copper is unsuitable because of
its large magnetoresistivity.

Aluminum of purity 99.9999%, after annealing for two hours at 500° C, will often achievey
a residual resistivity ratio (RSR - P273 K''P4.2 K^ °^ 5""" o r more. Previously such aluminum,
produced by zone-refining, was made in small quantities and at considerable expense. However
large scale production of high-purity aluminum at an acceptable cost is imminent.

Aluminum is subject, however, to a strain-induced resistivity which can be expressed

Ap - e1'19 (110 x 10"11 tin) (9)
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where s is the strain in the aluminum. Equation (9) holds up to strains of 107.. To keep the
strain-induced resistivity small the aluminum must be reinforced. For example if aluminum is
explosively welded to stainless steel, the stainless steel can be stressed to 60000 psi and
the aluminum will experience a strain of only 0.17%, which will cause little increase in resis-
tivity.

High purity aluminum with stainless steel backing is chosen for the field shield panels.
These panels are formed into rectangular ducts around the TF coil as shown in Figure 1. The
shields will be operated between 12.5 K and 23.5 K with a mean temperature of 18 K. The shield
temperature of 18 K was chosen by weighing the resistivity of the aluminum against the effi-
ciency of the refrigeration: in cooling below 18 K, the decreased resistivity of the aluminum
is more than offset by the poorer efficiency of refrigeration. Over the inner leg of the TF
coils, where space does not permit a separate 18 K cryostat, the shield operates at the same
temperature as the TF coil, 4.2 K.

The overall averaged magnetic field in the shield is about 4 T. The resistivity of the
aluminum at 4.2 K and 4 T field is about 2 x 10" 1 1 dm. The resistivity at 18 K and 4 T field

n-11is about 5 x 10" fin.

The fundamental frequency for a cycle time, T, is 1/T cps. So the penetration depth is
given by

f = V2P/(UU. = 5O3\/D77 = 503/DT (10)

where p. is the permeability, p is the resistivity, T is the period and f is the frequency.
At 18 K and 4 T field, the penetration depth is 3.1 cm for T = 75 s. At 4.2 K and 4 T field,
the penetration depth is about 1.95 cm. To provide nearly complete shielding, the 18 K shield
should have a thickness of 5 cm, and the 4° K shield should have a thickness of 4 cm.

The ac losses in the field shield can be separated into those due to perpendicular fields
and those due to parallel fields, and further separated into those due to the equilibrium
field (EF) coils, the ohmic-heating (OH) coils, and the plasma. For each of these the power
dissipation was calculated with Equation (8). The ac loss distributions in the shield expressed
as the power dissipation per meter are shown in Fig. 2.

Shields around the inner branch of the TF winding are seriously restricted by the avail-
able spacv Shields with angular locations falling between 122° and 180° must be wrapped
around the TF coil form. The shield must be operated at the same temperature as the TF coil.
The total ac losses for this shield are 300 W per TF coil, with equal parts from the perpendi-
cular field and the parallel field loss. The remaining shields vill be bonded to a stainless
steel backing 1 cm thick. The total ac losses of the 18 K shieia is 8.5 kW per coil with
3.3 kW from parallel field and 5.2 kW from the perpendicular field losses.

About 70% of the superimposing field is the dc field component. The dc field will soak
through the aluminum shield in a time constant of six minutes, rather long compared with the
current ramping time of about 6 s. Once soak through is complete, the dc field will remain as
a static field interacting with the TF coil current.

The aluminum shield is now subject to the cyclic out-of-plane loads. The loads on the
shield are now due to the forces exerted by the toroidal field on the eddy currents in the
shield. The distribution of the out-of-plane load on the shield is shown in Fig. 3. There
are, in addition, in-plane forces and twisting moments: but their support appears manageable.

-ALUMINUM S
SHIELD #I!>5*K~23.9*K £

Figure 1.

Location of Magnets and Field
Shields for ANL EPR Design.

Figure 2.

Distribution Along TF Coil of AC Losses
in the Aluminum Field Shield.
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Tha portion of the shield Inside the TF
colls Is subject to radiation which will In-
crease Its resistivity"). In the one year be-
tween scheduled annealings for the, EPR, the re-
sistivity of the 4.2 K shield will increase by
an order of magnitude. The increase in resis-
tivity of the 18 K shield will be less, and can
be made negligible by a small increase in the
blanket and shield thickness.

- Superconducting Shield Colls: Theory

As an option to the low-temperature alumi-
num shields around the TF colls described above,
superconducting shields were examined. The
shields would consist of coils of superconduc-
ting wire wound around TF coils or wherever else
they were needed.

The changing magnetic flux through a shorted
coll will induce a current, which in turn will
produce a flux opposing the applied flux. If
the coil is perfectly conducting, the current will
exactly cancel the change in flux. A coil wrapped
around a section of a TF coil will cancel the
change in parallel field, and one wrapped along a
section of the TF coil will cancel the change in

perpendicular, field. Thus, a sufficiently large number of coils might be expected to completely
shield the TF*coil from any change in flux.

In the calculations, the condition that the flux be unchanged vas approximated by the com-
putationally simpler one that the perpendicular field magnitude at the center of each coil,
squared and summed over all coils be a minimum.

The currents required were calculated from expressions relating field and current via
vector potential for a filamentary quadrilateral^coil.^

ft DEGREES

Figure 3.
Out-of-Plane Forces on the
Aluminum Field Shield

B = Curl t; t ' T2- idx + jdv
r

(11)

In components, the field at (X Q, yo , Z Q) for a coil parallel to the x-y plane is:

o
Bx - - 4^

(zo ' z)

~S

/I + m

(12)

where x, y and z are evaluated around the loop, m is the slope of a side of the loop, and

D - VI + m 'r + {1 + <m

- *r
For a coil not in the x-y plane, the field can be found from the above equations by coordinate
transformation.

In general, at the -center of each coil there will be field from all the coils, leading to
a system of linear simulataneous equations, which must be solved to find the combination of
currents that will minimize the field at each.

5. - Superconducting Shield Coils Applied to AML EPR Design

Calculations showed that 37 shorted superconducting coils wrapped around each TF coil,
equally spaced in angle as measured from the center of the plasma, would effectively lower
the parallel component of the pulsing field, but that coils of that size would be ineffective
in lowering the perpendicular component. Two additional superconducting coils around the top
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and bottom of each TF coil, would shield agoinst the vertical component of field in these
regions. These coils, with axes vertical and dimensions of 6,0 m by 1.0 m souId have to be
driven, but the shorted coils would not. Currents in the shorted coils would be typically
200 kA-turns; in the driven coils, 1000 kA-turns. The locations of the shielding coils are
shown in Figure 4.

TOROIDAL RADIUS (METCRSJ

Figure 4.

Locations of Superconducting Shield Coils

10 12
COIL LOCATION

Figure 5.

Field Screening by Superconducting

Shield Coils

At the center of the plasma, the fields from all the parallel-field shields add up to
10G for all 16 coils. However, the 32 vertical-field shields contribute 235 G, a value that
may or may not be too high, depending on its variation across the plasma.

Figure 5 shows how the field en the TF coils is decreased by the system of shield coils
described above. The shields do not entirely exclude pulsing field from the TF coil, but they
do reduce the quantity IB . di, which may be used as a measure of the ac losses, by a
factor of ten.t

 J t o t a l

6. - Conclusions

The aluminum shield has the advantage that it requires less development than the supercon-
ducting shield. It has two disadvantages. First the resistivity of the high-purity aluminum
increases with exposure to nuclear radiation. Second, space considerations make installing the
shield around the inner legs of the TF coils very difficult. This difficulty is aggrevated in
chat the shields on the inner legs are also the ones exposed to the highest radiation level.

A superconducting field shield is expected to experience much smaller eddy current ac
losses than a normal metal shield. However, coils of superconducting wire wound around the TF
coils present serious and unresolved problems in their winding, cooling and support. The large
shield coils needed to counteract the pulsed field perpendicular to the TF coils present even
more formidable problems. For these reasons the aluminum shield was chosen for the 1976 EPR
design.

However, a dual shield may be better than either. An 18 K high-purity aluminum shield
could be usad where there is room for it. A shield of superconducting coils could be used on
the inner legs, where space and radiation effects are hardest for the aluminum shield but
where the pulsed field are overwhelmingly parallel to the TF coil, against which the supercon-
ducting coils are most effective.
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DISCUSSION

D. George : At what radiation level do you expect to see this
loss of conductivity in aluminium and how does this compare
with radiation damage in the superconducting coil?
L. R. Turner : We expect to warm up to anneal yearly. The alumi-
nium resistivity at 4.2 K would increase by an order of magni-
tude in that time. The copper of the TF coils also increases-in
resistivity. By contrast, the degradation of the superconductor
is negligible.
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RESULTS FROM A MODEL SYSTEM OF SUPERCONDUCTING
SOLENOIDS AND PHASE SHIFTING" BRIDGE FOR PUL5"El)
POWER STUDIES FOR PROPOSED TOKAMAK EF COILS~*~

R. E. Fuja, R. L. Kustom, R. P. Smith
Argonne National Laboratory
Argonne, Illinois 60439

A matched pair of superconducting solenoids and a phase-shifting bridge
circuit has been constructed to study energy storage and transfer for applica-
tion to tokamak EF coils. The intrinsically stable solenoids, each with 4 H
self-inductance, incorporate sufficient cooling to allow charging at several
hundred volts, corresponding to B = 1 T/sec. The three-phase inductor-
convertor capacitive bridge network operating at up to 150 V rms transfers
energy reversibly and at controllable rates from the storage coil to the
load coil.

1. - Introduction

Superconducting energy storage inductors have been proposed *• ' for storing
the energy of the OH and EF coils of tokamak power reactors between plasma burn
cycles. Because the EF coils of a tokamak must be excited dynamically in
response to plasma current, temperature and position during the burn cycle of
the reactor, unique requirements are made of the EF coil power supply system.
An energy transfer circuit suggested by Peterson et al.,C2) promises to meet
the power transfer and control requirements of the EF coil excitation circuit
supplied from a storage inductor.

2 - Model System

Two superconducting
solenoids and a dc-ac-dc
Inductor-Convertor (IC)
Bridge circuit (Fig. 1) have
been constructed to model
the mechanism whereby energy
can be extracted from a stor-
age inductor and transferred
at a variable and control-
lable rate to an EF coil.

2.1. - Superconducting
Coils. The two identical
solenoids store 12 5 kJ each
at 250 A and are designed
to permit charging at volt-
ages corresponding to
B = 1 T/sec without degrad-
ing the ultimate quench
limit of the superconductor.
The coils each contain 6000
turns of a 1 mm diameter
copper-stabilized filamentary
NbTi conductor, and each coil
reaches the short sample limit of 4.2 T when charged at 150 V. This charging
voltage was the highest available during the magnet tests and corresponds to
B = 0.6 T/sec. The two 34 kg coils are each wound on an epoxy-fiberglas bobbin
and are suspended with their axes mutually perpendicular in a single large
cryostat for ease of cryogenic operations. The orientation of the coils
ensures no inductive coupling, and a rigid frame resists the torque tending to
align the coils when both carry current.

Figure 1. Model IC Bridge and Superconducting
Solenoids

The coil parameters are given in Table^T.

"Work supported by the U. S. Energy Research and Development Administration.
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The coil bobbins are made of epoxy-
fiberglas cylinders of 0.8 cm wall thick-
ness with 1.3 cm thick G10 end flanges
epoxied to the cylinders. Interlayer
cooling passages are formed by 0.025 cm
thick mylar "pickets" laid across each
level-wound layer. The pickets are
0.3 cm wide and separated by 0.3 cm; a
0.008 cm thick continuous sheet of mylar
was laid on the layer after the pickets
were in place to. provide inter-layef
dielectric insulation. A total of 16
layers of conductor, each of 373 turns,
completed the coil. The winding tension
fiberglas bands and 1.0 cm thick micarta
coil firmly in place.

The eddy current losses in the conductor matrix, for a linear rise and
fall of the-external field, are given(3) by:

Table 1. Solenoid Parameters

Inner Diameter
Outer Diameter
Length
Number of Turns-
Self- Inductance
Ic
Peak Field at Ic
A (packing fraction)
XJ 1,

22.0 cm
26.6 cm
40.6 cm

5969
4.0 Hy
265 A
4.3 T
0.51

,69x108 A/m2

was approximately 60 N, and epoxy-
pickets banded the outer layer of the

per" cycle.

For B = 1 T/sec and B = 4 T, Q =8.5 x JO J
losses in the superconductor are given(3J by:

=8.5 x JO4 J/m3 per cycle.
(3J

4 J Bn +BV Joules/m

(1)

The hysteresis

(2)

per cycle. With df = 25 x 10"& m, and 6 = 0.25, Qh = 3.8 + 10* J/m3 per cycle.
Enough cooling space was provided such that less than one-fourth of the helium
in the cooling channels will vaporize in a cycle where the total heating is
12.3 x 104 j/m3.

3. - Invertor-Convertor Bridge

A- Sc Sc
s1 sa a kkk

vLVV
U c ' Mc ' Mc>

M

LIFT HMD 6HIDGE
>

The circuit diagram for an IC
bridge which can extract energy from a
storage inductor and transfer it to a
load inductor at controllable rates is
shown in Fig. 2. The switching
sequence which commutates SCR's 15, 16,
26, 24, 34, and 35 into the conducting
state generates a symmetrical multi-
phase voltage on the capacitors. The
right hand side of the bridge switches
by the same sequence as the left hand
side, although identical switching
steps do not necessarily occur at the
same instant in time. This difference
in time is measured as a phase angle, <J>, relative to a full switching cycle. The

Figure 2. Circuit Diagram for the
3-Capacitor Model IC
Bridge

p
The phase angle, (J>, can be varied
another at a controllable rate.

g y
so energy is transferred from one coil to

then ;
If one considers the instant at which SRI and SR5 both become conducting,

I (t) = I? COS alt +
a - v°
l C2 sin wt

ft)

ro V° - V° 3VS v2
-4T sin tot - — ^ » cos tot + -- -• - —~=-
OL 2 I L

sm

(3)

I V° 3V°
"2 1 2
— COS tot - —*=• +-
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The capacitors only store a small fraction of the total energy of the
system so wt is a small quantity. Thus to first order in wt, •

T /--i-i _ T O . 1 2

(4)

Vr (t) =4
The value of 10 is 2/L C.

At the beginning of the energy
transfer cycle, when all the energy is
stored in Ls, the capacitor voltages
are given in Fig. 3. Vo is equal to
Ists/C, where ts is the time between
switching pulses. In Fig. 3 is also
shown the voltage waveforms across the
storage and load (EF) inductors for the
choice of phase <f> = 90° . The voltage
on the storage coil varies from Vo to
-Vo for which the average value is
equal to or near zero, while the
voltage on the load coil averages
-1.875 Vo.

It is possible to analyze the
behavior of the bridge for a variety
of relative phases and relative coil
currents. In all cases, the switch-
ing sequences must be such that the
capacitors are properly charged relative
to each other to succeed in force-
commutating the current conduction from
one bridge arm to the next. Acceptable
phases, as function of current ratio
Ijyis are shown in Fig. 4 for both the
3-capacitor model bridge and a 5-
capacitor bridge. The forbidden regions
correspond to a choice of phase which
generates a switching failure; i.e., a
bias condition on the SCR's which pre-
vents current commutation.

The average values of load coil
voltage normalized to I^tg/C are shown
in Fig. 5 for various choices of phase
angle f as a function of current ratio
IL/I S. Not all phases are allowed for
the entire range of current ratios, thus
the voltage curves cannot be constructed
across the entire graph for phases
greater than 90°.

The three-capacitor bridge has a
digital controller to provide switching
pulses for a set of six SCR's on the
supply side of the bridge and six SCR's on
the load side of the bridge. With a
choice of C = 200 JJF, 1° = ISO A and
V m a x = 150 V, the switching time is-
200 usec. The model bridge permits a
choice of $, and suitable initial con-
ditions of the inductors and capacitors,

ww

Figure 3. IC Bridge Capacitor and
Coil Voltages When Load
Coil Current is Zero and
<f> is 90°.

,5-PMSE BRIDGE
/SWITCHING LIMIT

FORBIDDEN
1EGI0N

ENERGY _
FLOWS FROM

L, TO I .

Fig. 4. Acceptable Switching Phase
as a Function of lJl
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to be preset. The digital controller
then switches the SCR's at a fixed fre-
quency in a fixed sequence. .,t Protection
circuitry guards against ovfcrvoltages on
the SCR's in the event of circuit failure.

4. - Experimental Results

Operiition of the bridge has
resulted in successful energy transfer
from one inductor to the other with an
efficiency exceeding 95%. Since the
operation of. the bridge is completely
symmetric in <f>, the phase angle can be
reversed and the current transfers back
from the load coil to the storage coil.
In Fig. 6 are the oscillograms of the
load coil'voltage during the transfer
half-cycle. It is seen that the wave-
forms evolve from the fully charged
coil to the completely deenergized coil,
just as calcu'ated in Fig. 3.

Subsequent effort will be expanded
to modify the digital controller to
include dynamic variation of the phase
and switching frequency, so that active
control of the energy transfer rates
can be achieved.
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J-'ig. 6. Load Coil Voltages During
Energy-Transfer Half-Cycle
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DESIGN AND MAGNETIC MEASUREMENTS

OF THE NEW MAGNETS FOR THE 3 GeV SACLAY PROTON SYNCHROTRON

J.P.PENICAUD

DEPARTEMENT DU SYNCHROTRON SATUP.NE

B.P. N°2 - 91190 GIF SUR YVETTE - F R A N C E

Summary - spread of a few 10"''and an emittance of 6TT mm.mrad

A new strong focusing proton Synchrotron The energy of the extracted beam can be varied

is beeing built at Saclay. This machine is com- from 500 MeV to 3 GeV.

posed of 16 H type bending magnets and 24 short The ring magnet system consists of 16 bending

symmetrical quadrupoles all connected in series, dipoles and 24 quadrupoles. There are four long

Special features of these magnets are a straight sections, each are being done by two

high -=£• (4.2 Ts"1) and a high field (2T) in the missing dipoles. Due to the low energy of inj.ec-

dipoles at top energy (3 GeV). In order to opti- tion, the useful aperture must be wide enough to

mize the tracking process from low injection reach the needed high intensity of the beam.

(20 MeV) up to 3 GeV, it was necessary to deal The maximum radius of the machine which can

with eddy currents and saturation effects. be settled inside of the buildings is small, so

Furthermore the large aperture and short to reach the maximum energy of the 3GeV, the

length of the magnets led to noticeable three magnets must operate at high induction and the

dimensional fringinq field effects. Especially dipoles are curved. The use of the same power

the end faces of the quadrupoles have been supply for the dipoles and the quadrupoles required

optimized experimentally by shimming. to reduce the tracking.The increase of the repeti-

The results of the magnetic measurements tion rate which was choosen, makes the dipoles to

(point and integral coils) are given. be cycled up to 4,2 T s"1.

So,the magnets of the new ring of "SATURNE"

Indroduction - have somewhat unusual specific characteristics.

The former weak focusing proton Synchrotron We shall describe their design and magnetic measu-

"SATURNE" (3 GeV) has been built in 1958. Its rements. We have already measured 8quadrupoles

characteristics in the last years, appeared to be and 10 dipoles including the prototypes. All the

not sufficient, for the needs required in nuclear magnets will be received and measured, before the

physics. Moreover the necessity for the renova- end of this year. Some of the results have been

tion of the main ring led to the design of a already presented at the 1977 Particle Accelera-

strong focusing machine in order to obtain the tor Conference in Chicago.

required quality and flexibility of the accele-

rated beams (protons, ions, polarized particles), 1. - Main parameters of the magnets -

and also a good extraction efficiency The lattice of the machine (1) includes

For the new machine, we have to keep the 4 super-periods around a mean radius of 16.3 m.

main power supply, the Linac injector (20Mev)and The cell structure is a FODO symmetric one. The

the buildings. So the main parts of the renova- variations of the beta function are between 2 m

tion concern the magnets of the ring, the vacuum and 16 m.

chamber, the accelerating cavity and the compu- l.i. - Parameters of the dipoles -

terized control system. dumber of dipoles 16

The desired parameters which have been set up Magnetic induction 0.1< Bo< 1.96 T

are 2.10E extracted protons per pulse, an energy
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Useful aperture

Gap heiqht

Iron length

Magnetic length

Magnetic radius

Maximum current

x + 0.08 m

z + 0.06 m

h = 0.140 m

L(i) = 2.471 ra

L ( m ) = 2.489 m

R(m) = 6.3381 m

I(max) = 4500 A

Rising of the field |[§max = 4.2 T s

Dipolar tolerance

Hexapolar tolerance

1.2. - Parameters of the quadrupoles -

> 4.10"

The wide aperture and the small magnetic

radius obliged us to desiqn a curved dipole

to fit as close as possible the trajectory of

the beam. Such a dipole is made of 5 elementary

blocks assembled with bolts. The laminations of

the blocks are bounded together by gluing. On

their lateral faces the blocks are machined.to

form a sector. To reduce the saturation effects

at the ends of the dipole, the pole tips are

profiled with an approximation of an exponential

to obtain the magnetic length almost equal to

the iron length.

The characteristics of the laminations

Number of quadrupoles Q(D) = 12 p. (F)= 12 (1.5 mm in thickness) are of a low decarbu-

rradient

Aperture

Iron length

0.5<Go<10.56 Tm"

0 0.192 m

rized steel with a growing of the grain (same

quality of the steel used for the SPS at CERN).

Q F L(i)= 0.4389 m We have obtained a coercive force of 0.545 + 0.025

Macmetic length

Maximum current*

Rising time at Gmax. 0.5 s

= 0.455 m oersted after that the whole production of

L(m) = 0 - 4 7 0 3 m steel has been shuffled before stacking.

L(m) = 0 - 4 8 8 9 m F o r the design of the coils, we use a mica-

5000 8 glass insulation for the interturn and ground

mass insulation.

2.1.2. - Fabrication of the dipoles -

a). - Blocks - The laminations are

covered on one face with an insulating varnish.

Before stacking the laminations are covered on

one face witha thin layer of epoxy resin. Some

All the magnets (dipoles and quadrupoles) difficulties appeared at the beginning of the

are fabricated in Yugoslavia by RADE KONCAR.The fabrication to respect the mechanical tolerances,

steel has been fabricated in Belgium by COCKERILL That was due to the small variation on the

2.1 - Dipoles - laminations thickness, combined with a stacking

2.1.1. - General desiqn - Different view of pressure which was too high for the rigidity of the

the dipoles are shown in Fig.l. An H type struc-stacking tools. After some tests we optimized

ture with currents between the poles has been a lower value of the pressure (around 3 bars)

choosen because of its advantages at high indue- and the process of application of this pressure

QuadruDOlar tolerance < , ,J{. 7 > 10"3

* ' (/Gal)o

Two auxiliary power,supplies + 500 A in de-

rivation on the p and Q to adjust the working

point.

2. - Design and fabrication of the magnets -

tion and to eliminate the odd defects. during the stacking and the curing of the resin.

After these improvements the planeity and the

parallelism of the pole faces and of the side

faces of the blocks has been kept within

+ 0.03 mm all over the production.

b)• - Coils - The fabrication of the

coils is done in two steps. In a first step the

winding is kept in form by polymerisation of a

pre-impregnated tape. In a second step the

ground mass insulation is wounded and impregna-

ted under vacuum and pressure. The results mea-

sured with the electrical tests are good. We

obtain a leakage current less than 10~6Aunder llkv.
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c ) . - Assembling of the dlpoles - For the quadrupoles of the series, we use to

Due to the aood mechanical precision of the insert between the sittinq facr- of 'ho p: Jc>-

blocks, the assembling of the yoke is easy, to a thin tape (0.1 mm) of stainless steel (10 mm

achieve. The main difficulty occured with the cf width) so that to define the legalisation or

fixation or the coils inside the yoke. The right the contacts. With that technique we have

process which has been developped avoid the use reached a quality of the oole surfaces of + O.Sinm

of polyurethane because of its unsteady proper- and + 0 . 1 mm on their tips.

ties alonq the time. Plastic pipes filled with For the fabrication of the coils we have

resin are inserted laterally between the coils applied the same technique as for the dipoles

and the yoke. Once the dipole is completely and obtained the same quality.

,-).«•-•->>•:! '.-5, '!•- pipes are filled with resin under

a r,rt'HFut-f :f about 2 bars which is maintained 3. - Magnetic measurements and calculations -

aurinu thf ry.lyiinTisation. We obtain a good 3.1 • - Calculations - The calculations have

>•<">:.'.i •' : • rv.\ i'P t-ne coil and the yoke all along been done by using the "Maqnet" and "Poisson"

tin i !],(.•!••. Ti.f -I'ometry of the pole faces is programs for the cross sections of the magnets

k-.:r ;•., t •• •. ̂  . ] . : '••>ram. and for the profile of the pol-1 tips of the

dipoles. With these calculations we defined the

• _••.-. - '"'•' • :_•;•:; ['_2 - pole profiles, we made a predetermination of

• _•'•• 'J cral design - The cross section the tracking and we defined the mechanical to-

j= J >;r-'i c :• •:. . :i: F i g. ?. it is a symmetrical lerances on the pole^; surfaces and on the con-

type of qu idr'i^ole with coils in the planes of ductors of the coils. Some results of these cal-

symmetry. Tin* assembling of the laminations is culations are presented with the measurement?

done by weldina and with a central rod inside results.

eacii polo. 3.2. - Mag. tic measurements devices - V?e have

decided to make both point and integral measu-

rements for the dipoles and the quadrupoles. The

measurements coils have been wounded and tested

at CERN. The measurement of the signals is done

with an integrator voltmeter (VIDAR 5?1 C . All

the sequences and acquisitions of datas are

controlled by a computer. (CII 10.020)

3.3. - Magnetic measurements of the dipoles(2.4)

The magnetic measurements of the dipoles are

done essentially with the punctual device. We

need this measurement to define the center of

the magnet and also we use to optimize the

To reduce the trackinn with the dipoles, shimmings by calculation of trajectory of thp

the pole tips are strongly shaped. The final average particle through the field map.

adjustment of the shimminq has been done experi- 3.3.1) - The magnetic characteristic? in

mentally ( 3.4.1.).The position of the hole for the middle of the central block is represented

the rod is optimized to adjust the saturation in Fig.3. and the calculated curves are given,

effects. We have obtain a good agreement with the

2.2.2. - Fabrication - The laminations of the calculations.

poles are covered with an insulation varnish on 3.3.2) - The azimuthal variations of the

one face. The sfac-kino of the pole is done under fields along the center of the dipoles are re-

a pressure of about 20 bars. The main problem presented in Fig.4a. We can observe the defect

occured in the assemblina of the 4 poles with which appears at high induction at the

the coils, to respect the symmetries. junctions of the blocks due to the machining of

Figure: Z
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the laminations on the sides of the blocks. At

medium induction the defects are related with

the mechanical tolerances.

-t£°

-»w*

•>.- *7T

j t e .

: * » *
• « *

• 3

3.3.3) - The azimuthal repartition of the

remanent field is shown in Fig.4b. it is in

good agreement with the value measured on the

coercive force.

characteristics measured in the middle of the

dipole.

The random discrepancy between all the

dipoles already measured is less than 10"'' at

the limits of the useful width (+ 8 era). The

shimmings have only to correct a dipolar vari-

ation between the dipoles smaller than +0.8 mm

in magnetic length.

3.3.5) - The saturation characteristics

are shown in Pig.6 for the cross section and

the whole dipole. The reference values are

taken around 2000 A. for Bo = 1 Tesla.Wenoto

a good agreement with the calculation but a

small increase for the integral due to the end

effects. Near the injection, the characteris-

tics include eddy currents effects.

.' sotwaifan and

res* »••«

3.3.4) - The integral characteristics of

field are represented in Fig.5.

of Md ef iha Jipc/ai

4.UT

.

* -

1

x -IT

: 5

In this figure, is also shown the disper-

sion spread of the integral of B between the

dipoles. We can see that the dipolar tolerance

is well respected including eddy current

effects at injection. ,-j 4.

3.4. - Magnetic measurement of the quadrupoles

3.4.11 - Determination of the end pole

profile : the shape of the pole tips of the

prototype has been extrapolated from that of

a similar quadrupole. But, we needed for the

quadrupoles of SATURNE to increase the useful

aperture and to reduce the tracking with the

dipoles. The solution we found is represented

in Fig.7

There is a central shim and two small

Due to the contributions of the fringing fields, slant faces at the corners,

we have obtained some small modifications of the
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Because of the short length of the quadru-

pole, we use essentially the integral probe for

the measurements.

3.4.2) - The gradient integrals after

shimming of the pole tips are shown in Fig.8.

We hav,g also represented the calculated curves

The results we have already obtained for

the magnetic characteristics of the magnets are

of the central cross section. We have obtained the fully satisfying. Due to the quality of the

same amplitude of the calculated useful widths,

but, the orders of the multipoles in the over-

shoots are different.

Stikm

1

' 1

\ : i'r::

. 1

•• -• - j

i It

• ; ,

: • I
•

: 8

fabrication, the homogneity between the magnets

is well inside the tolerances. We expect that

the last magnets to be received will not show

any discrepancy.
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The spread of the dispersion between all

the quadrupoles already measured is within a

tolerance of + 10"3, and it is the same for the

horizontal and vertical plane of anti-symmetry.

3.4.3) - The characteristics of tracking

between the quadrupoles and the reference dipo-

le is represented in Fig.9. The normalization

value is taken at 2000 A. The dispersion between

the quadrupoles is kept within + 2.10"'1.

The quality of this result is due for one

part to a natural good convergence of the expec- Work performed under the auspices of the

ted results and also to the final adjustment of collaboration between the "Commissariat a

the saturation of the quadrupole pole, tips by 1'Energie Atomique" and "Institut National

the shimming. de Physique KuclSaire et de Physique des

Particules".



- 702 -

DISCUSSION

A. G. A. M. Armstrong : Do you not have handling problems due

to radiation when dismantling the old Saturne magnet? How do you

dispose of the radioactive steel?

J« P. Penicaud : The radiation level in the old yoke is low

enough so that we can reuse the iron for the experimental areas

beams.
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INSTALLATION AND PERFOR'IANCE OF A "TRANSPARENT" COIL SUPERCONDUCTING

SOLENOID FOR THE PROTON STORAGE RINGS (CERN-ISR)

G. Kantardjian

CERN, Geneva, Switzerland

A superconducting solenoid of 1.5 Tesla central field has been operating for a period of

several months. Some aspects of the installation and performances of the system are presented.

1. - Introduction

The first axial field magnet for experiments in the CERN Intersecting Storage Rings (ISR)

has been put into operation. This superconducting solenoid type magnet is part of a large

spectrometer which consists of cylindrical drift chambers, scintillation counters and two arrays

of lead glass Cerenkov counters, for the study of high transverse momentum phenomena . M. Mor-

purgo designed the magnet^ ' such that high energy particles produced at the centre of the

solenoid reach the detectors located outside the solenoid by traversing the minimum of material

possible. At the two ends of the solenoid the yoke has a slot for the passage of the two ISR

vacuum chambers. To preserve the circulating beams from undesirable deviations it is necessary

to minimize the fringe field effects of the slots. In order to study the effects of the end

pieces, a conventional test solenoid of 1.5 Tesla was constructed and tested on a stored proton

beam before approval of the project.

2. - Description

2.1. - Solenoid

A description of the design and construction of the superconducting solenoid has been already

^ . The coil was constructed with aluminium stabilized conductor and enclosed in an alu-
,o

written

minium oryostat. The iron yoke has two large apertures located at 90u in respect to the coil axis

so that the particles have only the "transparent" coil to traverse. The total material thickness

to be crossed by a particle is about one radiation length.

The following table sumnarizes the main features of the solenoid :

Length of the inner volume 1800 mm

Overall length 3120 mm

Useful bore 1380 mm

Vertical aperture for vacuum chambers 200 mm

Horizontal " " M " 1350 mm

Nominal central field
Working current

Number of turns

Stored energy

Total weight

1.5
• 2170

1000
„ 3 .

= 72

T
A

U

t



2.2. - Cryogenics

The cryostat of 360 I is cooled by a closed circuit refrigeration system the main elements

are the helium refrigerator (two expansion turbine engines plus a Joule-Thomson valve) and the

helium compressor (820 m3/h, delivery pressure of 16 bars).

A storage system of 500 I of liquid helium is being designed. This will be used as a reserve

in case of operation interruption of the refrigerator for any maintenance work or weak performance.

3. - Assembly, transport and installation

The coil and cryostat were assembled vertically in"the yoke then the magnet was tilted to

its normal horizontal position. In order not to interfere with the operation of the ISR the

assembly and tests took place in an adjacent hall. The shielding wall between the assembly hall

and the experimental region II had to be removed and the solenoid was rolled into position on a

chariot and rail system (see Fig. 1). The chariot consisted of 4 bogies equipped with hydraulic

accumulators sharing equally the weight of the solenoid. The chariot was moved by means of a

winch. The solenoid rests on three adjustable jacks and can be raised or lowered by 30 nin and be

located with an accuracy better than 0.1 mm. The end pieces are divided in two, in order to have

access to the experimental equipment and to facilitate removal if necessary without interfering

with the two ISR vacuum chambers (see Fig. 2). The solenoid installed in intersection 1 can be

seen in Fig. 3 together with the experimental equipment.

Fig. 1 Solenoid on its chariot
being moved into the experimental
hall

Fig. 8 End piece of the solenoid with
its slot $pr the passage of the ISR
vacuum chambers
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INSTALLATION AND PERFORMANCE OF A "TRANSPARENT" COIL SUPERCONDUCTING

SOLENOID FOR THE PROTON STORAGE RINGS (CERN-ISR)

G. Kantardjian

CERN, Geneva, Switzerland

Summary

A superconduc

several months. Some-

solenoid of 1.5 Tesla central field has been operat for a period of

cts of the installation and performances of th stem are presented.

1. - Introduction

The first axial field ma for experiments in the CERN I rsecting Storage Rings (ISR)

has been put into operation. Thx erconducting solenoid t> magnet is part of a large

spectrometer which consists of cyl- "cal drift chambers intillation counters and two arrays

of lead glass Cerenkov counters, for tudy of high sverse momentum phenomena^ . M. Mor-

purgo designed the magnet such that energy pa .'les produced at the centre of the

solenoid reach the detectors located out- the enoid by traversing the minimum of material

possible. At the too ends of the solenoid the as a slot for the passage of the too ISR

vacuum chambers. To preserve the circulating b' from undesirable deviations it is necessary

to rriniinize the fringe field effects of th - ts. order to study the effects of the end

pieces, a conventional test solenoid of esla wa. structed and tested on a stored proton

beam before approval of the project.

2. - Description

2.1. - Solenoid

A description of the gn and construction of the supercondu 'ng solenoid has been already

written^ . The coil wa<= tructed with aluminium stabilized conduce and enclosed in an alu-

minium oryostat. The ' yoke has too large apertures located at 90 in spect to the coil axis

so that the partic ave only the "transparent" coil to traverse. The t material thickness

to be crossed bv article is about one radiation length.

The fol ig table summarizes the main features of the solenoid :

Length of the inner volume 800 mm

Overall length • 0 inn

Useful bore

Vertical aperture for vacuum chambers 2

Horizontal " " " " 1350

Nominal ral

Wcrki -urrent

N ' of turns

•ed energy

tal weight

field 1.5

2170

1000

* 3 '

= 72

T
A

'U

t



2.2. - Cryogenics

The cryostat of 360 t is cooled by a closed circuit refrigeration system the main elements

are the helium refrigerator (two expansion turbine engines plus a Joule-Thomson valve) and

helium compressor (820 m3/h, delivery pressure of 16 bars).

A storage system of 500 I of liquid helium is being designed. This will be used as serve

i * e of operation interruption of the refrigerator for any maintenance work or we rformance.

3. - A_ ' ly, transport and installation

The and cryostat were assembled vertically in"the yoke then the ma was tilted to

its normal h^ ontal position. In order not to interfere with the operaf the ISR the

assembly and t took place in an adjacent hall. The shielding wall b n the assembly hall

and the experimen. region II had to be removed and the solenoid was ed into position on a

chariot and rail sy (see Fig. 1). The chariot consisted of 4 b equipped with hydraulic

accumulators sharing ly the weight of the solenoid. The cha was moved by means of a

winch. The solenoid rest three adjustable jacks and can b sed or lowered by 30 mm1and be

located with an accuracy b - than 0.1 mm. The end pieces divided in two, in order to have

access to the eJqperiraental eq ent and to facilitate f if necessary without interfering

with the too ISR vacuum chamber e Fig. 2). The sole installed in intersection 1 can be

seen in Fig. 3 together with the e, imental equipm

•! - -

Fi . 1 jienoid on its chariot
bein ed into the experimental
hal

Fig. 2 End piece of
its slot $pr the passa
vacuum chambers

olenoid with
the ISR
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4. - Experimental results

4.1. - Cryogenic measurements
*

The refrigerator provides 60 W at 4.4 K and 15 l/h of liquid helium simultaneously. The

losses in the 14 m transfer line are about 10 W. The cooling time from room temperature to the

working temperature of.4.4 K is 85 h. Then 25 h are needed to fill the cryostat with 360 I of

liquid helium and have the solenoid ready for operation. The two current leads need 180 •C/mn

cooling gas rate. The liquid helium consumption of the cryostat is 30 £/h when isolated from

the refrigerator.

4.2. - Electromagnetic measurements

The solenoid can be energized to the working current of 2170 A in 18 minutes with an ener-

gizing voltage of 2.9 V. The induction in the magnetic centre point is then 1.508 T. The inte-

grated axial field over the length of the solenoid including the two end pieces is 2.73 Tm.

Th'e self-inductance is 1.25 H and the stored energy is about 3 RJ. The time constant for the

Slav running down of the current is 700 s and 130 s for the rapid running down.

4.2.1. - Field configuration in the useful volume

The axial component (see Fig. 4 for the variation along the axis) is constant to within

± 1.54 in the region of 0 .$ radius ̂  66 cm and + 45 cm from the centre of the solenoid.

The average of the radial component varies at the centre from 0 Gauss at radius = 0 to

25 Gauss at radius = 66 cm, at 45 cm from the centre from 0 Gauss (R = 0) to 300 Gauss (R =

66 an).

In the same region the average of the azimuthal component ranges from 0 Gauss (R = 0) to

10 Gauss (R = 66 an) at the centre of the solenoid and from 0 Gauss (R = 0) to 100 Gauss (R =

66 cm) at 45 cm from the centre.

At 15 cm from the inside of the end pieces the effect of the air gap becomes important,

the azimuthal and radial components have then 500 Gauss in average.

15

1

05

0

By CD

! END PIECE

1

66 cm

J
50

/ Vl INNER VOLUME
7 90cm

100 ISO

-

yftm)

Fig. 3 Solenoid in Intersection 11 Fig. 4 Distribution of the axial component
along the axis for half of solenoid
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4.2.Z. - Field configuration in the air gap of the end pieces

Thf form of the solenoid fringe field is an important factor for the study of the effects

of the end pieces.

The variation of the horizontal component B% along the horizontal direction is shown in

Fig. 5 where the axial position is the centre of the end piece. The gradient dBx/dz is negli-

gible in the region of 0 < x < 48 era.

Fig. 4 shpws th" variation of the axial component By along the axis of the solenoid. The

gradient dBy/dx is al.so negligible in the region of 0 < x < 48 an.

The curves of Fig. 6 illustrate the variations of the vertical component Bz along the axial

direction. The maximum is located at 3 cm from the inner edge of the end piece. The gradient

dBz/dz is practically constant for 0 < z < 50 mn and the gradient dBz/dx is negligible for

0 < x < 48 cm.

BK[G]

10 20 30 40 50 6CT

0.2

END PIECE | J l INSIDE SOLENOID

50 wo

Fig. 5 Horizontal component of the field
in the gap of the end piece for x depen-
dence

Fig. 6 Vertical component of the field -in the
gap of the end piece for y dependence

.An average stray field of 80 Gauss was measured at 1.50 m from the coil axis along the two

large apertures at 90° where the lead glass counters are located.

The stray field was measured at the proximity of the slots and found to be 20 Gauss at a

distance of 2 cm from the edge of the slot and 10 Gauss at a distance of 10 cm. The residual

field at I = 0A is less than 3 Gauss.

5. - Performance

The solenoid became operational for physics in December '76 and by early July '77 it had

been excited at full power for 1284 hours. No quenching occurred during this period. The cryo-

stat was filled with helium during 2794 hours and suffered 179 hours of interruption due to

faults in the cryogenic and electrical systems.
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The effect of the solenoid on the circulating beams was investigated.. The operation of

the ISR has not been affected by the solenoid and the physics conditions have not deteriorated.

The results of this investigation have been already reported^.
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STABILITY OF HIGH FIELD SUPERCONDUCTING DIPOLE MAGNETS''

J. Allinger, G. Danby, H. Foelsche, J. Jackson, A. Prodell, A. Stevens
Brookhaven National Laboratory

Upton, L.I., N.Y.

Summary

Superconducting dipole magnets of the window-frame type have been constructed and operated
successfully at Brookhaven National Laboratory. Examples of this type of magnet are the 6 T
"Model T" magnet,C1) and the 4 T 8° superconducting bending magnet.(->3) T h e iatter magnet has
been operated reliably since October 1973 as part of the proton beam transport to the north ex-
perimental area at the BNL AGS with intensities of typically 8 x 10 protons at 28.5 GeV/c pass-
ing through the magnet in a curved trajectory with c_he proton beam center only 2.0 cm from the
beam pipe at both ends and the middle of each of the two units comprising the magnet. The energy
in the beam is approximately 40 kj per 3 ^sec pulse. Targets were inserted in the beam at loc-
ations 2 m an>- 3.6 m upstream of the first magnet unit to observe the effects of radiation heat-
ing. The 8° magnet demonstrated ultrastability, surviving 3 usec thermal pulses delivering up
to 1 kj into the cold magnet at repetition periods as short as 1.3 sec.

I. Introduction

The window-frame type magnet produces a dipole field between parallel current sheets. Im-
ages in the iiron return path extend the sheets so that with a single auxiliary correction ceil
magnetic fields comparable in precision and predictability to those of conventional magnets can
be obtained at all levels of excitation by utilizing the correction winding in a predetermined
way. The field is parallel to the current sheets so that high purity aluminum interlayer spacers
can extend over the full length and height of the coil. The spacers are grooved to allow direct
helium heat exchange with 507o of the surface area of each coil Layer. In addition, the high alu-
minum thermal conductivity and diffusivity cause locally produced heat to be dissipated rapidly
into helium over a large area. Since helium is the only significant heat sink at operating tem-
peratures, this mechanism inhibits quenching. If a quench is initiated, however, it is propa-
gated rapidly transversely and longitudinally so chat high voltages and temperatures are not
generated in the coils of the magnet.

The use of full length, full height aluminum interlayer spacers in the window-frame geo-
metry provides a coil block in which the layer structure is such that the coil turns are con-
strained to move sideways only as coherent vertical layers. The coils thus move outward under
magnetic pressure and take a set against the supporting iron. Such coherent coil movement chan-
ges only slightly the aspect ratio of the rectangular magnet aperture which computations and
measurements have shown has a completely negligible effect on the magnetic field. This feature
eliminates the need for high pressure prestressing which is commonly used in other magnet geo-
metries to compensate for the greater shrinkage of the coil with respect to surrounding cold
iron during cooldown. Differential shrinkage in the vertical direction for the window-frame
design is accommodated by splitting the iron on the horizontal midplane and assembling the iron
with a midplane gap left between the halves equal to the differential shrinkage. The two halves
come together during cooldown tightly constraining the coil and eliminating the differential.
The coil is permitted to slide longitudinally in the iron during thermal cycles.

II. Temperature Reserve of Superconductors

Superconducting magnets for accelerators and primary beam lines can be accidentally quench-
ed by beam heating. The radiation heating effects are complex involving the extremely nonlinear
properties of superconductors and structural materials at low temperatures (T) and high magnetic
fields (B). The quench threshold will be determined by the time structure of the beam loss and
details of the magnet construction and cooling which are important because liquid helium has
the dominant heat capacity. Practical accelerator magnets require high current densities (J),
and the superconducting filaments, therefore,must carry a large fraction oi; their inherent short
sample critical current density (J c). Because of the dependence of Jc on T, the reserve capacity
of the magnets to absorb heat is very small. Temperature effects on the Jc of representative
NbTi alloys have been studied,^ ' ^and complete Jc, B, T surfaces have been obtained from 4.2 K
up to transition temperatures (Tc) slightly higher than 9 K. Plots of Jc vs. T give essentially
straight lines of negative slope for constant B values. For regions of practical interest where
the operating temperature, T,is 4 K to 5 K and the peak ^""ld, Bmax» is 3 7 to 7 T, the para-
metric relationship can be further simplified. At any fixed T, the product, Jc X B m a x, becomes
almost constant.

As shown in Fig. 1, the (JcBmax)'* attainable for a NbTi superconducting magnet coil de-
creases linearly with increasing T. The ordinate can also be expressed in units of Bmax> !c>
or Jc if the approximation is made that B,,, x is linear with the magnet current, I. A more gen-
eral relationship is obtained independent of design details and magnet saturation when the or-
dinate is expressed as (Jc Bmax k A/cm

2 x tesla)^, where Jc and Bmax refer to the superconductor.
The data on curve a of Fig. 1 is taken from load line data of Hampshire, et al(^) for a single
strand of NbTi from a commercially available conductor with a large strand radius of nominally

"Worki performed under the auspices of the U.S. Research and Development Administration
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Fig. 1 (JcBmax)% versus Temperature for NbTi

r=120 p,m. This conductor gave Jc = li>.?. kA/cm
2

measured at B = 4 T and T = 4.2 K. Curve a
has (Jc Bmax)^ = (142 X 4)% = 23.8 at 4.2 K.
Curve b uses the data of Bindari(5) on £•
specially' prepared high Jc performance NbTi
filament of nominal radius, r = 100 p,m. This
conductor gave Jc = 204 kA/cm

2 at 4 T and
4.2 K. Curve b is also typical of the results
obtained with high performance small strand
commercial composites, i.e., Jc =» 200 kA/cm

2

at 4 T and 4.2 K. The curves a and b of Fig.
1 thus bracket the range of ultimate perform-
ance of NbTi coils. For fine filamentary con-
ductors, finite resistivity is observed be-
low the thermal short sample limit. The mag-
net designer then often redefines "short sam-
ple" on a resistivity basis, which places the
magnet performance near curve a. However,
the thermal runaway short sample limit, which
determines the thermal reserve, is still de-
fined by curve b.

III. Application of Figure 1 Data to 8°Magnet

The 8° magnet condvctor with supercon-
ducting filaments of relatively large radius,
r = 38 (j,m, is rated at Jc = 142 kA/cm

2 in the
NbTi at 4.2 K and 4 T. This rating places
the conductor directly on curve a. For the
same material, drawn down to k cross-section-
al area for the correcting coil, Jc increased
as shown almost to curve b due to the addit-

al size reduction and cold work. The vertical scale drawn at 4.5 K in Fig.l represents the 8°
dipole excitation at its typical operating temperature. Point 1 at the intercept of curve a re-
presents no thermal reserve, or, short sample operation at ̂ 5.5 T. Because of irun saturation,
with (Jc Bjnax)^ = 22.5, a field of only J I is generated. The iron yoke for the 8° magnet was
designed to saturate heavily above 4 T. A shorter, full cross-section model has been operated
at 5 T, with Bmax - 5.7 T in the coil, at ,J.00% of the inherent short sample limit.

The 8° magnet operates at 4.5 K and Eo= 3.6 T with B = 4 T in portions of the coil on the
horizontal midplane closest to the proton beam. This operation requires J = 59 kA/cm^ and (JB)^=
15.4, i.e., 68% of the limiting (Jc Bniax)^. The 8° would thus operate at its thermal limit only
if the NbTi filaments were heated to 6.0 K. The normal temperature reserve is, therefore, 1.5 K
and is indicated by ATi = 1.5 K in Fig. 1. The 8° dipole is operated, then, as a relatively
high performance magnet. It is usually prudent for high current density magnets to plan on
B/Bmax = ~80%, i.e., to operate a magnet at 4 T if it is theoretically capable of generating 5 T.
As seen from Fig. 1, this mode of operation gives a reserve AT °f from 1 to 1.5 K. Some iron
saturation occurs in most magnets, so the constraint B/Bmax = 80% gives a (JB/Jj-Bmax)^ of less
than 80% and, therefore, slightly more AT reserve, similar to the 8° dipole. If a fine filament
conductor had been used in the 8° magnet, the inherent thermal limit would have moved from curve
a to about curve b with the thermal reserve increased JO.5 K in the region of interest. Magnet
performance could then have been increased to (JB/Jc^aj.)^ s 80% with the same AT as indicated
by the dotted line AT2 in Fig. 1.

To summarize, radiation heating experiments done on the 8° (or other magnets) with }J = 1.5 K
are realistic for high performance operational systems. Results from low performance magnets or
magnets operated with the superconductor at low (JB)% and large AT can be very misleading. It
is important to note that AT is determined by the inherent superconductor short sample limits
(JpBmax)^ as defined for thermal runaway, not on the basis of conductor resistivity or a desired
magnet maximum field. Finally, Fig. 1 is also applicable to other designs, such as the 6 T
"Model T" magnet, and other operating temperatures.

IV. Energy Impulse Allowed as a Function of AT

The energy impulse sustainable for no quench as a function of AT should equal the change
in enthalpy Ah of the conductor if no heat transfer occurs. The specific heats of Cu, Ti, and
Nb were obtained from Reference 6. These were combined in proportion to the content by weight.
Curve 4 of Fig. 2 shows the approximate specific heat for the 8° Cu-Nb 45% Ti composite conduct-
or so obtained. In the superconducting state, the heat capacity will be somewhat larger above
J* K. An alternate estimate using data from a curve given by Iwasa^of actual specific heat
measurements on Nb 48.8% Ti alloy is given in curve 5. These data, for B=0 and J=0, show the
transition from the superconducting to normal state of the alloy at T s Tc = 10 K. The specific
heat close to 6 K contributes most to the enthalpy integral Ah (6-4.5)K. Since the 8° conduct-
or is normal by 6 K, curve 5 appears to be an over-estimate near 6 K.



- 710 -

f

.05-

.04

The enthalpy change Ah computed from curve
4 is given in Table I, Column III as a function
of AT. For temperatures relevant to the 8° su-
perconducting magnet operation, the &h estimate
calculated from curve 5, Fig. 2, is listed in
Column IV. One enthalpy limit for the 8° con-
ductor with AT = 1.5 K is Ah = 0.42 mj/gm. The
upper limit estimate is 0.73, with the except-
ion that near 6 K, Column IV is an overestimate.
The correct value appears to be Ah K 0.5 mj/gm
± 25% for the 8° magnet. In the interpretation
of the 8° experimental quench behavior, this un-

- certainty in the estimate of Ah is of minor con-
sequence. Column V data, taken from Fig. 1, are
listed for ease of reference.

TABLE I

I
T

4 .2
4 .5
5 .0
5.5

6.0

6.5
7.0
7.5
8.0
8.5
9.0
9.5

10.0

Thermal Reserve AT and Enthalpy
Ah for 8° Magnet Operating at 4
I I
AT

-0.3
0
0.5
1.0

1.5

2.0
2.5
3 . 0
3.5
4 .0
5.0
5 .0
5.5

I I I
Ah Composite
J Curve (4)

-0.06
0
0.117
0.255
0.420
0.618
0.849
1.118
1.431
1.793
2.684
2.684
3.224

IV
(mj/gm)
Ĵ  Curve(5)

-0.083
0
0.180
0.42
0.73

Reserve
.5 K

V
(JB/J B

1.07
1.
0.9
0.8

0.7

0.59
0.49
0.37
0.26

J>.15
~0.06

0
0

Fig. 2 Specific heat of 8 magnet conductor

The total weight of the 8° magnet dipole conductor is 79.7 kgm. Uniform heating of the
entire coil mass requires, therefore, an increase in enthalpy of only Ah = 40 ± 10 joules to
reach 6 K and then quench. While heat transfer considerations are beyond the scope of this pap-
er, it should be noted that the heat of vaporization of helium at 4.5 K is ̂,20 j/gm, and for
equal volumes, helium h a heat sink ~10-* times larger than the coil material.
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V. Radiation Heating Experiments

The fi magnet dipole system has been ex-
posed to radiation heating in the secondary
particle flux from C, Cu, and Pb targets of
various thicknesses inserted in 28.5 GeV/c
primary proton beams of controlled intensit-
ies with repetition rates At from 1.3 to 2.47
sec and a beam pulse duration of 2.3 ̂ sec.
The targets were located 2 m and 5.6 m up-
stream of the first magnet. The magnet dewar
pressure rise provides an accurate measure of
input energy.

Figure 3 shows the dewar pressure rise
for an exposure of a 0.635 cm Cu target 2 m
upstream to 4.6 X 10^2 protons per pulse (ppp),
with A £ = 1.48 sec. Shown also are exposures
of a 2.54 cm Pb target to 2.50 and 1.40 X 10 1 2

ppp respectively with At = 2.47 sec. For cons-
tant heat input, the pressure rise diminishes
with time; in an ideal calorimeter dp/dt is
constant. This discrepancy reflects the re-
sponse of the refrigerator system to the trans-
ient. The initial rate of change as well a^
the amplitude of the pressure change after a
given heating time are linearly proportional
to the product of protons per second times
target thickness. Activating electric heat-
ers on the magnet gives curves whose shape is
similar to those obtained from radiation heating
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so that absolute energy input can be calibrated. Radiation heating runs are terminated below
10 psig dewar pressure (4.8 K ) • The thermal response of the magnet is fast. Approaching the
quench threshold with increasing beam intensities, if no quench occurs for a single pulse of
a given intensity, the magnet will survive a continuous train of pulses at that intensity.

The quench thresholds are given in Table II.

TABLE II I. N l(cm) is number of 29.5 GeV/c protons/
Quench Thresholds Q for Targets at 2 m pElse, in units of 10 , times target thick-

ness in cm.

Q=NIl(cm) Q = N I L „ Heat"oad Q Joules I X' N L ^ n is Column I normalized to collision
p ' p Coll (Rel^ lfengths of 39.0, 11.8 and 13.8 cm respectiv-

C 14.9 ± 8% 0.38 ± 87. 1.8 JLIOQ l v«
Cu 5.46±.127<. 0.46 ±127O 1 740 III« Measured relative heat load per interacting
Pb 7.°62± n o!55 -t 77° 1 Z 890 proton normalized to Cu.

IV. Approximate absolute energy input per pulse
at quench threshold Q.

The experimental determination of the threshold is made in steps of rather coarse resolut-
ion. For each target a maximum intensity is known where no quench occurred with extended puls-
ing as well as a higher intensity where the first pulse quenched the magnet. The estimated true
"quench threshold" is defined as a weighted average of the two intensities with the single pulse
quench data weighted twice as heavily to make an allowance for the fact that the train of pulses
actually leads to a significant temperature rise and a reduced AT margin. (An error bar is assig-
ned to this threshold value so that the upper limit coincides with the observed single pulse qu-
ench intensity.)

Pb targets were compared at 2 m and 5.6 m locations. If the critical heat flux occurred at
the upstream end of the magnet nearest the target and was governed by an inverse square law with
target distance, then at the 5.6 m location, the quenc'a threshold NpLcO]_i should have increased
by a factor of 8. Actually, it increased only from 0.53 ± 10% to 0.67 ± 67O. Electrical measur-
ments show that for the 2 m target location the upstream magnet unit quenches. For the 5.6 m
target location the downstream magnet quenches. This paradoxical behavior is a consequence of
the changing relative contributions of the secondary particle components at different angles,
as seen below.

VI. Interpretation of Experimental Results

The magnet is exposed to primary protons scattered out of the beam and the secondary par-
ticles created in the target. As these particles impinge on the magnet, secondary and tertiary
cascades develop which, in turn, generate heat in the coil material and the iron.

The magnet coils subtend small angles with respect to the beam centerline and production
from the beam target falls off radially. Small angle elastic scattering measurements^8) for
protons on Pb targets show the diffraction differential cross section for 29 GeV protons rising
very steeply over orders of magnitude from an angle of 6 mrad toward 0°. Indeed, the down-
stream dipole coil subtends ,̂4 mrads with respect to the near edge of the undisturbed proton
beam from the 2 m target location and <3 mrads from the 5.6 m location. There also is a small
amount of beam pipe material within half these angles. The increase in the cross section is
so rapid that the coil will actually see a higher scattered proton flux in the 5.6 m case. If
this flux dominates the quench threshold, fewer interacting protons will be required to produce1

a quench from farther away. This type of angular distribution would imply an extended cascade
originating on the inner beam pipe leading to major heat concentration in the superconducting
coil. The angular distributions of other secondaries such as neutrons, gammas, and pions, on
' the other hand, are much less steep. These components of the flux, as seen by the coil, would
decrease more closely in accordance with an inverse square law with increasing target distance.
If they were predominant, one might expect that as much as eight times the number of the inter-
acting protons would be required to quench the magnet from 5.6 m away compared to the 2 ro dis-
tance. This type of angular distribution would imply an extended cascade originating from the
front face of the magnet and the coil. The experimental results indicate a mixed effect with
the downstream magnet definitely quenching on small angle scattering from the 5.6 m target, while
from a 2 m target the upstream magnet is quenched by a combination of secondaries and elascically
scattered primary protons. In either case, the heat flux varies by decades within different
portions of the magnet, with the coil region, receiving the greatest specific heat input.

Table II shows that the quench threshold for 2 m targets occurs with ~1 kj per pulse de-
posited into the entire cold mass of the magnet system. The two magnets weight 4057 kgm, so
that 79.7 kgm of conductor would receive rXU or 20 joules if the heat were homogenously dis-
tributed, independent of radial and azimuthal location. This gives 0.25 mj/gm which is about
50% of the enthalpy limit. As pointed out above, however, there is a very drastic concentrat-
ion of heat deposition in the coil near the beam. This effect is borne out by Monte Carlo simul-
ations with computer programs MAGKA and CYLKA(9>10). These programs simulated the secondary
particle production from the 2 m location and the subsequent cascades within the magnet. Ini-
tially they did not include the effects of small angle scattering of primary protons but agreed
quite well on the total heat load, i.e. ̂  1 kj per pulse, and presented a plausible picture for
heat deposition in the upstream magnet. The results gave a maximum heat impulse of ̂ 3 mj/gm
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in the coil, i.e., 6 times the enthalpy limit and supported the experimental indications show-
ing qualitatively that the coil can survive peak heat fluxes much beyond its enthalpy limit.
The computer results showed distributions with a cascade producing maximum heating at the coil
^30 cm from the magnet face. Because of the simplifying assumptions, very low thermal fluxes
were indicated at the second unit by this computation, and some major refinements were necessary
to understand the complete picture.

At BNL, substantial modifications have been made to Ranft's CYLKAZ program which added dif-
fractive scattering, magnetic field, and beam sagitta. The total and peak energy deposition re-
sults from the modified program agree approximately with earlier calculations for the upstream
magnet, where small angle scattering would not predominate. For the downstream magnet, however,
an order of magnitude increase was obtained.

The energy deposited longitudinally
at the approximate coil location is shown
in Fig. 4. The computations are made to
show the relative effects of targets locat-
ed 2 m and 4 m upstream. The results at
the downstream end are sensitive to assumpt-
ions of beam size, divergence, sagitta, etc.
Qualitatively, the results demonstrate the
approximate equality of quench threshold
intensity for the two locations.

VII. Discussion

The 8° magnet survives 3 p,sec thermal
impulses delivering up to „ 1 kj into the
entire cold mass at repetition periods as
short as 1.3 sec. The magnet operates with
a nominal reserve AT = 1.5 K which is re-
duced considerabl" during a succession of
beam heating pulses, ^T is derived from
the intrinsic JcB^x product of NbTi strands
at the thermal runaway short sample quench
threshold. This represents high magnet per-
formance, very close to that anticipated for
future accelerators. The enthalpy reserve
increases very raj-idly with AT and heating
experiments performed with low (JB)"z products
and large thermal reserves can be mislead-
ing. Under these conditions, additional
effects not i Lscussed in this paper such

Fig. 4 Computed energy deposition for 5 cm
Cu targets located at 2 m and 4 m up-
stream: approximate distribution along
magnet length of 500 cm

as the heat transfer through materials and
across interfaces into helium contribute
in different measures to the stability of
the magnet behavior. Recovery from sho~.t
excursions into the normal state without
thermal, runaway would be easier at lower
current densities.

The 8 magnet demonstrates ultrastability for very short duration heating. Portions of the
coil must recover from the normal state with high transient heat transfer. Regarding continuous
heat input, with the dipole field at 4 T, the correcting coil of an 8° unit was on occasion
driven normal and maintained completely normal and stable in the cold condition with a resist-
ance ratio of 90 and J = 26 kA/cm2 in the Cu for more than a minute. The power input was under
these circumstances 1 kW. While the dewar pressure rose steadily, the dipole coil did not quench.
Also, the 8° magnets or similarly constructed units have never quenched due to B even under ex-
treme testing conditions. Eddy current heating due to B is measurable and also rather uniformly
and predictably distributed throughout any coil. Finally, tests with pulsed heaters are con-
sistent with the transient and slow heating experiments described. The surface area for heat
transfer in these magnets is very large. Thus for slow beam losses, the tolerable heat absorpt-
ion appears to be large. The reason for the extraordinarily stable behavior of this type of
coil is the enormous capacity for heat exchange with the liquid helium in which it is immersed.

We express our appreciation to S. Hsieh, D. Lowenstein, A. Thorndike, and C. Wang for their
interest in these experiments.
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HIGH ENERGY PROTON BEAM INDUCED QUENCHING OF A SUPERCONDUCTING DIPOLE

D. R. Moffett
Argonne National Laboratory

Argonne, Illinois U.S.A. 60439

The 12 GeV/c proton beam from the Zero Gradient
Synchrotron (ZGS) at Argonne National Laboratory,
U.S.A., has been used to study quenching of a
superconducting dipole $ due to beam induced
heating. The external proton beam, EPB-I was
directed onto the coil of the first dipole in
the ZGS superconducting beam line w (see Fig. 1).

,2.5 cm SO APERTURE
/ COLLIMATOR

9cm 1.0.
COLD BORE
PROFILE
MONITOR

REMOTELY
OPERABLE
BEAM STOP

l5cmHxl0cmV APERTUR
SHADOW COLLIMATOR

ION CHAMBER

4.2m

DIPOLE
S.C. COIL

Figure 1 - Sketch of the beam line and cryostat
used for the quench tests.

A study of the thermal time constant of the
dipole was made. The heat load on the cryostat
due to the beam heating was measured. The re-
lation between the beam intensity needed to
quench the dipole in a single pulse and the
magnet current was studied. In addition., obser-
vations of self recovery of the dipole after a
single beam pulse were made.

The Superconducting Dipole

Due to the existing arrangement of quadru-
poles in the beam, it was not possible to
focus the beam to that size. Therefore, the
beam was collimated to that size as shown in
Figure 1. A single pulse could be delivered
either by using the remotely operable beam
stop or by extracting only a single pulse
from the ZGS. The beam was aligned in two
different conditions. In condition 1, the
beam center struck the outer edge of the coil
and the magnet polarity bent the beam toward
the magnet center. In condition 2 the beam
center struck the inner edge of the coil and
the magnet polarity bent the beam away from
the magnet center. The two conditions were
dictated in part by radiation safety consider-
ation. The proton flux and the pulse shape
were measured by the ion chamber shown in
Figure 1.

Measurement of a Thermal Time Constant

Single beam pulses were delivered onto the
dipole coil with pulse length varying from
30 msec to 700 msec. If significant cooling
of the coil takes place during the longer
spills, then more protons will be required
to quench for longer spills than for shorter
ones. On Figures 2 and 3 are plotted proton/
cm2 versus beam pulse length for pulses which
did or did not quench the dipole.
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The superconducting dipole coil is wound from
NbTi/Cu conductor (in the ratio of 1 to 3), and
is vacuum impregnated with epoxy without cooling Q 4
channels within the coil. The top and bottom CK
halves of the coil are clamped together onto a °- 2
10 cm i.d. stainless steel bore tube. A single
dipole has an effective length of 91 cm, and Q
operates at 30 kG at 190 A. A magnetic return
path is provided by an iron cylinder surround-
ing the coil. The cryostat contains three
dipoles mounted in a liquid helium bath. The
cryostat has a 9 cm diameter cold bore, and the Figure 2 -
coil thickness at beam height is 2.8 cm. A more
detailed description of the dipoles, cryostats
and the complete beam line is contained in
References 1 and 2.

Experimental Method

For most of the tests it was desirable to be
able to deliver one or more machine pulses into
the coil with a beam diameter of about 2.S cm.

p < ^ _ - ° — -1500ms

°° 8
Q-QUENCH
O - N O QUENCH

O
o

8

200 400 600 2 PULSES

PULSE LENGTH IN MILLISEC.

Plot of the number of protons/an2
in a single beam pulse which either
did or did not quench the dipole
as a function of beam pulse length.
Beam was directed toward the out-
side edge of the coil (condition 11
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Figure 3 - Same as Figure 2, except beam was
directed toward the inside edge of
the coil (condition 2).

During these tests the dipole was operated at
a 25 kG central field. The dashed curves re-
sulted from a simple model which assumes the
pulse shape is square-(which is a rather rough
approximation in practice), and that the thermal
cooling rate of the coil is proportional to the
temperature rise. These assumptions imply that
the number of protons per unit area required to
quench the dipole is proportional to

Search for a Longer Thermal Time Constant

In condition 1 at 25 kG central field, 50 msec
pulses were run steadily at a 4 second repeti-
tion rate for 30 minutes at 45% of the single
pulse quench intensity. No quenches occurred.
Considerable boiling of the liquid helium did
occur, of course.

Heat Load Measurement

With the magnet off, the beam was run in con-
dition 1 with a 4 second repetition rate to
measure the heat load. The boil-off increased
by 2.95 liters/hr/1010 protons/pulse. This
increase corresponds to 53% of the beam kinet-
ic energy being absorbed by the liquid helium.
The coil is surrounded by the iron which re-
turns the magnetic flux. This iron cylinder
has an inside diameter of 22 cm and an out-
side diameter of 40 cm, and it is inside the
liquid helium can. With this much cold mass,
it is reasonable to expect half the beam
energy to be absorbed. *

Effect of Magnet Current on Quench Intensity

This test was done in condition 1 using 50
msec pulses. At a fixed magnet current single
pulses of increasing intensity were directed
onto the coil until it quenched. After equi-
librium was reestablished, the magnet current
was changed and the test repeated. The re-
sults are shown on Figure 4.

t = pulse length
x = thermal time constant.

The dashed curves are plotted with an eyeball
best fit normalization. The column marked
"2 pulses" shows what happens when two consec-
utive 30 msec pulses were delivered with a 4
second repetition rate-. It is clear that when
the second pulse arrives at the dipole, it seems
to have almost forgotten about the first one.
The conclusion here is that the dipole definite-
ly exhibits a thermal time constant and it is
roughly half a second. Such a time constant
is consistent with a crude estimate of the time
required for the heat to leak from the copper
conductor through the epoxy, in which the coil
is potted, to the liquid helium bath.

Using a half-second time constant for both
condition 1 and condition 2 allows extrapolation
to zero pulse length (that is no coil cooling
during the beam pulse). For such short pulses
in condition 1, 7 x 109 proton/cm2 are required
to quench. In condition 2, 2.6 x 109 protons/
an2 are required. The difference between con-
dition 1 and condition 2 is easily understood.
In condition 2, the beam is hitting the coil
where the magnetic field in the coil is a maxi-
mum (about 34 kG), whereas in condition 1 with
the beam striking only the outer edge of the
coil the peak field in the beam heated portion
of the coil is much less and therefore the ener-
gy required to heat the coil to the critical
temperature is much greater.
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current. Done in condition 1
with 50 msec pulses.
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Below 80 A, which corresponds to a 12.5 kG
central field, the intensity required to quench
rises rapidly. At 20 A, insufficient beam inten-
sity was available to quench the magnet.

Self Recovery Observation

Self recovery of the dipole after a near quench
caused by a beam pulse was observed several
times (in condition 1) at 40 A and below. This
effect was observed by looking at the voltage
across the dipole. The voltage and the ion
chamber current were displayed on a dual trace
scope and photographed. Figure S is a tracing
of three representative scope photographs.

5 (a)

-i—I L -J
500 msec/division

Sfbl

i t l

500 msec/division

Figure 5 - Tracing of scope photograph showing
self recovery effects. In each
photograph the short pulse is the
beam current measured by an ion
chamber. The second trace is the
voltage across the dipole.
(a) Self recovery after a 50 msec
beam pulse of 2 x 10 1 0 proton/cm2
with the magnet at 30 A.
(b) A near self recovery at 30 A.
(c) A typical quench when the
magnet is at 160 A.

In each photograph the short pulse is the
beam current as shown by the ion chamber.
The second trace shows the response of the
magnet as measured by the change in voltage
across it. Figure 5(a) shows a typical self
recovery at 30 A after a beam pulse of
2 x 10 1 0 protons/cm2. For this pulse the
maximum voltage gain was 90 mV which, at
30 A, corresponds to a resistance change of
0.003 ohm. This is roughly 1% of the low
temperature resistance of the magnet.

Figure 5(b) shows a near self recovery at
30 A. Note the reversal of the direction
of curvature.

Figure 5(c) is a typical quench at 160 A
(25 kG central field).
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INTRODUCTION

It has already been shown that the voltage measured on a noninductive

coil during a current sweep provides detailed information on the current re-

distribution inside the composite [l] . For single core wires or cylindrical

composites submitted to their self field theoretical expressions are easily

derived. The same method is proposed here to approach the current distribu-

tion in various cases: monofilament, multi-

filament submitted to various sequences of

setting the current and the external field.

There are three different ways to set field

and current in the sample as shown in Fig.l.

The first one, responsible for the self fi-

eld effect is to preset a bias field and

then to increase the current. The second

one is to supply the current in zero field

Fig.l Typical ways to set cur- and then to increase the field. The third
rent and field on a sample. o n e whi<Jh is w h a t h a p p e n s i n c o i l > i s t 0

increase simultaneously and proportionally current and field.

1. MONOFILAMENTS

1.1. Self field effect

When the transport current is swept in a conductor submitted to a cons-

tant transverse field, the current flows in the outer region with a critical

density [l] .

The voltage measured on a small noniductive coil is given by

jt
where 21 is the total length of the conductor.

The electric field strength E during the first rise is given by

During any following rise the electric field is smaller:

where l=I/jc-

The second term in (l) is the flux change due to the transport current. It

can be calculated using the equation (14) of reference [lj , or it can be mea-
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theory 7f~]
sured at zero magnetic field for

-20L —'

Fig.2 Self field effect in monofila-
mentary NbTi wire. Core diameter 0.3mm.
Dashed curves are measured in the pre-
sence of magnetization currents.

lB

Fig. 3 Calculation of the
voltage V due to the wire
movement.

the wire movement is

small i when £"

small compared to

is negligibly

Tt
Fig.2 re-

presents the experimental results

for single core NbTi wire /core dia-

meter 0.3 mm, 21 - 2m /. The nonin-

ductive sample was of that type as

described in flj. Calculation gives

10,2 ^V for l&f while the measure-

ment at zero field gives 10.35 ^V.

Two additional remarks can be

made on the influence of the exter-

nal bias field:

i - Wire movement

When the wire is not prevented

from movement due to the Lorentz for-

ce then the additional voltage appe-

ars, if this movement is continuous

i.e. the displacement of the conduc-

tor &x /see Fig.3/ is proportional

to the Lorentz force IB; /Ax -kIB/

then the additional voltage due to

(J) = 0.3mm

Fig.4 Experimental results for

V vs B dependence.

It follows from (4) that Vm is constant for given 0 and I if the movement

is continuous. The experimental results in Fig.2 obtained under such conditi-

ons give 3.2 fiV for Vm and integration of (4) yields 2.5 microns for the di-

splacement of the half conductor length at the current peak. Measurement pro-

ve also that Vm is proportional to B as Fig.4 shows. The existence of the

voltage Vm has been observed on several samples in which the conductor was

not fixed perfectly. Usually several runs are necessary to establish the con-

tinuous movement conditions. During those runs the characteristics are irre-

gular - the jumps in voltage are observed /not shown in Fig.2/. This fact pro-
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ves again the necessity of the perfect conductor fixation in the superconduc-

ting windings.

Taking into account the experimentally measured value Vm = 3.2 juV in the

calculation of the voltage during the first run a very good agreement with the

experiment is obtained up to about 85% of _TC = 79 A. Calculated curve for the

second run cannot be distinguished from the experimental one in the scale of

Fig.2.

ii - Influence of the magnetization currents

The dashed lines in Fig.2 represent the characteristics as measured in

the presence of magnetization currents induced during the previous change of

the external field. The voltages are always higher than in the sample without

the magnetization currents /destroyed by heating prior increasing the current/

To explain this behaviour we have used the slab approach since the calculation

of the electric field in a round conductor in the presence of magnetization

currents is too complicated. The theoretical treatment yields for the voltage

per unit length of the bifilar sample in the presence of magnetization curr-

ents

/Iff (5)

When the slab is free of magnetization currents then for the first run we

obtain

and for the second run

The above solutions give the explana-

tion for higher voltage in the presence

of magnetization currents.

For the round conductor free of

magnetization currents we have from (2)

for the first run

Fig.5 Comparison of two approaches
for calculation of the voltage due
to the self field effect for unit
length of the bifilar sample. V1U is
the voltage in the presence of mag-
netization currents.

and from 3 for the second run

The solutions of (5) to (9) are compa-

red in Fig.5,

1.2. Monofilament carrying a constant current and submitted to a transverse

time varying field.

The voltage for one layer noninductive coil is given by the equation of

the same type as equation (l). However $"' is now the flux change across

the sample due to the external field. For calculating electric field we used

again the slab approach. If <a is the half thickness of the slab equivalent

to the wire then the electric field is directly proportional to the displace-
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ment of the electric center line 31 ;

£"= B<3 i (10)

where i is now the ratio of the transport current to the critical current

for the given external field (i ~I/IC&))
Equation (10) is valid for the field B>2BS'L,

where* B^ is the field required for full pe-
netration of the slab (fis=^o 7c<a). During
the decreasing field the electric field is
the same in the region
During the second and any following run

,. , is the same again for the fields
0.25- " '

0.S-

t
Bm2f

Fig.6 Voltage measured on a
raonofilament carrying a con
stant current vs external
field. Sweep rate 1.9 T/s .

Similar experiments have

layer noninductive coil.

Fig.6 shows a typical curves obtained from
a NbTi wire 127 ̂ m in diameter, the length
is 4.88 ra, the sweep rate B = 1.9 T/s and
the current ]_ - 15 A. For the other current
values and sweep rates the curves are direc-
tly proportional. For the fields given by
f11) the experimental results agree very
well with the theoretical curve 21B<3i

been performed by Ogasawara et al [2J on a two

1.3. Simultaneous variation of the current and field.

The term 1) is now the superposition of the flux change due
to the external field and the flux cha-
nge due to the transport current, the
slab approach gives for the electric

field in the large external field region:

Fig.7 Voltage measured when both
the current and field vary simul-
taneously. Constant K = 0.39 T/A.
Sweep rate 1.9 T/s.

E-Bai ± (12)

where plus sign is valid for increa-
sing and minus sign for decreasing
part of the pulse,
and i=I(i)/Ic(B) .

If the magnetic field due to the
transport current is negligible compa-
red to the external field tnen the se-
cond term of (12) becomes negligible a-
gainst the first one. In that case the
electric field is given by (10)above B$
during the first rise, and above 2BS
during the following rises. The agre-
ement between the theory and experiment
is again reasonable as Fig.7 shows.
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2. MOLTIFILAMENTS

2.1. Self field effect

For large twist pitch conductors / p > 10ft/ the behaviour is almost the
same as in a monofilament wire. The filaments behave collectively and the cu-
rrent flows with a critical density in the outer region and with a very small
density in the central region.

The expressions for the electric field are the same as in a single core
wire. However, the existence of the resistive state prevents to define clearly
a critical current independent on the electric field. One major consequence
is .that the electric field cannot become infinite [lj.

2.2. Multifilament carrying a constant current and submitted to a transverse

time varying field.

Two mult ifilamentary composites carrying nearly the same current are com-
pared. Fig.8 shows the voltage measured on a noninductive coil with the condu-

Bai2f

°-2u 1000x10^1

0.1-

Fig.8 Voltage measured on the com-
posite made of 61 filament, 47 pm
in diameter. Sweep rate 1.9 T/s .

Fig.9 Voltage measured on the com-
posite made of 1000 filaments,10 ^
in diameter. Sweep rate 1.9 T/s .

ctor length of 4 m, made with 61 filaments of 47 ̂ um in diameter. In Fig.9, the
conductor is the 1000 filaments composite with filament diameter of 10 ̂ m. I-i
both experiments the field sweep rate is 1.9 T/s.

For comparison, the curves for the zero transport current are given also
to point out the influence of what can be called the "external field" flux.
However, for small field, in the region of incomplet penetration there exists
some change in this external field.

Three regions can be distinguished on the curves. In the first one, the
influence of the penetration depth in the filaments themselves appears, in the
second one the curves during the first and following rises are different, but
they tend to join in the third region. For the 1000 x 10 pm composite the lat-
ter region does not exist and equal distribution is achieved only when the
current becomes critical. These results point out the role played by the chan-
ging external field which forces current redistribution. At the beginning, al-
most all the current is in the outermost layer in the case of 61x47 ̂ um compo-
site, and only in a few layers in the case of 1000x10 pm composite. The flux
created by the external field between any pair of filament induces the circu-



- 721 -

lating currents making the overall current distribution to be equalized. This
is easier in the 61x47 ̂ um conductor than in the 1000x10 urn one for two rea-
sons:
i - The 61x47 fim composite is made only of 5 layers, and the outermost lay-

er is not saturated in the zero field. While the 1000x10 urn composite is
made of 19 layers, and a few layers are saturated already at zero field.

ii - Considerations on the external flux enclosed between layers of filaments
have shown that the redistribution is an encreasing function of the thi-
ckness of the filaments [3,4,5j .

After the current is redistributed, it seems that the voltage agrees with the
average electric field in each filament E-Bai as indicated by the dashed
lines in Fig.8 and 9 /<3 is here the filament radius/. That shows also the
voltage to be roughly proportional to the diameter of the filaments.

2.3. Simultaneous variation of the current and field.

Several works have shown that the current distribution can be determined
using the differential equation which takes into account the net flux change
between two electric center lines i.e. self field and external field flux.
The current distribution is much improved when the product Kr$ is enlarged
/is is the radius of a filament and K is the coupling factor defined as the

ratio of the external field to the transport cur-
rent A The typical distribution during an increa-
se is shown in Fig.10. According to the curves
given in [6] saturation of the outer layer of
the 61x47 urn composite takes place when
A = 1.8X10"2 T/A, KrE = 4xlO"

7 Tm/A /.That pro-
b

ves the distribution to be rather constant all a-

r long the increase. As a matter of fact, the cur-
ves plotted in Fig.11 show a very small differen-

Fig.10 Current distribu- oe between the first and th0 se&ond r i s e s« whicb

tion in a composit when indicates the current density to be nearly equal
n - VT

" inside the composite. The theoretical voltage
Bai2l.±s plotted and agrees very well with this assumption. On the contrary
in the 10 um filament composite K = 1.3x10 T/A and Krs = 6x10 In/A aid
the theoretical saturation of the outer layer should take place *henI/lc =0.5.
The experimental results in Fig.12 show indeed a bad distribution of the cur-
rent, but the saturation of the outer layers seems to take place well before
l/lc '- 0.5. Moreover there is a big difference between the first and second
rises. Only the decrease branch is in agreement with the relation of comple-
redistribution E=Bai .

One can think perhaps on the loops of ths induced coupling currents flo-
wing from filament to filament across the matrix. It is known that the satu-
rated layer of the filaments appears when the field sweep rate is larger than
a critical value Bc . This critical rate is a function of the transport cur-
rent in the corresponding layers [7] :
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where 2w is the distance between two filaments.

Thus if i tends towards 1, Bc tends towards 0.

61

I
0.3J- 1000x10^1

B'KI
><X2-

Fig.11 Voltage measured on a com-
posite 61x47 pm. Sweep rate 1.9T/s,
K = 0.018 T/A.

Fig.12 Voltage measured on a com-
posite 1000x10 jim. K = 0.013 T/A.
Sweep rate 1.9 T/s.

During the increase the outer layer carry a current with the maximum

current density and as a result ^c can be very small. The induced currents

superimpose locally to the transport current which can result in an assymetry

of the current distribution. This latter submitted to the external field can

give rise to an extra electric field and loss which are not generally taken

into account in loss calculation.

Further work is now in progress to improve our understanding of the cur-

rent distribution so as to achieve a better approach of the loss in magnets.
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DISCUSSION

L. Oesnak : Could you explain the role of B in your experiments?

B. QMrok : In most experiments, the voltage is directly propor-

tional to B , except for the 1000x10 ji submitted to simultaneous

increase of current and fi«ld. In this case, the voltage increa-

ses a little less than proportionally.
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ABSTRACT

Magnetization curves were determined in
single core wires and multifilament composites.
The results show a large influence of the ani-
sotropy of critical densities with the direc-
tion of the field. Losses are given in a twis-
ted multifilament conductor submitted to a time
varying longitudinal field. Experimental re-
sults are in goo agreement with the theory.

1 - INTRODUCTION

In a Tokamak configuration the conductor
of the toroidal coils is submitted to the tine
varying poloidal field. It happens that the
field takes any orientation with respect to
the conductor. To calculate the losses one
should first know the induced current distribu-
tion. Eut this is rather complicated owing both
to the anisotropy of the critical densities and
to the fact that it is a three dimensional pro-
blem.

However an experimental approach can im-
prove our understanding of the induced current
distribution in the general case. A theoretical
model is shown to be in good agreement with the
experimental results in the particular case of
a multifilament conductor submitted to both a
transverse bias field and a longitudinal time
varying field.

2 - FIELD ORIENTATION EFFECTS ON THE MAGNETIZA-
TION OF SUPERCONDUCTING WIRES.

A series of experiments on field orienta-
tion effects were carried out on single core
wires [1] . The main results can be summarized
as follows. The local densities can be much
larger when the direction of the field makes an
angle with the conductor axis different from 0
and 90°. Besides, for small angles the magneti-
zation loops are typically tilted upwards.

This can be explained if one considers
that the currents induced in the outer regions
of the wire make rather small angles with the
axis of the wire, and with the direction of
the field. Consequently, these currents can
flow with large densities and can shield the
transverse component from complete penetration.
As a matter of fact, a strong magnetization
perpendicular to the external pulsed field was
pointed out. As a result the magnetization loop
area shows a deep minimum for a given angle
between field direction and axis of the con-
ductor (typically 20° for wire I2£u,in diame-
ter) (fig.l). This minimum moves towards smal
ler angles for thinner filaments.

0 V 2 0 3 0 U 5 0 6 O 1 D K 9 0
a(DEGREES)

Fig.1 - Area of magnetization loops versus
orientation of the changing field
with respect to wire axes.

3 - EFFECT OF A TRANSVERSE FIELD ON THE LONGI-
TUDINAL MAGNETIZATION IN A MONOFILAMENT

Short samples of supercon T48, 127/* in
diameter were mounted in a small pulsed coil
placed in the bore of another coil creating a
bias transverse field.

Obviously, the history of the magnetiza-
tion of the sample plays a very important role.

In purely a parallel field the magnetiza-
tion indicates high values of azimuthal criti-
cal density J _ as frequently observed C1,2,3J

If the background field is first rised up
to a given value and then decreased to zero,
longitudinal currents are pinned leading to a
remanent transverse magnetization. When the
longitudinal field is swept, there take place
azimuthal induced currents which combine with
those longitudinal "remanent" current. As a
result, just at the beginning of the increase
the resulting currents flow in such a way to
make small angles with the axis of the wire and
not perpendicular to the changing field, as it
is the case in a virgin sample. As a result,
the longitudinal magnetization increases very.
slowly at the beginning. But, cycle after cycle,
the orientation of the magnetization changes
direction to become parallel to the pulsed ex-
ternal field, as shown in fig.2.
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Fig.4 - Longitudinal magnetization versus trans-
verse background field.

Fig.2 - Magnetization loops in the longitudinal
direction. The transverse field was in-
creased up to 1.4 T and decreased down
to zero before the longitudinal was
changed.

Likewise, the magnetization is plotted,
when a transverse bias field is superimposed to
the longitudinal pulsed field (Fig.3). It must
be noticed, that first the transverse field is
changed from 0.1 to 0.2 Tesla and than kept
constant. The longitudinal field is then swept.
During the series of cycles a redistribution of
currents takes place. One can see that the ove-
rall longitudinal magnetization is considerably
reduced by the presence of the transverse field.

4 - MAGNETIZATION OF MULTIFILAMENT COMPOSITES
IN LONGITUDINAL FIELD

Several authors have already shown, that
if a twisted superconducting composite is sub-
jected to a longitudinal time varying field,
longitudinal currents are induced in the fila-
ments so as to partially screen the field from
the center of the composite Qt £ ,6 ,7]] .

In the inner layers the current circulates
with a density depending on the length of the
conductor [6 ,7 ] .

- 2 Dt,

J (r.t)

B T 0.1—~0.2T

1T

Fig.3 - Magnetization loops in the longitudinal
direction.(The transverse is f irst pre-
set at 0.2 T).

When L is the half length of the conductor
P is the twist pitch
D is the equivalent transverse magnetic

diffusivity of the composite.

In the outer layers, the return current
flows witli the average crit ical density <JJc
(rj being the space factor of superconductor).
Of course, depending on the parameters and on
the history, the inner region may or may not be
at crit ical current density.

• It has also been shown C&, 73.that far from
the ends i . e . for long samples or as far as t
remains much less than L /2D the current density

in the inner layers can be written simply :

, , .x 4 " I T B

The magnetization at the end of the half
cycle (forAB,,» 1.4 T) is plotted versus the
background field ( f ig .4) .

An average Jg- density can be defined is
this case. It has been seen to be noticeably
smaller than Jc^. for a background field equal
to zero, but also to J c z of a transport current
in the same background field. [7 , 10, ll]J

The above relation shows there exists a
given field for which the sample is fully satu-
rated by currents flowing in opposite direc-
tions with critical densities + 9 J • It can be
expected that for field amplitudes greater than

the corresponding losses increa-B c

se drastically.

As a result, before this saturation takes
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place, the overall longitudinal magnetization
is made of two parts.

- In the inner unsaturated region, "diama-
gnetic" azimuthal currents flow in each fila-
ment and combine with longitudinal unsaturated
currents.

- In the outer region only longitudinal
helical currents with critical density oJ c are
responsible for the magnetization M,. '

A rather crude model considers both con-
tributions and lead to expressions for the
overall magnetisation and losses.

For an amplitude B J * B , one part of the
magnetization is reversible and does not give
rise to losses. (That part is due to the longi-
tudinal currents flowing in the inner unsatura-
ted region). The magnetization loop is shown to
be typically tilted upwards, which is not seen
on corresponding untwisted conductors. Fig. 5a
shows a theoretical magnetization loop conside-
ring Jc as a constant and fig.7 an experimental
loop in purely a parallel field.

M

- V
6 (B + B j

R is the radius of the filamentary region of the
composite.

d is the diameter of a filament.

Fig.5 - Theoretical magnetization loops in mul-
tifilament twisted composites submitted
to a longitudinal changing field.

a)
b)

B M < B c
B..» 2B

for
For an amplitude BM>2Bc,

the losses i s :

R* B
W T "

the expression

dB

- EXPERIMENTS ON SHORT SAMPLES IN PURELY A
LONGITUDINAL FIELD

All the expressions are given in ref. [ 7 ,
9] •

For BM^>2B , complete saturation by lon-
gitudinal currents takes place and M. «

2 2

, as shown on the theoretical loop in
r fig.5b.

The influence of the saturation field Bc
is clearly pointed out. One must keep in mind
that B c is proportional to Jcz ; therefore B c
decreases as the transverse background increa-
ses.

Several experiments were performed to
check the model.

In purely a longitudinal field the current
densities of the longitudinal currents are like-
ly very high. Jcz(B,/)fl/2.10

10 A/m2, whereas
the azimuthal density is Jc£. Q&B, ,)/v5.10

9 A/m2.
As a result, the saturation field Bc is not
reached and there subsists inside the composite
two kinds of currents (longitudinal or helical)
and azimuthal currents.

As explained in a previous publication \j}
the loops are tilted upwards and their shape and
area depend on the sweep rate B. Additional re-
marks can be made out of further experiments :

I- The loop obtained during a second in-
crease immediately following a decrease, is
slightly different from the first one. That
will be shown more clearly below, with long
samples. That is mainly due to the fact that
the saturation field B. changes proportionaly
to Jc which is a function of the longitudinal
changing field, especially when B tends towards
zero, Jc is noticeably reduced. Consequently,
the boundary between the unsaturated and satu-
rated regions moves during the decrease and the
increase of the field.

2- After the changing field has been
brought down to zero, the magnetization increa-
ses towards a final value with a time constant
of the order of one second for samples 6 cm in
length. That corresponds well to an estimation
of the magnetic diffusivity of 5.10"* m2/s.
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3- Due to the reversible part of the magne
tization ML in the unsaturated inner region,
the loops are tilted upwards. One can think,
the slope to be due to the angle between the
filaments thenselves and the field as shown in
other experiments on monofilaments £l] , but
their thickness («v25/u,) is too small to pro-
duce that effect. Moreover, increasing the
sweep rate B, increases the mean slope of the
loop which proves simply the samples not to be
long enough to avoid end and diffusion effects.

4- Another experiment points out clearly
the two parts of the magnetization (fig.6).

The outer curve represents the total ma-
gnetization. When the field sweep is stopped,
the induced coupling longitudinal currents die
away with a time constant of one second, lea-
ving a magnetization characteristic of the per-

rgitudinal currents.

3- Cycle after cycle, the deformation of
the loop is noticeable. The area decreases with
the number of cycles. This is mainly due to the
fact that in purely a parallel field, the longi-
tudinal critical density Jcz changes during the
cycle, from very high value for B// greater than
0.5 T, to rather small values for B equal to
zero. The saturation field Bc changes propor-
tionaly and the radius of the saturated region
can move.

r ^ is given by the expression :sat

sat

Consequently, the two parts of the overall
isistant azimuthal currents which shield the in- etizat:ion cannot remain in a constant ratio

tenor of the filaments. Vr s loop is plotted and ^ loop depends on the full history of the

in dotted line.

M

^Y
1 2

B=0.9 775

3 • %

1)

Fig.6 - A longitudinal magnetization loop in
short samples.

6 - EXPERIMENTS ON LONG SAMPLES IN PURELY A
PARALLEL FIELD

A set of 36 samples, 60 cm in length were
place in a SO cm long solenoid. A typical se-
ries of loop is shown in figure 7. The three
main points to be noticed from the results are:

J- The shape of the loops is independant
with the sweep rate. The rise time is in the
range of a few seconds to one minute, which is
below the diffusion time of the redistribution
inside the composite (L2/2D/Vl00 s).

The loop is insensitive to the sweep rate
which does not prove the composite to be satu-
rated, but only that the redistribution coming
from the ends has not the time to take place.

2- The loops are more tilted upwards than
in the short samples. Besides the increase and
decrease branches are less curvated. Both ef-
fects are due to a larger influence of the Ion-

current distribution.

M B=0.04T/s

Fig.7 - Longitudinal magnetization loops in
long samples.

REFERENCES

[ l ] A.P. MARTINELLI, B. TURCK - CEN/SACLAY,
STIPE/77-26 EG - Submitted to"Cryogenics".

f2] K.P. JUNGST - IEEE Trans, on Magnetics,
MAG 13 - 1 (1977), 209.

[3] G. ENDERLEIN, A. HANDSTEIN, F. LANGE,
P. VERGES - Cryogenics 13 (1973), 428.



- 727 -

{/] S.S. SHEN , J.R. MILLER - Proceedings of
Sixth Symposium on Engineering - Problems
of Fusion Research - (The Inst i tute of
Electrical and Electronic Engineers) -
New-York (1976), 145.

[ s i G. RIES, K.P. JUNGST - Cryogenics 16, 143
(1976).

[ 6 ] B. TURCK - Rev. Phys. Appliquee 11, 369
(1969).

[ 7 ] B. TURCK - IEEE Trans, on Magnetics MAG 13
1 (1977), 548.

[ 8 ] J.L. DUCHATEAU, B. TURCK, L. KREMPASKY,
M. POLAR - Cryogenics 16 (1976), 97.

[ 9 ] B. TURCK - Int . report, CEN/SACLAY -
STIPE/76-36 EG (1976).

Cio] A. FEVRIER, J.C. RENARD - CEC Conference
Boulder (Colorado) (Aug. 1977).

L l l J An average JQ> density can be defined only
when the background field is much larger
than the longitudinal f ield. Otherwise the
azimuthal magnetization loop depends
strongly on the history of a l l induced
currents and on the number of cycles.



- 728 -

EXPERIMENTS ON THE DISTRIBUTION OF TRANSPORT CURRENTS IN
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SUMMARY

The transport current in a twisted multi-
filamentary composite is expected to be non-
uniformly distributed due to the self-field
effect. This current distribution has been
studied experimentally and theoretically for
a sample configuration which simulates the
windings of superconducting magnets. The theo-
retical analysis shows that the terminal volt-
age appearing across the sample during a change
of the current is directly related to the cur-
rent distribution inside the composite con-
ductor. Expressions of the voltage versus
transport current are derived. Experimental
results are in good agreement with the theo-
retical prediction except that in the high
current region the observed voltage increases
exponentially over the theoretical value. The
excess voltage can be attributed to an anoma-
lous resistive state. Variations in the ex-
ternal magnetic field smear out the non-uni-
form current distribution.

INTRODUCTION

When a transport current is supplied to
a twisted multifilamentary composite conduc-
tor, the distribution of the current among the
superconducting filaments becomes non-uniform
due to the self-field effect. The current
first flows into the filaments in the outer-
most cylindrical shell up to their critical
current density. A further increase of the
current results in a steady growth of the
current-saturated shell. The appearance of
this shell not only gives rise to large hys-
teresis losses but also induces self-field
instabilities for large-size conductors. It
seems quite important, therefore, to investi-
gate the current distribution in multifila-
mentary composite conductors.

Appreciable progress has been made in
the theoretical analysis of the self-field
effect [1-3] and Turck and others have recent-
ly given the first experimental determination
of the current distribution [4,5]. However,
their sample is a bifilar winding with a
large separation between adjacent turns and
thus can be regarded as a single isolated com-
posite conductor. No experiments have been
undertaken for samples which simulate the
close windings of superconducting magnets.
In this work, we have investigated the distri-
bution of transport current in twisted multi-
filamentary composites for a closely wound
solenoidal coil. As shown previously by the
authors [6], the terminal voltage appearing
across the sample is directly related to the
change of the field profile inside the com-
posite conductor. Since the field profile
is determined by the current distribution.

it becomes possible to predict the terminal
voltage resulting from changes in the trans-
port current. Therefore a comparison between
the observed and predicted voltages can give a
direct experimental clarification of the cur-
rent distribution under the influence of the
self-field effect.

1. ANALYSIS AND PREDICTION

The sample coil consists of a double
layer ron-inductive winding shown schematical-
ly in Fig. 1. In this winding the current
direction is opposite in adjacent layers- The
magnetic field produced by the transport cur-
rent in the space between the two layers is
directed along the axis of the sample coil and
parallel to the external DC field. Also the
magnetic induction B in the filamentary con-
ductor will be roughly parallel to the axis
of the sample coil. The magnetic field pro-
duced by the transport current is much smaller
than the external DC bias field so that the
assumptions of the Bean critical state model
are fulfilled.

1.1. Distribution of Current and Field

A transport current flowing in a single
twisted multifilamentary composite conductor

Fig. 1 Sketch of a
double layer non-
inductive coil.
Actual coils consist
of many double
layers.

SELF
FIELD

Fig. 2 Self-field effect in a twisted
multifilamentary composite.
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produces a spiral self-field with a large
circumferential and a small axial component.
Fig. 2 shows the field configuration for just
two of the filaments. With an increasing
transport current, an e.m.f. due to the change
of the self-field flux between filaments "1"
and "2" induces in the two filaments super-
conducting currents of opposite direction
which add to the transport current in the
outer filament and subtract in the inner one.
If the axial component of the self-field can
be neglected, the resultant overall current
distribution among the filaments for a single
conductor is the same as that of a solid wire.

Fig. 3 Current distribution (a) and field
profile (b) in the multi-filament conductor.
A-A' of Fig. 1. The transport current It
generates the field ponlt on side A'.

regarded as an external field for the turn
under consideration. When the transport cur-
rent changes, this field changes and redis-
tributes the currents in the filaments more
uniformly as previously shown [6].
Besides these two effects, there is another
contribution to the curi.ent in the inner re-
gion as will be discussed later. Even when
combined, these effects produce only a small
current in the inner region. In the follow-
ing analysis we will neglect this current.

The variation of B during a current cycle
O-»Imax( <Ic)->0 is illustrated in Figs. 4a
and 4b. After a current cycle is completed,
the field distribution looks like the lowest
profile of Fig. 4b, that is, superconducting
currents of opposite direction continue to
flow as shown in Fig. 4d. These currents form
a closed loop by circulating across the copper
matrix at both ends of the sample conductor.
The length of this loop shrinks according to
the diffusion equation with a magnetic diffu-
sivity % = Pe/Po, where P e is the effective
resistivity of the composite for radial cur-
rent flow. The diffusion-time for a shrink-
age length of 1 i from the sample end is 5 min,
and for 10 m about 8 hrs. Such a diffusion
process will also occur during current cycling
[2,7], However, the time constants for our
sample with a total length of 39 m are large
enough so that these effects can be neglected
for voltage terminals near the center.

In our sample geometry, the composite
conductor forms a layer and its current dis-
tribution averaged over filaments and copper
matrix is shown in Fig. 3. The average cur-
rent density in the outer saturated shell is
nJc, where n means the filling factor of the
filaments and Jc is the critical current den-
sity. In the inner non-saturated region,
there is a small current with a density con-
siderably lower than the critical value.
This unsaturated current has its origin in
the following effects:

1. A small axial self-field is produced by the
twist of the filaments and its changes induce
an e.m.f. and thus a current in the inner
region [1].
2. The field generated by the transport cur-
rents flowing in the neighboring torns can be e

1.2. Terminal Voltage

We consider the terminal voltage appear-
ing across the sample wire. Fig. 5 shows the
configuration equivalent to a double layer
non-inductive winding. The pick-up terminals
are attached far from the sample ends. If we
take an arbitrary contour "C" in the composite
conductor, the terminal voltage is given by

V = (1)

where S is the surface resting on the contour
C and E is the electric field on C. As shown
previously [6], the voltage is independent of
the path C. Selecting the electric center

B

/
/

/

a)

B

V

0 d)
Fig. 4 Changes of the field profile during various stages of a current
cycle, 0-»Imax(

 <Ic)-*0: (a) the first current increase (virgin run),
(b) a current decrease, (c) a non-virgin increase of the current,
(d) trapped supercurrents.
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Fig. 5 Schema-
tic drawing of
a double layer
non-inductive
winding.

line (E-0) in the filament located at the
center of the composite conductor gives

- f aB
J it dS (2)

and the terminal voltage is given by the
change of the magnetic flux threading the
surface S. This flux consists of two parts,
the "external" flux threading the space be-
tween layers and the flux in the multifila-
mentary composite itself. If we denote the
former by $ , eq.(2) becomes

3t
f JS.
J 3t" dS. (3)

conduct.

When the transport current It sweeps up and
down between zero and a maximum value Imax
( <IC) at a constant rate, the first term is
constant and the second term gives a charac-
teristic voltage that reflects the field
distribution in the composite conductor. Thus,
from the field profiles of Fig. 4, it is easy
to calculate the terminal voltage V as a
function of the transport current It and only
the results are given:

The voltage vs. current characteristics
for 3lt/3t=const are plotted in Fig. 6 where
the contribution of the first term of eq.(4)
has been ommitted. The voltage changes linear-
ly with increasing or decreasing current.
This behavior differs from that of a uniform
current distribution where the voltage is
independent of It as indicated by the dashed
lines. For increasing current runs, the
voltage depends on the history of the current
change: The flux entering the composite con-
ductor during the virgin run is larger than
the flux penetrating during the second run
(cf. Figs. 4a and 4c) so that V+(lst run) is
larger than V,(2nd run). As long as the peak
current does not exceed Imax of the first run,

V remains the same during all following runs.

2. RESULTS AND DISCUSSION

2.1. Observed Terminal Voltage

The sample was a twisted multifilamentary
Nb-Ti composite from Supercon Inc. with 400
filaments of 13 urn average diameter, a twist
pitch of 5 mm and an outer diameter of 0.36mm.
It was wound as a double layer, non-inductive
coil with a total length of 39 m. The dis-
tance between the potential taps was 12.9 m
over the central part of the wire.

After cooling, the sample was exposed to
a static magnetic field Hac. Then the trans-
port current It was swept at a constant rate
up and down between zero and a maximum value
Imax. The terminal voltage was amplified and
displayed on an X-Y recorder as a function of
It. All measurements were made at 4.2 K.

A few typical examples of the voltage are
shown in Fig. 7. The sweep rate of the sample
current was 3It/3t=6.1 A/sec for the increas-
ing run and 5.9 A/sec for the decreasing run.
V increases almost linearly with It and V+(lst
run) is distinctly larger than V+(2nd run).

'u-ffp+ ih°nDL
ist run (4a)

i ' B ' 2 n d run <4b)

(4c)

Here, voltages in increasing and decreasing
currents have been represented by V. and V,
and the following notations have been used:

L: length of the conductor between the
voltage terminals;

D: diameter of the filament bundle of the
composite (without the outer copper
sheath of the conductor);

n: number of turns per unit axial length
in one layer of the sample coil;

Ic:critical current of the conductor at
the external DC bias field.

Fig. 6 Theoretical terminal voltage V as a
"function of the transport current It. The
symbols "1st run" and "2nd run" refer to two
pairs of corresponding cycles, 0-»Imax-+0
and 0-»Ic-»0. For a uniform current distri-
bution, V is constant (dashed lines).
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The voltages of the third and all tne follow-
ing runs were exactly the same as that of the
second run as long as Imax remained the same.
The time interval between runs was about 30
seconds.

Hdc=50KG

Fig. 7 Measured terminal voltage V vs.
transport current It (Hdc=50 KG; 3lt/3t=
+6.1 and -5.9 amps/sec). (1) virgin run,
(2)-(7) 2nd to 7th run.

V(/uv)

30

20

10

Hdc = 50KG

10 20 30 40 50 i*t<A)

-10

-20

Fig. 8 Comparison of experiment (solid
lines, cf. Fig. 7) and theory (dashed lines,
from eq.(4)). V R : resistive voltage re-
maining after a stop of the current sweep.

2.2. Comparison with Theory

In Fig. 8 the experimental results are
compared with the calculations, eq.(4), where
ve have used the following parameters: fc=12.9
m, D=0.33 mm, n=22.8 turns/cm, Ic=70 A(at 50
KG). Since the external flux * 0 cannot be de-
termined accurately, the calculation was made
for <t0- 0 an:! th° observed voltage was adjusted
to fit the calculated voltage at It=0.

On the whole, the agreement between ex-
periment and theory is satisfactory except
that in the high current region the observed
V> for both first and second runs increases
too steeply. To investigate this rise further,
the sweep of the current was interrupted tem-
porarily and the remaining excess voltage (VR
in Fig. 8) was measured. The existence of
thi.s excess voltage above 0.6 Ic implies that
the composite conductor as a whole enters a
resistive state. As pointed out by Polak et
al.[8] , Wilson[9] and Kaiho et al.[10], a com-
posite does not switch sharply to the resis-
tive state but undergoes a gradual transition.
A measurable resistance with a nearly exponen-
tial shape develops already at current levels
far below the critical value. Experimental
results of the specific resistivity of our
sample are given in Fig. 9 and the resulting
electric field E is shown as a function of the
current density in Fig. 10. Although we have
observed this excess voltage only for the
static case, it probably will be found for
varying currents as well if the corresponding
E and J are understood as local currents and

f (flm)

Fig. 9 Specific resistivity p as a function
of the transport current.

•13
f =10 Hm

T6 (jTjc)loc

Fig. 10 Sketch of the electric field E
as a function of the current density J:
(a) for actual materials, (b) standard
idealization of E.
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electric fields. Consequently, a transport
current supplied to the composite conductor
first will flow into the filaments of the
outer saturated region till the e.m.f. of the
self-field, driving the current into the outer
shell, cannot overcome the resistance develop-
ing there any more. Then part of the current
will flow into the inner non-saturated region
thereby smearing out the sharp boundary between
the saturated and the inner regions. This is
a third cause for the small current in the
inner region mentioned before in 1.1. When
this process is taken into account, the dis-
crepancy between experiment and theory in the
high current region is easily explained. In
a field of 50 KG, the specific resistivity p
at 0.7Ic is about 10"

1 5 !Jm(Fig. 9) and there
is no reason to suppose that such a small
resistivity could not develop at a current
30 percent below critical.

2.3. External Field Effect

As has been discussed by Wilson [1],
Duchateau and Turck [3] and the authors [6],
the strongly non-uniform current distribution
due to the self-field effect can be levelled
out by changes in the external magnetic field.
We have added a few preliminary experiments
on this so-called external field effect.

After the first usual current cycle in a
DC bias field, superconducting currents of
opposite direction are trapped in the wire.
When now the external field increases to Hac+
AH and returns to its initial value H^c> it
will redistribute the trapped supercurrents
towards a more uniform distribution. Since
the net transport current is zero, this can
lead only to a reduction of the trapped super-
currents and eventually will bring about a

V(JJV)
1st run

10 20 30 l &0 50 ] it(A)

Fig. 11 The effect of changes (AH) in
the external field (Hdc=40 KG).

recovery of the virgin state. Thin effect
can be shown experimentally by observing how
the second-run trace of the terminal voltage
shifts towards the virgin run after a varia-
tion of the external bias field, H,jc-»H^C+AH
-*Hcjc, cf. Fig. 11. The cancellation of the
trapped supercurrents is complete for AH
larger than 8 KG and also has been obtained
by applying a AH of 2 KG repeatedly.

CONCLUSION

By observing the terminal voltage during
a sweep of the transport current in a long
sample, we wore able to find experimental
proof for the strongly non-uniform current
distribution due to the self-field effect.
In standard measurements of V vs. I on short
samples, such an effect does not appear
because the non-uniformity of the current
distribution is smeared out within a few
seconds.

In a previous publication[6], we report-
ed an investigation of the current distribu-
tion for a composite conductor with a constant
transport current when exposed to a changing
external field. There, the sweep of the field
redistributed the currents more uniformly.
The present experiments show that a current
sweep leads to a highly non-uniform current
distribution as long as the external field
remains steady. In actual magnets, a combi-
nation of these two experimental situations
exists and we plan to extend our experiments
into this region of a simultaneous sweep of
the current and the external field.
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DISCUGolON

I. Hl&snik : Have you studied the influence of the inhomogeneity
of the changing magnetic field on the asymmetry of the current
distribution in the multifilamentary conductor transporting
changing current?

T. Cteasawara : The influence of the inhomogeneous field on the
distribution of the transport current is a very important prob-
lem and also involves nuch difficulty. As a first approximation,
we have assumed a symmetric current distribution* In an exact
theoretical analysis, some modification of the symmetric current
distribution will be necessary as commented by you.
J. C. flenard : 1) What is the homogeneity of the transverse app-
lied field along the whole sample (i. e. including current leads)?

2) Moreover, due to your bifilar winding there is
an inhomogeneity of the magnetic field on the sample induced by
the bifilar winding itself. What is the importance of this inho-
mogeneity? 3) Have you made current-voltage measurements on
short samples and have you observed in this case a resistive
voltage for so low value of the current with respect to Ic?
T. 0p;asawars.:1)The sample coil is set in a bias field with a ho-
mogeneity better than 1#. The current leads are placed in a low
field region but this has no influence on our experiments because
of the following reasons: The voltage terminals are attached far
from the sample ends (about 13 m away from the sample ends), and
thus the current-redistribution process propagating from the
sample ends can be completely neglected.

2)Deliberately we increased the field inhomogeneity
over the sample volume, but the influence on the experimental
results were very small.

3)The measurements of V vs. It characteristics on
short samples have not been made yet. In our sample, the dis-
tance between voltage terminals is 12.9 m. The sensitivity of
the voltage measurements is so high and I think the development
or the resistivity • » 1 O ^ftm at 70$ I is not unconceivable*
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Abstract

The existence of barrier resistance between superconducting filament and copper matrix has
been anticipated from the decay of magnetization. Recently the measuring technique of self-
field in SC composite has been improved and it became possible to observe the diffusion of
current distribution. The measurements on SC composites which have the different filament
diameter showed the existence of barrier resistance. For the measurement of transverse resis-
tivity in SC composite, it is a superior metl.jd to measure the voltage caused by the self field
effect because it does not need any integration and it is possible to use the twisted wire as a
specimen. The experimental data made it clear that the effective transverse resistivity does
not depend on magnetic field significantly but it depends on its filament diameter. This resist-
ance may be caused by a compound layer formed on SC filament.

To see what the barrier layer is, we prepared the specimens which has the different heat
treatment. The measurements using the X-ray Micro Analyser showed the existence of compound
layer between NbTi filament and copper matrix. These are compared with the barrier resistance
data. To reduce such a resistive barrier especially for fine filament composite, it is better
to anneal the wire at lower temperature and for longer time.

1. The Self Field Measurement

The self field effect in twisted conductor were investigated extensively by the group of
CEN Saclay1) and the simple method2»3) for this effect gives a detailed information on current
distribution inside the composite wire.

When the current is swept at a constant rate dl/dt in the cylindrical multifilamentary com-
posite of which length is 2L, the expression of the voltage which appears at ±L/2 from the
center of wire is given by the following equation;

u 1 + a + B(t, ±|)

? L I l o g ; 1 < i

U 1 + a - B(t, ±\) (1)

1 4ir L dt log 1 + a - i - BC1 - iM) ' x T

where i = I/Ic, i T = (1 + a + 8)in/2» *M
 the maximum current, a the correction parameter which

is determined by the by-pass current to the copper matrix during the sweep and B(t, ±L/2) is the
time dependent diffusion parameter. B is given by

l+2n

where .T 2
T = 4 L , _. . (3)

(2n+l) 7TD

The experiment was performed by plotting the voltage vs transport current on X-Y recorder
and then this curve was compared with the expression (1) which determines the parameter a and 6.
a. obtained is about 0.1 for all the samples.

by

For the determination of Tn, B is plotted as a function of time and compared with equation

xn(2n+ir
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Figure 1 is an example of 3 obtained for the case of No.4 sample in Table 1. Obtained
decay curves are not so much influenced by external magnetic field. This indicates that the
effective transverse resistance is not determined by magnetoresistance but by another effect.
In Table 1 are shown the dates of wires used for this experiment which were heat treated nor-
mally (370°C * 4h). Figure 2 is the filament diameter dependence of transverse resistivity of
these samples which shows that the effective resistivity is much higher than that of copper
matrix (10~10 f2m) and that the resistivity depends strongly on the filament diameter and it
increases against the filament diameter, i.e. with the surface area of filament.

This result suggests that there exists resistive barrier between the filament and the
copper matrix.

2. X-ray Micro Analyser Analysis

To see what is happening at the boundary between NbTi filament and copper matrix, X-ray
Micro Analyser (MXA) was used.

Figure 3(b) is the XMA results of Nb, Ti and
Cu respectively for the sample heat treated at
600°C. It is clear that the intensity of both Ti
and Cu spector have plateaus at the boundary, i.e.
there is some intermetallic compound formed at
this position. Moreover in the microscope photo-
graph something different matcisl from copper was
observed around the filament.

From these observations it is clear that when
it is heat treated at high temperature, Ti and Cu
react and thus resistance barrier is formed at
the boundary. Figure 3(a) is the XMA of 300°C
heat treated sample and in this sample no plateau
was seen.

Although it is difficult to analyse the small
area smaller than the beam spot size of XMA used
CUJ.l l!m), it is still probable that very thin Cu-
Ti compound layer is formed by the heat treatment
and the resistivity of this layer may be
much higher than that of Cu matrix even ?tf
when it is heat treated at rather low '

I 5 *

400

Figure 1.

temperature as is the case for the
production stage heat treatment.

3. Dependence of Transverse Resistivity
on the Heat Treatment

Dependence of Pj. on the condition
of heat treatment is a direct proof of
resistive barrier existence. If the
high transverse resistivity observed
comes from the compound material formed
by heat treatment, Pt should depend
highly on the temperature of heat treat-
ment.

In Table 2 are summarized the
experimental results for different heat
treatment conditions. Normal heat
treatment condition for conventional
multifllamentary wire is, for instance,

5.*)'

-*vi

I 10 50 100

Figure 2. Average transverse resistivity vs filament diameter

A M.E. Davoust i J.C. Benard results(4)

+ our results
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yable 2. Iteat Treatment Variation of Transverse Resistivity
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8.0

8.0

Nunber

of
Filanents

361

271

361

Wire
Diaireter

( m )

0.22

0.22

0.22

Twist
Pitch

( mn )

20

20

20

Sample

Length
2L ( ra )

2.0

2.0

2.0

Decay
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l.uxicr9
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4 hours at 3V0°C. Beside normal heat
treated composite wire both, a little
over heat treated composite and a under
heat treated one are examined.

From this result it is clear that
the transverse resistivity of these
samples increases as the temperature of
heat treatment increase. In Figure l\
are plotted the measured points, pj.
increases monotonically as the heat
treatment temperature increase in the
temperature range between 300°C and
400°C, though any compound layer is not
clearly observed by XMA. This means
that the thickness of the compound
layer increases as the heat treatment
temperture increases.

Thus it is reasonable to believe
that Cu and Ti react even at low tem-
perature of 300°C and this reaction
layer grows thick enough to he observed
by XMA at 60O°C.

4. Conclusion

Ti

Mb

(a) 300°C 4 hr

lieat treatedObserved pj. is understood as the
barrier resistance between filament and
copper matrix which is formed as a
result of heat treatment. Such a
resistive barrier is not observed by 300°C heat treat-
ment but this barrier layer exists at least for the
sample heat treated at 37O°C. At 600°C, it grows thick
enough to be observed by a microscope and the formation
of intermetallic compound is confirmed by XMA. Effective
transverse resistivity pj., therefore, is not influenced
by external field and has a filament diameter dependence.

To reduce such a resistive barrier for fine filament
composite, it is advisable to have a heat treatment at
lower temperature and for long rime i.e. 300°C, 20 hr.
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DISCUSSION

J. G. Renard : Have you identified the nature of the compounds
which are produced at the NbTi - Cu intexfaces?
B« Turck : Toshiba people think it may be a compound of copper
and titanium.
P. Genevey : The heat treatment was made during the fabrication
or after it?
B. Turck : I don't know, but probably after.
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POWER LOSSES IK SUPERCONDUCTING MULTIFILAMEHTARY COMPOSITES

Margaret E . Hunt, R.G. Rhodes

Univers i ty of Warwick, Department of Engineering,

Coventry CV4 7AL, U.K.

and C.R. Walters
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Summary

An i n v e s t i g a t i o n of the power l o s s e s produced in multif i lamentary superconductors when

subjected t o f l u c t u a t i n g and a . c . magnetic f i e l d s superimposed on a d . c . f i e l d , for the purpose

of assessing their application in the a.c . generator and the magnetic levitation of high-speed
trainti.

1. Introduction
The application of a superconducting winding for the rotating magnet of an a.c. generator

would result in a considerable saving in both size and weight over a conventional a.c. generator
of the same rating* Since i t would be necessary for such a generator to maintain the low tem-
perature of the superconducting windings, it is essential to know accurately the power losses

which would occur so that the design parameters of the generator include sufficient cooling.
The superconducting f ie ld winding i s nominally d.c. but it would be exposed to time-varying
magnetic field3 arising from loading conditions, unbalanced loads, non-ideal operating conditions
and faul t s . The steady a.c. fields of the armature winding can be attenuated by a damper shield,
but thiB would not be sufficient to prevent the large transients and the lower frequency fields
from reaching the superconductor.

Similarly in the application of superconducting magnets for the levitation and propulsion
of high-speed trains, the magnets will be subjected to time varying fluctuations superimposed
on their d.c. f ields because of the oscillations of the vehicle resulting from irregularities
in the guideway and external forces. Furthermore, with a periodic structured track (such as a
series of conducting loops or a ladder configuration) the train magnets see a periodically
nodulated mutual inductance coupling them to the track. In each case the normally constant
currents of the magnets (which are operating in their persistent mode) would vary with changes
in their magnetic environment and this would result in the generation of power losses.

In both the case of the a.c. generator and magnetic levitation the magnet windings are ex-
posed to a static d.c. f ield on which a small a.c. or fluctuating disturbance field is super-
imposed. The resulting power dissipation or a.c. losses could be comparable with the cryogenic
heat load due to other heat leaks and will need to be included in the evaluation of specific
designs of magnets for these applications.

The generation of a.c. losses in multifilamentary superconducting composites results
primarily from the magnetic hysteresis in the superconducting filaments, induced coupling
between filaments, and eddy currents in the copper matrix. As the structure and geometry of
superconducting wires and cables increase in complexity, the theoretical calculation of the
power losses, and hence the heat dissipation, becomes increasingly dif f icult . The research pro-
gram being undertaken jointly at Warwick University and the Rutherford Laboratory is currently
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directed towards the development of suitable experimental techniques to measure the a.c . losses
in a variety of mult i f i lament ary samples. By this means i t is hoped to be able to differentiate
between th« different loss mechanisms and their relative significance and hence to establish a
basis for the development of optimum materials.

2. Methods of Measurement

2*1 Floweter Technique

At the University of Warwick the helium boil-off technique is being used to measure the

losses developed in short samples of superconducting wires. Initial measurements have been

carried out using a thermal flowmeter to measure the helium boil-off from a test calorimeter.

2*1*1 Self-f ield Losses

A length of wire i s wound non-inductively onto a 30 mm diameter former which f i t s inside
the test calorimeter. The helium boil-off i s then monitored as a function of the frequency and
current of an a.c. signal applied to the sample from an external source. The losses obtained in
this case are therefore a result of se l f - f ie ld ef fects . The typical length of the wire specimen
used i s 1.3 metres for 1 mm diameter wire, and up to 3.0 metres for fine wires. The useful
range of the signal generator fa l l s between 10 Hz and 200 Hz and up to 50 Amps of power can be
supplied to the sample at 50 Hz. Below 10 Hz the losses are too small to be distinguished from
the background boil-off from the calorimeter (which i s equivalent to an input of about 0.2 mWatt).
Above 200 Hz a significant amount of the power supplied by the signal generator i s being d i s s i -
pated in the isolating transformers in the external c ircui t .

Comparing the results obtained for a sample of multifilamentary wire C361 (wire diameter
1*0 mm, 361 filaments of NbTi each with diameter 0.03 mm embedded in copper matrix) with those
from a solid core wire Nionax S (wire diameter 0.4 mmf NbTi core diameter 0.2 mm in copper) i t
was found that when the losses were plotted in mW per metre of wire against applied current as a
function of frequency they were greater for the solid core wire, but that i f the same losses were
plotted in mW per 00 against current density in the superconductor as a function of frequency,
the multifilamentaiy wire showed greater losses.

2.1.2 AC superimposed on DC f ie ld

In this experiment a small coil of superconducting wire i s placed inside the test calori-
meter and carries a d .c . current thus generating a d<>c. magnetic f i e ld . An external a.c . magnetic
f ie ld i s then applied from a copper solenoid fixed in the nitrogen jacket of the cryostat. The
losses in the superconducting samples were small (up to 1 mHatt) and more difficult to measure
accurately.

From results obtained for a ooil of multifilamentary wire A61 (wire diameter 0.6 mm, 61
filaments of NbTi each with diameter 0.05 mm embedded in copper matrix) i t was possible to show
that the losses increased both with increasing frequency and amplitude of the external a.c .
f i e ld . Changes in the d.c . level did not have such a marked effect . The ooil was wound from
11 metres of wire and consisted of 140 turns in 6 layers with an average radius of 12 uat which
with 40 Amps applied produced a field of about 0.3 Tesla. When subjected to an a.c. f ie ld of
about 0.003 Tesla ( i . e . Mf, ripple amplitude), this ooil produced losses of almost 1 mWatt at
100 Hz which was s ix times greater than the IOSB at 50 Hz.

2*2 Mafnfttisation Technique
At the Rutherford Laboratory, the losses arising in a non-inductive ly wound wire sample as

a result of the superimpoeition of a magnetic ripple f ie ld onto a stat ic f ield are measured by



• magnetisation teohnique. Both a.c. and d.c. signals are supplied to a large superconducting

magnet which can provide field levels up to 7 Teala. The resulting field inside the bore is

Measured by a single turn search coil. At present the apparatus is only suitable for low fre-

quency measurements and the range of investigation has been chiefly between 1 and 5 Hz. Above

5 He the a.c. power supply cannot provide high enough ripple amplitudes; below 1 Hz the loss

measurements take a much longer tine to obtain.

Sight different multifilamentary wires, each composed of niobium-titanium filaments in a

copper matrix, have so far been examined. All of these wires (produced by I.M.I., UJC.) have

been twisted with one twist per inch. Four wires each with 61 filaments and having a Cu to

NbTi ratio of 1.35 to 1 have diameters of 0.75f 0.6, 0.5 and 0.4 on (excluding insulation).

Three wires each with 361 filaments and a Cu to NVTi ratio of 2 to 1 have diameters of 1*0, 0.75

and 0.5 am. One with 48 filaments and a Cu to NbTi ratio of 2 to 1 has a diameter of 0.5 m.

In addition a sample of solid core auperoondnotor tfiomax S (wire diameter 0.4 mm, core diameter

0.2 m , Cu to NbTi ratio 3 to 1) has also been examined.

For background fields of 1, 3 and 5 Tesla and ripple frequency 1 He, the graph of loss (in

•Joules per cyole divided by volume of wire sample) versus ripple amplitude (from 0.1 to 0.8

Tesla) appears to follow a power law, the exponent of which is approximately 2 at 1 Tesla back-

ground, field but decreases by about 10 per oent for a 5 Tesla background field.

For wires of a similar structure, the losses (in nJoules per cycle per cc) decreased with

wire and henoe filament dimensions, but the losses even for wires of different structure and

coaposition were still fairly similar. The losseB in the solid core sample were normally at

least one half of those in the sultifilamentary superconductors.

3* Conclusions .. .

The present investigation is already showing some interesting results. It is anticipated

that the limitations on the sensitivity of the oalorimetric measurements, for the case of the

superimposed fields, may be overcome by increasing the size of the sanple (and henoe also the

d.c. field) and by applying larger amplitude a.c. fields. For the magnetisation method, it is

neoessary to extend the frequency range so that the dependence of loss on frequency can be in-

vestigated more fully.
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Figure 1 Self-field effect : LOBS versus A.C. Current
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G. Renord i In order to make a good comparison of losses of
different composites with aifferent filament diameter, have you
made critical current density measurements on these samples?
II. '£. Hunt : Yes.
1. Hlasnik : How do you explain the dependence of the losses in
the different conductors? Did you compare your experimental re-
sults with the theory?
M. E. Hunt : When we have collacted more information on these
conductors we intend to make these comparisons.
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Summary

Multifilamentary superconductors with alternating twist have been proposed

in order to reduce filament coupling in pulsed longitudinal magnetic fields. In

this paper the behaviour of a conductor with alternating twist is investigated

with respect to a pulsed transverse field. The corresponding coupling losses are

calculated and the irreversible magnetization has been measured. Theory and

experiment agree well showing that the alternating twist remains effective to

some extent. The coupling losses are enhanced by a factor of two compared to the

results of ordinary twist. This enhancement factor is found to be independent of

the alternation rate l̂ /l...
p a

1. - Introduction-

Twisted multifilament superconductors show a new coupling effect between the

filaments when the conductors are exposed to a pulsed longitudinal field. After
( 1 ? }

the detection of this effect by the authors ' about two years ago a number of

theoretical and experimental papers " ' have been published confirming the

first results and leading to a nearly complete understanding of the phenomenon.

It had been proposed by the authors to alternate the sense of rotation of twist

after a small number of twist lengths in order to reduce the coupling and there-

Irreversible magnetization (at 3 T) for

sample (•) with ordinary twist 1 = 8 mm

and sample (A) with alternating twist

la = 2 1 = 16 mm, in a pulsed longitu-

dinal field 0 -»• 4 T -* 0.

OX 0.8 1.2 1.6 2.0
RATE OF CHANGE OF FIELD (T/s)



fore the losses.'1'2' Experiments on alternatingly twistes samples showed indeed

a strong decrease of the irreversible magnetization. So the alternating twist is

very effective with respect to loss reduction in longitudinal fields. Figure 1

recalls to that drastic decrease of magnetization achieved by the alternating

twist compared to an ordinary twist. (7)

Like the ordinary twist/ however, the alternating twist has to remain effec-

tive with respect to pulsed transverse fields, too, as in magnet applications

these field components are present over large parts of the conductor (e.e.

Tokamak magnet system). This paper presents the results of experimental and

theoretical work on alternatingly twisted superconductors exposed to pulsed

transverse fields.

2. - Theory

Before calculating the losses the induced currents are to be determined.

Figure 2 shows a cylindrical multifilament wire with alternating twist extending

in z-direction with a uniform field B applied in x-direction. Only one filament

at a radius r is shewn completely. £t the reversal points z = 0, +la/ ±
2 1

a' etc.

the twist of all filaments changes the sense of rotation. In Fig. 2 1 = 2 1

IQ —

Fig. 2; A piece of alternatingly twisted multifilamentary wire with

One filament is shown completely, the others are1 =a 2 1 p
indicated at z

is chosen where 1 is the twist length. The reversal points are located at the

coordinate yR corresponding to a polar angle ip0 with respect to the x-y-plane.

The filaments are assumed to be arranged on concentric layers and distributed

regularly between 0 and 2it. Using Maxwell's equations the calculation' of

the induced current density in the conductor in the low frequency limit results

in

j = + a B -*2 1 - cos-r^z, + siny^-z, -r̂ (x sinŷ -z + y cos-r̂ z + y) (1)
271 L P P P P P J

where o is a mean transverse electric conductivity.

The dissipated power due to filament coupling is given by integration of

and radius R.a E over the volume V of the filament bundle with length 1
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For IT R « 1 the coupling losses of alternatingly twisted superconductors in

transverse field are then given by

P a 2 2iT (2)

The transverse coupling losses of conductors with ordinary twist are known to

be ( 1 2" 1 5 )
 h

- a (3)

The comparison of (2) and (3) shows that the coupling losses are a factor of

two higher in the case of the alternatingly twisted conductor. Surprisingly this

factor is independent of the alternation rate l pA a. The explanation is that the

magnetic flux penetrating between two filaments does no longer cancel completely

after each twist length 1 <cf Fig. 2). That additional area near the reversal

points encloses a residual flux which causes an increase of the voltage between

these filaments, corresponding to an increase of losses, independent.of 1 .
a

3. - Experiments

Magnetization measurements have been performed using the usual method with

the sample placed in one of two compensated search coils. A number of samples

with ordinary and alternating twist have been prepared in our laboratory from

untwisted multifilamentary wire. The wire had an outer diameter of 1.06 mm,

589 NbTi-filaments and a Cu/SC ratio of 2.1. The other sample parameters are

listed in Tab. I.

Tab. I: Sample parameters Each sample consists of an open ended

8 cm long coil wound from 4 m wire. For B up

to 2 T/s magnetization curves have been

measured at 4.2 K for a transverse field

cycle 0 •* 4T + 0. For a comparison with the

calculated losses from above the irreversible

part of the magnetization was taken arbitrari-

ly at a field value of 3 T. Figure 3 compares

the experimental results of two conductors

with ordinary and alternating twist. The mag-

netization is normalized to the stationary

hysteretic magnetization of the filaments.

The sample (X) with ordinary twist shows the sxpected increase of magnetization

linear with B. The effect of alternating twist results in an enhancement of the

B-dependent losses by a factor of 2.5. This is in good agreement with the factor

of 2 predicted by formula (2). The deviation may be due to slightly different

1 , j c or inhomogeneous twist.

A further prediction of the theory from above is that the B-dependent trans-

verse field losses are not influenced by the alternation length 1 . This is

clearly confirmed by the results of samples (A), (V) and (0)in Fig. 4. These

samples have significantly different la but nearly equal magnetization values.

The dashed curve is the theoretical factor of two curve based on the data of

sample (X) with ordinary twist.

X

A

V

0

Twist
length
lp(mm)

8

8

8 ,

8

Alternation
length
la(mm)

ordinary
twist

16

32

48
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4. - Conclusions

In pulsed superconducting magnet systems with a more complicated winding

geometry, where longitudinal and transverse pulsed field components occur at the

conductor, the alternating twist is capable to reduce filament coupling effective-

ly with respect to both components. The limited increase of transverse coupling

losses seems tolerable as long as other loss sources (hysteretic etc.) dominate.

In summary the alternating twist will improve the loss situation as long as

complicated magnet geometry and large pulse field amplitudes are concerned.

Vie would like to thank G. Obermaier for the preparation of the samples and

assistance during the measurements.

References

1) K.P. Jungst, Proceedings of the 5th International Conference on Magnet
Technology (Lab. Nazionali del CNF.N, Frascati, Italy, 1975) p. 69C

2) G. Ries and K.P. Jungst, Cryogenics _1_6, 143 (1976)

3) S.S. Shen and J.R. Miller, Proceedings of 6th Symposium on Engineering
Problems of Fusion Research (The IEEE, New York, 1976) p. 145

4) K.J. Carr, Jr., Proceedings of 6th Symposium on Engineering Problems of
Fusion Research (IEEE, New York, 1976) p. 152

5) M.S. Walker, G.R. Wagner, S.S. Shen, Proceedings of 6th Symposium of

Engineering Problems of Fusion Research (IEEE, New York, 1976) p. 156

6) B. Turck, Revue de Physique Appliquee _1_L» 3 6 9 (1976)

7) K.P. Jungst, G. Ries, IEEE Transactions on Magnetics MAG-13, 527 (1977)

8) B. Turck, IEEE Transactions on Magnetics MAG-13, 548 (1977)

9) J.R. Miller, S.S. Shen, IEEE Transactions on Magnetics MAG-13, 534 (1977)

10) W.J. Carr, Jr., IEEE Transactions on Magnetics MAG-13, 192 (1977)

11) K.P. Jungst, G. Ries, Journal of Applied Physics (to be published)

12) M.N. Wilson, C.R. Walters,J.D. Lewin, P.F. Smith, Journal of Physics D 3,
1517 (1970)

13) G. Ries, H. Brechna, KFK-Report 1372 (1972), Kernforschungszentrum Karlsruhe,
Fed. Rep. Germany

14) G.H. Morgan, Journal of Applied Physics 4J_, 3673 (1970)

15) W.J. Carr, Jr., Journal of Applied Physics £5, 929 (1974)

K. Yasukochi : How to make such sample?

7..-:. Jungst : Up to now still by hand, but if there is a demand

for such a conductor we know already how an appropriate machine

should look like. However, machine running time will increase.
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ABSTRACT

Experiments with superconducting test
coils show that "training" is reduced when the
conductor is strained and released at room tem-
perature before winding. The reduction of trai-
ning by this prestrain treatment implies that
the energy release inducing premature quenches
is located within the conductor. Microplastic
deformation effects in NbTi are suggested to be
the main reason of training. The reduction of
training by prestraining indicates that micros-
plasticity not only disappears after strain at
liquid helium temperature but also after room
temperature straining. The minimal energy indu-
cing a normal transition in the test coils is
calculated with a computer program which gives
the exact solution of the heat equation.

1 - INTRODUCTION

Training is still a troublesome problem
arising with the use of superconducting magnets.
Most magnets which are not cryostatically sta-
ble reach their design field only after a num-
ber of premature normal transitions at succes-
sively higher field values. It is clear that
training must be related to mechanical energy
release during energizing, where current, field
and stress rise simultaneously. The energy
source is irreversible, i.e. disappears in a
subsequent loading cycle for stresses below the
former maximum stress. Morover the source does
not reappear after thermal cycling to room
temperature, since fortunately the training of
magnets does not begin again after a new cool
down, or at least is greatly reduced. Further-
more the experimental observation that training
cannot be prevented by very slow energizing
strongly suggests an instantaneous point source.
4 continuous energy source, such asplastic .
deformation of the copper matrix £lj would
lead to dependence of training on the energi-
zing rate. In the past, several mechanisms
were proposed as energy source, e.g. frictio-
nal heating by sudden wire movement L^J »
epoxy crack energy in impregnated magnets £
but also internal energy sources within the
conductor_Tl,4,5] . As pointed out by Edwards
et al. []3j7 there may be no universal source
for training and all of the suggested mecha-
nisms may play some role in cases of different
coil geometry, stabilisation, cooling condi-
tions, etc.

On leave from Kernforschungszentrum Karlsruhe,
Institut fur Technische Physik.

Previously a training effect was found in
short sample tests with NbTi, when the conduc-
tor was strained with an applied transport cur-
rent ClJ*"/] . Short sample training was explai-
ned by energy release due to irreversible
microplastic deformation effects and it was
supposed that tha same mechanism is the reason
for magnet training. Microplasticity was detec-
ted in NbTi by monitoring acoustic emission
during strain £53 •

The study of short sample training indica-
ted also a way to reduce magnet training :
short sample training is greatly reduced when
the sample is strained at room temperature
before the experiment [j~] . This neans that
energy dissipation by microplasticity disap-
pears not only after a load-unload cycle at
4.2 K but also after loading at room tempera-
ture. Figure I shows the training curve of a
bare NbTi wire, and training reduction by pres-
training. In this paper experiments with test
coils are reported and show a similar reduction
of magnet training after prestraining the con-
ductor at room temperature.
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Fig. 1 - Short", sample training of an NbTi wire.
In chese experiments the sample is
scrained with an applied transport cur-
rent of 95% j c until quench, where
stress and transport current are redu-
ced to zero. The process is then repea-
ted. The plot shows that the normal
transition occurs at successively
higher stress values «"q. One of the
samples was strained and released at
room temperature 5 times to 0.73 strain.
The full results of short sample trai-
ning will be given elsewhere [7J .



2 - EXPERIMENTS AND RESULTS

Test coils were wound on square winding
forms with rounded edges of fiberglass reinfor-
ced epoxy (see inset of Fig.2). Two different
twisted multifilament NbTi/Cu compound conduc-
tors with rectangular cross section were used(

denoted here as A and B (see table I).

TABLE I
Characteristics of conductors and test coils.

Cross section (TTO'2)

Cu:UbTi - ra t io

N of fi laments

Insulation

NbTi composition
(wt% Ti)

Supplier

N° of layers of
the coils

Winding length (ram)

Winding force (N)

A

2.2 x 1.3

1.9

450
capton tape
trapped around

50

Vacuumschmelze

14

22

190

E

2 x i

2
361

formvar

44

I.M.I.

18

23

146

The conductor is not pressed against the
straight sides of the winding form and there-
fore follows a curvature rfi th a radius of 75mm
for the f i r s t layer. All coils except two were
epoxy impregnated during winding. The coils
were identical except for the preload treatment.
A stress between 1.2 and 3.3" 10^ N/irr was ap-
plied to the conductor at room temperature for
a few seconds, then released and the process
repeated over a certain number of cycles. A
stress of 3.3MO8 N/nr leads to O.74Z strain
in the f i r s t loading cycle and O.27-, remanent
deformation after unloading (values for conduc-
tor A), due to compression nf the copper matrix
during unloading £ ' ] • Subsequent loading cy-
cles give only a very small additional remanent
deformation. No support structure was provided
for the magnets, the electromagnetic forces
being taken up by the winding.

Figures 2 a) and b) and figure 3 show
training curves for the impregnated magnets.
The coils wound with prestrained conductor show
appreciably less t raining. This was confirmed
with another pair of prestrained and non-
prestrained test coi ls , the results of which
were given in a preliminary report [_8j . Trai-
ning is s t i l l dependent on the number of pre-
load cycles and preload. These parameters were
varied in figure 2 a) and b) . The optimum t r a i -
ning reduction may not be obtained in the expe-
riments shown here, but we note that the varia-
t'on is not very pronounced. The optimization
can be obtained more easily in short sample
tests or with single layer coils in an external
field £9J , but we cannot be sure that this
optimization is s t i l l valid for magnets.
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c)
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10

Number of Quenches

20

Fig.2 - Training of test coils wound with con-
ductor A. (a) variation of the number
of preload cycles, (b) variation of
preload, (a) and (b) epoxy irprepnnteo
coils, (c) unimpregn.ited coils. Pastied
lines indicate the short sarple criti-
cal current. The current increase rate
dl/dt is 14, 14 and 42 A/sec for (a),
(b) and (c), respectively. The inset
shows the cross section of a coil.

Figure 2 c) shows the result for the im-
impregnated magnets, where no difference is
found in the training behaviour. This suggests
that training is caused here hy another mecha-
nism than in iimpregnated coils. A possible me-
chanism is frictional heating by sudden wire
movement £2] . Indeed epoxy impregnation was
originally proposed to avoid conductor movement.
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Fig.3 - Training of im-
pregnated test coils
wound with conductor B. .
TWo coils are p res t ra i -
ned with 3.3MO8 N/ra2. Q(x,t)=^
Dashed line is the
short sample c r i t i ca l
current, dl/dt = 9 A/sec.

. 2
Si /(1-7)

500- q(x,t)
ki P (T - To)

2a s

co (4)

(5)

0 5 10

Number of Quenches

The energy release by tnicroplastic effects
on the other hand may not be high enough to
induce a normal transition in unimpregnated
coils, where the cooling conditions are impro-
ved by the presence of liquid helium within the
winding. Avoiding conductor movement by impre-
gnation, tnicroplastic effects, whi'ch are sensi-
tive to a preload treatment, become effective
as a cause for training. It should be noted
that short sample training of NbTi/Cu compound
conductors also was nearly suppressed with the
sample placed in liquid helium [_7^\ .

After full training the coils reached 93-
99% of the short sample critical current j c

(dashed line in the figures), which corresponds
to a central field of 3.85 T (3.33 T) and a
maximum field of 6.04 T (5.13 T) at the winding
(values for conductor B in brackets).

3 - ANALYSIS AND DISCUSSION

The reduction of training with prestrained
impregnated coils can only be explained if the
energy source inducing premature quenches is
located within the superconductor itself. Never-
thless it is not impossible that some of the
remaining training is due to other factors. We
may ask how much locally released energy is
needed to induce a propagating normal zone.

Consider a superconducting wire extended
in the x-direction. A heat pulse E is libera-
ted at x = 0, t = 0. Heat conduction is possi-
ble in the axial direction and across the in-
sulation layer to adjacent windings. We have
to solve the one-dimensional heat equation
(notation see table II)

Q(x,t)- q(x, t) (I)

with the i n i t i a l condition T(t=O)=T at x ^ 0

and a temperature peak with

fcdTdx

is the radial heat transfer to ajacent wires
which are supposed to remain at T .

The thermal conductivity and specific heat
of the composite are calculated from the values
of copper and NbTi by :

(6)

(1 - kcu

A temperature dependence of Co*-T
and a linear relationship T (j) is assumed. The
field dependence of j is neglected, j r is ta-
ken as the critical current on the load line of
the coils. The error introduced by this simpli-
fication is small for j near j c - Material para-
meter used are listed in table II.

TABLE II

Notation and material parameters (conduc-
tor A) used for calculation of eq.(l). k and f
are the values at 5 'f, where the zero field
conductivities are decreased by a factor of
n/(\.5 fio] . The rest resistivity ratio at zero
field was 180.

k axial thermal conductivity

C specific heat per unit volume

E locally released energy

(W/mK)

(J/m3K)

(J)

Q,q Joule's heat production,radial heat loss
per unit volume (W/m^)

2
s total conductor cross section 2.9 mm

p perimeter of the conductor 7 mm

a thickness of insulation layer 0.07 mm

k. therm, cond. of insulation layer 0.05W/mK

j transport current divided by s (A/m )
8 2

j critical current density at T 6,3-10 A/m

T helium bath temperature 4.2 K

E /s at x = 0 .

Boundary condition is T(x = +eo) = T (2)

The Joule's heat production Q(x,t) in the
current sharing region is j-V, where V is the
voltage drop per unit length, determined by the
current flowing in the copper and the copper
resistivity. We get :

T cr i t i ca l temp, of NbTi for j=0 9.5 K

( T c o - T o ) (I - j / j c ) + T Q

NbTi to total cross section

P copper resistivity

0.34

4-l0~1C!n.m
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Cu

NbTi

C/T3

8 J/m3KA

32 J/m3K4

k/T

54 W/mK2

increase and on the voltage/current characte-
ristic of the conductor.

Eq.(l) was solved for conductor A with a
computer program C11!] • Figure 4 shows a typi-
cal result. A liberated energy pulse of 8.85J/mz

creates a normal zone which extends over a
length of nearly 6 mm, then recovers after
250/teec. A slighly higher energy pulse gives
rise to a quench and no recovery occurs. The
plot also gives P/s ̂ /(Q - q) dx over time,
which has a maximum at 2/tsec. P/s thereafter
decreases despite a further increase of the
normal zone. This results mainly from a decrea-
se of Q due to current sharing while the radial
heat loss q is small compared with Q, which
justifies the assumption of a constant tempe-
rature T o of ajacent windings. The critical
energy E needed to induce a quench depends on
j/j . E /s is plotted in figure 5 against

'c. ,7c'
" J / J c -

10°

,5 E

\1

1 10 100 1000
time (p.sec)

Extension of the normal zone with
(j), created by an energy pulse

(j)

Fig.5 - Dependance of the critical energy per
unit itross section, needed to induce a
quench, on the transport current.

Oil
U(V/m)

U.
10r«

«5.5T

a)

2G0OJ. 2100 J.22DO
I (A)

b)

Fig.4 -
^ j , y gy

E /s, for j/j = 0.9, T (j) = 4.73 K,
versus time. The dashed lines are the
total Joule's heat production in the
normal zone minus radial heat loss
P/s =y*(Q-q)dx (use scale on the right-
hand side).

Training of the test coils shown in figure
2 begins at j/jc 1/0.65. For the given cross
section of the conductor Ec= 215/fJ. However an
important correction must be made in this con-
nection. The calculation assumes a homogeneous
current distribution within the conductor. The
actual current distribution is quite different
due to selffield effects. The outer layers of
the conductor saturate early with the critical
current, while no current flows within a radius
r t (dotted line in fig.6a, idealized case).
In a magnet where the external field increases
with j the current distribution is improvedLl2J
(solide line in fig.6a). The current density in
the satured region depends on the electric
field inside the composite Ug during current

Fig.6- a) Current distribution in a composite.
Dotted line: ideal case for an untwisted
conductor in a constant external field
and a sharp superconducting normal tran-
sition. Solid line : actual current dis-
tribution in a magnet during energizing
(schematic).

b) Measured voltage/current characteris-
tic of conductor A.

In multifilament wires the transition is
not sharp, but a measurable voltage appears
before j c, defined here as short sample take off
current, is reached (fig.6b). In the case of
purely selfied effect (no variing external
field) Ue increases from zero at r -.tosat

(R) (7)

at the outermost layer [l3] . Assuming this for-
mula gives also a good approximation for the
electric field in the test coils, and putting
dl/dt - 14 A/sec and j/jc - 0.65, we get U e(R)-
1.5jU-V/m. The corresponding current density in
the outermost layer j s is 0.94 j c (see fig.6b).

If the temperature is increased by an ener-
gy release, the current will go into a homoge-
neous distribution over the cross section. This
process (flux jump) is however slow compared
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with the propagation of a heat pulse, because
the magnetic diffusivity is more than two or-
ders o.f magnitude saaller than the thermal
diffusivity. The typical time for a flux jump
is :

The mechanism responsible was found to be irre-
versible microplastic deformation effects in
NbTi, occ;""ing in discrete events.

T = R2/4D, where D = fl u,Q (8)

The minimal energy needed to induce a
quench was calculated with a computer program
giving the exact solution of the non-linear

_ . , . , _ , heat equation. However the quantitative descrip-
For a composite conductor with R = 1 mm, , ., , ,. . , . . ,Ti. , r . , , , ' tion and a possible prediction of training due toX becomes /v-1 msec. A reasonable approach the- . . ... . . . „ . , -, . , , . . . , , microplasticity is s t i l l an open problem, sincerefore is to calculate the minimal quench ener- . . . . .. , , •. v » ,u. . . . . . . no mformatior is available at present on the

gy using the high current density in the satu- v

rated region.At a current density of 0.94 jc
Ec becomes then «W0/U (refer to fig.S). Even
this value has to be considered rather as an

energy distribution of microyield drops. Fur-
ther experimental work should be concentrated
on this problem.

The author would like to thank B. Turck
upper limit, since the current redistribution
- , « i < < i i* • • / i-i 1I1C dULHUL WUU1U 11KC tU
leads to an addi t iona l energy d i s s ipa t ion (flux , , , . . , , .

, , , „ ,_Z T / S r , ,-) for many he lpfu l l d i scuss ions .
jump energy) of typ ica l ly 3.10* J/mJ ( J 4 J •
which i s large compared with the t o t a l Jou le ' s
heat production following the release of an REFERENCES
energy pulse E < E .
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4 - CONCLUSIONS

The experiments performed showed that
training of impregnated superconducting magnets
is appreciably reduced by a prestrain treatment
of the conductor at room temperature. A similar
training reduction was detected in short sample
tests J_7J,which is a direct proof that the main
origin of training is the samd in both cases.

\\h\ B. Turck - Internal report CEN/SACLAY,J- "> STIpE/77.38 EG < „ „ , *
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DIuCUtiJION

P. Genevey : JJo you think it is also useful to prestress a Nb,Sn
conductor?
U. Schmidt : We did not made experiments with Nb,Sn.
V. '£.. Keilin (Comment) : We found that there is training in
short samples of Nb^rin. Some results are published in Trans, of
IEEE (paper S-2 at Appl. Sc. Conf. 1976).
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Summary

A new method to reduce the matrix losses of superconducting cables in pulsed

magnetic fields is described: High resistivity Cu-Ni-tapes are wrapped around

the different stages of soldered cables for large currents. Calorimetric loss

measurements in perpendicular and parallel pulsed fields show, that the matrix

losses in a three stage cable were largely reduced by the Cu-Ni-tapes.

Introduction

For several purposes like for takamak fusion magnets superconductors are

needed for transport currents of several thousand amperes in magnetic fields up

to 8 Tesla. These conductors should have low losses in superimposed magnetic

field components being pulsed with dB/dt« 0.5 T/s. The coupling current losses

in the NbTi filaments are for not too high rates of dB/dt proportional to

1. -p • idB/dt). 1. is the twist pitch of the single multifilament wire or

that of the cable; p is the mean transverse resistivity in the multifilament

wire, respectively in the cable stages. While in the multifilament wire itself

the high p -value can be reached by a mixed Cu-CuNi matrix, together with the

use of a small twist pitch of some mm, resulting in low matix .1 esses, the re-

duction of those losses in the cable matrix due to coupling currents between

the cable strands measures now some cm and the realisation of the necessary

high p in a large cable is difficult.

In the past it has been tried to solve the problem by the production

of a copper oxyde layer on the surfacs of the multifilament wires. This oxyde

has an appropriate electrical resistivity but it is very brittle. Therefore

short circuits may occur in the cable. Also soldering such oxyde-coated wires

might- be a problem. Another possibility is the use of a high resistivity solder
—8

(for instance PbSn solder with p = 10 am). But during the fabrication of the

cable the strands are pressed together so that the solder layer between two

strands has often only a thickness of some u•
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Experimental

Therefore we have developped a new method to get a high p in the cable by

wrapping the cable components with thin non-magnetic high resistivity CuNi-tapes

(P = 3?10 Qm). In the following a three-stage cable (I = 14400 A at 5 Tesla)

is described, where this method has been used.

The basic conductor for the composition of

the. cable is the NbTi superconductor ;BBC)

shown in fig. 1. It consists of 66 fila-

ments in a mixed Cu-CuNi matrix. The wire

diameter is 0.4 mm and that of the filaments

is 30 u. The Cu/NlbTi ratio is 1.68:1. The

p value of the mult if Hair ent wire is about

2*10~ Km, but imbedded in the PbSn solder

used, the CuNi barriers in the wire surface

layer are short circuited by the solder and
-9a p -value of 10 am is more realistic

(second p value in Table I).

Fig. 1 - Cross section of the multifilament
wire from wich the cable is made.

From this wire three stage cables ( 3 x 7 x 7 ) were machined. The cable data

are given in Table I. The p -values in the diferent stages are estimated from

The I values of the cable stagesthe photomicrographs of the cross section.

given in Table I are those which are expected from the I -value of the single

multifilament wire.

Both the one-stage cable, consisting of seven mu.ltifilament wires, and

the two-stage cable assembly, consisting of seven one-stage cables, are tightly

wrapped after soldering with a 20 v thick non magnetic CuNi tape. The tape

windings are slightly overlapping. The wrapping is of excellent quality without

any clacks. The two overlapping tapes are too narrow to provide a low resistance

path for induced currents, as we have calculated.

Concerning the circumstances in presently discussed prototyp versions of

superconductivity tokamak magnets, we have estimated from our earlier non-

published ac loss measurements made on one-stage cables and from the theoretical
(4)treatment of the magnetization of superconducting cables by M.N. Wilson* , that

in the third stage of our cable with the geometry and twist pitch given in
—8

Table I, a p of some 10 am would be needed in order to reduce at dB/dt =

0.5 T/s the cable matrix losses to 10% of the overall hysteresis losses of

NbTi-filaments. Fig. 2 shows the three stage cable and in fig. 3 one sees

a microphotograph of it. The bright lines are the CuNi tapes.
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Fig. 2 Photograph of the
three-stage cable

•Fig. 3 Photomicrograph of the
cable cross section
Magnification x 6.4

When such a cable shall be used for the construction of large magnets,

it naturally must be surrounded by much more stabilizing material (Cu or Al)

which also must be properly subdivided by high resistivity material. The

advantage of the CuNi tapes is,that the transverse resistance may easily be

adjusted by the thickness of the tapes or the number of wrappings and that

they are easily soldered.

multifilament
wire

1-stage cable

2-stage cable

3-stage cable

Number of
strands

7

7x7

3x7x7

diameter
[mm]

0-4

1.5

4.9

9.6

twist pitch
fmmj

e

7.8

30

32.4

pa
[a • m]

2-10"8 _9
(resp.1-10 )*)

8.6-10"10

1.3-10"8

I at 5T
c
fA]
98

686

4800

14400

Table I - Cable data

") see the text
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Loss measurements

The pulsed field losses of the one-two-and three stage cables, both with

and without the CuNi-tape wrapping around the first and second cable stage, were

measured calorimetrically at 4.2 K. The cycle for the triangular magnetic field

sweep was 0-1 Tesla 0. Most measurements were performed in pulsed fields being

perpendicular to the cable axis, but some were also made in parallel, pulsed

fields, as JUngst predicts also for this latter case considerable matrix

losses.

without CuNi tap*s

three stagecaNe(3x7x7)

cycle 0-1T-0

0 02 a* 05 OS 10
dB/dt . T/s

12 U

08 Bicycle 0-1T-0

twoitagtcabltl7«7)

w*h°ul CuH-tapi

m stagt cat* 17x1)

0 Q2 (U 06 Q8 10 12
dB/dt . T/s

Fig. 4 - Pulsed field losses of the Fig. 5 - Pulsed field losses of the
three-stage cable in parallel two and one-stage cable
and perpendicular magnetic field.
(I 14400 A at S Tesla)

Pig. 4 shows the loss per cycle and m cable length for the three stage

cable. We define as AQ/Q the ratio of the matrix losses at dB/dt =0.5 T/s to

the hysteresis losses in the filaments. This ratio is about 110% in the per-

pendicular field sweep in the case without CuNi-tapes and is drastically

diminished, as the second curve in fig. 4 shows, by a factor of 11 due to the

CuNi-tape wrapping to AQ/Q = 10%. For a conductor with 15 p thick filaments

the hysteresis losses would be smaller by a factor of 2. If we assv»ne that the

coupling current losses would not change in magnitude, we may expect a AQ/Q

ratio of 20% which already would be acceptable. The third curve in fig. 4

presents the losses in the parallel field case. Here the length of the cable
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sample was 20 cm, which is about 6 times the twist pitch of the third stage.

Also in this case the losses are reduced to an acceptable level.

Further loss measurements for the different cable stage especially at still

smaller dB/dt values (to get the Q ) are underway. Also parallel field measu-

rements on longer cable samples would be desirable. A quantitative comparison

of the parallel and perpendicular field losses is difficult, because the cable

parts and the superconducting filaments follow all helical paths and the losses

are also influenced by the angle anisotropy of I .
c

Also the measured loss curves of the two-stage cables in fig. 5 in per-

pendicular field show the effectiveness of the CuNi-tape wrapping. At 0.5 T/s

the matrix losses are reduced from 46% of the hysteresis losses to about 7%. In

Table II some of the loss reduction results are compiled. The losses in the

parallel field case might be still more reduced if one would, as it is already

the case for the third cable stage (three elements), also construct the first

and second stage as fully transposed one layer cables, replacing the central,

superconducting wire or cable by Cu or steel wire. This also would be necessary

for cable-applications where the transport current is rapidly changed.

.l-stage cable

2-stage cable

2-stage cable

3-stage cable

3-stage cable

3-stage cable

Cu-Ni tapes

no

no

yes

no

yes

yes

-

-

-

-

-

yes

yes

yes

yes

yes

yes

-

AQ/Q O r%]

1.1

46

6.8

110

10

7.9

Table II - AC-loss data

made

Finally it should be mentioned that we have/a practically identical three-

stage cable and cable components, both with and without CuNi-tape wrapping of

the first and second stage/using only a simpler NbTi filament superconductor

with a Cu-matrix (conductor 0 = 0.4 mm, 61 filaments with fil. 0 = 34 p, twist-

pitch = 5 mm). Ths loss ratio AQ/Q , as defined above, for the three stage cable

(Ie = 14400 A at 5 T) with CuNi tapes was 15.3% in the perpendicular field sweep

and 15.6% in the parallel one. This is only slightly higher than in the cable

with the mixed matrix conductor. We have not yet investigated if the presence

of the CuNi tapes in the cable might have a negative influence on the recovery
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behaviour of the cable after a local quench.

In the experiments described here we have not added a dc field component

or transport current to approach the conditions in fusion magnets because we

were mainly interested to check to effectiveness of the CuNi-tapes, but we

have previously published some theoretical and experimental investigations

on this problem. In the mean time we have made a three stage cable with a

conductor "having about VIA. thick filaments and with CuNi-tape wrapping as

described. This cable should have an I « 15.000 A at 8 Tesla. Loss measurements
c

on this cable in parallel and perpendicular fields are underway.

The authors are very indebted to Mrs. Esenwein for her considerable help in

the cable production and for making the photographs.
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1. Summary

Losses at 4.2K have been measured on a number of multifilamentary Nb,Sn wires fabricated
"by the bronze route at A.E.R.E. Harwell. Losses due to alternating current, with and without
a superimposed transverse steady field, were measured, as also were losses due to transverse
alternating field. In the absence of a steady bias field, the losses in all cases depended on
approximately the fourth power of the alternating current or field, provided that the amplitude
was much less than required for complete penetration. When a transverse steady field was
applied in addition to an alternating current, the losses remained almost unchanged until the
steady field exceeded the peak self field of the current. At fields well above that level,
the losses Increased as approximately the square root of the field, suggesting an inverse
square-root dependence of critical current density on field. In that condition the losses
depended on approximately the third power of the current. Swept field magnetisation loops
also indicate that the critical current densitv depends on the square root of the field except
for a flattening off or saturation near zero field.

A fourth power loss dependence on current or field has previously been interpreted in
terms of the Bean-London critical state model'1'2', modified to incorporate a critical current
density inversely proportional to field. However, in the present case, that explanation is
inconsirtotit with more direct evidence of the behaviour of the critical current density.
Explanations based on the influence of a surface current or surface barrier, or the effect
of the Meissner state, also seem incompatible with our results. The difficulty of providing
a convincing explanation of these results prompts us to point out that these materials have
exceptionally high current densities at low fields and the very steep flux gradients and the
small size of the superconducting regions may make the critical state an inappropriate concept
from which to develop explanation.

2. Introduction

The Superconducting Materials Group at A.E.R.E. Harwell devotes most of its effort to
fabrication of multifilanieritary NbjSn conductors and to their evaluation on the basis of dc
critical current tests'3). Howevei, some of the possible applications of these materials
involve time dependent fields or currents, so it is desirable to study ac properties, if only
to establish whether raultifilamentary Nb3Sn conforms to the models of ac behaviour which have
been successfully applied to other materials such as NbTi (for a review of these models see
Brechna(4).

In the absence of any firm proposals, at present, to apply m.f. Nb3Sn conductors in ac
conditions, we have been more concerned to establish an understanding of their behaviour than
to qenerate engineering design data. We have therefore carried out those measurements for
which we were already equipped, or which seemed desirable to further our understanding, rather
than attempting to simulate the conditions of a particular application.

3. Measurement techniques

t.l Alternating current measurements

Losses due to alternating current were measured by the method of Salmon and Catterall ,
except that a lock-in amplifier was substituted for the multiplier, the phase reference being
taken from a liquid-nitrogen-cooled variable mutual inductor.

A superconducting solenoid, wound from m.f. NbTi wire, could be used to supply a steady
bias field parallel to the sample coil axis and therefore transverse to the wire. The bore
of this solenoid, at 65mm, was much larger than the sample diameter and there was no evidence
that interaction between the two circuits was causing measurement errors.

^.2 Alternating field measurements

Alternating field measurements were made by the method of Griffiths et al which is an
adaptation of thut of Sekula'^'. In order to mea-"re transverse field properties, the samples
were made in the form of single-layer closp-wound, open circuit coils.



- 761 -

3.3 Magnetisation measurements

Swept-field magnetisation loops were obtained on the same small coil samples as used for
alternating-field loss measurements, using the electronic integration technique'8'. Field
sweep rates in the range 10~2 to lO^T.sec revealed no rate dependence of the magnetisation
for the samples used, all of which were twisted at a pitch of 6.5mm.

4. Description of samples

The samples studied were made from wire containing 1369, 3145, or 6031 filaments in a
bronae (CuSn alloy) matrix. At the completion of mechanical fabrication, the filaments are
Nb and the Nb3Sn is formed susbsequently by reaction with the matrix during heat treatment at
temperatures between 600°C and 750°C. In the 1369 filament wire, reaction of the 8u filaments
was only about 80% complete, with cores of unreacted Nb apparent in the centres of the
filaments. In all the other wires the reaction was substantially complete, although occasional
small islands of unreacted Nb could be found in the centres of some filaments. Apart from two
of the-3145 filament samples, which had diameters of 0.25 and 0.61mm, all other samples were
of 0.43mm diameter.

5. Experimental results and discussion

5.1 Alternating current measurements in zero bias field

1369 f i l .

3145 f i l
6031 f i l

tor2

Results of alternating current loss measurements in zero bias field, for samples of
several types, are shown in Figure 1, where surface loss is plotted against surface current.
We have used the outer surface of the wire in this calculation, although the surface bounding
the group of filaments would have been more
appropriate; the difference is small and', more- p

over, is nearly the same for all wires. In "~~~~~~~~~
this type of experiment, the self field forces
the current into the outer filaments, so that
the wire behaves as if it contained one large
filament but with the current density diluted
by the presence of the normal matrix. This is
the case at all frequencies and we have found
the loss per cycle to b« independent of fre-
quency. The losses in every case follow a
power law dependence on current for which the
exponent lies in the range 3.8 to 4.3. This is
true even for unreacted wires where the super-
conductor is Nb.

A

This roughly I dependence persists over
such a wide range of current that some other-
wise plausible explanations may be ruled out.
Fur instance, a surface current or surface '
barrier has been invoked in the case of tape
samples^) to explain a steep current depend-
ence of loss at low currents but such a model
does not produce a constant exponent over a
wide range of current and moreover a m.f.
conductor, in contrast to a tape, has little
surface parallel to the field. Similarly, the
effect of the cylindrical shape of the filament
group would affect the losses only at currents
in excess of Ic/3,* where the current has

I05
Surface Current (r.m.s.amp.nf1)*

penetrated a substantial proportion of the
filaments.

Figure 1 Alternating current losses in zero
bias field

At first sight, a ready explanation comes from the dependence of critical current density
Jc on field. The critical state model for constant Jc (Bean model)'^) predicts that the loss
depends on I3/Jc. This is still approximately correct for a field dependent Jc, if we use the
value of Jc appropriate to the peak self-field of the current. Hence, an I 4 dependence of loss
is compatible with Jc=a/H, where a is a constant and H is the applied field. Such a dependence
has previously been proposed to explain features of low field magnetisation and loss
behaviour'10' ' j however, it seems unlikely at low fields in Nb3Sn, because it implies a
plateau in the pinning force curve at very low field, a feature inconsistent with the fact that
the peak pinning force determined from direct critical current measurements occurs at about 4T.

5.2 Alternating current measurements with bias field

Figure 2 shows the effect on losses in a 6031 filament samples, at several alternating
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current levels, of applying a steady bias field
transverse to the wire. Losses at very low
field are little affected but once the bias
field exceeds the self-field, so that no part
of the wire experiences zero field, the losses
start to increase and settle onto a curve
which has much the same shape at all current
levels. Figure 3 shows the losses as a
function of current at a fixed bias field of IT
for both 1369 and 6031 filament samples. In
both cases, the dependence on current is close
to 1-̂ , suggesting that, when the bias field
dominates the self field, the Bean model fits
well and the dependence of loss on H should
simply be the inverse of the dependence of
Jc on H. Since the exponent of the loss
curves in Figure 2 is roughly 0.5, we conclude
that, from IT down to 0.1T, Jc=a/H

>! is a good
approximation. The different current levels
sample different parts of the wire, starting
with the outer filaments at low currents, so
the similarity of the loss curves at different
currents and the good fit to the Bean model
suggest that the filament properties are
fairly uniform, at least for the outer 'u to
-̂  of the filaments. Thus there appears to be
no possibility of attributing the I 4 depend-
ence to a gradation in filament properties.
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Figure 4 shows the results of alternating
field measurements on small coil samples. Once
again there is a region of rouyhly 4th pov;er
dependence, this time on the alternating field
amplitude h. The filaments are tightly twisted
''oitch 6.5mm) and so should be adequately
decoupled, as seems to be confirmed by the
frequency independence"of the loss per cycle,
once the h^ region is reached. The h^ loss
at low field appears to be due to a combination
of normal eddv currents and coupling currents
between filaments. At higher fields the field
penetrates to the centre of the filaments and
the loss curve flattens but we cannot reach a
high enough field to determine the limiting
slope. The occurrent of h 4 dependence in this
configuration, paralleling the I 4 dependence of
the alternating current loss, if it arises from
the same cause, demands an explanation which
applies equally to the coupled filaments of the
self field case as to the decoupled filaments
of the aoplied field case. The orientation of
field and current to the wire axis is similar
in the two types of measurement.

Figure 3 Alternating current losses versus
current ait IT bias field

5.4 Magnetisation measurements

The dependence of Jc on field .nay also be obtained from swept field magnetisation loops.
Such loops were obtained for both 1369 and 6031 filament wires and the results were analysed
by the method of Fietz and Webb < 1 2 >. Figure 5 shows that, below IT, Jc=oc/H

0-44 describes the
results well and is in good agreement with the bias field data (Figure 2). A measurement
extending up to 7T showed the pinning force is a maximum at about 4T, in good agreement with
with direct critical current measurements.

The Fietz find Webb analysis is expected to be accurate for these samples down to only a
little above the saturation field but does not apply to lower fields. In an attempt to check
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the behaviour of Jc at lower fields, we have
calculated half-cycle magnetisation loops for
Jc»a/H

1'. Figure 6 compares such a loop with
experimental results for a 1369 filament wire,
calculation and experiment having been
constrained to match at 1.2T. Agreement is
good'except in the neighbourhood of the peaks,
which are not as sharp as calculated. This
is not surprising, since the singularity in
Jc at 2ero field, contained in Jc=a/H

ls, is
unrealistic; a model containing some sort of
cut-off in Jc near zero field should give
better agreement.. It seems clear from these
loops, however, that there is no unexpected
behaviour of Jc which could account for the
anomalous behaviour of the alternating current
or alternating field losses.

5.5 Discussion

Prom the foregoing, it appears that the
4th power dependence of loss on h and I does
not arise directly from the field dependence
of Jc, nor from a surface current
contribution.

It is possible that the Meissner state
has some influence on the losses, particularly
where there is unreacted niobium present.
Melville<!3) has discussed the effect of

10*

r

I 10 Slope 044 N ,

» 6031 filament
i 1369 filament

A
A

A
A

I
Applied Field ( T ) -

10

Figure 5 Dependence of Jc on H calculated from
magnetisation measurements
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surface roughness on losses in the Neissner
-••ate and his theory could be applied to our
results on completely unreacted wires.
However, since H c l fpr Jtt^Sn is in the region
of 20 mT and the 4th power loss dependence
extends to much higher fields, the Meissner
state cannot be an important influence in the
case of fully reacted wires. It may be that
surface roughness could have a somewhat similar
effect on losses in the mixed state but we have
not been able to formulate a suitable theory.

Finally, we should point out that, at very
low fields, these materials have current
densities in excess of 1011 A.nr-* and their
filaments are so small as to contain only a
few flux vortices, it would be surprising
therefore if the critical Btate model described
their behaviour satisfactorily without
modification.

6. Conclusions

Alternating current losses in m.f.
Nb3Sn are well described by the critical state
model, provided a steady bias field, larger
than the self field, is applied.

Jc*a/H^ describes the field dependence of
Jc well except at the very lowest fields, where
a saturation in Jc is indicated.

Alternating field losses and alternating current losses in zero bias field show a 4th
power dependence which is not a direct consequence of the field dependence of Jc.

The discrepancy between the loss behaviour and the field dependence of J c could be due to
the effects of rough filament surfaces, or the macroscopic roughness of the filament bundle
surface, but is perhaps more likely due to applying the critical state model in conditions for
which it is inadequate in its present form.
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Figure 6 Magnetisation measurements compared
with calculated loop for Jc=a/H
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THE TRAINING OF THE SUPERCONDUCTING SOLENOIDS

j WOUNDED BY SINGLE WIRES

j Sytnikov V.E..Engineer, Doctor Svalov G.G.,

] Radchenlco I.P..Engineer, Slonimskaya I.N.,

Engineer.

(All Union Institute of Cable Industry,USSR)

During last time the training effects and the degradation of the super-

conducting magnets often ia connected with mechanical stresses occuring in

the wire^ . The well known fact, that such effects become apparent in

large scale in the magnet systems, which have more high level of the mecha-

nical stresses in the wire, is the valid grounds of such point of view.

K.Schmidt^ ' gives the results of the simultaneous recod of the deforma-

tion curves of the electric and mechanical stresses on the samples ageinst

i the time. Tenaile stress was applied to Nb-50Ti wire sample in the liquid he-

lium while 10 mA current flowed through the sample. It follows that low tem-

perature stepped deformation resultB to local heating of the superconductors

exceeding its critical temperature. The author mentioned, that stepped defor-

mation occurs only while the full deformation exceeds 1%, that is not typical

for superconducting magnets.

The outhors reproduced the training process on short samples at currents

approximately equal half of the I . The tests were carried out in parallel

magnet field at constant rate rising of tensile stress.

The authors^ -^investigated the training process on short samples at

increasing current in transverse magnetic field and in round and oval win-

dings. All investigations show the thermal insulation of the samples decrea-

ses the training and increases the number of steps.

From the experiments (1-3) it is fouded, that the mechanical loading of

the superconducting wire leads to occuring of the heat revolves in it having

the impulse nature and leading to ocouring of the normal region in the wire.

The authors see the reason hese heat revolves in the low threshold deforma-

tion, but-K.Schmidt^ supposed the reason of the transition can be the local

plastic deformation in the microdeformation region, which took place at vol-

tage magnitudes much less flow voltage, as soon as the typical voltage magni-

tude, occuring in solenoids lees than voltage of the beginning threshold de-

formation. These points of views seems to be nonexclusive, but supplement

each other.

The training process under the mechanical stress we see in the following

way. During the mechanical loads of the superconducting wire, the elastic-

-anisotropy leads to the voltage concentration in those grains which have

the maximum modulus of the elasticity in the direction coinciding to axle of

tension. The dislocation source begin to act in these grains, but dislocati-

ons excided by them are breaking at grain boundaries and do not appear at

the surface, consequently the sample looks like elastic.



This grain become strength because of the moving and disloca-
:::r. interaction, and its further deformation and the deformation of the
--..;:- --rains require much mere voltages. They are active while excited dislo-

(4)

Tisiooation moving is impulsed at grain boundary, consequently this
grain we can consider ar an impulse heating source. At adiabatic conditions
t.ie solution of the heat conduction equation looks like:

~r.= solution has oeen received at assumption, that in isotropic body the
••/c.-iure :: waich Ib in ==C at time t=0 the heat amount Q. The rest terms

.-:••:- following: T - temperature, C - thermal heat capacity, a - coefficient
-.." the temperature conduction equal to relation of heat conduction to ther-
-•.-.1 heat capacity.

Evidently, mat the isotheriic surfaces has the spheric shape, and in the
initial moment cf time their radii will increase and reach some maximum, and
*"h-5;ii decrease.

Soaere radii with the temperature T=T. defines as

0.= .
rja^£% —/«%yrj&—-~X

/<i

-T.i its r.amitude reaches the maximum during the time
c

•~-z ~r.-s aaximum raaiua equals to

At time ncaient t=t, the area of the normal region reaches the maximum va-
lus in the cress section but the radius of temperature distribution for this
coaer diacriDes in this way

T T T (1 5T* I • )
LcTl '

considering tne iinear dependence of critical current density in superconduc-
rr on ienepariure we receive tne Idw of current density distribution in wire

,. 'j.3*:r,tly, if :i - radios of superconductor, than Rk< r<:R and integrating

t.-i;s limits equation 6, we receive the total wire current

4
^ ~ (Q/CpTc)*'3

The maximum current can redistribute along the superconductor cross section
without its transition to the normal state at given magnitude of heat release.

At small magnitude of heat release in the wire (this case is interest, as
soon as at large magnitudes the normal region occupies all wire cross section)

1(0 Tthe decreasing of the current 4 i=1 - >rfS4 defines as[0,3 f
and for the present wire is the function of load.

It's necessary to note, that with the increasing of load the number of the
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sources of heat evolution are increased also and thus the possibility of the
location of some sources in one or in the next planes cross section of the
wire. It is evidently the more loads apper in the superconducting wire the
more ita degradation. As soon as that the voltage magnitude, occuring in the
wire winding of magnet system is proportional to square current in it, than
at feeding of such a system the mechanical stresses are increased to the level
at wich such heat evolution are taking place, at this the transport current
has the possibility to redistribute along the wire cross section and the ma-
ximum current magnitude is defined by(7). The grain or the microvolume of the
wire, where the local heat evolution has been occured at the dislocation mo-
ving, are strengthening at the result of the deformation, and the next heat
evolution is possible only at the higher voltage level, i.e. al higher cur-
rent. Such process of training, having the "memory", on the one hand leads to
decreasing of number "weak" sections in the wire (sections with the maximum
concentration of the voltage), but the load uniformely distributes along the
cross section, on the other hand, sources density of heat evolution is increa-
sed with the increasing of loads and the magnitude of the possible heat evo-
lution is decreased, as soon as transport current is increased and T -Tfa is
decreased. This leads to saturation of the training process.

The presence of the deformation strengthening in "weak" sections of the
wire give the possibility to think if the wire is loaded in some way at low
temperature up to the level, which occures under the operation, than at sub-
sequent feed the reasons of the heat evolution will be removed while more hi-
gher voltages will appear in tne wire. One of these methods is the training
at low bath temperature, as seen from eq.7- Increasing T^-T^ and critical cur-
rent density give the possibility to redistribute it along the wire thus it
is necessary to increase the magnitude of the heat evolution and the loading
for the wire heating in normal state. After this, in the result of the "weak"
sections strengthening in the wire it is possible to increase current at 4,2K.
Unfortunately the exact analysis of the process, occuring at lowing tempera-
ture is very complicated, except critical current density the mechanical and
thermophysical material characteristics are also changed. The sharp dependen-
ce of the current density on temperature allow to hope on the effectiveness
of such training method.

THE EXPERIMESTAL RESULTS

The experiments of the training superconducting solenoids were carried out
at low temperatures. The solenoids were wounded by one core wire NT-50, diame-
ter 0,33.10 m. There was no impregnation or tyre on the winding. All sole-
noids has been trained at 4.2 K by multiple transition to the normal state.
After training at low temperatures they were tested at 4.2 K. Table 1 show
geometrical parameters and critical characteristics of the solenoids. We can
see the increasing critical characteristics of solenoids in all cases, but we
can note, that the described degradation mechanism is not the single possibi-
lity and the training under the pumping is effective in the cases, when this
training mechanism appear elier than others.
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Table 1.

Geomatrical
IB parameters

of solenoid

Critical characteristics
of solenoid Degradati- Degrada-

At the Critical cha- on of tion
first tra After After racteristics of current after
nsition training training short samples at the the
to the at 4,2 K under at 4,2 K first training
normal pumping transition under
state pumping

1.2a.,=3t,5.1<T5m IC=23,8A IG=30,4A IC=31,3A I C ( 6 , 2 T ) = 5 4 , 5 A i = O , 5 6 i = 0 , 2 4
2a2=70.10"3m B1=6,2T B2=7,87T B4=8,1T IC(8,1T)=4U.
2b " 3

2.28^25,5.10"3m IC=24,6A IC=28A IC=3O,5A IC(6,8T)=58,5A i-0,58 i«0,23
B.,-6,8T B2«7,76T B4=8,45T IC(8,45T.)=39,5A i=0,58 i=0,23

3
2b«105.1(T3in

3.28,-25,5.lO^m Ic=30A IQ=3O,7A
2a2«35.10"3m B.,«8,7T B2=8,9T
2b=1O5.1CT3m

I C ( 8 , 7 T ) = 3 7 , 5 A i = 0 , 2 i=0,o4
IC(9,47T)=35,OA

i=O,53 i=0,07

2b=1O5.1O"3m

c

IC(8,5T)=33,OA

^ a ^ J O . I O " ^ Ic=30,8A IC=35,66A IC=39,3A IC(5,73T)=6OA i=0,49 i=O,o3
2a2=96.10"

3m 3^5,731 B2»6,6T B4=7,3H IC(7,31T)=4O,5A i=0,49 i=0,03
.10~3m

lg

The table shows that the critical characteristics of the solenoids at 4,2K
and at more low temperatures are very closed. This fact shows that the sole-
noid critical current is not defined by current carrying capacity of the wire,
but by the level mechanical stresses and consequently by the heat evolution
magnitude. This confirms the previous analysis. The further temperature decrea-
sing will allow to improve the solenoid characteristics, as the training pro-
cess under pumping evidently has'nt been done completely.

The calculation level of the mechanical stresses in solenoids 1-4 is
7 2

-5.1 N/m . The training of short samples begins at such level of the mechani-
cal stresses in Schmidt's experiments^ '. The experiments were carried out on
analogous wire. This confirm the capacity for work of this model. Prom these
experiments, knowing the wire geometry and the degradation magnitude -5058,
using eq.7 we can easily to calculate Q. Using for superconductor typical va-
luesK«°.2 ffi-llld* C DJO. gran i —J ; (T-Tb) = 2,8 K and R-1,3 cm.10

4m,
cnrgrad

ffi-llld* C D
JO. gran i>

receive 0=1,6.10^.
Using this value and substituting it into 3-4 we can find that the initial

assumption, taking at the calculation of the impulse character of the process
is rightful (tca> 10~^sec), but adiabatic condition is not kept strictly (R is
comensurable with R), that leads to the necessitation to taking into conside-
ration of the heat challenge conditions, especially when the diameter of su-
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perconductor is small.

This model rightfully describes the processes leading degradation, but it

is not clear at what conditions and at what reasons the dislocation moving is

occured which leads to the local heat evolution. Evidently, that the disloca-

tion moving occures at the moment, when the fores imitated such moving is hi-

gher the force of the fixing, but the record of these conditions by the ex-

ternal parameter of the magnet system is impossible at present time. The main

reason, which leada to the dislocation moving, is, evidently, the mechanical

stresses in the winding, while as below experiment will show, this reason is

not the single. The additional reason is, evidently, the action of the magnet

eddy flow on the dislocation. We know, that the replacement moving disloca-

tions at deformation leads to lattice replacement of the magnet eddy flow'",

that is why the reversible moving is possible at feeding.

Pig.1 gives the typical voltampere characteristics of the one core wire

NT-5O (diameter over the cupper 0,33 mm, over the superconductor 0,24- mm).

The much increasing of the critical current magnitude after training at low

temperature is unexpected. The sample is placed in to transverse magnetic

field and soldered on hard substrat, this exclude the influence Lorentz' for-

ces. This phenomenon can not be explained by magnet flow redistribution. The

magnitude changes of the training current value are not observed after mul-

tiple sample transition to the normal state. Changes of the current direction

in sample does not lead to any changes of its volt-amper characteristics,but

if the sample is not mechanically fixed, then the change current direction

leads to some training, that indicates to influence of the mechanical stres-

ses and the rate of such influence, probably, is greatly increased at the

transition from shor-t samples to magnet systems. The most important fact is

the multiole sample transitions to the normal state (heating above Tn(B) does* c
not lead to the change of the critical current magnitude, as soon as the hea-

ting up to the room temperature or even several ten degrees the training ef-

fect is fully dissappeared. The training effects are not observed at the tes-

ting of maltifilamentary wires. This is, evidently, connected with more hi-

gher heat stability of the multifilamentary superconductor in Cu-matrix.

We can not give the simple explanation oi the observed effects on the

short samples but we can give some suppositions. At increased transport cur-

rent, flowing through the sample, which is placed in the external magnetic

field, the force acting to dislocation from the side of the magnetic flow vor-

tex is increased. If this force leads to the dislocation replacement and mag-

net flow in the sample, than the last will be heated and transitioned to the

normal state. The dislocations are fixed at new centers especially at bounda-

ry grains, but if such fixing is more reliable than the previous one, than

the training can be explained by it. But new ununiform dislocation distribu-

tion leads to the appearence of the force, which is directed against of gra-

dient their density . This force is small enough and is estimated

~lO-'din/cnr '. The relaxation process are taken place because of the thermal

activation and the presence of such force at the increasing temperature, that

leads to temoving of training effects.

C O N C L U S I O N

The analysis of the training mechanism under the mechanical stresses ac-
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OO /<20 I (A)

Fig.1. Volt-ampere characteristics of NT-50 superconducting wire dia.

O.33.1O~-5m in the transcerse magnetic field 6T. Sample transi-

tion into normal state is shown by ordinal number.
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tion show, that the training of the one core solenoids at low temperature gi-

ves the increasing of their critical characteristics. The experiments on sole-

noids show the common regularity of training process summerized in the first

part. The effect of degradation, at current closed to critical, appears at

level of mechanical stresses much less than flowing limit is not strange, if

we shall take into account the elastic anizotropy of grain and the presence

of the soft apportionments -fase (cp/j-lattice) in hard matrix J5 -fase (BCC-

-lattioe), which are the effective concentrators of voltage. These lead to

the appearing of the local voltages, which are much more than calculated.

The training effects on short samples can not be simply interpretated at

present time and the furthey study is necessary.
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INVESTIGATION OP JOINTS FOR SUPERCONDUCTING WINDING MATERIALS

Shakhtarin V.N., Pylinina S.N.

Ministry for Electrical Engineering Industries

USSR

The characteristics of jointB

made by different methods are obtained

and compared. The soldered joints are

considered as well as some variants of

welded joints.

The joints are compared according

to otamic resistance and its dependence

on transport current value and magne-

tic field in the joint region. The me-

thod of measurements allows the resis-
—ifi

t&nce of 10 Ohm and lower to be

assessed.

Recommendations are given on ma-

king joints at the most widely uaed

materials based on NT-50 alloy.

1. - Introduction

Quality of joints influences con-

siderably on the value of admissible

current in the winding, design and te-

chnology of winding manufacture and,

especially, the stability of supercon-

ducting magnets during persistent mode.

A large number of known joint de-

signs for different superconducting

winding materials rasy be divided accor-

ding to the comaci; type into a) joints

based on mechanical contact between the

superconducting bases of wires; b)jo-

ints where the contact is obtained due

to some resistive area which includes,

as a rule, the stabilizing coating of

a wire; c) welded joints of supercon-

ducting bases of wires made by diffe-

rent methods. It is possible to com-

bine these contacts in one joint.

These types of joints are compa-

red to reveal their advantages and dis-

advantages for their possible applica-

tions.

Different devices make somewhat

different demands to the joints. An

ideal joint for all application of su-

perconducting magnetic systems would

be a joint which doesn't dissipate po-

wer and has sizes not ezoseding the

wire dimensions. Up to date such joints

do not exist.

The following characteristics of

joints are the most essential.

1. Joint resistance, its depen-

dence on transport current and, within

the limits, "critical current" of the

joint, i.e. current resulting in dis-

sipation of the normal region along

the winding.

R-R(l) , 0 4 I 4 Xc
Where R / 1 = 0 is determined only

by the contact type, but R C I)

and Ic depend on the joint stabi-

lization.

2. Stabilization parameters. In

a given case, these parameters deter-

mine heat removal from the joint and,

therefore, stability of dimensions of

the joint normal region. The joint sta-

bilization should meet the requirement

where /?_ - critical heat flow into

liquid helium,

P - cooled surface.

Heat being removed properly, the

joint may also show good stable opera-

tion at comparatively intensive heat

extraction.

3m Resistance dependence on magne-

tic field R - R ( H ) and design fea-

tures of the joint: shape and sizes.
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4. Power dissipated by the joint/*/? tais method may be very high and la
mainly determined by the duration of

For any superconducting winding measurements. During experiment* the
the characteristics (1) and (2) are ve-resistances up to 10~16 Ohm hare been
ry important because they influence on measured. The accuracy of measurements
the selection of the winding operating depends on aocuracy of determination
current* In the windings which are of the sample inductance which may be
meant for .operation in persistent mode dependent on wire diamagnetlc charac-

R Talue has independent signifi-
cance which determines current decay
in the winding. Characteristic (3) ia
of interest when the joint is to be
plaoed inside the winding and charac-
teristic (4) should be taken into ac-
count in the systems where rigid eco-
nomy of coolant is necessary. From this sistance on magnetic field,
it may be seen that the ohmic reals- The investigations hare been coa-
tance is the parameter connected with ducted on joints for superconducting
all characteristics of the joint. The- multifilamentary conductors made of
refore, we supposed it is reasonable HT-50 alloy in copper matrix (round
at first to select the method of joint wire of 0.7 and 0.75 •• diameter with
making which gives minimum R and
then with the help of joint different
design concepts, such as increasing of
the cooled surface, proper thickness
and material coating etc. to improve

teristics and may vary in the presence
of low fields and currents. However,
all the deviations are limited by one
order of value and negloctlon of them
will lead only to more pessimistic re-
sults. The method gives also the oppor-
tunity to obtain the dependence of re-

the joint stabilization. In this con-

57 and 64 filaments and 3.5 x 2 multi-
filamentary rectangular conductor con-
sisting of 361 filaments and 3630 fila-
ments).

The soldered and welded joints ha-
ve been considered. Several tests have
shown that under specific conditions
the joints with resistance of 1O"1Vl0~1*
Ohm may be obtained by some welding me-
thods, but resistances of soldered joints

neotion, joint resistance was selec-
ted as the main parameter for compa-
rison of joints. The quality of dif-
ferent stabilising methods was asses-
sed according to influence of stabili- are usually not less than 10"*

9* 1CT* Ohm.
zation on the dependence R=R(I) Also it is an advantage of welded joints
and R ~R(H) . Values of resistances that they are made easier, less time-
of various joints differ by several consuming and, as a rule, they are of
orders and depend on current and mag- less Bises comparing with the soldered
netic field in different ways. It pre- joints.
sents a problem for comparison stu- The studies were conducted in the

following stages:
1. The welding methods and conditions

providing the lowest resistance -at
sufficiently high currents and in
magnetic field have been studied.
Repetition of results obtained on

the samples made by the same tech-
nique was taken into account.

dies. The main difficulties arise
when measuring resistances lower than
10~ 1 0 Ohm. It turned out that measure-
ment of resistances of superconducting
joints is possible by indirect method
depending on decay of magnetic field
of shorted circuit. This circuit is
fed by current in Inductive way with
the help of background solenoid and
heating winding. The sensitivity of

Technique and design versions of
welded joints made by contact and
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cold welding were proved. its construction the aim was pursued to
3. The possible application of results eliminated cutting of filaments on the

obtained on a wire was checked out electrode ends and to obtain mutual
for a wire based on the same super- joints of all filaments at minimum melt-
conductor tat different in const- ing of the material.
ruction and cross-section value. Selecting a proper shape of elect-

4. Effect of soldering length and heat rodea it is possible to achieve formati-
removal on behaviour of soldered on of melted core in the joint centre
joints was studied. and to avoid damage of filaments over a

5. Tarious methods of stabilization of contact surface. In case of cold weld-
welded joints including a combined img it was important to prevent the cop-
joint described below were studied, per matrix against damage at clampings

2 - Welded Joints and *° aoli:!-OTe maximum value of joining
points between the superconducting fi-

The welded joints under study were l a a e n t 8 at the 8ufficient mechanical
made by misneto-iapulse welding, by Btrength of the joint# Por t M a p a r ^
twisting with electric heating of the
twisted length in vacuum, by continuous
and impulse laser welding, by electron
beam welding, by pressure contact weld-
ing and by cold welding.

For the most of welding methods
oopper matrix before welding was careful-
ly removed, fainoe penetration of even
negligible quantity of copper in a joint
leads to drastic impair of the joint
characteristics. For such joints Rwf?(I)
was measured before their subsequent
stabilisation in order to eliminate the
influence of different stabilization,,
In case of cold welding the copper mat-
rix was retained and the joint was made
over copper. In case of magneto-impulse
welding the joint waa stabilized by a
cowper pressing tube during welding and,
therefore, it could not be studied befo-
re stabilization*

After probe tests pressure contact
method and cold welding method wera re-
mained for further consideration. The
joints made by these methods had corres-
pondingly (10~10* 10~16) Ohm and (10"9+
«. 1O~1°) Ohm at sufficiently high cur-
rents and a snail scattering in charac-
teristics. At low currents joints made
by cold welding behave as superconduct-
ing ones.

Developing a technique of joint ma-
king by a pressure contact welding and ,

degree of deformation and a depth of
matrix removing with acid of welded sur-
faces were varied.

It WBB obtained that :
1. The resistance of welded joints is

strongly dependent on the magnetic
field.

2. The resistance of the joint made by
pressure contact welding in the fi-
eld up to 1 T may be very low even
at operating currents of wire, i.e.
at currents usually permissible in
windings rated at 4-5 T. (R = 10" 1 6-
-10"1 Ohm for multifilamentary rec-
tangular conductor, R = 10 Ohm for
0.7 mm diameter wire). Critical cur*
rent exceeds 300 A for 0.7 mm diame-
ter wire and 1200 A for multifilamen-
tary rectangular conductor. Fig. 1
shows some dependencies of R a R (I,
H).

3. The best joints made by pressure con-
tact welding have a melted core which
consists approx.20JJ of the total
cross-section. An additional welded
spot and turning strand of filaments
by 90° improve joint characteristics.
The third spot does not substantially
influence on the quality of the joint.
Division of the strand of filaments
into several parallel bunches not re-
sult in a proper joint.

Resistance of multifilamentary rec-
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tangular conductor joint* mad* by cold welding impulse power for wires of any

welding ie ICT^-iO Ohm* Critical our-given cross-section and construction

rent of some samples is lower than oper-on the base of results obtained for

ating o&e and is 600-1800 A. (Fig.1). one cross-section of the wire, even at

Hie joint exhibit* sufficient meohanl- the same superconducting material in

oal strength, does not ohange after ae- the wire,

vertl oycle* ef cooling, i* easily made

and i* wfficiently

0

tf1-

*10

•IS"-
ISA

3. - Soldered Joints

The soldered joints of 0.7? mm

diameter wire were made along the

length of 5, 15, 20, 50, 100, 150, 200

mm. During the first test the samples

fixed at a special probe were immersed

into liquid helium, and in the second

they were filled up with wax (at first

only the joints and then the adjacent

sections of the wire). With respect to

the magnetic field the soldered joints

were located in different ways: joints

along the field and the adjacent secti-

ons across the field; joints across the

field and the adjacent sections along

the field; joints and adjacent sections

along the field.

The soldered joints at the 3.5 x2

multifilamentary rectangular con-

a moo MOO sooa

fig.1. Depeadenoe R«H(I) in the field

0.5 T made by pressure contact welding

and cold welding on the multifllamenta- ductor were made with the help of indi-

ry rectangular conductor (3*5 * 2)mm urn or soft tin along the length of 15 -

H9-50. -30 mm, 80-120 mm and 250-500 mm and

1a - pressure eontact welding, nonsta- were either immersed into liquid heli-

bilised joint; 1b - the same, stabiliz- urn or were isolated by three layer* of

•d with copper coating 4-0 ; 1o - the 60 lavsan film. The joints of 100 mm

sane, in addition stabilised with indi- length were made using different me-

um coating; 2a - pressure contact weld- thods of pressing during the soldering:

lag, nonstabilixed; 2b - the same, sta-winding by tinned 0.2 mm diameter oop-

biliaed with copper coating 120 ; 2c- per wire, compression by two plates

the same, shunting with indium solder- along the whole length, loose laying-on.
ing of 15 am (combined joint); 3, 4- -

oold welding.

— The lower limit of measurements of

•enaiTity for this experiment.

The results obtained while test-

ing the soldered joints nay be siunaris-

ed as follows:

1. The tests do not reveal a aonoto-

- n- n Resistance of the sample in normal nous dependence of critical current or

state.

5. Vonatabilised welded joint* are

steeply dependent on current in the

region of critical currents. Fig.1.

6. It turned out that it is impossible

to predict the value of required

the joint resistance on the joint length.

Up to a minimum length (15 mm for 0.7mm

diameter wire and 30 mm for the multifi-

lamentary rectangular conductor) the

joint is unstable. During the same ex-

periment a number of subsequent measu-
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rements gives different values of re-

sistance at the same current (1/4 of

"operating" current) and different va-

lues of "critical" current.

Further increasings of solder

length result in stable values of resis-

tance, and resistanoe reduoes not smooth-

ly, b»t in steps (Pig. 2).

A

T has not been found.

i.S

t.o

Qfi

qt 4* «s oj l.m

. Dependence of welded joints re-

sistance of multifilamentary rectangular

conductor from the length of joint;1,2-

soldered by soft tin, the length varied

by cutting from one end, (1)-current

900 A, (2)-current 730 A : 3, 4, 5-dif-

ferent methods of pressing during the

soldering, the joint made on the same

sections; 3-tin; 4, 5 - indium.

2. The results are not dependent

both on the method of sodersd sections

pressing and the solder type. Prom this

it may be concluded that non-uniformity

of the joint is determined not by the

solder thickness along the length, but

by other factors, e.g. by variation of

transient resistance along superconduc-

tor-matrix length and matrix-solder.

3. In contrast to the welding

joints there is no direct relations bet-

ween the resistance value and "critical"

current of the soldered joint.

4. Dependence of the soldered

joint resistance on current passing

through the joint is observed only at

the currents near to the critical one.

(Pig.3). Dependence on magnetic field

perpendicular to central part of solder-

Pig.3* Dependence RsR(I) for soldered

joints (1-6)

(1-6)-the soldered joints of 0.75 mm

diameter wire HT-50 made along the

length 20, 50, aOO, 150, 200, 250 mm

in the field 1 I, made OR different

samples; 2, 2', 2"-joints of length

50 mm in the field 1 T, 2 T, 3 T;

(7-10)-dependencea for multifilamenta-

ry rectangular conductor (3.5 x 2) mm

with the soldered length 70-100 mm in

the field 0.5 T.

5. Resistance and critical cur-

rent of the soldered joints become un-

steady values at the impairing of cool-

ing conditions. The longer joints are

more stable, even those having the lo-

wer critical current or higher resis-

tance. The joints of 250 mm length for

0.7 mm diameter wire and of 400 am

length for rectangular conductor have

not changed their properties at the

change of heat removal conditions con-

sidered above.

6. Unfavourable conditions (high

transverse magnetic field, imparing of

heat removal) for the wire sections ad-

jacent to the joint have the greater

influence on the critical current va-

lue than unfavourable conditions for
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the soldered section itsalf. It aay be 4-. - The Joint Stabilisation
explained by different reasons.

Firstly, the current density of For the comparison of the diffe-
superconductor is varied along the BOI- rent methods of stabilisation of
dering length from jfm<Sic up to 0 and joints made by the pressure contact
the aaTinum current density corresponds welding they were checked at the same
to that soldering cross-section at sample if it was possible. First of
which the wire emerges from the joint; all, this sample was tested without
imao: e4u&l8 the current density in stabilization.
the winding. Seoondly, at this point The joints were stabilized by:
and as in the whole joint the constant 1) increasing of cooled surface
heat evolution takes place due to the of the joint (soldering was made in two
current flowing through the joint layer, points); the aethod of galvanic copper
Therefore, the temperature of this sec- coating of different thickness from
tion slightly exceeds the wire tempera- 4 0 M up to 80^ ; 2) soldering on thin
ture in the distance from the solder- (20^ ) copper layer the indium layer
ing. of 1-1.5 mm thickness; 3) oopper coat-

So, the wire emerging from the sol- ing and shunting the welded joint with
dering is under more unfavourable con- short soldering of 10-30 nm - combined
ditions than the wire far away from the joint.
soldering and having good thermal con- Increasing of cooled surface of
ditions and than the wire located in the joint improves the joint considerab-
the soldered joint and carrying the Ion- ly. In farther the joints were made on-
er current. ly in two points. With the help of the

Especially unfavourable conditions second method the critical current may
appear when due to nonuniformity of the be slightly increased and the zone of
soldering discussed above it is precise- the resistance increasing may be enlar-
ly in this place the minimum resistance ged. (Pig.1). The additional indium lay-
of the soldered layer takes place. The er did not improve the joint. The corn-
joint current density and the heat evo- bined joints turned out to be the best
lution may become higher than in the or- stabilized joints. In case of nonstabi-
der sections inside the joint. lities of all kinds in the welded joint

Obviously, it is necessary to aim the soldered shunt takes a portion of
at the minimum resistance at the solde- current. Heat evolution due to current
red section placed in the distance from passing through the normal metal of
the place where the wires emerge from the shunt does not result in additional
the soldering. The combined joint satis- heating of the welded joint because the
fias this requirement. (See "Joint sta- heat is removed with helium before it
bilization"). reaches the welded part of the joint.

7. The soldered joint resistance The critical current for the combined
is 10~8-10"9 ohm for the 3.5 x 2 rectan- joint of the rectangular conductor in
gular conductor. The critical currents the field 0.5 T approaches the critical
of the 200 mm length soldered joints of current of the short samples,
the 0.07 mm diameter wire and of the 3»5x C o n c l u B i o n

x 2 rectangular conductor approach to — — — — —
the critical current of the short sam- Combined joint is advisable to

use in persistent mode windings and to
place in joints in low field (up to 1 T).

When it is necessary to make contacts
inside the winding* the long soldered
joints should be used.
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THE STUDY OS1 SUPERCONDUCTING SOLENOIDS WITH HIGH

D3NSITY OP CURRENT AND DIFFBRiSNT WAYS OF COOLING

Glasov.B.V. ;Dru;j,O.S. ;Kurnosov,V.I.jKotenko.V.G.;

Skibenko,S.I«;Yuferov,V.B.

Physical-Technical Institute Academy of Sciences of

the UkSSR,Charkov,USSfi.

Presently ever growing interest und materials.

is taken to the problem of using the "Training"effecfc was observed

internal stabilised superconductors with solid nitrogen(Fig.1(a)).It was

and developing on their basis the decreased or vanished in case of

magnetic systems with high power- using the more strengthed compounds.

weight characteristic.Still,the calcu Concerning the testing results of

lation of such systems is quite diffi small solenoids,two solenoids were

cult due to the degradation effects. prepared and studied.They differ one

The aim of this paper is to define the from another by the way of winding

reasons of these effects and to try to cooling and by ponderomotive forces

reduce them to a minimum. effecting on it.The first of them is

As tho critical characteristics of of immerced type and has the sizes:

superconducting cable produced by in- inner dianeter of 4-5 cm,outer diameter

dustry are known only for short speci- of 52 cm and winding length of 36 cm.

mens.then the whole cable for further Solenoid induction is 6,84 H.fhe win-

using had been tested in small soleno- ding is compounded by glass-fibre-rein.

ids with inner diameter of 5 cm and forced plastic,impregnated by silicone

stored energy of 15-20 kj.Different rezine,as it is the strongest one,out

types of compound were used to find of all tested compounds.The inner tube

out the degree of current degradation of solenoid frame is made out of the

of compounded windings.The table and stainless steel and the sheath is made

Fig.1(a,b)present the result of sepa- out of isolating material.There are

rate cuts( 1000 m) of cable 1,5 mm grooves on the frame sheath in which

with duty cycle by superconductor ,50%. seven solders are arranged.They are

compound material

without compound

solid nitrogen

glycerine with alcohol

benzine

glass-fiber-reinforced

plastic,impregnated by

silicine rezine

I/Io
0,45-0,5

0,7
0,8-0,85

0,85

0,9-0,95

The table and Fig.1(b)show the cri sealed by silicon lacquer.The exter-

tical current ratio 1 in solenoid to nal shunt resistance was used for

the critical current of short specimen solenoid released energy.By diagram

1Q,at T=4-,2 K and the strength of mag- the sensor of the appearance of nor-

netic field 50 ke for different compo mal phase is the contour linked
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Pig 1 Current dependences in solenoid on the number of inclusions(a);
and the ratio I/IQof solenoid winding temperature(b)

electroinsulated layer(2),supercon-
ducting windings(3),copper cool-
transfer agent(4)wire band (5),force
framechannels for liquid cool-trans-
fer agent.

inductively with solenoid and arran-
ged beyond cryostat.At normal phase
appearing in solenoid the signal is
induced in the external counter.Then
the signal Is feeded to direct cur-
rent amplifier and then to the high-
voltage breaker.

After the breaker comes into acti
on the power source is turned off
and solenoid occurs to be short-cir-
cuited where almost total energy re-
lease occurs.98% of the energy con-
tent was dissipated beyond cryostat
at I=320a and external resistance

Maximum current in solenoid after
three cycles of trenning prior polime
rization of silicon linkage compound
was of 336a.After polimerization at
T=13O°C the current increased to
400a by four training cycles.It cor-
responds to constructive current den-
sity j=1,4*104a/cm of stored energy
W=0,5 megajoule and ̂ J^^PV? ke.

The second superconducting sole-
noid has the sizes:average diameter
of 1,6 cm;winding section is S=4.4 cm2

and differ by indirect system of win-
ding cooling.Schematically such a devi
ce is shown in fig.2(b).It consists of
winding cryostat I of flowing type,

The construction and appearance
of the testbed together with solenoid
are shown in Fig.2(a).The cryostat of
winding 1 is made of hollow copper
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tyre,the turns of which are soldered
one with another on thermal contact.
The whole length of tyre was 52m.
Glass-fibre-reinforced plastic we<s
used ae an isolating material,of 0,3
+0,4 nun thick,impregnated by s i l i -
con rezine.The scheme of solenoid
safety i s given in Figr,3.

4 2I t corresponds to j=2.10 a/cm of
stored energy.V=0,2 Mi and
40 ke.

In Fig.5 the dependences are given
for Icr=f(H);curve 1 is for short
cable specimens,curve 2 is for small
solenoids and the constant for sole-
noid for 1,6m in diamefcer(curve3),

tk TOtfTj
I

nitrogen(1),helium(2) and
eleetricai(3)schemes are shown sepa-
rately here.flltrogen and helium sche-
mes consist of storage capacities,
controlled valves,pre-vacuum pumps,
gas-counter,temperature sensor and
pressure pick-up.

Solenoid cooling was done by two
stages:at first,it was cooled by liqu
id nitrogen and then by liquid helium
The period of cycle was approximate-
ly 30 hours.The cooling velocity was
practically 6 +10°K/hrs in all time
interval,that it was agreed with
calculation.(Fig.4,low curve).

The system passed throug the
fifteen cooling cycles.In this case
the cooling curve did not change.
That fact evidence that disturbances
of thermal contact of windings with
helium wires does not occure.

The obtained magnitude of criti-
cal current in the system is 586 a
and outnumbers the calculated one.

16

ft
8

4
0 3D

Pig.4
for solenoid of 45 cm in diameter
(curve 4) are plotted.The points of
these curves correspond to maximum
taken out of experiment with solenoid
(point -is the current in solenoid
with 45cm of diameter,obtained before
the compound polimerization).
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The comparision of the obtained
results shows that for the both tes-

ted solenoids the critical currents
comprise 75-79$tOf Icr of short speci
men of superconducting cable,id est,
the preliminary testing of cable,
the rational arrangement and windings
compounding allow to decrease the
current degradation effect(for magne-
tic systems with W=0,5+ 1 my) up to
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A GENERALIZED APPROACH TO THE DESIGN OF SUPERCONDUCTING FIELD WINDINGS

J. H. Murphy, J. H. Parker, Jr., P. W. Eckels, D. C. Litz, C. K. Jones and J. L. Young

Westinghouse Research and Development Center
Pittsburgh, Pennsylvania 15235, USA

SUMMARY

The development of superconducting field windings for a specific applications calls for an
integrated interdisciplinary approach to achieve an optimized design. An initial definition of
a superconductor suitable for the operating conditions anticipated in the application, an esti-
mate of the cooling scheme for the winding, with an outline of the structural design and an
assessment of the electrical and other factors of importance under fault conditions provide the
basis for a preliminary design concept. The removal of internal inconsistencies in this con-
cept is achieved by an iterative procedure, repeated until a self-consistent working design is
achieved. Optimization of this design requires, most frequently, a specific trade-off analysis
to determine the highest winding current density which can be achieved with adequate reliabi-
lity, since this parameter usually establishes the competitiveness of the overall design. This
procedure for field winding design optimization is discussed and illustrated with examples of
ac and dc rotating machinery and large magnet systems.

1. INTRODUCTION

Since 1911, when H. Kammerleigh Onnes first discovered superconductivity, extensive re-
search and development has been performed to develop conductors suitable for industrial applica-
tion. Approximately IE years ago, commercial production of superconductors for laboratory and
industrial utilization began and the application of superconducting field windings to replace
normal conducting field windings became feasible in principle. Since then, theoretical and ex-
perimental work on superconducting field winding applications have identified in detail the
various advantages and engineering problems which accompany the application of superconductors.

Some of the advantages which superconducting field windings can provide include: (1) im-
proved system efficiency, (2) increased magnetic field intensity, (3) reduction in frame size,
and (4) reduction in machine weight. System efficiency is improved when a dc normal conducting
winding is replaced by a superconducting winding because of reduction in joule heating due to
the absence of electrical resistance in superconducting winding. This improvement will be some-
what compromised if the superconducting winding must operate in the presence of time-varying
magnetic fields. The magnetic field intensity can be increased because of the high current den-
sity and magnetic field properties of superconducting materials such as Nb-Ti, NbjSn, V3Ga and
Nb3Ge.W A reduction in machine size can be achieved in a number of ways. The increased cur-
rent density at which a superconducting winding can operate decreases ths size of the field
winding. The increased magnetic field, which can be produced by a superconducting winding, re-
duces the frame size required to develop a certain magnetic flux. The increased magnetic field
can also reduce the need for ferromagnetic materials to carry the magnetic flux. Finally, re-
duction in overall weight is directly related to the reduction in size of the field- windings
and the size of the ferromagnetic structures. This reduction in weight and size can also
result in decreased manufacturing cost.

There are a number of engineering problems that must be faced in order to realize the po-
tential advantages of superconducting field windings. In the wain, these problems are related
to achieving reliable operation. Since superconductivity at present requires operation at cryo-
genic temperatures, the system reliability must include consideration of the refrigeration
system reliability. Conductor motion or cracking in the winding's bonding system can cause suf-
ficient heating in the conductor to drive the conductor out of the superconducting state. Suf-
ficient engineering effort must therefore be directed toward attaining satisfactory mechanical

• stability of the winding. Since the mechanical properties of some superconductors such as the
A15 intermetallic compounds are such that the conductors are sensitive to strain, the support
structure must be designed to limit the operating strain.

The principle area of commercial application for superconductivity is the power industry
where superconducting field windings can be used in rotating machinery and large dc magnet sys-
tems. Economic and reliability' considerations are the key concerns in the design of supercon-
ducting field windings. For each discipline, such as electrical, thermal, mechanical and
manufacturing, selections of materials, configurations, and operating conditions are made which
are consistent with these design constraints.

The methodology to the design of superconducting field windings for power industry applica-
tion is presented in this paper. In the following section, a general description of the design
philosophies and the decision matrix which has been used to identify the most practical approach
for general use is presented. Following the general design philosophy section is a presentation
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of the interdisciplinary design considerations critical to the design of superconducting field
windings. Finally, the paper is concluded by citing applications where the prescribed design
procedure has been successfully utilized.

2. GENERAL DESKS'' PHILOSOPHY

The process of designing superconducting field windings for power industry applications
parallels the process of designing normal conducting windings. Initially, the preliminary con-
ceptual design objectives are formulated. Next, the envelope in which the design should be
made is defined by performing a scoping or parametric analysis. Through an iterative procedure,
a conceptual design is developed and the internal inconsistencies are removed from the design.
After the conceptual design is completed, a design review is performed tc expose the conceptual
design to criticism and comments by experts. Following the design review, the detailed design
and manufacturing drawings and procedures are developed. A final design review is performed to
remove inconsistencies in the manufacturing procedures. Finally, the design is ready for manu-
facture.

In the preliminary conceptual design phase the major objectives of the design are estab-
lished by identifying the key features of the design which are critical to the potential suc-
cess of the device. In the case of a superconducting field windings, a critical consideration
in the design is the minimization of conductor motion, because it can cause sufficient heating
to drive the conductor out of the superconducting state.(2] There are two alternative ap-
proaches to minimize conductor motion: (1) potting the windings such that the windings can be
treated as an integral structure and (2) restraining the windings by mechanical confinement.
To determine the best approach, a decision matrix is made identifying the significant advan-
tages and disadvantages, assigning weighting factors to each category and selecting the approach
with the best Overall characteristics.

To illustrate this process, two potted winding concepts are compared with an unpotted wind-
ing concepts are compared with an unpotted winding approach for the weighting technique as il-
lustrated in Table I.

Table I

Decision Matrix for Alternative Winding Approaches,
Equal Weighting for Each Consideration

1

2

3

4

5

6

7

8

9

10

11

12

i*ons I uera r ion

Thermal Expansion Match

Thermal Barriers

Heat Capacity

Individual Conductor Restraint

Cooling Requirements

Shear Energy Release

Ease of Manufacture

Simplicity of Design

Ease of Repair

Cooling System Adaptability

Training

High-Current Density

TOTALS

Weighting
Factor

0.083

0.083

0.083

0.083

0.083

0.083

0.083

0.083

0.083

0.083

0.083

0.083

1.000

Fully Potted
Windings

0.000

0.000

0.000

0.014

0.000

0.000

0.056

0.042

0.014

0.000

0.014

0.056

0.194

Porous Potted
Windings

0.027

0.027

0.027 '

0.014

C.027

0.027

0.014

0.042

0.014

0.042

0.014

0.027

0.306

Porous Unpotted
Windings

0.056

0.056

0.056

0.056

0.056

0.056

0.014

0.000

0.056

0.042

0.056

0.000

0.500

The major factors listed in these tables have been identified but need further explanation.
The first consideration is the relative difficulty of matching the thermal expansion coeffici-
ents of the potting material with the conductor. The mismatch of these coefficients results in
a large strain energy which can lead to coil quenching. The second consideration is the intro-
duction of a thermal barrier by the potting compound in the winding. This is extremely impor-
tant in determining the conductor temperature if heating due to ac losses or internal heating
have to be removed by the coolant system. The third factor is the average adiabatic heat capa-
city of the winding and its immediate environment. High heat capacity allows a greater internal
heating for the same temperature rise. The fourth consideration is the effectiveness of the
winding approach to restrain individual conductor movement. Since the elastic properties of
potting materials are in general inferior to those of the mechanical restraints of an unpotted
winding, the conductors are potentially capable of greater movements ir. netted ivindings than in
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its unpotted counterpart. The fifth consideration is the available surface area for the cooling
of the windings which determines the coolant mass flow rates required. The.sixth factor consid-
ered is the shear energy released when the potting compound fails or cracks. The seventh factor
evaluated in the decision matrix is the relative ease of manufacture of the various winding con-
cepts. The eighth consideration is the simplicity of the design and is important in establish-
ing confidence in the design. The degree of simplicity can be determined from the ability to
perform accurate analysis prior to construction. The ninth factor is the relative ease of
repair which the approach provides. The potential for material failures in the winding have to
be considered, and the consequence is either the replacement of the windings or a repair of the
damaged area. The tenth consideration is the ability of utilizing the winding configuration
with various alternative cooling schemes. For instance, a winding approach which is suitable
for pool boiling magnets may be inappropriate for forced cooled magnets. The eleventh factor is
the record.of "training" of the various magnet configurations in the field. Training is the
property of magnets quenching at successively higher values of current before the critical cur-
rent is reached. The final factor considered is the relative magnitude of winding current den-
sity which can be achieved for various design approaches.

At Westinghouse, the porous unpotted winding approach to the construction of superconduct-
ing field windings has been the basis for developing designs and has, as illustrated in Sec-
tion 4, culminated in successful large superconducting field winding devices.

3. INTERDISCIPLINARY DESIGN CONSIDERATIONS

The design considerations performed in the scoping analysis, conceptual design, and de-
tailed design stages of the development of a superconducting field winding for power industry
application are similar. The stages of the development process differ only in the depth of
analysis performed upon each consideration. This section identifies and categorizes these con-
siderations according to the discipline. In many instances, the considerations are common to
more than one discipline and a self-consistent design is achieved by interaction between the
appropriate disciplines.

3.1 Electrical Considerations

The process of designing a superconducting field winding greatly differs from conventional
field windings because the properties of the conducting media are considerably different.
Superconductivity exists in only certain materials and over a limited j-H-T (current density-
magnetic field intensity-temperature) space, which together dictate the configuration that a
practical conductor can take. Therefore, it is instructive to examine the electrical design
considerations in detail and in order to provide some structure to this topic, these considera-
tions have been identified working from the smallest element, the superconducting filament, up
to the aggregate winding.
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3.1.1 Superconducting Filaments. The smallest elec- Curve 68738Z-*
trical element of a superconducting field winding is
the superconducting filament. The filaments are gen-
erally the only elements of the winding which are
made from materials which are superconducting. The
reason that the superconducting materials must be the
smallest electrical element is mainly due to the
properties of these materials. Practical supercon-
ducting materials, type II superconductors, have a
characteristic behavior of becoming resistanceless in
a limited region of the j-H-T phase space. Within a
region bounded by a surface commonly referred to as
the jc-H-T surface, superconductivity exists and out-
side of this region the material behaves as a normal
conductor. The jc-H-T surface depends upon the mate-
rial composition, the microstructure, and the amount
and location of impurities. These parameters can be
optimized by careful control of the formation of the
material. There are many materials which exhibit
superconducting properties but there are only a few
which are of practical interest. The most practical
materials in use today are NbTi and Nb3Sn. Figures 1
and 2 illustrate typical plots of the jc-H-T surfaces
for these two materials.(3>4) Mechanically, these
two materials are strikingly different; NbTi is a
ductile alloy whereas NbsSn is a brittle intermetal-
lic compound. Although the intrinsic jc-H-T surfaces
are not functions of strain, the longitudinal current which these materials can carry are func-
tions of the strain because of the limitations microcracks in the materials provide. NbTi is
generally used in low-field applications (typically, B < 8 T) because of its greater ductility
than Nb3Sn in addition to possible cost savings. Whereas, at higher fields (10 T > B > 8 T)
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Nb3Sn and NbTi become competitive and the selec-
tion is made utilizing a decision matrix, in
most instances. Above 10 and below 16 tesla,
NbsSn is the only practical material which can
be utilized. Historically, conductors made
from superconductors were initially made with-
out dividing into small filaments. This proved
to be unreliable because of a thermal runaway
condition referred to as a flux jumping.(5) To
minimize the potential for flux jumps, it was
found to be necessary to finely divide the
superconductor into filaments which can be elec-
trically isolated from each other. The subdi-
vision is necessary down to a critical dimension
which is dependent upon the shape of the jc-H-T
surface and the heat capacity of the supercon-
ductor. Below this critical dimension the
superconductor is stable against flux jumps.(6)
Figures 3 and 4 are typical plots of this cri-
tical dimension for NbTi and Nb3Sn materials
under various operating conditions. The selec-
tion of the critical filament size for a given
superconductor is dependent upon the lowest
magnetic field and temperature combination at
which the conductor may be operating as these
plots demonstrate. To insure reliable opera-
tion the maximum filament size is typically de-
signed to be one third of the critical
dimensions illustrated in these plots.

Fig. 4-Maximum dimension of filaments, d, for adiabatic
stability against flux jumps in Nb,Sn superconductors

3.1.2 Matrix. Although finely subdividing the filaments solves the problems of flux jumping,
these filaments cannot be ideally isolated by electrical insulators because the operating con-
ditions can still go outside of the jc-H-T surface and the heat generated by joule heating is
generally too large for the filament to remain isothermal. A thermal runaway condition com-
monly referred to as "quenching" occurs under these conditions. To minimize this occurrence, a
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parrallel shunting path of low resistance material is provided. Traditionally, copper is uti-
lized and recently aluminum is being developed as a viable alternative. These two materials
have relatively low resistivities at cryogenic temperatures and exhibit magnetoresistive effects
depending upon the purity of the metal. Typically, copper matrix superconductors have a resid-
ual resistivity ratio (ratio of room temperature resistivity to the resistivity at 0°K) of be-
tween 50 and 200, depending upon the purity of the material before co-drawing with the
superconductor and heat treating. The effect of magnetic fields on the copper resistivity can
be determined from a Kohler plot such as the one illustrated in Figure 5.(7) This plot illus-
trates the relative resistivity change at cryogenic temperatures for copper in a magnetic field.
At room temperature copper resistivity is typically
1.7 x 10~B fi-cm. This alternative current path
must be electrically connected to the filaments and
is oftentimes segmented by higher resistance mate-
rials to lower the eddy current losses in the
matrix.W Furthermore, the filaments may not be
in direct contact with the shunting material if the
filaments are formed by a diffusion process such as
•in some multifilamentary Nb3Sn conductors.W

Of

"5< 10

Curve 691175-A

•S 10

The segmented matrix or "mixed" matrix was
found to be the most effective method of lowering
ac losses due to coupling currents between the
filaments. Typically, Cu 10 wt % Ni or Cu 30 wt %
Ni, with resistivities of 1.67 x 10"7 fi-m and
3.64 x 10"7 ft-m respectively, are used to break up
the current paths between filaments. The most ef-
fective use of the segmentation material is to
place it at the furthest distance from the filament,
i.e., the shunting material is placed in direct
contact with the superconducting filament and the
segmentation material is placed around the combina-
tion.
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Fig. 5 - Kohler plot for polycrystalline
copper wire

Multifilamentary Nb3Sn conductors differ considerably from multifilamentary NbTi conductors
in configuration and process of formation. There are a number of successful approaches to the
formation of multifilamentary Nb3Sn which deserve elaboration. Two techniques involve the for-
mation of Nb3Sn by diffusing Sn out of a Cu-Sn bronze (typically starting with 10-13 wt % Sn)
into a Nb filament. One method involves placing the Cu-Sn bronze inside of an annular filament
and forming Nb3Sn on the inside surface of the annular ring. This process requires precise con-
trol of the Sn diffusion such that no Sn diffuses into the surrounding matrix, thereby poisoning
the stabilization material. The matrix configuration in its final state, working from the
inside outward, is typically Cu-3 wt % Sn surrounded by Nb3Sn, then Nb and finally Cu. The al-
ternate scheme involves placing the Cu-Sn bronze and the Nb into a Ta diffusion basic to isolate
the Sn diffusion process from the copper stabilizer. Therefore, the matrix configuration in its
final state is Nb surrounded by NbsSn, then Cu-3 wt % Sn, then Ta, and finally Cu. An alternate
technique to the two methods described above involves external addition of Sn to increase the
current density in the final bronze matrix superconductor. In this case, matrix configuration
in its final state is Nb surrounded by Nb3Sn and then a Cu-Sn bronze (of varying tin concentra-
tion). To stabilize this last conductor the stabilizer is generally attached electrically via a
metallic solder.

Each matrix configuration described in the preceding paragraphs has slightly different
characteristics, thermally and electrically. Depending upon the application, the matrix con-
figuration is selected generally to meet an ac loss criteria. The calculation of ac losses in
superconducting strands has been addressed in detail by several authors.(10-12) The most com-
prehensive work has been performed by W. J. Carr, Jr. utilizing an anisotropic continuum model
to analytically describe the current and field distribution within the conductor.(13-16) The
calculation of ac losses in multifilamentary superconducting strands depends upon the dimensions
of the conductor constituents, the time dependence, spatial dependence and orientation of the
magnetic field, and the electrical properties (conductivities and critical current densities) of
the constituative materials. In the event that ac losses must be accurately calculated, Carr's
work on ac losses is recommended as the most complete formulation at present.

3.1.3 Insulation. The next element of a superconducting winding is the insulation on the wire
or strand. The need for insulation is determined by ac loss requirements and by the voltage
which the strand must withstand. Integral with the electrical requirements which the insulation
must meet are the cryogenic cooling and mechanical abrasion requirements that the strand must
meet. The insulation thickness is selected by a trade-off of these various requirements.

3.1.4 Cabling/Braiding. The strand may have to be cabled or braided to form the overall con-
ductor. This can be dictated by either ac loss or stability requirements. The cable or braid
should, in general, be designed to be fully transposed to insure uniform current distribution.
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The requirement for full transposition leads to a discrete number of combinations of conductor
configurations. The cable or braid might have to be deformed to improve the mechanical proper-
ties of the conductor. Rectangular deformations are desirable from both mechanical and manufac-
turing viewpoints. However, conductor deformation is undesirable due to the effect of strain on
the superconductors current-carrying capacity. A compromise in the degree of deformation re-
quired is made by a trade-off between these various design requirements.

3.1.5 Electrical Joints. The next element of the superconducting winding which must be con-
sidered is the electrical joints between the superconductor and itself or normal electrical
leads. The electrical joint is, in general, designed to be located in low magnetic field
regions to lower the electrical losses in the joint and is designed to be adequately cooled to
insure that the joule heating does not propagate into the adjacent conductors, causing potential
for conductor quenches.

3.1.6 Aggregate Winding. Finally, the configuration of the electrical winding must be consid-
ered, evaluating the electrical field and magnetic field profiles to determine the consistency
of the electrical design requirements with the actual environmental conditions. This is accom-
plished by computer analysis utilizing such codes as MAFCOWO7) or TRIM. C18) Upon achieving
consistency between the requirements and operating conditions, the electrical design effort is
complete.

3.2 Thermal and Hydraulic Considerations

The science of cooling large superconducting magnets is still in its formative stages. The
intent of this section is to draw together various concepts on thermohydraulic design from the
literature, elucidating those concepts inadequate for design, and to present a unified approach
to system analyses and design.

In the first stage of the thermal design, interaction between the conductor and thermohy-
draulic analysis results in a conductor design and method of cooling. Considerations of energy
storage and service interruption determine if the magnet should be cryostable or dynamically
stable.W Cooling of the conductor must be analyzed in terms of the time interval available to
dissipate heat. It is well known that electromagnetic and mechanical events can generate suffi-
cient heat to raise a conductor's temperature above its resistive transition temperature.
Comparison of the time constants of event and cooling mechanism lead directly to the conclusion
that material of sufficient heat capacity to mitigate the temperature rise of very short events
must be in intimate contact with the conductor. Within Westinghouse, the preferred thermal
mass is helium. After an analysis of the very short term events, the design procedure is con-
tinued as the analysis of fluid dynamics and heat transfer under steady and transient condi-
tions. The analysis of the effects of steady state and transient heat generation require the
specification of the type of cooling system to be used: conduction, natural or forced convec-
tion, evaporative or a combination thereof. Frequently the function of the magnet tends to make
one cooling system more effective or desirable than others, such as the field coils of supercon-
ducting generators where the very high acceleration fields can make natural convection heat
transfer coefficients exceed those of evaporation.

The advantages and disadvantages of each type cooling method are summarized as a prelude to
a recommended analysis technique.

3.2.1 Conduction Cooling. Conduction cooling of superconducting windings has the advantages of
simplicity and exactitude of analysis. It has several significant disadvantages: (1) a ground
plane must be introduced into the winding and electrically insulated; (2) electrical insulators
are thermal insulators at low temperature; (3) the time constant of the cooling system increases
as the square of the conduction path length; and (4) the temperature of the winding increases as
the length of the cooling path. Despite these disadvantages, in a particular application or in
combination with another cooling mode, conduction cooling is frequently appropriate. Analysis
of heat conduction at cryogenic temperatures frequently^9"20) require consideration of tempera-
ture and magnetic field dependent material properties.(21-24)

3.2.2 Single-Phase Forced Convection. Advantage of single-phase forced convection cryogenic
cooling is the large data base(25-29) developed for room temperature heat transfer which can be
applied at cryogenic temperatures, its relative stability under widely varying conditions, and
the high-heat transfer coefficients that can be obtained. The disadvantages are the auxiliary
equipment (pumps, heat exchangers, controls) required to circulate the cryogen, the steady heat
load added to the cryogenic space in circulating the cryogen, and the difficulty associated with
headering and distributing a low viscosity fluid to a complex structure.

If parallel cooling channels are used, thermall induced fluid dynamic instability may
exist. Sufficient pressure drop must be maintained in each loop to assure an adequate mass flow
rate when different heating rates exist in the channels. The compressibility of helium results
in a pressure drop increase upon temperature rise that tends to increase the flow in the colder
channels. Forced circulation of helium requires consideration of compressibility and the
proximity of the cooling system thermodynaroic state to the fluid critical point. Caution is
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advised if the computation of pressure drops around the cooling circuit indicates the cooling
system thermodynamic state approaches the critical point because property variations can produce
anomalous wall temperature fluctuations. The compressibility of helium requires consideration
of Joule-Thompson effects in high pressure drop cooling circuits and application of variable
property heat transfer correlations(28) for wall-to-bulk fluid density ratios of 1:3 or larger.

The variation in properties for large wall-to-bulk density (temperature) ratios produces an
effect in single-phase cooling not unlike the transition from nucleate to film boiling where in-
creasing surface heat results in a decrease in convection coefficient and an increase in wali-
to-bulk temperature differences. Heat flux dependent single-phase convectic coefficients are
encountered in quench and stability analyses. Compressibility also produce1 . pressure wave on
rapid heating that is of interest in the quench and fault transient analysis of superconducting
magnets.

The analysis of transients in single-phase forced convection systems differs from conven-
tional practice and should use coefficients based on surface renewal ("heat penetration") con-
cepts(31,32) until these heat transfer coefficients diminish to normal convection levels.
Becaus-e of the low specific heat of the winding, this method has the potential to decrease the
required mass velocity in fully stable magnets. Figure 6 indicates a heat transfer coefficient
trajectory for a typical NbTi superconducting winding. Various digital computer programs such
as TAP-B(39) a r e available for transient analysis and find application in predicting the re-
covery of a magnet from a resistive winding zone. The TAP-B program is a finite difference code
which marches forward in time and predicts the thermodynamic state of the circulating helium at
each position along the cooling channel. All of the considerations above are built into the
codes as is the ability to model current-sharing heat generation.

3.2.3 Evaporative Natural Convection. The main ad-
vantages of natural convection evaporative cooling
are the high surface heat fluxes obtainable with
small temperature differences and the simplicity of
the cooling system. The advantages must be weighed
against the surface temperature excursion that ac-
companies the transition to film boiling at about
0.9 W/cm2 and subsequent hysteresis effect prevent-
ing the return to nucleate boiling until a surface
heat flux of about 0.17 W/cm2 is reached. The de-
parture from nucleate pool boiling to film boiling
occurs with a surface temperature of about 5.0 K in
atmospheric pressure liquid helium, a temperature
approaching the current sharing temperature of NbTi
superconductor.

In the design of a 1 atm helium "pool" cooled
magnet the fluid dynamic analysis of bubble egress.
It is well known that an agglomerated bubble can
remain motionless unless provided with a channel of
sufficient diameter, i.e., the EtvOs number must be
greater than 3.37(33) or channel diameter greater
than 0.58 mm. The helium bubble reaches its maximum
vertical rise velocity in a channel of 5 mm maximum
dimension and needs a channel inclination of only 5°
to maintain that velocity in liquid helium. • These

considerations suffice to design a "pool" cooled magnet for bubble egress.

To describe the stability of large magnets, a two-dimensional finite difference computer
code TAP-A^44) which marches forward in time is used analyzing the cooling of a normal zone in
the conductor. Various lengths of conductor are assumed initially elevated to an arbitrary tem-
perature corresponding to some initial energy event. A sample coil characterization is shown in
Figure 7. The envelope of recoverable events has been determined and the time to recovery is
shown on the figure in ms. Local vapor quality is computed and the locus of 35% vapor is shown.
The method quantifies the maximum useful helium fraction and indicates the penalty paid for re-
duced helium fractions in a magnet with a performance penalty on magnet volume. The method has
demonstrated that stability is a strong function of local vapor quality so that certain magnets
are fully guard cooled by two-phase liquid helium and have bubble separators on the helium
inlet.

3.2.4 Forced' Circulation Evaporative Cooling. Cooling by forced convection boiling has the
advantage that a very high-heat capacity fluid is circulated and the cooling process is nearly
isothermal. The hysteresis effect of nucleate to film boiling can be suppressed at higher mass
velocities, but the wall temperature rise with transition to film boiling still exists.(36,37)
The other disadvantages are the low positive suction head pumps required to circulate helium
and the existence of two-phase fluid dynamic instability or oscillations.
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The fluid dynamic analysis of two-phase sys-
tems is relatively straightforward. The single-
phase pressure drop must be maintained greater
than the maximum two-phase pressure drop expected
to assure adequate flow to each channel, but the
pressure drop per circuit is limited by the criti-
cal pressure of the fluid. The steady state
analysis of forced convection boiling is identical
to "pool boiling;" forced convection having little
effect on the departure from nucleate boiling.
The transient analysis, while being similar to
transient "pool boiling" analysis, yields quite
different results because the minimum heat flux
for return to nucleate boiling from film boiling
is markedly increased. For very short transients,
less than 1 ms, the data of Steward for static
coolant provides guidelines that are not influ-
enced by circulation.(37) Again, the major tran-
sient analyses are performed using digital
computer programs.

3.2.5 Natural Convection. Because the allowable
temperature differences for cooling are small
with the present generation of superconductors,
the usefulness of natural convection as a cooling
process is restricted to rotating frames. Natural
convection heat transfer coefficients in turbo-
generators frequently exceed those of boiling.
The advantages of natural convection are simpli-
city and the thermally-induced coolant flow.
Disadvantages include the necessity to overcome

lapse rate temperature gradient before convection can occur and the possibility of
thermal blockage of the ventilation passages.

The fluid dynamic analysis is begun by providing insulated downcomers and cooling passage
risers in all parts of the magnet to be cooled. Narrow, high aspect ratio passages must be
avoided. Pressure drop around the thermosyphon loops can be computed, but are subject to con-
siderable error. The applicability of conventional natural convection correlations with the ac-
celeration term replaced by the rotational acceleration field has been confirmed to have
sufficient accuracy for design conditions.(38) Any transient analysis of a naturally convecting
system must rely on prediction of the transient fluid circulation which is subject to similar
errors as the steady computation procedures. For this reason and because turbogenerator magnets
of necessity tend to be dynamically stable, the transient analyses with natural convection cool-
ing are not as sophisticated as for cryostable magnets and those exhibiting short-term cryosta-
bility.

From the above discussion the conclusion can be drawn that there is no "ideal" cooling
system compatible for all magnets. Cooling system selection must be a fundamental consideration
along with conductor selection, structural support and operational objectives.

3.3 Mechanical Considerations

The mechanical design of a superconducting coil must satisfy several objectives: (1) the
stress intensity does not exceed design limits, (2) the strain in the superconductor must be
limited, (3) the support of the superconductor must be uniform down to operating temperatures
and (4) the thermal stresses during cooldown and transient operation must be evaluated.

The achievement of these objectives cannot be insured until forces, temperatures and pres-
sures encountered during operation are clearly defined for both steady state and transient con-
ditions.

The mechanical design of a coil structure, as any mechanical assembly, must insure that the
combined stress intensity is below some specified design limit. In high-field coils, sufficient
space must be allocated for structure because of the high magnetic forces that must be supported.
In pulsed applications, fatigue analysis is required to insure design life requirements can be
achieved. Unfortunately, material properties are not well documented at 4.2°K particularly the
properties of joints such as welds, brazes and adhesives.(23) The large variation of material
properties from 300 to 4.2°K requires that all operating conditions be fully evaluated to pre-
vent a potential failure at some intermediate temperature. This is particularly important
during cooldown or transient conditions such as a quench. In the design of rotating supercon-
ducting coils for electrical machines, overspeeds and transient torques must be carefully evalu-
ated to prevent structural damage.
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The design limits for stresses are established prior to the initiation of the design. Com-
puter codes such as NASTRAN(30) are utilized to determine combined stress intensity.

The endurance limit is also reduced by factors for temperature effects and for mean stress.
Where data is available, fracture mechanics techniques are applied to determine critical flaw
sizes.(40) These flaw sizes are then related to acceptance criteria for the non-destructive ex-
amination of the structural components of the superconducting winding.

The effect of mechanical strain can degrade the properties of the superconductor. The me-
chanical design of the coil therefore must limit the maximum strain in the superconductor at
operating conditions. This is particularly important in the coil where strain can accumulate,
at layer-to-layer transition, excitation Zeads and where crossconnections exist between coil
sections. In these areas, separate supports are generally required to prevent localized strain
concentrations. The design should also attempt to locate the areas of potential strain concen-
tration in low-field regions in order to increase the thermal margin of the coil. The conductor
strain requirement may limit the structural stress to a value far below the design stress limit.
This strain limited design may require a significantly larger structure increasing coil size
and weight. In coils having large cross sections, additional structure may be required to pre-
vent accumulation of strains in the radial or axial direction.

Conductor support has been identified as a major source of premature quenches. Coil
"training" has also been attributed to conductor motion. The superconductors must be provided
with uniform support down to operating temperature and at excitation levels to full current.
Conductor motion can be divided into two broad categories; slow and rapid.

Slow conductor motion is associated with structural or conductor deflection when subjected
to a relatively slow coil excitation. As the Lorentz forces increase in the coil, strains are
induced in the structure allowing some conductor motion. This slow motion during a moderate
charge time will induce a low-level ac loss in the conductor. Some of the energy will be
stored in the conductor as strain energy which is recoverable with a small amount of strain
hysteresis. Therefore, slow conductor motion is not detrimental if sufficient cooling is avail-
able to remove the low-level losses on a steady-state basis.

Rapid conductor motion can occur in several ways including: (1) stick slip motion of a
conductor, (2) vibration of conductor due to pulse loading, and (3) local potting failure. It
is characterized by a rapid movement causing high local energy input. Since this energy cannot
be transferred to the coolant in the time frame of the motion, the energy is converted to con-
ductor heating. The low specific heat of the conductor and low thermal margin may result in a
local normalization.

The stick-slip motion is usually associated with a loosening of the conductors within the
coil structure during cooldown. As the coil is energized and the Lorentz force equals the
fractural force, the conductor will suddenly move if a gap is available. Loosening of the coil
can be prevented by proper design and coil structural material selection. Austenitic stainless
steels have a contraction coefficient close to superconductors and therefore provide an excel-
lent structural material. Aluminum has a higher coefficient of thermal contraction and there-
fore would tend to tighten a coil if used as the outer structural members. Glass reinforced
plastics (GRP) contracts less than superconductors and therefore provide a tightening function
if used as an inner structural member. Since the materials are electrically insulating, they
have an additional advantage in pulse application where structural eddy currents are important.
Problems of conductors loosening can also be eliminated by pre-loading of the structure to com-
pensate for differences in thermal contraction.

In pulsed applications, conductor vibrations can be excited by the rapid discharge cycle
and the somewhat slower charge cycle. This vibration is particularly important on the charging
cycle since both field and current density are increasing toward short sample and any energy
input may result in local normalization. In coils of this type with open cooling, unsupported
lengths must be adjusted to the bending stiffness to provide a stable configuration when sub-
jected to impact loads.

In potted coils, a phenomenon similar to stick-slip can occur during a local potting fail-
ure. Potting compounds normally have a significant difference in contraction with superconduc-
tors down to 4.2°K. This difference can be reduced with fillers; however, the potting procedure
is complicated because of the high viscosity. Voids in potted coils are particularly important
since they tend to be concentrators of strain. The failure of the potting will introduce a re-
lease of energy that can result in a quench. Therefore, the coil design must be capable of
being potted without introducing voids.

The cooling of a coil to operating temperature may introduce the stresses encountered
during service. Superconducting coils are designed to provide maximum cooling at the conductor
surface. The excellent thermal conductivity of copper promotes isothermal conditions in the
conductors. Since dedicated cooling is frequently not provided for the structure, it is cooled
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by conduction through electrical insulation from the winding. This could result in high thermal
gradients between the winding and the adjacent structure during cooldown. The mechanical design
must provide provisions to prevent local yielding of the structure on the superconductor during
cooldown. Local yielding of the structure could result in undesirable gaps at operating tem-
perature while local yielding of the superconductor could result in filament separation and de-
gradations of the superconductor properties.

4. DISCUSSION

The approach outlined in this paper to designing superconducting windings has been success-
fully applied by Westinghouse to the design of several relatively large superconducting field
winding applications. These devices differ considerably in the functional requirements and
design specifications. The first machine, in which Westinghouse used this design approach, is
a 5 MVA superconductor generator.(41) This machine operated stably up to 90% along the machine
load line in a series of tests performed to determine its functional characteristics in 1973.
Following this program, a continuing work on superconducting generators has been performed with
the same design approach and successful operation. (42) The next major device development was a
300 kj energy storage coil developed for Los Alamos Scientific Laboratory.(43) This coil was
tested in 1976 to 540 kJ without quenching. This coil reached 81% along the load line, however,
it has not been tested to its full field and current capability because of limitations which the
available power supplies, mechanical structure and instrumentation provide.
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MAGNETIC FIELDS COMPUTATION
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Taking a survey of the possible methods of magnetic fields computation , I

should like insist on principles rather than particular details. This talk is

directed towards non-specialists ; the experts have their own conference, called

COMPUMAG, and I seize the opportunity of informing you that next COMPUMAG will

be held in September 1978 probably at GRENOBLE, France.

1 - CONDUCTORS, WITHOUT IRON

In this case the problem is linear and one has plainly to add the contri-

butions of each element of current :

8 =

a formula valid either outside or inside the conductors due to the convergence

properties of this volume integral. Of course, during the numerical process,

any division by very small quantities must be avoided but there is no real dif-

ficulty on that point.

A closed form of the integral can be found for only very few geometries ;

a simple straight bar with rectangular cross section can be reduced to loga-

rithmic and inverse circular functions but as soon as the bar is curved, such a

sector of a thick solenoid, numerical integration is unavoidable. For the full

solenoid, discussion is still open wether one has better to perform an analyti-

cal integration first in transverse direction, getting circular functions under

a logarithm, followed by a numerical integration along the azimuthal coordinate

or to make the reverse, in which case one has to integrate numerically some

combinations of BESSEL functions.

The straight bar, possibly provided with slanted edges, and the sector of

solenoid are the bricks any conductor may be considered as built of. Usually

the task of assembling these bricks is not fully left to the user for fear of

not satisfying the divergenceless property of the current ; instead the codes

provide some frequently encountered shapes like race-tracks, solenoids, the so-

called bed-stead ... A very good precision may be achieved in relatively short

computing times.

In addition to the field itself, one may ask for some related quantities

such force, stored energy, mutual and self inductance coefficients. One has then
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to integrate expressions like :

where B Is the total field present in the volume element. For the inductances,

one has better to come back to the NEUMANN formula :

L --*• Iff Iff £ • £ *
MIC

getting a sextuple integration, therefore six nested loops in the code, and

that may be lengthy, specially for the self inductance where one has to esta-

blish very samll elements at the place where the distance xmR becomes very small

itself, excluding however the element for which r ^ is zero.

To close this paragraph, let us recall that the 2 dimensional geometry

brings of course a great simplification ; a calculation in complex numbers may

be used ; this dos not save any time because the first care of the computer is

to translate complex operators into real ones, but the coding becomes simpler

and much elegant.

2 - MAGNETOSTATICS, IN PRESENCE OF IRON

Let us now come to the situation where iron is present, without any depen-

dence of fields with time. The problem becomes non-linear since the permeabi-

lity //*
/ of iron depends on the local flux density B. This dependence may be more

or less complicated. In the simplest approximation, it, is considered as a scalar

function of the modulus IBI.

2.1 - Differential_eguatign_ap_groach :

It is rather natural to start from MAXWELL equations, the relevant ones

being :

the 2 n and 3 are equivalent to

f
Expressing the coordinates, one gets a set of equations relating B , B , B

x y z

and their derivatives ; unfortunately these equations are not uncoupled. Even

in the 2-dimensional case, where _«L s 0 # one is left with :
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two equations, still coupled. Now one is tempted in using some potential func-

tion and the most obvious is the vector potential A such as :

CvJ- A = 6 <tv A =• o

One is then led to :

three coupled equations in components ; but this time, in the 2~dimensional case

one gets a single equation for a single component Az, denoted by A :

This equation is to be completed with a set of boundary conditions, which

may also express the symmetries of the problem. I shall continue for a moment

with the 2-dimensional case. In order to take into account the dependence of̂ /*-

with respect to B that is to say with respect to A, one usually assume an ini-

tial value of,** at each location, then one solves the equation in terms of A,

gets B from the derivatives and sets the new values ofytt- , repeating the pro-

cess until a sufficient stability is reached. Different ways of adjusting ittmore

or less efficiently make one of the differences between the good programs and

the other ones. In any case, in order to cope with the nature of computers, one

has to replace the single partial differential equation by many simple linear

equations governing' the values of A on some discrete set of locations more or

less regularly distributed over the whole field region.

For a long time, the finite difference method has been the only known. In

this method, one sets up a regular grid of points, often rectangular or even

square, and the derivatives of at each point are replaced by some linear combi-

nations of A at the neighbouring points., Having N nodes inside the grid, one

gets a set of N equations to be solved. Only few points are involved together,

so the resulting matrix has very few non-vanishing terms, and one is led to some

iterative process, usually the successive over-relaxation process, in which

each iteration improves the previous value of A. At each time one adds not the

calculated increment but this increment multiplied by a factor, the so-called

acceleration parameter, which must be conveniently chosen, between 1 and 2, in

order to improve the speed without falling into tremendous oscillations. Chan-

ging the parameter by 0.01 may well multiply the computing time by hundreds.

This choice, of course, is made automatically ; some programs are very clever

in doing that ; others suffer some troubles. Another intrinsic difficulty with

finite difference lies on the internal boundaries, where one has to make inter-

polations since the regular grid cannot match in general with the physical geo-

metry. It may be not easy to appropriately define-U- at the vicinity of bounda-

ries : some codes overcome this difficulty by using several kinds of potentials,

for instance a vector potential in iron and a modified scalar potential in air.
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b) IigiS§
A few years ago, perhaps under the influence of our colleagues studying me-

chanical structures, the finite element methods has been invading our field. I

must say that it was a fortunate invasion. In this method, the grid is made not

of points but rather of surfaces, for instance irregular triangles, of which the

whole geometry is paved. One see immediately the possibility of adjusting the

triangles over the internal boundaries, but this is not the only advantage of

the method. Over each triangle (or element) the potential A is approximated by

a polynomial function with respect to the values of A on some definite points,

for instance the vertices of the triangle ; so it is defined everywhere, and

not only on a discrete set of points. The field equations, together with the

boundary conditions are considered as minimizing a functional related with the

energy of the system. Eventually one is led to a system of linear equations

which can be solved by some iterative process apabove, or by direct methods in

account of the usually smaller size of the matrix and of its symmetry proper-

ties ; this latter point makes it possible to use the CHOLESKY decomposition me-

thod, reasonably quick. One can say that the computational operations involved

with finite difference method have now reached a high level, using for instance

the direct access possibilities by which only a part of the matrix is resident

at one time in the small core memory of the computer.

Both finite difference and finite element method are using a potential

function ; a drawback of the potential is the necessity of fixing external boun-

dary conditions which are not always obvious : for instance one has to prescribe

the shape of some flux line, more or less far away. As another drawback, one

must treat the whole so defined universe step by step in space, even one is in-

terested in only a small central region. Also, the flux density is not directly

obtained : one must calculate the derivatives of the potential, and you know

that computers do not like calculate derivatives : they definitely prefer per-

form integrations. Finally, for the reasons I mentioned previously, the methods

using a potential are not well adapted to 3-dimensional problems, although some

effort has been made in that direction.

2.2 - In.tegral_equation_ap_£rgach :

A decisive progress towards 3-dimensional problems came by giving up the

differential equations and turning over the so-called integral method. This has

been first tried, to my knowledge, by Prof. HALACSY from RENO University, many

years ago, and then vigorously pushed forward by the Rutherford Laboratory team

of W. TROWBRIDGE. The idea is as following.

Till now, we have considered a medium with a distributed permeability^^,

the field being due to the true currents (conductors), alone, One can instead

consider the medium as vacuum, a part H of the field being due to true currents

and the other part H ' to magnetization currents located in iron. Magnetization

currents are in fact many very small loops, according to an old but still modern

concept which can be traced back to AMPERE. So, each element of volume in iron

is provided with a magnetization vector Mdv which is, in some respect, at one

and the same time a result of the total local field :
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and a source contributing to the field elsewhere :

,.m
"xx

"Yx

zx

"xy

"yy

xz

-yz
dv

The coefficients C^ are purely geometrical. Calculating H , generated by

the true currents, is straightforward with the methods I described at the be-

ginning. Finding Um is not so easy, but one sees a way in bringing together the

two preceeding equations : when M is taken from the first and inserted into the

second, one may Redistribute the terms, placing on the right side the known

part Hc due to the true currents. Denoting by N the number of iron domains one

gets a system of 3N equations (2N for the 2-dimensional case), Asi^is a function

of the total field, one may begin again with a first guess, then solve for Bm,

reestimate •/ from Hm + Hc, and hope that this process is convergent.

A favorable feature of the method is that the main calculation has to be

performed only over the iron, so the required number of elements is not so

great. In addition one is cleared with any articial boundary conditions, and

one gets directly the field, without any derivatives, and at the only desired

points.

It appears that, for the time being the integral equation method is the

most attractive ; of course one should like increase the number of possible

iron domains in order to improve the precision but one reaches the limitations

due to the size of present computers.

3 - TIME DEPENDENT FIELDS

Finally I shall devote a few words about time dependent fields. In that

case one has to take into accounf FARADAY's law together with a conductivity

relationship between the current density j and the electcic field E :

Excluding the complicated case of currents inside iron, the relevant equa-

tions are :

6 =.hi
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and we are in presence of the eddy currents, or FOUCAULT currents in French

terminology. Combinating the two previous equations, one gets :

6 = — f\f =r

a propagation equation linking the second space derivatives with the first time

derivative of B. As usual, boundary conditions and initial conditions must be

provided. One may distinguish the general case, where the dependance of the ex-

ternal field versus time has any shape, for instance, an exponential rise or a

sharp step, and the more specific case where the fields are assumed sinusoidal;

the former case is called transient, the latter steady state. In both cases,

the possibility of an analytical treatment is very limited ; even the simple

parallepipedic block attacked by a transverse field is out of range. So there

is a great need of computational aids. A number of programs are existing ; I

would say that they are specific rather general ; for instance the steady state

in rotating electric machines has been extensively treated. On the other hand,

the integral equation method can be generalised to include the time dependant

of the field.

I would just indicate another interesting possibility. The propagation

equation for B is the same as the equation governing the heat transfer in so-

lids ; for instance in 2 dimensions, and for a longitudinal applied field, one

gets :

for eddy currents, and :

for thermal diffusion ; taking the thermal conductivity A as 1, and replacing

the specific heat C by JUQ^, one can use one of the many thermal programs exis-

ting in most of the laboratories, adapting the boundary and initial conditions

and getting such informations as current density, dissipated power and total

energy. The same is true for transverse applied field, working not with B but

with a vector potential A and getting current density from the tir>e derivative

of A. Comparison with some theoretical cases shows that the results are inside

a margin of a few percent, partly due to the too little number of finite ele-

ments.

In this connection, I should like give you some general advice : instead

of embarking upon the heavy burden of creating a new program, you should tho-

roughly search the existing computer libraries as there is a chance that the

program you need is already present somewhere, and it can be used with minor

modifications. The difficulty is that generally, documentation is poor, so I

beg anyone writing a new program to pay sufficient attention to the necessary

documentation, either inside the code with comment cards or outside with a care-

ful write up.
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CONCLUSIONS

To compute magnetic fields there are of course some possible methods not

mentioned above. For instance some effort has been made towards using the fast

FOURIER transform but, to my knowledge, no practical program has been fully

written. However, the existing panoply is indeed not at all bad, and the use of

the integral equation approach is certainly the best advice one can give.
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MAGNET MEASUREMENTS IN HIGH-ENERGY PHYSICS EXPERIMENTS

0. Runolfsson

CERN, Geneva, Switzerland

A brief description of the variety of problems concerning magnet measurements in high-
energy physics is given. The most common measuring techniques are described and their advan-
tages and limitations are compared. Possible sources of error in measurements with Hall plates
and precautions to be taken are described. Various types of mappers in use at CERN are de-
scribed.

1. - Introduction

This report deals with the problems concerning magnet measurements for high-energy physics
experiments. A particular aspect of this kind of work is the variety of magnets to be measured.
Examples range from reduced scale models with a few mm3 volume to the biggest spectrometers for
high-energy physics with a volume of the order of 100 m3. There are strangely shaped open struc-
tures as well as closed volume solenoids to be mapped. On an average, every magnet is modified
and remeasured at intervals of about two years, and every year a few magnets are added. Each
measurement usually consists of a three-dimensional field map of three components, normally on a
regular grid, covering the useful volume and the stray field of the magnet. The grid density is
determined by the smallesr distance between the pole edges and the surface of the useful volume,
and is normally a few cm. Most spectrometers are measured at a few different current settings.
Owing to the weight and complexity of operation of the bigger magnets, they have to be mapped
where they stand in the experiment; others are mapped wherever they can be powered, occasionally
outside on the car park.

Our approach has been to develop universal and simple equipment, sufficiently precise and
powerful enough to cope with the frequency and complexity of demands.

The measurements are done by the groups of physicists in close collaboration with the tech-
nical support group that provides and installs the necessary equipment, and provides programs for
the data acquisition, calibration and ordering of data files. The physicists decide what to
measure, do the measurements, check the results, and reduce the data according to the require-
ments of their particular experiment.

2. - Measuring probes

2.1. - Nuclear magnetic resonance probes

Nuclear magnetic resonance (NMR) is the classical method of measuring the absolute value of
a magnetic field. This technique is extensively treated in the literature. With little effort,
a precision of 10"5 is obtained. With some care absolute measurements of better than 10"6 are
possible. A nice example of the use of this technique to map big magnets is the latest muon
storage ring at CERN, where a 44 m long circular magnet was repeatedly mapped with a precision
of better than 10"6 at 250,000 points^""5).

The inherent shortcoming of the NMR method is its limitation to low gradient fields and the
lack of information about the field direction.

2.2. - Induction coils

The use of induction coils to measure magnetic fields is also well known. I will summarize
the principal techniques relating to their use for mapping magnets. According to Faraday's law,
any coil in a magnetic field produces an induced voltage proportional to the variation of the
magnetic flux through its surface. The actual field value at any point in space can be measured
by one of the following three methods:

i) - Flip coil

The coil is rotated by 180° around an axis in the coil plane. The integral /j V dt is then
proportional to the flux passing through the coil surface. By the choice of direction of the
rotational axis and initial angle any component of the field can be measured.
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ii) - Rotating or vibrating coil

The coil rotates or vibrates around an axis in the coil plane. The amplitude and phase of
the induced voltage contains information about the two field components perpendicular to the ro-
tational axis. These are measured by a phase-sensitive a.c. voltmeter.

iii) - Search coil

The coil is moved without rotation from One point in space to another. The integral /, V dt
is a measure of the difference between the values of the field component parallel to the coil
axis at the two points.

All of these methods are extensively used for magnet measurements. An accuracy of lO"1*,
or in special cases of 10"5 and better, is obtained. The mechanisms necessary to flip or rotate
the coil is a serious complication to an equipment intended for general purpose measurements.

The search coil is a frequently-used method to map magnets. The need for good control of
the' integrator drift, which requires passing the coil frequently to a reference point, normally
outside the field, can be a serious problem.

2.5. - Hall probes

Hall probe magnetometers do not suffer from any of the above-mentioned difficulties.

Their use for precise mapping of inhomogeneous magnetic field involves a number of different
problems that need special attention in order to obtain reliable results.

The sources of problems, which must, be dealt with by Hall probe manufacturers and users,
are the following:

zero offset,

non-linearity,

temperature coefficient of the probe sensitivity,
magnetoresistive effects,
thermal e.m.f. between the semiconductor and the Hall electrodes.

Improvements in manufacturing technology have steadily reduced the importance of all these
error factors.

Typical values as specified by the manufacturers are (at nominal current):

zero offset: < 0.1 mV,

non-linearity: ^ 1-21,
temperature coefficient: between 10"3 and 3 * 10"5/°C,
magnetoresistive effects: 100°s increase of the probe material resistance at 2 T,

thermal e.m.f.: between semiconductor and copper = 300 viV/°C.

When using an a.c. current source and an a.c. voltmeter one eliminates the first- and the
last-mentioned problems. High measuring precision is more easily obtained in d.c. operation and
is therefore the most common method used for mapping spectrometers.

Certain precautions are necessary to avoid errors due to the various effects. In order to
understand the problems, it is useful to consider a few examples. Let us first consider the
problem of a low impedance measuring circuit, as is sometimes used to improve linearity and re-
duce temperature coefficient. This case is represented in Fi<>. 1.

Using

R(B): probe resistance,

VH: Hall voltage,
Rm: resistance of linearizing and measuring circuits
V : measured voltage,

we obtain
R
m
R

vm VH Rm



L
Fig. 1 A circuit equivalent to a Hall probe

with external compensating circuit

As the probe resistance R(B) depends on all three components of B in a complicated way, it is
preferable to use R » R(B) in systems intended to map inhomogeneous magnets.

The second point to consider is the case of a zero offset. This case is most easily under-
stood in terms of an unbalanced four-terminal-resistor bridge (Fig. 2).

With

and

we obtain

R,, = R + AR

R2 = R3.= R - AR ,

V0(AR) = 1AR(B) . (2)

Fig. 2 Circuit to explain the error due
to zero offset of the probe

The first approximation for AR(B) due to the magnetoresistive effect is

AR(B) = ARD(1 (3)

where

AR0 a B
2 is the longitudinal magnetoresistive effect due to the magnetic field component

parallel to the current axis,

AR0 ot B£ is the transversal magnetoresistive effect due to the field component transverse

to the current, but in the probe plane,

AR0 a B
2 is the magnetoresistive effect due to the field component perpendicular to the

probe plane,

AR0 is the imbalance of the circuit at zero field.

Probes with small AR0 are obviously preferable. Typical values observed in the probe
SBV579 area* * 21/T2, Oy » 3.SVT2, az * 50VT

2 C 6, 7). The effect due to az is included in the
calibration curve. If AR0 is not small and B2 < Bx.By, the measurement of B is perturbed.

The third point is the so-called planar Hall effect(8). Its origin is the difference in
magnetoresistance perpendicular and parallel to the magnetic field. This effect can easily be
visualized using a four-terminal balanced resistor bridge forming a square in the probe plane
(Fig. 3). If the field vector Bp is in the probe plane, one obtains

sin 2* , (4)
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T
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Fig. 3 Circuit to visualize the planar Hall
effect. The contour of the probe is
indicated.

where

V2B* Ro Op is the magnetoresistive effect transversal to the magnetic field,

%lr Ro c*L is the magnetoresistive effect parallel to the magnetic field.

One should remember that this is the simplest case. The general case contains combinations of
all three components of B and the B2 term is also a first approximation in terras of magneto-
resistance, useful below 1 T. Above 1 T, V 'varies approximately proportionally to |B|.

The error voltages due to the planar Hall effect can be measured in a calibration magnet by
turning the probe so that the field vector is parallel to the probe plane and by varying B and *•
At each B and * setting one has to measure with both polarities of the magnet to eliminate errors
due to imperfect probe alignment, (cu - ot,) Ro varies from probe to probe and is different for
different types of probes (Table 1).

Table 1

Some characteristics of different Hall plates

Types

FC 33

SBV 579

SBV 579 SI

SBV 585

SBV 585 SI

SBV 601

SBV 601,S1

X214

•RHTC7

Sensitivity
K

[V/TA]

1.8

1.3

0.13

2.0

0.5

1.5

0.15

1.8

8

Temperature
coefficient

1 3K

-4 x 10~*

-4 x 10"*

-4 x 10-s

-9 x 10-*

-5 x 10*5

-5 x 10"*

-3 x 10"'

t

Planar Hall
effect

[V/T2 A]

10 x 10"'

5 x 10"'

l.S x 10"*

3 x 10"*

io-'

9 x 10"'

io-*

6 x lO"2

2 x lO'2

lA(Oj. - OJP X Ro

K

5.5 x 10"'

3.8 x 10"' a)

1.15 x 1O"S

l.S x 10"2

2 x 10"' a)

6 x 10"'

7 x 10-*

3.3 x io"2

2.5 x 1O"»

Ref.

9

6. 7

6

6

6

6

6

10

9

a) The planar Hall effect of the probes SBV 579 and SBV 585 SI were Measured on
many probes. The other values are probably obtained on single probes and nay not
therefore be typical. Measuring a series of probes we find important dif-
ferences from probe to probe, and probes with strange behaviour are not rare.
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Several methods have been proposed or used to eliminate errors due to the planar Hall
effect, among others:

i) To calibrate it and apply corrections to the measured field mapf10'11^.

ii) To measure the magnet in both polarities. The magnetoresistive effect is independent of
the polarity and drops out in the average vi both maps(7J.

iii) To use a selected pair of plates, with similar magnetoresistive behaviour, assembled closely
together and connected so that the sign of the sin 2$ term is opposite in both plates.
Then in the sum of the readings of both plates the magnetoresistive effects drop out(7J.

iv) For big magnets we have used a variation of the last method. We select pairs of plates
with low zero offset and similar and regular planar Hall effect. These are mounted a:
neighbouring positions on the measuring probe (see Fig. 8) and oriented so as to produce
opposite planar Hall effects (see Fig. 13). Otherwise, if necessary, we measure in both
polarities.

For many applications a temperature coefficient of the probe sensitivity of -5 * 10~5/°C
may be neglected. Probes with higher temperature coefficients are most conveniently mounted on
a temperature stabilized support. An electronic circuit with infinite gain and a good large-
signal stability is shown in Fig. 4. It has been produced in large quantities at CERN (type
NIM 8402)(12J.

+ 12 V

Fuse

2*305$

12 V

Fig. 4

Circuit diagram of the thermostat. The Fenwal-
Electronics unicurve thermistor UUT51J1 is
connected to the terminals A, B, the heater
(30-100 J2) to terminals C, D. The jumper per-
mits selection of maximum power suited for
various types of thermostats. Initial adjust-
ment is obtained by connecting a 51.1 kQ re-
sistor to terminals A, B and 100 9. to C, D and
then to adjust the offset trim potentiometer
of the proportional amplifier to obtain 5 V on
its output, and that of the integrator to a
minimum drift at 5 V on its output.

Thermal e.m.f. may be caused either by temperature gradient in the thermostat or by asym-
metry in the thermal contact between the probe and heat sink, generating thermal gradient due to
the power dissipation in the probe. The former can be verified by changing the temperature of
the surroundings of the thermostat. The latter can be minimized by mounting the probe with good
thermal contact, e.g. with silicon grease on a metal surface.

It may be worth mentioning that Hall probe measurements are very independent of the field
gradient across the active surface'-6 >'3 >11* >. Experimentally this can be checked by measuring an
inhomogeneous magnet with probes of different size. In a gradient of 0.1 T/cm two probes of
1.6 x 1.6 mm2 and 0.15 x 0.15 mm2 active surface measured identical values in the same points
with an accuracy of lO"1* (6J.

5. - Mappers

5.1. - Small magnets

For small magnets we found to be most suitable a three-dimensional Cartesian scanner built
on a free-standing base. This can carry a thin'probe arm of up to 2 m long made of pieces of
sintered aluminium-oxide tubes of different diameters for optimum stiffness. The probe head is
freely orientable in all directions. It consists of three Hall probes mounted on an aluminium
support on a common axis and oriented to measure all three components of the field. Similar
scanners have been built by many groups. A few details of our scanner (Fig. 5) may be worth
mentioning, mainly because they are simple and economical rather than ingenious or elaborate.
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Fig. 5 Scanner for small magnets

A small commercial two-dimensional scanner*) was mounted on the saddle of an old lathe. In
order to eliminate friction and wear> linear needle bearings**) were posed on the rails of the
lathe bed. The lead screw of the lathe was replaced by a new one with recirculating ball nuts.
All three lead screws were equipped with three phase motors with brakes and slotted disks, in
order to generate the usual dephased signals on two photosensors (resolution 0.1 mm) used for
incremental position encoding. The photosensor signals as well as signals from precision end-
switches are fed directly to the computer interface. The same interface provides signals for a
relay box used to drive the motors. The relay box has provision for manual control, a display
of all ingoing and outgoing signals, and interlocks from the end-switches.

No other electronics is used. Position control is entirely performed by software. Usually
continuous scan is performed along the lathe axis. The axis of the probe head (Fig. 6) is ad-
justed parallel to this. The measurements of all three components of the field on the same grid
are obtained by the program controlling the multiplexer and voltmeter. The maximum span in the
I direction is 54 cm, in the J direction 160 cm, and in the K direction 50 cm. The speed in the
J direction is 60 cm/min. Minimum grid size is 0.01 cm in the I and K directions and 0.5 cm in
the J direction (at present fixed at 2 cm by the program).

Fig. 6 Probe to measure small magnets. The anodized probe
head is temperature stabilized by a thermistor and
heater on the rear of the probe.

*) Made by Meyer and Burger, Maschienenfabrik, Steffisburg Station, Switzerland.

**) Model FF3045 ZW, made by Schneeberger S.A., Roggw:il, Switzerland.
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3.2. - Big magnets

'Figure 7 shows our most frequently used scanner for big magnets. It consists of a 5 m long
aluminium-alloy profile on which a carriage rolls. The carriage is displaced by means of a re-
inforced plastic tape and an a.c. motor. It is, positioned by a pneumatically-driven piston,
which drives a positioning pin in precise holeV in an austenitic stainless steel ruler mounted on
the profile. The necessary control signals are obtained by a pair of end-switches and two micro-
switches, one counting the positioning holes, the other controlling the piston position. The
vertical displacement of the probe is obtained by means of a manually-operated telescope on the
carriage. The telescope can be turned through 180° in order to measure both halves of a closed
frame magnet. The S m long profile is mounted on a pair of carriages rolling on two strong alu-
minium profiles, one on each side of the magnet. The carriages are displaced manually and
positioned by pins in precise holes in the profile.

The measuring probe (Fig. 8) consists of twelve Hall plates positioned and oriented to
measure simultaneously all three components of the field on four lines spaced by 6 cm in the
horizontal plane in an automatic scan through the magnet.

The maximum span in the I direction is 3 m, in the J direction 4.8 m, and in the K direc-
tion 0.8 m. Scan speed (in the J direction) is SO cm/min. The highest possible density is
3 x 2 x 2 cm, the most commonly used is 6 x 4 x 4 cm.

The scanner for big magnets, installed to
measure the stray field of the Omega magnet

Fig. 8 Pirobe to measure big magnets.
The thermostat box is removed.
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3.5. - The Omega mapper

In order to measure very big magnets, an elaborated version of the previously described
scanner was built (Fig. 9). The essential differences between the two scanners are:

i) The three long aluminium profiles carry precisely machined and adjusted titan rails on
which carriages are rolling on precise linear recirculating ball bearings.

ii) The displacement in all three directions is done by pneumatic stepping motors, "walking"
in precise positioning slots in the titan profile.

iii) LED's and photosensors provide the step count and piston position signals.

iv) The vertical scanner (K) consists of a pair of interchangeable aluminium tubes on which
the probe carriage rolls. The vertical displacement is obtained by a pneumatic stepping
motor displacing a perforated metal tape attached to the probe carriage and stretched over
the pulleys between the tube ends.

Fig. 9 The Omega mapper.

A compact all-plastic pneumatic logic-and a small compressed air buffer volume mounted on
the carriage which moves across the magnet (J direction) drives the J and K motors and is con-
trolled by a direction and step (trigger) signal generated by the computer (Figs. 10 and 11).
This permits the use of short tubes between the motors and the logic and thus provides fast
stepping in the J and K directions.

Because of eddy-current effects, the big profile across the magnet must only be moved
slowly. The two carriages carrying this profile are therefore equipped with strong slow-moving
pneumatic motors. Their synchronization is obtained by means of an electronic logic box, which
makes use of the photosensor signals from both carriages. If, for some reason, one of the motors
does not move, an alarm signal is generated and the displacement is interrupted.

Maximum span in the I and J directions is 5.5 m, and in the K direction up.to 2 m. The
scan speed (in the J direction) is 40 cm/min. The highest possibly grid density is 2 x 2 x l cm,
the most commonly used is 6 * 4 x 4 cm.
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Post (ion to a p/s/0/7

Rait

Fig. 10 Logic circuit to drive a pneumatic motor. The elements used are NOT gates
L3, and FLIP-FLOPS L4 from Pneumaid. The drawing also indicates the prin-
ciple of a pneumatic stepping motor.

Fig. 11 The J and K carriages and the associated pneumatic logic



an

4. - Electronics

The computer configuration is shown in Figs. 12 and 13. Apart from the voltmeter and the
multiplexer, it is identical to the CERN EP standard computer configuration, of which about 40
are in use. One computer is permanently used for magnet measurements. A second set of digital
voltmeter (DVM) and multiplexer permits us to map two magnets simultaneously.

- T 5 %>•'•'.-'-"?,

Fig. 12 The computer and electronics in the mobile hut

Compu/er: t/P 2100, 32 A, f6 6if word memory

//a// probes rn Ihe

Fig. 13 The electrical part of the measuring system. The alternate orientation
of the current in neighbouring Hall plates is indicated as used in the
probe to map big magnets. Actually there are 12 plates, 4 for each
field component, all connected in series.
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5. - Measuring practice^15)

At the beginning of a measurement information is requested by the computer program, for
example, date, user, magnet current, volume size and measurement density, tolerances, type of
mapper, etc. During the scan of a line, the data are stored in the computer memory. At the
end of the line some checks are performed, and a message is issued on the printer containing
the position of the probe, the record number, check numbers of the field integrals and eventual
error messages. Furthermore, plots are displayed for visual inspection.

If no errors are detected the data are written onto magnetic tape. Each record on the tape
contains information about the coordinates, magnet, current, and the order in which the measure-
ments were taken in the form of a set of integral numbers. These allow the sorting of the valid
measurements independently of the order in which they were made. For example, mistakes are
simply corrected by repeating wrong measurements and then using only the measurements with the
highest record number in the off-line analysis.
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ON THE USE OF FINITE ELEMENT METHOD FOR THE COMPUTATION

OF ELECTRON OPTICAL ELEMENTS

Bohumila Lencova'

Institute of Scientific Instruments, Czechoslovak Academy of Sciences,

Kr£lovopolskd 147, 61264 Brno, Czechoslovakia

Summary: Finite element method permits a fast and accurate computation of field distribution in

electron lenses, because the mesh of triangular finite elements can be well adapted to the

complicated geometry of the magnetic circuit and magnetic saturation effects can be analyzed

easily. The paper describes the procedure for the calculation of the coefficients of sets of

linear equations for vector potential at mesh points in non-saturated and saturated lenses,

the methods for solving these sets of linear equations and illustrates the use of the method

in electron optics by several practical calculations.

1. Introduct ion

Finite element method is a numerical technique for the solution of boundary

value potential problems. Instead of approximating the respective differential

equations, we attempt to find out a minimum of the corresponding "energy func-

tional" in a mesh of a large number of triangular "finite elements". The finite

element method had replaced the previously used finite difference methods in the

calculation of the electron lenses , because: /i/ the finite element mesh can

easily be adapted to a relatively complicated geometry of electron lenses, /ii/

the energy functional can be formulated both in terms of scalar and vector poten-

tials, /iii/local variations of permeability can be taken into account and the

magnetic saturation effects can be analyzed, /iv/ the mesh of a relatively small

number of mesh points is sufficient for the achievment of 1 % accuracy in field

distribution.

The finite element method has been introduced in electron optics by

Munro ' , Kamminga has extended its use to permanent magnet lenses. The finite

element method for the calculation of the vector potential distribution is pre-

sented in the paper, which permits the analysis of complete magnetic circuits.

2. Finite element method in electron optics

2.1. Energy functional

Energy E stored in the magnetic circuit of the rOwdtionally symmetric
(3 5)

magnetic lens can be expressed by the integral '

E= S% flrdrdsl j l BdB-JA ) , ( 1 )
8 U

where s denotes the axial section through the lens, B_-aurl A_, ff = B/u(B). Current

density £ and vector potential / are perpendicular to the axial plane, so that

further on only this component will be considered. The contribution to the

energy functional from each finite element can be expressed in terms of the

mesh point potentials by supposing that

1) in each triangle the vector potential A is a linear function of r and x co-

ordinates/ and the components B , B of the flux density are constant there,

2) each triangle contains only one type of medium, i.e. a coil of constant cur-

rent density J, the air or a soft magnetic material with a permeability u given

by the value of flux density B (w is monotonically increasing function of B

specified by a table of several points on the magnetisation characteristic).
The minimization of this functional with respect to small changes in the



potentials at each mesh point corresponds to the solution of the original diffe-

rential equation. On the boundary and on the axis the vector potential A - 0,

because all the flux is supposed to be contained within the boundary.

2.2. The generation of the finite element mesh

A very simple method of specifying the layout of the finite element mesh

has been introduced by Munro(2'3). In this method the region studied is subdivi-

ded into small quadrilaterals. The coordinates and indexes of several only

primary mesh lines are specified, which divide the region into coarse quadri-

lateral areas (Fig. 1). Mesh lines should coincide with contours of the magnetic

circuit and the coil, so that their geometry can be specified by indexes of mesh

lines. Coarse quadrilaterals are further subdivided by linear interpolation into

small quadrilaterals. In each of them the final triangular finite elements can

be found by a diagonal division: both possible divisions are then used in

generating the finite element equations.

Such a generation of the mesh has several advantages: /i/ a relatively

small amount of input data is sufficient for the complete layout of the mesh,

/ii/ the primary mesh (with a maximum of 13x13 mesh lines even for the very

complicated geometries) can be well adapted to the shape of the magnetic circuit,

/iii/ the density of mesh points can be greater in the region of interest, e.g.

between the pole-pieces and near the gap, /iv/the mesh is topologically regular,

i.e. the number of mesh points in direction of r and z is constant, and the sys-

tematic arrangement of the finite element mesh yields a regular structure of the

band matrix of coefficients, /v/one medium only is contained in each quadrilate-

ral, so that the procedure of calculating the nodal equations can be very simple.

6 15 27 41 43 52 55 58

Fig. 1. The method of the generation of finite element mesh. Coordinates

and indexes of primary mesh lines are specified, which divide the region

into quadrilaterals. The smaller quadrilaterals are further formed by a

linear division and both two possible diagonal divisions into triangular

finite elements are then used for generating the nodal equations.
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2.3. The calculating procedure for the nodal equations

The procedure described in this paragraph explains the way, in which the

coefficients of linear equations for the calculation of the vector potential in

both non-saturated and saturated magnetic lenses are determined. Let us suppose

we have an approximation to the value of the vector potential A. For any triangle

(with vertices indexed 1, 2 and 3 anti-clockwise) the contribution to the energy

(1) from the triangle for a better value of vector potential A +dA can be

expressed as

±WlA**AHMM+iffi + \i i f e | ^ ^ . . (2)
The individual derivatives have the form

"c ' " " "
where fc,= #•„- r, ,c,= z,-a- (£ p ,b , and cp, a, c y c l i c a l l y ) , r = r ? +r ? +r ,

D - b. flu - bg c, , lij i s a d i f f e r e n t i a l permeabi l i ty , and

with B = -C 2 i. jl. )/5 > S = 2 <n 1 +- > *• a n d B = <B + B > • By summing up for allr i = i l x z i = i D r
e * r z

finite elements the contribution to the energy stored in the circuit, the mini-

mum condition

for each i-th mesh point potential yields a system of linear equations

I Jid dA.--^ , o'- i, itl, i+_n, itntl , (5)
3

where n is a number of inner" points in radial direction. This form of set of

linear equations follows from a regular arrangement of inner mesh points (they

are numbered always first from the top to the bottom and then from the left to

the right) and from the requirement of a minimum width of matrix band, because

the number of mesh points in the radial direction is smaller as a rule. By sol-

ving these equations, either a linear approximation to the vector potential or

a correction to it in a single step of Newton-Raphson method can be found.

From the derivation of the set of linear equations (5) we can set up the

following very simple procedure for .calculating the coefficients of these equa-

tions: /i/in each quadrilateral there are four triangles; in each of them from

the value of B, , Bz and B the permeabilities y and y, are found with the help

of the magnetization characteristic, and three first and six second derivatives

of the stored energy are calculated from eqs. (3) and (4), /ii/ these derivati-

ves are added to the appropriate terms on the right-hand side and to the coef-

ficients of the matrix (5).

The matrix (5) is a symmetric one, so that we calculate only the coeffici-

ents interrelating the i-th nodal point potential with those adjacent ones ar-

ranged behind it. The boundary condition A = 0 is substituted simply by putting

the coefficients of nodal equations adjacent to outer boundaries and to the

axis equal to zero. For a symmetric lens the symmetry plane can form a left
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boundary and the points lying on it are treated as the first inner points. The

symmetry condition is automatically fulfilled by starting the calculation of the

contributions to the coefficients of (5) for the quadrilaterals nearest to the

right.

3. Methods for the .solution of the nodal equations

3.1. Linear approximation

In a linear approximation the permeability of the magnetic circuit of the

electron lens is a constant given by initial properties of the magnetization

characteristic. Supposing the initial approximation to the vector potential A-0,

the left-hand terms of eqs. (3) and (4) can be omitted in calculating the set

(5) and its solution yields the potential in a linear case.

The matrix of the system of linear equations is a symmetric band matrix. In

each row there is a maximum of 9 non-zero coefficients placed by threes in the

main diagonal and parallel to it. The band width is 2n+3 (n being the number of

inner points in radial direction). To achieve the accuracy of about 1% in the

field density on the optical axis, the mesh of about 20x40 to 30x60 mesh points

is necessary, i.e. n=20 to 30, and the number of equations ranges from 800 to

1800. In principle, iterative methods such as SLOR or ADI could be used ' ' ,

because the matrix is diagonally dominant, positive definite and block tridia-

gonal, i.e. it satisfies the Young's property A. However, in the calculation of

the magnetic circuits the convergence properties of the iterative methods intro-

duce a lot of problems. Therefore, rather direct methods of solution such as
(8)symmetrized LV decomposition or a fully automatic algorithm of conjugated

(5 9)gradient method ' are preferred.

3.2. Vector potential in saturated magnetic lenses

In a number of strong electron lenses, such'as objectives of transmission

electron microscopes, lens saturation takes place. It is in most cases limited

to the pole-pieces, outer parts of the magnetic circuit are usually not satura-

ted. Because in most cases we have to calculate a series of lens excitations,

the use of Newton-Raphson method is the most advantageous. As a starting appro-

ximation to the vector potential, for the first (the lowest) excitation of the

lens the vector potential in a linear case is used. For the other higher exci-

tations the resulting vector potential of the preceding one multiplied by the

ratio of the new and the last excitation is used. In a single step of the Newton

Raphson method a set of nodal equations for the correction term is found from

the last estimate of the vector potential by the procedure described in Sec.2.3.

The set of nodal equations has the same structure as in the linear case and the

same numerical method for its solution is used. T~he number of steps required for

the attainment of a self-consistent solution to the potential has not exceeded

5 for the excitations used so far (up to 6000 ampere turns), 2 or 3 are more

typical values. Due to a small number of correction steps the use of Newton-

Saphson method is more advantageous than the use of iterative methods.

3.3. Comparison of LV decomposition and the method of conjugated gradients

In the case of a symmetric band matrix of the type obtained the use of the

direct method is preferred considering the speed of the calculation. We have
(8)adopted the LV decomposition , which utilizes the symmetry properties. The

width of the matrix band is Zn+Z. In each row only (n+J)(n+8)/2+l operations

are needed for the decomposition into I matrix, for inserting appropriate terms

into V matrix and for the forward and backward substitution. For the L matrix
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only the storage for a single line and at least n+2 diagonal terms is provided.
The V matrix consumes (n+2)AT memory words (A' is the number of equations), how-
ever it can be sectioned into blocks and stored on.a disc or tape memory.

The method of conjugated gradients is a direct method for the solution of
( 5 9 )linear equations ' , too. When considered as an iterative method of solution of

large sparse sets of linear equations, it retains all advantages of iterative
methods (small memory consumption), and after a relatively small number of ite-
rations the residuals become negligible. As a rule, the number of iterations
required is decreased by replacing (5) by the matrix equation

Bx = d , (6)

where b . .=/~.V2 j'1J.. ,d. -J~}/Zf. and x.-J1/? dA . (IselinC5)). By comparing the. ./.V j./ J. ,d. J}/

number of operations (i.e. multiplications and divisions) of the IV decomposi-
tion and the conjugated gradient method (13 per line and iteration), for «=30
the same number of operations is achieved already with 45 iterations. Although
100 to 160 iterations are required typically for 30x60 meshes, the method is a
reasonable alternative to the direct methods, because: /i/ the choice of an
overrelaxation factor is contained in the algorithm, /ii/ the convergence of
the solution is not worse for the calculations including magnetic materials,
/iii/ no estimate to the solution of (6) is required, as starting from the zero
solution does not increase the number of iterations required.
4. Examples of the use of finite element method

The use of finite element method will be illustrated by examples of the
numerical analysis of two objective lenses: an objective lens for the transmis-
sion electron microscope (TEM) and a probe forming lens of the scanning electron

0,1,11
(mm)

-10 0 rl_, 10 20 30 40

Fig. 2. Objective lens for
120 kv TEM. At 4000 ampere
turns the leakage fluxes
cause a pronounced parasitic
peak in field distribution
(the curve a for armco
material). When the lower
pole-piece is made from
vacoflux, the peak is
smaller (curve b).
By changing the geometry of
the lower pole-piece slight-
ly, the parasitic peak is
decreased substantially also
for armco material (curve c).
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microscope (SEM).

In designing the optical system of a TEM the design of the objective lens

is most critical. To achieve the best resolution it is very advantageous to use

the saturation of the pole-pieces ' .With some objective lenses the leakage

fluxes may give rise to a parasitic peak in the field on the optical axis, and

the optical properties worsen consequently. Fig. 2 shows a design of an objecti-

ve lens for 90 to 120 kV TEM primarily intended for metallurgical aplications

(the sample is placed in a pole-piece of a larger diameter). By using the design

shown on the top of Fig. 2 and a low saturation iron material (armco) for the

whole magnetic circuit, at 4000 ampere turns a pronounced parasitic peak appears

(curve a) containing more than 20% of the ampere turn excitation. With the lower

pole-piece (shaded region at the top) made rather from vacoflux (a ferrous alloy

with greater saturation), the leakage flux can be decreased a little (curve b).

However, a better design of the lower pole-piece should be preferred: as evident

from the bottom of Fig. 2 much better results are obtained already by using arm-

co (curve c) with only a slight modification of the geometry. For an excitation

of 4000 ampere turns a flux density greater by 18% is achieved in the gap. By

moving the sample to the field, much better resolution can be obtained, as the

spherical aberration constant decreases from 5 to 3 mm for 90 kV.

In a present day SEM the design of a probe forming lens ' should provide

enough space for the accomodation of various detectors without any change of the

specimen position. A greater specimen to lens distance has to be used, which is

however in contradiction to resolution requirements. Fig. 1 shows an example of

one of the possible designs of a probe forming lens of a field emission SEM.

At a working distance (i.e. the distance from the specimen to the lower pole-

piece) of 12 mm and by using 16 kV voltage, a spot of 3 nm can be obtained. At

the same working distance not only the detection of secondary electrons, but

also Auger electron spectroscopy, energy dispersive X-ray spectroscopy and sur-

face cleaning by ion bombardment can be performed. It is clear from Fig. 1, that

for more complicated geometries of such lenses the use of finite difference

method would introduce a lot of problems, while the finite element method

can analyze such magnetic circuits well wich a small number of points.

5. Conclusions

Several computer programs in FORTRAN have been written for the computation

of vector or scalar potential distribution in electron lenses in a mesh of maxi-

mum of 1600 mesh points. Because the method of jriesh generation and the computing

algorithms for nodal equations and their solution are very simple, the programs

including the flux line calculations have less than 900 cards of program state-

ments and declarations. They occupy about 26000 words of core memory. Using the

direct method for the solution of the resulting set of linear equations, several

records on a magnetic tape are necessary. Using the method of conjugated gradi-

ents, the time for solving the matrix system is by 50 to 100% longer than for

the direct method, no records on the tape are used. So far no problems with the

convergence either of the potential in Newton-Raphson method or of the solution

by a conjugated gradient method have been encountered. The time required for

calculating the potential in 20x40 mesh points is about 30 sec in the linear

case on IBM 370/145, and the same holds for a single step of the Newton-Raphson

method.
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THE RUTHERFORD MI 7 SEPTUM MAGNET
THREE DI.'IEH'.'IONAL CALCULATIONS AND COMPARISONS WITH MEASUREMENTS

A.G.A M Armstrong
Technology Division, Rutherford Laboratory

Chilton, Didcot, Oxon, 0X11 OQX, UK.

Abstract

The Rutherford Laboratory Ml 7 Septum Magnet is designed for deflecting a 7 GeV proton beam in a
beamline. It is a pulsed zero-gradient magnet 0.7m long with a 10mm thick septum which provides
a kick of l.OT-m at a peak current of 10KA.

The magnetostatic computer program GFUN3D was used in the design of the magnet. The effects of
various end windings were studied both by calculations and by measurements on the prototype and
on a small model magnet.

The paper describes the development of the magnet, and compares calculations with measurements.
These agree to within 0.5%.

1. Introduction

The Ml 7 septum magnet, whose development is the subject of this report, was to be used on the
Nimrod 7 GeV extracted proton beam which serves the Hall I experimental area in a scheme known
as Hall 1 Phase II.(l) In this scheme the edges of the beam are deflected by thin-septum beam-
splitting magnets into off-axis channels. The M!7's are the first and second elements of these
channels, with their septa in the shadow of the beam splitter: this shadow is wide enough for
elements with an effective septum thickness up to 10mm.

The problems with septa of providing enough cooling and mechanical strength have been solved
with the existing extraction septum magnets in use on Nimrod.(2,3) it seemed that simple
modifications to these magnets would meet the new requirements, and this was attractive since
no new technology would be needed.

The M17 magnets were required to give a uniform kick K of l.OT-m to a beam which was 110mm wide,
whilst the residual kick outside the septum should be negligible. The anticipated beam losses
with kick error and residual kick of 0.1% were acceptable.

Anti-Reluctance(A/R)
Return Conductors.

Vertical Field
Central "
Kick
Central Kick

Inside

Coil

Outside
Field Error AB/Bo Residual Field B/Bo
Kick " AK/Ko " Kick K/Ko

END EFFECT
AK/Ko - AB/Bo K/Ko - B/Bo

FIGURE 1 - REFERENCE DIAGRAM

2D Calculations.

FIGURE 2 - GFUN nesuLrs FOO w>ao<i*m SEPIU* MAGNET

The effects on field error and residual field due to conductor position were explored on the
computer with the 2-D option of the GFUN3D(4) program. Initially the aperture was to be 110mm
wide and some early results are shown in Figure 2. mrv-; W, for which the septum bars are
uniformly distributed across the gap, shows the best arrangements, in agreement with earlier
predictions. ̂'

Although this curve shows a low field error the residual field is quite high at -0.4%. This is
due to yoke saturation which can be partially compensated with the A/R winding. Later runs
were for a wider (I30mm) aperture in the same yoke. The results for various A/R excitations are
shown in Figure 3.

3. The Prototype (Kk.l) Magnet - Construction, Measurements and Calculations.

The next stage was the construction of a prototype whose main purpose was to study end effects.
This was because 3-D calculations with GFUN3D on other magnets had until then been done with
prism iron elements, and were not very good. During the magnet construction time, tetrahedral
iron elements were made available with the program and it seemed a good opportunity to test
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their effects by comparing calculation and measurement on this magnet.

SepUiH
00 80 xmm

A/R EXCITATION
FIGURE 4 - PROTOTYPE SEPTUM ASSEMBLY0 20 40

FIGURE 3 - RESIDUAL FIELD vs.

3.1 Construction. The yoke of this magnet was made from an existing extractor magnet yoke by
increasing the width and height of the aperture. The new gap was 80.4mm which was expected to
be a good fit on the inside of the new flat septum. The outside of this septum was not expected
to fit properly because of a small chamfer on the pole edge, which had been required for the
extractor septum. The resulting small tapering gaps were partially filled on final assembly
with steel ribbon but their effects remained. A new main coil (Figure 4) was made for the
prototype. It was expedient to wrap the A/R winding directly on the yoke, as indicated in
section in Figure 1. Sine it was not clear how saturation would alter the end effects it was
decided to measure the magnet when running near its rated current of 10 kA as well as at
lower currents.

3.2 Field Measurements and Calculations. Fiald measurements were made with a Hall probe
gaussmeter and kick measurements were made with 2m long search coils and a Hewlett Packard
integrating DVM. The measurements were not simultaneous and there were some operational
problems because the A/R current was direct whereas the main current was pulsed. The field
error and residual field at 10.5 kA are shown in Figure 5. Curves I| and Io were obtained with
and without the A/R coil energised; curve W is repeated from Figure 2 for comparison. In the
aperture the field error is quite close to the best expected, the positive error indicating
that the septum is too small for the gap. The residual field outside is much greater than
expected. This was attributed to the tapered gaps which were mentioned before; it compares
with curve P in Figure 2.

Early calculations in 3-D were made on a computer model which suffered from several short-
comings, the principal amongst these being the small number of iron elements which can be used.
The program allows up to 400 elements in each symmetry cell, and the calculation time is •
strongly dependent on the number of elements used.. The balance between speed and accuracy at
present lies at about 300 elements; in this case 288 tetrahedra were used to model one quarter

. of the yoke. Compared with the element distribution used in 2-D, the 3-D model is rather simple.
The clamp plates were omitted altogether.
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Another simplification in the 3-D model was in the coil. Each of the 8 turns was represented
by a coil of constant cross-section without cooling holes or insulating gaps, so that the
septum just closed the gap. The return conductors were therefore represented by another septum,
and the A/R winding was omitted. The early results are shown by targets in Figure 5.
Subsequent calculations on other magnets have shown that there were errors in the algorithms
for the coil fields, which have since been corrected. Recent recalculation on the same model
gave the values shown by crosses on Figure 5.

3.3 Kick Measurements and Calculations. Kick measurements were made at currents of 5,7, 9.15
and 10.5 kA, and the results are given in Figure 6; the kick error in the aperture did not
noticeably change with current. The shaded envelope marked M encloses all variations due to
current level and measurement error. The residual kick outside the septum is shown at A and B
in Figure 6, and it is clear that yoke saturation effects are significant. The residual A/R
kick for 1.3 kA- turns is also shown in Figure 6 at AA, BB, the difference being due to normal-

. isation. Obviously some compensation would be possible at higher A/R current, but this was not
attempted.

The early and recent kick calculations at 10.5 kA are shown in Figure 6 by targets and crosses
respectively. The agreement with measurement was encouraging inside the magnet but poor out-
side where the tapered gaps above and below the septum may be the reason for the discrepancy.

3.4 End Effect. Although the agreement between measurements and the early kick error calcula-
tions seems moderately good at 0.5% the discrepancy in the end effect was about 1.5% close to
the septum. This is shown in Figure 7, where the diamonds give the calculated end effect at
10.5 kA. At the time there was very little that could be done to improve the computer model
and it seemed necessary to get more information about various end windings before the coils
were modified. For this purpose measurements were made on a small model magnet which is
described below. Recent calculations with the improved coil-field routines (indicated by
crosses in Figure 7) show that the discrepancy is now smaller.
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The targets in Figure 7 show the variation in end kick, which is that part of the kick calcula-
ted through the end of the magnet from z=300mm where the field is close to its maximum value to
z=600mm where the field is .ilmost zero. The end kick is analogous to the end effect. Another
aspect of the end kick is shown in Figure 8 where the septum conductors can be seen turning
upwards at the end of the magnet. The longitudinal component of current lz decrease as each
conductor turns away, and gives a value of 399mm for the effective current boundary EIB. By
comparison the field half-way across the aperture (By) decays more gradually, but with a smaller
z value of 388mm at the effective boundary EFB. This is a recently calculated graph but the
measured fields were within 1Z of the calculated values.

The prototype magnet showed that the greatest contribution to the kick error was due to the
ends of the coils which were too long relative to the yoke and that it was necessary to take
more care in making the septum fit the gap. It was not possible to increase the length of the
yoke relative to the coils to correct the kick error because of the packing pieces in the coil
ends, and therefore new coils were made.

4. Model Magnet

To optimise the design of the new coils measurements were made on a model magnel. The aim was
to find an end which was not only close to the optimum but also which could be optimised with
simple changes.

The problem with models is that the power density in the windings increases with the square of
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the scale factor for a given field level. Overheating was avoided by shortening the pulse
length. The time to reach peak current was 1,4 msec in the model compared with 600 msec for
the full-size magnet. The gaps were 12.7mm and 80mm respectively, giving a scale factor of
6.3 and a power density ratio of 40.

Three coils with different ends were made from 2.5 mm2 enamelled and flattened copper wire.
They are the spread-and close-ended coils and the flared coil in Figure 9.

Close SModc!
Flared- / G»l2.7mm
End Effect
Kick Error

1.5

Return
1.0 0.0 X/G

Septum

FIGURE 9 - MODEL MAGNET AND SEARCH COILS FIGURE I 0 - KICK VARIATION AND END EFFECT

Differential measurements of field and kick error were made with pairs of search coils; one of
each type is shown in Figure 9. The kick coils were wound on strips of circuit card. The field
coils were 5mm diameter which prevented the field from being explored near the septum. Typical
output with an integrator time constant of 0.1 sec was 0.07 V for a single field coil. The
difference signals were amplified 100 times before integration and varied by 0.05Z of the
reference coil output from pulse to pulse. The kick error and end effect are shown for each
tyt-e of coil in Figure 10 at a central field of about 1.2T. Agreement between measurement and
calculation was no worse with the model than with the prototype.

5. The Mk II Septum Magnets.

On the basis of the model measurements two magnets with close-ended coils were constructed,
Mk H a and Mk lib.

5.1 Construction. In order to make the ends of the coil as close as possible, test samples
with tight bends and mitred brazed angles were evaluated to find the minimum radius. The
brazed angles were rejected because, for a given pressure drop, the water flow was half that
obtained with bends. The minimum radius to which the annealed square copper tube could be bent
was found to be 12mm, and the design of the ends was modified to that shown in Figure 11.

In an effort to achieve a uniform conductor spacing in the septum various lengths of copper
were selected for uniformity of section, and the tolerances on conductor straightness and
insulation thickness were reduced. The septum conductors were required to lie in a bandwidth
of 0.1mm in both planes. After annealing and straightening, the septum section of each turn
was clamped while the ends were bent up and extra copper pieces brazed on.

After wrapping with glass tape the eight turns were clamped together over the septum section
in the impregnation mould, while the ends and the return conductors were allowed to 'float'.

This avoids stressing the septum but requires the return conductor position tolerances to be
relaxed. This method was very successful, as can be seen from Figure 13 where the measured
field error is compared both with the prototype and with curve W, the best computed conductor
distribution, The 'float' of the return conductors caused the error to increase at the back
of the aperture. It is also noticeable that the second magnet, lib, is rather better than Ila.
The gap of the magnet was reduced to 78.8mm ± 0.05mm because the mean conductor section was
9.3mm. The clearance between the finished septa and the voke could vary from 0.5 mm to 0.25mm,
and caused some assembly problems.

5."2 Calculations and Measurements. As the new magnets were nearing completion the improved
coil calculation routines were introduced in GFUN3D. These routines can treat coils made from
arbitrary arcs and straights as well as the coils of constant cross-section previously available
Figure 12 shows the end view of the new coils. This picture is essentially one drawn by the
programme on an interactive display screen. It has been retouched to suppress hidden lines and
to show the water and current feeds which were omitted from the computer model.'



- 824 -

IOQL

50

RETURN

EIB
366.5

FIGURE II - MK. II COIL END

WATER AND
CURRENT FEEDS

n C O I L

From calculations with the new routines it was clear that the yoke was indeed too long for the
coils, as had been aniticipated from the model studies. Figure 14 shows that the calculated
kick error is still not within the error bandwidth of the measurements, partly because of the
simplifications in the yoke discretisation and partly because of incomplete convergence.
Figure 14 applies to a magnet whose yoke length is 700mm, which puts the end of the iron at
Z=350nm, as in Figure 11. The effect of shortening the yoke by four and six laminations was
calculated and measured; the kick variation for a yoke ler.gth of 663mm is shown in Figure 15,
from which it can be seen that the magnet is very nearly correct.

FIGURE 13 - FIELDS AT Z=0 FIGURE 14 - MK. H a KICK VARIATION (700mm YOKE)
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6. Conclusions.

Since the 1975 (Frascati) Conference on Magnet Technology several improvements .have been made
Co the GFUN3D program, including the use of tetrahedral iron elements aid more accurate and
versatile coil-field routines, which hava contributed significantly to the value of the program
as a design aid. The calculated kick variation in the Ml7 Septum Magnet agrees to 0.57. with
measurement, which is very encouraging in view of the existing limitation in the number of iron
elements. This limitation is imposed by the method of solution which requires large amounts of
time and storage.

The Boundary Integral Method^), currently in use for 2-D problems, is much faster than GFUN.
It is intended to review progress with this method at the COMPUMAG Conference to be held at
Grenoble in September 1973. The extension of the method to 3-D is being actively pursued
since it should solve magnetostatic problems with much greater speed and accuracy than is at
present possible.
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DISCUSSION

M, W. Poole : What sort of steel was used for the Septum lami-
nations?
A. D. A. M. Armstrong : Edgar Allen + Co. (Sheffield) 0.08$ C
steal. 6 mm thick x 300 mm square.
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FIELD HEASPREMENTS FOB PETRA MAGNETS

V. Escfaricht, H.-J. Fiebig, G. Borlitz, B. Kaiser, U. Knopf, G. Knust, K.-D.Nov»kovaki
0. Peter*, S. Wolff, H. Wumpelaano

Deutsches Elektronen Synchrotron DESY
Hamburg, Federal Republic of Germany

Tvo fast measuring machine* hare been built for measuring the great series of dipoles
and focussing aagnets for PETRA. The Measuring system consists of a machine with a long
moving integrating coil for measuring the dipoles and of a rotating coil system for an
integral measurement of qnadrupol«s, sextupoles and other higher multipole*. Both Machi-
nes are computer controlled. Results of field Measurement* for the firat part of the
series magnets are presented. The measurements shov the profile of the integral field
and the improvements dne to end-field corrections. Magnets of the same type are compared
as to integral field or gradient. The effect of i.fferent energising eyclea on the re-
producibility of field setting is described.

1. Introduction

signed vith the aid of a computer program*

—I

The Proton-Electron-Tandem-Ring-Acctlerator (PETRA) whirl) is under construction at DESY
consist* of several series of dipole* and.focussing magnets. All magnet* have been de-

ad) to achieve correct pole profiles. Proto-
types have been built and measured in
great detail an«i sad-field corrections
have been made by chamfering the end-

— plates of dipolea and quadrapole*. The
~T .1 measurements of the series magnet*

; have been reduced to a cheek of the
? field profile and a comparison of

field lengths for magnets of the same
type. For this purpose measuring
machines had to be built for the long
bending magnets as well as for the
quadrupoles and sextupoles. For both
•acb'ofi ve preferred to use the
method of measuring the integral flux
through long measuring coils moved
through the field region of interest.

2. Dipole Measuring System

Fig. 1 Principle of Dipole Measuring Machine The principle of tile dipole measuring
machine i s shovn in fig. 1. The mea-

surement is divided into two parts. In the first part the magnet to be measured (test
magnet) is compared vith a reference magnet. A long, thin pick-up coil covering the
whole field length is moved along the magnet axis (s-direction) from a position symme-
trical to the reference aagnet to « position symmetrical to the test magnet. A diffe-
rence in the field integral of both magnets result* in a flux difference through the
pick-up coil and is measured by integrating i t s voltage output.

*:c -x Us-'1

AF " J B r e f ( ' ) d 8 - j B t e , t ( » ) d 8 = C J D d t O >
The length of the pick-up eoil has been chosen such that the estimated error of measu-
ring the total flux is below 10-5. The constant C can be calculated from the coil dimen-
sions. The drift of the electronic integrator iv compensated by using the flux change in
the backward motion too. In order to reduce the measuring error we take 5 cycles of such
a forward and backward motion for each measurement.

In the second part the profile of the field integral is measured in the medium plane
between the poles. The same long pick-up coil is placed into a symmetrical position vith
respect to the test magnet. The magnet is then moved horizontally (x-direction). The
change of the field integral results in a flux change through the pick-up coil measured
by integrating its voltage output. (

AF(x) = [ B(s, x) ds - [B(s, X 0) ds = C j U dt (2)
-<& -& tlxo)

Here we use the backward notion too, in order to eliminate the drift of the integrator.

The pick-up coil is made of 12 strands of multifilament vires vith 25 filaments each.
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It ia wowid on a conformer of Vetroait, • glaaa fibre epoxy. The filaments are
wired together at ona and af tha call. The eail earriaga ia made of a apecial structure
of glaaa fibre «poxy baing rery rigid and Tory law ia weight.

Tha morement of tht carriaga ia performed by a hydraulic Motor. The magnet ia sored by
electric motora in the x- and y-directions (rertically).'The location ia tha x-direetion
ia measured by a apecial encoder.

3» Mnltiwle Measuring STstam

The principle of measuring magnets of higher pale order
than a dipole ia ahown in fig. 2. A long meairaring coil
ia rotated arannd the azia a of tha ugnat. The winding*
are ia the T, a r>lane ae that the ceil aaaa anly tha <P-
ceapcnent of ta« field. The field integral of a aagnet
can be written as a Fourier seriest2).
•ao

da -£•" r11"1 (aB coa n*P - »n «in n<P) (3)

ao that the f?.ux through a meaeurieg coii will be

a_ coa a* - b aim »4>) (%)

2 Principle af Multi-
pele Measuring Machine

N
n ia the pole order and K are factora depending on the
aise and location of tha aeaanriag coil.

For infinitely thin coila we have

N ') (5)

where r^ and r2 are the radii of the winding* and N ia tha nuber ef coil taras?

The length of our aeaauring coil waa te kaap the estimated arror ia flax peaetration
below 10-*.

The flnx through the seaaaring eail f( (>p) ia aeaaared ay iatagratiag the oatpat roltage
of the meaanring coil tUP)

t (t (*) ) - | Ü (t)dt + i% (6)
, to

where J»o ia a constant depending en the atart position. The TO 1 tage iatagral ia auaait-
ted to a haraonic analyaiat

COB aia (7)

By comparing the terns we are able to determine the eaaffieieata ag and bM af the iate-
grated field. A aacoad aail at smaller radii r3 aad r% haa been iactalled t* compensate
the main harmonie coateat and t* measmre the higher'maltiaalea with better aeearaey. Va
alaa aae ahert ceils for moaaariag the ceatral part of a magnet ar the eadfield alaae.

Tha measuring coila are made of maltifilamaat atraada with 25 ar 49 wires ia each bändle.
The strands are wound an a
coil former sade of Vetronit.
The ceil carriage which is .
mounted in Tery precise bea-
rings on each aide of the
magnet is made of the same ' '
material. The coil ia
rotated by a atepping motor.
'Tha. actual angle ia mea-,
surtd by a rery praciae enco-
der. The rotation used in
our measurement is 2TC , so
that the contacta to the
coil can be fixed and slip
ringa or brushes are
aroided. The backward mo«
tion is used to eliminate
integrator drift.

4. Computer Control System

Both measuring machines are
controlled by a PDP 8 compu- Fig. 3 Principle of Computer Central System

!
Disc

1
Tope
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ter connected on-line to an IBM 370/l68. The prin-
ciple of the whole system is ehovn in fig. 3. The
nwasurtmrnt is performed via a teletype after the
magnet has been fixed in its position and connected
to power and vater. Host of the procedures are run-
ning automatically.

The measurement consists mainly of integrating the
output voltage of the coil and of reading out the
integrator at defined locations and angles. For in-
tegration a precise voltage-to-frequeney converter
with a counter is used. The readout of the counter
is done by the computer. In the multipole measuring
system the readout is performed at 129 equally
spaced angles given by the encoder. For the dipole
comparing measurement the readout trigger is acti-
vated by switches at the end of the coil motion.
ID field profile measurements an x-encoder gives
100 equally spaced trigger points.

Bl.lOs Si oms

Fig. k Integrated Field Distri-
bution for Dipoles

The data are analyzed on the ISM. For multipoles,
Fourier coefficients up to n = 15 are computed. The
field profile of the dipoles is fitted with a
polynomial. Data collection takes 38 seconds for a multipole measurement, 36 seconds
for a field profile measurement for dipoles and 105 seconds for a dipole comparing
measurement (5 cycles). The results are sent back from the IBM within ooe second.

5. Field Distribution for Dipoles

A typical integral field distribution
200 mm wide) is abovn in fig. k. As a
plates the curve shows tvo maxima and
The maxima have been chosen to get a
region with field deviations below -
is measured only in the inner part of
neglected. If the pole faces would be
geneous region" would be much snaller

for dipoles (core length 5.31 •» gap 70 mm high,
result of pole shimming and chamfering the end-
a relative minimum near the center of the gap.
greater width of the "homogeneous region" i.e. a
3 x 10~4. A similar curve is achieved if the field
the magnet where the influence of the ends can be
flat without any shimming the width of the "homo-
as indicated by the dashed ccrre.

A./A.l

I '' I

V 0---O--.--O--<.

V <• -

I I I > M u l l i p o l e D i s t r i b u t i o n f o r a
Q«/i<lrur">le (Type A)

Fig. 6 Correction of Quadrnpole End
Fields (Type Al, Prototype)
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6. Pole Content for Multipoloa

A typical result of a multipole Measurement for a standard quadrapole of type A (bore
radios 0.05 m, core length 0.66 m) ia shown in fig. 5. The mltipale amplitudes norma-
lised to a radius of r < 0.05 • are drawn here on a logarithmic acale.

Besides of the real qaadrupole amplitude (n = 2) there exist several other appreciable
components. The dipole content has been proven to be dne to a displaceaient of the magnet
axis from the axis of coil rotation of 0.1 an. The sextupole (n - 3) contest might be
explained by s«all irregularities in the rotation of the coil system. Initially this
amplitude was even greater and was improved by additional bearings of the coll system.

The relatively low content of n • 6 has b«en achiered by chamfering the endplates. Ini-
tially the content was much higher. Fig. 6 shows the results of several steps on the
way to a good solution for a prototype Al (cere length 1.00 m). The reduction ef a fac-
tor of 10 in the n » 6 amplitude results ia a tolerable increase of the n • 10 pele.

7. Comparison of Magnets of the Same Type

One of the mont important aims of magnetic measurement was to compara magnets of the
same type with each other. The result is a distribution containing «11 tolerances during
manufacture. Fig. 7 shows the distribution of 29 dipeles far several currents. Similar
distributions are obtained for the n • 2 amplitude of 71 standard qmadrupoles of type A
(fig. 8).

The standard deviations indicated in the figures are not only a function ef magnet type
br.t also ef the current in the magnet. The reason for this is the field dependent
spread of the permeability in the iron laminations.

500 A

0 = 2.38.10''

2 - 1 0 - 1 •!•

2000 A
0= 2 55.10

A,.-A,
A,

•2 - l 0 '1 ' 2 - 1 0 1

3500 A ,
0 = 8.34-10'

^LA
900 A
O-- 5 7.10'

. ? . » • '

- 2 . 1 0 ° A, -A,

. 2 . 1 0 - ' A, -A,

Fig. 7 Distribution of Central
Integral Field for Dipoles

Fig. 8 Distribution of n - 2 Amplitude
for Quadrupoles

8. Hysteresis Effects

Hysteresis has been investigated in some types of our magnets.Fig. 9 shews the relative
variations of the field integral during several eyclea of energising a quadrupole of
type A. Appreciable field errors may occur if the current is set carelessly. Fortunately
a magnet looses the knowledge of most ef its history if it is energised te its satura-
tion. Thus reproducible fields can be reached if the magnets are submitted to a certain
current cycling procedure.
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Current Sequence I
(starling trom a virgin mognet)

0-1500 —Outlno)
0 - 1 5 0 0 - 0 lol 3-
0—1000— D(b) 3-
3 - 5 0 0 - D i e ' ] .

Current Sequence 2
'starting Irom a virgin magnet

- 5C - u dei
0— 500- Old) .
3 —1000— Ole'glJ.
O- 'CDG-Olg iJ .
0 — 1500 — 0 ig h sj

9. Conclusions

The machines built for Maturing dipolea
and other multipoles fulfill the require-
•enta for PETBA. This ia true for the accu-
racy achiexed aa veil aa for the apeed of
measurement. The quality of magnets of one
type keeps inside the deaired limits. Pre-
cautions hare to be taken to keep the field
setting error due ta hyatareaia effeeta at
a low lerel.
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Joint Institute for Nuclear Research, Dubna.

Summary

The methods and apparatus for
measuring the stationary and pulsed
magnetic fields (up to 2,5 T) with
the Hall platea at the different
collective accelerator units are
proposed.

In the basic systems of the
collective accelerator/iSILUSPi
ADHEZATOR, KOLTSETROU/ ' " of
the Department of New Methods of
Acceleration (JIHR) the different
magnetic fields for controlling the
beams of charged particles are used.
During the formation of the required
stationarypulae* magnetic fields,
the amplitude of which attains
2,5 T and the duration of pulses up
to jus , the field distribution
measurements in space and time are
being carried out ' ° / f Because of a
large number of measurements the
automation of the magnetic measure-
ment apparatus with the use of the
computer is required in a number of
cases. At the limited number of the
measurements the apparatus should
be manually controlled. The required
accuracy of the magnetic field
measurements including the
alternative fields is (0,1-0,01)%
and their gradients - up to 1%.

A wider application refers to the
measurement method of the instanta-
neous values of the magnetic fields
as the most universal one allowing
to measui'e the space and time
distributions of various fields and
their gradients. In addition, with
such a method it is convenient to
carry out precise calibration of
the apparatus with the HlR-magneto-
meter in the uniform constant field.
As the result, there is a high
absolute and relative measurement
accuracy at the small values of
"instantaneousness" (,~jus ). This
method allows to have a system of
effective suppression of the
inductive disturbances and the
amplifier drift in the measuring
channel, promoting to increase the
measurement accuracy of H.P.
magnetic fields.

In practice of magnetic measure-
ments, the method with the trans-
formation of frequency spectrum of
the measured signal for the very
fast magnetic fields and the system
of multichannel measurements of the '
stationary fields and their
gradients with the increased
accuracy take place.

In the apparatus mentioned below,

the Hall plate (HP) with the fast
time constant, small dimensions,
sensitivity to the field direction,
operation in a wide range of the/,- 6 /
fields and other high parameters'?f '
(T.C.V. 0,0W°C, linearity up to
0,1%, sensitivity-viCr mV/T) have
been selected as a magnetosensitive
element.

Fig.1 shows a block-diagram of the
measuring channel of magnetometer
for measurements of the instanta7fi/
neous values of the fields MIH-2' '.
The supply current of pulsed HP has
the duration of ZT <•*, 10/wS and the
amplitude of ~ (1+2)A exceeding
10-20 times the nominal current of
HP. HP supply is produced by the
constant current source with the
stability better than 0,01% and is
connected with the input of HP via a
condensator C. Parallel to the
output source the transistor current
key, which is closed during HP supply
by the modulation pulse, is switched
from the timer. The condenBator C
preserves HP from a long flowing
increased current and provides zero
initial current via HP , though
ther.gQis residual voltage at the

The trigger pulse (Pig.1) is
strictly connected and timed with
the measured pulse of the magnetic
field (Pig.2, a,b). Under the
autonomous regime the shaper
produces pulses of the single start
and the periodical ones with the
frequency of 50 Hz. The pulses from
the shaper are delayed for the time
td (Fig.2.c) in the digital
programmed (manual or with the on-
-line computer) delay unit with a
step of 0.1/VS and provide the field
measurements in various time momenta.
The delayed pulse enters the timer
which produces the modulation pulse
(Fig.2,d) with the duration of V
and the gate pulse (Fig.2,f) with the
duration of 0.1 V.

The measured pulse from HP after
the amplification enters the input
of the registering Analog-To-Digital
Converter (ADC) (Fig.1). The moment
of measurement is determined by the
gate pulse, the position of which
corresponds to the final part of the
measured pulse (Fig.2,g). The
instantaneous value (in the limits of
~ 1ywS ) of the measured pulse is
recorded in the 1024—channels ADC
with the output on the computer.

In the magnetometer there are two
similar measured channels which can
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onerate separately and jointly under
the differential regime with special
gradient probes in accordance with
the following circuit (Pig.3)/^/.
Two HP's are supplied serially by
the same current that promotes to
raising accuracy of the gradient
measurement. Two input differential
amplifiers OY-) 2 are non-sensitive
to the cophasai signals and allow to
agree the output levels of HF and
equalize the sensitivity of the
leasuring channels. The field
gradient signal is produced at the
output of OY3.

As a result of the recent
modification of the magnetometer the
influence of the temperature and
time amplifier drift is practically
eliminated, that ia of particular
importance at the measurements in
the range of low fields. A signifi-
cant suppression of different
inductive disturbances ir. the
.measuring channel in the range of up
to 10 kHz has been accomplished. Tn
addition, the fixation of a stable
bias at the input ADC has b<*en
automatized, it allows to operate
under the regimes with different.
M a s levels. The scheme of the
improved measuring channel is
shown in Fi,~.%t.~Ir this circuit
the output amplifier has bear.
looped by a wide-band delayed
negative feedback/1?/ which do not
influence on the measured si err .a 1 and
its repetition frequency. Th<=>
amplifiers Y4 and Y5 and the delay
line with the delay tine more than
£• =y 4/uS are included into this
circuit./-/̂ , voltage presets the
output bias of the amplifier.The
stabilization ratio (or the distur-
bance suppression ratio) of the
device is equal tc 1000 in the
range of frequencies up to 200 Hz,->-
200 at 1 kHz and - 5 at 10 kHz.
"he feedback s'.gnal is delayed for

- "i'lf l c ^ ^ r '̂'iii 3Vi'i it^
r-action at tin st;3rL? •.vkT the
-?arur» nent of 11 „• 3° over

:ar- :r of tie frequency ra-.:•;•= nf
• ° .easured fields nore than
1^ i'Hz and for decreasing the
requirements to the means applied
'n the measuring channel for
suppressing the disturbance is
iesireable. It is possible at the
expense of T decrease and
corrective network introduction.

J'robea with HP are connected
•vit! t""? input uni+ by cable with
t':i« l""~t!i nf up to 10 1 and tl.v
controlling units can be renovsd
up to 50 1. The units are iscl" in

AI 1 ta.dard.
n ire of the measured fields

)

0.01-2.5 T, The total relative error
of the magnetic field measurement we*
O.1;S. After the above-pointed
improvement/''*/ the introduction of
the 4096-channel ADC and thermo-
stabilization of the probe, the
error has been decreased up to
0.03-0.04-%. The precise absolute
value of the magnetic fields are
determined with the help of
calibrated charts and Tables that
during the operation with the on-
-lir.e computer are included into
the memory of the computer. In a
number of cases during the
measurements at the accelerator to
increase the accuracy, the measure-
ment statistics must be increased
or the second channel must carry
out the relative measurements and
must be recorded independently. The
mechanical adjustment of the
magnetometer probes plays a
significant role. While carrying
out the magnetic field measure-
ments with*the on-line computer in
the system of compression of the
electron ring, a special system of
the automation drive''®' was used.

applied in the study of screening
the alternative nagnetic field with
conducting screens-'11/ durir.g the
measurements of pulse distortions
of the pulse fields in different
metallic chambers' 7/ and in other
devices/12/.

To measure the very fast pulse
fields up to ~ 0.05 T with the
durations and rise times up to the
portions of /.•$ , a wide-band Hall
magnetometer (",?3HT0 has been
developed, ""he greatest errors in
the measurement of such fields
determine inductive disturbances.
In Y/3HK the -aethod/W of
transformation of the frequency
spectrum of the measured signal to
a more RP region has been
accomplished. It is possible by
means of introducting an accessory
carrier frequency, which to a
great exterŝ  exceeds the frequency
spectrum of the signal (up to
10 :~!z) ar.d is accomplished for HI'
supply with the frequency of
50 -;Hz. ?y means of the HP as a
converter the frequency spectru:" of
the measured signal is shifted while
the disturbance spectrum i=5 m v

changed and the distur'^r.-es -sre
easily fil+nred o".t.

"'he "] oc>-dia-jra^ ''HT' is shown
in Pig.?. The Hall plate is supplied
fro:: the master oscillator v^a the
pow«*r amplifier with the current of
0.1 A and the frequency of 50 "iHz.
H.?. filter doee not pass Fall leads
inductive disturbances but passes '"•
tV:e ")?ssured P.P signal (carrier and
si df?-'"3r'3 frequencies; to the inout
H.?. differential a iplifier. After
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the amplification in the band of
50-60 MHz the RF signal enters the
amplitude detector. Prom this
detector the pulse repeating the
shape of the measured magnetid
field signal is recorded onto the
oscillograph screen. The measure-
ment accuracy in the range of 0.02-
-O.O5T is 5 - W . Having applied
additionally the corresponding ADC
as a register, one can noticeably
increasa the measurement accuracy.

In the superconducting
KOLTSETRON section/2,15,W the
stationary sawtooth magnetic field
with the amplitude of 2 T with the
•nodulsit.ion up to 10% for the length
of 3 ii and with the period of
t-5 cm in used. The measurement and
forwnMoi of this field is carried
put in the warm volume of the
nectinn along itB axis at the radii
up to "5 cm. For this purpose the
Hall tappetoineter with three

m-;,' and one gradient raeasure-
channels according to the

n; ipiified circuit in Pig.5 has
;.ooi, i-joyeloped. It is possible to
nplool, one of the pairs of the
ordinary channels for measuring the
field gradient either along the
axis or along the radius.

A probe with Hall plates is
placed in the movable head and is
thermoisolated from the cryostat
and is blown by warm air. The probe
itself has an individual thermo-
stabilization system with the
accuracy of ±0.1°C. It moves along
the axis with a rotation of 360°
around the axis.

The measurement circuit of this
magnetometer is also thermo-
stabilized, the supply current of
Hall plates is maintained to the
accuracy better than 0.01%. The
results of measurements are
recorded in the units of the field
on the digital voltmeter the
accuracy of whidh is better than
0.01% with the subsequent date
transfer into the digital type-
writer. The magnetometer after
preliminary heating provides the
measurements of the stationary
magnetic fields up to 2.5 T with
the relative accuracy better than
0.02%. The absolute accuracy of the
measurement is provided by
calibration with the MMR-magneto-
raeter.
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Block-diagram of the
measuring channel in I'm.



Pig.2 Time diagrams of the nagneto-
meter I.7IH.

Pig.3 A simplified circuit for the
measure-nent of the magnetic
fields and their gradients in
MIH.

Pig.4. An i-nproved circuit of the
.neasuring channel in MHI,

Pig.5 Block-diagram of the wide-band
Hall magnetometer.
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CdxHg.,_xTe FILMS AS HIGH FIELD HALL PROBES

Maciej Gliriski

International Laboratory for High Magnetic Fields and Low Temperatures,

53-529 Wroclaw, Prochnika 95, Poland.

The results of investigation of Cd Hg1 Te thin films with dimensions
n X f "*X

1.2 x 1.2 mm obtained by vacuum evaporation are presented. On such Hall probes

measurements ware performed up to 14 T at LHe temperatures. For the best films,

high sensitivity with small deviation from linearity and good reproducibility

of Hall voltage were obtained,

Witii the increase of maximal steady magnetic fields obtained both in

superconducting and resistive (for example Bitter-type) magnets, a precise and

at the c.-;i!ie time "simple" method of measuring magnetic fields strength becomes

morr and norc difficult.

Unclear magnetic resonance allows for very precise measurements of magnetic

iiiiuG rtmngth but it requires high homogeneity of fields and often can not be

used simultaneously with other measurements. Commonly, in the high fields super-

conducting magnets, as the magnetic field indicator the pure copper resistors

having nearly linear dependence of magnetoresistance on field are applied.

Nevertheless, such indicators are very sensitive to temperature changes and in

relatively low fields H < 4 T, where the quadratic component of magnetoresis-

tance dominates the good resolution is hardly obtainable. The use of magnetic

flux concentrators additionally increases the difficulties in precise measure-

ment of magnetic fields and than in transforming it into the voltage signal

linear with field enabling to record directly results of experiments carried

out in such concentrators.

For varoius kinds of measurements of the magnetic field strength the Hall

probes are now most commonly used. However, they have some drawbacks, namely,

they exhibit relatively large temperature dependences and quantum Shubnikov-de

Haas oscillations at low temperatures and in high magnetic fields. The method

to eliminate these quantum oscillations in InSb is described in ^ ', where a

special heater increasing locally the temperature of the active layer was

applied.

The most commonly used materials for producing Hall probes are: InSb, GaAs

and Ge '2~^'; also a Hall probe made of n-type BioSe, monocrystal is described

in <6). 3

Because of relatively large dimensions of Hall probes commercially avai-

lable at present they can not be used in experiments carried out at low

temperatures and in high magnetic fields, i.e., in conditions in which the

majority of experiments in our Laboratory are performed ("cold" bore diameter

ranging from 17-35 am).

In this note preliminary results of investigations on constructing very

small Hall probes for low temperature measurements are presented. Vacuum evapo-

rated Cd Hg,. Te thin films with x within the range 0.1* x«0.15 were used.
.it I • X
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These filns were evaporated on mica plete and then the gold electrodes were

evaporated on them. After evaporation films were thermally treated in the Hg

vapour and in the Argon atmosphere at the temperature T = 23O°C in order to

complete the Hg depletion and recrystallization of the films. In the next step

the films were again thermally treated in pure Argon atmosphere at the tempera-

ture T = 150°C in order to remove the unbounded remains of Hg and further re-

recrystallization of the films. The composition of the material was controlled

and remained statistically unchanged. Films evaporation technology had been

elaborated in the Institute of Electron Technology in Warsaw, Poland, where

also the films were prepared.

Initially, the Cd Hg, vfe layers with active area 5 x 2 mm were invecti-

£ated t.c establish reproducibility of the readings and to check the mechanical

strength of the contacts between the layer and gold electrodes during multiple

cooling down to the LHe temperature. Basing on the results of these tests the

minimal realizable dimensions of films were determined and three series of

micro-probes with active areas 1.2 x 1.2 mm were evaporated. As a substrate a

mica plate of 2 y. 2 mm" dimensions was used, rig. 1.

MICA PLATE

I
j

i -

i

I
I
i

- -

-

\

-

-

1.2

GOLD a£KTROD£S

ACTIVE AREA

The series differed in the thickness of the evaporated films and in tech-

nology of final thermal treatment in the Hg vapour. Before measurements the

probes were several times immersed in liquid Helium and liquid Nitrogen in order

to eliminate accidental breaking of the contacts caused by mechanical stresses

appearing during rapid coolingdown. Next, the probes were placed on a sample

holder in helium cryostat which in turn was located in the Bitter-type magnet

able to reach fields up to 14 T. Films were supplied by 1 mA or 10 niA current

v.'ith stability better than 10 . The current ana voltage leads were made of

40 fim copner wire and were soldered to the gold electrodes by pure indium.

Output voltage was recorded on the Y a::.is of the X-Y recorder, on the X axis of

which the voltage signal proportional to the na -netic field was registered.
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Simultaneously the Hall voltage for a given value of magnetic field was measured

by digital voltmetor. From the recorded curves ^(H) the asymmetry, sensitivity,

and deviation from linearity were determined for temperatures of 4.2°K and 77°E.

The best parameters were obtained for the third series of the films. The

sensitivity, calculated from the formula:

., UH " UHo
u H

where U H denotes the output signal from the probe in field H,

Uu^ - output signal for field H = 0 (asymmetry),
X1O

was equal fl = 5-7 mV/T for supply current I = 1 mA. For fields within the range
4 I = 14 T the deviation from linearity was +1.5 % at 4.2°K and at 77°? it was
of the order of ̂ 0.5 % . The temperature coefficient (3 was equal 0.07%/°K for
temperatures between 4.2°K and 77°K. It is worth to note that the reproducibi-
lity of the Hall voltage for multiple cooling down to the LHe temperature was
better than 0.5 9̂  and was comparable with the accuracy of our experiments.
Probes with parameters given above were successfully applied in our Laboratory
to calibrate magnetic flux concentrators and to measure the distribution of the
transport current field in type II superconductors.

The main advantages of the presented microprobes are:

- very small dimensions as compared with commonly available Hall probes, thus
enabling its usage "in situ" during experiments carried out in magnets where
direct determination of the magnetic field from the supply current carries

a large error, i.e., in high field superconducting magnets with large frozen
magnetic flux or in multicoil Bitter-type magnets with paralell supply,

- high sensitivity at low supply current accompanied by low power dissipation in
the probe,

- weak temperature dependence in the range between 4.2°K and 77°K, •
- very good reproducibility of the Hall voltage.

Now, the investigation on improvement of the mechanical construction allo-
wing for a wider application of such films as Hall devices are carried out.
These films were patented in Poland.
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THE DESIGN OF SOLENOID MAGNETS USING LEGENDRE FUNCTIONS*
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Abstract

The magnetic field in a solenoid or Hemholtz type magnet can be represented by a Legendre
' function power series. Using modern computers, one can design the coils of a solenoid or
Hemholtz magnet in order to produce a field with desired characteristics. The Legendre function
presentation can be used with certain iron configurations as well. The design of solenoid
correction coils using this technique is presented in the paper.

Introduction *

The vector potential and the field inside an axisymmetric magnet (solenoid) can be expanded
in a converging power, series of spherical functions or Legendre functions. This can be done
even when spherical and planar iron poles are present as long as the permeability of the iron
is infinite. The Legendre function approach is very useful for designing solenoid magnets with
a high degree of field uniformity. This approach has been programmed on the LBL 7600 computer
so that one can design an axisymmetric magnet configuration which meets any desired field
structure.

This paper demonstrates the following: (1) the Legendre function representation of the
magnetic field generated by a single current ring, (2) the Legendre function of representation
of magnetic fields in symmetrical magnets without iron, (3) the Legendre function representation
of magnetic fields in symmetrical magnets with iron of infinite permeability, (4) a method for
designing solenoldal coils which produce a desired field structure, and (5) examples of how
Legendre functions can be used In solenoidal magnet design.

Legendre function representation of the magnetic field due to a single current loop. The
Legendre function representation is t. spherical coordinate representation. Therefore, the
field and vector potential coordinates are given in the r, 6 and <f> directions (see Fig. 1) .
In a solenoid, one can restrict the problem further by representing the current, which is at
a radius rc, as a latitude band at an angle 6C from the pole. The current flows in the <j>
direction. Thus, the vector potential A has only a <f> component and the induction B has only
r and 6 components. In simple fotm, a solenoid is an axial symmetric spherical coordinate
case. As a result, a Legendre function of the first kind can be used to represent the
solution.

Origin (r = 0)

Current Loop

XBL 778-9862

Figure 1. A simple current loop in spherical coordinate form.

Work performed under the auspices of the U.S. Energy Research and Development Administration.
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Let us assume that there Is a function Wi which applies Inside a sphere of radius rc;
and that there is a function Wo which applies outside of the sphere of radius rc. On the
sphere, V± » Wo. These functions take the following forms:

and

where U - cos6 and where A and A are defined as follows:
n n

oa *

V""* A /, vn+l

o . *-f 2n(n+l) \r) n

sin26 P1 (cos8 ) [-*-! (2a)

and

A
n ° V

 S l n 2 ec Pn < C O 8 6c ) 'a"*1 (2b)

where - P* (cos6c) sin6c - 3/38 Pn (cos0c) and where P* (cos6c) is sometimes called a Tesseral
harmonic of the first degree. The definition of symbols is as follows: A,, and A£ are power
series coefficients; PQ is the permeability of vacuum Ug » 4ir x 10" ; I is the current flowing
in the loop (see Fig. 1); 8C is the angle of the loop (see Fig. 1); rc is the radius" of the
loop (see Fig. 1); 6 is the angle at which one wants to know the function W ± and Wo; and r Is
the radius at which one wants to know the W function. Note that all dimensions are in SI units.

From the W functions one can derive the vector potential A^ and the induction components
B r and BQ.

A - l < 3 a )

f (3b)
3r

r3r39" * (3c>

Note that Ar> Ag and B^ are zero due to axialsymmetry. \'i one does the differentiation,
one finds, when r < rc, that

sln9

-£ * V(COB6) , (4b)

Be * Z-< jt r*"1 8ine pn ( c o s 6 ) • (4c)



When x > r
n+1

(5a)

P (COS0) ,
n

(5b)

2"

,n+l

sin8 P (cosG) .
n

(5c)

Equations 4 and 5 apply for a single current loop. If a number of current loops make up
a solenoid magnet configuration, a simple sum of equations 4 or 5 can be used to calculate Br,
Bg and A^ provided the loop centers all lie on the same line and that line is perpendicular to
a plane formed by those circular loops. Thus, an axialsymmetric solenoid (where the axis of
all loops lie on the same center line) can be made up of many loops of varying radii and
varying distances from a point ou the center line called the origin.

A solenoid magnet can be divided into many current bands which are at various radii rc

and various angles 8C. The field generated by such a magnet can be calculated by summing the
fields generated by the individual currents. Reasonably accurate calculations (say to 1 part
in 10*) of the solenoid magnet field can be achievad by dividing the coil into a hundred parts.
One can simplify the calculation of the solenoid field, if the magnet is symmetric about the
6 = IT/?, plane as well as the axis (6 » o or 9 = IT) . The symmetrical solenoid case is discussed
in the next section.

Symmetrical solenoid magnets without iron. Two kinds of symmetry will be described here. The
first, which one may call dipole symmetry, has current of the same sign which are symmetrical
about the 9 = TT/2 plane (see Fig. 2A). The second kind of symmetry, which can be called
quadrupole symmetry, has currents of opposite sign which are symmetrical about the 6 « TT/2
plane (see Fig. 2b). This permits one to treat a current at 9 = 6C along with a current at
9 = iT-9 . As a result, one can reduce the number of calculation steps by a factor of two or
more.

XBL 778-9859

a) Dipole symmetry (both currents

have the same direction).

b) Quadrupole symmetry (currents have

opposite direction).

Figure 2. Symmetrical magnet structures with two current loops.
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Before proceeding with the symmetrical air core magnet case, it Is useful to look at the
properties of Legendre functions of first order and first degree.

When n is odd, P1(cose ) = P1(coB[Tr-9 ]) , (6a)
n c n c

and when n is even, Pn(cos8c) = -P (cosftr-9 ]) . (6b)

From equations 6a and 6b one can show that for a cylindrical solenoid with symmetry, when

rnsin9 P^(cos6) , (7a)

A ra~T> (cosS) , (7b)
n n

p-'-(cose) . (7c)
n=l

When r > r ,

A »* n+1Z ." I1TJ.

n=1 ^ T (f) sin6 Pn
n+2

B = Z-l A" [-) P (cos8) , (7e)
n=l ^ '

. * n+2
1(cos8) . (7f)

* *
The AJJ and An terms are defined by equations 2a and 2b. The values of A n and A^ given by A

equations 2a and 2b do not apply for all values of n when there is dipole symmetry, An and A,,
are equal to zero for all even n. The odd values of A Q and Aj£ are given by equations 2a and
2b. When there is quadrupole symmetry, AJJ and A^ are equal to zero for all odd n. The even
values of A n and A^ are given by equations 2a and 2b.

Most simple solenoids and Hemholtz coils are of dipole symmetry. There are coils such as
the Lawrence Livermore Laboratory baseball coils which exhibit quadrupole symmetry. In any
event, the concept of magnetic symmetry is very important for many cases found in the real
world. The use of symmetry permits one to make a substantial reduction in the number of
calculations performed.

Symmetrical solenoid magnets with iron. Expansion of the magnetic field with Legendre functions
may be applied to solenoidal (axialsymmetric) magnets which have iron shields. One must assume
that the permeability of the iron y is infinite. (It should be noted that the real iron case
|ĵ <» can often be treated as a perturbation of the y = °° case.) Two kinds of iron poles are
assumed here: (1) spherical iron, and (2) flat poles which are perpendicular to the magnet axis.
In both cases, the method of images is employed in the calculations.

Before proceeding with the iron cases, it is useful to develop a more general power series
expansion which can be applied inside the innermost coil of the solenoid (where r will always be
less than r c). Symmetry is assumed to be used in the calculation. The series form for vector
potential A§ and induction B r and Bg is as follows:

00

4 " ^ — r? sine P^(cos6) , (8a)
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Pn(cos6) , (8b)

n=l
— r""1 sine P1(cos6) .
n n

(8c)

Equations 8a, 8b, and 8c can be used for symmetrical magnets of either type since the C
component is a function of rc, 6C and I only. The C n components can be divided into two
parts as follows:

A + B
n n

(9)

There the K^ component is due to the coils alone and the B n component is due to the image
currents in the iron. The A n terms are given by equation 2a; the B n terms will be given in
this section.

The B n terms in a symmetrical magnet behave in the same way as the k^ terms. When dipole
symmetry is evoked, B n = 0 when n is even; when quadrupole symmetry is evoked, B n = 0 when
n is odd. The B n terms depend on the geometry of the iron shield. (The shield geometry
affects the location of the image currents.) Two infinite u iron geometries are of general
interest; they are: (1) A spherical shield where the coil is inside a hollow iron sphere.
(2) Two flat parallel pole pieces which lie parallel to the 9 = TT/2 plane. The first geometry
may be of some interest even when the central induction of the solenoid exceeds 2 tesla. The
latter geometry is a reasonable model for the iron shields used in a solenoid which has a
central induction of less than say 1.8 to 2.0 tesla.

(a) A spherical iron shield. This case has only one image current for each coil current.
The image current radius rc^ = R^/rc where R is the iron shield radius and rc is the coil current
radius. The image current angle 3C is the same as the coil current angle 6C. (See Fig. 3.)
Therefore, the B n for the spherical iron is as follows:

2 1

\-% l Sin 9c Pn (cOs6c) ±
R

(10)

The use of a spherical iron shell is desirable when the central induction of the solenoid
exceeds two tesla. The shield radius E can be adjusted so that the iron is not saturated.
If the shield is allowed to saturate, the effects of symmetry will remain. Saturation will
appear as perturbations to the B n terms. The lowest perturbation term will appear first and
the others will appear as the iron saturates. Some of the iron saturation perturbation terms
can be controlled by shaping the outer boundary of the iron shield. Spherical iron shields
should be usable even when the central induction of the solenoid approaches four tesla.

Figure 3. A spherical iron shield around a symmetrical magnet
(dipole symmetry) showing image currents.
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(b) Parallel iron pole pieces. The Bn term will consist of an infinite number of image
currents. The first image current will be located the same distance inside the iron pole
piece as the current is from the pole. An image current is located inside the opposite pole
as well. The image currents also form image currents in the poles (see Fig. 4). In general,
the B n term in a symmetrical magnet will take the following form:

The value of- b m depends on the symmetry used. b m =1 for all m when dipole symmetry applies.
When quadrupole symmetry is used b m « +1 when m=l, 4, 5, 8, 9,... and bffl = -1 when m=2, 3, 6,
7, 10, 11,... .

6,,_ and r take the following form when m is odd:cm cm

• " d
2r sin6

cm T a n \ (m+l)L-2r cos6 ) (lla)

r . [(SspL L _ r cos9 ) 2
 + r 2 s . n 2 e ]

cm [V, 2 c c/ c cj

1/2
(lib)

When m is even:

= T a n

2r sin91 / 2r s

" lmi-2rc
(lie)

cos6 ) + r 2 sin2e
c/ c cj

1/2
(lid)

where 9 is the coil current angle; rc is the coil current radius (m); I is the magnitude of
the current (A); L is the distance between the flat parallel iron pole pieces (m); and |jo is
the permeability of a vacuum.

The use of parallel poles is particularly desirable when the central induction of the
solenoid is below the saturation induction of the iron. Saturation of the iron introduces
field aberrations in which the lowest order term will be worst, followed by the next order
term. If the solenoid has many evenly spaced coils, the infinite solenoid case is approximated.
Using the parallel pole iron shield, one can get a field which is a good dipole type structure.

Image
Currint Loops

Figure 4. A symmetrical magnet (dipole symmetry) with flat iron poles.



A method of solenoid magnet design. Axisymmetric magnets can be designed with an}' desired
field structure as long as physical law is not broken. Let us suppose that a given solenoidal
magnet has k parameters G(l), G(2)...G(k), which can be varied to produce a field of desired
structure. Using these parameters one can, in theory, design a current distribution which
has k terms of the Cn power series coefficients (where Cn is defined for all n by equation 9)
tailored to their desired values.

In general, one would chose the lowest values of Cn because these would affect the
magnetic field the most. For example, if the magnet is not to have symmetry, one would chese
C]_, C2...C|C as the power series coefficients to tailor. If the magnet is to have dipole
symmetry, Cj., C3, C5...C2k_i would be chosen. If the magnet is to have quadrupole symmetry,
C2> (-'4» C$...C2fc would be chosen.

The method used by our computer program is a Newton method. First guess values of
G(l)...G(k) are chosen. The structure of the field (the various Cn coefficients) is calculated.
Than the first derivative of these coefficients with respect to each of the G parameters is
calculated. Using these derivatives, one can set up the linear simultaneous equations which
find correction functions X(l)...X(k) for the various G parameters which will produce the
desired magnetic structure as represented by the coefficients Dj, D2...Djf The simultaneous
equations take the following form:

3C. 3C 3C

3G(T) AVX/ T 3G(2)

3C 3C
X(2) + . . . + -5-7^ X(k) = D, (12)

X(2) + • • • + i S r x(k)

The preceding equations are solved for the correction function X by matrix inversion.
The correction functions are added to the G functions such that

G = G , , + X . (13)
new old

One calculates the various power series coefficients C., C_ . . .C, using the new values of G.
The new values of Cj, C2....Ck are compared to Dj, D2....Dk on a term-by-term basis. If D-C*£
(where e is a small number like 10~6) for all values of C and D from n=l to n=k, a solution
has been found. If D-C > e, derivatives of C with respect to the new values of G are taken
and the simultaneous equations (Eq. 12) are solved so new values of G are found. Convergence,
if there is convergence, will usually take less than ten iterations.

A lack of convergence is usually caused by the following: (1) there is no solution within
the parameter boundary chosen which yields the desired magnetic structure, or, (2) the first
guess was incorrectly chosen. Convergence may be obtained on solutions which may be correct
mathematically, but they have no physical meaning. It may take several tries to find a current
geometry which converges to a mathematically correct solution which has physical meaning. The
two sample problems given in the next section illustrate the way the technique works.

Sample problems. The utility of the Legendre function power series technique is illustrated by
the sample solutions given in this section. These problems are: (1) a uniform air core
spherical solenoid and (2) correction coils for a solenoid with flat poles. Both of these
problems could be encountered in the real world.

(a) Uniform field air core spherical solenoid. The uniform field air core spherical
solenoid problem could be encountered in the field of solid state physics. Solenoid magnets
have been built 'with a very uniform field within a small sphere located at the center of the
magnet. Let us postulate a solenoid with the parameters given in Table 1.
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Table 1. Basic parameters for a uniform field
air core solenoid magnet.

Induction at center

Solenoid diameter .

Solenoid length

Field quality within a sphere

High quality field sphere diameter

Coil maximum thickness

3.0 tesla

0.3 m

0.3 m

lO"6

0.1 m

0.01 m

The spherical solenoid consists of three coil blocks in each half (see Fig. 5 ) . The magnet
coils have dipole symmetry. So, Cn •» 2, 4, 6 . . . are eliminated by symmetry. There are five
coil parameters available to zero five Cn coefficients. They are the five block angles G(2)
through G(6) shown in Fig. 5. These five block angles can be set so that Cn ~ 0, for
n « 3,5,7,9 and 11; and Cn * 0 when n > 13. Figure 5 shows the five coil parameters which are
varied to eliminate the C3, C5 . . . to CJJ. A sixth parameter G(l), the current density in the
coil blocks (which are all assumed to have the same current density), determines the induction
of the magnet at its center (C^ - 3.0 T ) . Table 2 shows the first guess and final value of
each of the six magnet parameters.

Table 2. The first guess and final value for each of the six_
parameters used to determine the design of a
uniform solenoid.

G. The coil current density (Am )

G. 2nd coil angle, Block 1 (deg.)

G_ 1st coil angle, Block 2 (deg.)

G, 2nd coil angle., Block 2 (deg.)

Gg 1st coil angle, Block 3 (deg.)

G, 2nd coil angle, Block 3 (deg.)
0

First
Guess

3 x 10 8

60.00

50.00

45.00

30.00

25.00

Final
Solution

3.514 x10

58.3490

55.1390

39.2733

30.3888

21.0544

G(l)-Ccil Current Density

Rc=O.I5

Figure 5. A good field quality spherical solenoid.



Table 3 shows a value of Cn at the surface of 0.1-m diameter sphere for each n between 1 and
20. The table shows the value for the first guess case and the final case.

Table 3. The numerical value of the C n coefficients
(units not given) at the surface of a
sphere 0.1 m in diameter.

n

1

3

5

7

9

11

13

15

17

19

First

The

Guess

2.25928

-7.347

-3.107

2.987

-5.671

-1.929

-1.456

-2.036

2.914

4.611

xlO

x 10

xio"4

xlO"6

xlO"6

xlO"6

xlO"8

xlO"8

xlO"1 0

Cn Value*

Final Solution

3.00000

-

-

-

-

-

-1.849 x

-1.499 x
1.943X

2.463x

io"6

10"7

10"8

io"9

*Note Cn = 0 when n = 2, 4, 6 20

The solution given in Tables 2 and 3 can be obtained theoretically in a superconducting
solenoid. It should be pointed out that real-life superconducting magnets have finite size
winding errois. It might be possible to build a real magnet which has a field uniformity of
10"^ or better. It should be noted that diaraagnetic current will cause large distortions in
the field. As a result, field uniformities better than 10"^ may be difficult to obtain in
real life without the use of special correction winding to get rid of the effects of residual
field due to diamagnetic currents.

(b) Correction coils for a magnet with flat poles. Correction coils can be designed so
that they produce Cn coefficients of a certain magnitude. There is a need for such correction
coils in some of the solenoids now being designed for use in colliding beam experiments.
These magnets have superconducting coils which are bounded at the ends by flat iron poles.
The solenoid is supposed to produce a perfectly uniform field. Misalignment, saturation of
the iron poles, and other effects may introduce errors in the field of a part or two in a
thousand. Correction coils can remove 90 percent of these errors.

Figure 6 shows a system of eight coils which are to produce field corrections. The coils,
depending on how they are powered are supposed to produce Cx> C2, C3, C4, C5, C6, and C7 while
eliminating all other Cn below n = 9. The eight coils are symmetrically placed on either side
of the midplane, and evenly spaced between the iron poles (y = ">) which are infinite planes
(see Fig. 6 ) . Table 4 gives the basic parameters of the correction coil blocks.

Table 4. Basic parameters of the correction coils.

Correction coil spacing

Iron pole spacing

Correction coil radius

Value of Cn desired at surface of
reference sphere

Radius of reference sphere

0

3

1

.4

.2

.2

0.005

1 .0

m

m

m

T

m
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Figure 6. A correction coil problem.

Symmetry is used to do the calculation. Dipole symmetry is used for Cj_, C3, C5 and C7
and quadrupole symmetry is used for C2» C4 and C&. The parameter which one solves for is the
current in each of the coils. There is a different current distribution in each of the coils
for each correction Cn produced. The simultaneous equations generated by the computer are
linear, so no iteration is required.

Table 5 shows current in each of the eight coils when the desired coefficient is produced.
Table 6 shows the values of other coefficients when the desired one is produced.

Table 5. The current in the eight correction coils when a desired multipole is
generated on the surface of a 1.0 m radius reference sphere.

Coil 1

Coil 2

Coil 3

Coil 4
Coil 5

Coil 6

Coil 7

Coil 8

Desired
C * +n

n = 1

1552

1640

1572

1596

1596

1572

1640

1552

0.005

n = 2

-6168

-488

-1464

-280

280

1464

488

6168

0.005

Coil

n = 3

12192

-4244

-992

-2376
-2376

-992

-4244

12192

0.005

Current (A)

n = 4

-20912

13968

1376

1764
-1764

-1376

-13968

20912

0.005

n = 5

27020

24208

312

1176

1176

312

24208

27020

0.005

n = 6

-34516

38392

-9372

36

-36

9372

-38392

34518

0.005

n = 7

28208

-34832

11980

-2484
-2484

11980

-34832

28208

0.005

On the surface of the reference sphere which is 1.0 meter in diameter

A correction coil scheme similar to the one shown here is expected to be used on the TPC
solenoid which is to be built in 1978. This magnet is supposed to produce a magnetic field
which is good to a couple of parts in ten thousand. In the real TPC magnet, the iron poles
are not infinite planes of infinite permeability. A technique such as this is expected to
provide first order correction.
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Table 6.

n CnD

The values
turned on.

'X CnD "

of

• 2

various

CnD =

Cn

3

coefficients when the desired

C Coefficient Value*

C „ = 4 0 ^ = 5 C
nD nD nD

correction Cn

= 6 C _ =
nD

is

7

1
2

3

4

5

6

7

8

9

10

11

12

13

0.00500

0.00500

0.00500

0.00500

0.00500

-0.00003 -0.00020 -0.00128

-0.00009 -0.00092

0.00009 -0.00020 0.00014

-0.00001 0.00064

-0.00017 0.00039 0.00007

0.00500

-0.00252

0.00091

On the surface of a reference sphere 1.0 m in radius

0.00500

-0.00258

-0.00117

0.00174
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DISCUSSION

G. Heyret : Is there an essential difference between your method

and the method used a few years ago at Berkeley by HAL3ACH?

K. Green : There is no essential difference except that the solu-

tion we desire when we are studying the field correction problem

requires that we be able to correct four or five terms of a sphe-

rical expansion of the error field. ?he physics being done by the

experiment is not affected by the higher order terms.
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A CONSTANT POWER HALL-PROBE CIRCUITRY FOR FAST FIELD HAPPING

0. Szavits

Swiss Institute for'Nuclear Research,

Villigen, Switzerland

By replacing the conventional constant .current supply with a constant

power device, the effects of the Hall-probe thermal inertia can be avoided

without the use of a thermostat.

For a new accelerator (isochronous ring-cyclotron), magnets with narrow

air-gaps (3-3,b cm) will be necessary. This design prohibits the use of flip-

ping coils or Hall-probes in air-thermostats for the magnetic field measuring

apparatus due to lack of space. Furthermore, the use of a constant current po-

wer supply in connection with an air-thermostat would cause troubles in fast

measuring systems (probe will be driven at 15 cm/s through magnetic fields up

to 11 kGauss), because of the difference in heat generation in the crobe cry-

stal. This heat difference cannot be removed from the crystal immediately even

in an air-thermostat and will therefore cause temperature changes in the probe

and - in turn - deliver false measurement data. There are two ways to overcome

this difficulty. One possibility is to place the Hall-probe into a thin box

•filled with ar: inert fluid (Fluorinert R, manufactured by 3M company). The

fluid is circulating and kept at a constant temperature by means of a separate

bath-thermostat.

In connection with the mapping of large volume magnetic fields, the above system

has the disadvantage of having long noses between the Hall-probe box and the

bath-thermostat. The surrounding temperature variation will then influence the

fluid temperature in an undesirable manner. Such a system was che~';ed a4". SIN

and it was shown that the probe is difficult to keep on a constant temperature

much better than + 0,5DC.

A second solution of the problem can be obtained by use of a constant power

supply for the Hall-probe (fig. 1), which is located in a thin box made out of

thermal insulating material. As long as the temperature inside the box remains

constant, it can be shown that the Hall-probe temperature remains constant as

well.

From the equations for the heat generation and conyection by air, one can write

(tg-Hall-prpbe temperature, T5£-Hall-probe temperature during the probe cali-

bration, tn-air temperature, B-magnetic induction, Rso-Hall-probe resistance)

is2 ' RSo
(En • [i*<>(B).(ts-tsE)] - c(ta-tn)" - const. (1)
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Fig. 1 Constant power supply for Hall-probes
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where n is a constant and c is approximately a constant for small temperature

changes. The right side of the equation leads to ts=const. for tn=const., which

is obviously not true for a constant current driving mode, where dt s depends on

the amount of dtn and on the magnitude of
 P,_ (B). The Hall-voltage will then

change according to the expression

UH = is • M B ) • B • jj + 3 • tts'tsEll
 t2)

with k(B) as the non-linearity factor for the Hal 1-voltage.(In spite of some

statements in the literature, 6 is a constant not depending on the magnetic in-

duction. We have used InAs-probes of the Siemens type SBV 579 with 6-const up

to 150 kGauss (Siemens); up to 15 kG we were not able to detect any field de-

pendence) .

In case of ambient temperature variations, tp and L|_| will change according-

ly. By differentiating (1) and (2) one can obtain for a given induction

di s a/2 , a
tR = - TT • dtB,-tsEJ

dt s = dtn (3)

dUH
dt

U H ls 1 + tHtg ts£j -g S

if follows that

oc(B)
I 4 )

UH

The influence of a 10°C ambient temperature change is shown on fig. 2. The mea-

sured data were obtained from a quadrupole magnet and the influence a can be

easily seen from the curve |M) •

To cancel the unwanted effect on the Hall-voltage, it is necessary to introduce

a compensation network. In principle, this network will consist of a therrristor-

cridge - located in the Hall-probe box - and an electronic circuit, simulating

a ana g. The signal from the compensation network will be feo into the power

scpply reference.

Li.a to lack of time, this circuit has not yet been built, but the temperature

compensation for different a=const. values was simulated by changing the refe-

rence in the constant power supply (fig. 2, curves ^ ) , (5) a n d ^ ) ) . Even with

such an imperfect compensation, equivalent temperature coeffitients 6' of the

hall-voltage in the order of -2,2>10"4/°C up to +1,6•10'4/°C or less were ob-

tained in ';.he range Q<B<e,5 kG (comparing with e = -7 • 1O'A/°C) .

As already stated above, the current supply was designed to stabilize ths elec-

tric power dissipation, in the Hall-crystal. The current for the Hall-probe is

supplied through a 2N5191 transistor an: = ?A oi-n current sensing resistor. The

voltage drop on the resistor teing proportional to the current supplied, is fed
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to the voltage follower A, serving as an impedance transformer. Its output vol-

tage (current dependent variable) is then used as the "X" input1of Burr-Brown's

42CHK. analog multiplier.

Furthermore, the voltage drop across the Hall-probe is sensed in points "a" and

"b" (fig. 1) and is fed to the voltage followers D (inputs 2 and 6), which

serve here again as impedance transformers. The loading in all sensing points

is thus negligible due to the fact that the input impedance of the voltage

followers is of the order of 400 M ohms.

The voltage difference at the low impedance outputs of the followers is fed to

the differential amplifier B(6,7,1Q) (gain = 15), whose output voltage serves

as the voltage dependent variabletothe "Y" input of the multiplier.

The output of this chip is now proportional to the power dissipated in the Hall-

probe and is fed to the differential amplifier B C1 ,2.12) (gain = 1000); the

second input of this amplifier is connected to the reference voltage Uref. A

"long tailed pair" amplifier (transistors 2N 1613), serving here as a driver,

transmits the voltage difference to the base of the 2N5191 transistor.

The open loop gain of the power supply is approx. 50000. One dominant time con-

stant prevents ascillations in the loop. For a current range between 65 mAmp

and 135 mAmp, a relative power stabilization of approx. 2•10"^ was measured

(load resistor change from 1,8 ohm to 0,4 ohm). The nominal current for the

Hall probe in B=0 Gauss was adjusted to roughly 100 mAmp.

To assure that the power is stabilized directly in the Hall-probe and not in the

series resistance combination of ths probe and connecting wires, i.e. that the

true voltage drop on the Hall-probe is seized, the voltage sensing points "a"

and "b" shall be as close to the Hall-crystal as possible.

DISCUSSION

A. Bellomo : What problem arises from the violation of the Hall
plate current input with respect to calibration and operation?
O. Szavits : We have encountered no problems - once because we
use a 10 uV resolution DVM and, on the other hand, we calibrate
our Hall probe for the work with the constant power supply.
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Introduction

A magnetic field measuring apparatus
has been built for use in the model magnet
for a superconducting cyclotron proposed at
the University of Milan. Full details of the
magnet are reported elsewhere^'^'. Here we
may just recall that the pole diameter is
30 cm, and the polar geometry consists of 3
spiralling sectors, with an average spiral
constant of k» 10m"1. The minimum gap in the
hills is 1.2 cm, while the gap in the valleys
is of 10 cm. At the maximum excitation of
1x10° At, average magnetic fields up to 40
kGauss arc expected, while the maximum field
in the hills is about 50 kGauss. Here we re-
port the design and operating features of the
system, together with the preliminary results
of magnetic field mapping.

General Characteristics

The magnet structure and the field pro
perties pose several constraints on the measu-
ring system:
- the presence of the cryostat, which denies
access to the median plane, except for two
30° wide, 180° apart apertures,makes it impqs_
sible to use one single apparatus for both
the pole region and the fringing field re-
gion. Two.<systems are therefore necessary.
Moreover the apparatus for mapping the pole
region has to be assembled together with
the magnet,movements and signals being tran-
smitted through the holes at the center of
the poles. The system for measuring the frin_
ging fields is simpler, being totally on the
outside of the magnet.

- field mapping should be possible on the who-
le 360° range, at least internally, in steps
of 2° or 4°. with an overall precision of a;
least 4x10 ̂ . Given the highly compacted g^.:o_
metry, a good positioning accuracy is requi-
red. Also, the size of the field .sensors
should be small to avoid errors in the steep
gradients, up to 700-800 Gauss/mm, at the
hill-valley crossing. This led us to select
Hall plates, whose characteristics are de-
scribed in the following .

- operation of the magnet from liquid helium"
dewars calls for maximum speed in the data
taking process, due to liquid helium costs,
so 'chat more than one probe has to be used
simj.Laneously. In this case three probes
have been selected, with a computer control-
led measuring apparatus.

Positioning System

We have chosen a polar coordinate
frame, where the Hall probes are mounted on a
rotatable bronze plate, shown in Tig. 1,
which establishes the azimuthal position.
The radially moving support of the probes

Fig. 1 - View of the positioning plate.

can hold three Hall plates, fixed at radial
intervals of 5 mm,so that three azimuthal
field scannings can be taken simultaneously.
The support slides in a guide machined in the
plate body, and is radially driven by a rotja
ting screw.having a pitch of 0.5 mm, as can
also be seen in fig. 1. The screw is turned
manually, from the outside, when the plate is
in the azimuthal position corresponding to
one of the existing 30° wide apertures in the
cryostat wall. The apparatus assembled on the
median plane, with upper pole and cryostat re_
moved, is shown in fig. 2. The turning handle
is coupled to a counter for readout. The ra-
dial position thus obtained is accurate to
within ± 0.03 mm.

The movable plate is fixed to a beam,
24mm in diameter, which can also be seen in
perspective in fig. 1. The beam is inserted
through the lower center hole in the magnet,
and is fixed to a gear. The latter is coupled
through a pinion to a stepping motor, as shown

Fig.2-Positioning plate assembled in the magnet,
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Fig. 3 - External movement of the plate.

in fig. 3. Each turn of the pinion corresponds
to a 2° azimuthal movement. The motor is iron
shielded from the stray fields of the magnet,
given its proximity, about 30 cm, to the yoke.
The'overall azimuthal accuracy is of the order
of * 0.01°.

Pipes for water cooling of the Hall
plates come out along a wedge cut in the cen-
tral beam, thus below the magnet. Cables for
Hall current and voltage signals sort out of
the yoke through the center hole in the upper
pole, as can be seen in fig. 2.

For fringing field measurements the
Hall plates, again in number of three, move in
a cartesian frame. The y axis is chosen along
the mid-line of the two 30° wide apertures in
th.i cryostat..Movement along this line is ma-
nual, with the three plates equally spaced, a-
long the y-line, at 5 mn intervals. Movement £
long the x axis is automated with a stepping,
motor, one turn of which corresponds to a 1 mm
translation. Field scannings are taken along
the x axis, and can be made on both sides of
the cryostat. This allows different fringing
field regions to be explored, because of the
120° periodicity of the sectors. Along the y
axis, positions up to 2.5 cm inwards of the p£
le can be reached, thus superposing to the da-
ta taken with the other system. Outwards posi-
tions corresponding to radii of about 40 cm
can be reached, allowing a complete mapping of
the fringing field.

Hall Plates

We have selected the type SBV-585-S1,
manufactured by Siemens, with sensitive area
of about 0.1 mm', which fits our requirements.
Calibration runs were made up to 20 kGauss in
a conventional magnet, and up to 43 kGauss in
a superconducting solenoid, at CERN, and they
have shown excellent linearity and reproducibi^
lity. Least squares fits to the calibration
curve yielded errors of less than 0.01Z. This
has allowed extrapolation of the curve up to 52
kGauss, and the corresponding error should be
confined within ±0.02%. A temperature coeffi-
cient of only 0.05%/°C has been fouad,thus ea-
sing the requirements on the temperature stabi^
lity of the plates.

Cooling water is supplied by a conven-
tional thermostat, and its tempers.ure is sta-
hle typically within ± 0.1°C. No problems ari-
se apparently from the variation of the Hall

plates resistance in going from high to low
field regions.

Operation at 160 mA Hall current yields
about 10 mV/kGauss at 25°C. The results of all
calibrations, made at 1 kGauss intervals over
the whole operating range, show that an overall
reproducibility of ± 0.01Z can be obtained.

The relative values of the magnetic
field data taken so far are accurate within
± 0.02/!. The absolute normalization of the da-
ta is accurate to within 1 0.12. This differen
ce comes from the difficulty of precisely set-
ting the angle of the plates with respect to
the median plane of the magnet, due to the ex-
ceedingly small size of the plates themselves.

Data Taking and Recording

The system has been designed in order
to fulfill these requirements:
- reliability and speed in a fully automated

data taking process
- data recording on both magnetic tape and pun_

ched tape with printing option available
- overall precision of no less than ± 0.01Z in

the whole data conversion and recording sy-
stem.

To put in a proper perspective these
requirements, let us recall that a complete
map of the inner polar region, over the 360°
range, consists of 5400 points, when taken in
2° azimuthal steps at 5 mm radial intervals.
The time needed for such a map should not ex-
ceed a few hours.A block diagram of the whole
system is shown in fig. A. Given the require-
ments set forth above, computer control of all
functions is mandatory. We have selected an In
tel Single Board 80/10 computer, with an expan
ded 8 K ROM memory, 5 K RAM memory and 6+6 I/O.

Positioning systei" control- The compu-
ter controls the movement of the stepping motor,
through a control unit, according to the azimu
th.il step, (1,2,4, or 8 degrees), selected at
the console panel. To check that the desired ji
zimuthal movement has been executed, a disc
with two slits, 180° apart,cut on its outer
ridge, is mounted on the axis of the stepping
motor. A photodiode is optically coupled,
through these slits, to a phototransistor, so
that, if the proper position has been rea-
ched, a control signal is fed to the computer.
The angular resolution thus obtained is better
than 0.004° in terms of the azimuthal position
of the Hall plates. The signal from this opti-
cal device also starts the data collection.

Data collection- The three Hall plates
are seri.-l connected to a high precision regu-
lated current generator. Stability at the ty-
pical current of 160 mA is better than ± 0.01Z,
for load variations of a factor of 10. The ma-
ximum resistance variation of any Hall plate,
in the actual magnetic field, is between 1.3
and about 4 J2. The output impendance of the
supply is of the order of 2 M A . Setting of the
desired current can be made by fine vernier
controls within 0.01Z.

The Hall voltages from the three pro-
bes are fed via a multiplexer to a programma-
ble A/D converter, type Systron Donner 7205.
We have selected a "classical" rele-based mul-
tiplexer, instead of a solid state unit, even
though the operating speed of the latter
could be higher. However, lower contact resi-
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stances in a rele-multiplexer give a clear-
cut preference for the treatment of high pre-
cision analog signals. In any case, before S£
gnals are converted, a waiting time of 400 ~
msec has been selected to achieve a conveni-
ent stability of the Rail voltage after the
movement has been completed. Iron shielding
of the multiplexer from stray magnetic fields
has been provided.

Data are fed to the A/D converter se-
quentially: at the beginning of any azimuthal
field run, also the Hall current and the mag-
net coils current are recorded. At any subse-
quent step, recording is limited to the three
Hall voltages. The A/D converter has a 1 flV
resolution, 20 msec converting time and an o-
verall accuracy usually better than ± 0.01%.
Six significant digits are transferred in BCD
format to the computer and stored in the RAM
memory.

Data recording- At the end of every a
zimuthal cycle, recording of the data can be
accomplished on a magnetic tape, and/or pun-
ched tape, or printed with a teletype. When
recording is completed, the computer returns
automatically the positioning system to the £
riginal starting azimuth. In this way, after"
manual movement of the plates to a different
radius is made, a new azimuthal scanning can
be started.

The magnetic tape unit is a Pertec
6X40, niue tracks, with 800 bpi, and 37.5 ips.
Interface between the computer and the tape
control unit has been designed and built at
our laboratory. Record blocks are stored sep£
rately for each Hall plate, up to 181 data
for one, corresponding to the field wave at
the relevant radius.

Other features- The system is equip-
ped with a console which provides the follo-
wing controls:
- choice of functions: start, data in, data
out, hold, stop

- map parameters settings: azimuthal steps,
both in number and magnitude, labeling of
the record by the radius of the 1st Hall
plate

- alarm lights, if the system is. operated er-
roneously.

The system has so far operated relia-
bly, with minor difficulties for the recoir

ding on the magnetic tape. Total time for a
complete map with 120 degrees scanning has
been about 2,5 hours, with data printing on
the teletype, and 1.5 hours without this re-
quirement. No problems arose for data collec-
tion, conversion and the positioning system,
even at the highest fields reached so far.

Magnetic Field Measurements

Complete magnetic field maps of the
inner pole region were taken so far, as repoi:
ted in (2), at 3.74xlO5 At, and 5.18xlO5 At,
while the maximum excitation level reached has
been 8.7xlO5 At.

The polar sector geometry investigated
in the one described in some detail in (2).
For the sake of clarity, however, fig. 5 shows
the overall radial profile of hills and val-
leys which have, we recall, spiral constants
of 9.6 m~* and 10.8 m~^ for their edges and an
azimuthal width, at the center, of 45 degrees.

The hill profile is flat except for
the central hole in the poles, of 25 mm diame_
ter. The valley has instead two more holes of
17 mm diameter and 41.6 mm diameter respecti-
vely. They represent those needed, in a full
scale magnet intended for the cyclotron, for
accomodating the trinning capacitor feecl
through and the coaxial,A/4 radiofrequency
resonators. The latter are conceived as haviog
two stems on either side of the median plane .

This geometry was intended as a reaso-
nably close one to that needed for the full
machine. In this way,after magnetic field mea-
surements had heen. taken, one could easily ma-
ke the necessary corrections on the profile.
No corrections are however anticipated on the
spiral contours.

Examples of field waves, obtained for
NI= 3.74xlO5 and 5.18xlO5 At, are shown for
several radii, as a function of azimuth, in
figs. 6 and 7 respectively. Inspection of the
figures shows that the field modulation is e-
qual for the two excitation levels, thus con-
firming complete saturation of the iron. The
same holds for the average magnetic field,
plotted for both cases, as a function of ra-
dius, in fig. 8. The two curves can in fact
be almost superposed,the shift in the field
level being due to the different contribution
from the coils.

Conado
choice of program
(data ki. data out.
dtaodiy. stop, rtturn
10 nro)
Choice or parameters
(48. N° of potmons)

SBC 80/10

TaMltpa
(optional)

Data *
AddttM
fluaaaa

Slapping Mow
Control Unit

51. dial!
A to D convartar
Syalron Dormer 7205

\ Magnetic tape
4 drteer

Five lo one
bipolar

ralayi
muHiplanf

' \ I

fafriatad

Fig. 4 - Block diagram of computer control of the measuring and recording system.
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Fig. 5 - Radial profiles of hills and valleys.
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Fig. 8 - Average magnetic field, as a function
of radius, at two excitation levei.

Magnetic field calculations had been
made, as reported in (4), under the assumption
of complete iron saturation, then summing up
the contributions from the iron configuration,
the coils, and the yoke. The latter is calcula
ted with the method of image currents. For the
present case a saturation magnetization
M = 2.1 T has been assumed.

The comparison with experimental data
for the field modulation at a few radii is
shown in figs. 9 and 10. The agreement is ra-
ther good, especially in the region of 6 to
11 cm. At the latter radius the peculiar beha-
viour of the field modulation is due to the
presence of the hole for the R.F. resonator in
the valley. The differences, however small, no
ted between theory and data, can depend upon
various factors, like:

- non precise value of the iron saturation ma-
gnetization used in the calculations.

- errors in the actual geometry of the sectors.
Even though they have been machined to a few
hundredths of ran tolerance, even tiny diffe-
rences are felt, due to the small gap of the
magne t.

- differences in the actual coils geometry.
- not sufficiently accurate calculation of the

yoke contribution, which, at this stage, can
not take correctly into account the four-fold
symmetry of the yoke itself.

More complete data and a careful analy-
sis will be needed to establish which factors
play a major role in accounting for the obser-
ved differences.

A summary of the comparison between
theory and experiment concerning the harmonics
of the field modulation i<; given in fig. 11,
both for the amplitudes and phases, for the
3rd (12o

<> periodicity), 6 t h and 9tfi harmonics.
For the average magnetic field a comp_a

rison is also shown in fig. 12, where the dif-
ferent contributions from the three terms men-
tioned above are also plotted as a function of
radius. Again the agreement is very good up to
a radius of about 10 cm, while it tends to be
less precise near the pole edge.
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R» 8.5cm R. 10.5cm

Fig. 9- Comparison betv/een calculated.and expja_ Fig. 10- Comparison between calculated.and expe_
riroental field data at 3.74x10 At. rimental field data at 3.74x10 At.

10 « R (cm)

Fig. 11 - Calculated and experimental amplitu
des and phases of field harmonics.

As a conclusion, present data show
that the calculation technique so far employed
gives a substantial agreement with experiment,
certainly enabling to design rather precisely
an iron configuration which produces given ma-
gnetic field properties. It is gratifying that
this kind of agreement is found for rather com
plicated three-dimensional geometries, like
the one presently investigated, although ob-
viously limited to saturated poles cases.

Further studies on this model will be
carried out at higher field levels, up to
1 x 10° At excitation, especially on the frin-
ging field behaviour.

Tt is pleasure to acknowledge the pre-
cious help of drs. Braunersreuther and Van
Gulik, of CERN, in choosing and calibrating
the Hall plates.
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Fig. 12- Experimental and calculated average ma
gnetic fields.Calculated individual con
tributing terms are also shown.
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DEVIATIONS FROM SATURATION IN AN EXPERIMENT OF MAGNETIC SCATTERING

IN NUCLEAR REACTOR

U.Battista, F. Franco , A. Maggioni and E. Pedretti
C.N.E.N. , Centro Studi Nucleari della Casaccia, Roma, Italv

SUMMARY

Deviations from magnetic saturation have been evaluated for two different magnetization
states of an experimental device inserted into a nuclear reactor with the purpose of in -
vestigating possible reactivity effects due to magnetic scattering of thermal neutrons by
magnetized iron (single transmission effect).

1 - Introduction

Magnetic scattering of thermal neutrons by magnetized ferromagnet, also referred to as
"single transmission effect" (STE) which is an increase of neutrons transmitted through
magnetized iron due to the interaction of neutron magnetic moment with that of the elec-
trons of the ferromagnetic atom, was extensively investigated in the past with the mani-
fold purpose of obtaining polarized neutron beams, of measuring, polarization cross sec-
tions and of determining the magnetic moment of the neutron . This method of polari-
zing neutron beams always involved experiments outside nuclear reactors simply used as
neutron sources. Therefore, for reactor investigators it could be of some interest to as-
certain whether the STE can be utilized inside a nuclear reactor. With this purpose in
mind an experiment was performed by magnetizing as much as possible (since STE is
highest at magnetic saturation) a properly designed magnetic apparatus placed within the
uranium core of a critical reactor. A preliminary account of observed effects on the nu-
clear reactor can be found in refer. 7. In this paper, after describing the magnetic appa-
ratus and its use in connection with the reactor, we report on the measurement of mag-
netic fields within ihe ferrotnagnet, on the determination of magnetization at saturation
and on the evaluation of deviations from saturation required by the interpretation of ob-
served reactor responses.

2 - Description of the magnetic apparatus and of its use in nuclear reactor

As mentioned before, the STE is maximum at magnetic saturation. If this condition is not

verified, the STE comes out to be reduced by a depolarization factor , smaller than one,

which increases toward unity when the relative deviation from saturation, defined by

£ = 1 - M/M ( I )

where M and M are the magnetization at saturation and the actual magnetization respec-
tively, tends to vanish, i.e. when M tends to M . As a consequence, the choice of a clo-
sed magnetic circuit almost entirely covered by magnetizing coils and the use of the highest
possible magnetizing current appeared to be mandatory. With this philosophy well establi-
shed and bearing in mind reactor requirements we came up with the compromise solution
involving the apparatus schematically shown in Fig. 1. It consists of two vertical columns,
having an outside diameter of 4.7 cm, connected by two horizontal traverses (originating
a closed magnetic circuit) and of two water-cooled magnetizing coils covering most of the
vertical columns. To avoid undesirable gaps between contact surfaces, machining had to be
done with great care and locking nuts had to be well tightened. To minimize end leakages
of magnetic flux and to favor approach to saturation in the regions covered by magnetizing
coils, horizontal traverses were manufactured with cross sectional areas (11x4 ,̂8 = 52.8
cm ) appreciably greater than those of the vertical columns (IT 4.7 /4 = 17.3 cm ). Steel
C20 was adopted for the vertical columns because of its similarity to the cold-rolled steel
that, according to Hughes , is particularly suitable for STE investigations. For the co£
per magnetizing coils use was made of a hollow conductor with 0.8x0.8 cm cross section
and a 0.5x0.5 cm cooling passage. Each coil consists of two layers (an inner winding and
an outer one) both comprising 55 turns distributed over a total length of about 50 cm.

(#) Present address: c/o AMN Impianti Termici e Nucleari, Genova, Italy.
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Inner and outer windings are fed in series and cooled in parallel from the top. Consequen-
tly hot spot occurs at the bottom end of the coil where a safety thermocouple was located
with the functions of actuating reactor shutdown and of reducing magnetizing current to ze-
ro in case of loss of coolant accident. Windings insulated by mica tape and coated by aral-
dit were mounted on a 0.2 cm thick, 56 cm long brass tube, having an inside diameter of
5.3 cm. The magnetizing coils could be connected with each other either in the boosting
or in the bucking way. The magnetizing current was supplied by a purposely designed vol -
tage-stabilized d.c. power generator capable of delivering to the magnetic apparatus a
maximum current of about 1200 A at 33 V. Rise time to full power was about 8 sec. For
cooling of the magnetizing coils, use was made of a closed circuit utilizing the deminera-
lized water in which both the reactor core and the magnetic apparatus were immersed. For
reactor experiments, the apparatus just described was inserted into the.central cavity of
the Ritmo nuclear facility, a description of which is reported elsewhere . Thermocouples
located at the hydraulic entrance and exit of magnetizing coils showed that, with 1200 A,
temperature of cooling water circulating within coils at about 396 cm /sec, a flow-rate
which required a pressure difference accross coils of about 6 Atm, rose from about 20
to about 40 °C. Reactor tests were performed according to the following procedure. With
unexcited coils and cooling water circulating a* constant flow-rate, the nuclear reactor
was brought to critioality and its power was accurately stabilized at low level (about 30
mw) for not less than 15 minutes. At this point the magnetizing current was turned on
and reactor power was allowed, without touching control rods, to increase up to an up-
per level (not greater that about 0.6 w) during a time interval comprised between 10 and
15 minutes. When reactor power was approaching the upper limit, the magnetizing cur-
rent was reduced to zero with the consequence that in general the reactor power stopped
rising and leveled off around the value of 0. S w. According to theoretical and numerical
analysis , the response of the nuclear reactor to magnetizing current may be interpreted
as a combination of thermal and magnetic effects (heating of cooling water and magnetiza-
tion of vertical columns). The separation of these two effects was attempted by compa-
ring the reactor response produced by the magnetizing current circulating in the coils
connected in the boosting way with the response observed when an equal current was
circulating in the coils connected in the bucking way. By this stratagem it was possible
to obtain different magnetizations of the vertical columns with the same heating of the
cooling water and with unchanged materials in the reactor core.

3 - Measurement of magnetic field

Magnetic measurements were performed with the apparatus removed from the nuclear reac_
tor core. In an attempt of measuring both the average magnetic field H and the average
magnetic induction B in C20 sies! we used two pick-up coils, having tho same number of
turns N, wound one over the other on rigid nylon rings and connected in series opposi-
tion, located on the apparatus midplane within the 3mm gap existing between brass tube
and vertical column, as schematically shown in Fig. 2. Voltages E. and E. induced in the
pick-up coils during the variation of the current circulating in the magnetizing coils were
sent to two integrators, each consisting of an operational amplifier with capacitive feed-
back, gain A » 1 and time constant T — RC =»=»T/A where T is the time interval during
which the magnetizing current varies. By applying the law of electromagnetic induction
it can be shown that the variations of magnetic field and of magnetic induction caused
by a given variation of magnetizing current are given by

AH - V . T.A A

A B - V , | / ( S C N ) - VA V S | - S C ) / [ ( S O - S 1 ) S C N ]

where V and V. are the voltage outputs of the integrators, S is the cross sectional
area of the vertical column and S , S are the areas intercepted by the inner and outer
pick-up coils respectively.

In an effort to reduce possible effects of eddy currents on induced voltages E and E.
we increased the rise time of the d.c. power generator from 8 to 13O sec. To allow a
better understanding of the phenomena involved we simultaneously recorded the magneti-
zing current i and the outputs V and V. of the two integrators. Magnetic measure-
ments were performed as follows. Magnetizing current was varied from zero to +iM ;
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consequent outputs V , V were taken and used to determine corresponding AH, A3 by
eqs. (2) and (3). The same procedure was followed in the subsequent variations of mag-
netizing current from +i,. to zero, from zero to -i end from -i to zero. The va-

M M /vi
lues of H and B corresponding to a given value of i were obtained by averaging AH
and AB over several cycles of magnetization. A typical recording of half a cycle perfor-
med by magnetizing coils connected in the boosting way is schematically shown in Fig. 3.
Final values of V present a difference which is indicative of an appreciable residual
magnetization; with magnetizing coils connected in the bucking way this difference prac-
tically disappeared. It can also be seen that during the steep variations of V , the output
V . remains unchanged; this fact may be ascribed to the eddy current induced in the mag-
netizing coil by the large value of dB/dt occurring in the vertical column. It was also
found that eddy currents induced in the vertical columns influenced the outputs V so much
that, for large magnetizing currents, the B values for boosting and bucking connections
came out to be inconsistent. As a consequence the use of eq. (3) had to be abandonee be-
cause of the difficulty presented by the correction of V for eddy currents effect. On the
contrary it seemed right to correct the outputs V by extrapolating them linearly as
shown by the dotted segments in Fig. 3. Thus for the highest magnetizina current used
(about 1200 A) the magnetic fields were found to be H(Boost) = 2. 856x10 A/m and
Hi3ucl<)~ 2.792x10 A/m. Notice that, although smaller than the probable error on H
(about 3'•''), the difference H(Boost) - H(Buck) can be considered correct because it
was found to decrease with increasing magnetizing current and because no variations we-
re caused in the pick-up coils by changing the connection of the magnetizing coils.

•?•>. other pairs of pick-up coils located along the vertical column it was verified
tl-.et tlT" u\i,il distribution of H was flat within experimental errors under 90% of the ma£
net z/XV? c o ' ' i ' n accordance with the results of calculations carried out by the LIMA
code

4 - Determination of magnetization

Since it was not possible to make reliable measurements of B by the pick-up coils, we
resorted to an independent determination of B vs. H. This was done by oscillating a
small sample of C20 steel (having diameter and height of 3 mm) in a Bitter-type magnet
and by utilizing a vibrating sample magnetometer at Naval Ordnance Laboratory, Silver
Spring, Maryland, USA. .The results of the measurements carried out by A.E.Clark for
H varying from 7.95x10 to 1. 11x10 A/m are shown in Fig. 4. Error on magnetization
is about 3%. To obtain, .magnetization at saturation, use was made of the following law of
approach to saturation

M(H) = M ( 1 - a/H - b/H2 ) + X H . ( 4 )

By least-square fitting of the experimental data, the four parameters were found to be

M = 1.9357 T, a = 6.1578x10 A/m, b = 2.3100x10 A /m and X = 2.4522x10" Tm/A.

ltSfollows M(Boost) = 1.8392 T and M(Buck) = 1.8357 T.

5 - Results and conclusions

Using eq. (1) with the values obtained in the previous section shows that, for the magne-
tizing current of 1200 A, the deviations from magnetic saturation were s(Boost) — 4.98 To
and e(Buck) — 5. 15%. By these deviations it can be seen that in our experiment the depo_
larization factor was about 1.99% with boosting and about 1.92% with bucking connection.
These evaluations denote a very poor utilization of STE and a difference of magnetization
too small to permit a sure separation of thermal and magnetic effects in nuclear reactor.
Probably, the use of superconducting coils, although of difficult implementation, could be
useful for obtaining a higher magnetization from one side and for avoiding thermal effects
from the other, two facts which should allow the observation of a pure magnetic effect in
nuclear reactor.
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Fig. 1 - Magnetic apparatus used

in nuclear reactor .

Maqnetiiino coil C20 steel column Outer 1 p i c k l , r
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Fig. 2 - Schematic arrangement for

magnetic field measurements .
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magnetometer.
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METHOD FOR CALCULATION OP THE I.IAGIII3TIC

FIELD ON SOLKIJOID AXIS

G.R.Solovieva

The All-Union Medical Sngineering

Research Institute

USSR,Moscow 125422,Timiryazevskaya street 1

Summary

A simple method is offered for

rapid calculation of magnetic field

along a solenoid axis. A mean radius

was chosen as a normalizing constant

instead of commonly used inner radius,

and normalized solenoid thickness as

the main solenoid parameter. To define

magnetic induction the following para-

meters are to be needed: normalized

solenoid thickness and length, norma-

lized axial distance of a point from

the solenoid face, the mean radius and

effective current density.

Calculation of magnetic field for

solenoid of preset configuration, or

optimal solenoid shape definition to

solve particular problem can be.find

in special literature in detail. Re-

sults are presented as formulae, ta-

bles and graphs, permitting field cal-

culation mainly at the solenoid geom-

etric center. Formulae and tables for

the field at points not coinciding

with geometric center are also knov.r.

(D,(2),(3),(4)i However, curves for

magnetic field distribution along the

axis are normally restricted to some

specific geometry. Interpolation or

extrapolation through these curves is

rather complicated.

To simplify the calculation pro-

cedure a mean solenoid radius

CM

0 ,x

Fig.1 Solenoid geometry

was taken instead of generally used

inner radius R.. (Fig.1). IIow, normal-

ized thickness t and normalized

length 1 can be expressed as

(0<t<2) and 1 (2)

and normalized axial distance of the

point from the solenoid face is

x = | ? (3)

^ For solenoid magnetic field

calculation the nondimentional coil

parameters a., ft, z are routinely

used. 3',which in our presentation

(Fig.1) can be expressed as

X + 0.5'L

These parameters are related to terms

x by the equations

2 + t

or vice-versa

R1R =
R2

(1)
1 = x =
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With the data designation accept-

ed and a uniform current density, the

solenoid magnetic induction can be de-

fined from the equation ^

B = O.O1TA«;j/}«2R , mT (4)

where O.O1fA(t,l,x) - factor related

to the coil shape and the

coil position, mT«cm/A ,

j} = effective current density,

A/cm ,

= mean diameter, en.

0.01 i r A

Pig.2 is a norao~ra~. plottc in •.

half-logarithmic scale with axis cal-

ibrated in' 0.01-FA and x . All

curves have numbers corresponding to

particular t- and 1-valuec. For

different t the curve families are

similar. At l=const the 0.01tf"A-

factor will be practically propor-

tional to t ^K

Hence,the curve family for the

fixed t is universal and both inter-

polation and extrapolation can be per-

formed by parallel transfer of the

curves in Pig.2. For the sake of sim-.

plicity the curves for 1=0.5; 0.2; 0.1

given in Pig.2 only for one family

(t=0.5).
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Pig.3 is a detailed pattern of B = 0,448.j/i (center),
the curve.family for t=0.1. Here the 0,384-j^ (1 cm inside),
notation C=0.01TA is introduced. Por 0,352-iX (face),
the t chosen, C-values found by the 0.320-jA (1 cm outside)
nomogram are to be increased by 10»t in mT, where jA in A/cm .
times. Thus, to calculate magnetic in-
duction by means of these "universal"
curves, equation (4) should be re-
arranged in the form

B = 10»Ct*j^.2R , mT (4a)

where C(l,t) to be defined from

Pig.3.

This way of calculation gives

theoretical error not more than

3/5 for t^0.5 and
10% for 0.5<tJ$1.0

according to computer check-up.

Application of the method propos-
ed is illustrated by the following
example.
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Example
5. G.R.Solovjeva, "Ibmogram for

Magnetic induction on the solen- calculation of magnetic induction on
old axLs is to be find at its geomet- solenoid axis", Elektrotekhnika (USSR,
ric center, its face and as well 1 cm in Russian), Sept. 1976, no.9, p.52.
inside and outside from the face. Sol-
enoid dimensions are: inner and outer
diameters 12 cm and 28 cm respective-
ly, length - 10 cm.

Solution. Prom the above condi"
tions: R- = 6 cm; Rp = 14 cm; L =10 cm;
T = Rp~^1 = ® cm' X = r5 cm (center),
-1 cm, 0 (face), +1 cm.

Prom formula (1) B. = 10 cm, .and
from formulae.(2) and (3) t.= 0.8;
1 = 1 ; x = -0.5; -0.1; 0; +0.1.

Then, from the curve 1 a 1 (Pig.3)
we get C = 0.00280; 0.00240; 0.00220;
0.00200.

Thus, magnetic induction at the
points given is to be defined from
formula (4a)s
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AN AUTOMATED DEVICE FOR MAGNETIC FIELD MEASUREMENTS

WITH HALL-EFFECT PROBES : THE BAMHALL

C. BAZIN, M. OHAYON , R. LESZEK, J. PAGOT, M. RENARD, J. RYPKO

Laboratoire de 1'Accelerateur Lineaire - IN2P3 - 91405 ORSAY France

Summary

Realization of a magnetic measurement device is described. Logic circuits piloted

from a mobilebenchboard allow automatic programmed displacements and recording of the Hall

tension (two field components in one point with a rotating thermal-regulated probe). Both

topologic and magnetic data are output on punched cards after treatment in a u-processor

including probe calibration. Mechanical and electronic points of view are successively

out 1ined.

versus precision, frictions outcoming from

sliding in the guide-bars, from cables and

sheathes tensions, ... Engine/screw clutch

coupling has been peculiarly studied (ali-

- Introduction

I iie purpose of this realization was to

complete our Laboratory magnetic measure-

ments equipment (mainly based on rotating

coils apparatuses) by a really versatile

and easy to implant device using the Hall

effect.

The two main parts of this work, mecha-

nics and electronics, were published in

CKAM theses ( 1 ) ( 2 ).

The reached aims are : programmable au-

tomation in cartesian coordinates of the

field map topology and efficient data proces-

sing by the direct exploitation of the Hall

signal through a g-processor and output on

a card puncher.

The data are for each XYZ point, two

orthogonal field components measured after

an automatic n/2 rotation of the Hall probe.

gnment, dilatation, transmission gear, vi-

brations,...). Some of the main parameter are:

- for the carriage:

•US. I

X

z

It*)

lea prob

(3

1

0.

0.

t.r

250

450

475

to

5.

5.

aa

! s - ' i

10"3

0"J

QUll

9'J0

.«-

c

.01

.01

.01

T

mass (kgl

;oo

10

- for the roller-screws :

ts-.i

JO

te

O.JO

O.M

91.3

5S 9

•„.:.::'

2. - The mechanical part

Fig. I gives a global description.

Details can be found in ref

2.1. - Cartesian topology cinematics and

dynamics

The XY displacements are made by means

af ASTROSYN (34 PM C 206) step by step en-

gines driving roller-screws with automati-

cal slack taking-up. The parameters were

fully computed : stroke, speed advance

2.2. - The probe and its bearing-shaft

The measurement cell is of a classical

thermo-regulated type. Its originallity re-

lies in the small required dimensions consis-

tent with the n/2 proper rotation for the

picking up of two orthogonal field components

at the same point (a 3-D pick up is now and

then surveyed).

The bearing-shaft was to be the result

of an optimization between the as little as

possible cross section and rigidity with the

use of amagnetic materials.

+ actually in the GANIL Group
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©

L,

2.

3.
4.

5.

6.

'.

8.

9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Frame

Adjustment screw-jack

Support jack

X runner guide-cabii-

X runner

V runner

7. runner

Bearin^-probe shaft

Pneumflt IL engine

Hall probe

Alignment device for magnets

X axLS guide bars protection

Y axis guide bars protection

X bearing cable chain

Y bearing cable chain

1 bearing cable chain

Mechanics-electronics junction sh

Electropneumacir rack.

.The BAMHALL mechanical set _
ftg: 1 _. 0,500 m

A computer code has been made to

obtain Che design of the realized hollow

AU4G shaft. The maximum camber (~ 2 mm for

I.73m long) is compensed at the embedding

to get a zero slope at the probe end.

2.3. - The pneumatic probe device

The pneumatic energy has been choosen

to assume the movement of the Hall crystal.

The active part is a pneumatic rotary vane

jack.

The standard - H/2 rotation time is

.114 s.

The stability of the network and its

reliability has been verified.

2.4. - Coupling with electronics

The mechanical whole is essentially

mobile and able to be set close to nearly

any magnetized volume. It is linked to the

electronics by a 20 meters "umbilical cord".

Some of the involved problems have been sol-

ved by optical ways. E.g. : optoelectronic

isolators between engine power and low level

logic circuits, preset of the geometrical

location with optical fibers (200 steps per

engine turn are converted in a 256 words

flow through an angle-coder giving a resolu-

tion of less than .01 mm).

3. - The electronic system

The assumed functions are management

of the automatized step by step engines

and both topologic and magnetic data pro-

cessing.

Besides, the magnetic data are conver-

ted from tension to magnetic units through

a y-processor including the probe calibra-

tion values.

All the functions are piloted from a

mobile benchboard as seen on fig.2.
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3.1. - The step by step engines automatic

system

The working diagram, mainly of a boo-

lean logic, is described on fig.3.

A clock (CP) produces the required

pulses via a phase-distributor (DPH), when

being submitted to the "elementary path

block" (PELM block) as to the "measurement

path block" (PMES block).

Both of the blocks are composed of a

counter (CPT PELM or PMES) including a

programmable threshold through a compara-

tor (COMP PELM or PMES) and a program

(PROG PELM or PMES) supplied by a common

programmation bus.

The engines starting rise has been

sophisticated, to reach a speed of 1000 steps

per second.

3.2. - The magnetic measurement system

The working diagram is described on

fig. 4.

The aim is to pickup the Hall signal

and to store its numerical value. By means

of a semi-analogic/semi-logic system, the

program executes two successive measures,

the value being only memorized after a posi-

tive comparison.

Fig. 2 - The benchboard

.ENGINE AUTOMATISM SYNOPTICAL SKETCH-

1 start engine I | visualization I

Fiq:3
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.MEASUREMENT AUTOMATISM SYNOPTICAL SKETCH-

R2 I"I

Fig:4

The cadencer gives synchronous sequen-

ces to the analog digital converter (CAD),

its storage log (RSTK) and to the compari-

son multiplexer.

A measure multiplexer (multi B1/B2) is

also in work for the two local field comp-

nents.

The system controls and visualizes the

Hall current supply (100 mA within 10-5),

the thermal regulation (- .1°C giving 10

on the Hall tendon) and other parameters.

3.3. - Complementary functions

The system involves too an automatic

sequence for the proper rotation of the Hall

crystal, a coupling device for the IBM 026

card puncher (BCD/decimal coders, 5V-15OV

level translater including optoelectronic

isolation,...), the initialization of the

runners location.

Lastly, the probe calibration (EMN

reference) is entered (15 degrees fitting

polynom coefficients) in a u-processor

translating in magnetic units the punched

data.

4. - Conclusions

This versatile device presents a lot of

advantages. For a quite moderate investment

it gives a really good precision (typically

10 pm in geometry, reproducible in a thermal

stable area, and a few 10 precision on ho-

mogeneous field measures) so as an establi-

shed reliability. The smooth working is achie-

ved thanks to the mobile benchboard contai-

ning the whole electronics, only needing a

standard grid power supply, and thanks to the

punched cards easiness of use for - seldom -

corrections or for any further purpose.

Moreover, the electronic station may be

usable with any other ad-hoc mechanical whole.

(1) R. Leszek - CNAM Thesis (Mechanics) -

Etude et realisation d'un bane automatique

de mesures magnetiques.

(2) J. fiypko - CNAM Thesis (Electronics) -

Systeme automatique de mesure par effet

Hall.
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EEXPANSIONS OF THE ROTATIONAL SYMMETRIC MAGNETIC FIELDS

INTO ZONAL HARMONIC FUNCTIONS

L. Vesel^

Technical University, Brno

Svaunary

Expansions of the rotational sym-

metric magnetic field into zonal

harmonic functions (further ZHF) are

given for different field and source

quantities with respeet to their mu-

tual relations. Further the following

theoretical results are introduced:

transformation of expansion coeffi-

cients with the origin shifted along

the z-axia, convergence of the power

expansions in cylindrical coordinates,

and a new formula for the mutual

inductance.

1. Introduction

The method of expansions of rota-

tional symmetric magnetic fields into

ZHF has been renewed and elaborated

by Garrett^'-^'into the form,suitable

for the field synthesis. It has been

applied successfully in solving fields

with great homogenity. Garrett intro-

duced also other applications. However,

a general and unifying wiev taking into

account' different field and source

quantities has not been found. And this

is the main task of the presented

work, which in its conception following

* ^ shows some results of the un-

published work and gives a new

formula for the mutual inductance.

All space is considered to be

vacuum with given sources. With respect

to the character of sources we choose

the corresponding potentials, satis-

fying Poisson's differential equations

the integrals of which are:

(1)

P is the field point, Q is the source

point, r* = PQ, dv' is the source vol-

ume element. B, which is considered

outside the source region is expressed

in potentials:

? t B= curl A,

*y * = _ dfts TT . (2)

Spherical and cylindrical coordi-

nates are (r,/̂ ,«) and(/?, Z,ot) res-

pectively. The coordinates of the source

point are denoted with a prime. Con-

sidering the axial symmetry ''/doc = 0,

the following vector components not to

be equal to zero are: B r , Bj, reap.

Bz , Bf ; A* , J., ; W*, JT*\ *? , Uz .

The plane, in which the z-axis lies, is

denoted as & plane.

2. Expansions into Zonal Harmonic

Functions

Expansions are investigated for

the following field_ouantities: B I

Cf*tk], TlVa/nl , TTfLa] and volume
soujce quantities: * ^

J/A/nf] , If [A/a]
Fig. 1. Different regions with respect

to the source
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The expansions into ZHF are ob-
tained (4) from (1) where r* is ex-
pressed in spherical coordinates,
dv'= r'ainldadV, where ds' is the
surface element in the 6 plane, then
1/r* is expanded into the infinite
series with Legendre 's polynomial}in
two ways, depending on the condition
wheather r' > r or r'< r. Further the
summation thsorem, integration with
respect to oC and orthogonality of tri-
gonometric functions are applied.

Fig. 1. 8hows the source (coil)
with an inscribed sphere TO(I-J and a
circumscribed sphere rg(e). All space
is divided into three regions: inter-
nal (i), medium (a) and external (e).
The condition r'->r restricts the field
investigation on the internal region
(problem A - central field) while r'< r
restricts the field investigation on
the external region (problem B - remote
field). Using this method is not poss-
ible for field investigation in the
medium region.

The expansions for potentials and
representations of coefficients by in-
tegrals are given in Tab. I for problem
A and in Tab. II for problem B. ZHF:
r"Pn , r

BP^, PB/r"* and P^/r" occur in
the expansions. Then the source func-
tions qw, q"n, pn and p'n appear in the
integrals for the coefficients. Tab. I
and Tab. II show also the expansions
for Bz, B~, rBr and rB^, which can be
obtained from (2), and also the mutual
relations among the coefficients which
allow an easy transformation from one
field quantity to another. -

3. Expansion Coefficients

Tab. I and II show only the cases
with volume source distribution, which
result in surface integrals in the d>
plane. (Primes are omitted). The sur-
face source distribution ( o[k/m] ,
K £k/ml , W[kV results in a line in-
tegral in the 6 plane and in the case

of line source distribution ( V fAj,
I [ kl, J^fAmJ) the circle filament in-
tersects the <S plane in a point. The
surface integrals in Tab. I and II,
however, must be substituted as follows:

i Js

dt

pi at
In certain cases, the expression

of source functions in cylindrical co-
ordinates, given in Tab. Ill, can be
applied.

Tab. III.Source functions, in
cylindrical coordinates

£

In

-

=

fc.O
k

k-0
k»

1k.8

£
nk =

•y ; n even

^1 . n odd ~f- ; n odd

The source quantities being con-
stant over the integration region, which
is the most frequent case, can be put in
front of the integral. In addition to,
if the integration line or the segments
ot the surface boundary coincide with
coordinate lines (in spherical or cylin-
drical coordinates) the integration can
be easily performed by means of in-
definite integrals, which we will call
generalized source functions. The most
important functions are given in l l~3' f



and a systematic review in .
For the coils we must put:

(4)

is the surface winding density
and N^fl/m] is the line winding density.
In the last case of Eq.U), a coil of
N turns and of negligible crossection
is considered. The coefficients C,, and
DM can be expressed by cw and dn ,
depending on the coil geometry only:

tf,J

For the case of linear winding density
N^ and the coil of N turns and of
negligible crossection, in (5) we must
substitute:

In general considerations was not
necessary to introduce dimensionless
quantities. In numerical calculations,
however, it is suitable to normalize
lengths to rc .The dimensionless quan-
tity f" is:

F = r/rD . (6)

4.Transformation of the Expansion
Coefficients when the Origin is
Shifted along the z-axis

Eq. (7) for problem A is given by an
infinite series which restricts the
usefulness of the obtained results. Eq.
(8) for problem B is expressed by a
finite series. Thus (8) can be applied
in the calculation of expansion coeffi-
cients for the arbitrary position of
sources when the coefficients for a
special position (e.g. for the origin
in a plane of symmetry) are known.

5. Power Series in Cylindrical

Coordinates for Problem A

Ordinary series, e.g.:

(9)

can be derived easily from the expan-
sions into ZHF, when variable origin
with the coordinate/ is used (Fig.2).
For the origins 04', 0̂ ',.. the field
points P(z,P)are taken for z =/ . The
given method allows to find the suf-
ficient convergence condition. Circles
c1 , c2 ,.. with centres 0<f' 0/.. are
constructed in such a way to touch the
source. Perpendiculars to the z-axis
passing these origins cut the circles
in points P4 , Pj,...which determine
the convergence region.

\

Let the new origin o'with respect
to the old one 0 be shifted along the
z-axis to the position off, thus:
z '* z-f . Transformation expressions
can be derived e.g. on the base of
transformation expressions for the
source functions . Results for C,.
and Dn are:

CMS

(7)

u- • (8)

In these formulas, binomial coefficients

occur. The inverse transformation needs

to interchange n'j£n and. $ ~* -f .

Comtrjtncef ^ N J S
boundari) | c l / ' " ~ '

W7^

K *•<• in it •;

Fig.2.To the convergence region of
the ordinary series.

When, however, the z-coordinate
of the point P ia taken different from
/ which is given e.g. by function
/ = f(z) (Fig.3), the generalized series
is obtained. It can be found when we
express ZHF in cylindrical coordinates:



- 875 -

k*

2ik(ki)i(n-2k)iJ> (Z~^ •
k=o (10)

Fig. 3. shows the convergence region,
which is bounded by points ¥j , P/,.. •
Thus the convergence region can be
extended.

V
\

h "

Fig.3.To the convergence region of
the generalized series.

6. Mutual Inductances

ZHF have been applied for the
mutual inductance calculation of two
coils c and c', separated by a sphere
of Te (Fig.4). The formula, in our
notation, is: ae'

C"d" . (11)

Another formula has been found
for the case when both coils are placed
within two different mutually not
intersecting spheres with centers 0
and 0'(Fig.5):

The.derivation is based on finding
Bo

cn"1ta)of the coil e'in the point 0
and on expressing the flux linkage of
the coil e when these derivatives
are used. The first term of the series
for k = 2:

corresponds to the mutual inductance
of coils with negligible dimensions.
Then, H can be expressed:

The deviation from the "point coils"
6 can be expressed by a sum of contri-
butions

T
Pig. 4. To the K g . 5. To the

formula (11) formula (12)

7. Conclusaion

The work shows the review of ex-
pansions of rotational symmetric mag-
netic fields into ZHF. Expressions for
the given magnetization, which needs

not to be in the z-direction, can be
applied for the field calculation of
permanent magnets. Further some theore-
tical expressions completing the
method of ZHF have been shown.
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A FULLY AUTOMATED FACILITY FOR MAGNET FIELD MEASUREMENTS AT THE DARESBURY LABORATORY

by

M.W. Poole and R.P. Walker

Daresbury Laboratory/ Science Research Council, Daresbury, Harrington WA4 4AD, U.K.

Summary

An improvement programme to the magnet measuring facility at Daresbury Laboratory has now
been completed. The main feature of the Hall probe system is the high degree of automation in
data acquisition, storage and analysis, which has been achieved by the use of a dedicated mini-
computer and a data link to the main Laboratory computer.

1. Introduction

Following th« experience gained on measurement of NINA alternating gradient magnets, and
also of the programmed quadrupoles which were added to NINA during 1973, it was decided to im-
prove the magnet field measuring facilities available at the Laboratory. A general purpose sys-
tem has now been set up, and will be used primarily to test the large number of magnets which
will be required Cor the Synchrotron Radiation Source (SRS) which is now under construction at
Daresbury'1'

Over a period of some tvio years there will exist a requirement to test at least seventy mag-
nets, including alternating gradient and dipole sector magnets, quadrupoles and correction multi-
pole magnets'2'3'. It was therefore essential to develop a reliable, accurate system capable of
rapidly measuring a variety of magnets. The facility has been automated to the greatest possi-
ble extent, based on a dedicated minicomputer and CAMAC interface units; positioning of the Hall
probe is accomplished by stepping motors on each of the three orthogonal axes of a precision
lathe, and both this operation and the subsequent data acquisition are controlled by the mini-
computer. Use of a high speed data link to the control computer of the Laboratory greatly en-
hances the power of the system, simplifying the task of the human operator and permitting imme-
diate, sophisticated data analysis techniques.

2. Field Measurement

The requirement for a general purpose measuring system that will be used for many different
types of magnet over a wide field range, together with the desired high level of automation, has
led us to consider Hall plate and coil/integrator systems for field measurement. The preference
for the Ball plate is based on the fact that the electronics associated with them is simple and
is less prone to drift and therefore requires less calibration. Two disadvantages that had to
be overcome, however, were the nonlinear variation with field, and the variation with tempera-
ture. The Hall plate used is a Siemens FC32, operated at 100 mA provided by a constant current
stabilised power supply.

2.1 Calibration

The Hall plate voltage is only approximately proportional to the magnetic field, and so it
is necessary to calibrate it against an absolute measurement of field such as is obtained from
an NMR probe. In order to extend the calibration below 0.2 T, when the NMR signal is too weak,
a search coil and integrator was used as a secondary standard.

The Hall plate, NMR probe and search coil were positioned in a W17 magnet, which provides a
homogeneous field over the range O.OO1 T to 2.0 T. A straight line fit was made to the readings
of search coil and NMR probe, and then a polynomial was fitted so as to obtain the field as a
function of the Hall plate voltage. The calibration error, which was calculated using the esti-
mated errors in the coefficients of the polynomial, was less than 0.5 * 10"1* T below O.2 T, ris-
ing to 1.0 x 10"1* T at 1 T. •

2.2 Temperature Correction

The main disadvantage of using the Hall effect to measure magnetic fields is the linear var-
iation of the Hall voltage with temperature. It is usual to overcome the temperature effect by
either enclosing the Hall plate in a temperature controlled oven'1*', or by using a compensating
network involving a thermistor'5'; such methods offset some of the advantages of using a Hall
plate for field measurement. In this system a thermistor is located close to the Hall plate,
and the voltage across it, which varies linearly with temperature, is read out automatically at
each data point. The correction for temperature is made at the deta analysis stage when the,
calibration is used.

The variation of Hall plate voltage with temperature was investigated at a number of field
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levels by heating the air around the probe. The cooling curves show a linear variation of volt-
age with temperature:

(1)
ii HQ

+ ct AT

where V_, V are the Hall plate voltages at temperatures T, Tna nu ( u

AT « T — Tn

and a i s the temperature coefficient.

The quantity a was found to vary linearly with f ield and hence with VHO"

al VH 0

0"l|/0CThe measured value of oij was - 7 x lo~V C, and of a0 was 3 pV/ C.

Combining these two equations and re-arranging them gives:

V.. - an AT
HO 1 + AT

(2)

(3)

This formula gives corrected voltages V , corresponding to the temperature T o, from the obser-
ved values V at temperature T.

n
2.3 Probe Assembly

The Hall plate and thermistor, type YSI443O2, were mounted with conducting Araldite in a
specially constructed stainless steel cube. Fig. 1 shows the probe head and the cube, which can
be orientated so as to measure field components in any of three mutually orthogonal directions.
For many applications only vertical components are measured.

Fig.l Hall probe assembly

3. The Measuring System

Measurements are carried out in a specially developed air-conditioned area, which has avail-
able two Brentford 400 kw stabilised d.c. power supplies, an electrically controlled water cool-
ing system and a W17 magnet for calibration work. Fig.2 shows the lathe in the test area, with
a pair of SRS combined function magnets in position.

A block diagram of the system is shown in Fig.3. An 8k PDP 11/05 minicomputer performs the
tasks of positioning the probe and readout of data via CAMAC equipment, and is connected to the
Laboratory IBM 370/165 computer by a CAMAC fast serial data link.
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Fig.2 Daresbury Laboratory magnet test facility.
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Fig.3 Block diagram of the measuring system.

3.1 Probe Positioning

The probe head is mounted at the end of a 2 m long tapered aluminium alloy beam. This is
attached to a large lathe that allows measurements to be made in a volume of 2.4 mxl.O mxl.o m.
Backlash in the lathe has been reduced to less than O.I mm by use of pre-loaded ball thrust bear-
ings. The probe is positioned by stepping motors(9> on each of the three axes of the lathe. The
large torque required to operate the lathe, together with the need for an acceptable speed of
travel, has necessitated the use of exceptionally large stepping motors and drive unit. The out-
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put from a single drive unit'10' is switched between the three motors by a relay selection unit
controlled by a standard CAMAC output driver. The required niimber of pulses are generated by
the output unit and are fed into the drive unit, which is fitted with a buffered translator and
generates the ramp up and down for the motors. The motors have a maximum rate of 8000 steps/s,
producing a speed of 3.7 mm/s for the probe itself.

In addition to computer control of the stepping motors, the probe can also be positioned
manually by means of a specially built control box. This allows the probe to be inched in small
steps, and is very useful for the initial alignment of the probe in a new magnet. On the long
axis of the lathe there is a d.c. motor, operated by a manual clutch, allowing fast traverse at
a speed of 27 mm/s.

3.2 Data Acquisition

The data at each point, taken while the probe is stationary, consist of the three probe co-
ordinates and five voltages, corresponding to Hall plate output voltage and bias current, therm-
istor voltage and current, and magnet current. The various voltages are read in turn by a Solar-
tron LM16O4 DVM, the inputs being selected by a multiplex unit controlled by the CAMAC output
unit. The DVM readings are read in BCD format, from a CAMAC interface.

Tho position of the probe is obtained to an accuracy of ± 10 Mm from shaft encoders'11' on
e£ir!' -ixip. Eoc-h encoder produces two sxnusoidal pulse trains whose relative phase is determined
by fh" Jirocti' n of motion. These pulses are fed into interface units which produce separate
forward nml m v r s e pulses compatible with the CAMAC bi-directional binary counters from which
I' i '. <.'• I.I. li i.: i <. •- .'i l e r e a d .

An on-1 iii<5 program in the IBM 370 is in control of the measurements and storage of data.
The operator in the test area communicates with this program by use of a visual display termin-
al. All coianands and messages are sent via the data link and are interpreted by the on-line
program. There are commands for the simple tasks of moving the probe to a given point, and
reading out and displaying the data, as well as for starting a scan through a magnet.

Fig.4 is a flow chart of the operations performed by the PDP11 and IBM 370 programs after
a command to start a scan has been entered. The PDP11 program was written in CATY*6', a lang-
uage originally developed at Daresbury for the control of CAMAC equipment, and the on-line pro-
gram was written in FORTRAN. The operator is prompted for a title and parameters for the scan.
These select one of a number of different kinds of scan and give information such as the start
and end co-ordinates and the density of points. So far eight types of scan have been defined
including a straight line scan, circular scan and a composite scan for a sector magnet - with an
arc track within the magnet and straight sections at either end. A maximum of eight parameters
is needed to control the scan. After these ha"f> been entered and checked thp scan proceeds
automatically.

Scanning is performed on a point-by-point basis. The on-line program sends the co-ordin-
ates for each point to the PDP11, which positions the probe accordingly and sends back the data
to be checked and stored on disk. Such a scheme is not inefficient because the time required
for this basic operation is dominated by that for positioning the probe and the readout of data,
which is a minimum of one second. It does, however, allow for great flexibility in the type of
scan possible, since the program can construct the co-ordinates for each point according to any
given rule. If a new type of scan is required it is only necessai-y to alter the on-line pro-
gram, as the PDP11 performs only basic tasks common to all scans.

A basic feature of the system is the ability to continue a scan after any kind of failure.
This is achieved by storing the scan parameters on disk and reading them back when the system
recovers. Since data are stored after every point, no loss of data can occur.

In addition to the method of starting a scan described above, it is possible to create a
dataset containing control information, using any of the terminals around the Laboratory con-
nected to the IBM 370 TSO system, one of which is situated in the magnet test area. The control
dataset contains the same commands which would otherwise be submitted to the on-line program by
means of the terminal. A simple example of such a dataset which will perform a straight line
scan and then position the probe at the origin is as follows:

SCAN
STRAIGHT LINE SCAN FROM 1,1,1 TO 2.5,3.0,3.5 IN 20 STEPS
3,1,1,1,2.5,3,3.5,20
DRIVE
0,0,0
END

After entering a certain command to the on-line program it will proceed to read the commands and
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IBM 370 Program
Un Fortran)

Pig.4 Operations performed in the PDP11 and IBM 370 during a scan.

parameters from the dataset rather than from the terminal. A control"dataset can contain infor-
mation for hundreds of operations, and this method has already been used to control a whole day's
measurements. Such a facility saves time and reduces operator errors. Any number of datasets
'-.an be set up for different series of routine measurements.

The on-line program writes the data onto a disk file. This is large enough to take all the
measurements on one magnet. To be certain that no data are lost, the data are copied onto tape
after every session automatically.

5. Data Analysis

After a scan has been completed the data are immediately available for analysis. A routine
has been written which will retrieve the data of any scan from disk or tape.- and apply the tem-
perature correction and calibration, putting the data in a suitable form for analysis. Basic
analysis routines such as area integration, curve fitting and Fourier analysis have been written
for general usage, as well as complete analysis programs for the main types of scan that will be
performed on the SRS magnets.

The operator can initiate any analysis program from the on-line program. It will prompt
him for information such as the list of scans to be analysed and the program name, so that he
need not have any knowledge of how to retrieve the data, or in the case of standard programs how
these work. In addition analysis programs can be run from any of the Laboratory TSO terminals.
Output is obtained within 10 minutes on the printer in the main computer room, or it can be di-
rected to a TSO terminal. Graphical output is also available on a Versatec plotter.
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Pig.5 Sample output for a circular scan on the SRS multipole magnet.

Fig.5 shows a sample output from a circular scan on the SRS multipole prototype magnet. It
is a plot of vertical field component against angular position in the centre of the magnet. The
field is due to a superposition of the main sextupole field and the quadrupole field produced by
the multipole coils. A Fourier analysis program is available which gives the toultipole coeffi-
cients for such a scan.

6. Conclusion

The system described is fully operational, and has been used for magnetic field measure-
ments on the SRS combined function'?) and multipole'"' prototype magnets. The facility for auto-
matic control of a large number of measurements is being used at present for tests on the pro-
duction of combined function magnets that are to be installed in the booster synchrotron. Fur-
ther developments of the system will include modifications to allow a.c. magnetic field tests
to be carried out, and computer control of the fast traverse motor after replacing the manual
clutch with an electrical one.
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Three Dimensional Stress Calculation of Toroidal Coil
by Finite Element Method

Susumu Shimamoto and Hidetomo Nishimura*
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Tokai-mura,Naka-gun,Ibaraki-ken,319-11 JAPAN

SUMMARY
This paper describes magnet design

computer program developed in JAERI and
application of this program to an example
analysis of a toroidal coil. The program
is called JAFUSAC (JAERI Fusion Structure
Analysis on Coil) and some of the analysis
results are Illustrated.

INTRODUCTION
The absence of applicable computer

programs has been a major obstacle to
the performance of detailed structural
analyses of toroidal coils. This obstacle
has recently been overcome by the develop-
ment of finite element method. JAFUSAC,
a computer program for three dimensional
stress calculation by finite element
method, is available to estimate the
stress distribution in a toroidal coil.
As this program is able to be run not
only batch mode but also time sharing
mode in conjunction with a graphic display
terminal, it is possible to get graphic
output data by plotter, computer output
microfilm (COM) in batch center or hard
copy on graphic display terminal. The
capability and an example toroidal coil
analysis by using this program is discussed.

1. - COMPUTER PROGRAM JAFUSAC
The program JAFUSAC is actually

a set of programs that are related
to each other and must be execute
in the proper order as shown in
Fig.l. The five independent computer
programs are structured to be compati-
ble with respect to input and output.
Each of the five programs has a sepa-
rate identity and can be run Inde-
pendently. Each program has been set
up so that, when applicable, it can
also be run with edited output data
generated by one of the other programs.
The functions of these programs are
described briefly in the following
paragraphs.

1.1. - IG
The first program, the user must

execute, is IG (Input generating pro-
gram) which is used to describe the
geometry of a toroidal coil shaped
circular, oval or D-shape. Using
this program IG, it is not necessary
to assemble a deck of typically
hundreds or thousands of cards to
specify the toroidal coil geometry.
Because this program generates almost
all node and element data of the coil
geometry automatically itself except
some data-cards of key-points. And
magnetic field is calculated by
volume current integration method.
Furthermore, electromagnetic, gravi-
tational and seismic force on the
center of gravity in each element
are given simultaneously. Then,
other data, for example, support
condition, thermal force, and
anisotropy, must be add to the
previous data.

(
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Fig.l Flow chart for JAFUSAC
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1.2. - IDAC
The second program Is IDAC (Jjiput

Data Check program) which Is used to
check up the data generated by the
program IG. According to the data,
this program plots the toroidal coll
structure on the paper of plotter,
film of COM or cathode-ray tube of
graphic display terminal so that
debugging work is easy. An examination
of the picture plotted by this program
makes easy to find whether the data
are good or not.

1.3. - MESA
The third program is MASA (Member,

Element, j5olid Analysis program)
which is a general purpose finite
element program for static load
analysis of linear elastic structures.
This program is permited consideration
of iscLroplc and/or anisotropic materi-
als and calculation of Von Mises and
principal stresses at each element.
To solve a giantic size stiffness
matrix equation in this program, the
wave front method is used. At the
present time, sifce 6000x6000 matrix
equation can be.solved by less than
40 minutes CPU time.

inner plane
outer plane
side plane
conductor

0.00 o.?o 0.40 0.60
PERIMETER

o.eo 1.00

Fig.3 Example of a plotter-output
displayed by SPP
(in case of a electromagne-
t ic force condition)

• U! f l tCMON FIG. »
I UflDI N.TOI

Fig.2 Example of a plotter-output
displayed by MOP

1.4. - MOP
One of the outputting programs

for resultant data of the MESA is
called MOP (MESA Output plotting
program) that can plot induced nodal
translational displacements magnified
by a specified scale factor and super-
impose on a plot of the toroidal coil
structure. The user select the view
to be plotted. An example of a dis-
placement plot is shown in Fig.2.

1.5. - SPP
Another outputting program'the

user must execute is SPP (Stress
printing and Plotting program) that
can print and plot stresses in any
elements the user specified along the
toroidal coil perimeters. An example
of this program is shown in Fig.3.
In the figure, the longitudinal and
transversal axis signifies the Von
Mises stress a»d a fraction of the
perimeter, respectively.

2. - TOROIDAL COIL ANALYSIS
As an example of the JAFUSAC calcu-

lation, a medium size full toroidal
coil systems is chosen. An disposition
of the coil systems is shown in Fig.4.;
i.e., vertical field coils are not
drawn explicitly.
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ohmic heating (OH) coils

2.1. - PARAMETERS
The parameters used this calculation

are as follows:

TOROIDAL COIL
number of coils 18
hight (top to bottom) 4450 mm
width 2729 mm
winding cross section 480x100 mm*
overall cross section „

approximately 540x154 mm'
current density 24.5 A/mm2
weight 7'03 ton

Dutar
Plan

\
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Rdnfbrcanent
E
G
V -0.3

Conductor
(Isotroplc)

0
G •4.3»IO*lig/t>im8

V -0.3
(Anbctropic)

Imitator E« - 5 Kicft
£ , • 5 KiO* -
E , ' 1.12« 10* -

S

xlOs»

P «0.3

Fig.5 Cross section model of
toroidal coil for this
numerical analysis

2.2,

OHMIC HEATING COIL
number of coils
winding cross section
current density

VERTICAL FIELD COIL
number of coils
winding cross section
current density

100
100x40 mm^
25.0 A/mm2

88
40x20 ram2

26.8 A/mm2

The program JAFUSAC can sol-vje any
problems, in theoretically. But, at
the present time, as our computer is
not so fast enough to give proper
answers to complex problems, a coil
structure of this numerical analysis
must be modeled more simple than the
actual coil structure, as shown in
Fig.5.

- EFECT OF AHISOTROPY
In actual fact, the conductor sown

in Fig.5 consists of insulating layers
and cooling helium cannels, therefore
it must be characterized by anisotropy.
An effect of the anisotropy on the
maximum Von Mises stress which occurs
at the side plane of reinforcement is
different from that of the isotropy
on two points support boundary condition
as shown in Fig.6. On t>is calculation
with anisotroy effect, 6", Ey and Ez,
modulus of elasticity are SxlfPkg/mm2,
5xlO3kg/mm2 and 1.12xlO*kg/mm2, re-
spectively, and isotropic modulus of
elasticity E is 1.12xl04kg/mm2. The
results of the numerical analysis show
that the maximum Von Mises stress in
the anisotropic and isotropic case is
23kg/mm2 and 20kg/mm2, respectively.



- 886 -

Support

Center
Core

Support
/ against

both skta
\of ttitocoil

2.3. - EFFECT OF POLOIDAL FIELD
In this analysis, the ohmic heating

and the vertical field are considered
as the poloidal field. An effect of
the poloidal field on the stress dis-
tribution in the toroidal coil is not
remarkable. The field induced by
ohmic heating coil at the toroidal
coil winding is feeble and the vertical
field is almost parallel with toroidal
current except top and bottom of that,
so that both cases of electromagnetic
forces expressed by F=JxB vanish approxi-
mately. Therefore, the stress by the
poloidal effect is quite less than the
stress induced by the toroidal current.
It is almost never.

Fig. 6

Ground

Model of toroidal coil for
this numerical analysis
(two points support)
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2.4. - EFFECT OF SUPPORT

It is evident that the stress con-
centration with the two points support
differs much from that with a continuous
support. In case of this analysis, the
former is about four times greater than
the latter. So the two points support
only should be taken into accent in
this paper. Furthermore, difference
of stresses between a peak stress value
with infinite spring constant and that
with any spring constant, which is
called "difference of the stress" herein,
depends on spring constant as shown in
Fig.7. The peak stress with inflnte
spring constant is 15.36kg/mm2, and in
this results, it is found that the effect
of the spring constant is a little.

Fig. 7

to4
 IO6 io6 io7 to8

Spring Constant (kg/rnm)

"difference of the peak stress"
as a function of the spring
constant
(the stress with infinite spring
constant is 15.36kg/mm2)

2.5. - SUDDEN COIL FAILURE
The stress distribution is changed

when some coils are suddenly in failure.
In this case, the analysis is treated
as a static problem; i.e., some coils
in failure have no currents and other
coils have nominal currents. Examples
of toroidal field and electromagnetic
force distribution in windings of
neighboring failed or breakdown coils
are shown in Fig.8 and Fig.9. And
finally, stresses and electromagnetic
forces are shown as a function of
number of breakdown coils in Fig.10.
It is found that increasing in number'
of breakdown coils results in an
increase in unbalanced force, that is
also called 'out of plane force', and
stresses in the parts of reinforce-
ment which are inner, outer and side
plane. Then, some strength margin
of reinforcement should be taken as
a provision against this sudden coil
failure.
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~ experience field
- toroidal field
- nonal field
- tangential field

Fig.8 Toroidal fields distribution
in a coil neighboring failed
coils
(number of failed coils is 1)

-e- hoop force
~»- coapresflive force
-*- tangential force
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o

a. looo
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u
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Centripetal
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Side
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Outer Plane

Conductor

g iorces distribution
in a coil neighboring failed coils
(number of failed coils is 1)

0 1 2 3 4

Number of Breakdown Coils

Fig.10 Stresses and electromagnetic forces
in a coil neighboring failed coils
as a function of number of failed
coils

CONCLUSION
The usability of the three dimensional

stress analysis program JAFUSAC, which has
room for improvement of saving more CPU time
and core memory to solve more complex problems
as far as our conventional computer is used,
is demonstrated by its application in an
example analysis, calculation of the medium
size full toroidal coil systems. And from
this analysis following results are given.

The effect of anisotropy on the peak
stress which occurs in reinforcement is not
neglected.

The effect of poloidal field on the
peak stress is almost never as compared
with that of toroidal field.

The effect of spring constant on the
peak stress is a little.

The peak stress in reinforcement rises
with increasing in number of failed coils.
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STRAIN AND STRESS OF THE A S D E X MULTIPOLE MAGNETIC FIELD COILS

D. Jandl, M. Pilisticker
Max-Planck-Institut fur Plasmaphysik

D-8046 Garching, F.R.G.

S u m m a r y

A brief description of the technical concept of the multipole magnetic field
coils for the ASDEX tokamak is given. The various loads of the coils are
explained in quality. To compute displacement and stress of the coils FEM
computer programs are used. The computing models aoplied to this problem
are founded and the results and the conclusions are reported.

1. - Introduction

The two multipole magnetic field coils (MP) triplets of the ASDEX tokamak
induce the field for the axisymmetric divertor and the magnetic limiter. [1]
The coils must be installed within the vacuum vessel near the plasma (Fig.
1 and 2 ) . This calls for a special technical concept of the coils. To achieve
economic production of the coils and to ensure installation, the design chosen
imposes high stresses in certain regions of the material. Detailed computations
were essential to reduce the safety factor to an acceptable value from the
technical point of view.

2. - General technical concept

All coils (Fig. 3) are divided into two halves, which are force- and
current-locked by joints (Fig. 4 ) . For manufacturing reasons the MP coils
cannot be helically wound. Each turn is a slotted circular ring connected with
the neighbouring ring near the slot (current cross-over ) (Fig. 5 ) . The roils
are mounted on the vacuum vessel by supports (16 for each coil) movable to
compensate distrotions. The cross-over region and the current leadins of each
coil are placed in one of the 16 sectors divided by the supports. The joints
of all coils are situated in two other sectors.

The main material of the conductors is copper. In highly stressed regions
we use beryllium-copper alloy. All leadins consist of three conductors in
order to avoid forces resulting from the inhomogenity of the toroidal and
poloidal magnetic fields. To permit easy manufacturing the conductors within
the joints region are straightened and some of them are also cranked. All
windings are insulated from each other with materials resistant to compression
and high voltage.

The most important dates of the coils are:
a) mean diameters: MP 1 2710 mm

°)

c)

d)

e)
f)

9)
h)

3.

number of turns:

conductor cross-section:

electrical resistance
of a triplet:

inductivity of the coils:
current maximum:

heating / pulse:
stored inductive energy

- Loads

MP 2
MP 3
MP T
MP 2
MP 3

1456 mm 2

2,1 mfi
0,5628 mH
45 kA

50° C
570 kWs

3033 mm
3454 mm

4 windings
8 windings
4 windings

Normal operating conditions call for a opposite series connection of MP 1
and 3 with MP 2. The current polarity of MP 2 and the plasma are equal. The
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Sectional View, of ASDEX
1 MP Coil 1; 2 MP Coil 2; 3 MP Coil 3;
4 Vacuum Vessel; 5 Torodial field coil;
6 OH Transformer coils; m 7 Plasma;

Pig. 1

Position of Com Kith w l i r l t y of Current! «nd Lines of a n . Flux
1 MP Coll 1| 2) HP Coll 2; J) MP Coll 3
OH OlMlc hestlnj transformer c o i n
MC HultlpoW conpsnsatlng oolla
V V t r t l o l fl«ld co i l !
7 Plianm

Joints for Testing
1) for internal conductor
2) for external conductor
A) center bit B) side bars

Fig. 4

Model of Cross-over Region

I) leads-in II) cranked leads

Fig. 5

Lesds«ln »nd Croi»-»eotlon of the HP-Colla

1 MP-Coll 1; 2 HP-Coll 2; 3 HP-Coll 3i
4 Shielding Tubes; 5 Bellows; 6 Vessel;
7 Conductors or the coll;

FIB. 3

MPs are placed in the toroidal and pol-
oidal magnetic fields and in the field
of the plasma. The field of the OHs can
be neglected.

During the current pulse the MPs
are heated and stressed only by magne-
tic forces. The heating of the MPs does
not effect distortions between the

windings of a MP and thus no additio-
nal stress has to be considered. The
windings of each MP 1 and 3 and the
upper and lower windings of MP 2 form
part of a coolant loop. During cooling
between the windings arise differences
of temperature and distortions stress-
ing the conductors and the insulation.

Within a normal sector there
exist electro-magnetic forces in the
radial (r) and vertical (z) directions
but not in the toroidal (&) direction
(Fig. 6). The values of this forces are
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calculated by a computer program 12]
and they depend on the different opera-
ting conditions. Because the conductors
in the joint region are straightened
and cranked, additional forces are
exerted. This also is real for the
cross-over region. The forces stress
the material in the cross-over or joint
region and induce also bending moments
in the adjacent sectors. Furthermore,
forces arise caused by plasma motion.
The leads for stabilizing the plasma
placed beside the MP 1 and NP 3 but not
within the joints region yield assym-
metric forces within the MPs.

The loads acting to the leadins are
induced

1) by the currents in the leadins
( * )

2) by the toroidal magnetic field
(kRH)>

 and

3) by the poloidal magnetic field

( k )

Loads in an undisturbed Sector

- Position of the Holders H -

P
Force kR£ is constant to the whole length of a leadin and the forces exactly
cancel each other if the conductors are frictionally connected.The forces
kRH nearly cancel each other, because there is nearly linearity between the
toroidal field and the radius R within the conductor region. Only forces
ky D Qi do not cancel each other, but the resulting forces acting on the whole
leadin are very small, and the main point of action is in the vicinity of the
coil, only giving uncritical bending moments.

4. - Computation methods

4.1. - General aspects

To select a suitable method of computing distortion, load distribution
and stress of the MP coils we used the following general criteria:

1) The computed results must be as realistic as possible.

2) Results of a computer have to be checked. Methods with no possibility of
checking are unsuitable.

3) Easy reproduction of the results is necessary for computing several runs
to obtain optimum results.

4) The expenditure for computing has to be acceptable.

If analytic computing methods are not practicable we made use of the finite
element (FEM) method. FEM computer programs being applied to this problem are
Strudl and Sap [3 a. 4J.

A perfect way yielding exact results would be to compute the coil as one
unit. This is very expensive and the capacity of the available computer is
not sufficient. Analytic considerations show the qualitative stress in the
various coil-sectors. We thus found four types of sectors for which the stress
has to be determined:

1) Undisturbed sectors: Because of the symmetric construction ant' load in this
sectors the stress has to be computed only in one half of the sector.

2) Sector with joints: This sector is also symmetrically constructed and loaded.
Stress in one half must be computed.

3) Sector with current cross-over: The stress all over this sectors must be
computed.
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IEMS
mass

JIIHTS

FEM-Model of qeams and Trusses for a normal Sector

-undisturbed part-
Flg. 7

IE IMS

•Itlial tr

FE^-Wodel of Beams and Trusses for a Joints Sector

Fig. 9
FEM-Model of Beams and Trusses for the Cross-over Region

Fig. 8

4) Sectors adjacent to the cross-over and joints region: We have to decide
between sectors

a) near the cross-over region,
b) near the joints region,and
c) near the cross-over and joints region (this is only one sector in each

c o i l ) .

A special feature of a stress analyses for coils is always the electrical
insulation. In view of its indeterminate mechanical properties the insulation
is the most critical material of a coil. We considered two fundamental ways
of insulating the MP coils:

1) The. single conductors are completely insulated and the conductor pack is
combined by a surrounding elastic insulation binding. The insulation between
the conductors can only be stressed by pressure. Loads that fan out or
displace the conductors toward each other stress only the conductors on
the surrounding isolation. Tension and shear do not stress the insulation
between the leads.

2) There is also a insulation between the con d u c t o r s , but the insulation as
a whole forms a single connected structure. The insulation between the
conductors and the interface are thus highly stressed by tension, pressure
and shear. The conductor material will thus be less stressed.

Insulation type 1 involves more expensive m a n u f a c t u r i n g than insulation
type 2; but the reliability of coils of type 1 seems to be higher. The
authors therefore prefer this type and the IPP request for tendors was
phrased accordingly. The models for computing the stress of the MP coils
were also originally developed for insulation type 1 and the report deals
essentially with this type of insulation. Meanwhile the m a n u f a c t u r e r has
decided to construct the MP coils in accordance with type 2. The computation
for this type is extremely expensive and in addition not very exact, because
the m a t t e r constants of the insulation are not well known. Furthermore,the
m e a s u r e m e n t of the matter constants is done in a laboratory and transforming
of the values of heterogeneous materials as given for a complex coil insula-
tion is basically a very risky problem.
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Stress of th« HP 2 u n up 3 joint Sector (graphed for each conductor. Leads 5 to 16)

Weak Points of the conductor are narked: A Contact center bit 1
B Contact aide bars / nax- »tre»« i« noted;

Fig. 10

U.

0,3 —

Id. 1*

= < - i*H
Ofi

U.4S U. 46 kk
,»

0,1 «*
Stress of the HP 3 Joint Sector (graphed for each conductor; leads 1J to 16)
cranked and straightened, wedged conductors In the contact region; Legend see fig. 1o;

Pig. 11

—m

m
tf

Stress of the HP ? Monsal Sector (graphed for each conductor; leads 13 to 16)
1) electro-nagnetlc stress; 2) theraal atress at cooling down; 1 - length of the sector;

Fig. 12

The FEM model chosen is composed of beams and trusses (see 4.2). The
beams placed in the cenire of the cross-section are connected in "joints"
and the number of beams ensures a fairly realistic distortion of the conductor.
The "joints" of adjacent leads are connected by trusses (Fig. 7, 8, 9) with
extremely high stiffness. The calculated loads of the trusses give the stresses
of the insulation between the leads.HP coils of type 1 may be calculated
exactly if all trusses with positive loads are eliminated. The insulation is
thus only stressed by pressure. If we do not eliminate trusses stressed by
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Stress or the HP 3 Cross-over Sector
Simple cross-overs are the connections between
the leads: 1V"*; 14/15: 15/165
Cross-over with cranked parts and leads-in: 13/
Stress In Cross-over and cranked parts graphed
between vertical dotted lines;
1 - length of the sector;

thermal stress fet cooling down;
electro magnetic stress; normal load;
electro magnetic stress;load at reversed Bf;

Fl8 .

11

1*

s

D

(
1

1
1

N1

'.1 a i

.

i

i
l

i

I*

I

! f\

w

Displacement of the Beams (conductors and cranked
parts) In the MP 1 Cross-over Region
-dotted lines give the position at unloaded state-
1) Thermal displacement at cooling down;
2) Displacement at normal electromagnetic load;
Length scale 4.05; Result scale for 1)

for 2)
232
58

Pig.

and the transfor-
mation equations
betwee the co-
ordinate systems
of the various
beams of a struc-
ture and the
assembled (global)
structure. The
stiffness equa-
tions for a beam
are written as a
matri x:

[F] « [It] lu]

with the stiffness
matrix [k]12x12*

from the equation:

tk] = lB]T[k] [B] with

Ue obtain the
stiffness matrix
in the global co-
ordinate system

IB]
f[T] 0

= IT]
I 0 [TlJ12x12

and [T]3X3 representing the direction
cosines relating beam and global co-
ordinate system. The stiffness matrix
for a loaded beam is:

tension we obtain approximate results
for HP coils of type 2. Shear stresses
within the insulation due to displace-
ment of the conductors to each other
are not very realistic. Such values
are too high and if the calculated
stresses are higher than the values
allowed, one has to use a model simu-
lating the whole volume of the con-
ductor and insulation.

4.2 - Theoretical basis
The computer model chosen con-

sists of beams and trusses combined in
joints (Fig. 7 to 9). To use the
finite element theory for stress cal-
culations we must know the stiffness
equations of the beams or trusses

Displacement of the Beams (only conductors) In the MP 2

Cross-over Region

-Results at normal electromagnetic load-
-Dotted lines give the position at unloaded state-

1) upper pack of windings 2) lower pack of windings
Length scale 4.58; Result scale 50;

Flu. 15
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with the beam properties also shown in the sketch:

A = Cross-sectional Area
J = Torsional constant

IX2 = Iy = Moment of inertia about X2 axis
IX3 = Iz = Moment of inertia about X, axis
SF2 = Shear shape factor
SF3 = Shear shape factor
E = Modules of Elasticity
v = Poisson's ratio
p = Density
a = Coefficient of thermal expansion

H2 = Beam cross-section depth along X? axis
H3 = Beam cross-section depth along X, axis
I = Beam length
i = f (A;I)

To compute the load distribution of the cooled coils we used the equationspe
f o i l ow inq :

F2

T 2 ? + ( " T 2 ) T 3 ) ( " T 3 )
TE

_

qEIy[(+ T3) - (- T3)]
H3

aEIzf(+ T2) - (- T2)]

F7 = - 0EA '(+ T2) + (- T2) + (+ T3) + (- T3)
4

0

0

F U «
gEIy[(+ T3) - (- T3)l

H3
aEtz[(+T2) - (- T2))

m
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4.3 - Special models and analysis

1) Normal sector (undisturbed)
The stresses of the conductor's in a normal sector may generally be calcu-

lated by analytic methods. But considering single conductors (maximum 8) within
the whole coil pack this method requires a lot of tine to yield correct and
sufficient results. It therefore seems, advantageous to use a beam/truss model
(Fig, 7) for computing the stresses with a Strudl FEM program.

Symmetric conditions allow to compute the beam displacement, load distri-
bution and stress along the beam only in one half of a sector. In the middle
of the sector a theoretical support with free movement in the R and Z direc-
tions must be substituted. The second support, practically represented by a
holder can only be moved in the R direction.

2) Joint sector

To determine the stress in the joints region we use a beam/truss model
(Fig. 9) for one half of a sector and compute with the Strudl FEM program.
Analytic methods would take too much time but in general are possible. This
model does not give a real stress distribution for the tooth construction.
Only the stress in the reduced cross section within the contact region can be
calculated. The part of stress directly caused by the tooth (especially shear)
and stress of the bolts is determined in a separate way. We used the most un-
favorable load distribution for a special type of contact and only compute the
stress of one contact at its weakest point. Between the weakest point in the
conductor and the bolts an optimization takes place. Because the conductors
in the joint region are not frictionally connected all over this region we
have to eliminate the trusses.

3) Cross-over sector
The cross-over sector is asymmetric and therefore a model for the whole

sector must be provided. Analytic computation of the stress within this region
is not practicable. Restrictions are imposed on the joint marked with L in
Fig. 8. At this position the leadins emerge from the coil and the design
solution requires that Z bending moments cannot be transferred. Both supports
must be movable in the R direction.

4) Sectors adjacent to cross-over and joint regions
A special model for computing the stress within this sectors is not

necessary. Firstly, the stresses of the undisturbed sectors are known. Secondly,
we also know the stresses caused by bending moments resulting from additional
forces in the cross-over and joint sectors at the supports.This stresses also
exist in the neighboured sector immediately near this supports. They will
drop to zero along the length of the adjacent sector. The two values mentioned
are the stresses for these sectors.

5. - Results of computation

Not all computed results are important; we only graphed typical and sig-
nificant stresses of the conductors in the various sectors. If we compare the
stresses in the joint region (Fig. 10 and 11) with the undisturbed region
(Fig. 1 2 ) , the effect of the additional forces and bending within the cranked
and straightened region is demonstrated. Wedging the conductors in the contact
region reduces the stresses within the joint region of about 50 % (Fig. 10;
lead 13 to 16 and Fig. 1 1 ) . The additional forces and bendings within the
cross-over region cause five times higher stresses than within the normal
sector (Fig. 1 3 ) . Furthermore, we computed remarkable displacements of the
conductors within this region (Fig. 14 and 15). Owing to this the insulation
within the cross-over region is highly stressed. We found out that the sur-
rounding insulation has to be thickened for 15 times to withstand the forces
and bendings acting to it.

The present design of the MPs is based on the computed results mentioned.
We could undertake doing the following important constructive details:

1) Cross-over and joint regions have to be constructed from CuBe alloy.

2) Cranked and straightened joints can be installed to manufacture and set up
the coils in an easy way.
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3) Wedging of the joints is advantageous.

4) Special bracing for the cranked parts of the leadins in the cross-over
region is necessary.

5) The coolant loops are connected in such a way that during cooling the wind-
ing with a large diameter is colder than the adjacent winding with a
smaller one.

6) To braze parts of the windings together minimum stressed positions were
determined.

?) The bolts for mounting the joints must be manufactured from CuBe with high
strength.

The computed results for the coils of type 2 are unsatisfactory. We there-
fore test a model at present which completely considers the insulation of a
coil.
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MAGNETIC FIELD ALONG THE REVOLUTION AXIS OF A
GAUME COIL. COMPARISON WITH OTHER D.C. RESISTIVE COILS

Pierre BLANCHARD et Maurice TEISSIER

universite Lyon 1 - Physique Experimental (Bat. 205)
43, Boulevard du 11 Novembre 1918 - F 69621 VILLEURBANNE - France

SUMMARY .
The. magnetic iieZd along the. iymetsiy axii oi thli coil it> calculated and

compcuizd with the magnetic &ield o& optimum iolznoid, BitteA coil and optimum layex.
wound coii.

. f 31
L INTRODUCTION

The Gaume coil' consumes con-
siderably less power than other windings,
as optimum solenoid''1'1 , Bitter coil1"2' ,
optimum layer wound c o i l m f " ) , to ob-
tain the same central magnetic field H(0)
on the axis.

Such a coil uses Bitter disks,
but we have an additional degree of free-
dom by varying the thickness of disks
along the axis. The optimum variation of
thickness can be found from the crite-
rion that each disk produces the same
field (at the origin) per watt as every
other disk. This implies a current den-
sity distribution law of the following
form :

-y
Figure 1 . Longitudinal square section

xjf a coil by a plane containing the coil
axis.

where yi , y2 and other notations are
snown in figure 1 ; capital letters are
used for the ratios y2/yi=Y2,Xi/yi = Xi,
a/yi =A,... ; i(o) is the current density in the inner circle (x=o, y=yi ). The symbol A is
the filling coefficient, ratio of the volume of the conductor metal contained in a portion
of the coil, to the total volume of the same portion.X<1 is assumed constant throughout
the magnet.

2. CALCULATION

The magnetic field produced by the whole coil, at different points located on the
revolution axis (abscissa : a), is :

H(a) =
M(o) y2 y

1
I I / _ _ ! 1 \ vdvdx

1 V(x2+ y2) k (x2+ y*)* / (y2 + (a"x)2)

r.nd we obtain :

H(a)
Ai(o) y
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F : incomplete elliptic integral of the first kind.

a+y2+y2. ((a
2+y2-y2 ) 2

<f ( ^ + Arc tg-5- - Arc tg
2 y i

a2-y2+yj+((a2+y2-y2)2 + 4a2y2)*

*a2yj)* -a2-(y,--y.,-)

I f a=o, we have the well-know relation(S):

y2y2 r2 x. zU(0) y'y, f 2 x Z x 4 -i
H(O) = —jr- - = - ~ - y A r c t g T + 7 A r c t9"? - 7 F ( P « I >

Z Jl I I 1 2 2 2 J

p=Arc tg —

The optimum coil is given by Y2= 7.763 and X^oo. i .e. , practically when X »Y = 7.763 .
The expressions of B. ,. and k. • are steady, in this case, and :

T. .(+x )-T. ,.(-x ) = 2K(k. . ) . K is a complete e l l ip t ic integral of the f i r s t kind.

H(a)

If a=0, we find :

2 y -y L i = 1 J=1
2Bi . K(k.

1
. .)

J

3. CONCLUSION

We have plotted (figure 2), for different values of A, some curves of H(A)/H(0) Q,

with H{0) s , central magnetic field on the symmetry axis, given by the optimum solenoid

(Xt= 1,362 ; Y2= 3,095), for the same power dissipated.

- I : relative magnetic field for the optimum solenoid

-II : relative magnetic field for the Bitter coil (X,=2,146 ; Y2= 6,420)

-III: relative magnetic field for the optimum layer wound coil (Xj=l,980 ; Y2=oe>)

-IV : relative magnetic field for the Gaup- coil (X^eO; Y = 7,763)

Tha case IV allows to obtain the best central magnetic field. The magnetic scalar potential

difference between the points of abscissae a and -a defined by :

/a
U(aj , -aj = / H(a)da ,

is always larger in the case IV than all considerate coils.
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|H(A)/(H(OU

0 . 5
- Relative magnetic field along the symmetry axis.

ACKfiOLEDGEMEN'T

The authors are indebted to Professor F. GAUME for his helpful advice.

REFERENCES

1 - C. Fabry - L'eclairage Electr ique - XVII n° 43 - 1898 - 133/141.

2 - F. B i t t e r - Rev. of Scient. Instrura. - VI I n°12 - 1936 - 482/487.

3 - F. Gaume - Journal des Recherches du CNRS - I I n° 43 - 1958 - 93/115.

4 - P. Blanchard, M. Jacobzone - Proc. of the 5° Technomag - I t a l y , 1975 - 427/428.

5 - D.B. Montgomery, J . Ter re l l - AFOSR 1525 - M.I.T. - 1961.



- 900 -

N.M.R.MAGNETOMETRY. OF SUPERCONDUCTING SOLENOIDS

E.N.lysenko

I.V.Kurchatov I n s t i t u t e of Atomic EnergytMoscow,USSR

Abstract

The paper discribes the n.nur.me-
thod which allows to investigate mag-
netic parameters of superconducting
solenoids with the range from 0,5T to
10, OT in the nonhomogeneous magnetic
field up to 4*cnr-i. ip^ peguits Of the
investigation of various superconduc-
ting solenoids are given here*

Superconducting solenoids have'
become widely used in scientific in-
vestigations. In many cases it is ne-
cessary to determine magnetic parame-
ters with accuracy over 1 10**4. ipniB
accuracy can be-easily obtained with
the help of n.m»r. magnetometres but
considerable nonhomogeneity of magne-
tic fields, over 0.01% cur", often li-
mit the application of the devices
which use stationary methods of obser-
vation of n.m.r. signals (1,2,3).

The expansion of the field of use
for n.m*r. magnetometry is connected
in the first place with the reduction
of effect of the magnetic field chara-
cters on the parameters of the device.
It is known (4) that in nonstationary
methods the n.nur. amplitude of a sig-
nal doesn't depend greately on the
nonhomogeneity of magnetic field. The
n.nur. method has similar characteris-
tics in flowing liquid (5) and is used
for the diagram of n.nur. measuring
instruments (°).

The xunur. magnetometry devices.

In figure 1 a block diagram of
measuring devices for investigations '
of magnetic parameters of superconduc-
ting solenoids by n.nur. methods is
shown. The water gets into the pola-

rizer 1 through the pipelink and is
affected by the magnetic field B o of
solenoid 2. As a result of interacti-
on of magnetic moments of nuclei and
a lattice, the microscopic longitudi-
nal magnetization appears M^M(1-e.~i

, where 7} - time for longitu-
dinal (spin-lattice) relaxation; t-
time when* the water stays in the pola
rizer; M - intrinsic magnetization of
water at temperature T, equal to

M SES

Generator

Here No - number of nuclei in the vo-
lume unit; f*i - magnetic moment of '
nucleus; I - spin of nucleus; K - Bol-
zman's constant; T - absolute tempe-
rature; X - state magnetic susceptibi-
lity.

Por time t~3Tit longitudinal ma-
gnetization reaches its maximum value
in given field B o. Then the liquid
gets into the volume of the nutation
coil 3, which is connected to the
exit of a powerful widerange genera-
tor. R.f. magnetic field ~&\ directed
perpendicular'to B o appears in the
nutation coil. When w=w« = ̂ B o ( w -
frequency of the generator? w 0 - Lar-
mor frequency; } - gyromagnetic ratio)
a resonance occurs, in the magnetic
moments' system. In this case longi-
tudinal magnetization Ho deviates
from direction B o by angle 8 which can
be dif ined by formula 6 = Bit-j (t-j * -
time of r.f. field effect). By chan-
ging B1 or t-|, 0 » v can be obtained
i.e. longitudinal magnetization H o at
resonance is directed against field
Bo. Then the liquid is delivered adi-
aootically for the time less than T-]
into n.m.r. analyzer, which being a
n.m.r. magnetometer of the magnetic
field of permanent magnet (Bo~0,1T)
analyses the state of magnetic moments'
system, where M-is directed along the
magnetic field. \En n.m.r. analyzer
r.f. energy is absorbed and at exit a
usual n.m.r. signal is observed, the
amplitude of which is proportional to
Bo. When w=w0 the magnetic moments'
system with Mo directed against the'
field gets into the n.m.r. analyzer.
In this case the r.f. energy is not
absorbed but emitted in the n.nur.
analyzer circuit and a signal with an
opposite phase is observed at exit.

Figure 2 shows change of the
signal amplitude at exit of n.m.r.
asalyzer depending on untuning
A W = w -wo . Most precisely w 0 is
defined as medium between wi and W2
when the signal at exit is equal to
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zero.

Pig.2, The changing of the signal amp-
litude at n.nur. analyser exit
when passing the resonance line
in the field Bo«

Apparently the resonance conditi-
ons are fulfilled twice in this method.
In the first case in the measured fi-
eld Bo the impuls method is realized
which allows to iliminate the influen-
ce of magnetic field B o characters on
the behaviour of longitudinal magne-
tization MQ vector at resonance. Dp to
the moment when B-) » & B 0 , where AB 0-
absolute nonhomigeneity of magnetic fi-
eld in the nutation volume, 8 = v -

In the second case in the field of
permanent magnet B o (stationary method)
the n.m.r. signal amplitudg depends on
nonhomogeneity of the permanent magnet
field and sensitiveness of the n.m.r.
detector circuit.

Some requirements for working out
a magnetometer should be noted. Any
n.nur. signals detecting circuit can
be used as n.m.r. analyzer when supple-
mented with, permanent magnet with in-
duction Bo~0,1T and nonhomogeneity of
the field ^ 0,0156 cm""'. Measuring-zond
is made of non-magnetic materials. The
diameter of the polarizer should be
chosen taking into account maximum use
of working volume. The diameter of the
tube of nutation volume is chosen de-
pending on the minimum quantity of ab-
solute nonhomogeneity in the nutation
volume and optimal ezpendit of the
liquid in the polarizer.

The nutation coil has several
turns of copper wire and is connected
to the generator of coaxial fider. Me-
asurement of magnetic field with indu-
ction from 0,5T to 10,OT when nonhomo-

geneity is up to 4S6 cm"1 (6) can be
conducted with such a magnetometer with
accuracy of 1-10-5.

Results and discussion.

H.m.r. magnetometer allows:
1) To measure absolute value of

the magnetic field induction in the
magnetic centre of solenoid and to stu-
dy the distribution of magnetic field
along the solenoid axis.

2) To study the effect of diamag-
netic moment of superconducting sole-
noid winding when the readings of the
supply current and regimes of excite-
ment are different.

3) To study the effect of const-
ructional features on magnetic para-
meters of superconducting solenoids.

Table 1 gives the main parame-
ters of typical (in application) su-
perconducting solenoids under inves-
tigation. The determination of dif-
lexion of the magnetic field absolute
value from linearity and the estima-
te of various deposits causing this
diflexion are as a rule of particular
interest when superconducting soleno-
ids are implored.
, Consider the diflexion as:
iiB(J) = Bn.m.r. (J)-BO(J) where
Bn.m.r.(3) - absolute value of magne-
tic field induction measured by n.miT.;
Bg(J)=KI- induction of solenoid mag-
netic field made of nonmagnetic mate-
rial with the same geometry of win-
ding; K - computed value; & - current
in solenoid; * A B(3) - nonlinear and
nonreversible deposit, the value of
which depends on the regime of excite-
ment in the solenoid winding, on su-
perconducting material and on construc-
tional features of the whole magnetic
system.

The measurements were conducted
in the solenoid magnetic centre. To
determine the magnetic centre the
distribution of magnetic field along
solenoid axis is studied.

figure 3 shows a typical curve
for solenoid N2. By the displacement
of a magnetic centre in relation to
geometrical one we can judge of the
quality (symmetry) of superconducting
winding. Not less than two cycles of
current input and one output are to
be conducted to get a full idea of
AB(J) behaviour. The results of the
investigations of magnetic parameters
are given in figure 4. As shown in
the figure the deposit of diamagnetic
moment in the point of max value&B(J)
doesn't exceed 256 (fig* 4 Hb") and
depends on the geometry of winding.

The magnitude of nonreversibili-
ty (hysteresis cycle) in position
A B ( J ) reduces as homogeneity incre-
ases (fig.4 "a"). It can be explained
by a more even distribution of mag-
netic field in the winding (geonetri-
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Table I.

Parameters Solenoid N 1 Solenoid N 2
»bn

Solenoid H 3

Critical current A

Max induction of ma-
gnetic field B (T)

Homogeneity A B / B

Superconduct ing
material

Geometrical
dimensions
ZBxff outer x0Ln-
ner (mm)

Constructional

features

Examples of
possible appli-
cation

K

210

7,8

0,0002

TB-2-HT50

113

9,3

0,005

174

9,1

0,5

220x140x40
with compensa-
ting wirings

casing: duralu-
min truss:
X18HI OT wiring
with subsiquent
soldering

investigation
of galvanomag-
netxc proper-
ties of metals,
n.m.r.calibra-
tions of Hall's
sensors

K •) TB-2-HT5O HT-50 insulation
lavsan yarn

201,5x160x40 205x160x42
slot in the
centre 35x5

casing: dura-
lumin without
truss

investigation
of the magne-
tic break-down
phenomenon,
superconduc-
ting films

caseles system

truss: fibreglass
compounding

Study of the
superconductors'
properties (BC,TC,
Ic)

BIT)
cal factor) and in the superconducting
material itself (twisting factor).
In the magnetic fields greater than
3a0 T linear reduction of deposit can
be expected due to magnetism of the
winding. As shown in t/J, diamagnetic
moment in fields Bo>'3.0 T has almost
a linear reduction for K -) TB-2-HT50
type wires. However considerable dif-
lextions are observed in some cases
(fig. 4 "a", "c"). The solenoid with-
out power bait has the greatest dif-
lexion (fig*4 "c") when the diflexion
reaches 25-10-4T in respect to linear
extrapolation when B o ~ 7,5T and the
sign shows the compression of winding.
In solenoids of similar geometry with
power bait compensating for radial ef-
forts not only the value was changed
(~5.10-4<r in BO~7,5T) but the sign
as well which proves the influence of
axis efforts. Solenoid in fig.4 "a"
has similar dependence A B ( I ) . Only in
the completely compound system (fig.4
"c") summary efforts don't eause a
considerable diflexion in the range.

Since experimental points fall
on the curve *Ba) with S c c u r a c y

tre in relation to geometrical ±n s o l^ o i d s y^er study are in the
area of elastic deformations.

Fig.3. «Bf»tic field distribution

one.
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In conclusion it should be noted
that the method allows to quantity the
quality of superconducting contacts
(summary resistance of contacts), to
check the dynamics of current redist-
ribution in the super conducting to
determine the presence of weak ferro-
magnetism in the units of stainless
steel constructions*

So the discribed method can be
used not only to measure characters
of magnetic fields but also to control
the operation of separate units and
technology of solenoid production*
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CURRENT SHEET MAGNET I (THEORETICAL BASIS)

Hidetsugu Ikegami
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Summary

A basic description is given on the new kind of magnet"current sheet magnet*,

which possesses current sheets instead of conventional poles inside the magnet

yoke frame. Since, by choosing a proper current sheet, one can produce any type

of field distribution in the interior region of the magnet, a considerable

versatilities would result in the magnet design.

1. - Introduction

In the design work of ion-optical systems such as high resolution spectrographs,

beam lines,accelerators etc., it is often desirable to use sextupole and higher

multipole fields for the corrections of geometric and/or chromatic aberrations.

One may use, in such cases, separate magnetic elements for individual multipoles.

The practical considerations on the actual layouts, however, usually restrict the

dimensions and shapes of the spaces in which multipole fields have to be generated.

This limitation sometimes makes it even impracticable to use desired sets of

multipoles or to use ordinary magnets with conventional pole configurations.

Difficulties of the same kind have been encountered also in the design of the

high resolution spectrograph RAIDEN of QDDQ type , which has necessitated us to

develope new types of magnet. It will, therefore, be useful for future applica-

tions to present a summary of the multipole magnets installed in or developed for

the spectrograph.

The magnets are the sextupoles ASXl, ASX2 and a multipole magnet having four

components. All the magnets have been designed following the concept of the

"current sheet magnet". This concept has an important advantage of allowing us

not only to design any multipoles in a given space but also to obtain several

multipoles integrated in a single magnet. In the present paper some descriptions

will be given on the current sheet magnet.

2. - Concept of' the current sheet magnet

Let us consider a cavity in a magnetic medium having infinitely large per-

meability. Suppose that the cavity has an infinitely thin layer of electric

current (current sheet) on the surface and the magnetic field generated inside

the cavity is described by a magneto-static potential 4> which is regular inside

the cavity. Fig. 1 illustrates an arbitary cross section (the contour is denoted

by c) of the cavity. If one calculates a line integral of the field H along the

infinitesimal closed path PQRS in the plane of the cross section as shown in the

figure, the following relation easily be derived;
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where s denotes the arc length measured along the contour C and j the current

component normal to the plane of the cross section in the unit length of the

contour. Here, the field strength H in the magnetic medium has been assumed to

be zero at all points considering the infinite permeability.

Usually one wants, in the case of designing magnets, to obtain a proper

field distribution in the cavity, and the potential function may be determined

first from the distribution desired. The problem then reduces to finding the

current distribution according to eq. (1). There may be the practical cases

where the cross section can be determined so that the current is normal to and

the field directions are parallel to the plane of the cross section. In such

cases, eq. (1) may be rewritten as

(2)

where j denotes current per unit length along the contour c. The calculation of

the current distribution now becomes quite simple and straightforward(2) In the

ion optical calculations one usually imposes a further restriction on the field

distribution. The field distribution shall have an up-down symmetry, which may

be represented by an odd function of <$> with respect to the symmetry plane i.e.,

<t> (jc-, y) =-<f>(x, -y) • In this case the most general form of <)> may be expressed in

the plane of the cross section as

= I I
m=0 n=0

2m+l,n n!
(3)

where the coefficients J)_ , are determined by the desired field distribution
2m+l,n J

with the aid of the Laplace equation. This function defines the current distri-

bution from eq. (2) in the form

j=

m=0 n=0
nl (2m)! ^2«+l, n+1 2^1 C O S t t 2m+l,n sina} (4)

Current
sheet Fig. 1.

Cross section of the cavity

in the magnetic medium with

infinitely large perme-

ability. The current sheet

is schematically presented

by the shaded area along

the contour.
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where a denotes the inclination angle of the tangent of the contour c with respect
to the x-coordinate axis (see fig. 1 ) .

The above considerations provide us with a guide line for the design of
...agnets with arbitrary field distributions. Since there is no limitation on the
shape of the contour c, considerable versatilities are expected in the actual
layout of the magnet configurations.

3. - Multipole magnets of current sheet type

As an important application of the "current sheet magnet", it would be of

value to present here some expressions for the multipole magnets.

The magneto-static potential for the 2jv-pole field can be written as

(5)

r = U 2 + tf2)2, 6 = tan"1 [y/x) , z = x + iy

where * is appropriate coefficient representing the strength of the field.

By inserting eq. (5) into eq. (2) one finds

w-i .

(6)

= Nk {cosa»I +sina-fi }z

If jne wants, for instance, a quadrupole (w=2) field in a rectangular cross
section, and puts y = ±y0 for a = 0 , IT or x=±x0 for a = fn/2 (yo and xg are the
proper constants), eq. (6) gives a constant current distribution inside the
magnetic medium. One may thus understand the Panofsky's quadrupole magnet is
a simple example of the current sheet magnet.

For a cross section with a shape of a regular polygon (with 2s sides) placed
so that the two sides are perpendicular to the x-axis, the current distributions
on all the sides (surface) are same in magnitude and differ only in their direc-
tions. For the current on the surface perpendicular to the x-axis, eq. (6) may
be expanded in the form

(7)

where a denotes the distance from the center (origin of coordinates) to the side
of the polygon. For N<_2, the second and higher order terms vanish and for
n>_3 become small as compared to unity. The necessary current distributions can
thus be set constant practically for all the sides (surface) of the polygon.
In this case the multipole order of the fields which admix in the 2w-pole one
will be equal to or larger than 6w from the symmetry considerations.

So far we have confined ourselves to the cases where the current sheet is
infinitely thin and permeability of the magnetic medium is infinitely large.
The risk of oversimplification have been found to be small from the model calcu-
lations in which a finite size of the current sheet or a finite permeability have
been taken into account in a somewhat simplified way. The results have shown that
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the fractional deviations of the order of (<?/£)* and 1/u in the field distri-
bution might be caused by the finite size of the current sheet and by the use
of finite permeability. Here, the dimensions of the thickness and extension
(for example, the length of a side of a polygon) of' the current sheet are denoted
by o and i., respectively and the permeability is denoted by \i.

4. - References

1) H. Ikegamij S. Morinobu, I. Katayama and M. Fujiwara, Preceding paper of

this conference, RCNP-Annual Report (1976) p. 113.

2) More generalized descriptions will be published'elsewhere.

3) • L.N. Hand and W.K. Panofsky, Rev. Sci. Instr. 30. (1959) 927
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CURRENT SHEET MAGNET IE (APPLICATION TO MULTIPOLE MAGNET)

H. Ikegami, T. Takayama*, M, Fujiwara, I. Katayama and S. Morinobu

Research Center for Nuclear Physics, Osaka University

Yamada-Kami, Suita, Osaka, 565 Japan

* Division of Development of Nuclear Energy, Sumitomo Heavy Industries, LTD.

Summary

Some results are presented on the field distributions in the multipole

magnets of current sheet type, which were constructed for the correction of

aberrations in the RCNP high resolution spectrograph RAIDEN. Descriptions will

•specially be given on the magnet which can produce quadrupole, sextupole, octu-

pole and decapole fields in a region of 800 mm in width, 300 mm in length and

100 mm in height.

1. - Sextupole magnet ASX1

The sextupole magnet ASX1 has been designed to be located between the

scattering chamber and the first quadrupole Ql of the spectrograph RAIDEN*1'.

Since only a limitted space was available for the magnet, achieving a compact

configuration was an especially important subject in the design work. Fig. 1

shows the structure of ASX1 . The yoke has an hexagonal shaped cross section

and a "current sheet" is placed inside. The yoke material is highly pure iron

with a carbon content of less than 0.007 %. Following the discussion in the

preceding paper, constant current distributions along the contour of the yoke

cross section have been assumed for all the sides of the hexagon. The current

sheet is made of a slotted copper tape (0.05 cm in thickness) rolled in a manner

as shown in the lower part of fig. 1. This configuration of the conductor has

greatly simplified the process of fabrication.

Fig. 2 shows the field distribution measured in the symmetry plane of ASXI

at around the middle position in the axial direction. A satisfactory sextupole

field has been found in the almost entire aperture of the magnet.

2. - Sextupole magnet ASX2

The ASX2 magnet of the spectrograph RAIDEN is located at the entrance edge

of the Dl magnet, where the beam of reaction particles is spread to some extent

in the horizontal direction. The space for installation is again small so that

the magnet has to be inserted between the upper and lower coils of the Dl magnet.

The ASX2 magnet, therefore, should have a horizontally wide aperture and thin

frames as compared to the gaps between the vacuum chamber and the coils of the

Dl magnet. Fig. 3 shows the cross-sectional view of the magnet (upper) together

with a conceptional assembly of coils (lower)'2'. In order to reduce the thickness

of the magnet at the upper and lower frames, the coils have been placed in the

channels prepared in the inner side of the frames. The current density varies

linearly with the dimension along the transverse direction to the beam axis.

The coils at the side frames are for canceling the dipole component of the field
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generated by the coils on the upper and lower frames.

The field distribution obtained in the symmetry plane of the present magnet

is shown in fig. 4. The curve in the lefthand side of the figure shows that a

sextupole distribution of x2-type has been obtained at the middle position in

the beam (axial) direction. The figure at the righthand side, however, shows a

presence of some irregularities at the edges of the magnet. This is because the

field distribution in the axial direction is different between the bias and

compensation fields and is a characteristic feature of the present coil

configuration at the edges. These irregularities have safely been eliminated

in the configuration used in the multipole magnet as described later. The

employment of proper field clamps has proved to be also useful in reducing the

irregularities. For a longer magnet such irregularities will not make any

trouble in the practical use.

Fig. 1. Drawings of the sextupole magnet ASX1

(upper) and the illustration of the

coil structure (lower). The beam axis

current is perpendicular to the x-y plane.
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ASX1 Bv
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Fig. 2.

Field distribution in

ASXX, measured along

the x-axis at the middle

of the magnet. The

excitation current is

40 A.
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Fig. 3. . Cross-sectional view of the ASX2

magnet (upper) and the coneeptional

drawing of the currents in the coils

(lower). The beam axis is perpen-

dicular to the x-y plane.
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Fig. 4, Field distribution in ASX2, measured along the x-axis at the middle of

the magnet (left) and the three dimensional representation of the field

in the symmetry plane (right). The excitation current is 40 A.

3. - Multipole magnet with four components MQ, MS, MO and MD

As already mentioned earlier, the beam of reaction particles has a large

horizontal width (about 80 cm) and a relatively small height (less than 4 cm) in

the region between the Dl and D2 magnets of the spectrograph RAIDEN*1'. Since in

such a region the most effective corrections of aberrations and kinematical

effects may be expected, a multipole magnet with an utmost versatility has been

desired to be installed halfway between Dl and D2. Following the ionoptical

considerations, multipole fields of up to decapole have been required. Taking

into account so many components and a quite large width necessity (80 cm), the

conventional pole configuration has not been available and the current sheet

configuration has again been adopted for the present multipole magnet.

In fig. 5 is shown the cross-sectional view of the magnet . The necessary

"current sheets" for the multipole fields have been integrated in the coils wound

around .the yoke. Four sets of coils have been included to realize the current

distributions, as determined by eq.(6) in the preceding paper , for the .quadrupole

(MQ), sextupole (MS), octupole (MO) and decapole (MD) fields. Each set of coils

is connected to an individual power supply so that each field component may be

generated independently from the other. The yoke is made from killed and rolled

iron with a carbon content of less than 0.04 %.

Fig. 6 is the conceptional representation of the currents in the coils to

produce respective multipoles. It may be noted that the current configurations

are essentially different from that of ASX2 at the edges and at the outside

region of the magnetic field. The side coils are excited in opposite directions

for the MQ and MO components preventing mangetic fluxes from forming closed loops

in the yoke, and excited in a same direction for MS and MD to cancel out the bias

(dipole) fields as in the case of ASX2. An example of the lines of force distri-

bution calculated numerically for MQ is shown in fig.. 7 together with the coil

configuration assumed. In this calculation the finite permeability of iron has

been taken into account.
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Figs. 8 (a) and (b) are the field distributions measured in the symmetry

plane at the middle position in the beam direction. The three dimensional

representations of the fields are also given in figs. 9 (a) to (d) for the

respective components. It may be clear from the figures that almost perfect

distributions have been obtained in the entire aperture of the magnet. It may

also be noted that the field irregularities at the fringing regions, as observed

in the case of ASX2, do not appear in the present multipole magnet. This is the

result of the coil configuration carrying all the currents to form loops around

-the yoke. The magnet is at present commonly and successfully used in the

necessary corrections of the optical performance of the spectrograph.

The specifications of the magnets described in the present paper are summa-

rized in table 1. Throughout the present design work, the computer programs

LINDA31 and TRIM41 have been extensively used in the calculation of field

distributions.

Table 1

Specifications of the ASX1, ASX2 and multipole

magnets used in the spectrograph RAIDEN.

Magnet

AS XI

ASX2

Multipole.
magnet

fMQ

MS

MO

MD

Multipole

sextupole

sextupole

quadrupole

sextupole

octupole

decapole

5.

25

80

80

80

80

ADerture Geometical Maximum
Aperture length strength

5 cm

cm >

cm >

cm >

cm >

cm >

in

< 9

< 9

< 9

< 9

< 9

diam.

cm

cm

cm

cm
cm

12

6

20

20

20

20

cm

cm

cm

cm

cm
cm

74

6

92

0.91

0.021

0.0006

G/cm2

G/cm2

G/cm

G/cm2

G/cm3

G/cm"

Fig. 5. Cross-sectional view of the multipole magnet placed between the Dl

and 02 magnets. The figure also shows the vacuum chamber in the

magnet aperture.



- 913 -

MQ.MO

Pig. 6. Conceptional representation of the currents in the coils to produce the

quadrupole or octupole (left) and sextupole or decapole (right) fields.
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Pig. 7. Lines of force distribution in the multipole magnet, calculated for the

quadrupole (MQ) component. Only the first quadrant of the cross section

is shown and the coils for MQ are represented by the thick solid lines.
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Fig. 8. Field distributions in the multipole magnet, measured along the x-axis

at the middle of the magnet. The excitation current for each multipole

component is 40 A.



(C) MO

Fig. 9. Three dimensional representation of the field distributions

in the symmetry plane of the multipole magnet. (a) Quadrupole

MQ; (b).Sextupole MS; (c) Octupole MO; (d) Decapole MD.
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TECHNIQUES FOR VERY LOW MAGNETIC FIELDS: Superconducting Magnetometers

G. Paterno
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ABSTRACT

Superconducting magnetometers allow measurements of slowly varying mag-
netic fields as small as 10-** Tesla. The basic principles upon which these
devices operate are flux quantization and the Josephson effect. After a brief
discussion of the behaviour of superconducting loops containing Josephson
junctions, we describe in some details the operation of one type of such
device, the radio frequency SQUID. Intrinsic noise and maximum sensitivity
are accounted for in terms of a simplified model. Practical working configu-
rations, based on the use of superconducting transformers are outlined.

Applications of SQUID magnetometers to Magnetocardiography are briefly
reviewed.

INTRODUCTION

In recent years the development of superconducting magnetometers has ope-
ned new possibilities in the measurement of slowly varying magnetic fields of
very small intensity. Sensitivities as high as 10~* Tesla// Hz (10~l° G// Hz)
are achieved by these devices. In the following we shall discuss the principles
of operation of this kind of superconducting magnetometers. In particular our
attention will be devoted to th"e so-called radio frequency SQUID. The reader
is not assumed to be familiar with macroscopic quantum phenomena like flux
quantization and the Josephson effect, which are briefly recalled. A brief review
of some applications of these devices, like the measurement of magnetic fields
generated by the heart in humans (Magnetocardiography) is also given.

1. Superconductivity and macroscopic quantum phenomena

When a metal undergoes the transition into the superconducting state, a
sort of condensation phenomenon occurs. According to the microscopic theory''-'
the electrons are subject to an attractive interaction which leads to the for-
mation of bound electron pairs (Cooper pairs). All the pairs are described by
the same wave function,ox order parameter which in general is a complex quan-
tity of the kind: \p "p^e1*. In the absence of applied fields or currents the
phase <j> must be the same in all the superconductor . The existence of this,
macroscopic quantum state, was proposed for the first time by F. London
Among other things it leads to the occurrence of macroscopic quantum effects
like flux quantization and Josephson tunnelling.

1.1. Flux quantization. Let us consider a closed loop in a superconducting
region enclosing a normal spot or eventually an empty space. We will assume
that the path encircles this region. From the single valuedness of the wave
function it follows that on this closed loop the phase <J> can change only by.a
quantity 2TT n, where n is an integer. By using the simple Ginzburg-Landau * 'theory
it can be shown that the phase <j> is related to the supercurrent Jj5 and the vec-
tor potential A, by the equation:

V <J) - [A + J_s m/2e 2 p ] .

(D

By integration over the closed loop it is easy to derive the relation:

H da Js -d.«. n $0

in which H is the magnetic field related to the vector potential by the usual
relation H - V x A, and Green's theorem of vector integration has been used.
The. quantity on the left side of exp 1) is called the fluxoid.This expression
says that the fluxoid is quantized in units of $o*

$o = 27-= 2.07 • 10~ 1 5 Weber (2.07 . 10~7 G.cm2) is the flux quantum.If the
integration path in the contour integral can be taken in a region far from the
surface of the superconductor, where the supercurrent is negligible, exp 1
reduces to:

$ - I I H • da - n $ 0 (2)

which says that the flux $ enclosed by the superconducting loop is quantized.
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(2)
and verified experi-
) ^n 1961. It is

(2)Flux quantization was predicted by F. London in 1948
mentally by Deaver and Fairbank^^ and Doll and Nabauer
interesting to note that since at that time the concept of a pair had not yet
been established, the value predicted by London was twice that observed later
experimentally.

1.2. The Josephson effect

Let us consider two superconducting regions separated by a thin insulating
barrier, to be more specific, two metal films with an oxide layer in between
(see Fig. la in the inset). When the thickness of the oxide region is suffi-
ciently thin ("v20 8), Cooper pairs can tunnel from one superconductor to the
other through the barrier. As a consequence the superconductor-insulator-super-
conductor junction will behave, to some extent, as a single superconductor
allowing a supercurrent to flow with no voltage drop. Due to this pair flow,
the phase values $ , ifi of the macroscopic wave functions in the two superconduc-
tors, are locked together. The-difference $ = <f> - <ji is related to the supercur-
rent I flowing through the barrier by the expression (6):

I > lx sin (()>) (3)

I, is the maximum value of the supercurrent. It depends upon the characteristics
or the barrier and is a function of the temperature. For I < Ij no voltage is
developed across the junction. (Vertical branch in Fig. lb). This is the d.c.

b) Vertical scale 2 mA/div
Horizontal scale 1 mV/div

Fig. 1 - Magnetic field dependence and I-V characteristic for a Nb-NbOx-Pb,
Josephson junction.

Josephson effect; predicted by Josephson in 1962(6) and observed for the first
time by Anderson and Rowell (') in 1963. When the current exceeds the value 1^
a voltage drop V is developed across the junction and the d.c. current is car-
ried by the quasipart icles. In this situation the phase difference <f> evolves
in time according to the relation:

2 e
(4)

From exp 3 and 4, it follows that an"oscillating supercurrent, at a frequency
00 = 2eV/h, is present in the barrier. This is the a.c. Josephson effect (6).

Although the first theoretical predictions and the observations of the
Josephson effect were carried out on tunnelling junctions, there are many struc-
tures in which this effect can be realized. The only necessary condition is a"
sort of weak coupling, or link, between two superconducting regions. This can
be achieved by a geometrical constriction (of the order of ^ 1 ;im) in a super-
conducting film, as in the bridge configuration shown in Fig. 2a, first intro-
duced by Anderson and Dayem and known as the Dayem bridge. Another structure
very popular for its simplicity of construction, is the point contact junction,
(Fig. 2b) in which a sharpened point is pressed against a flat block of super-
conductor. This structure was introduced by Levinstein and Kunzler '•* and
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b)

SUPERCOND.
BLOCK

Fig. 2 -

a) Dayem bridge
b) Point contact
c) I-V characteristics computed

using the equivalent circuit
shown in the figure.

Zimmerman and Silver .In the junction configuration mentioned above, the
barrier can be realized, for example, by a few hundreds of Angstroms of a semi-
conducting layer. If CdS is used, as first studied by Giaever ^ * *•* > / tj)e maximum
Josephson current of the junction and its magnetic field behaviour ' can be
adjusted by an external optical input.

Since the essential feature of all these Josephson structures is the exi-
stence of a weak link between two bulk superconducting regions, we will refer
to them as weak links. The electrical behaviour of all weak links is reasonably
well accounted for, by the simple equivalent circuit depicted in Fig. 2c. He
are obviously assuming to be dealing with junctions having uniform current den-
sity distribution, and with bridge structures which exibit sinusoidal current-
-phase relations. This model is known as the.vesistivelv shunted model, and
was introduced independently by McCumber ' , Stewart 114) a nd Johnson (15)
in 1968. Typical I-V characteristics for different values of the dimensionless
parameter $o

~ R 2TT I C '

numerically computed by Johnson are shown in Fig. 2c. For a < ac- 1.15 hysteri-
sis is clearly evident in the I-V characteristic: the switch-back to zero vol-
tage occurs for a value of the current less than Ij. For a > ac the I-V depen-
dence is essentially reversible. Tunnelling junctions, due to their relatively
high capacitance (0.05 * 1.10~5 F/cm 2), have I-V characteristics markedly hyste—
retic. The effect is clearly evident in the typical junction characteristic
reported in Fig. lb. However, the hysteresis can be removed by shunting the
junction with a strip of normal metal (16) whose resistance is small-enough
such that the condition a < ac is satisfied. The absence of hysteresis is a con-
dition extremely important in magnetometer applications of weak link devices.

2. Weak links in superconducting loops

In the presence of an external magnetic field in the junction configura-
tion just considered (see Fig. la in the inset) the current density is no lon-
ger uniform (*>) as was previously assumed. The total Josephson current exibits
a Fraunhofer-like pattern as shown in Fig. la. Let us observe that the periodi-
city in <j> is the flux quantum <t>o. Therefore the junction has a high sensitivity
to external magnetic flux. However the field periodicity is given by Ho « *o/
/L (Xi+A2+<0, where L is the junction length, \^2 are the London penetration
depths of the two superconducting films, and £ the oxide thickness. By using
typical values Xi+ X2+ I = 10~

5 cm, L = 10"2cm a field periodicity Ho=: 2.1O~
4

Tesla ( =2 G) is derived. This field sensitivity cannot be increased by increa-
sing L, because after a certain limit the magnetic field pattern becomes quite
different from that shown in Fig. la (17). Furthermore, the fact that the maxi-
mum current vanishes after a few periods would render impractical such a struc-
ture for field measurements. The trick to use is to resort to configurations
in which one or more junctions are inserted in a superconducting loop, and the
external, field couples to the area enclosed by this loop.

Let us consider the two junction configuration shown in the inset of
Fig. 3a. We shall assume the junctions to have the same critical current I-p
and the inductance of the loop to be negligible. With the simple geometry assu-
med, the structure is equivalent to a single junction having a step-like cur-
renc density, peaked at the edges. The magnetic field dependence of the naxi-
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a)

Fig. 3 - a) Maximum Josephson current v.s. applied field for the double junction
configuration shown in the inset.

b) Internal flux 4 v.s. applied flux $ e for the single junction loop
shown in the inset.

mum critical current is easily computed
f 18 ) and is given by

21, COS IT (5)
7T * /*<,

where $j is the flux threading each junction and t> is the flux in the superconduc-
ting loop. In Fig. 3a is shown this dependence for *j/$ - 0.01. By using a ty-
pical value of "V< 1 cm* for the loop area we get a periodicity of ^ 10"1* Tesla
(10~7 G ) . The two junction configuration was considered for the first time by
Jaklevic et al. in 1965 (2°) . Extensive treatments taking into account the effect
of the asymmetry and of the loop inductance can be found in ref. (21) and (22).

Another interesting configuration is the single junction loop first consi-
dered by Silver and Zimmerman in 1967 ^ Z 3 J (See Fig. 3b in the inset). In this
structure the junction is shunted by a zero resistance superconducting path;
therefore the d.c. characteristic of the junction cannot be measured. However,
as we will see later, by using an a.c. signal, it is possible to get a response
to the magnetic field which is periodic with the flux quantum periodicity. Let
us assume that fluxoid quantization still holds in this loop. The phase diffe-
rence $ across the weak link is related to the flux $ enclosed by the loop
by the expression '24)•

- 2 irn - 2TT (6)

When an external field is applied it would produce a geometrical flux $ e inside
the loop. However, due to flux quantization, the effective flux $ in the hole
cannot assume an arbitrary value. As a consequence a circulating current i is
established which tends to read just the flux value. If L is the inductance of
the superconducting loop, the flux $ is given by:

+ Li (7)

The circulating supercurrent is determined by the junction, and by inserting
exp 6 into exp 3, it is given by:

i « -I, sin (8)

Combining this expression with exp 7, the relation between * and $ e is found:

This dependence is depicted in Fig. 3b for two different values of the para-
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meter S = 2TT — T — . Two different kinds of behaviour are recognized. For 6 < 1
the curve is single-valued; increasing the external flux 4>e, the effective flux
$ increases continuosly. In this condition the fluxoid and not the flux is quan-
tized in the loop. For (3 > 1 the curves are multivalued; increasing $ e, only
the branches with positive slope are traced. (Solid lines in Fig. 3b). It can
be shown (ZJ) that these regions are stable, whereas the ones with negative
slope are unstable. At the edges of these stable regions the circulating super-
current i exceeds the critical value 1^, the junction switches to the normal
state, the superconducting loop is interrupted, and flux quantization ceases
to hold. Therefore, the flux in the hole adjust to a different value.

Increasing P, the stable regions tend to approach horizontal lines, sho-
wing that -flux quantization is more effective.

3. SQUID magnetometers

The double junction configuratiou.previously described is used to realize
the so-called d.o. magnetometer ' 'tZ7)> This device is current biased at
a val ie slightly greater than the critical current (• 21^ in the symmetric con-
figuration), and the voltage drop across it is monitored. If the I-V characteri-
stics of the two junctions are nonhysteretic, this voltage is a periodic func-
tion of tli>.• applied flux. In the other kind of magnetometer a single junction
loop is used. In the operating conditions this loop is coupled to a radio fre-
quency biased tank circuit; therefore, these devices are usually referred to as
•..'. •• .,:• ::n;eter<3. Both kinds of magnetometer are usually called S.Q.V.I.D.

: .• which means: Superconducting QUantum Interference Devices.

ent review of both kinds of SQUID devices has been giyen by J.
. We shall describe in some details only the r.f. kind.C 1 a r k u '

3.1. R.f. SQUID

There are two principal modes in which the r.f, UID can operate: the

nonhysteretic mode *•->U~J"'''and the hysteretic mode lJI* J , depending upon the
$ versus <J> dependence of the loop. In the following we shall describe in some
detail the operation of the r.f. SQUID in the hysteretic regime, which is the
usual way in which the device is operated in r.f. magnetometers. We will follow
the simple description, given by Zimmerman et al. v 3 9 ' , i n terms of energy dis-
sipation in the tank circuit. Let us assume the superconducting loop to have a
0 versus $ dependence as shown in Fi£. 4a, in which, for simplicity, the stable
branches have been drawn as horizontal lines. The transition occurs only between

•flj

I c_!
- 2 - 1 0 1 2 y ^

*jO«MQl|lFeOSfflt

c|

Fig. 4

a) $ versus £ dependence
e

for 6 > 2ii
b) SQUID and Tank circuit

c) Effective flux applied to
the SQUID

d) V_,, versus ID_ dependence
Kr Kr

adjacent fluxoid states, A*= ± $ . If L is the SQUID inductance and R the
normal state resistance of the weak link, the transition time is given by
T - L/R. A tank circuit of inductance L T and capacitance Cj, r.f. excited at
the resonance frequency by a current I R F cos tot, is loosely coupled by a mutual
inductance M to the SQUID (see Fig. 4b). We will assume (I)/2TT<< 1/T . By using
typical values L =10"3 Henry, R = 3 Q, it follows that 1/T = 3 GHz. In normal
device operation UJ/2TT = 20 t 30 MHz. Let us indicate by * e c = LI^ the value of
$e at which the first transition between the state $ = 0 and $ = $ o occurs.
It is easy to see from Fig. 4a that the area of a single hysteresis loop is
given by;

A = 2 * $ - $* (10)
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If Q is the quality factor of the tank circuit, the r.f. flux sensed by the
SQUID will be $ g F = MQ I R F C O S ut. Let us consider the case in which also
a d.c. flux * e o=$ 0/2 is applied. It is easy to see (Fig. 4c) that the r.f.
voltage across the tank circuit will be a linear function of I R F as long as
rRF ^ I A = ( * ~ # o / 2 ) / M Q . The peak value is given by V R F =10 L TQ IRf.. The
maximum value for which this regime holds is given by:

to L_

V = — ( $ - $ / 2) (I1)
A M ec o

When IRF *!«• transitions to the state * = $0 and back to the $ = 0 state
start to occur. Due to these transitions, energy is subtracted from the tank
circuit. Therefore, the amplitude of the r.f. current decreases, and it takes
a number of cycles to recover its initial value. The energy dissipated is given
by the area of a hysteresis loop (exp 10) divided by L, the inductance of the
SQUID:

2$
AE = o (12)

where the last approximation holds if we assume $ e c ~*0- The recovery time
depends upon the Q of the tank circuit and the value of IRF- Increasing IR F>
the peak value of the r.f. voltage is constant (this is the step region from
A to C in Fig. 4d) until I R T = Ig. At this point one hysteresis loop is traver-
sed every r.f. cycle, and the energy AE is supplied by the tank circuit. In-
creasing further I R F, the amplitude V R F starts to increase again and the riser
from C to D on the V R F - IRF characteristic is described (see Fig. 4d). A new
step is encountered when I _ has a value for which more than one hysteresis
loop is traversed by the r.f. modulation. The second step ends when three
hysteresis loops are traversed every r.f. cycle, and its length is twice that
of the first step. The VRp ~ ! Rp dependence for the case $ e o = 0 is indicated
by the solid line in Fig. 4d. The first step occurs for:

(13)
M

and has a length twice the first step of the $ 0 = $ 0 / 2 c a s e . The first riser, oc-
curs when two hysteresis loops are traced each r.f. cycle. For values of the
d.c. flux * e o between 0 and $o/2 (or equivalently n * Q and (n+j)$ o ) the
V R_ - IRp dependence is contained inside the two curves shown in Fig. 4d. Fixing
the value of I R F on one step, and varying the external field, one gets for V R F

the triangular dependence sketched in Fig. 4d, whose periodicity is a flux

quantum The amplitude of this variation is easily computed by subtracting
exp 13 from exp 11, and is given by:

AV (14)

From this expression, is comes out that the flux sensitivity could be made arbi-
trarily high by decreasing M, i;e. the coupling coefficient K. As usual, K is
defined by M = K L_L. However, it is obvious that in order to operate, the
SQUID must have a finite coupling to the-," re so: ant circuit. Therefore, a lower
limit for K^ must' exist. Simmonds and Parker \*v) j,ave solved by analog compu-
ter the problem of the SQUID coupled to the resonant circuit and have found
that the condition of optimum coupling is realized when K"Q ^ 1 . This condition
can be derived (36) by t h e requirement that on the V R p - I R F dependence the
point C must be on the right of the point B (see Fig. 4 d ) . In other words, the
length I. - I, of the first step (for
But eo .

/ 2 ) must be greater than
we have seen before that the increase in the power V^ (I - I,), moving on

the first step, is equal to AE W /2 IT. Furthermore, it is easy to see that:
Ig _ j = $ /2MQ. Therefore, by using exp 11 and exp 12, from the condition
(Ic - I A ^ ^ B ~ lh> > it: follows that M2Q/LLT > Tf /2, or introducing K:
K Q > n / 2 . Optimum operating conditions have been discussed extensively by
Pascal and Sauzade (**'. In Fig. 5a, a typical experimental arrangement for the
operation of the r.f. SOUID is shown. A stainless steel coaxial line is used
to feed the tank circuit and to support the SQUID, which is immersed in liquid
helium at 4,2CK. The r.f. voltage is amplified by a low noise amplifier, demo-
dulated, integrated and displayed on the Y axis of an oscilloscope. A FET pre-
amplifier in a cascode configuration is generally used, and a diode is used as
a detector. The low frequency signal is used to produce a slowly varying field
in order to observe the characteristic triangular dependence. .In.Fig. 5b is
reported a typical flux response for a 19 MHz operated SQUID . The differentp
curves refer to different values of the r.f. current I

RF-
a

To increase the flux
resolution and to linearize the response of the device, a feed-back configura-
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b) H o r i z o n t a l s c a l e 1 V / d i v
V e r t i c a l s c a l e 1 0 0 p V / d i v

F i g . 5 - a ) T y p i c a l e x p e r i m e n t a l a r r a n g e m e n t f o r r.f. S Q U I D o p e r a t i o n .
b ) R a d i o f r e q u e n c y a m p l i t u d e V RF' v e r s u s d . c . f i e l d

t i o n is oftc-n u s e d . T h e S Q U I D is l o c k e d to a p a r t i c u l a r v a l u e of t h e f l u x ,
g e n e r a 1 Iv on a minimurn of the V R F - $ e c u r v e . W h e n t h e f i e l d is v a r i e d , t h e l o o p
a c t s tu r ii ir. p e n s a t e t h i s v a r i a t i o n . T h e c u r r e n t in t h e f e e d b a c k l o o p g i v e s ,
t h e r e t o r e , a m e a s u r e m e n t of t h e f l u x v a r i a t i o n . A n e x t e n s i v e d i s c u s s i o n o n . t h e
f e e d b a c k o p e r a t i o n m o d e of the r.f. S Q U I D h a s b e e n g i v e n by G i f f a r d et a 1.

In t h e u s u a l m o d e of o p e r a t i o n of the r.f. S Q U I D a f r e q u e n c y of a b o u t
2 0 f 30 M H z is u s e d . H o w e v e r , as c a n be r e c o g n i z e d by e x p 1 4 , t h e s i g n a l o u t p u t
of t h e m a g n e t o m e t e r is p r o p o r t i o n a l to t h e p u m p i n g f r e q u e n c y in . T h e r e f o r e ,
i n c r e a s i n g w , t h e s i g n a l to n o i s e r a t i o s h o u l d be i n c r e a s e d . M a n y e x p e r i m e n t t r
h a v e o p e r a t e d r.f. d e v i c e s , if t h e r a n g e of h u n d r e d s of M H z ( 4 3 - 4 6 ) , a nd up to
the r a n g e od a f e w G H z ' * . T h e c o n c l u s i o n s w h i c h c a n be d r a w n a r e t h a t
t h e s i g n a l to n o i s e r a t i o is u s u a l l y n o t t o o m u c h i m p r o v e d . T h i s in p a r t c a n be
d u e to t h e f a c t t h a t n o i s e in p r e a m p l i f i e r s t e n d s to i n c r e a s e w i t h t h e f r e q u e n -
c y . H o w e v e r , it s h o u l d be n o t e d t h a t u s i n g a h i g h e r f r e q u e n c y f or t h e p u m p i n r
s i g n a l a l l o w s h i g h e r f r e q u e n c i e s to be u s e d f o r t h e l o w f r e q u e n c y m o d u l a t i o n
s i g n a l in t h e f e e d b a c k c o n f i g u r a t i o n . T h i s w i l l i n c r e a s e t h e s p e e d of the
d e v i c e .

3 . 1 . 1 . I n t r i n s i c n o i s e a nd m a x i "i u "• s e n - i t i v i t y of r . f . S Q U I D

N o i s e in an r.f. m a g n e t o m e t e r is e s s e n t i a l l y d u e to t h r e e d i f f e r e n t
s o u r c e s : i n t r i n s i c n o i s e of t h e S Q U I D , t a n k c i r c u i t n o i s e , p r e a m p l i f i e r n o i s e .
A d e t a i l e d a n a l y s i s on a l l t h e s e k i n d s of n o i s e h a s b e e n c a r r i e d o u t bj J a c k e l
and B u h r m a n ( 4 9 ) . In t h e f o l l o w i n g , w e w i l l d e r i v e an e x p r e s s i o n f o r t h e i n t r i n
s i c n o i s e , by u s i n g a v e r y o v e r s i m p l i f i e d m o d e l . T h e t r e a t m e n t is n o t r i g o r o u s
b u t w o r k s v e r y w e l l to g e t an e s t i m a t e of the ma. imutn s e n s i t i v i t y at w h i c h the
d e v i c e c o u l d o p e r a t e . F o l l o w i n g Z i m m e r m a n (50J w e s n a l l a s s u m e t h e s o u r c e of
t h e f l u c t u a t i o n s to be J o h n s o n n o i s e in t h e n o r m a l s t a t e r e s i s t a n c e R of t h e
w e a k l i n k in t h e s u p e r c o n d u c t i n g l o o p . At a t e m p e r a t u r e T (T = 4 . 2 ° K ) , a nd
fo r a f r e q u e n c y b a n d w i d t h 5 u / 2 TT t h e m e a n s q u a r e v a l u e of the n o i s e v o l t a g e
a c r o s s R is g i v e n by <<5Vfj > = 2 K g T . R 6to/ir . If L is t h e l o o p i n d u c t a n c e the
m e a n s q u a r e n o i s e c u r r e n t w i l l be <6l»k, s R ' ' ° M

v a l u e of t h e f l u x n o i s e i s :
2 K B T . i

T T ( R 2 + u 2 L 2 )

and t h e m e a n s q u a r e

TT R ( 1 + ' 7TP )
( 1 5 )

By i n t e g r a t i o n o v e r all f r e q u e n c i e s t h i s e x p r e s s i o n g i v e s f o r t h e t o t a l f l u x
n o i s e < $ 2

N > = K_TI,. If < $ i > J $ 2 , t h e p e r i o d i c i t y in t h e r e s p o n s e of t h e d e v i c e
w o u l d b e c o m p l e t e l y w i p e d o u t by the n o i s e . T h e r e f o r e , t h e c o n d i t i o n L < < J > O / K B T
is d e r i v e d f o r t h e v a l u e of t h e S Q U I D i n d u c t a n c e . Fox T = 4 . 2 ° K a m a x i m u m v a l u e
L < 1 0 " 7 H e n r y f o l l o w s . T y p i c a l v a l u e s u s e d a r e L = 1 0 H e n r y . U s i n g t h i s v a l u e
a n d t h e c o n d i t i o n 6 =2 T T L I J / ^ O - T , f o r w h i c h t r a n s i t i o n s in t h e $ - $ e c u r v e o c -
c u r o n l y b e t w e e n a d j a c e n t f l u x o i d s t a t e s , it f o l l o w s t h a t t h e c r i t i c a l c u r r e n t
of t h e w e a k l i n k is I j = $ o / 21. "'few p A .

L e t us o b s e r v e at t h i s p o i n t t h a t t h e w e a k l i n k is in t h e n o r m a l s t a t e
o n l y f o r the t i m e T - L / R , e v e r y r . f. c y c l e (in the m o s t u n f a v o r a b l e c o n d i t i o n ) .
T h e r e f o r e , e x p 15 w i l l b e r e d u c e d by a f a c t o r toL/2 TTR , a n d w i l l b e :
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(16)

where the approximation u><<R/L has been used.
— 9

By using typical values w/27i^2O MHz and L = 10 Henry, exp 16 gives a
noise factor and therefore a maximum sensitivity per unit bandwidth:

,«-5

3.1.2. Practical single junction devices

The single junction configurations used in r.f. magnecometers have been
realized by thin films or by bulk metals. In thin film structures (see Fig. 6a)

b)

Fig. 6 - a) Thin film SQUID. The dimen-
sions of the superconduc-
ting cylinder are: length

10 mm, diameter 2 mm.
b) Two-hole symmetrical point

contact SQUID. External
diameter 10 mm, length

10 mm; the diameter of
the two internal holes is

1-r2 mm.

a superconducting metal is vacuum deposited onto a dielectric rod (usually
glass or quartz), of 1?2 mm in diameter. A Dayem bridge ^ ' , or a proximity ef-
fect bridge (52)^ £ s forme{j £ n the superconducting cylinder. In bulk metal
devices, the material employed is usually niobium, for its high critical tempe-
rature, and the weak link is realized by a point contact. In Fig. 6b the two-
•phgle,symmetrical point contact device introduced by Zimmerman and his coworkers

is shown. The structure responds to differences in flux in the two
holes. This structure has the advantages of shielding better the external field,
and being cyclable a considerable number of times. The r.f. coil is inserted
in one hole, and the field is applied by a flux transformer (see below), in the
other one. Recently two hole SQUID structures have been realized in planar
configurations using a tunnelling junction as a weak link *• ^, and high cri-
tical temperature materials for the superconducting loop (->->'̂  '. n very in-
teresting configuration of bulk single loop devices is the completely self-
-shielding, toroidal cavity SQUID ' . Another very ingenious structure in
which many loops in parallel are closed by the same link has been introduced
by Zimmerman (*8). It has the advantage of having a small inductance compared
with a single loop device of the same dimensions. Therefore, the magnetic field
sensitivity is greatly enhanced, while the noise characteristic and the coupling
constant, which are related to the inductance, are the same.

A. Measurement techniques

The superconducting magnetometer in its closed loop configuration is an
instrument which can measure very small changes in external magnetic fields.
Resolutions as fine as 10" Tesla/ /~Hz~ can be achieved. To couple the external
flux to the SQUID, and to increase the magnetic field sensitivity, usually a
superconducting transformer is used. This consists of a closed loop of a super-
conducting wire (Insulated Nb wire 100u m in diameter is generally used). Let
us indicate by L the inductance of the pick-up coil coupled to the external
field, and by L the inductance of the secondary coil tightly coupled to the
SQUID (see Fig. 7a). If a flux A* is applied to the primary coil L , due to
flux quantization a circulating current i will be established in Brder to
maintain unchanged the flux enclosed by tne entire superconducting loop. The
value of this current will be is = A* /(L + L s ) . Therefore, the flux sensed
by the SQUID will be, neglecting stray inductances:

L • ~ *" ( 1 7 )

P
where Ms = y
the SQUID. Let us" observe, in passing, that the superconducting transformer
responds also to static fields. From exp 17 it follows that the condition of

L_L is the mutual inductance between the secondary coil
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a» sou, bl

Fig. 7 - Superconducting transfor-
mer configurations

a) Magnetometer configu-
ration

b) First derivative gra-
diometer

c) Second derivative gra-
diometer.

maximum sensitivity for flux transfer is realized when L. • L . A detailed dis-
cussion of optimum coupling conditions with superconducting transformers has
been given by Claassen ' 5 .

Other configurations can be used for the primary coil Lp. If it is made
by two identical coils wound in opposition and Az apart (see Fig. 7b), it
will be sensitive only to field gradients in the z direction and insensitive
to uniform fields in that direction. This configuration is called the first.,-* •
derivative gradiometer configuration and was first introduced by Zimmerman
(50). in real devices it can occur that, for example, the two loops in the
primary coil are not perfectly identical or parallel; therefore, care must be
taken in balancing them. This can be done either by inserting a superconducting
bulk piece in one coil, or by additional small coils oriented along different
directions. All these procedures have been described by Whin et al. (*""). Balan-
ce factors of 10~" ppm are achieved. The sensitivity of first derivative gradio-
meters canbe as high as 10~!3 Tesla/m /ifz (lO'Uf./cm f&z) .

If the primary coil is made by two first derivative gradiometers in op-
position (see Fig. 7c) a second derivative gradiometer (*>l)(62) j s obtained
sensitive only to second derivative field variations along z.

Also in the gradiometer configuration, the optimum coupling condition
is achieved when the primary and secondary inductances are matched. Therefore,
the magnetic field sensittivity for a gradiometer is lower than that of a mag-
netometer configuration (with the same Lp value for the primary coil). In fact
the magnetic anergy picked up by the primary coil is now shared by all of the
inductances from which it is made. As an example in the first derivative confi-
guration the reduction factor would be 1// 2. As observed by Zimmerman '"',
this inconvenience can be virtually eliminated by resorting to nonsymmetric
configurations in which the area enclosed by each coil in the primary induc-
tance is the same but the inductances are different.

5. Applications of SQUID magnetometers

There are many fields in which superconducting magnetometers have found
application (34)(36)(64)_ Among them a very interesting area is that related
to the measurement of magnetic fields produced by humans. Phenomena which have
been observed are magnetic fields produced by: heart activity (Magneto£ardio-
Gram), muscle action (MagnetoMyo<3ram), brain activity (MagnetoEncephaloGram),
and so on. An excellent review on this subject has been given by Cohen * ' and
more recently by Williamson et al. (66). xn Fig. 8 typical values of the magnetic
fields involved in these kinds of measurements are shown. For comparison, the
limiting sensitivities for SQUIDs and flux gate magnetometers, and the inten-
sity of some typical external disturbances are also indicated. To give an idea
of problems related with the measurement of fields of such low intensity, we
will discuss briefly the work done up-to-date in the field of magnetocardio-
graphy. The use of superconducting magnetometers in this field was introduced
by Cohen,.Edelsack and Zimmerman ' in 1970. A simple single loop configura-
tion (Fig. 7a) was used for the sensing superconducting transformer. Therefore,
to minimize the effect of the earth's magnetic field, the measurement was per-
formed in the shielded room designed by Cohen at the Francis Bitter National
Magnet Laboratory at the Massachussets Institute of Technology (*>8), The room
is roughly spherical in shape and is made by three high permeability layers
for magnetic shielding and two aluminum layers to provide electrical shielding.
The static field in it is reduced to a few nanoTesla (1 nT » 10"' Tesla), with
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gradients of lnT/m. As a comparison, the amplitude of the slowly varying MCG
signal is about 3.1O-1XT (3.10"' G).

Subsequently, the use of the gradiometer configuration has made
possible the elimination of these expensive facilities. Not many laboratories
have a shielded room like that at M.I.T. As an example, the group at the Uni-
versity of Technology at Otaniemi (Finland), has its measurement room in a
wooden.cottage in a suburban area, about 70 m away from the nearest apartment
block t 7 0 J . No shield is used, a fact permitted by the first derivative gra-
diometer configuration used for the sensing coil. Recently this group has ap-
plied the magnetocardiogram techniques to the detection of the heart activity
of a fetus ('I'̂ 7Z'. it is interesting to observe that the magnetometer is an
external probe and can be positioned near the abdomen of the mather, allowing
to evidence better the contribution of the fetus.

As experienced by Opfer et al. , the use of a second derivative gradio-
meter enables making measurements also in an urban environment.

An interesting possibility for providing low frequency shielding at an
intermediate cost is the use of thick-walled enclosures ofvery high conducting
non-magnetic materials, like that recently designed by Zimmerman X 6 3 J at the
National Bureau of Standards in Boulder (Colorado). The majority of the magneto-
cardiograms reported have been made by measuring only one of the components
of the heart's magnetic field around the chest. Recently Wikswo and coworkers
(73^have designed at Stanford University a system to maki a Vector MagnetoCar-
dioGram. The gradiometer they used has the two coils in the primary inductance
tilted at an angle of 55° with respect to its axis. Simple successive 120°
rotations allow measuring the three orthogonal components of the field. A
linear transformation is used to reduce the data to a body-related coordinate
system. The magnetic shield they use is a 7.6 m deep, 2.0 m diameter, ten-sided
two-layer molypermalloy and aluminum structure, located in a hole. The patient
is at the bottom of this structure. The static shielding is needed to reduce
distortions by magnetic susceptibility variations within the chest ('*'. The
vectorelectirocardiogram is recorded at the same time. Both the data are recor-
ded and processed by an on-line minicomputer (75).

CONCLUSIONS

A few years ago the use of superconducting magnetometers was essentially
limited to low temperature research laboratories. One of the difficulties was
the realization of reliable and stable weak links of the proper characteristics.
At times solutions like that in which the point contact in the SQUID was adjusted
from outside the cryostat were adopted. As a consequence to work with this kind
of magnetometer was an art more than a science, and very often the user was
also the builder of the device. This situation has been improved considerably
in recent years, and reliable and stable SQUID magnetometers are now commercial-
ly available (76)(77)(78)(79). Thanks also to the adoption of rugged, easy to
carry superinsulated fiberglass dewars their use is becoming more and more dif-
fuse. Field sensitivities of 4.10"5$o J Hz, are relatively easily achieved.

At this point it is worthwhile to make a comparison between d>cv and r.f.
magnetometers. D.c. magnetometers were the first to be operated t10'1 ; sub-
sequently their use was obscured by the'more easy to make, r.f. magnetometers.
As a consequence, as far as I know, all the commercially available devices are
r.f. operated devices. However, at present d.c. SQUIDs are gaining more and
more, especially after the improvements introduced by Clarke and coworkers'80"81-.
In their modern configuration they have performances quite comparable with and in some cases
better than those of their r.f. cousins.
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"A 34 MW, 120 HJ PULSED DC SUPPLY FOR THE UK TOKAMAK REACTOR 'DITE'"

MICHAEL G. J. FRY

BRENTFORD ELECTRIC LTD, CRAWLEY, W.SUSSEX, UK

1. INTRODUCTION

The Divertor & Injection Tokamak Experiment (DITE) located at the Culham Laboratory
of the U.K. Atomic Energy Authority, confines its plasma by means of a set of liquid-
nitrogen-cooled toroidal field coils, which are energised with DC pulses generated by a
static rectifier set. This paper concerns a number of points of technical interest
relating to that rectifier.

The equipment as delivered to site, is designed to meet the following main
electrical parameter requirements:-

Item

50Hz, 3 Phase Supply Voltage

DITE Toroidal Field

Flat Top Current

Peak Power Output (Flat-Top)

Peak Power Output (Forcing)

Flat Top Time

Approx. Rise Time

Approx. Decay Time to 9kA

Energy transfer to end of flat-top

Pulse Repetition Interval

Forcing Voltage before flat-top (max)

Voltage range at full load current

2. PULSED LOAD PROBLEMS

As is well known, the application of large pulsed loads to the public supply network
is viewed with some disfavour by supply authorities, due to the possible generation of
wide voltage fluctuations at the point of common coupling.

The problem is exacerbated in the case of a variable phase—angle thyristor rectifier
with pulsed load, by two considerations:-

(a) The thyristor rectifier is essentially a variable power factor device, in
• which the AC power factor approximates to the ratio of on-load DC output voltage

to open-circuit DC output voltage. Since at the end of the load flat-top, the
DITE Rectifier is required to allow the coil current to decay with zero output
voltage, the use of a conventional single cell rectifier would give zero P.F.
operation and a reactive power demand greater than the peak real power rating of
the set.

(1)

11

2.8

12

12

16.8

1

6

3

40

5

1.4
(

Requirement (Alternatives)

<2>

33

2.5

15

22.5

30.0

1

6

2.5

62.2

5

2.0

20% to 100%

(3)

33

4.0

17

22.5

34.0

1

6

4

118

5

2.0

\

kV

T

kA

MW

MW

Sec

Sec

Sec

MJ
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kV
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(b) The demands of a reasonable first cost for the equipment, together with
considerations of short-circuit fault protection, impose a lower limit of
0.06 to 0.07 for the total P.U. reactance of the equipment at continuous RMS
rating. For the DITE rectifier, the ratio of pulse rating to RMS is
approximately 6, so that an overall P.U. reactance of 0.35 - 0.4 must be
contended with during flat-top.

2.1. For very large pulsed systems, these problems have been overcome by the use of
either (a) Inertial energy storage in flywheel motor/alternators

or (b) Fast static p.f. correction equipment to provide the quadrature power demands

Both methods were excluded in this case on cost grounds. Discussions with the
supply authorities disclosed that a peak reactive power demand of less than 20 MVAr (at
full load on 33kV) would be acceptable, provided that the average reactive power during
the pulse did not exceed about 10 MVAr.

Since the P.U. reactance of the supply and the rectifier transformers alone would
call for 7-8 MVAr during maximum flat top current, means were evidently required for
ensuring that during most of the pulse and for the whole of the flat-top interval, the
thyristors would operate with only slightly retarded firing angles, and hence near unity
P.F.

2.2. The circuit configuration finally chosen, divides the rectifier into two series
connected sections, one with diode bridges providing a fixed voltage; the other with
thyristors which may work in either the rectifier or the line-commutated invertor mode.

During the pre-flat-top forcing period, the thyristors are advanced to within
about 10° of the full output position. During the decay period they invert with a
firing angle of about 135°• Since the firing circuit back stops must be set to give a
safety angle (against shoot-through) of about 45° because of the high P.U. reactance.
The critical range of firing angles around 90° which gives high reactive power, is
however traversed very rapidly during the rise and fall periods.

To maintain this mode of operation at output voltages in the range from 100% down
to 20%, the rectifier transformer(s) are preceded by a mechanical line-voltage regulator
of the (patented) "Interstep" type, which comprises a dual-votege 11/33 kV tapped auto-
transformer with rolling contact regulator and tap selection switch. The regulator and
switch drives are co-ordinated by a special gearbox, which converts the equipment into a
single shaft drive, low-loss, low reactance auto-transformer of steplessly variable ratio.
The "Inierstep" principle allows the regulator to unload the tapping switch at tap changes
and makes feasible the use of an inexpensive off-circuit switch for on-load tap change
duties. In operation, the AC line voltage is preset to give the required load voltage at
flet-top with minimally delayed firing angle and results in a reactive power demand little
greater than the minimum required by the equipment P.U. reactance.

2.3. For practical reasons, the final system comprises the following:-

(a) 11/33 kV Interstep regulator for 100% - 20% voltage range

feeding (b) Two rectifier transformers with Delta/star and Delta/Delta windings

each feeding (c) A Diode rectifier bridge

and (d) 4 parallel-connected thyristor bridges

Each rectifier transformer therefore supplies a 6-pulse rectifier group rated at
about 1000V, 17000A, which are normally series-connected to provide a 12-pulse equipment
meeting requirement (3). Provision is also made (for alternative usage in future
experiments) for the two rectifier sections to be parallel-connected through an inter-
bridge transformer to provide 34000 Amps, at about 1000V.
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3. CURRENT SHARING

The thyristor devices employed are of the highest rating currently available
commercially and are correspondingly expensive. Although, for other operational reasons,
they are cooled by natural convection of air, neither air blast nor water cooling would
significantly improve their rating, due to the pulsed nature of the load.

A single bridge with one device per arm can contribute 4500A to the total flat-top
current. Thus with perfect current sharing between parallel devices, a bridge with four
devices in parallel per arm would produce 18000A, or roughly 5% safety reserve above the
specified load current.

However, in view of the difficulty of balancing busbar impedances and device forward-
voltage-drops, current sharing problems with devices solidly paralleled on both the AC &
DC sides would require a derating factor equivalent to the addition of 50% more devices
at a substantial extra cost. For this reason each rectifier transformer is provided with
four identical secondary windings each feeding a bridge with one device per arm. The
four bridges are paralleled at the DC busbars and each bridge has its own
independent firing circuit system.

The load current from each bridge is monitored independently and the corresponding
firing circuit controlled to provide exactly one quarter of the load current. Current
sharing between bridges is maintained in this way at better than 1%, which lies well
within the 5% reserve of the devices.

An incidental advantage of this arrangement is that in the event of a device failure,
the appropriate bridge may be temporarily removed from circuit and the equipment operated
at three quarters rating without further worries about current sharing in the still
operative bridges.

For such a scheme to be effective, certain requirements must be met by the firing
circuits and control equipment, to which considerable design and development attention
has been paid.

4. THYRISTOR FIRING CIRCUITS

The firing circuits comprise two main parts:-

(a) The pulse generators

(b) The pulse amplifiers

4.1 The pulse generators produce trains of precision timed firing pulses for each bridge,
using a phase-lock-loop technique and TTL digital logic. The conventional analogue.
approach to the problem was abandoned because of the difficulty of ensuring accurate
interpulse tracking and precisely synchronised front and back stops for the pulses,
without an excessive number of preset adjustments to be made on all the printed circuit
boards involved.

In principle, a 6400 Hz oscillator is locked in phase and frequency to the 50 Hz
supply mains and provides a rigid "comb" of time markers spaced at equal intervals of 2.8°
from the phase of the chosen reference vector. The second order phase-lock—loop has a
sufficiently low bandwidth and high damping to be, to all intents, immune from mains-borne
interference.

The "comb" of 2.8° is used elsewhere to generate waveforms for the production of pulse
front and back stops (see Section 4.3). Twelve equi-spaced markers are also fed to the
phase-sensitive detector of a second phase—lock—loop operating at 600 Hz. This loop, by
phase-division provides the twelve parallel pulse outputs required for the thyristor
firing. Its phase-sensitive detector has a level frequency response to 150 Hz and' operates,
not at zero phase difference between master and slave loops, but at a phase difference
determined by the DC analogue control signal. Itscontrol range is about 175° electrical,
and the linearity of its phase shift characteristic is better than 1%.
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Its relatively high rate of dynamic response is required because of the demands of the
interbridge current-sharing loops. For the main current loop, which contains the
(6 second) time constant of the load coils, a much lower band-width would have been
acceptable.

From the oscillator of the second (phase-shifted) loop, logic circuits derive 12
parallel pulse outputs, which are then passed through further logic circuits to provide
the fixed front and back stop information derived from the first (fixed phase) phase lock
loop.

Two further operations are carried out on the pulses before transmission to the
thyristors. Since in the series configuration of the rectifier there are always four
thyristors conducting in series at any instant, the pulses are passed through an "OR" gate
matrix which converts each pulse into a train of four pulses, such as to inhibit extinction
of any conducting thyristor due to commutation of others in series with it.

Finally each pulse train is passed to an invertor which produces its logic complement;
the low level pulse trains being then routed to the individual thyristors in signal pairs
which always carry a logic '0' and a logic '1' simultaneously.

4.2 A naturally cooled rectifier is of necessity larger than its forced-cooled counterpart.
In the DITE rectifier, this entails ruijiing the leads which carry the firing pulse data
for several metres past busbars carrying heavy DC or AC, with consequent risk of
electromagnetically induced interference.

Another important consideration is that large heavy current thyristors if their current
rating is to be fully exploited, require their gates to be "hit hard" with short pulse
rise times of, preferably, less than 1 microsecond. This is difficult if not impossible
to achieve with gate connections several metres long.

Finally, although TTL logic is a conventional technology for the generation of
accurately timed pulses, it is sensitive to excessive voltages. With power devices
connected to busbars at several kilovolts DC, extremely good galvanic isolation is required
between power and control circuits, even under fault conditions.

All three of the above considerations are dealt with satisfactorily in the DITE
rectifier by means of specially developed pulse amplifiers located physically on the
heatsinks which carry the thyristors.

Each amplifier unit contains a small 30kHz oscillator which is fed from an external
24 DC supply, and is coupled through a ferrite cored transformer to a diode bridge which
continuously charges a capacitor. The capacitor in turn may be discharged into the
thyristor gate by a fast acting transistor switch. Typically the pulse amplifiers provide
a pulse with open circuit voltage of 10V, a short circuit current of 4A and a rise time to
90% of 250 nanoseconds.

The transistor switch is triggered by a signal fed to it through a second ferrite cored
transformer which derives its information from a simple discriminator circuit. This
discriminator, reading data from the incoming leads from the central pulse generator,
distinguishes a "10" (fire) signal from a "01" (inhibit) signal and ignores completely
either a "00" or a "11" signal, such as is produced by external interference.

An extremely high noise immunity is thus obtained, and despite the high ambient magnetic
fields in the rectifier cubicles, no instances of faulty firing due to "pick-up" have been
experienced in works tests.

It will be noted that the coupling between the gate electrodes and the low level logic
of the pulse generator is entirely magnetic, through the cores of the two transformers.
Each has an earthed shield for protection of the low level logic under fault conditions.
However high voltage tests have shown a minimum corona-inception level for DC between the
two windings of lOkV and it is safe to assume that the flash voltage (not tested) would be
considerably higher. It is considered that a corona-inception level, five or six times
higher than the maximum possible DC working level is a sufficient insurance that the life
of the insulation will be adequate for trouble-free service.
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4.3. The only adjustment required to the firing circuits on commissioning is the setting
of the pulse front and back stops. These are,adjusted by means of PCB mounting digital
switches which select the stop angles in steps of 2.8°. No difficulties have been found
in extensive works trials.

The firing circuits for all 8 bridges are identical with twelve output channels a
piece. Six channels are used for each bridge, even pairs or odd pairs being used
according to the phase relationship (star winding or delta winding) of the rectifier
transformer.

One analogue signal summing board feeds control signals to each firing circuit
comprising:—

(a) Level setting for main load current

<b) Differential signal to balance voltagesacross series connected rectifiers

(c) Differential signal to balance currents through parallel connected bridges

Equalisation components for stabilising the main load loop, and the voltage and
current I id lance loops, can be adjusted individually. Once in operation, the pulse
(jenera'of lioai'ii; for each bridge may be interchanged at random without adjustment oi
apparent effec1 on performance.

MM5UREMEN"

I1 i.• I i •:• J iIed to control the current at flat-top to within - 0.1%. To avoid the
use oi "osll , lii" current transformers, precision AC transformers in the supply bars to
each bridge ai e used. These feed diode bridges with a single burden resistor on the DC
side. Despite the high overlap angles associated with the high reactance of the equipment,
this arrangement meets the accuracy requirement without difficulty.
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DARESBURY SRS BOOSTER MAGNET POWER SUPPLY

by

J. B. Lyall

Uiirosbury laboratory. Science Research Council. Daresbury, Warrington WA4 4AD, U.K.

Power supplies for energising the combined function magnets of a 600 MeV electron synchro-
iron arc described. The magnet current waveform is a fully-biased sinewave with a frequency of
lo Hz -ind (i peak amplitude of 1350 A. The bias is produced by a high stability d.c. source,
while the alternating component is generated by a power inverter operating at- cho 10 Hz funda-
mental.

1. Introduction

A 2 GeV electron storage ring is being constructed at Daresbury Laboratory to provide a
source of synchrotron radiation"'. A 15 MeV linear accelerator will be used as an injector for
a 600 MeV booster synrhrotron which will, in turn, inject pulses of current into the storage
ring. When a sufficitnt number of electrons have been accumulated in the storage ring the beam
will be accelerated to 2 GeV and stored for several hours, during which time the resultant syn-
chrotron radiation will be available simultaneously to a number of experimenters.

Tlif booster synchrotron will contain 16 combined function magnets which will be energised
in series by a fully-biased 10 Hz sinusoidal current waveform. Electrons are injected shortly
after minimum field, when the alternating component is in opposition to the bias, and they are
extracted at peak field, when the alternating component and the bias are adding. The following
is a description of the power supply which is being constructed to produce the required current
waveform.

2. Circuit operation

The circuit used is based on the well known White circuit shown in f ig . l . The series con-
nected magnets are tuned by a capacitor bank to resonate at 10 Hz, and this resonance provides

Inductor Magnet
tuning tuning S
capacitor capacitor

Bias
supply

Series
! connected
, magnets

Fig.l. Schematic diagram of magnet power supply

' I" ninin source of alternating nirront, as only the losses have to be provided from an external
Ri'iiri-n. A second parallel tuned circuit isolates the d.c. bias supply from the high alternating
vtil'rtqp appearing across the magnets. A convenient way of supplying the a.c. losses to the sys-
trm is by means of an auxiliary winding on the inductor of the second tuned circuit. The turns
r ]'iu of this winding to the main winding is chosen to match the impedance of the load to the
supply. A 10 Hz inverter produces square-waves, and a series tuned filter attenuates the higher
harmonic components, allowing only the fundamental component to pass virtually unhindered.

The phase of the alternating currents in the two inductors is reversed relative to the di-
rect current in them. Thus at the instant when the a.c. component in the magnets is at its peak
and is in the same direction as the d.c. component, the magnet current is twice the bias current.
In tho other inductor the a.c. and d.c. components are in opposition and the net current is zero.
Further, at this instant, the voltage across the tuned circuits is virtually zero, since the rate
of rhancjr of current in the inductors is zero and the bias voltage is low. It follows that all
tlir stored energy is in the magnets at this instant. The situation is reversed half a cycle
later when all the energy is stored in the other inductor, and for this reason it is referred to
as the energy storage inductor.

3. Bias supply

The bias supply contains a variable transformer preregulator, a three-phase diode bridge
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rectifier and a series transistor regulator, and is of fairly conventional design,
fier and transistors are mounted 01 water cooled heatsinks.

The recti-

Although the majority of the alternating current in the magnets and energy storage induc-
tor circulates through the appropriate tuning 'capacitor a small Amount of alternating current
must flow through the bias supply to make up the losses in the magnet circuit. A simple series
L.C. filter tuned to 10 Hz is therefore connected across the bias supply terminals to divert
this current and prevent interference with the control circuit.

4. Inverter

A circuit diagram is shown in fig..?. A thyristor bridge inverter converts a direct voltage
derived from the rectified mains into a 10 Hz square-wave synchronised to the resonant circuit

Variable
transformer

Isolating
transformer

—

Thyristor
rectifier

T II .

X II •

Inverter

Fig.2 Inverter circuit diagram.

voltage waveform. A variable transformer preregulator is used before the thyristor rectifier to
ensure that the latter always operates with the minimum firing angle delay which will allow the
system to counter rapid mains changes. The appropriate pair of thyristors in the inverter is
triggered as the voltage across the resonant circuit crosses zero and a half sinewave of current
flows. The other pair of thyristors is prevented from being triggered until this current has
been at zero for sufficient time for the first pair of thyristors to recover.

It will be noticed that the series filter previously referred to is split so that the in-
ductor Lprecedes the inverter. This arrangement considerably reduces the problems of thyristor
transient protection and also limits the rate of rise of fault current if a series pair of thy-
ristors conduct at the same time. The choice of values for L and C is influenced by two con-
flicting requirements. Firstly, the larger the inductance the greater will be the attenuation
of high frequency components of the input voltage waveform. A considerable amount of harmonic
distortion of the magnet current can be accepted but mains derived components will lead to beat-
ing with the 1O Hz resonant current. As the overall accuracy required is 1 in 101*, it is desir-
able that any 50 Hz component of the inverter input voltage should produce a component of the
magnet current which is an order of magnitude less than this. The second requirement is for suf-
ficient capacitance to limit the thyristor voltage swing to a value that it is economically ac-
ceptable. Since the LC product is determined by the resonant frequency, the choice of L and C
must be a compromise between these two requirements. The selected values of L and C give a cal-
culated 50 Hz component of magnet current of 1 in 10 s with 10% 50 Hz ripple on the input wave-
form, and a capacitor peak voltage of 225 V.

5. Stabilisation

The feedback signal for stabilising the bias supply is obtained from a direct current trans-
former (D.C.C.T.) in series with the rectifier output (fig.3). This signal is compared with a
reference voltage from the booster synchrotron computer control system to obtain an error signal
which controls the drive to the series transistor regulator. To limit the dissipation in the
transistor banks, the voltage across the transistors is maintained at approximately 6 V by feed-
back to the motor driven variable transformer preregulator. The transistor voltage can swing
between 2 and 1O volts during mains transients.

Stabilisation of the inverter is more difficult, since any corrections applied require many
cycles of oscillation of the resonant circuit before their effect is fully established. Stabil-
isation has been based on the fact that there is an approximately linear relationship between
inverter input voltage and magnet current so that if all component values remained constant sta-
bilisation of the input voltage would be sufficient. However, thermal changes in the magnet and
inductor resistances would cause a slow drift of magnet current, so a system which measures the
peak-to-peak flux in a reference magnet connected in series with the synchrotron magnets has been
adopted. The error signal obtained when this is compared with the reference voltage is used to
apply a slow correction to the inverter d.c. supply stabiliser(fig.4).

Corrections are made to the output of the thyristor rectifier by varying the point in the
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Fig.3. Bias control circuit
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Motor
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Fig.4. Inverter control circuit

mains cycle at which the thyristors are triggered. The stabilisation scheme adopted compares
the output voltage with the reference voltage and integrates the error. Since the output volt-
age immediately after a thyristor commutation is greater than the reference the integrator out-
put voltage increases. Later in the conduction period the output voltage is less than the re-
ference voltage and the integrator output voltage falls until it reaches zero, at which instant
the next thyristor is triggered. This method ensures that the output voltage averaged over
each thyristor conduction period is correct, and therefore the output over any number of con-
duction periods is correct. Regulation due to the mains transformer and supply impedances is
thus eliminated even though the load current is pulsating. •

A motor control circuit drives the variable transformer so that the thyristors remain near
full conduction thus keeping the ripple voltage low.

6. Parameter list

Magnet Ring Inductance
Resistance
Peak current
Mean current
RMS current
Peak voltage
Tuning capacitance

96 mH
206 mfi
1350 A
675 A
827 A

4.08 kV
2.64 mF
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Energy Storage Inductor Inductance
Resistance
Tuning capacitance
Energising turns ratio

Series Filter Inductance
Capacitance

Bias Supply ' Voltage
Current
Power

Inverter RMS voltage
RMS current
Power

References

(1) Design study for a dedicated source of synchrotron radiation. Daresbury laboratory Report
DL/SRP/R2 (1975).
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POWER SUPPLY FOR SUPERCONDUCTING COIL ENERGY STORAGE

M. Masuda and T. Shlntomi
National Laboratory for High Energy Physics
Oho-machi, Tsukuba-gun, Ibarakl-ken, 300-32, Japan

The conventional superconducting coll energy storage has a superconducting switch to main-
tain a permanent current flow. The new system has been introduced. It has nothing than thy-
ristors as a switch. The thyristor loss has been investigated whether it deteriorate the stor-
ing properties or not. The investigation was compared with 100 kJ experimental result and
extended to the real scale of superconductive energy storage for stabilization of utility net-
work. Another investigation is on an operation mode of the thyristor converter. The con-
verter-inverter mode was introduced and investigated.

Introduction

One of the applications of the Superconducting Coil Energy Storage (SCES) to the power and
energy problems is the replacement to the hydro pumped storagey' which has been already widely
used for the purpose of peak shaving in utility system. The hydro pumped system can storage the
surplus power in an upper dam as a potential energy of water and use it when the network demands
the additional power.

The conventional SCES is composed of a superconducting coil, thyristor converters, switches
and cryogenic instruments. The DC current is rectified from AC line and is charged into the
superconducting coil which corresponds to the upper
dam in a hydro system. When it reaches to the
maximum value, the coil is isolated from the con-
verter system and the current flows into a newly
formed closed circuit. When the resistance of the
closed circuit is kept to be extremely low, the
initial amperes of the current are remained for a
long time and so it is called as permanent current.
However, to maintain the permanent state, every
parts of the circuits must be made of superconduct-
ive material even on a switch. This is extra
ordinarily difficult po realize^ the actual size and
to maintain the heavy duty operation. There might
be two problems associated with the SCES.

One is the omission of such superconductive
switch and the employment of the thyristor instead
of it. It means the utilization of the existing
technologies than newly developed one. The loss
come from the thyristor must destroy the permanent
state and if the loss is too large to be compared
with the converter power, the system has no longer
the storage char-
acteristics. (A)

The other is the
operation mode of the
converter just after
end of the charging
period. At that moment,
the superconducting
coil and also the newly
formed closed circuit
is isolated from the
converter in a conven-
tional system. However,
the omission of the
superconductive switch
may make it impossible
because the superconduct-
ing current has no
longer the flowing
circuit than the thy-
ristor of the converter
or the bypass. Anyway
the converter must

Fig.l The conventional circuit for the
superconducting coil energy storage.

(B)

ASCR

I J

sc

i J

Fig. 2 The presently proposed circuits for the superconducting coil
energy storage. (A) is for converter-inverter method and
(B) is for bypass method.
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supply the slight voltages against to the thyristor loss with carrying the maximum current. The
operation of the converter under such condition is worst and the power factor will decrease to
0 %. To improve the situation, the ingenious operational mode of the converter is proposed. It
is converter-inverter operation!2' To check the effect of the proposed system of the power
supply, the model SCES of 100 kJ was made and tested.^3'

Circuit for Superconducting Coil Energy Storage

The conventional circuit is shown in Fig.l. The operation procedure has already been
desribed roughly. In Fig.2, the presently proposed circuits are shown as that the use of
thyristor is for converter and bypass in (A) and (B) respectively.

In Fig.l when the charging comes to end, the DC current flows in turn to the newly formed
closed-circuit where the superconducting switch, S2, is included. Therefore the energy can be
stored specially inside the superconducting coil and it continues for a long time without loss.
In Fig. 2,(A) and (B), at the holding time, the stored energy will be consumed by thyristors and
seems to be decayed with a considerable shorter time constant. Where the stored energy is not
so large and the holding time is longer, the above concern is true.

In case of hydro-pumped station which is serving for the daily peak shaving, the stored
energy is more than 1012 joules and it must be held for 2 to 8 hours. Under such situation, the
thyristor loss might be negligibly small in comparison with the greater stored energy and the
thyristor seems to be useful even for a long time holding. Anyway in the proposed circuit, the
thyristor loss will play a dominant roll with other losses generated at lead wires and trans-
former winding. It is the point how to design the system with considering the above situation
and to get the sufficient storing characteristics.

Loss estimation

The fundamental interest on the SCES is the efficiency of the extracted energy to the char-
ged energy. During one cycle, the process can be divided into three stages, charging, holding
and discharging. The generated circuit losses for three processes are estimated and will be
compared with the experimental result.

The estimation of the power loss in the new circuit has been done for the constant raap
operation as shown in Fig.3. Another loss seaeraced inside the cryostat such as being attribut-
ed to the superconducting coil, its structure and the thermal insulation has not been estimated
here but will be discussed later.

(Loss at charging)

The loss at the charging cycle is generated at the
transformer, thyristor and lead wires. The loss at the
transformer is expressed as Rt which is the effective resis-
tance including AC and DC sides and calculated as that it is
0.5 % of the maximum rating of the transformer power. The
thyristor loss is independent to the total power but comes
from the forward voltage drop. This is the band gap of
silicon semiconductor which is always constant value for
different types and different ratings of the thyristor; It
is approximately one volt. Number of employed thyristor is
4 in the circuit (A) and 1 or 2 in the circuit (B) as shown
in Fig.2 respectively. The loss of the lead wires and other
parts has been expressed as the effective resistance R which
is calculated by assuming 0.2 % loss of the total power.

The loss at the charging is summarized as,

1) loss of transformer

fT .. , R,
- | TaEst

2) loss of thyristor

fT t i
nAVI(l - |)dt - = nAVT/aEgt

3) loss of lead wires and others

fT
- |)}2dt - TaE

st

(1)

(2)

(3)

. T . T + •

A

r j , T j

S. Current

Voltage

Power

V
Fig.3 The constant current ramp

operation of the supercon-
ducting coil energy.



(Loss at holding the stored energy)

At holding period the superconducting current flows in the different circuit from at the
charging cycle. The loss of transformer does not count the AC loss but only the resistance of
the secondary winding. It is expressed as Rto and estimated from the assumption of 0.2 % of the
total power. When the bypass method is employed, even this loss can be neglected.

They are summarized as,

1) loss of transformer

fT

Jo
Rt0 = R t 0TaE s

2)

3)

loss of thyristor

fT
nAVIdt

Jo
loss of lead wires and others

fT RI2dt RTaE'st

(4)

(5)

(6)

(Loss at discharging)

This is recognized as same as at charging.

These equations are given in where

T: process time in seconds
R^: effective resistance of the transformer taking consideration

of AC and DC sides in ohms
resistance of secondary winding of the transformer in ohms
resistance of lead wires and others in ohms
number of thyristors connected in series
forward voltage drop of thyristor in volts
stored energy in joules

Rt0 :

R:
n:
.W:

Est:

a:
1.2

E,st

Their losses are accounted in
estimation of the efficiency. The
efficiency can be given as follows,

st
- L

100 % (7)
st

where Lt is the total loss. This is
not really the efficiency of the
extracted energy against to the
charged energy but against to the
stored energy. This is something
like a figure of merit in designing
the system. The present discussion
will be done using n.

Using the loss estimation, n can
be expressed as

n = 1 - T ( | R + |Rt + R t C

5 10
Discharging Time(sec)

Fig.k The efficiencies of 100 kJ superconducting coil
energy storage in experiment and calculation.

15

- 2nAVT
''st

(8)

Tn this equation, when the bypass thyristor is used, the third term in the hlacket can be omit-
ted and n must go better.

The terms in the blacket mean the loss associated with the transformer and lead wires.
They are estimated from the percentage expression of the converter power, therefore they are in
proportion to E st. The last term in the equation is attributed to the thyristor and a newly



introduced term in the presently proposed system. For the converter-inverter, n is 4. For the
bypass n is 1 or 2 by depending on the voltage margin of the thyristor against to the converter
voltage. Therefore in case of supposing bypass, the efficiency will go better. The estimated r|
is given in Fig.4 in comparison with the experimental result of 100 kJ SCES.

Except the region shorter than 3 seconds, the calculation agreed well with the experimental
result. In a region shorter than 3 seconds, the AC loss plays a dominant roll and is the in-
terest problem in a superconductive field. However, it does not matter as only the application
of the SCES to the peak shaving as concerned.

The estimation of n can be extended to the real scale of the SCES for replacement to the
For larger than 10 joules, T\ is better than 90hydro-pumped station. This is given in Fig.5.

% which can .be recognized as
the great success using the
existing technologies like as
thyristors. The stored energy
is bigger than 10lz joules in a
reai system for peak shaving.
Therefore n for such system can
be expected to be improved more
than 90 7,.

The Converter-Inverter Operation
of Thyristor Rectifier

It has been mentioned that
another problem associated with
the power supply for the SCES
is the low voltage operation of
the thyristor converter. At
the holding period, the con-
verter must supply a slight
voltage against to the thyris-
tor loss which is generated at
the converter itself or the
bypass. It has become the
important problem to operate
the converter under such worst
condition. Generally the

desired DC voltage can be obtained by controlling the firing angle of the thyristor of the
rectifier.C') A rectifier generates the DC output voltage E ^ with the phase angle a. This is
shown as follows:

Iff
(.27MWh)

10 10"
(2.7MWh) (27MWh)

Stored Energy

10
(270MWh)

Fig. 5 The estimated efficiency in the real scale of the super-
conducting coll energy storage.

(9)

where E,JO is a no-load direct voltage and u is a commutation angle when the load current com-
mutates from a thyristor to another.

The power characteristics is given
as follows:

(i } + (s } = x' (10)

where P, Q and S are active, reactive and
apparent powers respectively. This is
expressed as a semicircle (a) in Fig.6.

As for the newly proposed method two
rectifiers are connected in series and
operated with each phase angle, they can
generate the desired voltage by operating
in converter-converter, converter-
inverter and inverter-inverter modes
according to charging, holding and dis- Fig.6
charging. In general the total DC output
voltage of the rectifiers connected in
series is as follows:

Ed0 u,
Eda = ~V f c o s ( a i + y->

Q r /Sz|A

-1.0

The power diagram for many types of operations

of rectifiers.
(a) is for single rectifier operation,
(b) is for practical converter-inverter

operation and
(c) is for ideal converter-inverter operation.

cos(et2 + ^|) (11)



where the suffixes 1 and 2 mean for each rectifier. In at, ideal case ui = 0 and u2 = 0, moreover
when one of the rectifiers is operated at a - 0 or a - IT and the other is controlled with the
phase angle from 0 to IT, the power diagram is expressed as follows:

(— ± =•> + (—-1 (12)

where E means summation of powers for two rectifiers. The negative sign in the first parentheses
means that the rectifier is controlled at a = 0 and the positive one is at a = IT. The relations
are given as two semicircles (c) in Fig.6. As shown in this figure, when the total output
voltage of the rectifiers is zero, the reactive power becomes zero. This means the zero power
operation of the conveter with a maximum DC output current.

Actually the rectifiers cannot be operated with the phase angle of 0 or IT but can be done
with the phase angle from a m i n to a ^ . Then the equation (12) must be rewritten as follows:

** i i m m n "*v i —i •«.!«. i n o

(13a)
lmin,,2 (h2

and "lmax,,2
—5—)J

A 1 . .
lc o sin(a

lmax
lmax. ,2 ch2 (13b)

where u j m ^ n and u^ i m x are the commutation angles at the phase angles of cx^min and a, , res-
pectively. The above equations express the power relations when one rectifier is operated at
the fixed phase angle of ctimin or ai m a x. They are shown as two semicircles (b) in Fig.6. The
reactive power is more increasing than the ideal case. However the operation condition is
greatly improved in comparison with the operation of single rectifier.

During the holding period of the SCES, the coil current is maximum and the voltage is
nearly zero. If single rectifier is used, the operating point is A on the semicircle (a),
the condition the maximum reactive power is generated and the loss will be increased.

At

On the contrary, the operating point in the converter-inverter operation is B during the
same period. The reactive power becomes extremely small and it makes the loss small. This
comes from the mutual compensation of two voltages which are independently operated in the best
condition.

The newly proposed method was tested to make clear the effect. The test was done by measur-
ing the reactive power with the constant total output voltage and controlling the phase angles
of two rectifiers. The experimental and calculated results are shown in Fig.7. It is shown
that the reactive power increases with increasing- the phase angle O]_. The experimental result
agreed very well with the calculation. When the rectifier 1 is operated at the phase angle of
10°, the reactive power decreases to about 1/4 of the maximum reactive power.

Discussion

The problems associated with the power supply for superconducting energy storage were dis-

cussed in circuit. One was the omission of the
'•0| - . - 3 ^ * " ^ superconducting switch which had been considered

to be inevitable in the SCES in order to maintain
the storage properties. The loss estimation was
carried out on the new circuit and it was revealed
that the thyristor use instead of the supercon-
ducting switch was effective and practical in the
SCES. This can be understood as one step advance
to the real energy storage for peak shaving
because the superconducting switch contains many
pending technical difficulties. On the contrary
the new circuit has used nothing than thyristors
which have been already established technically.

The loss estimation was confirmed on the
experiment of 100 kJ SCES. After that, the esti-
mation has been greatly extended to the real
scale of power plant that is one of the projects

.to replacement to the hydro pumped system. The
efficiency more than 90 % was estimated. It was

Fig.7 The experimental and calculated results estimated with losses generated in a circuit and
of the reactive power with the phase neglected the loss generated inside the cryostat
angle aj in the converter-inverter and also the efficiency of the refrigerator. The
operation. latter subject has been investigated by many

• measured
— calculated



Current

pioneers<5) and loss has been calculated as from one to 6 percents. This is one of the items
to be separately investigated in more detail.

Another was the converter-inverter operation. In an operational procedure, the converter
must be operated as converter mode, converter-inverter mode and inverter node for the charging,
holding and discharging cycles respectively. Particularly at the holding period the output
voltage of the power supply must be very small because it is only supplying gainst to the
thyristor loss. The sufficient flexibility to cover the above situation can not be attained
other than the converter-inverter mode.

Supposing the system of storing energy of 1,000 MWh for peak shaving in a power network
employing the thyristor in it, the superconducting current might decay to 99 % of maximum
current with a time of 2 x io5 seconds, or 60 hours. This is obtained by the bypass thyristors.
On the other hand, if the converter-inverter is only used in the system and carries the cur-
rent, the generated loss at the transformer and the thyristor can be estimated approximately as
550 KW and 649 KW for 1,000 MWh respectively. The current will decay to 99 % level with a time
of 4 x 101* seconds or 10 hours.

Anyway it may be advisable to operate the thyristor system as shown in Fig.8. During the
holding time for 8 hours or more, the converter
may be desirable to be operated several times.
Even so, the loss generated at the procedure
might be too small to compared with the large
stored-energy.
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OH SUPERCONDUCTING MAGNET
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SUMMARY

Many super-large scale superconducting magnets, which will store from 10<i

to 1013 J of energy, will be built in the future. Vhe protection of these

magnets from rapid normal transition (quench) phenomena is one of the most

important research problems to be solved.

As a first step toward the solution of this problem a new quench detection

method is proposed and tested. In the new method it is assumed that a magnet

is quenched when the terminal voltage exceeds a preset level of voltage V for a

period of time that is longer than a preset time T.

Energy removal experiments are carried out with three kinas of super-

conducting coils using the new detection method.

1. INTRODUCTION

The: maximum magnetic energy which has been stored in the largest super-

conducting magnet ever built was 8 x 108 J. In the future, nowever, larger

superconducting magnets, which will store from 109 to 101' J of energy, will be

uuiit for Tokamak type fusion reactors, and those which will store from 101? to

10' 3 J will be built for conuiierciaj. electric power storage. '. libj.u are luany

problems to be solved before safe anu reliable operation of these super-large

scale superconducting magnets can be assured. Protection from a rapid normal

transition (a quench) of a superconducting coil is one of the most important

problems to be solved.

Two kinds of protection methods are used to prevent catastrophic accidents,

passive and active. Passive netnods are those methods that are designed into

superconducting coils to prevent, or at least mitigate, normal transition and

the normal front propagation which follows it. One superior passive method is

the fully stabilized coil design. Active methods are those me* lods which use

some devices or equipment to detect normal transition, to equalize the tempera-

ture of a coil after quenching, to remove stored energy from a coil, etc..

Active methods are also important for small or not so large scale super-

conducting magnets. Because those coils are usually wound with muitifilamentary

composite wires which have small ratios of copper to superconductor and par-

tially stabilized, it is possible that the superconducting windings will

deteriorate or partially melt during quenching.

This paper describes a new method of detecting normal transition in a

superconducting coil and the results of experiments in wnich the new detection

method was used. The energy removal efficiency of the new Method is also

described.

2. EXPERIMENTS

The increase in coil terminal voltage caused by a partial normal transition

is used as a conventional method to Jetect superconducting coil quench phenomena.



i.e., when the terminal voltage of an energizim or energizec coil exceeds a

preset voltage V, it is assumed that the coil is quenched. However, various

pulse voltages, caused by flux jumps, in superconductors, wire movements in coil

windings and noises from power supplies, appear at terminals, and these voltages

are sometimes mis-detected as coil quenches.

A new detection method,which avoids these mis-detections, is proposed and

developed. We added the factor of 'time' to the above conventional method. As

shown in Fig. 1 a signal Si (such as a flux jump) is not recognized as a quench

because it exceeds the preset voltage V at time t2 for a period (t3 - t2) that

is shorter than the preset time T. A signal s2 which exceeds v at t« for a

period longer than T is recognized as a quench, and a detector signal which is

produced at t« drives an 'energy removal circuit1.

A circuit which is shown as a block diagram in Fig. 2 is adopted as a

detection circuit. A comparator compares the terminal voltage of a super-

conducting coil with a preset voltage V, and when the former exceeds the latter

the comparator triggers a gate circuit and a digital counter starts to count

oscillator signals. The gate circuit is kept open as long as the terminal

voltage exceeds V. When the number of oscillator signals reaches a preset

number, which is equivalent to the preset time T, the coincidence circuit

produces a detector signal. If the gate circuit closes before the number of

oscillator signals reaches the preset number, like the signal si in Fig. 1, the

counter is re-set and no detector signal is produced.

A detector signal opens the circuit breaker shown in Fig. 3, separating

the superconducting coil from its power supply, and, at the saue time, closes a

contactor to short the power supply. Most of the stored energy of the super-

conducting coil is consumed by the protection resistance R which is outside of

a cryostat.

Experiment 1 Using the circuit in Fig. 3 and multi-filamentary super-

conducting coil No. 1 and No. 2 in Table 1, quench experiments are carried out

for various combinations of V and T. The values of T are set longer than 10 ms,

because the duration of flux jumps and noise pulses is less than a few ms.

Energy removal efficiency n (= (stored energy - the consumed energy needed to

evaporate liquid helium)/stored energy) is determined by measuring the volume of

liquid helium evaporated.

Experiment 2 The experimental relations between the value for the protec-

tion resistance R and energy removal efficiency n are determined for coil No. 3

in Table 1. In this experiment, after energizing the coil to a value of current

'i-coi.1 an<* stopping the sweep of the power supply (the coil is not yet quenched) ,

the circuit breaker is opened manually to force the coil to quench. Energy

removal efficiency n is calculated by determining the volume of liquid helium

evaporated.

3. RESULTS AMD DISCUSSIONS

The results of experiment 1 are shown in Fig. 4. In the figure cut-off

time means the preset time T plus the operating time of the mechanical circuit

breaker (t< 50 ms, including the delay time of an electromagnetic relay). Fig. 4

reveals that energy removal efficiency is higher for shorter cut-off times and

smaller preset voltages. Efficiency at the same cut-off time is higher for coil



No.2, which is wound with a wire with a Cu/SC ratio that is higher than the

ratio for the wire that coil No. 1 is wound with. This means that the former

coiJ has a slower normal front velocity than the latter. In the long cut-off

time region, efficiency is a negative value. This is because surplus energy,

which fJows into the coil from the time of the appearance of the normal voltage

until the actual cut-off time of the breaker, also contributes to the evapora-

tion of liquid helium.

Fig. 5 shows the results of experiment 2. Even when a breaker is opened

when a coil is not yet quenched as mentioned before, quenching occurs in some

cases. In cases with a small protection resistance R (and accordingly with a

large time constant i = L/R) no liquid helium evaporates (quenching does not

occur). When the value of R is increased and the time constant i is small,

quenching, and after that the evaporation of liquid helium, occurs. In our

experiments, removal efficiency increases with increases in R.

AP shown in Table 1, coil No. 3 has the maximum quench current of 1190 A.

If the coil current decreases when the breaker is opened, the critical time

const ant at which the coil begins to quench becomes smaller (R increases).

Felow a coil current of 400 A, the coil is apparently not quenched. The stable

region where the coi] is not quenched, even with a rapid current decay is shown

in Fig. 6. In the unstable region, a quench is triggered in the coil by the

heat which is generated by current decay.

As described above, the newly developed detection circuit with a preset

time T, longer than the time of flux jumps and other noises, is successfully

operated >.itnoui_ any mis-uetections. However, in the case of the toroidal

superconducting coils of Tokamak type fusion reactors, it is possible that the

new detection circuit may malfunction because of the influence of the pulsed

field of poloidal coils (ramp time JC 1 s). In order to avoid malfunctions, an

improved detection method is shown in Fig. 7. In the figure a balancing

circuit is composed of a superconducting coil and a variable resistance. In

the case of ordinary energization, the terminal voltage between middle tap (a)

of the superconducting coil and variable tap (b) of the resistance is set at

zero. Pulse field disturbance caused by poloidal field coil is cancelled by

the balancing circuit, if the disturbance is symmetrical for each half of the

coil L| and L?. In the circuit the terminal voltage increase between (a) and

(b) is either plus or minus according to whether a quench occurs in coil Li or

L .

Two preset voltages,iVi and iV2, are provided for this circuit as shown in

Fig. 8. When the terminal voltage exceeds +Vi the detection circuit produces a

signal A, and stops the current sweep of the power supply. If the terminal

voltaye decays before it reaches the level of + V2 (like signal s2) or exceeds

* V? for a period shorter than T (like signal s 3), the current sweep is allowed

to start atain. Signal s« , which exceeds ± V2 for a period longer than T,

produces detector signal B and opens the circuit breaker to remove the stored

energy.

4. CONCLUSIONS AND ACKNOWLEDGEMENTS

The following conclusions are obtained.

(1) The new detection method is successfully operated witnout any mis-
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detections.

(2) In order to raise the level of energy removal efficiency and protect

the coil, it is necessary to cut-off the power supply faster for a lower Cu/SC

ratio coil than for a higher ratio one. It is also necessary to use a circuit

breaker which has a short operating time, e.g., an electronic one, rather than

a mechanical one, especially for lower Cu/SC ratio coils.

(3) Energy removal efficiency is improved when the value of R increases.

No quench occurs, however, for very low values of R.

(4) An improved detection method, which is not affected by pulsed poloidal

field disturbances,is proposed for the toroidal coils of Tokamak type fusion

reactors.

The conceptual design of the improved detection method (Figs. 7 and 8) is

performed under the auspices of JAERI (Japan Atomic Energy Research Institute).

The authors wish to thank Dr. K. Yasukochi and Dr. S. Shimamoto for their help-

ful discussions.

Table I Specifications for Superconducting Coils

Superconductor

Material
Cu/SC Ratio
Filament
Insulation

Coil

Inside Dia.
outside Dia.
Length
Impregnation

Coil Performance

Max. Current
Stored Energy
Central Field
Max. Field
Current Density

No. 1

WbTiZr
1 .9

•t 5 4 \ix& r 2 7 1
s p i r a l

6.0 cm
11.8 cm

6.6 cm
non

930 A
6.14 kJ
5.37 T
6.13 T
24.5 kA/cm2

No. 2

LMuTiZr
4 . 7

$ J 3 U:.- x 271
s p i r a l

6.0 cm
12.5 cm

6. 6 cm
non

1110 A
4.40 kJ
4.30 T
4.88 T
17.9 kA/cm2

No. 3

NbTiZr
2 . 1

i 53 urn v 271
polyimide (30 lJmt)

14.4 cm
16.2 cm
20.8 cm

epoxy

1190 A
41.6 kJ
4.87 T
5.21 T
53.4 kA/cm2
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A SUPERCONDUCTING MULTI-RIBBON SHIELDING TUBE

E.U. Haebel and W, Witzeling

CERN, Geneva, Switzerland

ABSTRACT

Until now superconducting magnetic field shielding and trapping devices have

been constructed by using the tentative guideline that macroscopic persistent

current paths should not be cut by a normal or non-conducting barrier. In devia-

ting from this practice a shielding tube of 190.5 mm length, 25 mm bore and

IS mm wall thickness has been constructed by winding simultaneously 31 Nbj Sn

ribbon conductors of 12.7 mm width. No field leak-in was observed when the

device was exposed to magnetic fields perpendicular to the axis up to 2.7 T in

the shielding mode. Also the device has been shown to operate up to 2.4 T in

trapping mode.

1. INTRODUCTION

The technique of using the persistent currents induced in type II super-

conductors to shield, trap or shape magnetic fields has been established now for

some time [1] and has fpnir.l application in instrumentation for high energy physics

[-,."] and in electron microscopy [4]. To recall briefly the principle, let us

take for example a field free path for a particle beam. In this case a cylin-

drical tube made of type II superconductor is cooled to liquid helium temperature,

then an external magnetic field is applied transversal to the axis of the tube.

This induces persistent currents in the superconductor in such a way that the

bore of the tube is kept free of magnetic field. In order to agree with

Maxwell's equations the overall current paths should be similar to those of a

dipole magnet (fig. 1) and a tentative guideline for the construction of such

devices was not to cut these persistent current paths by normal or non-conducting

barriers. As a consequence of symmetry conditions such a shielding tube can be

assembled from two half shells, each of them composed of layers of superconduc-

ting foil. Obviously, the diameter of the free bore of the tube is limited by

the width- of superconducting foils available on the market. For Nb, Sn, which

for reasons of magnetic stability is the most attractive superconductor, the

maximum foil width available is about 60 mm. This means that the diameter of

the free bore is limited to 30 mm or less depending on design parameters. To
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Sketch of a super-
conducting shielding
tube with schematic
current paths.

circumvent this limitation, we have tried another approach which is essentially

an extension of the so-called "Swiss Roll" technique.

2. THE DEVICE

The Nb, Sn tape [5] which we used for the multi-ribbon shielding tube had the

following characteristics: width 12.7 mm, overall thickness 100 ym, total

thickness of copper stabilisation 60 urn, overall critical current density at

10 T and 4.2 K, 1.2 x 10 A/cm2. From this tape, we constructed a superconduct-

ing tube of 190.S mm length: 15 ribbons were arranged parallel and side by side

forming one layer; a second layer was formed by 15 other strips with one of them

cut into two strips of half the width and all of them shifted by 6.35 mm with

respect to the position of the ribbons in the first layer. The precise align-

ment of the 31 strips was achieved by using a winding apparatus (fig. 2), where

the rolls belonging to one layer are self-positioning with respect to each other.

These two layers of superconducting ribbon were simultaneously wound onto a

mandrel of 25 mm diameter. With 76 double layers of ribbon the outer diameter

of the tube amounted to 55 mm giving a wall thickness of 15 mm superconducting

tape. The tube was fixed between two half shells of stainless steel which fitted

smoothly onto the cylinder without forcing the superconductor and the whole

assembly was placed into the 320 mm diameter warm bore of a superconducting

Helmholtz pair with a maximum central induction of 5 T.

To monitor the magnetic field inside the bore of the superconducting tube

the mandrel contained four Hall plates arranged in the symmetry plane perpendic-

ular to the magnetic field and the precision of the measurement achieved was

better than 1 G or a few times 10~ , respectively.
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View of the apparatus used
to roll 31 ribbons simulta-
neously onto the mandrel.

5. RESULTS AND DISCUSSION

I:irst let us discuss the capabilities of the device with respect to shielding

of magnetic fields. In liquid helium at 4.2 K the maximum shielded field was

limited by total flux jumps which resulted in the complete penetration of the

field. These flux jumps occured between 10 and 15 kG nearly independent of the

sweep rate of the external field, the standard sweep rate being about 800 G/min.

Only when we increased the field very slowly with intermediate stops every few kG,

removing the bubbles which had formed between the layers of superconductor by

pumping on the liquid and re-applying atmospheric pressure, the field of 18.2 kG

was reached before a flux jump occured. This indicated that better cooling of

the superconductor would improve stability and in fact, when we cooled the helium

bath below the A-point by pumping to 14 Torr (which corresponds to 1.85 K) we

achieved stable behaviour of the device up to penetration of the magnetic field

which occurred at 2.7 T. At the two Hall probes in the middle of the cylinder

(one on the axis and one at the wall) we could not detect any magnetic field

leaking into the bore up to 2.5 T with an accuracy better than 1 G (fig. 3).

We tested also the device with respect to trapping of magnetic fields. In

this case we used the following procedure. First, the external field is applied,

then the superconducting tube is cooled to 4.2 K and then the external field is

decreased. At 4.2 K in trapping the tube also exhibited flux jumping which des-

troyed the trapped field at differences between trapped and external field of
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about 16 kG. Cooling to 1.85 K also cured here the problem and stable behaviour

up to penetration was achieved. In this way, 2.4 T could be trapped in the bore

of the tube and the relative change of field with respect to the original field

was about 4.10 , which represents a loss of about 90 G at a field level of •

24 kG. We mainly attribute this field change to mechanical deformation of the

relatively soft structure. In fig. 4, a trapped field of 25 kG has been chosen

deliberately to demonstrate the beginning of penetration.
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Since the tape we used had a relatively low critical current and since the

wall thickness can be increased, devices which can shield or trap even higher

fields are feasible. Because of the technique of rolling the tape in an inter-

leaving manner onto a mandrel, the free bore of such a persistent current device

is not directly limited by the width of superconducting tapes available, as it

is in the case of half shells. Of course, there will exist another limit defined



by the ratio of the diameter of the bore over the width of the tape, which in

our case was 2:1. The flux jump instabilities we ascribe to mechanical movements

and this could be cured by soldering the tape to form a solid structure as it is

indicated by results published recently by Rabinowitz et al. [b] who performed

similar investigations with a helically wound tape.

4. CONCLUSION

The experiment has shown that persistent current devices constructed in a

multi-ribbon manner can perfectly shield or trap magnetic fields in spite of the

fact, that ths overall persistent current paths are cut by non-conducting

barriers. This removes the constraints given by the width of superconducting

tape available commercially and devices of bigger dimensions and capable of

shielding or trapping higher fields can be constructed, but the influence of

the tape width on the necessary wall thickness of superconductor and on the

maximum diameter is still to be determined.

The authors are gratefully indebted to Professor F. Schmeissner for

encouragement and continuous support and to M. Firth for many valuable dis-

cussions.
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A COMPUTERIZED QUENCH-RECORDING AND CONTROL SYSTEM FOR SUPERCONDUCTING MAGNETS

K.N. Henrichsen and L. Walckiers

CERN

Geneva, Switzerland

Summary

The described system records analog signals such as coil voltages, current,

temperatures and pressure, which are of interest after the event of a quench. It

is based on a minicomputer with a multiprogramming system. The typical sampling

rate is 16 channels every 10 ms. The data is temporarily stored in the computer

memory. In the case of a quench, the relevant data is permanently stored on a

disc and the recording continues at a gradually reduced sampling rate. This pro-

vides a complete picture of the quench, including the signals measured before

its start. In addition, the system performs permanent recording of other signals

which are useful when operating the magnet. Warning or alarms are issued if some

measured parameters reach specified limits or show a tendency to do so.

The system has been used for the testing of single superconducting coils

in a magnetic mirror as well as for the testing of the complete prototype super-

conducting quadrupole magnet for the CERN Intersecting Storage Rings ̂  •* .

1. - Introduction

One of the problems when studying the behaviour of a superconducting mag-

net is to determine the history of a quench; in particular, if the quench was

unexpected.

In order to obtain the complete picture of a quench, it is necessary to in-

clude measurements during a short time before the quench is detected. Permanent

recording and storage of the physical parameters is obviously not a good solu-

tion to the problem in view of the necessary time resolution.

A so-called transient recorder or a magnetic

tape recorder using a tape-loop would be suitable

for the measurement.

However, as the number of signals to be re-

corded and synchronized becomes laTger, so the use

of a minicomputer becomes a more efficient and eco-

nomical method. A minicomputer is also a powerful

tool for the analysis of the measurement results.

In addition, it can perform other tasks, such as

the control of magnetic measurements, the control

of power supplies, and general data logging and

supervision.

Figure 1 shows a functional diagram of the

described quench-recording and data acquisition

system.

HJ-CHANNELS
QUCNCH-RECORKR

•(-CHANNELS
DATA AMIISITION

CONVENTIONAL
VOLTMETERS
AMD KCOROERS

M-MT COMPUTER

WITH DISC

USER TERMINALS

Quench-recording and

data acquisition system

2.. - Measurement equipment

A number of different physical parameters are measured: temperatures, pres-

sures, coil voltages, excitation currents, cryogenic fluid levels, gas flow

rates, etc.
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Fig. 2

Electronics assembly

In order to simplify reading and recording,

the signals from the various measurement sensing

elements are converted into electrical signals

in the range ± 10 V. These signals are fed into

the data acquisition system and can also be

transmitted to conventional voltmeters, oscillo-

scopes or chart recorders. The electronics as-

sembly, which accommodates 64 signal channels

is shown in Fig. 2.

3. - Data acquisition equipment

The data acquisition system consists of two

analog multiplexers. One of these has 16 input

channels and is used for the quench recording,

the other has 64 input channels and is used for

the general data-logging. Each multiplexer con-

sists of a number of solid state switches fol-

lowed by a 12-bit analog-to-digital converter.

The system is controlled by a minicomputer

with a memory of 65'536 16-bit words. A cartridge

disc-drive provides relatively fast access to another 2.5 million words. The

peripherals include a number of standard CRT-terminals, paper tape reader and

punch, a medium speed printer, an XY-recorder for graphic output as well as a

nine-track magnetic tape system for the permanent storage of measurement results.

Standard microcircuit interface cards provide the connection of the analog

multiplexers, the magnetic measurement equipment, the" power supplies and the

helium liquefaction plant.

The computer operating system is a standard multiprogramming system which

allows the simultaneous storage of several active programs in the computer memo-

ry: this permits the smooth running of frequently scheduled programs.

A number of subroutines controlling the different electronic equipment in-

terfaced with the computer was written in Assembly language. These subroutines

can be called from standard Fortran programs.

This feature adds a great degree of flexibility to the system and permits

users who are familiar with Fortran programming to write their own utility pro-

grams.

4. - Quench recording and analysis

The quench-recording program uses a dedicated clock and a so-called privi-

leged interrupt fence in order to obtain a precise measurement frequency.

Recording of 16 analog signals at a frequency of 100 Hz and subsequent

storage in a so-called circular buffer makes it possible to retrieve signals

measured just before a quench is detected, thus providing the complete history

of the quench. When the computer program detects the start of a quench, the con-

tent of the circular buffer is stored on the disc, and subsequently measured

data is stored in a second buffer. When the second buffer is full, its content

is stored on the disc while the next measured data is being stored in the first
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buffer. The recording continues in this alternating way for about 15 seconds.
At certain intervals, the frequency of measurements is reduced as time resolu-
tion becomes less critical.

The system permits the attachment to the quench recorder of any channel in
the data acquisition system. The choice of recorded parameters depends on the
experiment in progress, whether the complete magnet with its correction windings
is being tested, or whether a single coil is examined in its magnetic mirror.
The use of the graphic computer terminals and interactive programs makes pos-
sible the immediate examination of measurement results.

770131.
400. 0

QUENCH if SI VOLT ACE v.t. Tint. /••A typical measurement is that of
the development of voltages between coil
terminals or individual coil sectors. An
example of such a measurement is shown
in Fig. 3.

This measurement provides a picture
of the speed of propagation of the quench
or, if combined with the measurement of
the current decay and the flux linked to
the coil (or coil sector), permits a
rather precise computation of the resist-
ance of a coil at a given moment and in
turn the energy dissipated in the coil.

Another typical measurement is that of the decay of current in the magnet,

combined i;ith the precise measurement of the time of start of the quench in a

coil. This measurement permits the computation of the maximum temperature oc-

curring in the conductor.

current

Coil voltage measurements

T, = Tn dt ,
7701 SI. QUENCH m SI MAX. TEMP. VS. TI/<C til

J is the current density,

p is the resistivity,
lot

Cp is the heat capacity,
t0 is the quench start time.

An example of this measurement is

shown in Fig. 4.

The measurement of the voltage a-

cross the magnet protection resistors Fig. 4 Computed maximum temperatures
provides the precise value of extracted
energy-

Other parameters monitored include pressure in the cryostat, signals from

temperature sensing resistors, amplitude of vibration, etc.

5. - Data logging

The 64-channel multiplexer operates under standard program control. Any
channel may be read by any user program and at any period ranging from 10 ms to
24 h.
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During magnet cooldown, the computer records temperatures, pressure and gas

flow rates, thus providing information about temperature gradients, cooling ef-

ficiency, etc. Warning messages arc issued when specified limits are being ap-

proached.

The data acquisition system is a useful complement to the hard-wired inter-

locks for the magnet protection. The level of liquid helium in the cryostat, the

gas volume in the helium recovery balloon, as well as the temperature and resist-

ance of each current lead are frequently measured. An early warning is also given

if faults should develop. In case of danger, the magnet currents are automatical-

ly switched off.

fa. - Control of equipment

The computer system generates the reference voltages for the setting of the

power supplies. Since heat is generated in the conductor during charge and dis-

charge of the magnet, it is important to control closely the rate of current

change, especially when the magnet is operated near its current limit.

Long rotating coils are used for the measurements of field in the magnet.

The mechanism for coil movements as well as the electronic integrator are con-

trolled by the computer.

Interactive programs permit the rapid reduction and analysis of the results,

and the immediate detection of eventual faults.

?. - Conclusion

The system has proved to be very reliable and suitable in the described

applications. The control system of the helium refrigerator is now being connect-

ed to the computer in order to facilitate the operation of the plant.
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SUPERCONDUCTORS WITH HIGH CRITICAL PARAMETERS

N.E.Alekaeevskii
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Moscow, USSR

The paper gives a brief description of superconductors whose critical

temperatures exceed 10°K. The data on superconducting properties of Molybdenum

chalcogenides, including our latest experiments on critical currents of sons

of these compounds, is given and briefly discussed.

In my paper I will briefly discuss the existence of superconductors with

high critical parameters such as T , H , and j . First let us recall the theo-

retical formulae for these parameters. In the case of weak electron phonon

interaction, or in the BCS approximation, the critical temperature is known as

Tc=U%xp(-l//V(o)\/)
where Q o is the Debye temperature, /V(0) is the density of electron states

on the Fermi surface, and V is the parameter responsible for the electron-

phonon interaction^ '. In the case of a strong coupling the expression obtain-

ed by McMillan^ ' is normally used

104(1 • rt 1

(2)

with ~*
0 *

being the constant of electron-phonon interaction, jU the Coulomb pseudopo-
tent ial . Hereota(u)is the parameter of the electron-phonon interaction and Rw
and CO are the phonon density of states and frequency respectively.

The expression for the upper crit ical magnetic f ie ld can be written in
t!ie form

It 0 o

Hc2 = ^ (3)
where 0O is an elementary quantum of the flux

and ^ is the coherence length. .

Since f = D.14 Y«> and To ~ -
where Vp is the electron velocity on the Fermi surface

>2

In the case of a dirty superconductor, e.g. a superconducting alloy, H
2

can be represented as

since Y
These expressions for £L are obtained under the assumption that the ex-

teroal magnetic field influences only the orbital, motion of the electron, as
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in the GLAG theory. It, however, also influences the electron spin. Thus,

Clogton has introduced a critical field H , by which the Cooper pair is broken

because of the effect of the external field on the electron spin. That xield

usually preferred to as the paramagnetic limit is equal to

HP = IWQO 7c (6)
(see « . * ) ) .

The extreme value of the critical current density (a„)„.,„ is somewhat

difficult to estimate. To do this, Maki's results^p;on density of persistent

current in alloys can be used. With T = 0 the maximal density is

Here A o is the gap in the electron spectrum without current, t is the relax-

ation time, N(0 ) is the density cf state on the Fermi surface (this expression

for j depends only on the deparing processes).

c

From the above formulae superconductors with high T sould obviously have

large X and small [*** . This condition can be met in metallic systems with

flat areas of the Fermi surface and low phonon frequencies. High

values of H can be obtained with high T (that is trivial) and in the case of

small ^ (or small £. and VF ). For high densities of critical current

large A o (or large T ), and T are necessary.

The normal state properties of metallic systems which can ensure high

critical parameters in the superconducting state are realized in certain com-

pounds with A-15 structure* Indeed, the highest critical parameters are ob-

tained now for Nb,Ge, Nb,AlQ ~5Ge0>25» Nb,Sn and others^HTable I). Figure 1

shows H (T) for some A-15 compounds. These properties of A-15 compounds are
C2

probably attributable to the specifics of their Fermi surfaces. As well known,

A-15 compounds can be regarded as quasi-unidimensional systems; then their

Fermi surfaces should be flat or have flat areas. This implies small V™.

Some compounds of other structures also have high critical parameters.

They are also presented in Table 1. As seen, compounds of the structure of

rock salt, the Laves phases, hydrogenated palladium alloys and some others

also go over to the superconducting states at relatively high temperatures^ .

Most of these compounds are unstable and some are obtainable only with special

techniques such as high pressures^' . The relation of instability of the metal-

lic system and superconductivity has been discussed in a number of reviews,

e.g. {°*y\ and so there is no need to go into this now.

Several authors h§ve predicted (--LJ»J"L »•'•'•' possible superconductors with

high T_. It is not necessary to discuss all of them. I will only briefly
c

describe two of these predictions.

One of them is an empirical formula for a critical temperature in A-15

compounds^ '. If there is a compound which consists of elements A and B, then

' t : ' " ( A"^)™4 » where T, is the critical temperature of pure metal A

and Mg is the atomic mass of element B. This empirical rule holds if A is a

transition element of Group VA (V, Nb, or Ta) .and B is an element of Group

IVB (Si, Ge, or Sn). From this relation the authors^ ^ come to the conclusion



Table I
structure (A-15)

Sample

Nb,Ge

HD3(Alo>?5GeOj

NbzGa

NbjAl

Nb,Sn

VjSi

Mo3Tc7

Kb 3 lr 2

NbN

MoC

I u 2 3 3 .

C I0,7T h0,3 ) 0V

T C K

22,5

25> 20,5

20,2

18,8

18,2

17,0

H kOe
C2

370

C410)4 > 2

(341)^^2

(295 V, 2
(245)0

(235)0

- phase (D&:

14,7-15,8

9,8

NaCl-structure

0,25 1 6 ~ 1 8

0,25 1 7 ' 8

16,0

12,5-13,5

- structure ( I

55 1 7 ' °

158

98,5

) 5 c }

- 9^3 -

Laves-phase

Sample

V2 . l t 5Hb0^ f 5Hf

VWl-O

TaV2

V2Cr0 - 0 t 6Hf

V 2- l ,5 1 < a O-O,5 Z r

>

Mo5Ru3

W2Tc3

(B-l)

NbC

TaC

Z r N 0,95

(0^15)
T 0 K

10,4

10,1

10,0

10,0

9,9

8,8-9,

9,2

7,9

8-11

10,0

9 , 6

f . c . o . - structure (

Pd-30% Ag-H 16

H hOe

(230 V f 2

3

(43,5V,2

16,7

1,6

2,5-3

AI )

that I of Nb,Si should be about 38 K. Recently attempts have been aade to
synthetize Nb,Si with a cubic A-15 lattice, but in most optimistic estimates
T f t l did d 19 E ' 1 ' 'T. of the samples did not exceed 19

Another prediction was made in v where the authors using data on
cold - deposited beryllium films noted that the film in principle may

have T c of about 35 K.
Besides, high critical temperatures, high critical magnetic fields

are also very important. The highest values of H Q are observed in ter-
nary molybdenum sulphides of A^UogSgtype.v ' For some of the*, HQ is as
high as0.5M0e. This class of superconductors is worthy of special consideration.
Therefore, it seems necessary to discuss their properties in more details.
Their crystal structure is shown in Fig. 2. These compounds have been original-
ly described by Chevrel '14' and they are often referred to as Chevrel phases.
The properties of these compounds are investigated in the USA, Switzerland,
Prance, the USSR and in the International Laboratory of Strong Magnetic Fields
and Low Temperatures in Wroclaw, Poland.
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Table II

To Ho2(4,2K) Hc2(0)

Sample

kOe kOe kOeA

PbMOgSg

M o 5 C 0 , 5 - 2 S 6

Blo6Gd2S8

14,9

14,5

14,4

14,2

14,0

13,8

11,7

8,2

5,2

3,5-4,2

3,5-4,14

2,5-2,8

2,7

2,2

2,1

480

410

410

275

465

315

295

163

36,4

580

490

490

315

550

380

365

250

140

46,5

41

42

32

49

34

37

38

40,7

Table u^15,24; 8 Q O W S compounds of this class and some of their parame-

ters. The compound PbllOgSg is seen , for instance, to have a critical tempe-

rature of Tc = 14,0 E and a critical magnetic field at T = 0 in excess of

500 kOe (Fig.3/ 1 6' 2^. In addition to compounds with very high critical

fields some of compounds given in Table II have rather small H 2 in spite

of the fact that their critical temperatures are only slightly smaller than

Tc of PbMo6SQ.

With pressure T and H c 2 have been found to decrease ^ "'e.g. for 3n:.:ô S

and PbllOgSg. Magnetic susceptibility for most compounds is paramagnetic and

is approximately 10"6 CGSM/gr. The value of r5 = p(300^p(4.2K)is usually

small and amounts to approximately five.(The samples were prepared as in^ - ^

Studies of heat capacity C for molybdenum sulphides have revealed that

for SnMo6Sa and PbMo6S the dependence C(T) may be written in the form

C p
 = >yT + aC 6+(l-o)C 0 C 1 8 ) , where C E and CDare the Einstein and the Debye

lattice heat capacity contributing components (note, that in earlier publica-

tions (19) tbe neglect of Cg has resulted in unduly high values of T for

these compounds). Table III gives data which can be obtained from heat

capacity measurements. The values of *J** calculated from dflcVdT and O n

( O n is resistance'df the normal state) are also given in the Table.
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Table III

Sample

Parameters

a

o r * ,

Sexp(12K) j^-1

11,4

330

50

0,05

106,2

27,9

2,360

2,905

6,8

330

50

0,05

119,1

51,3

3,010

3,014

2

330

50

0,05

137,9

3,231

3,214

The wonderful properties of molybdenum sulphides could be explained by
assuming that molybdenum octahedrons are the basic "building blocks" of the
compound and responsible for superconductivity^ '. Then f can be very small
and H^ is to be very large.

°2
Such superconductors in which t is limited along all the three direct-

ions can be referred to as zero-dimensional in contrast to two-dimensional
superconductors such as NbSe- whose structure is laminar and so f is limited
along one direction. No matter how attractive this elegant idea may seem,
some new experiments cannot be explained by it. This is true, for instance,
for our experiments with critical currents of certain molybdenum sulphides.
These were measured' ' in the Wroclaw Laboratory for molybdenum foils diffu-
sionally coated with FbMogSg or SnUogSg in the fields of up to 150 kOe. The
critical current density L in a field of 100 kOe amounted to about K r A/cm

and, as noted in <-cw/, this value could be below the actual one for PbMocSD

because the layer of the compound may have included cracks and other faults.
(Fig.4). In subsequent experiments^ ' critical currents were measured on
bulk polycrystalline samples by the induction methods. Figure 5 shows certain
curves of those experiments. The values of j are significantly higher and
comparable with those for A-15 compounds such as NbjSn.* As noted above, high
A have been in contradiction with the assumed zero-dimensional nature of su-uc
perconductivity in these compounds. Indeed, if molybdenum sulphides were zero-
dimensional superconductors, the contact of the Mo octahedrons would have been
of the Josephson type and the value of Ac would be small. The fact that j c

falls with pressure only amplifies this contradiction.
This experimental fact, of high j c, which is difficult to explain in phy-

sical tenas, is of extreme, practical value because now superconducting magnets

* A preprint of Dr. Fischer's paper has just reached us. He reports high A in
measuring Pb-Mo-S coated Ho wires.



for fields of about half a million Oersteds seeai feasible. It should be noted

that before experiments were ,nr.e in *hich j were measured, high values

of H had been a merely intriguing property oX cex-taj.n molyDdenuai sulphides
2and real application of the discovery *as very much in doubt.

•High cri t ical fields can be, as already noted, featured by superconductors

with small coherence length f . On the other hand, heat capacity measurements

suggest that most sulphides of molybdenum that have high H have also an
2Einsteinian component (C)E. This is ti*i

, (18) P
for instance,: •- r PblfogSg and

The values of H are relatively low in sulphides without (C )E such as

CuMOgSg. If this empirical correlation is true, thea high values of H o must

be attributable to the existence of intensive modes of low-frequency osci-

llations in the lattice of the compounds. From Kresin's theoretical studies^ '

it follows that electron-phonon interaction can be arrived at through molecular

oscillations. Perhaps molybdenum sulfides could be regarded as aa example of

superconductors with such interaction. It is also possible that the small ̂

can be connected with the specifity of this kind of interaction.

High critical magnetic fields can be, as noted above, obtained in systems

with low electron velocity on the Fermi surface (sec formula (1)). Small Vp

may occur in systems whose Fermi surface is flat or includes flat areas.

Another way to obtain superconductors of high H is feasible in the case of

magnetic interactions in the compound, see*- . Then if the exchange magnetic

field H^ may be directed opposite to the external magnetic field HQ, Hc

can be significantly increased. Indeed

in the form

= He*-0.022 ot(Ucs

, the equation for H
2

can be given
C2

where Kc = I3<*TC ; oC is the Maki parameter; c<="̂ 2 Uc,/np»

^S0 is the parameter of spin-orbit scattering. If Hy < 0, the internal

field may counteract the effect of the external field on the spin system.

According to ^ ^ this may be true, if the destruction of pairs as a result of

exchange scatter is not too strong and reduction of T does not px-event
c

increase of H. .
Perhaps H may increase through exchange interaction in molybdenum

sulphides with rare earths; this may be the case in Sn, .^uMo ..Sg and

Sg. The high critical field was also observed in systems

Seg (where RE rare earth element, such as Eu, Ce, Pr), in which

the effect of magnetic interaction seems also important (25). It should be

noted that in certain molybdenum sulphides with common metals magnetic inter-

action was observed, e.g. in

while in the system

» This system is not superconducting

with x < 0,4, T *as seen to increase.

Figure 6 shows T as a function of x for this system.
C

In this case H

In the Figure the increase of x in the region of x > 0,3 could be leading
to a stronger increase of T . Unfortunately, in that region tee samples
were two-phase and may have contained G M S
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is also somewhat increased.(24)

If a small amount of tungsten is added to lead molybdenum sulphide with
Ga, both T and H increase (see Fig. 4 and Table II' 2^'). The reason for

c C2
the increase has not been clarified; it may be due to the change of the phonon
spectrum. One should also bear in mind that in sulphide samples of the compo-
sition UogSgPbGaQ 4Re Q ^ and MogSgPbGag ^WQ ^ the dependence of the magnetic?
moment on the field at T < 20 K is nonlinear and therefore it cannot be ex-
cluded that the increase of H with the introduction of Re or W can also be
the result of magnetic interaction.

Table II includes some of compounds with rather low H as well as
compounds with high HQ . Comparison of the properties of these €wo classes
of molybdenum compound! should help to account for high H of such systems.

C2
In conclusion it should be noted that nobody has yet been lucky to succeed

in obtaining superconductors with high T by numerous existing recipes. Most
superconductors with high critical parameters have resulted from extensive
experimentation with new methods or new systems. Good luck was also a major
factor. Multi-component compounds seem to be more likely than two-component
ones to be included among superconductors of high critical parameters. Unstable
systems are more preferable for superconductivity with high critical parame-
ters.

Some specific inorganic, and perhaps organic, compounds may lead to new
interesting results and, probably, to new superconductors of high critical
parameters.
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Pig. 1. Critical field of several high Tß A-15 compounds (from fief. 4).
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Fig. 2. Projection of PbllOgSg structure down rhombohedral axis (from Ref.
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Pig. 3. Critical field of several molybdenum sulphides (from Hef. 24).
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100 H, K$e

Pig. 4. Critical current of molybdenum foils diffusionally coated with

je, a/cm*

Fig. 5. Critical current of balk samples of several molybdenum sulphides

measured by induction method; I - SUGSQ 25 U O 6 S 8* 2 ~ PoGao 25Mo6S8'
3-SnMo6S8j 4



- 971 -

u~

Mo6S8SnuGax

MoeS9Sn Rex

0 Q1 0,2 0,3 OA 0,5 0.6
X

Fig. 6. Critical parameters versus z of Sn and

DISCUSSION

W. Heinz s The molybdenum sulfides have very high upper cri-
tical fields but rather low jc-values compared to existing
technical superconductors, e.g. Nb/jSn. There are indications
that high BC2 is coupled with low j c . What do your measure-
ments say? Is there any hope to use such materials in magnets?

N.E. Alexevevski % It follows from our experiments, that j c

values for some molybdenum sulphides are unexpectedly high,
and we hope they will increase in the future. Such sulphides
as for example PbMogSg have already j c comparable with that
of NbnSn, and its djc/dH value is lower than of Nb3Sn in the
high field region. I hope that in the future we will have a
possibility to use the molybdenum sulphides as a material for
building the high fields superconducting magnets.

W. Trzebiatowski : Comment : Talking about new superconduc-
ting materials there exists always the question whether one
may expect new superconductors with higher critical tempera-
tures, which will permit to work without helium, at hydrogen
or neon temperatures. I do not believe that in the near futu-
re such materials will appear. Therefore it is more important
to improve the existing materials or work on new materials
with normal critical temperatures but presenting high resis-
tance against magnetic field. Such materials enable us to
produce higher and magnetic fields which is a question of big
practical significance.
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TECHNICAL SUPERCONDUCTORS

Hans Hillmann

Vacuumschi.telze GmbH

D-6450 Hanau Grliner Weg 37

Summary

Requirements to technical superconductors and main properties of them are
discussed. The discussion covers properties of NbTi-base solid solution and
A15 solid state diffusion superconductors. Examples show modern technical NbTi-
base superconductors and different stabilized Nb,Sn filamentary conductor
designs.

1. - Introduction

A high standard of technical superconductors has been achieved in the
last years. Design and development were highly determined by the different
applications ranging from simple laboratory solenoids to pulsed dipol windings.
The main parameters which govern the conductor design are

1. Application temperature and required magnetical field strength.
This is mainly a question of the applicated superconducting material.

2. Magnet size and stored energie.
This is a question of the stabilization degree and the mechanical reinforce-
ment.

3. D.c. current- or pulsed current application or d.c. - with superposed a.c.
components.
This is a question of number and diameter of filaments, the selection of
substrate material and the decision between monolytic and transposed conduc-
tors.

Additional points, which are important for the conductor design and material
selection arise by application of brittle A15-typ superconductors.. In this
paper examples of modern conductor design shall be presented and discussed but
simple conductors for laboratory magnets shall be excluded.

2. - Basic properties of technical superconductors

Basic material properties, which are required for technical superconduc-
tors are: high critical temperature Tc and high critical induction B_2- A
further important structure sensitive property is high current density j c , that
means pinning centers should to be created by different metallurgical
treatments.

Additional important properties, which have to be fullfilled necessarily are
ductility and workability, that means good mechanical properties for rolling
drawing, extruding and winding. For economic fabrication, the hardening
behaviour of the material is important. A high degree of cold work without
annealing should be possible. Cladding by corolling and coextruding with
stabilizing material, whereby a non resistive bond forms, should be feasible.
Practical superconductors, which fulfill these requirements fully or particu-
lary can be devided in two groups: The ductile solid solution alloys and the
brittle intermetallic A15-compounds. The most applicated solid solution
alloy superconductor is NbTi with 44-52 weight percent Ti. A15 compounds, which
have been fabricated in commercial quantities are Nb3Sn and V3Ga as tape and
filamentary superconductors. Properties of the two material groups shows tab.1.

3.1 - NbTi-conductors. Because of the excellent combination of mechanical,
metallurgical and electrical properties NbTi will obviously retain its signi-
ficance not only for the near future. It can be applicated up to 9 T at 4.2 K
and 10 T at temperatures below 4.2 K. Fig. 1 shows the critical temperature
and critical field dependance from Ti-contenl1'. The curves show a decrease of
Tc and B c 2 in the region of 50 w/o Ti with increasing Ti content. There are
different difinitions for Tp. The upper curve is given by the resistance
R = RJJ/^' T n e middle curve By j —> 0, the lower curve by B , —) 0.
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Solid solution Superconductors
NbTi with 45-52 wt/o Ti

A15-phase intermetall ic ccttpounds
Nb3Sn V3Ga

Electrical T
properties B -

8 K
14,5 T

18,1 K
24,5 T

16,9 K
20,5 T

simple coprocessing with high
Stabilization purity copper or mixed

substrate

complicated coprocessing with high
purity copper, only possible in
solid diffusion conductors by
application of diffusion barriers

Isolation
conventional different
isolation processes (varnish,
cotton, tape) are possible

complicated; in prereacted isolated
conductors high thermal stability
of the isolation is necessary; in
after-reaction isolated conductors
much care must be taken to mechanical
handling

economic fabrication by
composite technique, high

Advantages ductility and unsensitivity
of physical properties to
mechanical treatment; simple
magnet technology

application to high fields or high
temperatures

Disadvantages
application limited to 8 T
at 4.2 K

brittleness of the A15-layers,
restricted mechanical handling,
high filament numbers are necessary
(filament diameter must be • 5 urn)
complicated magnet winding technique

upper critical Held BC2
o/ 4.2 K in dependence
on 77- content

lab. 1: Properties, advantages and disadvantages of solid solution and A15-superconductors

Fig. 2 shows the optimum critical volume pinning
force, and it shows an increase, thus means an
increase of critical current with increasing Ti-
contentf'. This implicates, that in medium
fields high overall current densities can be
reached with Ti-rich alloys. On the other hand,
the maximum critical current density of Ti rich
alloys is a question of the degree of cold work
which was applicated to the conductor. In high
cross section conductors the current density is
smaller than in small diameter conductors.
Fig. 3 shows the maximum current density of
technical conductors Nb 50 weight % Ti in depen-
dance of the final diameter(1). There are diffe-
rent values for round and rectangular cross
sections because of the anisotropy of the
critical current. In rectangular shaped conduc-
tors the critical current density is splitted
in a decreased value if the applied field is
orthogonal to the flat area and in a increased
value if the field is parallel to the flat area.
Fig. 3 shows only values for the case B ortho-
gonal to F.

3.2 - Conductor design. Large magnets with high stored energies require the
application of fully stabilized conductors according to Stekly's criterion*''.

V *
with I...design current; S-'-• resistivity; h ... heat transfer coefficient to
the He-bath; q...cross section of stabilizing material; T...critical tempera-
ture of the superconductor; TB... temperature of the He-bath; S...cooled peri-
meter of the wire.

42 *i 46 it SOGewV.
Ti- content »

Fig.1: Upper critical field
B , at 4 2 K and critical
temper-cure T as a function
of Ti-content

(Tc " V

Because of reducing transvers currents through the substrate, the conductor with
filaments of 100 jim diameter have to be twisted.
Fig. 4 shows a twisted monolitic fully stabilized conductor with the following
properties: Cross section: 3.7x7.6 mm2, critical current at 3 T 1600 A, 210 fi-
laments , copper to superconductor ratio 17.
An economic solution of a fully stabilized conductor was carried out by Morpur-
go and Pozzo^3). Using fully optimized standard multifilament conductors with
a copper to superconductor ratio about 1.5 11 of these conductors have been
cabled onto a mechanical strengthening steel core. Additional stabilizing high
purity Aluminium was soldered onto the cable.
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Fig. 2: Maximum pinning
force of optimized NbTi
at 4.2 K
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Fig. 5 shows the fabrication process and a cross
section of this conductor. Conductors with low
copper to superconductor area ratio must be in-
trinsicly stable, this means, "flux jumps" have
to be impossible. The well known criterion for
intrinsic stability<4~6'limits the filament
diameters tp

d * k(C with C...heat capacity

conpt.
for adiabatic stabilization

1

= const
Toks

k ...thermal conductivity
v ...supercond. cross section

overall cross section

0 M...substrate resistivity

.(7)

» » > •

em

round cross section

rectangular cross section

-values for 5T i,2K

measured value round

measured value rectangular

0,5 7 * — - 2 mm 5

Fig. 3: Maximum current density of
NbTi 50 filament-conductors as function current losses will be discussed by

for dynamic stabilization . That
means filament NL>Ti must be less than
50 urn in diameter.

In recent years much experience has
been gained with magnets of different
sizes, which were wound with intrin-
sicly stable multifilament conductors.
The successful operation of these ma-
gnets resulted in the tendency to
increase their size and the current
capacity of the conductors. Additional
demands to the conductors have been,
that they have to withstand pulsed
currents and superposed ac-components.
This means, losses had to be minimized.
Hysteretic losses due to the change oi
the current or the field and eddy

of the final diameter

Fig. 4: Twisted monolitic fully stabi-
lized conductor 3.7x7.6 mm 2

Kullmann in a different paper. The main
demand for the conductor design was to
decrease the filamentdiameters because
of the diameter dependance of hystere-
tic losses, to use mixed substrat ma-
terials with high resistive barriers to
fullfil the twist criterion for high
diameter conductors'"'.
Fig. 6 shows a monolytic conductor with
26 569 filaments 9.2x5.68 mm2. A con-
ductor for superconducting storage
application shows fig. 7. It is a flat
cable with 17 strands 0.85 mm by dia-
meter. Each strand has 2600 filaments,
10 um thick, in a mixed substrate of
copper and copper-nickel. The substra-
te to superconductor ratio is 1.8. Its
critical current was in excess of
6000 A at a flux density of 5 T. The

cross section is 7.46x1.48 mm 2 with a filling factor of 87 %. The transposition
length is 95 ITTTI. Fig. 8 shows the cross section of a 15 strand flat cable with
a current capacity of 5000 A designed for a superconducting switch with a
normal resistivity of 5.3x10~5JJ.cm. The transposition length is 70 mm and the
filling factor is 86 %. Each strand of 0.7 mm diameter consists of 600 18-um-

ffilaments embedded in coppernickel with a matrix to superconductor ratio o
1.4. The tensile strength is 13x108 N/m2 and the yield strength oQ 2=9x10

8

The cable has a minimum bending radius of 1.4 mm.
m2.
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SO

<>0

mam

Fig. 5: Fabrication and
cross section of a Al-
stabilized conductor

Fig. 6: Filament supercon-
ductor with 26 569 30 um
filaments 9.2x5.68 mm2.
Copper to superconductor
ratio: 1.7

In connection with
fusion technology
there are strong de-
mands on the conduc-
tor with respect to
high current capaci-
ty at high fields,
low losses by eddy
currents and with-
standing high forces
without plastic
yield. Fig.9 shows a
conductor for the
torroidal magnet
system TESPE with 6
coils, which is un-
der construction at
IEKP, Karlsruhe<9>.
The conductor is a
soldered flat cable
with a strengthening
rectangular steel
ribbon. It consists
of 24 strands 1.45
mm by diameter. Each
has 1710 filaments
20 urn thick, twisted
with 20 mm pitch.

The copper to superconductor
ratio is 2. The steel ribbon
has an insulating central
layer for reducing a.c. los-
ses. At a tensile stress of
14 000 N critical currents of
15 000 A at 5 T and 4.2 K and
8 Q00 A at 8 T and 4.2 K have
been measured. Fig. 10 is the
design of a conductor for the
fusion magnet system program
of GfK Karlsruhe<1°> . Paral-
lel strands are cabled around
a high strength core for
reinforcement. For reduction
of a.c. losses the core has
a insulating foil. The super-
conducting stabilized strands
are fixed by solder to the

cere and separated by wires with
poor electrical conductivity.
For forced flow cooling the con-
ductor is inserted in an outer
steel jacket.
For high current capacities in
the range of 50 000 A other
solutions of fully transposed
conductors have to be found be-
cause with increasing strand
diameters the self field effects
are important'''' and in addi-
tion, current densities decrease
with increasing overall diame-
ters. One suitable solution is a
fully transposed, so called
"Roebelstab" consisting of 19

Fig. 8: Flat NbTi 15 strands cable with flattened cables' '. Fig. 11
copper nickel substrate ^hows the c* o s s s e°t i o n a n d

fig. 12 a photograph of this con-
ductor. Each of the 19 flat cables consists of 11 strands with 0.86 mm thick
superconductors with 300 filaments. The copper to superconductor ratio is 5.2,
and the overall filling-factor is 0.81. The expected critical current at 5 T
and 4.2 K is 40 000 - 50 000 A.

Fig. 7: Flat NbTi cable (1.48x7.46 mm2) with
17 strands of 2600 filaments a 10 p diameter
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Fig. 9: Cross section of the steel
reinforced flat cable for the TESPE
magnet system

Fig. 11: Fully transposed
"Roebelstab" conductor

Fig. 13: Reacted filaments of
1159 Nb3Sn solid diffusion
filsraantconductor

4.1 - Hb^Sn - solid diffusion

Fig. 10: Flat cable fusion conductor
design

Fig. 12: Photograph of a fully
tramsposed "Roebelstab" conductor.
12x17 mm2

4. A15-conductors

A-15-intermetallic components
Nb3Sn an V3Ga have substantial higher
critical temperatures and upper criti-
cal fields than NbTi. During the last
years a number of high field supercon-
ducting dc-magnets up to T5.8 T at
4.2 K have been manufactured with A15,
mainly Nb3Sn tape. The tapes were
mainly produced by liquid diffusion
process(13,14). However, if substan-
tial normal magnetic field components
are present the tapes cause instabili-
ties.

The problem to manufact multifilament
conductors with A15 filaments was over-
come by the solid diffusion process,
which was reported for V3Ga by
Tachikawa<15' and for Nb3Sn by Kaufmann
and Picket 1970 (16). in both cases a
bronze substrate was used. By a dif-
fusion process in solid state because
of the unsolubility of copper in Nb
and V a selective diffusion of Sn or
Ga formed a layer of A15 NboSn or
V3Ga.

su
lament conductors Nb rods are
10-13.5 weight % Tin are used

mperconductors. For the fabrication of Nb3Sn
embedded in a Cu-Sn-bronze. Normally bronzes <
and a bronze to Nb ratio 2:1 to 4:1. Fig. 13 shows

fi-
with
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the filament of a 1159 filament con-
ductor after diffusion treatment.
For high overall current densities of
t n e composites the whole cross sec-
tion of the Nb-filaments should be
reacted to ttt^Sn, but increasing dif-
fusion temperatures and diffusion
time cause grain growth in the Nb3Sn
layers. That means•the layer current
density decreases because grain
boundaries are pinning centers. Opti-
mum layer thicknesses have been
estimated to 1 to 2 urn. Therefore
optimum filamentdiameters are about
3 urn. For conductors with comparable
current capacities like NbTi much
higher filament numbers are necessary.
They are fabricated by multiple

(total and particular

i 10'

10"

i—r

•0.3nini . 70D'C/G4li
••• 0,3mm, 750"C/2«h
•» 0,6mm, 7OO°C/128h
••0,6mm, 750°C/64l)

J 1 L
8 9

J I I

Fig. 15: Overall critical current

times extruded having 70 699 fila-
ments .

4.1.1. - Superconducting properties. The
critical current density of solid diffu-
sion multifilament conductors depends on
the filament diameter, the diffusion
temperature and time, the Sn-concentration
in the bronze and the substrate ratio
bronze to niobium. Fig. 15 shows overall
critical current densities of a 9882
filament conductor defined by a voltage
drop of 0.1 iiV/cm according a resistance
of about 10~12J2cm<17). The conductor with
0.3 mm diameter has completely reacted
the 1.5 nm diameter filaments. Solid
diffusion filaments Nb^Sn-superconductors
do not reach the T c and B^-values of
uncoated Nb^Sn^ Because of compressive
strains, which built up by different

T 13 thermal contraction during cool down Tc

«**"' 187 T h e de_
decrease of

and B c 2 are decreased'
crease of T_, and B_-> causes

'c "» t h e
density j., versus flux density B of i<? " l " " ""y" 1"1-"?

filament d l f f e r ? n t slope of D c
Nb3Sn conductors

means a

different"** treated 9882 filament — — £ , ^ ^ £ ^ 5 ^ L l ^ t
strain to current density and tran-

After removing the compressive strains by etching an in-sition temperature,
crease pf T c to 18.2 K was observed.
Compressive strains can also removed by tensile strain. A general realionsbip
was given by G.Rupp'17) defining an instrinsic strain £o= i.- £ m. £ m is the
strain at which the axial pressure on Nb3Sn is compensated by external stresses
and If reaches a maximum value I,

cm

Itol
Fig. 17 shows the results of the experiments performed at 4.2 K of Nb->Sn-
multifilamentconductors. The measured values are adapted with n = 1.92 and
C = 3350.

4.1.2. - Mechanical performance. Because of the brittleness of the Itt̂ Sn
layers, the question concerning the sensitivity of mechanical treatment like
straining and bending arises. The problem can generally be reduced to straining
and to the question of the first mechanical damage in the Nb3Sn layer. At ben-
ding the strain of filaments with the largest distance from the neutral axes is
responsible for inset of degradation. Fig. 18 shows the stress-strain and cri-
tical current-strain behaviour of a 61 multifilamentary conductor*17'. Up to
about 1 % strain the critical current density is reversible. A strain of 1.4 %
causes a current degradation by a first damage to the Nb3Sn-layer. The fact
that certain tensile stresses enhance the critical currents was also observed
at "in situ" Nb3Sn solid diffusion solenoids<18'. The quenches of the coil were
about 10 % higher than the short sample values as a result of tensile stresses
by electromagnetical forces.
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conductor before and after the Cu-Sn
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Fig. 18: Critical current Ic rela-
tive to I c o and externally applied
tensile stress versus strain of
a 61 filament Nb3Sn conductor. Three
removals of load are indicated start
ingwith a and ending with b respec-
tively

Fig. 17: Critical current Ic relative
to its maximum value I c m versus
intrinsic strain «SO of some
multifilamentary NbjSn conductors

4.1.3. - Stabilization and techni-
cal conductors! In NbTi-superconductors
the filaments are normally embedded in
high conductive copper which acts as
stabilizer. The bronzes in which Nb3Sn-
filaments are embedded have a poor elec-
trical conductivity at low temperatures
compared with that of copper. Though
samller magnets without additional sta-
bilizing material showed a good per-
formance, in larger magnets additional
stabilizing material is necessary.

Two principly different kinds of sta-
bilization are possible.

1. Adding high conductivity copper after
the final diffusion process by
soldering.

2. Inserting copper to the superconduc-
tor during the fabrication process.

Fig. 19 shows the cross section of three
1159 filament conductors, which have
been soldered between a copper and a
steel foil for electrical and mechanical
stability after the diffusion heat
treatment('"*'. If stabilizing material
is inserted beiore the final heat treat-
ment, Sn-diffusion to tha stabilizing
copper has to be prevented by diffusion
barriers. Suitable materials are niobium,
tantalum, vanadium and other materials
with no solubility of copper. If nio-
bium is used, one has to take in account

additional Nb,Sn-layers by diffu-
sion of tin. Fig. 20 shows a monolytic
rectangular shaped conductor 1x0.35 rnm^
with 10 668 2.5 urn filaments. In this
case at a relatively late condition a

tantalum and a copper tube have been drawn over the bronze-niobium composite.
Fig. 20 shows the same basic superconductor 0.66 mm diameter. In this case the
tantalum-copper was inserted at the beginning of the fabrication to the center
of the cross section. Other solutions are distribution of several tantalum cop-
per elements over the cross section'19' or putting each subbundle of bronze-
niobium into a tantalum tube which are again bundled, inserted into a coppercan
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Fig. 19s Cross section to three 1159
filament conductors sandwiched between
copper and a steel foil

' and extruded <20 ) .

A more economic solution, which inclu-
des the possibility of graduating is to
separate the fabrication of supercon-
ductors and stabiliziers and to insert
both in a flattened rope. A diffusion
of the highly compacted strands can be
provided during the final heat treat-
ment. Further advantages of this solu-
tion are fully transposition of high
current capacity conductors, a small
bending radius because of the high
aspect ratio and the possibility
to add strengthing material, to built
up conductor configurations like the
NbTi-base LCP and TESPE-conductors.
Fig. 22 shows the cross section of a
stabilized flattend cable with Cu-Ta~
stabilizers and a current capacity of
590 A at 10 T, 4.2 K.

4.2. - V-̂ Ga conductors. V, Ga-base solid
diffusion conductors have been fabri-
cated with simular design and fabrica-^
tion process like Nb3Sn conductors*21)*22

A cable consisting of seven 0.12 mm
diameter strands with 55 filaments was
manufactured by Furukawa Electric Compa-
ny 1972. Advantages of V3Ga compared
with NboSn conductors are the smaller
slope of the j c versus B curve and
therefore higher current densities in
the high field region.

Fig. 20: Monolithic stabilized rectan-
gular 10 668 filament Nb3Sn conductor

Fig. 21: Monolithic stabilized
10 668 filament Nb3Sn conductor

Fig. 22: Flattened 12 strand NbjSn-filament
cable with 4 stabilizing copper tantalum
strands

5. - Conclusions and remarks to future trends

I have described basic properties design and examples of commercial NbTi-
and A15, mainly solid diffusion superconductors. Though most of the fabrication
problems are solved, numerous of remaining problems in connection with the con-
struction of large coils have to be solved. Anisotropy, training and mechanical
reinforcements should be mentioned.

The main challenge for the farer future is to develop high critical temperatue
and high critical field conductors like Nb3Ge, (23-29), Nb3Ga, Nb3Al with A15
structure and the molybdenum sulphides like Pb1.oM05.1Sg (30-34) Saving the
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highest critical field (H?2(0)) of appr. 60 T which have been prepared in labo-
ratory scale as technical conductors.
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DISCUSSION

C.A.M. Van der Klein : What was the overall j c of the conduc-
tor you used for the tensile experiments?

H.J. Hillmann : For this question I refer to the original pa-
per of G.Rupp 17 . Otherwise the experiments have been per-
formed on a early conductor, which is not representative for
the newer ones reaching in excesse of 2x10^ A/cm at 5T. The
current density of the above mentioned conductor might have
been in the region of /I to 1.5/ xlO A/cm at 5T./ overall
j c with a ratio bronze to Nb + SC = k/

K. Kwasnitza : Have you already made the AC loss measurements
on your fusion prototyp cables?

H.J. Hillmann : Up to now no AC loss measurements have been
performed. Measurements of this conductor have and will be
performed by JEKP Karlsruhe.
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HIGH VOLTAGE PROBLEMS AT LOW TEMPERATURES

Jiirgen Gerhold, Anstalt fur Tieftemperaturforschung (ATF) A-80I0 Graz,

Steyrergasse 19 (Austria)

Summary

Hiqh voltages are produced in SC magnets by quick discharges of the magnetic
field. Due to inductances and capacitances overvoltages may occur which must be
withstood by the electrical insulation. High voltage properties of insulating
agents at low temperatures are described inthis paper.

Introduction

Superconductivity means resistiveless current flow. This phenomenon has enabled
the realisation of high magnetic fields within large volumina with nearly no
energy consumption. High voltages don't seem to be related with the topic of SC
magnet technology at first sight. But magnetic fields cannot continue unlimited
with time. Electrodynamics teach us that any chancie of a magnetic field gene-
rates an electrical field which causes a voltage across the magnet. Whereas in
the case of loading or of an unwanted quench we may expect voltages in the range
of several hundred volts , we have to take into account voltages up to more than
loo kV with special pulsed magnets or storage coils 2. In any case electrical
breakdown must be avoided, otherwise the magnet would be destroyed by the stored
energy.

1.Generation of high, voltage pulses

Fig. 1 shows a SC magnet circuit, consisting of an inductance L and an imaginary
switch S, which is closed superconducting at all times t <:0 and opens at t > 0 .

The switch is shunted by a resistance
R ( t ) . With i(t) andu(t) for the current
and the voltage respectively we get for
t=-0:

) — f

L

Hit)—-

S

*—i MO r—
U.IO —

uR UT =0

- L 2_L
dt

(1)

(2)

U R = R.I

Fig. 1
SC magnet circuit

'R - " ' (3)

From (1) to (3) the differential equa-
tion follows for the voltage across the
inductance

uT.( 4H . I . 1
L

d y j _ T u .

dt T ° L k dt R L " (4)

The shape of the voltage U L is determined by R(t) and may be very different for
various circuits. Fig. 2 shows a typical example when a coil quenches or when
a SC switch opens within a magnet circuit. The voltage rises within the risetime
t r (several us to s) to its maximum and then falls with the decay time t f

(s to m i n ) . This represents an impulselike shaped voltage with extremely long
decay time.

1.1 Transient phenomena

Whenever impulse-shaped voltages are involved we must not forget that coils are
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Fig. 2
Impulse voltage

Fig. 3
Coil network

electrically complicatsd arrangements as can be seen from Fig.3 where L1 is
written for the selfinductivity and C for the ground capacity per unit length
of the conductor, y for the mutual capacity and JJ for the mutual inductivity per
unit length, w for the conductor length of one single turn, e for the internal
voltage and i for the internal current. The exact differential equations may be
written as*

(6)

a n d c a n be s o l v e d a p p r o x i m a t e l y o n s p e c i a l c o n d i t i o n s o n l y . In m a n y c a s e s t h e in-
f l u e n c e o f y m a y be n e g l e c t e d , w h i c h l e a d s to t h e s i m l i f i e d e q u a t i o n

2. = = [_'

1.3.1 Surge impedance of coils

The equivalent circuit diagram of a coil according to (7) is given in Fig.4.

(7)

•1

r -*

wjr

• •
1

HBMB—

s <*cs

•
wL

-•••—
ZfC S

B- " •

L

* 0

r- (

02 Ql QS 01

•tfifcr

Fig. 4
Equivalent circuit diagram of a coil

Such a circuit is commonly known as a filter network
and shows an attenuation characteristic given in the

figure. The surge impedance of such a network is

strongly dependent from frequency , see Fig.5. For frequencies below the critical
value u = * i -̂

Ct W V YL-+ L'f/4 (8)

which may be of the order of lo to 100 kHz the surge impedance is real as can be
seen from the figure whereby

Fig. 5
Surge impedance of coils

"ocoil VL'/C
(9)

is written for the low frequency limit. For frequencies above u, the surge im-
pedance is imaginary and the coil behaves like a capacitor chaine whereby

Ĉ  = wvTT (lo)
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nives the capacity at very high frequencies.

1.12 Refraction of impulse voltages

If we consider coils with one end grounded refractions of impinged electromag-

netic waves may occur at the high voltaoe end of the coil where it is joined to

a line, a switch or a bushing with low surge impedance. According to Fig.5 a

wavp cannot enter a coil without a change of its shape. Harmonics below a>cr are

-lm»

Fig. 6
Wave refraction

refracted according to

•line (ID
(see Fig.6) which may be roughly taken for two

so that the voltage entering a coil may be ne-

arly doubled . Harmonics above u cannot en-

ter the coil due to its imaginary impedance

andare therefore reflected.

1.13 Overvoltages

A square shaped voltage impinging on a coil can be split into three parts ac-

cording to the Fourier integral1 •• «- i -» i u • ~ c r r
c r it j . ^ I 8imot. E s i n u t ,
E = F/2 + — *| dio + — •] dm

0 Uir, ( 1 2 )

O n l y t h e w a v e s c o r r e s p o n d i n g to t h e f i r s t t w o t e r m s o f ( 1 2 ) c a n e n t e r t h e c o i l ,

t h e t h i r d w a v e is r e f l e c t e d ( s e e F i g . 7 ) . T h e w a v e v e l o c i t y . w i t h i n t h e coil is

g i v e n by

v = 1/VTT (13)

and the head length by

H = [14)

1—

IT

m

E 1

fA

-

-—v
\

-V
Fig. 7

Split waves
Fig. 8

Voltage distribution within coils

The superposition of these three waves leads to voltage distributions similar

to Fig.8 where a coil with grounded end and a total conductor length 1 has been

taken as a basis. The envelope of these distributions gives the maximum voltage

aqainst ground at any position x of the conductor. The maximum voltages are in

general higher than the voltage across the coil.

The voltaoes between neighbouring turns can be derived from

(15)
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which is roughly given by

e = E-X = i.VTVT
* H * (16)

These voltages which are short but repeated pulses' evaluate the electrical in-
sulation between the inner turns of a coil. The turn voltage may be restricted
by a larqe mutual capacitance which can be made safe by suitable conductor ar-
rangements and by the use of insulating materials between turns with high per-
mittivity 1>4.

Moreover.the first few turns of a coil are stressed supplementary due to the
reflected part of the impinged voltage. A total turn voltage

e =
ft (17)

has to be expected there^.

1.2 Final remarks

The actual voltages impinged on magnets are not square-shaped but are impulse
voltages for instance. Such voltages can be treated as the sum of several squa-
re-shaped waves the effect of which has to be summarized.

Onthe other hand large magnets are complicated arrangements consisting of turns,
layers and often several coils. Thus the transient phenomena may be even more
complicated and cannot discussed here in detail. Modern computer techniques may
help to evaluate the actual voltages within magnet systems.

2. High voltage properties of insuiants

2.1-Dielectric hraakdown of-helium-

With todays superconductors magnets must operate at a few Kelvin. Liquid or su-
percritical helium has to be used for cooling. For a sufficient heat transfer
the cooling fluid must wet the conductor surfaces. Therefore helium must be con-
sidered as one of the most important electrical insulants.

Under adverse conditions the heat dissipated within superconductors in a varying
magnetic field causes extensive evaporation or heating of the cooling helium
just at the time and at the regions where hiah electrical field strengths may
arise. Therefore often gaseous helium (GHE) must be taken as the actual insulant
instead of LHe or supercritical helium.
2.11 D.C. and A.C. breakdown of GHe

The breakdown strength of helium at ambient temperature is only a small fraction
of that of air. This is caused by the fact that in the monatomic noble gas he-
lium the electrons can collect kinetic energy from the electrical field up to
the ionization level . Therefore ionization of helium is favoured in spite of
its high ionization energy. Only at high densities which are given at low tem-
peratures suitable breakdown strengths can be expected.

Paschen's law is a special case, valid for uniform fields, of the similarity
laws and holds for ambient temperature as well as for very low temperatures. The
Paschen curve is shown in Fig. 9 according to CIGRE . The minimum of 16o Volts
occurs at a density-spacing product value of about 0.01 < kg/m )•mm which would
correspond to a gap of less than 1 micron filled with helium vapour at 4.2 K.
Below 160 V no breakdown is possible in helium. This fact should be kept in mind
for the layout of small magnets where the voltanes generated by a quench can
perhaps be limited below this level.
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10'
DtntHy-tpacing Product

Uf *»*T.'I m m

Fig. 9
Paschen curve for helium

Helium

1 2 3 4

yd
Fig. lo

Limits of Paschen's law

W h e n h i g h e r v o l t a g e s a r e i n v o l v e d t h e l o w e r b o r d e r o f t h e h a t c h e d p a r t o f t h e

P a s c h e n c u r v e s h o u l d b e u s e d f o r s e c u r i t y r e a s o n s .

A s s o o n a s t h e h e l i u m d e n s i t y e x c e e d s 1 5 t o 2 0 k g / m P a s c h e n ' s l a w r e m a i n s n o t

m o r e v a l i d . F i e l d e m i s s i o n m a y b e a s s u m e d a b o v e t h i s f i e l d l i m i t . F i g . l o g i v e s

a n i m p r e s s i o n o f t h e p h e n o m e n o n t h a t h a s b e e n p r i n c i p a l l y o b s e r v e d i n m a n y o t h e r

g a s e s .
c 7 o

B r e a k d o w n at high h e l i u m d e n s i t i e s has been d i s c u s s e d in de t a i l e l s e w h e r e ' ' .
T h e r e e x i s t s a s t e a d y t r a n s i t i o n to the LHe b r e a k d o w n .

2 . 1 2 D . C . and A . C . b r e a k d o w n o f LHe and s u p e r c r i t i c a l h e l i u m

B o i l i n g LHe is m o s t l y used for c o o l i n a w i t h i n SC m a g n e t s . D u e to heat t r a n s f e r

to the f l u i d , b u b b l e s a r i s e at the c o n d u c t o r s u r f a c e s w h i c h form the e l e c t r o d e s

and m a y i n i t i a t e b r e a k d o w n if the v o l t a -

ge w i t h i n a b u b b l e n e a r the c a t h o d e

U, (18)

F i g . 11
Electrostriction

w h e r e $ m e a n s the b u b b l e d i a m e t e r and Efa

the f i e l d s t r e n g t h w i t h i n the b u b b l e e x -
c e e d s the b r e a k d o w n v o l t a g e o f the v a -
p o u r . A c c o r d i n g to F i g . 9 L H e - b r e a k d o w n
s t r e n o t h s o f les s than 15 kV/ m m at 4.2K
a r e l i k e l y . T h e e f f e c t of the b u b b l e s
m a y be p r i n c i p a l l y c o u n t e r a c t e d by e l e c -

t r o s t r i c t i o n . T h i s p h e n o m e n o n c a n e a s i l y be v i s u a l i z e d by an a r r a n g e m e n t s h o w n
in F i g . 1 1 , w h e r e h e l i u m v a p o u r c o n d e n s e s to L H e . T h e p o l a r i z a b l e h e l i u m a t o m s
a r e t u g g e d to the s p o t s of h i g h e s t f i e l d s t r e n o t h w h e n e v e r a fie l d is nonuniform.
If w e t r e a t h e l i u m v a p o u r as an ideal g a s , the d e n s i t y of w h i c h is p r o p o r t i o n a l
to its p r e s s u r e , w e can c a l c u l a t e the field s t r e n g t h v a l u e s n e c e s s a r y to com-
p r e s s the v a p o u r up to its s a t u r a t i o n p r e s s u r e p $ w h e r e the v a p o u r may c o n d e n s e

f r o m 7
E2 - E2)
max o' (19)

the polarization of the helium atom,
respectively the field strengths indi-

cated in Fig.11. The calculated ratios E
max/

E
0 needed to condense vapour of the

where k means Boltzmann's constant, E ^
p Q the external pressure and E m a x and
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temperature T at an external pressure p Q are given. It should be pointed out

that in spite of the weakness of electrostriction it may be sufficient to enhan-
ce the breakdown strength of a vapour filled gap up to 25% .

Breakdown measurements in boiling LHe have shown a'large statistical scattering
as may be seen for instance from Fig.12 .
In general the lowest LHe breakdown va-
lues correspond to the breakdown values
of the vapour. At large spacings, e.g.
2o mm, only 10 kV/mm have been found •
12 $

At lower boiling temperatures even lower J
breakdown values of LHe occur due to the j
lowered vapour density. The actual va- 5
lues may be taken from Fig.9. 3

However much higher breakdown strengths
have been found in subcooled LHe,
at pressures of 0,1 MNm" for tempera-
tures below 4.2 K 35-4o kV/mm with po- p. 12

lished niobium or Stainless Steel catho-Statistical phenomena of LHe breakdown

des At higher pressures, especially in supercritical helium, breakdown field
7 R

strengths up to 5o to 6o kV/mm can be ascertained ' .
As may be seen from Fig.12 there exists a marked limit for the field strength
below which breakdown is very unlikely. The actual value erf this limit which is
independent from spacing depends on the surface conditions at the cathode. It
seems likely that breakdown of LHe is possible only when bubbles or spots of re-
duced density arise at the cathode. Such bubbles may be generated by motion of
any charged particles under the influence of the electrical field. Thereby heat
is produced. The amount of this heat rises with the square of the local field
strength at the cathode and must
exceed a certain limit for bub-
ble formation. Moreover the bre-
akdown strength of the bubble
must be exceeded 7. Fig.13 gives
i survey diagram with lines of
constant breakdown strengths for
1 mm spacing. These values may
be taken as statistical limits.
Under favourable conditions
(e.g. polished electrodes) hig-
her values are possible.

1.

2.13 Impulse breakdown of helium Fig. 13
,. , . j. -4.U • i Survey diagram of helium breakdown

Only few measurements with impulse ' 6

voltages have been published for helium. At low densities the impulse values
seem to be considerably higher than the d.c. values, see Fig.14. At high den-
sities, d.c. and impulse values are very similar. The time lags to breakdownare in the us range13

11In boiling LHe much higher impulse breakdown values have been found . It seems
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dcubtful why LHe should give higher impul-
se values than supercritical helium at the
same density. Future investigations are de-
sirable to explain these discrepancies.

3.2 Dielectric properties of solids
Solids are used within magnets as struc-
tural and insulating matter. Fallou has
given an excellant survey on its mecha-
nical and dielectric properties . As a
general rule non polar materials exhi-
bit permittivities around two which are
mainly independent from temperature;
their dissipation factors are low. Po-
lar materials have higher, frequency de-
pendent permittivities which decrease
with decreasing temperature; their dis-
sipation factors are higher besides.

3.21 Intrinsic properties
In table 1 there are given values for
the low frequency permittivities and the
dissipation factors for some materials.
No values have been given there for the
so called intrinsic breakdown strength,
which may be in the order of more than
loo kV/mm, but cannot used in practise
due to the influence of the surroundings,
see for instance the dependence of the
breakdown values of kraft paper from
the state of the impregnatinn helium
As can be seen from the table, the ge-
neral rule mentioned above holds well-
with the exception of mica which must
be taken as a partly ionic bonded crys-
tal. Its permittivity and dissipation

factors are practically independent from
* lfi *

frequency .
Mica may become a very suitable insula-
ting material for magnets due to its
high permittivity the expediency of
which has been pointed out already and
due to its strength against partial di-
scharqes.

.15

Fig. 14
Impulse breakdown in helium
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Dielectric properties
of solid materials

u

3.22 Helium impregnated solid insulations
Since solids used at low temperatures may
exhibit small voids due to imperfect manufacturing or cracks occuring on cool'

Fig. 15
Solid vith voids



- 989 -

down the high voltage behaviour of helium impregnated insulations seems to be of

special interest. Moreover, lapped insulations may be used in magnet technology

sometimes.

Due to the very low viscosity of helium voids can be assumed filled up with it.

We may simpflify such a system to a gap shown in Fig. 15. The field strength

within the voids is determined by the capacities since we presume a.c. voltages

an can be calculated according to

l:H*= Eo
where

eHe +
(2o)

E U/d and

Table 2

"0 -' - -••- sne *** •*• - (21)

It is well known tbat solids with voids exhibit partial discharges (PD). Invest-

igations on helium impregnated and lapped PE insulations have shown that PD

occur at the moment the local field strength within a void with a conducting

face exceeds the breakdown strength of

the helium included there. With

helium at 5.5 K and 0.3 MNm'2 PD

inception stresses of 2o kV/mm
0 o

(rms) have been found . There

are no basic objections for as-

suming similar inception condi-

tions for other solids. Sometimes
lower inception stress values ha-

sp
ve been reported but in general
the agreement with (2o)'raay be

pood. Table 2 gives some values.

The low inception stress of in-

sulations plunged into boiling

Solid
Material

Krmtt Fattr*

StrnKt-ftta"

KIM"

t

mm

at

at

am

at

at

H*lium
state

K/HMm-*

s/as

75/OSS

*/u

*/u

42/tf

e.

1.7

3

IS

23

1$

Inacti-
on Md

(rmtT
kY/mm

X

»

tu

M.5

- I

Impvlta
bncMown
fitUstrtngth

KT/nm

**l

or

m

Dielectric properties of helium
impregnated wrapped insulations

LHe (see last row in table 2) must be pointed out and can be ascribed to voids

filled with vapour instead of liquid.

the insulations given in table 2 can be stressed for short "periods by much hig-

her field strengths. The impulse breakdown values are in the order of the in-

trinsic breakdown strengths.

3.23 Flashover on solid surfaces covered by helium

Flashover may occur on surfaces parallel to the field direction. The spots where

three media, namely the solid insulator, a conducting face and helium meet to-

nether, seem to be very critical. Extremely hiah local field strengths can arise
26 '

there otherwise these spots are relieved of the field by means of suitable

shaping. Even then the flashover voltage

can be taken roughly only to half of the
2 7

breakdown voltage of helium .
Fig. 16 shows a spacer form investigated

by Telser19. Under helium at 8.5K/0.5MNm'2

he found impulse breakdown field strengths

at the inner electrode of l6.5kV/mm whe-.

reas with a.c. only lo.5kV/mm (crest)
2ft

could be made. Meats however reports
impulse values of only 7kV/mm with helium

Fig. 16
Spacer
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at 5 . 5 K / 0 . 4 M N m . S t r a n g e p a r t i c l e s w i t h i n t h e h e l i u n m a y h a v e c a u s e d t h e s e

d i s a p p o i n t i n g l y l o w v a l u e s .

3 . 2 4 Lifttime o f i n s u l a t i o n s

E l e c t r i c a l i n s u l a t i o n s e x h i b i t a l i m i t e d l i f e t i m e d u e to c h e m i c a l o r p h y s i c a l

a g e i n g w h i c h is p r o n o u n c e d w h e n h i g h e l e c t r i c a l f i e l d s t a k e e f f e c t . In t o d a y s

p o w e r e n g i n e e r i n g t h e r e e x i s t s t he t e n d e n c y to a v o i d m e a s u r a b l e PD d u r i n g n o r -

mal s e r v i c e to e n s u r e h i g h l i f e t i m e .

At l o w t e m p e r a t u r e s PD m a y t h i n d o w n t h e i m p r e g n a t i n g h e l i u m a n d t h e r e b y i n -

c r e a s e c o n s i d e r a b l y w h i c h can be d a n g e r o u s . T h e m e c h a n i s m o f i n s u l a t i o n d e t e -

r i o r a t i o n c a u s e d by PD is n o t f u l l y u n d e r s t o o d at l o w t e m p e r a t u r e s b u t m a y p e r -
7 Q

haps a pure mechanical effect due to ion bombardment . The empirical relation

E" = C / T (22)

where C is a material dependent constant, T the lifetime to breakdown and E the

field strength holds for low temperatures at high fieldstrengths. The exponent

n must be taken as higher than for conventional power insulation systems'

Fig. 17 shows a typical example (lap-

ped Mylar impregnated with boiling L H e ) .

Such investigations are expensive and

only a few measurements have been pub-

lished hitherto. Therefore exact'prog-

noses of lifetime for any actual insu-

lation system are not trustworthy at

present.

Mytar-LH*

.29

rf-e

Fig. 17
Lifetime behaviour

SFt

3.25 Quality controls with SF6

If preliminary voltage tests during the

manufacture of an insulation system are

wanted before using it at low temperature this can carried out with SF6 instead

of helium. The breakdown strength of SF6 at moderate pressures and spacings is

similar to that of high density helium,

see figures lo and 18 . Any defects as

unwanted voids or housed conducting par-

ticles can be detected easily by PD mea-

surements at ambient temperature.

4. Conclusions

Extended investigations have been car-

ried out hitherto to find out the basic

dielectric properties of matter at very

low temperatures. Most of them have

been undertaken in connection with SC

cable development. With the known datas

high voltage insulation systems can be

S 6
pd

Fig. 18
Breakdown of SF6

710' be""

designed for laboratory use. Large scale experiments are necessary in addition

to evaluate the long term behaviour of insulations the knowledge of which is

essential for an economical layout of technical apparatus.
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The permanent magnets based on the hard magnetic materials can substitute
the electromagnets used in the accelerators.

On the base of SmCog it is possible to manufacture the dipoles with 5 kOe
field strength across the gap of 3 cm and the quadrupoles - with 5 kOe/cm
gradients in the same aperture.

1. - Permanent magnets in the synchrotrons

1.1. - Ion sources

In the ion source of duoplasmatron type the magnetic field strength across
the gap between anode and intermediate electrode amounts to B = (1000-5000) G'1'.
The longitudinal field in PIG ion source extends to 8 = (1000-5000) G' 2' for a
gas discharge channel of (0.5 - 1.0) cm diameter and (5-10) cm long. Inside the
cyclotron, for the case of multicharged ion acceleration, the selection of the
beam with the required charge state is performed by the internal magnetic field
of the accelerator. The separate dipole electromagnet or ion source electromag-
net are used for this purpose at high voltage preinjector'3'. Permanent magnets
will allow to reduce the power supplied to high voltage preinjector column by
several kW.

Such magnetic field can be formed by flat or ring permanent magnets made of
alnico alloy or SmCog with the energy product (BH)nax 10 MG-Oe. Experimental
SnCo5 ring magnets for MPF systems provide the field B = 4200 G by means of the
rings 3.3 mm thick, with the inner diameter 2r = 6.1 mm and the outer diameter
"R = 13.7 mm^K

Dipole magnets with SmCo5 poles create the field strength B = (3000-4000) G
across the (1-2) cm gap(5).

Several designs of quadropole'6' and sextupole<7-9) magnets made of alnico
alloys with (BH)Bax = (3.5 - 7.5) MCOe were developed for the polarized ion
sources which produce the field strengths Br = (3000-1000) G at the edge of
aperture of 2r (3-30) mm diameters.

In the ionizer of the polarized ion source the longitudinal homogeneous
field with B of several kG is required, which can be produced by the ring
magnets made of alnico alloys or SmCoc. Dipole separator parameters do not differ
in principle from those of the magnetic separator of multicharged ion source.

In the case of a polarized ion source where most electric power is consumed
by electromagnet power supplies, it is possible to save (80-90)% of the total
power load when permanent magnets are used.

1.2. Preinjector

The first design of Cockroft-Walton preinjector with focusing quadrupoles
•anufactured of permanent magnets was proposed as early as in 1955''°'. Only
the calculations for preinjector design with magnetic focusing system for acce-
lerating voltage 330 kV and field gradients in quadrupoles G = (500-1000) G/cm
In the t> cm aperture diameter were made up to now'11»12'. It was shown that the
maximum current of accelerated protons can run up to 100 mA.

At present time there exists a possibility to increase the gradient GP up
to (4000-5000) G/cm by means of SmCoc magnets or multicomponent alloys based on
the lntermetallic compounds BCo5 and RgCo17 with (BH)max = (13.5-22) MCOe'

1*).
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1.3. - Linear accelerator

Magnetic quadropoles for linear accelerators are developed more intensively.

The first proposal of such a kind was submitted as early as in 1956 . At

50 MeV linac of Brookhaven 33 GeV synchrotron the required initial magnetic
field gradient is Gp = 6000 G/cm and the final one Gr = 600 G/cm across the
2.54 cm aperture diameter. During modelling with ferrites of FERROXDUR type
the gradients Gr = 1000 G/cm were achieved.

Now the intense activity in this direction is realized by Kapchinsky et

al. 6 ' 1 7 ) . It was shown in the paper'16) that on the basis of YuNDK-25 BA

alloy it is possible to obtain the gradients Gr = 6000 G/ca using magnets

3.8 cm thick, 4.5 cm long and with 3.4 cm aperture diameter in the first drift

tube of 1-100 proton linac.
M 8)

In the paper with the experimental quadrupole made of YuNDK-25 BA

alloy with 4 cm aperture diameter the gradient G = 2500 G/cm was demonstrated.
It was shown, that for the optimum geometry conditions of magnets it is possible
to achieve the gradient Gr = 4000 G/cm. The possibility to guarantee the gra-
dient with an accuracy up to .1% along the 10cm quadrupole has been also demon-
strated experimentally.

1.4. - Beam transport lines

For the first time the permanent magnets were used to transport and to

focus 7 MeV electron beam in 1955 ( 1 9 ). Eight quadrupoles, each composed of 4

cylindrical bars, were placed outside of the vacuum tube. The electron beam

passed in the tube 305 cm long with 1.6 cm diameter. The beam divergence at the

entrance was 10 mrad. The maximum gain in the electron beam intensity resulted

in 20 fold increase for gradients Gr = 200 G/cm and 100 cm focusing distance.

In 1967 there was investigated a system composed of two quadrupoles with
the 7.94 cm aperture diameter and 7.62 cm long, which was placed inside of the
steel magnetic tube of 20.3 cm diameter with the field gradient Gr s 470
G/cm^20'. The poles were fabricated, of 2.54 long rectangular plates of IND

ferrite. The focusing distance of the doublet was adjusted, controlled by

internal steel cylindrical shunt. The beamline was tested with the 10 MeV proton

beam.

2. - Up to date hard magnetic materials

2.1. - Although the permanent magnets are the most ancient of known magne-
tic materials the remarkable progress in their qualitalive improvement began
only in the thirties. The alloys, developed on the basis of alnico in 1933, in
a short time practically replaced hardened alloyed steels with high carbon
content.

These alloys, the properties of which were systematically improved during
many years as well as the barium ferrite3, appearing in the fifties, are the
basic industrial materials for permanent magnet manufacturing. However presently
the possibilities of further improvement of their magnetic properties have been
exhausted to the considerable extent'2 .

The theoretical limit of energy product (BH) m a x of permanent magnet
B r 2 M , where Br is the remanent induction, can be realized only in the case

of sufficiently large coercive force He, which by the order of the magnitude
equals Br. Yet the achieved values of He for magnets of the alnico type with
the 11-14 kG remanent induction are about (800-1700) Oe limiting their energy
product at the level of (5-10) MG-Oe (13.4 MG-Oe with the best experimental
samples'22').

It is evident that because of different physical nature of internal magne-
tic induction and demagnetizing field the problem of permanent magnets with the
maximum magnetic energy must be solved, on the one hand, by the development of
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of alloy compositions with the increased spontaneous magnetization and, on the
other one, by the realization of coersive force for these alloys, the value of
which by the order of the magnitude equals the saturation magnetization. To
realize the high spontaneous magnetization it is necessary, in addition, to
produce the perfect magnetic texture and (using powder metallurgy techniques)
the high density of products.

These requirements to the considerable extent were sucessfully realized in
recently developed new materials for permanent magnets made of alloys on the
basis of rare earth metals and cobalt<23). The magnetic properties of such a
type exceed by far the characteristics of alnico alloys and hexagonal ferrites,
causing top-priority interest in the investigations of their properties and new
spheres of their application.

2.2. - Rare-earth cobalt alloys

Of number of intermatallic compounds, formed in a RE-Co systems, most
interesting are HE-Coe and RE-Co17 compounds, having high (up to 16 kG> values
of saturation magnetization, Righ Curie points (5OO-9OO°C) and high ?ie}ds of.
magneto—crystalline anisotropy in the range of tens and hundreds of kOe 1 2 3 Z 5'.
The value of the magnetic moment of these compounds is described in satisfactory
manner by a simple double sublattice model of magnetic structure, in accordance
with which the resulting moments of both rare earth and cobalt sublattices are
parallel in the compounds with light RE metals and antiparallel for heavy RE'
metals'24'.

The remarkable increase of saturation magnetization of RE-Co alloys can be
achieved with partial substitution of cobalt atoms by iron and manganese
atoms'26'. s u c n substitution influences also the nature and the value of magneto-
crystalline anisotropy, which, depending on the kind of the admixture can be
changed from anisotropy of the "easy"plane" type to the "easy axes" one.

The evaluation of the upper theoretical limit of energy product of compounds
with the utmost saturation magnetization RE2 (Co, Fe, M n ) 1 7 gives exceedingly
high values of the order of (40-65) MG«0e at room temperature.

2.3. - Sintered RE-Co Magnets

In the case of mechanical grinding of RE-Cor alloys the coercive force of
the resulting powders increases sharply in comparison with the initial volumi-
neous crystals'2"'. Dislocations, point defects, inclusions of other phases,
inevitably existing in a real material, along with large magnetostriction and
magnetic anisotropy characteristic of the RE-Co compounds, exert the crucial
influence on the value of their coercive force'2^'. For the compounds based on
the RE-Coc the high values ((10-20) kOe) of powder coercive force are conserved
and even increased during subsiquent forming process by means of pressing in
the magnetic field,sintering and thermoprocessing at high temperatures (1100-
-1200)°C.

An important condition of such a process, which is common in modern
practice, is high perfection of magnetic texture at the density of products close
to 100%.

As a result of sintering the density of formed briquettes is increased up
to (95-98)%. To obtain the high degree of shrinkage during the sintering of
briquettes with large dimensions and minimum ( 60%) initial density it is
necessary to reduce the powder oxidation during grinding, drying and sintering,
which is achieved by special technological methods.

The utmost energy product can be obtained with the alloys of the (Sm,Pr)CoR

type, having increased magnetic induction because of the substitution of sama-
rium by praseodimum. The introduction of cerium mishmetal allows to produce the
permanent magnets with sufficiently high magnetic properties and considerable
lowering down of the initial raw material costs.

3. - Summary

The realization of the energy product (BH)_ a x = 60 MG-Oe on the base of
compounds like Rg(Co, F e ) J 7 will permit to manufacture the dipoles with the

rleld,f""g"S i s 1 O ' ° ™ G a c r o s s t h e <2-3> <=•» gaps and quadrupo^s with
Gr =10.000 G/cm across (2-3) cm aperture diameters. As a result Ihe lystems
based on permanent magnets will succesfully compete with the "warm" electro-
magnetic and superconductive systems of the same types

To conclude the authors express their gratitude to Shelaev I.A. for numerous
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consultations on tbe questions touched in the paper.
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fiymma-ry

NbsSn multifilamentary conductors with different numbers and densities of fila-
ments are fabricated by solid state diffusion. The effect of beat treatment
conditions on overall critical current density jg v e r a i l (B) is presented. Coils
were wound with prereacted conductors and also by the wind-and-react technique.
The construction and performance of the coils is described. Magnetic flux den-
sities up to 14.5 T have been reached in an 8 T background field.

Introduction

For superconducting magnets, multifilamentary NbTi superconductors in a copper
matrix continue to be mainly used today. Conductors with superconducting fila-
ments in a normally conducting matrix have the advantage of largely avoiding
magnetic instabilities which greatly impair the operation of superconducting
magnets. The use of NbTi is however limited to magnetic flux densities up to
about 9 T (90 kG).

For higher magnetic fields, A15 intermetallic compounds such as NbjSn and \f3Ga
are used for preference, which feature higher transition temperatures, higher
critical magnetic fields and higher current densities. These superconductors
are however very brittle. Their processing into coils accordingly presents
considerable technical problems. With the manufacture of superconducting coils
we pursue a double aim: (1) testing of the electrical and mechanical behaviour
of our Nt^Sn multifilamentary conductors, manufactured by Vacuumschmelze GmbH,
Hanau, in large lengths, and (2) working out the methods necessary for making
coils out of Nb^Sn multifilamentary conductors with a view to their technical
application.

Coil manufacture
,(1.iThe conductors for our coil experiments are made by the bronze technique^ '~'".

A billet of Nb rods in a Cu-Sn matrix is extruded and drawn to the final wire
size. The lft>3Sn layers are then formed by selective solid state diffusion of
the Sn by heating the composite to temperatures around 700 °C. The tin content
of the bronze is 13 wt. %. The ratio of bronze matrix to niobium is normally
around 3 to 4:1. Round and rectangular conductors with filament numbers up to
max. 70 000 and filament diameters down to min. 1.5 Aim were fabricated. All
conductors are twisted with a twist pitch of 20 mm. For currents above about
1000 A at 8 T, fully transposed and compacted flat cables containing several
single conductors were also fabricated W .

The coils are made by two methods. Apart from the wind-and-react method, in
which the coil is first fully wound and the tft^Sn is then produced in the con-
ductor, coils were also fabricated with pre-reacted conductors.

Coils by the wind-and-react method

As mentioned, winding is first effected with the unreacted conductor and the
whole coil is then subjected to diffusion heating. This avoids all difficul-
ties in working the brittle superconductor. In this way it is also possible to
fabricate coils with very small inner diameters with a relatively thick con-
ductor. One problem, however, is that all materials used to fabricate the coil
must resist temperatures around 700 °C for several hours.

For these coils we have hitherto employed only conductors without electrical
stabilisation (pure Cu) or mechanical reinforcement. It was our aim to deter-
mine up to what size coils with such conductors can be made. Until now we have
largely used bare, i.e. non-insulated conductors. The coil formers consisted
of stainless steel. For layer insulation we used glass fibre braid. Glass fila-
ments served as turn insulation.

For some of our coils we employed a conductor with 9862 filaments, which has
162 bundles of 61 filaments each and is produced by double bundling. Fig. 1a
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shows a micrograph of this conductor with 0.6 mm diameter. The filament dia-
meter is 3 urn? Fig. 1b shows the rectangular conductor, almost similar in
cross-section with 0.35 mm x 0.97 mm. We have examined the u * 1 " ™ " « *J«
critical current of reaction temperature and reaction time as well as or the

conductor was used for many of our coils.

Fit

Micrographs of two 9882 filament
Nb^Sn conductors

a) 0.6 mm diam., b) 0.35 mm x 0.97

64h/700°CNV;i V
128W700°C > X V1-.
64h/750°C , - -

64h/750°C " ^ N .

9882 til.0.35mm«0.97mm 3 64h/700°C \

I I I I I I I

O.GfimmO

1615 filaments

" 0.32mm-1.0mm J 12BW7M°C

0 2 10 12 14
flux density £ '

T 16

FLT7 3B3

Figure

b)
2: Overall critical current density versus magnetic flux density of

differently hut - t rea ted filamentary Nb3Sn conductors

The critical current is measured on samples 50 cm long in the bore of a super-
conducting magnet. In order that current and magnetic field are orthogonal,
the sample is wound helically on a 50 mm external diameter tube and heattreat-
ed in situ. j c is defined by a voltage rise of 0.1 /iV/cm at a spacing of the
potential probes of 15 cm. This corresponds to a specific resistance of 10"IC

to 10-1'j2cm.
The j- decrease with the rectangular profile is due to the filaments of this
conductor being pressed somewhat flat in the central core bundles, which leads
to an anisotropic distribution of the grain boundaries in the NbjSn which act
as pinning centres. Orienting the magnetic field vertically to the narrow side
of the conductor lowers the critical current density by about 10 56 compared
with round conductor equal in area and heated to the same extent. This orient-
ation abtains in pur short samples and also in magnet coils. Fig. 2 (curve 3)
also shows jgverall f o r the conductor illustrated in Fig. 1b. The improvement
obtained by the thinner filaments compared to the corresponding more weakly
filamented rectangular conductor (unbroken curve 2) is evident.
The heat treatment of 64 h at 700 °C in stationary argon at 1 bar chosen for
our wind-and-react coils on the basis of these results (Fig. 2; represents a
compromise between the requirement (1) of as high a current density as possible
between 8 and 14 T, (2) of a reaction time acceptable in practice and (3) of a
temperature below 750 °C, to avoid the danger of the glass sintering. The
loosening of the winding after heating.necessitates fixing by impregnation.
For the coils wound with rectangular conductors like 0.32 ma x 1.0 mm, the
packing density - defined as the share of the volume of the conductor in the
coil - is on the average 60 96, the share of the glass 25 *, that of the im-
pregnating agent 15 %. In a coil made with a round conductor of 0.66 ma dia-
meter, the packing density was only about 3S %. The advantage of the rectangu-
lar conductors in the packing density obtainable is however nullified by al-
most half by the ic degradation of these conductors owing to the anisotropic
effect.
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The salient data for some of our wind-and-react coils are summarized in Table t
01, 0a, Z and L denote internal and external diameter as well as length and
inductivity of the coil. For the conductor, the number of filaments, dimension
and length 1 are stated. All coils were operated coaxially in an external NbTi
coil. The table states the highest magnetic flux densities in the centre of
the Nb3Sn coil.

1. Solenoids by the wind-and-react method

nr.

1

2

3

4
5

coil dimension

mm

31

37

15

58
57

K
mm

93
93

95

136
95

Z
mm

75
120

120

140
12G

L
H

0.18

0.33

0.59

1.73
0.15

conductor

Filaments

85x19

85x19

85x19

85x36

162x61

Dim.

nun

0.66 0

0.32x1.0
0.35x1.0

0.32x1.0
0.35x1.0

0.35x1.0

0.35x0.97

1

km

0.51

1.27

1.45

2.80

0.89

max. central flux

B(NbTi)

T

7.5
7.0

7.0

7.9
7.0

B(Nb3Sn)

T

4.6
5.5

6.8

4.7
4.9

density

Btot
T

12.1

12.5

13.8

12.6

11.9

T T

Coil No. 1 wound with a round conductor was impregnated with epoxy resin. The
first quenches were observed at 50 % of the short sample current Ic. The quench
currents I Q showed a rising tendency, however, and reached Ic after 30 quench-
es. This training is due to a gradual diminution of mechanical stresses and
mainly arises, in our experience, in coils with thick resin layers between the
conductors. The coil was repeatedly,heated to room temperature without renewed
training arising thereafter. Oc reached 6.6 x 10^ A/cm2 in the coil at
10 T and 4.6 x 10* A/cm2 at 12 T.

To increase the packing density, coil No. 2, as well as all subsequent coils,
was fabricated with rectangular conductors. At the same time, the cross-sec-
tion of the conductor was graduated with this coil. Fig. 3 shows the concep-
tion. The IC(B) were measured on short samples. The inner part of the coil
(part 1), exposed to the high magnetic flux density consists of two parallel
single conductors 0.32 ma x 1.0 mm with 85 x 19 filaments each. A single con-
ductor 0.35 mm x 1.0 mm was used for the external part (part 2). The number of
layers of the two parts was dimensioned so that the respective charging lines

intersect the I_ curves at about the
same current. This graduation enables
better utilization of the current
carrying capacity of the conductors
over the entire coil. This single/dou-
ble graduation was carried out for all
subsequent wind-and-react coils. The
two winding parts were joined by an
intermediate contact which, like the
two end contacts for the current leads,
is mounted on the coil flange. The con-
tacts consist of ceramic cylinders
with copper caps for soldering the
superconductors. Without training, the
coil reached nearly Ic (point a in
Fig. 3) already with the first quench.
Excitation in a low background field
(points b and c) and repeated heating
to room temperature did not produce
any degradation. Slight degradation
(point d) was only observed at an ex-
citation speed of 2.5 T/min. The coil
was also tested as a field-producing
solenoid for IC(B) measurements on

short samples, under stationary operation only 1 % below the quenching current.
In this case, too, no premature quenching took place induced by the short sam-
ple going normal.

250

200

150

100

50

( / I 2"(0.32mm«I.Omml
C11- (0 .35mm- I.Omml

a. b. (. d '. quench currents

/, • short sample currents

llux density B -

Figure 3: Tist results of a wind end react magnet with a graduated coil in
different background fields of a NbTi coil
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With coil No, 3 we intended fully to utilize the advantage of this technique,
namely the manufacture of coils with small internal diameter. In a free bore
of 11 mm diameter, the coil produced a maximum flux density of 13.8 T with a
background flux density of 7.0 T. 10.8 T were reached without background field,
which corresponds to 93 % of lc. Coil No. 4 is our largest coil hitherto made'
with this technique. In a free bore of 51 mm diameter, it supplied 12.6 T cen-
trally with a background flux density of 7.9 T. It is noteworthy that both
coils reached the short-sample current Ic without training. Both coils, how-
ever, made clear a limitation of the wind-and-react technique with an unstabi-
lised conductor: the inductive voltages arising from quenching produced spark-
overs between neighbouring layers in the outer part of these coils. In spite of
the external shunt resistance, the high stored energy around 10 kJ led to such
a high energy transfer at the sparkover point that the conductor was partially
destroyed. It is understandable that this damage should arise in the outer part
of a graduated coil, as two effects are reinforced there: a large induction
voltage between two layers which rises with the square of the number of turns,
and a large ohmic resistance, as the cross section of the bronze is only half
as large as in the inner part of the coil. With the destructive quenches, the
inner part of the coil remained fully intact.

For coil No. 5, the rectangular conductor with 9882 filaments and high current
density as per Fig.s 1b and 2 was used. With only 890 m of this conductor, we
produced a central flux density of 11.9 T in a coil with 51 mm free bore, with
a background flux density of 7.0 T (maximum flux density at the innermost layer
12.2 TJ. The coil reached Ic without training, and exceeded Ic after some
quenches with j 8 v e r a I 1 (12.2 I) » 3.7 x 105 A/cm2 by 15 %. If this current in-
crease is real compared with the short sample, it could be due to the tensile
stress acting on the conductor owing to the Lorentz force, which leads to a
reduction of the internal compressive stress on the ttt^Sn. This compressive
stress arises because the bronze contracts more than Nb3Sn when cooling from
700 °C to 4 Kl5,o,7J. The coil displays very stable behaviour; it can be ex-
cited at speeds of 6 T/min without degradation.

Coils with pr4-reacted conductors
With this method, the conductor is first heated to produce Nb3Sn. The coil is
then wound. We used mainly soldered conductors, two, three or four pre-reacted
rectangular conductors 0.25 mm x 0.65 mm being soldered side by side between
two copper foils 50/an thick for electrical stabilisation. The structure of a
quadruple conductor can be seen in Fig. 4. In all fabricating steps, care must
be taken that the reacted conductors are not stressed beyond the critical bend-
ing and tensile loads.

_4 Cross section of a composite
of four prereacted 1159 fila-
ment conductors (0.25 mm x
0.65 mm) soldered between
copper foils.

0.2

1159 filaments 0.65mm»0.25mm 700°C.24h

Dc critical bending diameter
A max. distance from neutral axis

30 40 50
binding diameter D-

70 mm DO

Fig. 5 shows the current degradation
by bending for the abovequoted rec-
tangular conductor with 1159 fila-
ments after heating of 24 h at
700 ° C W . For this the conductor was
bent round cylinders of various dia-
meters, straightened out again and
measured on a cylindrical carrier of
larger diameter. The Ic degradation
begins at a critical bending diameter
D c • 22 mm, which corresponds to a normalized value Dc/A « 220 (A is the maxi-
mum distance between neutral axis and NbjSn). With decreasing bending diameter,
a slightIc increase occurs before the degradation. This effect is due to the
fact that, owing to the tension and compression stresses produced simultaneous-
ly in the conductor by bending, the internal compression stresses on the Nb*Sn
decrease slightly overall. At the Ic maximum, the maximum strain in the outer

Figure 5: Effect of bending on xoinilizid critical current /„//„
for a 11SI filament conductor
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filaments is 0.8 %. The value Dc/A - 220 applies for a NbjSn layer thickness of
1.5 to 2 urn and increases with rising layer thickness*5'.
By soldering several rectangular conductors side by side, one obtains a conduc-
tor with a large aspect ratio, which can then be bent more easily than a round
conductor with the same cross-sectional area. At the same time, the Ic degra-
dation causedby the anisotropic effect remains smaller than with a monolithic
rectangular conductor of the same dimension. For coil production, soldering al-
so enables rational graduation of the winding with a single standard conductor.
This technique was also tested for the application of a mechanical reinforce-
ment (stainless steel foil)W.
After first experiments with soldered conductors^) enabled the short-sample
current Ic to be reproduced in coils, too, we made a graduated coil out of
soldered conductors with two, three and.four pre-reacted rectangular conduc-
tors 0.25 mm x 0.65 mm (heat treatment 24 h/700 °C). The partial lengths were
connected by soldering. The total winding length of the 3 conductor types is
1.4 km. This required 3.6 km single conductors with 1159 and 1615 filaments.
The coil was wound with Kapton foil as layer insulation and a glass filament
as turn insulation, and was not impregnated at the beginning. This coil with a
free bore of 55 mm (external diameter 130 mm, length 120 mm; produced after few
training steps a central flux density of 13.0 T in a 7.8 T background field of
a NbTi coil. The maximum flux density at the innermost layer of the quadruple
conductor was 13.3 T. The short-sample current was fully reproduced in this
conductor. The coil has been used for IC(B) measurements of short samples for
a year now. A degradation which arose later - presumably due to loosening of
the winding - was remedied by impregnation. The coil has since undergone about
200 excitations to high fields and has also been frequently heated to room
temperature without any degradation.

Our highest magnetic field to date has been obtained with a wind-and-react coil
inserted in the 55-am-bore of this 13-T magnet. With this triple magnet combi-
nation we produced a flux density of 14.5 T in a free bore of 11 mm diameter.

Concluding remarks
Our coil experiments have shown that reliable superconducting magnets can be
made both with the wind-and-react technique and by using pre-reacted conduc-
tors. The short-sample current was attained with almost all coils. This proves
that commercial production of large conductor lengths is possible. During the
initial excitations of the coils, only a short training is observed - in most
cases none at all. Heating to room temperature likewise necessitates no train-
ing. Graduating of the winding to improve the utilization of the current-carry-
ing capacity of the conductors can be successfully applied with both methods.
The reliable performance of the coil made with a pre-reacted and stabilized
conductor shows that by precise observation of the mechanical loading of the
conductors the various fabrication steps (reaction heating, soldering with
copper, winding the coil and making the intermediate contacts) can be carried
out without damaging the conductors.
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DISCUSSION

0. van der Klein : Did you use Cu in your coils, till 5?
K. Wohlleben : For all coils in Tab. 1 unstabilized conductors

were used. Until now only the coils with prereacted conductors
were Cu stabilized.
H. H. Bertschat : Did you observe ageing processes?
K. Wohlleben > Some coils were quenched up to about 50 times
and were repeatedly warmed to room temperature without any
ageing.

D. Larbalettier i Were you able to measure the voltage in the
2 Nb,Sn coils which destroyed themselves by voltage breakdown?
K. Wohlleben : The breakdown voltage during the quench increased
to values in the range ot 100 V, but w« did not succeed in an

exact measurement.
H. J. Schneider-Mnntan : How high are the stress-levels in your
coils?
K. Wohlleben : The stress in the winding due to the Lorentz
force reaches values up to 16 kp/mm.
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Abstract

Strands and Cu-stbillized cables ( 1,000 amperes at Stesla ) have been made

of relative]y small size of multifilamentary Hb,Sn wires by soldering,and tested.

Since the critical current and other many properties are proportional reliably to the

number of component wires in these conductors, this technique is widely applicable

to the production of large current conductors. Uniaxial tensile lord tests shop

that the strength of conductors at I+.2. K is twice of that at room temperature,and

no damage of Nb,Sn filaments appeares at the strain less than 0.7%.

Making of conductors

For the fabrication of Nb,Sn composite conductor, multifilamentary Nb wires

were first prepared, where Nb rods and a Sn rod inserted in a Cu tube were cold-

drawn. This process had been already reported (1 ),but here,pure Sn was used

instead of Sn - Cu alloy. After twisting, the Nb wires were stranded, heat treated

and soldered with Pb - Sn eutectic alloy. The heat treatment of the strands were

carried out at 58o°C for 18 hours ,for the internal Sn diffusion into Cu matrix,

and then at 700°C for 50 hours, for the reaction of Nb,Sn filaments. Two types of

Nb,Sn strands are shown in Fig. 1, as A and B ( with a central Cu ).

Cu - stabillized cable conductors were pr:i'uced by embedding the ten of the

strands A p"aj*allel in to the groove of Cu tape with solder. For this process a

continuous cabling machine,originally developed for Nb - Ti conductors was used

( 2 ). The adhesive strength of the soldered cable was tested by flatwise bending

in the diameter of 70 mm ( 25 cimes of the cable thickness ).After 15 times of

repeated bend, the specimens bent with the component strands inside were sound,

but those bent with the strand outside were damaged after 6 or 7 times.It will

indicate the better coiling direction of the conductor. The dimensions and the

configurations of the fabricated conductors are listed in Table 1.

The soldering process was so reliable and might be applicable to the production

of large - scale compound conductors.

Electrical properties

The critical currents ( Ic ) of the strands and the table were measured by a

standard four probe method. As seen in Table 1, Ic of a cable (1,080 A at 10 T )

coinsides well with the current sum of the ten component strands ( 105 A x 10 ).

The fact is convenient to reliable designing of larger current conductors.

Voltage (V ) - Current ( I ) Characteristics was also examined under the

increasing current in magnetic field, and shown in Fig.2. The "distance of a sample

between voltage terminals was taken as 52 mm for the strand and 38mm for the cable

conductor. In the figures, no observable voltage appeared up to Ic for any conduct

-or . Above Ic, the strand A was rapidly quenched ( the quenching curve was hard to
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be recorded ), but the strand B had a smooth curve, because of partial Cu addition.

The V. - I curve of the cable with enough Cu shows reversible behavior.lt is noted

that for a large current conductor usually with much Cu addition, Cu addition

internally as the strand B, may not be necessary.

Electric resistivities of bronze matrix of the individual strand and of the

Cu tape were measured as basic data for the estimation of stabillization level

and shown in Table. 1.

Mechanical properties

We report here the results of bend tests and tensile lord tests of the soldered

conductors at room temperature and at cryogenic temperature.

The bend test consists of forming a sample of the conducter around a mandrel

of the desired diameter , then straightening at room temperature, and examining .

of the critical current degradation. The minimum bend diameter.corresponding to

the onset of current degradation, was 65 mm for the strand A ( 116 times of the

conductor thickness ). The bend strain is equivalent to 0.86 %.-The minimum bend

diameter of the cable was 90 mm ( 64 times of the thickness) and rather small,

which might be due to the conductor configuration and bend direction.

The tensile lord test was performed to see the deformation behavior of solder

- type conductors. Test specimens were set to a tensile machine withi the terminal

distance of 12 cm and with the gauge distance of 10 cm, and then strained at the

constant rate of 5 mm /min. The results shown in Fig. 3 indicates that the strength

of the strands increase significantly at lower temperature,especially the yield

strength ( at 0.2 % strain ), despite that the critical strain to failure is

almost fixed to 1.5 %• The inflexion in the stress strain curve observed by

KcDougall after a strain of 1 % strain ( 3 ) is not detected here. Figure 3 ( c }

gives sermte stress strain curves of the Cu - stabillized cable. The rapid drop

-off in the curves correspond to the fracture of the component strands and the

subsequent gradual rise tells the work hardening concentrated to the bared part

of Cu tape. The fracture of strands and the work hardening of newly bared Cu is

repeated from a.part to the pther along the cable untill the Cu tape is broken off.

From a stress strain curve , it is hard to see the behavior of deformed Nb,Sn

filaments. Observations of the variously strained monolithic conductor by scanning

electron microscopy showed us that no crack.' or failure occurred under the strain

less than 0.7 %.,but was n6t accurate enough to find the onset of the failure.

Based upon the fabrication experience and the data obtained , a large current

conductor (lo,ooo A at 13 T ) was designed and made by way of experiment, although

enough explanations were not given in this paper.
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Fig. 1 Cross-sections of strand A, strand B and cable from.left to right
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Table 1 Dimensions and electrical properties of Nb-Sn conductors

Monolithic conductor (or individual strand)

Conductor diameter
Number of Nb-Sn filaments
Diameter of the filament
Filament twist length
Resistivity of Cu-Sn matrix

at RT
at lia. N2
at liq. He

Volume % of components before reaction

Strand

Strand diameter
Number of central Cu
Number of monolithic conductors
Total number of Nb,Sn filaments
Strand pitch lengtfi
Solder
Critical current at 4.2 K (8T)

(10T)

Cable

Cable dimension ( cross section )
Number of strands A
Total Number of Nb-Sn filaments
Cu tape dimension fgroove dimens.)
Resistivity of Cu tape at RT

at liq. N 2
at liq. He

Critical current at 4.2 K

O..517 .
504
3-26yUl
20 mm

8.94 X
6.51
5.43

r.m

n

10"6 fl- cm
r!

II

7.49 (Cu) 15.3 (Nb) 9.8 (Sn)

A B

0.56 n:m
0 1
7 6

3,538 3,024

I05
58

10 X 1
10
35,250
10 x l
1.72 x
2.09 x
£.94 *

6.5 ir.m
Pb-Sn alloy
A 87 A
A 49 A

4 mm

.u mm ( 6 X 0.6 )
10"6/l - CT?.
10 ~" "
1 0 - s •.

1,080 A

60

Current I ( A ), strand B

80 100 120 160 180 200

1000 1020 1040 1060 '1340 3360 1380 1400 1420

Current I ( A ), cable

Fig. 2 V - I characteristics of strand B and cable
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Table 2 Tensile stress of Nb,Sn conductors

Sample

Strand A

Strand B

Cable

RT

3.1

2.6

1.3

[108 Ha
liq.Hi

3.7
3.3

)
liq.He

4.4
3.8
1.6

CT» (10«
RT

1.2

1.1

0.41

Nm )
liq.N2

2.2

1.8

liq.Ee

2.5

2.1

0.92

# Cu - tape 0.21 0.57

Table 3 Design parameters of
13 T, 10,000 A Nb,sn Conductor Model

Dimension of conductor ( cross - section )
Cross - sectional area of conductor * A J

Dimension of Cu - tape ( groove )
Cross - sectional area of Cu - tape ( A1)
Number of monolithic conductors in a strand
Number of strands embeded
Total number of Nb,Sn filaments
Diameter of wb,Sn filaments
Solder
Conductor weight

6 X 0 . 6 cm

3.6 cm*

6 x 0 . 6 ( 4 - 5 X 0 . 3 ) cm

2.25 cm*
19
64
612,864
4.77 Jim
Pb - Sn alloy
i.Z kg/ m

Critical current
Operation current designed
Overall current density

( Io)
(Io /A )
(Io /A')Current density per Cu

perfect s tabi l l izat ion current( I s )
Minimum permissible bending dia.( flat-wise)
Maximum permissible tensile lord

11,260 A
10,000 ••
2,770 A /cmJ

4,440 A /cm 2
11,630 A
70 cm

"3 ton

13 T

*• Supposed that a half of the conductor surface is exposed
to the cooling media ( He )

Fig. 4 Photogragh of a

10,000 A (13T) conductor model
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Preparation and Test of V->Ga Composite Material

for High-Field Superconductive l.ia.Tnet
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Single core wires and multifilamen-

tary composite wires on the base of

V,Ga have been produced and the in-

fluence of chemical composition, geo-

metry as well as heat treatment on

the V^Ga-layer growth and the super-

conductive properties have been in-

vestigated. The tests on single core

wires show the chemical composition

of V,5a to nave an essential influen-

ce on the critical temperature Tc. An

effect of matrix-induced stresses on

the transition temperature To could

not be found. Doping V with 3 wt# Zr

causes precipitations in the super-

conducting phase and raises the V,Ga-

layer growth rate considerably but

decreases the critical current den-

sity of V,Ga. The proluced multifila-

mentary v/ir« 3 having lengths of some

hundreds up to maximally 40Ü0 metres

have a maximum overall critical cur-

rent density of 3.5'108 A/a2 in a ma-

gnetic field of 15 T. The material

v/ill be used in forn of -. twisted

cable for the construction of high-

field magnets«

1. Introduction

Presently multifilamentary wires on

the b'ise of ilb̂ Sn or V,Ga, respecti-

vely, are sonerslly produced accor-

ding to the bronze-process firstly

described by Kaufman v ' and ïachi-

kawa ^ .

So far more intensive studieu have

been made for îIb,Sa. than for

based materials

Since, in future, V\Ga-superconduc-

tors will have a -rest importance

for the construction of magnets with,

field strengths of > 15 T ^ , in

our institute research work has been

done to produce V^Ga-aultifilamenta-

ry wires of considerable lengths

according to the bronze-process and

to investigate the correlations bet-

ween manufacturing conditions, chemi-

cal composition of the components,

and properties of the superconductors.

2. Investigations on single core wires

In order to get information how the

VoGa-layer growth and superconducti-

ve properties are influenced by the

chemical composition of the compo-

nents and by the matrix/core-ratio

various single core wires were prepa-

red and tested (see table 1).

For Zr-doped wires a comparatively

gigh Zr-concentration was chosen to

get V-Zr-precipitations ^ ' and in

order to study their influence on the

superconductive properties, especially

on the critical current density.

2.1 V-iGa-layer growth

For various diffusion temperatures

betwaen 650° and 700°G the dependence

of the V-jGa-layer thickness (d) on

the diffusion time (t) has been de-

termined on the samples listed in

table 1. In agreement with former pa-

pers {''{°) the results may be descri-

bed by the relation

d = const. • t n C D

V/hile the n-values for samples with
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Table 1: Parameters of the tested single core wires

Sample No.

1
2
3.
4
5

(Cu.Ga)-sheat
mean th ick-
ness

mm
0.022
0.055
0.035
0.046
0.25

Ga-con-
tent

wt%
20.5
17.5
17.5
20.5
20.5

core
material

V
V
V
V +3%
V

t o t a l diame -
t e r

mm
0.2
0.2
0.2

Zr 0.2
2.0

small Zr-contents K J are less than

0,5 or equal to 0,5 (0,5=value for

"ideal" diffusion), samples doped with

3 wt% Zr showed n-values > 0,5 up to 1.

It is assumed that the reason is an in-

crease of the diffusion rate of Sa in

VnGa due to stresses in the V^Ga-lat-

tice caused by solved Zr or VgZr-preci-

pit-itions and leading to the formation

of additional lattice defects and even

cracks (Fig. 1). Also in Nb-ySn-wires •

with n-values of > 0,5 cracks in the

superconductive layer have been obser-

ved C ° ' . in this case the diffusion

rate of Ga towards phase boundary is

comparable with the rate of reaction

of Ga and V to V^Ga, thus being no lon-

ger the only rate controlling process

for layer growth. Here n-values of 0,5

up to 1 are to be expected.

2.2 Critical temperature

The shape of the transition curve from

the normal- to the superconducting sta-

te of VoGa-composite wires depends on

the measuring techniaue, as found with
(3)Nb-,Sn-wires For the same samp le

inductive measurement always yields a

broader transition than resistive mea-

surements (Fig. 2). The relatively lar-

ge transition widths obtained by induc-

tive measurement may be explained by

the fact that V^Ga-layers aro inhorao-

gsneous, that means, they consist of

regions having different transition

temperaturec. 3y means of resistive

measurements these inhomogeneities are

not detected, since the resistance

drops to 0 as soon as the regions with

the highest T become sunerdonductingoc

Fig. 1: Crack formation and precipi-

tations in Zr-doped VoGa-diffu-

sion layers

Inho:;ogeneities in the V-^Ga-layers

nay be caused by local change of the

chemical composition, or (and) by lo-

cally different stress conditions.

For NboSn-composite wires T has been
j c

lowered by stresses owing to the dif-

ferent coefficients of thermal expan-

sion of the (Cu,Sn)-matrix and the

NboSn-phase on cooling from diffusion-
(11 ̂

lown to He-temperature v J. In order

to test whether there is a (Cu,Ga)-

matrix-induced stress effect on T of

VoGa-composite wires, the ('Cu,Ga)-ma-

trix of sample 5 (Table 1) has been re-

10 11 12 13 It
TEMPERATURE (K)

Fig. 2: T^ of sample 1 (Table 1) mea-

sured rosistively (a) and in-

ductively (b) after a heat

treatmsnt at 75O°C/1OO h
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5 5 7 8 9 W 11 12 13 K IS K

TEMPERATURE (K)

3: TQ of the sample 5 (Table 1)
with (a) and without (b) (Cu,
Ga)-matrix measured inductively

moved electrochemically and the criti-
cal temperatures of the sample with
matrix and that one without matrix ha
ve been compared. For this sample in-
ductive measurement has shown espe-
cially broad transition widths after
short-time annealing (1,5 min) at 830°C
and following heat treatment at 700°C
for 10 up to 20 h (Fig. 3, the sloping
down of the curves at about 5 K is cau-
sed by the superconducting transition
of the V-core). As seen in Fig. 3, the
nature of the transition curve does not
change by removing the (Cu,Ga)-matrix.
Merely the components of V,Ga-phase ha-
ving the highest To have obviously di-
minished, as may be concluded from the
reduction of the height of the steep
slope at beginning of the transition.
This may be due to the fact that the
components having the highest To have
been partly removed together with the
matrix.

For this geometry of superconductors .
there is obviously no effect of matrix
induced stresses on the superconduc-
ting transition. To which extent such
a stress effect is induced by the V-
core may not yet be estimated for the
time being.

The study of the dependence of the
critical temperature on the conditions
of heat treatment makes the influence
of the chemical composition on T more
evident than that of stress. In Fig. 4
T of some single core wires (see ta-

ble 1) is represented as a function
of layer thickness for various dif-
fusion temperatures. Considering thes-̂
measurements together with the d^tes
given in table 1 there is no connec-
tion between wire seometry (V-,3a-
layer thickness, V-core diameter,
(Cu,Ga)-sheat thickness) and the 1L-
behaviour, as found for example, for
the absolute T -values in NboSn-com-
posite wires ('1'. Thue int-ii-nil
stresses of the kind mentioned above
are out of question to have an essen-
tial influence.

On the contrary, it is to state thst
with the same V,Ga-layer thickness T_
is the higher the richer the 3~:-source,
that means, the higher the Ga-concen-
tration in the matrix (oomp. sample 1
with sample 3) or the thicker the Cu,
Ga-sheat (comp. sample 2 with staple
3). Under the given conditions the-
Ic-decrease with increasing layer
thickness is found only for sanples
with low Ga-concentration of the n:.-
trix. Results obtained by the elec-
tron microprobe analysis show the
intensity of the Ga-source to deter-

15

U

13

650°C Spedmtn No 7WC
a 1 m
A 2 A
• 3 •

1 2 3
V3Ga LAYER THICKNESS (pm)

Fig. * : I c as a function of VoGa-
layer thickness in single
core wires for different
diffusion temperatures
C J - transition width)
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mine the composition of the V,Ga-
layer especially at tha phase boun-
dary (Cu,Ga)-V,Ga. Hence these tests
indicate the chemical composition to
have the main influence on Tc of
V^Ga-layers. The critical temperatu-
re of Zr-doped samples exhibits a
similar behaviour as undoped samples,
the Tc-drop with layer thickness for
mean diffusion temperatures (700°,
75O°C) being not so distinct.

2.3 Critical current density of Zr-

doued VjGa

Although investigations with the help
of the electron microprobe and the
scanning electron microscope (Fig. 1)
have shown that in the V,Ga-phase of
Zr-doped samples Zr-containing pre-
cipitations occurred, an increase of
the critical current density of the
VoGa-phase has not been reached by
doping with Zr (Sig. 5). For the
usual diffusion temperature of 650°C
the critical current densities are
even considerably lower than those
of undoped samples. This may be ex-
plained by a stronger tendency of
Zr-doped VoGa-layers to recrystalli-
zation causing a lower density of
pinning centres compared with undo-
ped material ^ 5\

Tests of multifilamentary wires

and cables

Multifilamentary wires having a dia-
meter of 0,13 mm and lengths of some
hundreds up to 400C metres have been
prepared, in most cases containig 109
or 165 filaments. The diameter of the
vanadium filaments (inclusive of VoGa-
layer) was 5 up to 10 ̂ um, the V^Ga-
layer thickness 1 up to 2 /Urn.
The critical current density of the
wires, strongly depends on the initial
Ga-content of the (Cu,Ga)-matrix. So,
keeping all other conditions constant,
the overall critical current density
is improved by the factor of 2 by an
increase of the Ga-content in the ma-
trix from 17,5 up to 20 wt%. Maximum
values for the overall critical cur-
rent densitiy have been attained for
multifilamentary wires with a Ga-con-
tent in the matrix of 20 wt'% after
heat treatments at 600° up to 625°C
for 75 to 100 hours (for short wire
samples: 3.5»108 A/m2 at 15 T.
For mechanical and electrical stabi-
lization 6 of the multifilamentary
wires have been twisted around a W-
wire of the same diameter, and the
cable prepared in this way has been
coated by an In-layer. Then the cable
has been insulfbed by copper acetate

average scatter in results
of the short sample
tests on wires ana cables

Sl Critical current density of
the V^Ga-phase of single
core wires undoped and doped
with Zr as a function of heat
treatment

6 8 V a 1
APPLIED FIELD Hx (T)

Pig. 6: Overall critical current den-
sity versus transverse magne-
tic field at 4,2 E
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rayon and polyvinylbutyrale lacquer.
The critical bending diameter of this
cable amounts to 18 mm. The critical
current density of a single-layer
coil (diameter of 24 mm) made of a
cable as long as 15 ra has been mea-
sured by the coitsimulation-test and
showed values lying within the varian-
ce of short-wire values (Fig. 6).
A small multi-layer sample coil ther-
mally insulated by Novotex coil forms,
impregnating grease, and several lay-
ers of linseed flax generated a maxi-
mum field of 2,2 T at the winding with
a critical current of 240 A. The tests
have been carried out with rates of
change of th-» field up to 1 T/s. De-
gradation or training did not occur.
The cable material meanwhile having
lengths of about 1000 m is used for
the construction of a hybride magnet

^Ga for fields above 10 T.

(9) K. KLscher, S. Rohr, Int. Conf.
on "Te

chll« u ? e of superc."
Aluschta (SU), 15.9.-2O.9.1975

(10) D. Dew-Hughes, T.S. Luhman, M.
Suenaga, Nucl. Techn. 29 (1976),
268

(11) Th. Luhman, M. Suenaga, IEEE
Trans. Mag. MAG-13 (1977) 1,
800

H. 'Tillmann Vhat is the rfe'inition

of the critical temperature in your

second slide ?

K. Fischer : The r'cte refer to the

mean value cf the normal resistance.
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Abstract

A superconducting NboGe tape has been prepared by continuous chemical vapor
deposition /CVD/ method. An experimental study of the critical currents Icjj and
Ic^ as well as their ratio IC||/IcX has been made as a function of applied magne-
tic field in the region of 1 to 13 T. Also the angular dependence of critical
currents in constant transverse magnetic field has been measured. Some of the
investigated samples has been annealed without-.any remarkable effect on their
critical currents and critical temperatures as well. The critical temperatures of
these first samples were from the region of 13 to 15 K. Brief structural investi-
gation has revealed the presence of NbGe2, Nb-jGe, and Nb̂ Ge-j phases with grain
size from the region of 0.5 to 1.5 Jim.

1. Introduction

We have already discussed in some of our previous papers [ 1, 2J that super-
conductors prepared in shape of a tape may show an anisotropic behaviour, when
placed in an applied transverse magnetic field, Fig. 1. In our case we have in
our mind the anisotropic behaviour con-
cerning mainly the critical currents va-
lues for superconducting tape placed in
constant magnetic field under different ^
angles.

The reason why it is necessary to
know something about critical currents
anisotropy, is a very prosaic one. We
have shown on practical examples [3, *•]
that such anisotropic properties of
superconducting tape /in our case it was
the Nb^Sn tape prepared by diffusion and/
or vapor deposition process/ may have
serious consequences when building the
superpanduefcing devices « mainly axial -
symmetric magnets of rectangular cross -
section. In reference [ 3] we pointed out
that this anisotropy can influence the
critical current of a superconducting
magnet as well as the efficiency of a
non-constant current density in the mag-
net winding.

Fig. 1 - Element of superconducting tape
in transverse magnetic field. Fig.
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We have found previously that for diffusion processed NboSn tape the criti-
cal current value is larger when the applied field is parallel with the tape sur-
face, whereas in case of tape prepared by the chemical vapor deposition process
/CVD/ when the field is perpendicular to the surface. The character of such a be-
haviour was given by the very structure of the prepared materials because the
pinning of the flux-liner comes mainly from the created Nb3Sn grain boundaries.
In case of a diffusion processed tape the grains are extended parallel with the
surface, the direction is given by the Nb-substrate rolling process. During the
CVD the Nb_Sn grains grow very rapidly from the gaseous components and the size
of grains may therefore be larger in the direction perpendicular to the tape sur-
face. In both cases such anisotropic behaviour may be suppressed to some extent
by adding third components into the prepared materials which eliminate the gro-
wing of grains in some preferable directions as for instance adding the Zr-compo-
nent into the Nb-substrate and/or additional gaseous components in the reaction
atmosphere in case of CVD.

Recently we have prepared Nb-jGe tape by the continuous CVD process [5]< Be-
cause one of possible important applications are the large volume, high field
magnets, we have to investigate the behaviour of critical currents of such a tape
placed under different angles oC in magnetic field of a magnet winding. It is a
purpose of the presented paper to show briefly our first results concerning this
problem.

2. Experimental

2.1 Preparation of Samples

The continuous Nb^Ge tape was prepared by the CVD process described previou-
sly [5,6j. Basicly this process involves hydrogen reduction of a mixture of Nb
and Ge chlorides. As a substrate a metallic tape of the stainless-steel type
3 mm wide and 50 £im thick was used. The speed of the continuously moving tape
was 4 m/hr. The Nb and Ge chlorides were used in the molar ratio 1.0. The sub-
strate temperatures during the deposition process were 830, 920, 1000 and 1100°C,
/samples designated as 1 to h/. The molar ratio of hydrogen to chlorides was
10 : 1 and into the reaction atmosphere 0.07 mole/hr of HC1 was added.

Samples 1 and 4 were also annealed at 500 C for 60 min in vacuum of 1 to
2.10"-* Torr.

2.2 Sample Measurements

The critical currents and/or the critical current densities were measured
in transverse magnetic fields 1 to 13 T, with the field vector parallel and per-
pendicular to the broaden side of samples. Also complete polar diagrams of the
ICtt = f /B/ dependence were measured for magnetic fields hT, 5T, 6T, and 6.5T.

•The critical temperatures were measured by the standard four-point resisti-
ve method. The absolute temperature determination was better than ± 0.1 K.

3. Results of Investigation

The dependence of critical current densities on the value of magnetic fields
1 to 13 T for two magnetic field vector orientations and for samples prepared at
different substrate deposition temperatures may be seen in Fig. 2, Similar depen-
dence for annealed samples 1 and h of Pig. 2 is plotted in Fig. 3. We may see
that the annealing of samples under described conditions had no remarkable effect
neither upon Ic nor Tc values. The Tc's of these first investigated samples were
from the region of 13 K to 15 K /climbing slowly up the Tc's hill we have stop-
ped recently at 17 K/.

Figure k shows the results of measuring the dependence I0||/Icivs. magnetic
field. The anisotropy has a tendency to grow with the substrate processing tempe-
ratures. This feature is even more striking at higher magnetic fields. Such a
matter of fact is of course not negligible for construction of superconducting
magnets, because the individual parts of magnet are submitted to various effects
of transverse magnetic field.

Anomalous behaviour of critical current densities JCJJ and JC-i,vs. substrate
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Fig.2 - Dependence of critical current Fig.3 - Critical current density vs.
density vs. value of transverse magnetic magnetic field for samples 1 and h of
field for samples with substrate proces- Fig.2, annealed at 500 C for 60 min. in
sing temperatures : 1 - 830 C, 2 - 920 C, vacuum 1 to 2.10"5 Torr.
3 - 1000 C, and h - 1100°C.
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Fig.h - Dependence of ratio Ic],/Iclvs.
magnetic field for samples of Fig.2 and
Fig. 3
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ell
Fig.5 - Critical current densities J
and Jc^vs. substrate processing tempe-
ratures T s u b for magnetic fields 5
and 10 T.

processing temperature may be seen in Fig. 5 for outside magnetic fields of 5 T
and 10 T. The sense of the Jcn/Jc|ratio is changed in the temperature region of
960 to 980°C approximately.

The most illuminating diagram of the angular dependence of critical currents
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with the magnetic field value as a parameter are the polar diagrams of Fig. 6.
Figure 6a applies for sample
No 1 of Fig. 2, where the ra-
tio IC||/

Ici< !• Figure 6b is
for sample No k of Fig. 2, and,
the ratio IC||/

Icl> ^ o r
» 1 in the

l
c e whole region

of investigated magnetic fields.

A brief structural investi-
gation by EDAX-analyser has re-
vealed that the Nb-Ge ratio was
from the region 66 to 68 # Nb :
••31* to 32 # Ge. The structure
of the identified phases was
found to be predominantly NbgGe<j,
size of all studied samples was
from the region of 0.5 to 1.5 (urn.

Conclusion

We have prepared supercon-
ducting Nb-jGe tape by the conti-
nuous CVD method. Similarly as in case
of NbgSn such a tape shows an anisotro-
pi c behaviour of its critical currents
in outside transverse magnetic field.
However, in contrary to NboSn where the
ratio Icn/Iclwas always < 1, it is pos-
sible to prepare Nb^Ge tape with ratio
I / I ^ i r evn I / l » l Similar

Fig. 6a

Ic|,/lci
i Icll/I

»l.
i

c l l / I c J > % 1 have
t l [ 7 8

cllc±^ or even Ic|,/lc
results with the ratio c l l c J >

also been revealed by Braun et al. [7,8]
who have prepared evaporated and sputte-
red superconducting Nb3Ge films.

Two main problems remains to be
cleared, the course of angular dependen-
ce of critical currents Ic in constant
applied magnetic field as well as the
course of dependence of their ratio
Icil/Icj_ on the magnitude of the magnetic
induction B. To do so, much more and de-
tailed structural investigations ire nee-
ded and also an additional work must be
performed which would yield to better
understanding of the influence of deposi-
tion parameters. We suppose that the pin-
ning on grain boundaries and other defects
and/or ather pinning mechanisms are of
great importance and the question remains
how homogeneous or isotropic these boun-
daries and defect structures are. Ve try
to' solve some of these problems in our
following studies.

Fig. 6b

Fig.6 - Polar diagram of critical cur-
rents angular dependence for magnetic
fields VT, 5T, 6T, and 6.5T for samples
1 to k of Fig. 2.

a/ substrate processing temperature
830°C

b/ substrate processing temperature
1100°C
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ABSTRACT

Experimental results about the superconducting properties of a nineteen
filament tM^Al wire are reported. This wire has been fabricated by extending
a technique previously (1), (2) developed for the construction of a single cere
wire. An analysis of the heat treatment conditions which give rise to good
superconducting properties is presented. A critical current density (at 4,2°K
and at 64 kG) of the order of 1 t 1,5 x 105 A/cm2 has been obtained while the
critical temperature, although lower than the bulk value, reaches 15,7°K. Pre-
liminary results concerning pinning forces are also given and briefly discussed

INTRODUCTION

Among the superconducting A-15 interinetallic compounds, tft̂ Al shows rather
interesting properties.

Its critical temperature (18,7°K for the bulk) and its upper critical field
(>>•• 3 20 kOe) are very attractive in order to make it a good candidate as high
field superconductor.

However to develop it in practical form has revealed a difficult probler.
mainly because of the elevated values of .the .reaction temperatures involved i.~
its preparation. In two previous papers ' we described £ low temperature
(less than 1.000°C) method of fabricating a single filament copper stabilized
NbAl wire. In the present work we have extended this method to the realization
of a nineteen filaments Nb3Ai cable. A more detailed description of the fabri-
cation procedure as well experimental results concerning 4,2°K transport preps:
ties, critical temperatures and pinning forces are presented in the following.

1. Fabrication procedure

Two thin foils of niobium and aluminum respectively are superimposed and the
tightly wound around a copper cylinder to form a spiral-like element whose
cross section is sketched in Fig. 1 . Nineteen of these elements are put in a
corresponding number of holes drilled in a larger copper cylinder. This coirpo-
site is drawn to a final external diameter
of approximately 0,4 mm, the ratio between
initial and final diameter being about
187.

The final thicknesses of Al and Nb
foils are about ,0,16 u and 0,78 u respec-
tively.

At this point suitable heat treatment
is made in order to get the A-15 super-
conducting compound , Nb3Al. Fig. 2 shows
a microphotograph of a cross section of
a multifrlamentary NbgAl wire obtained
in this jy. The mean.': size of s single
filament is about 40"u. This is a rather
large value as compared with the usual
filament size of bronze diffused Nb3Sn
cables. However, we note that the need
of such a small filament in the bronze
processed cables arises primarily from w

treatment

''I.S.M.L., Alumetal S.p.A., Via G. Fauser, 4
Novara, Italy.
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Fig. 2

Microphotograph of the cross section
of a nineteen filament wire after

heat treatment

Fig. 3

Microphotograph of the cross section
of a single filament after heat treat-
ment. Unreacted niobium corresponds

to the dark spots.

this problem is automatically circumvented by the peculiar fabrication geometry.
Fig. 3 shows a microphotograph of a single filament. The aluminum is almost
completely reacted to form the A-1b compound which is the only phase present
together with unreacted niobium. On the other hand. X-ray analysis put in evi-
dence the exclusive presence of X-ray lines characteristic of the Nb3Al compound.

2. Reaction conditions and transport properties

A cc.reful analysis of the conditions under which the formation of the
compound with satisfactory superconducting properties takes place has been car-
ried out. Four different reaction temperatures (800°C, 85O°C, 900°C and 95O°C)
have been considered and for each temperature a series of different reaction
timeo has been studied.

Heat treatments have been performed in a vacuum oven (5x10~ torr) with
a temperature control better than 5°C. Ic versus B curves have been measured
by a standard four contacts technique using a superconducting magnet. All the
measurements have been made at 4,2°K in transverse field. As an example in Fig.
4 we have reported B series of Ic versus B curves relative to samples reacted
at different temperatures for different times. These curves exhibit the usual
Ic versus B dependence for type II superconducting materials. From the whole
set of these curves it has been possible to draw graphs showing, for each
reaction temperature T, the relationship between Ic and the reaction time t.
As the Ic versus t dependence, at fixed T, exhibits a maximum, we have plotted
in Fig. 5, the normalized ratio Ic/Icmax as function of t. From Fig. 5 it is
apparent that the value of t corresponding to the maximum in Ic decreases as
T increases. Moreover the dependence of Ic/Icmax from t is practically inde-
pendent of the value of the external field B at which Ic is measured. This
explains why no reference to particular values of B is made in Fig. 5.

We point out also that the value of Icmax is practically insensitive
to the reaction temperature at least in the range we have studied. This behaviour
can be tentatively accounted for by the fact that two temperature dependent pro-
cesses exist which affect the critical current: ordering of the superconducting
phase and reduction in the density and/or in the efficiency of pinning; of
course the first mechanism enhances Ic, the second depresses it. The total
effect can result .in Icmax independent of the reaction temperature in the range
we have examined. A reasonable evaluation of the cross section of the super-
conductor allow us to give,cfor the maximum critical current density, the 0
value of about 1 -s- 1 ,5 • 10^ A/cm2 in a transverse field of 64 kG and at 4,2 K.
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(see the text)

3. Critical temperature measurements

For most of the samples careful determination of Tc has been made. In gene-
ral the best values of T c are obtained for those samples which exhibit also
the best transport properties. A search to correlate on a more quantitative
basis Tc to these properties and to the various fabrication parameters is now
under way and no definite conclusions can be drawn.

A typical T c value is 15,7°K with transition onset at about 16°K. The
transition width is rather narrow, its mean value being 0,5 K. We note that our
T c value is somewhat lower than the usually reported "bulk" value which is about
18,7°K. However, it is interesting to note that if we consider the niobium
based A-15 superconducting compounds Nb3Ga, Nb3Al and Nb3ln, all of these have
the same electron concentration e/a = 4,5 electrons per atom. A plot *3) of T c
of these materials as a function of the lattice parameter a. is well fitted by
a straight-line as shown in Fig. 6. In the same graph we have also reported
our T c value and the corresponding value of a as measured by X-ray diffraction
method. Our data fit rather well the curve of Fig. 6 thus suggesting that the
reduction in Tc could be due to an increase of the lattice parameter caused
by the particular heat treatment conditions.

4. Pinning

Preliminary results about pinning forces confirm the general features repor-
ted for the A-15 compounds <4> essentially in two aspects. First the pinning
force attains its highest value when heat treatment conditions (temperature
and time) are likely to produce grains whose size is of suitable magnitude.
Second most of the pinning force versus applied field curves show a maximum
at relatively low field values ("̂  35 kG). If we accept an estimated value of
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Plot of Tc as a function of lattice
parameter a for Nb3X compounds cor-
responding to 4,5 electrons per atom

(see the text).

260 kG for the upper critical field
H C z(*), this means that the value of
the reduced field corresponding to the
maximum of the pinning force is about
0,13. This value is too low if we try
to make a ouantitative comparison with
grain-boundary pinning theory ' but
does not disagree with the experimental
results of ref. 4 for bronze diffused
Nb3Sn multifilamentary wires. Further
measurements are planned to achieve a
complete description of pinning pheno-
mena in our compound.

CONCLUSIONS

The extension of the previously
reported ' Nb3Al single core wire
fabrication technique has resulted in
the succesful production of 19 fila-
ments Nb3Al wires. As a consequence
of the peculiar fabrication technique
these A-15 conductors are copper sta-
bilized with a copper to superconductor
ratio which can be varied in order to
satisfy a wide range of possible requi-
rements. Lengths exceeding 500 m are
available and the obvious next step
is the construction of small coils to
test the reliability of this material
for practical applications. Moreover
this nineteen filament wire is to be
considered as a "module" by which it
is possible to realize composite cables
of different geometries and suitable
to special applications.
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1. - Summary

We are reporting on results of
ongoing experiments in the testing of
cryostability of a Force Cooled Super-
conductor (FCS) subject to pulse
heating. Experimental data give re-
covery cur-rents 10 to 20 percent above
theoretical prediction, indicating
rapid cooldown of cabled strands on
recovery. Working with a commercially
cabled FCS we have found no detriment
due to unbalanced local flow. We have
also noted improved stability at lower
operating pressures.

This paper describes a typical
test coil as well as our basic experi-
mental set-up, including a small helium
bellows pump, with rectifying check
valves.

2. - Introduction

Since the conceptual design in 1974
of a cabled hollow-conductor and its
theoretical optimizationC1), we have
concerned ourselves with the development
and practical application of this idea.

Early experiments^ •'*• , in which
force cooled superconducting wires
were pulsed normal, have shown good
correlation between theory and experi-
ment. In a supportive test program we
evaluated the effect of flow on the
pressure drop for basic cabled hollow-
conductor geometries(4).

We have undertaken conductor devel-
opment in order to evaluate the applica-
bility of FCS in the fabrication
of large magnets. This has included
the fabrication of fluted, 19 strand
cables, automatically and continuously
encased in aluminum tubing, seam welded
and drawn down to size13-1. We have
developed coil forming techniques for
tightly wound coils, methods of termina-
ting our multistrand conductors as well
as experimental techniques designed to
introduce rapid heat pulses into 12mm
diameter cables in order to test their .

Research supported by the United States
Energy Research and Development Adminis-
tration and the Oak Ridge National
Laboratories

**Scientist at-the Oak Ridge National
Laboratories

***Supported by the National Science
Foundation

In terms of prime movers we have
found a small centrifugal fan-pump
to be inoperable at temperatures of
4.5 to 5.5K, but have had success with
a two stage bellows reciprocating
pump, coupled to four rectifying
check-valves.

Results of stability tests on our
first, fluted conductor have been
reported in literaturef5). The
stability of our second, triplexed
conductor is the subject of this paper.

3.- Test Conductor

A microphotograph of the triplexed
FCS is shown in Fig. 1. It consists
of 19 sets of triplets, each made by
twisting together three lmm strands of
superconductor. The cable is enclosed
in an aluminum tube with a 10.2 mm
inside and 12 mm outside diameter.
The tube serves as a conduit for cool-
ant helium flow. Cross sectional area
available to helium is 35%. Each
strand of superconductor consists of
84% copper and 16% NbTi by vol-
ume, with the latter in the form of
six (6) filaments, approximately
0.178 mm in diameter. Each wire was
twisted with a 1 cm twist .pitch.

4. - Test Coil Using Triplex Conductor

A small test coil was wound to
evaluate the conductor. The coil has
dimensions of 11 cm o.d. and 8 cm i.d.,
contains 3 m of conductor and was
wound noninductively. It is shown in
Fig 2a. The same coil is shown before
and after its encapsulation in the
pulse coil system in Figs. 2b and c.
The noninductive winding minimizes the
forces of interaction between the coil
and a water cooled Bitter solenoid
(Fig. 2e) that provides background
magnetic field. An axial length of
about 0.5 m of the coil was exposed to.,
the high background field.

5. - Test Variables and Apparatus
for Triplex Conductor

The FCS was subjected to five
principal variables in the experiment:
(1) ambient magnetic field, (2) trans-
port current, (3) helium velocity,
(4) helium pressure, and (5) pulsed
inductive heating. The test coil's
normalization and recovery from induc-
tive heating were investigated by
observing the appearance and disappear-
ance of resistive voltage across the
coil.

A magnetic field of up to 9.0T was
provided by the 15cm bore, water-
cooled Bitter solenoid.
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I CROSS SECTION v i e w 0? TRfPLEX - 3 i l 9 STRANP CONDUCTOR

SCALE OUTSIDE DIAMETER OF TUBE 12 • •
INSIDE DIAMETER OT TUBE 10 2 mm

NUMBER Of FILAMENTS SIX PER WIRE
WIRE DIAMETER I 09 mm
TRIPLET SET DIAMETER 2 36mn
SUPERCONDUCTOR NbTi
Cu:SC RATIO 5.25 I

6. - Closed Loop Helium Flow System

The closed loop system, shown
schematically in Fig. 3, was designed
to provide steady state flow and
temperature conditions, lasting sev-
eral seconds in the test coil.

The system was charged to pressures
of 2.3 to 6.S atm with helium from an
external tank by way of liquid nitrogen,
helium vapor and liquid-helium-cooled
heat exchangers.- Pumping action was
obtained by means of two bellows,
alternately actuated as compressor
and expander.

The two bellows maintained a con-
stant volume of approximately 14 5cm3
together. Rectification of helium
flow was obtained by means of four
check valves, which, together with the
bellows pump were submerged in liquid
helium. As indicated in the schematic
(fig. 3) the fluid was delivered from
the pump to the test coil by way of
heat exchangers located in both the
pump and test coil dewars. Helium
entered the test conductor by way of
electrical insulating bushings near
the two current leads indicated in
Fig. 3 and was returned to the pump by
means of the co-axial transfer line.

The pump was driven by a motor,
clutch and screw-driven connecting
rod combination. Flow rate was con-
trolled by the up and down speed of
the connecting rod, as can be seen in
the channel 3 trace of Fig. 4 in *he
form of square pulses of pressure irop
across the test coil.

7. - Pulse Coil System

The pulse coil system used to
inductively heat the test coil consists
of two coaxial coils. The test
coil occupied the annular space be-
tween the inner and outer pulse coils.
The pulse coils are connected in a
complementary manner in order that the
field from each coil would add in the
annular space. They were accurately
adjusted to minimize interaction forces
with the Bitter solenoid .

To avoid an excessive total field
at the test coil during the pulsing
and thus ensure that the inductive
heating was the test coil's principal
disturbance, the direction of pulse
field in the annular space was made to

oppose that of the ambient Bitter field.
This simplified the coil construction
because the explosive radial force of
the inner coil was balanced by the im-
plosive force of the outer coil. The •
outward axial forces on the system
were constrained by four stainless
steel tie rods. The entire annual
space was filled with epoxy to achieve
a single integrated unit in which the
test coil was encapsulated within the
pulse coil system. In this manner it
was also possible to insulate the test
coil thermally from the surrounding
liquid helium for a brief period
immediately following pulse heating.

The pulse coils were energized by
dis'charge of a capacitor bank which
generated a half sinusoidal field pulse
of 20 ms duration. The maximum field
at the test coil due to the pulse coils
was 2T.

The capacitor voltage was correla-
ted with the peak strand temperature
in the following manner. While carrying
a low transport current the test co'il
was repeatedly pulsed in zero magnetic
field until the pulsing was just suf-
ficient to drive the test coil normal.
The capacitor voltage corresponding
to this condition was taken to be the
level necessary to heat the NbTi super-
conductor to its critical temperature
of 9.5K. Once this correlation had
been established, the temperature rjse
due' to higher field pulses could be com-
puted since heat input varies as the
square of the capacitor voltage. The
calibration was done under near adia-
batic conditions by evacuation of
helium from the force cooled system.

8. - Test Procedures

With the complete system cooled
down, desired helium flow was estab-
lished by adjustment of pump speed.
DC tests were performed as follows.
First the desired background field was
established. The test coil transport
current was then slowly increased,
until voltage taps across the test
coil indicated that critical current
had be.3n reached.

Stability tests were performed
similarly, except that the test coil
transport current was first raised to
a predetermined level for a given
background field. The capacitor bank
voltage was set and discharged shortly
thereafter by the ignitron circuit,
subjecting the test coil to inductive
heating. In order to make certain
that a constant velocity was maintained
during the test, the timing of the
capacitor bank discharge was synchron-
ized with the start of the pump
stroke.
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9. - Test Results

9.1. - DC Critical Current Measurements,

DC measurements made at 8T and 4.2
to 4.3K on the complete triplex con-
ductor gave a critical current of
4450A, corresponding to a superconduc-
ting critical current density of 523A
mm"^; namely 87% of short sample test.

9.2 - Stability Tests

Our test results were obtained
after completion of various modifica-
tions and therefore reflect our best
data.

Cryostability tests were made at
equilibrium temperatures of 4.34K in
background fields of 7, 8 and 9T.
Helium flow rates ranged from 2 to 5g/s,
corresponding to velocities of 35 to
90 cm/s. Inductive heating of the test
coil was limited to capacitor bank
discharge voltage levels of 250, 350
and 450 volts. These correspond to
equivalent adiabatic temperatures of ;
15.5, 18,5 and 21.OK respectively.
These temperatures were actually not
reached in the conductor wires because of
ongoing helium cooling, though the equiva-
lent energy was induced into the wire and
delivered to 'the fluid.

In order to evaluate the cryosta-
bility of the test conductor we have pre-
sented our experimental results
together with our theoretical predic-
tions. The data shown in Figs. 5, 6
and 7 have been plotted in terms of
Recovery Current vs. Background Field
for the three heating pulses; noting
fluid velocity, maximum fluid temp-
erature, mean fluid pressure and degree
of recovery achieved. The theoretical
curves recognize the fact that the
induced heat was delivered to the test
conductor over a period of 0.02s and
that the measured critical current was
87% of short sample test.

The overriding conclusion is that
in all cases experimental recovery
currents exceeded predicted quench
currents by at least 10*.

We have also measured "Protracted
Recovery", namely recovery the comple-
tion of which requires the passage of
fluid through the 3 m long test coil.
Protracted recovery does not appear to
raise the level of the recovery cur-
rent, but tends to reduce flow require-

^ ment for the same recovery current.

© Oscillographs of specific test runs
g) are presented in Figs. 8, 9, 10, and

4. Thus Fig. 4 shows a rapid recovery
© with a peak fluid temperature of 4.4K
"and no noticeable voltage pulse beyond
the initial disturbance.
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Fig. 8 shows a protracted recovery
with a peak fluid temperature of 4.8K
and a voltage pulse in the downstream
leg of the coil some 4.5s after the
heating pulse.
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Of importance is the effect of
ambient pressure. This can be seem in
a comparison between Figs. 8, 9, and 10,
the former at a pressure of 2.4 atm,
the two latter at 3.7 atm. To compen-
sate for the reduction in recovery due
to an increase in pressure (Fig. 9) the
coolant flow rate had to be more than
doubled (Fig. 10).
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the effect of induced energy on metal
temperature. On the other hand recov-
ery is relegated to a point in time
when the coolant temperature has risen
to a higher level than would otherwise
be the case. In future experiments
we hope to at least double the energy
delivery rate in order to investigate
its significance to the recovery pro-
cess.

11. - Credits

Major credit for the successful
operation of these experiments goes
to Y. Iwasa for his design of the eddy-
current heating technique*•b-> We also
want to thank M. Lubell, G. Lawson
and J. Miller (ORNL) for their support.

Our experiments were carried out
with principal assistance of W. Hamnett
with help from M. Vestal, F. Silva
and K. Davin.

In Fig. 11 we have presented a
computer generated plot of metal and
f™id temperature together with various
heating and cooling rates, all a func-
tion of time. The plot represents our
theoretical prediction for an illustra-
tive nonrecovery.

10. - Conclusions

Experimental evidence confirms
the essentially accurate, if conserva-
tive predictability of our. basic theo-
retical design program. It is based
on a transient heat transfer coefficient
and is thus independent of velocity
at low Reynolds parameter.

The most important and as yet
unresolved criterion for cabled forced
flow cooled superconductors is the
following question: "Should a cable
be so rigid that no wire motion is pos-
sible?" or "Should the cable be so
loose that any disturbance will cause
wire motion, but the cable will be
protected from external, mechanical
instability by virtue of its flexi-
bility?" In order to fully evaluate
this- factor, an unrestrained cable must
be subjected to the Lorentz force. This
will take place in our one-meter scale
' Dee-shaped FCS now under construction. l°J

Although it is impossible to in-
dues a iieat pulse into our test
cable instantaneously, we have used an
available energy delivery system with
a reasonably short rise time. The
system uses a capacitor bank, which is
discharged into a pulsing coil, which
in turn induces eddy-current heating in
the test coil strands. As can be seen
in the computer simulations of Fig. 11
the high helium cooling rate diminishes
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K. K w a s n i t z a : H a v e y o u a l r e a d y •-•n i i^a ;><••. 'he ••<; i osr.:<

cable?

H. 0. Hoenig : Not, specif ic-0.1.7. options: -

1) filament transposition

2) wire transposition, alternate .ocat,ior

3) wire coating, such -as cupronickel or nioH'-r-

4) 2ns+ , but possible, inoTi~ntiio insulation :v rvivipf- !

reaction to Wb7Sn

5) a cable can be fully transposed. (s<;<5 s

cone

H. Brechna s Portions of the triplet seem to be unsupported.

These portions will move under the effect of Lorentz forces. Hov;

do you prevent possible quenching due to release of enert̂ yZ How

much energy is released and hov; fast can the conductor recover?

K. 0. Hoenis : Dee-shaped coil will shor-cly be tented at \1.7,

with a straight, unsupported section, j.'his should positively

answer this question. Tn experimen-s performed, we have used loo-

wire twist end pitch (lap). No major p-rturbations have been ob-

served during charging. Release of energ.y will only occur due to

friction between vires not due to motion only, recovery will be

rapid (< 10 ns) for small local perturbstisns, hence essentially

negating Joule heat.

H. Hasl?cher : If you have a very Ion-" c-jMe, ho\- an y-ou brinfi:

your s.c. into the tube of aluminium or stainless steel?

M. 0. Iloenig : Automatic tube formin'- and >eliarc vel-ij^r machi-

nery is available (fab. i^abelnet? 11, .ivnno•*•?!•, '.err-.r-r;-') RIV' <&

have used ±t in the IK;,'..
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down
wmld

cool

formmd
tuktrnr-

W. Morpurgo : How the helium pressure drop is calculated in such
a fairly complicated geometry?
M. 0. Hoenig : Calculated:

L G '
P

G g/cm s
4

wetted perimeter
Experimentally: ref. 1976 Grenoble paper (Hoenig et al.)

flow vs.4p at 500K and 80K using He (1 to 14 at)

also measure (P u p s t r e a m - *downBtream> *
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MECHANICAL STRAIN OF LARG-E, MULT1FILAMENT Nb^Sn CONDUCTORS FOR FUSION MAGNETS

D. W. D e i s , r ) . N. C o r n i s h , A. R. Rosdah l , and D. C. H i r z e l

U n i v e r s i t y of C a l i f o r n i a , Lawrence Livermore i a h o r a t o r v
I . ivermore, C a l i f o r n i a 9^550, U.S.A.

•Summary

We measured the effects of mechanical
strain on the high-field critical current,
Ic, of two Nb3Sn conductors. Static strains
up to 0.9% and cyclic strains to 0.6% were
used; Ic was measured at fields up to 12 T.
Critical current, which increased with strain
in H U cases, peaked at-0.3% and decreased
for higher strains. For strains less than
0.8?;, tile change in lc was reversible; per-
manent damage only occurred in one conductor
for ylriiins near 0.9^. No effect of cyclic
strnip.'-. 0.6!" in amp] i rude, could be detected
up to 500 cycles. We compare what we found
with similar results obtained by other inves-
tigators .

Introduction

The development of large, high-current,
mult ifilament Nb3Sn conductors for fusion-
containment magnets has made significant prog-
ress in the past few years. A number of
commercial firms now manufacture prototype
conductors with Ic's of several thousand
amperes at 12 T. Until recently, the evalua-
tion of these materials was only done in terms
of their Ic vs magnetic-field characteristics.
Present emphasis has shifted to measuring the
effect of mechanical strain on superconducting
properties, this data being essential in
magnet design.

To evaluate the strain-Ic characteristics
of full-scale conductors, Lawrence Livermore
Laboratory (LLL) constructed a large cryogenic
tensile tester operating to 1 " 105 N at
4.2 K. Currents to 10 kA at fields up to 12 T
were applied simultaneously with the load. We
used this equipment to evaluate the two con-
ductors described in Table 1. Details of the
manufacturing procedures used to produce these
materials have been published elsewhere. (D
A previous paper presented details of the
tensile tester and its use for strain-Ic
measurements together with the mechanical
properties of the conductors discussed
here. (2)

Measurements of Strain-lc Characteristics of
Two Full-Scale Conductors

The first measurements made on these
conductors involved the effect of strain on
I for monotonically increasing strain values
up to 0.9% for magnetic fields between 8 and
12 T. Figure 1 illustrates typical data for
each sample. We measured Ic at fixed strain
for the various field values, then increased
the strain to the next value. After the final

strain value was reached, we reduced the load
to zero and measured lc for the recovery
strain value. The strain was measured using
Micro-Measurements'' WK-1 3-350-250BC". strain
gages mounted directly on the sample between
the 25-mm voltage tap.s. (lr was defined at a
resistivity of 10— 1 -J *m, based on the total
area excluding copper, with the magnetic field
oriented parallel to the wide face of the
conductor.)

In Fig. 1, we show only the 8 and 12 T
data. Data taken at 10 T were intermediate
between these two curves over the full strain
range. Both samples show the same general

Reference to a company or product name does
not imply approval or recommendation of the
product by the University of California or
the U.S. Energy Research and Development
Administration to the exclusion of others
that may be suitable.

Table 1. NboSn-conductor specifications and
high-field properties.

Item Sample A-8 Sample A-16

Size (mm)

Filaments

Filament size
(um)

Bronze compo-
sition (wt%)

1.68 - 5.0

67, 507

4.5

10 Sn-90 Cu

Composition be-
fore reaction
by area (%)

Cu

Ta

Nb

Bz

Twist pitch
(mm)

34.0

4.0

12.9

49.1

40.0

Critical current
at 10~ 1 3 !>ma

(A)

8 T

10 T

12 T

3130

19 35

1025

1.68 x 5.0

102,163

4.1

13.5 Sn-86.5 Cu

34.0

4.0

15.9

46.1

40.0

4810

3100

1880

Resistivity is based on total area,
excluding copper.
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1.4

- ° 0.4

0.2 -

— — Denotes recovery
after removal of
load

I
0.1 0.2 0.3 0.4 0.5

Strain - '

0.6 0.7 0.8 0.9 1.0

Fig. 1. Dependence of c r i t i c a l current on s train and magnetic field for samples A-8 and
A-16, including recovery data from maximum s t ra in .

behavior: an i n i t i a l increase in I c with
s t ra in . For sample A-8, the peak I c value
occurs at ~O.35% s t ra in ; for sample A-16, at
~0.3%. The percentage increase in I c at the
peak is somewhat lower for sample A-16 than
for A-8. For both samples, the largest
increase and decrease of I c is observed for
the highest field value.

1 1 1 1

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Strain - %

Fig. 2. Reproducibility of critical current-
strain data for different samples of the
same conductor (sample A-16). Relevant
data: 13.5-wt%-Sn bronze conductors; I c =
1880 A at 12 T for zero strain.

To determine the reproducibility of data
taken in the manner described above, we tested
three samples of each of the conductors under
similar conditions. The results of these
tests showed conclusively that reproducible
accurate data could be obtained (Fig. 2 ) .

One of the differences between samples
A-8 and A-16 was the value of the recovery
current from 0.9% strain (Fig. 1 ) . To
investigate this effect more fully, we
measured recovery current after every increase
in strain (Fig. 3). For both samples, the
recovery current equalled or exceeded the Ir

value obtained under load up to strains of
0.8%. From this data and that in Fig. 1, we
concluded that irreversible damage occurred in
sample A-16 for strains between 0.8% and 0.92,
while for sample A-8 there was no permanent
damage up to 0.9%. The earlier onset of
permanent damage in sample A-16 might be
attributed to the Nb filaments being almost
completely reacted, whereas in sample A-8 they
have an unreacted core ~2 yin diameter.

Since even dc magnets experience cyclic
loads due to cooldown and excitation, we made
a series of measurements on samples A-8 and
A-16 using cyclic loading. The Ic values were
measured periodically to check for any addi-
tional degradation beyond what may have
occurred on the first cycle. The samples were
strained to a maximum value of 0.6%; the load
was then returned to zero for each cycle. The
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I I I I i i

—-—Denotes recovery
i 12 T for load

removal

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Strain - %

Fig. 3. Recovery current as a function of
maximum strain fcr samples A-16 (upper) and
A-8 (lower). Upper: 13.5-wt%-Sn bronze
conductors; lc = 1880 A at 12 T for zero
strain. Lower: 10-wt%-Sr. bronze conduc-
tors; Ic = 1025 A at 12 T for zero strain.

strain at zero load «jas typically 0.4"o. The
variation in lc between 1 and 500 cycles was
±2%, independent of the magnetic field between
8 and 12 T.

Our last series of tests concerned the
effect of twist pitch. Samples identical in
every respect to samples A-8 and A-16 but with'
no twist were tested in a manner identical to
that illustrated by the data in Fig. 1. In
both cases, we saw absolutely no difference
between the twisted and not twisted samples.

testing procedures, this is not the case for
the superior performance reported by Rupp. He
has reported on six different samples, of
which the "maximum" and "minimum" appear in
Fig. 4. The lower curve corresponds to a
1615-filament, h :1-bronze:Nb specimen with a
1. 3—um—thick Nb,Sn layer on 5-.;m-diam
filaments; the upper curve is for a 61-
filament, 4: 1-bronze:Nb sper i [".en with a I — .ji>
Nb3Sn layer on 15-..m diam filament.-;. In botli
canes, as the layer thickness decreases, the
peak in lc moves to higher 1,. and strain
values. The materials tested by Fkin and
Faston were similar to those used in our work,
only being smaller in diameter and containing
fewer filaments of the same size. Although it
i3 not clear whv Rupp's results arc so
different from ihc> others, his results do
*ndicale that further optimization oi the
lt.-strain characterist ii s may be possible for
t lie conductor profdsing and t̂ e-orm1" •">• used.

One of the more interesting aspects of
the dependence of l(. on strain is the initial
increasp in Ic. This increase appears to
always be observe c! , provided the samples have
not been excessively' strained in preparation
or mounting. Jiue'iler and Levinstein^) first
observed and reported tnis effect in 1965.
They attributed it to the difference in
expansion coefficient between Nb3Sn and its
substrate, which caused the Kb^Sn to be in
compression prior to applying a tensile load.
The peak in Ic (or critical temperature) was
then associated with a zero-stress situation
in the Nb.,Sn layer.

When the above line of reasoning is
followed for mult ifiiament Nb3Sn, it is
apparent that the amount of precompression of
Nb3Sn at 4.2 K will depend on the relative
volume fractions of the conductor components,
their mechanical and thermal properties, and
the heat treatment temperature used to form
Nb3Sn. To try to plot the Ic-strain data for

LLL Measurements Compared With Those Reported
Elsewhere

Results of measurements similar to those
described here have been reported by
Easton, H ) Ekin, (4) and Rupp.(5) Figure 4
summarizes these results. Even taking into
account possible differences in results due to
the nature of the samples used and the
magnetic field strength, we believe the data
of Ekin and the upper curve of Rupp appear to
deviate significantly from the other results.
Ekin obtained his data by using a hairpin
geometry; the other investigators used
straight samples. Hairpin geometry, the effect
of simple bend radius, and possible handling
problems, which lead to premature damage of
the small specimens, may have contributed to
the low values shown. Recently, Ekin obtained
results similar to those of Easton and our-
selves. He used a straight sample gecmetry,
taking particular care in the preparation and
handling of specimens.^)

Although the data reported previously by
Ekin appears to be explainable as experimental

1.8

1.6

1.4

0.4 -

LLL
Rupp, 4.4 T

—Easton, 7 T
•••••Ekin, 9 T

V

12 T

J I I I
0 0.2 0.4 0.6 0.8 1.0

Strain - %

1.2 1.4 1.6

Fig. 4. Comparison of critical current-
strain data of various investigators with
current LLL results.
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lc = 1880 A at 12 T
for zero strain

10-wt%-Sn bronze
lc = 1025 A at 12 T

for zero strain

:L

\ '\

. f .
-0.8 -0.6 -0.4 -0.2 0 0.2

% strain referenced to strain at peak I

0.4 0.6 0.8

Fig. 5. Critical-current data normalized to the peak critical-current value as a function
of strain referenced to the strain value at the peak critical current.

various conductors to obtain a curve indepen-
dent of these variables, Rupp suggested the
plot in Fig. 5. He normalized Ic to its peak
value (taken from a curve like that in Fig. 1)
and plotted it vs strain, where "zero" strain
was defined as the strain corresponding to the
I c peak value. In this manner, a plot of I c

vs the strain in the Nb3Sn evolved. Using
this technique, one obtains a "master" curve
for data taken at a given field value. We
took the solid line in Fig. 5 from Rupp's
work; it corresponds to a curve drawn through
the data points for six different samples.
For higher field values, similar curves are
obtained for our results. One interesting
feature of these curves is that they are
asymmetric: Ic decreases more rapidly for
tensile than for compressive strains. This
type of plot indicates that maximizing the
amount of precompression will yield a superior
magnet conductor in terms of strain tolerance.

Conclusions

The results presented demonstrate that
prpsent-day Nb,Sn multifilament conductors
have critical current-strain properties that

should allow magnets to be designed and built
using conventional structural strain levels as
in the case of Nb-Ti. Not only are the
conductors not degraded by strains as high as
0.6% but they can completely recover from
strains as high as 0.8%. Comparison of data
from various sources strongly indicates that
further optimization may still be possible.
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DISCUSSION

IN. A. Chernoplyokov : I should l ike to ask you, what i s your
opinion about the physical nature of degradation effect in Nb,Sn
composite?
D. N. Cornish : Strain, ei ther tens i le or compressive, has an
effect on both Tc and JQ but I cannot offer an explanation of
th i s phenomenon.
C. H. Rosner : Are you suggesting that your t e s t resu l t s indi -
cate higher in t r ins ic s t ra in character is t ics obtainable in bron-
ze processed Nb^Sn-HF conductors or are you seeing effects of
various prestressing conditions?
U. N. Cornish : The resu l t s are interpreted as being the effect
of pre-s t ressing. Increasing volume fraction of matrix to Nb,Sn
improves the effects of s t ra in on c r i t i c a l current.
C. van der Klein : Is ,6# s t ra in within the e las t ic regime?
D. N» Cornish : The conductor i s a composite of copper, bronze,
tantalum, unreacted niobium and Nb,Sn. The overall s t ress - s t ra in
relationship of the t o t a l conductor i s similar to that of copper
where there i s very l i t t l e e las t ic range. 0.6# s t ra in i s beyond
th i s range and there will be some residual s t ra in on removal
of the load.
A. F. Clark (Comment) : If one considers the strain in the Nb^Sn
itself, permanent degradation begins at about 0.5# strain (thic
is not strain in the total conductor) and appears to be due to
microcracking. Below this the degradation mechanism is unknown.
This subject is covered further in paper IP 11.
D. N. Cornish : This is a comment and requires no reply.
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CONDUCTOR FOR A "TRANSPARENT" SOLENOID FOR "PETRA"

P. GENEVEY, J . LE BARS
CEN/SACLAY - DPh/PE - S.T.I.P.-E.
B.P. n°2
9 1 1 9 0 - GIF-sur-YVETTE (France)

] - INTRODUCTION

One of the planned experiment on the
"PETRA" e l e c t r o n pos i t ron s torage r ing (at DESV
Hambourg) is the "CELLO" d e t e c t o r . The aiir of
this detector is the simultaneous identifica-
tions and measurements of leptons, photons and
hadrons with a 4iTang]e.

The magnetic system £1J consists in a
thin solenoid around the interaction zone and
two compensating coi l s .

The main solenoid is "transparent". The
asked thickness is 0.5 radiation length (A)
maximum. The main characterist ics are: ( f i g . I ) .

Length 3 420 mm

Inner coil diameter 1 662 mm

Free space diameter I 500 mm

Field on the axis 1.5 T

A E
•^—-£5% in a cylinder (0 1 400 mm and

L = 2 200 mm).

Operating current 3 300 A

2 - CONDUCTOR

Fig.1 -•General layout of the solenoid and i t s
cryostat.

To meet the specifications i t is necessary
for the coil to be superconducting and to use
as much as possible aluminium and aluminium
alloys (radiation length of aluminium 89 mm).

The coil is made of one layer of conductor
wound over an aluminium-alloy bore tube. The
conductor is insulated by a si lk ribbon. The
mechanical bandage is a winding of aluminium
alloy 10 mm thick wound on the coi l . The cooling
is made by forced helium which flows in longi-
tudinal tubes soldered to the mechanical bandage
All the coil is impregnated at each step by a
long pot life epoxy cured at the end.

The overall thickness of the cryostat
gives 0.304 A

2.1 - 5£S£ESii£i£S
To produce a 1.5 T central field a total

current of 1270 A per nun length along the ax: s
must be taken. A typical current density cur-.v
of niobium-titanium is given in figure 2. Ta-
king into account the packing factor, the rax:-
mum temperature due to the close refr igerat i ' n
system (4.8 K) and a safety margin (30% taken
on the load line) the radial thickness cf the
niobium-titanium is 0.8 mm, giving a radiation
length of 0.032 ^ . The thickness allowed for
the stabil izing material is O . I 6 \ .

£ 2K short samole

310 .

1 15 2 BIT)

Fig.2 - Typical current-density field charac-
ter is t ics .

To increase the stability and the heat
capacity of the conductor we have choosen alu-
minium as stabilizing material. Unfortunately,
when the conductor was ordered no commercial
production of full aluminium stabilized conduc-
tor with adequate and safe characteristics was
available although such conductor was under
development.

The choosen conductor is a classical
niobium-titanium copper stabilized composite
with the lowest copper to superconducting
ratio possible soldered to an aluminium str ip.
The minimum industrial value of the copper
superconducting ratio is 1:1. Then the conduc-
tor has a 1 1: !: 1 Aluminium/copper/superconduc-
ting ratio.

2.2 - St.udies_of_the_aluminium_co££er_bond

The problems encountered with bonding the
aluminium to copper are :

- the presence of a thin insulating alumi-
na layer which is very stable,
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- the production of brittle intermptallic
compounds.

Many possibilities have been tested at
SACLAY or investigated outside \ji\ .

The properties the Nb-Ti superconductor
limit the welding temperature which excludes
arc and torch welding, hard brazing, diffusion
and electron beam welding. The technique must
be an industrial one and must be used in a
continuous way so ultrasonic, exploding, tack
or seam welding are also excluded.

Soft brazing fullfills above conditions.
Many brazing alloys are available for direct
copper aluminium joint. They are made of zinc
with cadmium or tin and sometimes a small amount
of other metals like lead bismuth or silver.
Such an alloy (Zn 405!, Sn 60X) has been used
successfully by MORPURGO \X\ to manufacture an
aluminium stabilized superconductor cable in a
continuous way.

To eliminate the oxyde layer one may use :

- a flux (alcaline hologenide or lithium,
zinc or tin salts),

- a mechanical process :brushing or ultra-
sons,

- an electrolytic deposition of a metal
which wets well like copper. Such a layer does
not need a corrosive flux and a conventional
solder may be used.

The heating can be obtained by an oven, by
loading in liquid metal (solder for example),
by inductive way.

The bond must have a low transverse resis-
t ivity, a high mechanical strengh, a high ther-
mal conductivity and a high resistance to the
corrosion.

The samples tested have been made by using:
- direct brazing and different industrial

alloys and flux soldered by ultrasonic, oven
or liquid solder bath way,

- conventional soft "holders* with an elec-
trolytic deposition heated by oven or inductive
way.

2.3 - Studies_of_/;he_resistanceJ)ond :
The samples (fig.3) are made of two super-

conductors soldered with the studied alloys to
an aluminium strip on each narrow side. The
superconductor is an equipotential. The resis-
tance of the bond varies from 5.10"?n.per"bond
centimeter for the best to 5.10~>l.per cm for the
worse. The resistance is independent of the cur-
rent. The best result is obtained with an elec-
troplated layer soldered with a SnPb (6O-4OJO
alloy although some direct soft brazing give
about the same results.

Fig.3 - Sample for bond resistance tests.

2.4 - Mechaviical_grop_erties :

Thf. carried out tests are :

a) Bending tests on the narrow side. With
the electroplated conductor it is possible to
bend the conductor with a 5 cm diameter without
breaks.

b) Thermal shocks * 400 K - 77 K. Some
direct brazing do not support thermal shocks.

c) Shear tests. The results depends on the
technique used.Shear strenghts of 40 to 50N/mm2
have been found. In the electroplated layer
solution, the addition of a small amount of
silver increases the shear strenght.

The radius at the angle of the aluminium
and composite must be as small as possible to
avoid weak point in the solder.

2.5 - Short_samgle_tests ^4^
Before ordering the 10 000 m, we ordered

a small 300 m length. To avoid the fabrication
time of a precise die,the conductor has been
put in a rectangular shape with a turk head die
so the radius at the angle is not well defined
(fig.6).

The conductor exhibits a 4% anisotropy.

The bare complete conductor has a recovery
current higher than the operational current.
The results depend on the heating process du-
ring welding (fig.4) the aluminium is electro-
plated. Pithan oven heating the results are 5Z
worse than with a high frequency heating.

200
MO
130
M
*0

3000

•_4 - Recovery current of the aluminium sta-
bilized conductor (measurements made
at 3T).

1) Oven heating
2) H.F. heating
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To simulate the influence of a high
transverse, resistive bond on the stabil ity of
the conductor we have soldered between the
composite and the stabilizing material a thin
brass sheet. The crit ical current i s not chan-
ged but when the composite becomes resistive
a voltage oscillation appears given by an
oscillating sharing current between supercon-
ductor and stabilizing material due to the
large difference between magnetic and thermal
diffusivity. With 0.5 mm brass sheet thickness
(resistance of the bond lO'Snper cm) the fre-
quency is 5 Hz. Such an oscillation has never
been observed with the aluminium stabilized
conductor.

The stabilizing effect must be seen on
the short sample tests ( f ig .4 ) . Without alu-
minium the take-off current i s obtained when
the electrical field is only about 3/l/V/cm,
with aluminium i t i s possible to share the
current in aluminium. We have tested two small
solenoids the f irst one made wi.th the compo-
s i te alone and the second one with the alumi-
nium stabilized composite. As shown in figure 5
the f irst solenoid exhibits a high training
the second one has no training. The instanta-
neous point energy needed to induce the first
quench in the composite i s 0.5.I0"3 J i f a
constant current distribution i s assumed in the
composite and 0.07.10~3 J i f the current densi-
ty in the outside layers i s 8531 of the crit ical
current density £5J . The aluminium stabilizes
such a perturbation.

,, »Coiln* 1 +Coil n" 2

industrial techniques. It is possible to stop
and restart the process. This will be used if
a large defect is detected. The aluminium
being electroplated no corrosion problems have
to be taken into account.

The conductor has the following charac-
teristics (fig.6).

Q9

0.7 '/ 1 s t day

/Soy / 1 s t doy

1st test - - 2ndtest •

5 10 15 20 25 30 35
quench number

f ig.5 - Training curve. Solenoid made with
1) the composite
2) the aluminium stabilized conduc-

tor.

The propagation velocity of the normal
zone along the conductor has been found equal
to 11 m/s by KARLSRUHE [6] at 3 000 A and 1.5 T
(with a composite soldered to an electroplated
aluminium strip).

i

2.6 - £hoosen_conductor :

We have choosen to solder the composite to
the electroplated aluminium with a conventional
solder by high frequency heating. Such, a tech-
nique allows long length manufacturing using

i.-u (b)
Fig.6 - a) Complete conductor

b) Enlargement :
1- SnPb solder,
2- electroplated copper layer,
3- aluminium.

- Composite :

Dimensions 2.2+ 0.02 x 1.6+0.02 mm2
Copper to superconducting ratio . . 1:1
Twist pitch y 50 mm
Filament diameter i... 55^
Number of filament 750

Radius at the angles 0.2 mm

- Aluminium strip :

Dimensions 9+0.1 x 2.24-0+0.1 mm2
Purity 7 99.995
Radius at the angles 0.2 mm
Electroplated with 5/cof copper.
The composite and the aluminium strip 'are

electroplated with lQfcof solder (SnPb 6O-4OZ).

The electrolytic layers are made by the
FEM Company (Protection Electrochimique des
Materiaux). The aluminium strip i s soldered to
the composite by using a 6O-4OZ SnPb solder
with a small amount of s i lver.

The process speed is about 50 cm/min. The
conductor i s cooled by water after soldering.
During the process the temperature i s control-
led and the quality of the bond i s tested by
ultrasons (defects of 0.1 mm2 are detected).
Figure 7 gives a view of the soldering line
used for making the conductor of the test co i l .
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the lead allows tests of the coil in vacuum
(fig.9). /

Fig.7 - Soldering line. Fig-.8 - Test coil on winding machine.

3 - TEST COIL

To check the conductor, the winding tech-
nique and the cooling a small coil made in the
same way as "CELLO" except for the cryostat has
been tested.

The coil characteristics are :

- Inner diameter 314 mm
- Inner mandrel (AU4G aluminium alloy)

thickness 3 mm
- Number of turns 92
- Length of the coil 245 mm
- Self induction 2.15.10"3H
- Field at 3 300 A 1.5 T
- Stored energy at 4 000 A 17 kJ
- Tensile strength on conductor

during winding 20 kg
- Tensile strength on the bandage

during winding 50 kg

The conductor is unsulated by the same way
as "CELLO":silk ribbon wrapping. The solenoid
is banded by an aluminium alloy AGS strip
10 s 5 mm electroplated with a 5/icopper elec-
trolytic layer and annealed. The strip is wound
on the wide side, in the "CELLO" solenoid it is
wound on the narrow side. The long life epoxy
is. cured by infrared heater on the winding ma-
chine after putting the bandage. The cooling
tube (12 x 12 mm2) is then soldered on the
bandage. The distance between cooling tube is
/v28 cm.

Figure 8 shows the coil during winding.
The conductor is maintained in position by pres-
sure to prevent twisting of the conductor.

The coil is tested in a conventional cryos-
tat with a liquid nitrogen radiation shield. To
allow test under vacuum (the coil being cooled
by helium flow) two special current leads are
used. Each one is a small cryostat filled sepa-
rately and independently of the coil. An insu-
lating nylon disc avoids shorts with cryostat
A vacuum tight coupling at the lower part of

Fig.9 - Coil on test device
1) current lead cryostat
2) insulating nylon disc
3) vacuum tight coupling
4) cooling tube.

A first test [7] have been made in liquid
helium bath to check the coil before testing
the cooling by helium flow. The current obtai-
ned is the critical current of the short sample
4 525 A without training (fig.10).

In the following tests the coil was cooled
by forced helium flow. The flow is obtained by
pressurization of a dewar. A special device
controls the liquid pressure to increase the
liquid helium flow temperature. The^ coil exhi-
bits no training but a slight degradation. Ta-

king into account the higher temperature of the
coil this degradation is about 6X (maximum
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current 4 ISO A ) . The quench current is slight- AKNOWLEDGEMENTS

ly dependent on dl/dt.

tooo

3000

2000 -

42K

+ 1 s t test lHe bath)

9 2 n d lest I force flow)

' 2 BIT)

Fig. 10 - Current-field characteristics of the
test coil.

The propagation velocity of the normal
zone is an important parameter of the coil pro-
tection. For a 11 m/s velocity along the conduc-
tor the calculated velocity perpendicular to
the conductor (parallel to the coil axis) is
0.6 m/s [7] . By voltage measurements after an
indueed quench a velocity of 1.26 m|E has been
found at 3 400 A. The low diameter of the coil
and the fact that the cooling tube is soldered
to the bandage may give a little optimistic
value.

After a quench the temperature is about
40 K and it takes about 4 minutes to cool down
again the coil. No pressure increase in the coo-
ling tube have been noticed at a quench.

The "CELLO" solenoid will have at least 2
to 3 junctions. To simulate such a defect we
have heated a resistance stuck on the conductor.
440.10"3 W have no significant effect on the
critical current (4041 A ) . The heating power of
a junction is about two order lower.

In "CELLO" solenoid the inner shield radia-
tes about 150 mW/m2. This power must cross the
conductor its unsulation and the bandage to be
extracted. To simulate this effect we have inr
serted a copper tube inside the coil and heated
it. A power of 2.5 N/m2 was found to have no
effect on the critical current.

The authors aknowledge all persons who
have collaborated to this work.
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CONCLUSION

A new conductor for "transparent solenoid"
has been developped at SACLAY. The electrical,
mechanical and technical tests show that the
conductor is safe and may be produced in long
length. In the same conditions as the complete
coil (winding, cooling) the conductor does not
show any training and has only a very small
degradation.

The full length of the conductor is now
available to be soldered on the aluminium strip,
all the equipment being now ready to start the
operation.
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DISCUSSION

G. Horlitz : What was the length of the cooling tube oi' the test

coil? Where has the pressure been measured during quench? tfas

there any pressure measuring device in the middle of the tube

or only at the ends?

fr. Genevey : The length is about 2 m. The pressure uas measured

at inlet and outlet of the coil for assembly simplification.

H. Brechna : The training curves shown illustrate 25 training

steps for the composite conductor only. No training steps were

observed, when this composite was Al-stabilized. Is the amount

of Al according to the cryostatie stabilization criteria?

P. Genevey : No, the amount of aluminium is calculated from a

thickness point of view. The thickness of stabilizer must give

0.16 radiation length. In He bath the conductor would be cryo-

statically stable not in forced flow cooling used in cello

experiment.
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EFFECTS OF STRESS ON THE PERFORMANCE OF SUPERCONDUCTING WIRES

T. OKADA

Department of Nuclear Engineering

Osaka University

Suita, Osaka 565

1 . — Summary

The critical current density J of superconducting composite conductors is studied in the

magnetic field to 10 T as a function of tensile stresses applied at 4.2K. Results on four

kinds of wires are reported, which include multifilamentary NbTi, Nb,Sn wires and V,Ga tape.

An increase in J with small stress was noted in several cases and considerable degrada-

tion was found at larger stress. Substantial recovery in J was observed when the load was

removed. The recovery which depends variously on the structure of the composite is larger in

NbTi compared with compound type Nb-Sn wire or V-Ga tape.

2 . — Introduction

It is generally agreed that superconducting

magnets for fusion reactors will be subjected to

extremely severe conditions e.g. pulsed field,

asymmetric force, high mechnical stresses and

neutron and gamma irradiation. From the

material view point these conditions, of course,

depend strongly upon design of the reactors.

It is, therefore, important to consider 'magnet

system' whereby one may have insight to the

appropriate condition under which magnet materi-

al is used.

It is also significant to be accumulate

various material data obtained under the condi-

tion, which is close as far as possible to real

operating ones. Effect of stress on the super-

conductins properties is one of the major

problems in the design of the magnets.

Although a number of investigations have been

n.'ade in this area,clear understanding has not
2)been made. In the present paper we report

the results of the short sample test for vari-

ous superconducting wires (including tapes).

The critical current density are measured under

the perpendicular magnetic field to the stress

* This research was supported in part by the

Grant in Aid for Scientific Research No.220204,

Ministry of Education of Japan.

paralell to the direction of transport

current.

Possible influence to the superconducting

magnets for fusion reactor is discussed in

section 5.

3.— Experimental^

3.1. — Apparatus

Figure 1 shows a schematic diagram of

the experimental apparatus. The magnet

supplies the vertical magnetic field close to

the bottom of the cryostat. The stainless

steel rod (SUS-304) with o.d. 25mm is insert-

ed into the magnet with test sample which is

attached at the tip and held holizontally.

Samples are insulated by aklylite from the

stainless steel holder. Samples are usually

formed into U-shape and fixed by eight akly-

lite screws, sanciwitched between insulator and

current supplying terminal. Soldering is

also made to prevent the slip of the sample

against sample holder as well as to obtain

good contact between current supplying

terminal and sample. Mechanical load is

supplied through inside pushing rod. The

direction of the vertical force is converted

into holizontal one by the duplicate lever

type mechanics. Then the tensile force
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Apparatus for stress effects
(Schematic)

Load sensor

Fig.l Schematic diagram of the apparatus

frr stress pffpets on short sample super-

conductors .

supplied on the sample is one fourth of that

given to the pushing rod. The gear mechanism

actuate the rod downwards with the typical speed
—4

of 9.07 X 10 mm/min, which corresponds to

strain rare of approximately 1.5 X 10 sec

The gauge length of the sample are taken

^Omm and the distance between potential lead on

the sample is usually 12 - 16mm. As a

criterion for the critical current 5ijV between

the potential is taken. The current sweep

rate is 0.633A/sec.

The capacity of the DC current source in

our laboratory is 50A so that high current

conductor could not be tested this time.

Two types of superconducting magnets are

used in the present experiment, one consisting

of NbTi windings up to 5T and another composite

(NbTi and Nb.Sn) up to 10T.

3.2.— Sample

As shown in Table 1 main test samples

are commercially available ones. Some of

them are made in our laboratory. They are

monolisic or multifilament, Cu stabilized,

wires or tapes.

4.— Experimental Results and Discussions

We will show typical experimental

results for NbTi, Nb.Sn and V Ga in the

following.

4.1. - NbTi

Figure 2 shows a typical stress effect on

J -H curve of NbTi(NT-11 in Table 1). It

is seen that degradation occur:, due to

tensile stress in the magnetic field from

0 - 5T. Relative change in critical

current density in the present experiment is

found -40, -35 and -27 per cent at 0, 3 and

5T, respectively at the highest stress

6.86 X 108N/m2(70kg/mm2).

E o
u

1.0 2.0 3.0 40 5.0
MAGNETIC FIELD (TESLA)

Fig.2 Stress effects on the J -H

characteristics of NbTi wire (NT-03).

Another NbTi sample (NT-03 in the Table)

was tested in the external magnetic field

from 6 - 9T with stresses up to

9.6 X 108N/m2(98kg/mm2). The degradation

of critical current density increased nearly

linearly with applied tensile stress and

reached 8.4% at 9.6 X 108N/m2. The

recovery of J when load is taken off



Table 1 Characteristics of Conductors Tested

Sample No.

NT-01

NT-02

NT-03

NS-01

VG-01

Composition

NbTi

(Niomax
A61/33)

NbTi

NbTiTaZr

Nb3Sn

V3Ga

Outer
Diam.
(mm)

0.33

0.35

0.32

0.35

1.63xC

Filament
Diam.
(nun)

0.028

_

-

0.030

K13t

Core
No.

61

1

61

19

-

Cu/S

1.0

-

1.0

3.35

-

Insul.

(mm)

0.015

(Folma

-

(Anodi
Oxide)

0.015

T.P.

(ram)

-

L)

-

10

(Folmal)

-

-

-

-

RRR

-

500

-

-

-

Stab.

Cu

Al

Cu

Cu

Cu

Remarks

n.t.

tape

n.t. : not tested T.P. : twist pitch

amounts to 4.2%. corresponding to 50%

recovery.

g 0 1.0 2JO 3.0 40 5.0
MAGNETIC FIELD (TESCA)

4.2. - HbjSn

Figure 3 shows the stress effects on

Jc-H curve of Nb,Sn multifilaraentary wire

(NS-01 in Table 1 ) . The conductor consists

of 19 filament was manufactured via the

bronze diffusion technique. In contrast

to NbTi case the relative degradation in

this case is larger for higher external

magnetic field. The degradation of this

sample reaches 70% at 5T when the sample is

loaded at 7.64 X 108N/m2(78kg/mm2).

Fig.3 Stress effects on J -H
c

characteristics of Nb3Sn wire(NS-Ol). 4.3. -

The VjGa tape (No.VG-01 in Table 1) is

fabricated as follows: (1) Firstly V tape is

coated with Ga by passing through Ga bath.
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Fig.4 The change in critical current

density of V,Ga(VG-01) as a function of

applied stresses.

(ii) The tape is then heated at 800 C as the

first stage heat treatment, where, by Ga rich

phase(v Ga )is formed. (iii) The tape is Cu-

plated with thickness of a few micron and heat-

ed at 65O°C for 100 hours as the second stage

heat treatment. This process induce V^Ga.

(iv) Finally the tape is coated with Pb-50%Sn

solder with thickness of 20(4 •

Figure 4 shows the critical current density

vs applied tensile stress with the parameter of

the magnetic field. It is noticed that the J

increases with stress and decreases after pass-

ing the maximum at stress levels of roughly

1 X 108N/m2.

The relative change of J is shown in

Figure 5. A similar behavior concerning

change in critical temperature has been

observed in Nb,Sn. } The present case may also

be explained in the way that superconductors

is embedded in compressed state in the matrix.

The maximum occurs at the zero stress cross-

over between compression and tension.

5.— Future works

In order to understand stress and/or

strain effect on the commercially available

composite wire, it is necessary to examine

important parameters of each component

material. No systematic variation of the

parameters in Table 1 could be made in the

present investigation, so that detailed

analysis of the physical stand point seems

premature.

Considering the variety of affecting

parameters in stress effects on super-

conductors there is still wide gap to fill

between the results of shor' sample test and

the circumstances of wire under real operat-

ing condition in the real magnet in fusion

reactors. It is, therefore, worth-while

to comment some important bases for the

future analysis.

Some of them are:(i) Examination of the

validity of rule of mixture?, (ii) Stress

effect or strain effect?, {iii) Possibility

of producing stress or strain resistant wire?,

(iv) Possibility of stress or strain resist-

ant design of magnet winding? and (v) Appro-

priate apparatus for the investigation of

stress effects?

To clarify these points a more elabo-

rate apparatus and systematically prepared

sample are requested.

6.— Conclusion

As the conclusion a few characteristic

results are mentioned below.

1) The multifilamentary NbTi conductors

show stress degradation in J of 30% at

6.8 X 108N/m2 in the field of 5T.

2) The 19 multifil.-.nentary Nb.Sn conductor

show degradation of as much as 70% at

7.6 X 108N/m2.

3) J of V Ga tape used in the present
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Fig.5 Relative change of critical current density of V3Ga(VG-01) applied tensile stresses.

"xrnriment increases with load up to
8 '

1 X 10 N/m" and then decreases in the field cf

6T. The maximum value of relative change in

J Is approximately +20JS at the stress of

1 X 108N/m2 under the condition of 4.2 K and

4T. Degradation is observed at stresses of

2.5 X 108N/m2.

4) The recovery of J after removal of

stresses is roughly in NbTi system at
8 2

5 X 10 N/ir. whereas in case of Nb Sn and V Ga

the recovery is little.

5) The history of the sample(including

residual stress) and the reliability of test-

ing method is important before going further

into the examination of the detailed mechanism

in commercial composite superconductors.
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DISCUSSION

K. Fischer : 1. The V,Ga-tape, which you have investigated was
produced by the bronze technique or surface diffusion technique?

2. What is the origin for the increase of critical
current with increase of the tensile load?
T. Okada : 1. The sample preparation is the following,(1) V tape
is coated by Ga and heated (w 800°C) /surface diffusion/,
(2) it is then Cu-plated and heat-treated in the second stage
/bronze process/. Therefore, I think the process is essentially
"bronze technique".

2. Prom the larger thermal contraction of V and Ga
compared with V,Ga» it is highly probable that the V,Ga is under
compressed state in the present sample and that initial loading
may release the stresses. This idea is based on the assumption
that the "stress-free" state is the optimum for superconducting
properties.

N. A. Ohernoplyokov : Have you seen recovery effect at field
more than 5 T ?
T. Okada : We observed very little effects at the region you
mentioned. Therefore we could not show it in the Figs. 5 and 6.
K. P. Jiingst : When testing the samples, did you fix the samples
with respect to Lorentz forces?

T. Okada : No, we did not in this case, because the Lorentz
force is at most 1 kp, and in case of tape (V,Ga) it is some-
what resistant to Lorentz force. The experiment with higher cur-
rent sample does of course require a support against Lorentz
force.

t
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DESIGN OF FORCE-COOLED CONDUCTORS FOR LARGE FUSION MAGNETS

L. Dresner and J. W. Lue
Fusion Energy Division

Oak Ridge National Laboratory
Oak Ridge, Tennessee 37830 USA

1. Introduction

One type of conductor under considera-
tion for tokamak toroidal field (TF) magnets
is a cable-in-conduit cooled by supercritical
helium in forced convection. The main prob-
lem in designing such force-cooled conductors
(fee) is to maintain adequate stability while
keeping the pumping power tolerably low.

I lie irar.sir time of the helium through
a .i'il is m.inv minutes. Since recovery of
tiie i ondui'i or t rom a thermomechanical pertur-
b.i! ion i.ikrs >*n i he order of tens of milli-
M I M l - , • i ;iiir|'(ises of calculation, the

nr • M ' I" M u m available to promote

ri • f. I •; i iniie. This means that a large

i n. u.'li i»• : I u m will quench the conductor.

Ki i-.ir. : 'n i • i.li-i the stability of a fee by

I In.- HJI. iniu:i I'l-vturbat ion of some specified

! l-i . • n • unit h the conductor is stable,

: • . • ! ! I'L'turn to the superconducting

st i' iplfst type of perturbation is

n sud,:. ii. : ' ii'i heat input over the entire

length ol the conductor. We call the maximum,

sudden, unilurm heat input per unit volume (if

metal AH the "stability margin." We empha-

size that this definition of the stabilitv

margin has been chosen not because we believe
a sudden, uniform heat input is likelv to
occur, but because (i) it provides a basis
for comparison of different conductors, (ii)
it is relatively easy to calculate, and (iii)
it is a lower limit to the specific energy
input of any perturbation, i.e., the con-
ductor is stable to any perturbation when the
specific energy input is less than All.

2. Design Procedures

In an earlier paper,1 a systematic
method was developed for finding the fee with
a fixed stability margin that consumes the
least pumping power. The stabilitv marpin is
determined bv ten data: T, , B, 1 , . , .1 , A.
P, h,, f, and f . (There is an alphabetic
list of symbols and their definitions at the
end of this article.) He can reduce ihese
ten to eight as follows. First, I' nnd h,
always occur In the product Ph.. Second, for
a given arrangement of strands of a given
shape, the stability margin of a part of the
conductor is the same as that of the whole.
This means that if the original conductor is
imagined to be composed of two smaller con-
ductors in parallel, each ol which has half
the number of strands, half the area, and
half the cooled perimeter of the original,
then each half will have the same stability
margin as the original. Thus AH .an depend
onlv on P/A ;ind on 1/A = !, the <'',(-rdll

This research sponsored by the r.nergy Research
and Development Administration under contract
with Union Carbide Corporation.

current density. Our original list of ten
arguments can thut, be reduced to the follow-
ing eight: T^, B, p, J, J^: Phh/A: f, f .

We have separated the eight independent
variables into three groups of five, one, and
two, respectively. These will aid in describ-
ing our design procedure. It consists of the
following six steps:

Step 1 Values of T, , B, . , J, and J are
ri b c
fixed.

Step 2 For several values of Ph./A, we
maximize AH by variation of f and
f (It is shown in Ref. 1 that
such a maximum always exists.)

Step 3 We plot (AH) and the corre-
i. ,max , , , ,

sponding values of f and f against
Ph. /A. C o

b
Step 4 We choose some suitable stability

margin AH and find the corresponding
values of Ph./A, f, and f from
the plot made in Step 3.

Step 5 Keeping Ph /A fixed, we increase
P/A and decrease h, , but only until
the Reynolds number Re falls to
5000. A Reynolds number of 5000
should be sufficient to maintain
fully developed turbulence. This
step has the effect of further
reducing the pressure drop and
pumping power while maintaining i!!
fixed.

Step 6 We seek a cabling pattern that will
convenienrly realize the values of
f and P/A found above,
co

These steps can be made more comprehen-
sible if we note that

and

pumping power per unit volume of con-
ductor ' (Ph, /A)' (Re)' ' 2 ° ,

pressure drop per unit length of

( 1

conductor ' (Ph, /Al: (Re i

These scaling relations can be derived by
taking h, "' v° •B D~0-2 (Dittus-Boelter equa-
tion! and using Blasius's equation for the
friction factor. Steps 1-4 minimize Ph Ik
for a given AH, and Step 5 reduces Re to the
lowest tolerable value.

The numerical program will not be de-
scribed here in detail, but a few words will
be said about its capabilities and what ir
takes into account. It can be run either in
a case-bv-case interative mode using all
eight input variables and returning AH; or it
can perform the maximization of Step 2 auto-
mat ically. The superconductor can be either
Nlri I or Mb,Sti; the matrix can be either Cu or
Al. Current sharing is taken into account.
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as are the temperature variations of the
specific heats of matrix and superconductor.
Also included is the latent heat of the
superconducting-resistive transition in a
magnetic field. Heat transfer is described
by Uiarratano's modified Dittus-Boelter
equation.2 The thermodynamic variables of
heJ iup can be chosen ro correspond either to
'•'instant-pressure or to constant-volume
"peration.

!• Numerical Examples

'• I. NbTl Magnet

As an example, let us consider the
design of a 15-kA NbTi/Cu fee operating at
4.0 K and 8.0 T using a superconductor the
critical current of which is normalized to
5.6 x 10" Am"2 at 4.2 K and 8.0 T. Let us
strive for a current density over the cable
space of J75O Acm"2. This means a cross-
sectional area of 4.0 cms. Let us further
suppose that the residual resistance ratio of
the copper at zero field is 160. At 8.0 T,
the resistivity of the copper will be 5.35 x
10 ohm m. (Due to the effect of magneto-
resistance, values close to this one will be
obtained for a wide choice of residual
resistance ratios at zero field.)

Figure 1 shows the results of the first
five steps of our procedure: AH is plotted
against pumping power per unit length of the
conductor. The Reynolds number has already
been reduced to 5000. For all the optimized

ORNL-0WG 77-H5O2

conductors represented here, f lies between
about 0.7 and 0.8, while f lies between
about 0.4 and 0.5. Noteworthy is the much
larger stability margin in constant-pressure
operation than in constant-volume operation.
The difference is due to the larger specific
heat of helium at constant pressure than at
constant volume. The constant-pressure curve
applies to ambient pressures between 3 and
7 atms. AH does not depend on pressure
because in this pressure range and in the
range of temperatures between the bath tem-
perature (4.0 K) and the current sharing
threshold (<5.0 K ) , the specific heat of
helium at constant pressure is nearly pres-
sure independent (see Fig. 2). AH is not
always pressure independent, and later we
shall discuss a Nb3Sn conductor in which AH
shows a strong dependence on ambient pressure.

ORNL- DWG 77-12496

h-0.0259 A v 0 8 D"

NbT. IN Cu

BATH TEMPERATURE

MAGNETIC FIELD

AREA
CURRENT
RESIDUAL RESISTIVITY
(INCL MAGNETO-RESIST.)
CRITICAL CURRENT DENSITY
(4.2 K, 8.0 T) 5.6 x < 0 a A c m - 2
REYNOLDS NUMBER 5000

4.0 K
8.0 T
4.0 cm2

15.0 kA

5.35 x 1O"8 ohm-cm

.0*

200

0 •
0

2 5 10(

HELIUM TEMPERATURE IK)

2 5 10'

HELIUM TEMPERATURE (Kl

10 20

PUMPING POWER PER UNIT LENGTH (W/km]

30

Maximum Stability for Given Pumping Power or Minimum Pump-

ing Power for Given Stability.

Fig. 1. Results of the first five steps
of the design procedure.

Fig. 2. Physical properties of helium
as a function of pressure and temperature.
The points are from NBS-631; the lines are
fits used in the computer program.

Let us assume constant-pressure operation
and choos° AH = 300 mj cm"3 of metal as an
acceptable stability margin. The conductor so
selected is shown in Fig. 1 as the base case;
AH ~ 300 mJ/cm3 corresponds to a temperature
rise to 18 K. This conductor is about 51%
metal and 49% helium by volume; the copper-to-
superconductor ratio is 3.5. The helium
velocity in the interstices is 23 cm sec"1,
corresponding to a mass flow of 7 g sec"1

through the entire 4.0-cms cross section. The
cooled gerimeter is 1.45 m, the pumping power,
12 tf km •' and the pressure drop 0.27 atm/100 m.

It should be remembered that the pumping
power and the pressure drop have been calcu-
lated using smooth tube friction factors ap-
propriate to the given hydraulic diameter.
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Recent experiments by Hoenig3 have shown that
in cables wound of twisted triples, the
friction factor is about three times that in
a smooth tube. To get a more realistic im-
pression of the performance of the base-case
conductor, we ought to multiply the pumping
power and pressure drop by a factor of three.
Since the pumping power is dissipated as heat
in the helium, it must be gotten rid of by
refrigeration. To calculate the room-tempera-
ture work required to do this, we multiply by
500; thus we get a refrigeration work load of
12 x 3 x 500 = 1.8 x 10* W/km of conductor. A
typical tokamak TF coil system might contain
250 km of conductor altogether, so that the
total refrigeration work load due to pumping
would be 4.5 MW.

'i.2 Cabling Patterns

Next we look for a cabling pattern by
whi.h we Lfin realize the specifications
.a 11 ul.iied so far. We discuss two possi-
bilities here, one needing little compaction
,ind the atli*.: needing considerable compaction.
In both cases, the basic unit is a soldered
triple of composite wires each of which is
(>.H(I mm in diameter. Because of the solder-
ing, the interstice is assumed to be filled
with solder, and the part of the surface
inside it is assumed unavailable for heat
transfer. One cabling pattern is to wind
these triples in layers around a central core.
Alternate layers twist in opposite directions
and therefore do not interpenetrate; the
triples are also twisted so that adjacent
triples do not interpenetrate. To attain the
required cooled perimeter, we shall need about
1200 such wires. Eleven layers around the
central core will contain about 405 triples
(the exact number depends on the twist pitch).
The cross-sectional area is 4.0 cm2 as re-
quired, and the helium volume fraction is 50%
at the beginning. For this reason, this
conductor will require only slight compaction.
The cabling pattern is shown in the bottom
part of Fig. 3.

The second cabling pattern uses wires of
the same size, but the basic unit is a single
layer of triples wound around a central triple
( 7 x 3 unit). Fifty-eight such units will
provide the requisite number of wires; four
layers around a central core will contain
about 62 such units. Uncompacted, such an
arrangement will have a helium fraction of 62%
and a cross-sectional area of 5.32 cm2.
Compaction to 4.0 cm2 will bring the helium
fraction to 50%. This cabling pattern is
shown in the top part of Fig. 3.

3.3 Nb3Sn Magnet

The next problem is related to the first
in that again we design a 15-kA, 4.0-cm2

conductor. This time the conductor is com-
posed of NbaSn/CuSn/Cu. We choose as our
operating point a helium temperature of
6.0 K, a helium pressure of 7.0 atm, and a
magnetic field of 12.0 T. Because the sta-
bility margin will depend on pressure, it is
necessary to specify the helium pressure in
this example, whereas in the first example it

4 layers x 7 x 3. wire diameter = 0 46 mn
considerable compaction needed

area before compaction = 5 32 cm2

area after compaction = 4 00 cm2

about 62 7 x 3 units

11 layers x 3: wire diameter = 0.46 mm
only slight compaction needed
about 405 triples

Fi~. 3. Two cabling nctterns by vliich
the NbTi/Cu conductor found usinj; our design
nrocedure nay be realized.

was not. The resistivity of the copper in a
12-T field is 6.79 x 10 ohm m (RRR = 160,

as before). The critical current density of
the Nb3Sn is taken to be 1.2 x 10' A m 2 at
12 T and 4.2 K. Finally, the CuSn/Nb3Sn
volume ratio is fixed at 3.

After the first five steps of our design
procedure, we again arrive at a curve of AH
versus pumping power for constant-pressure
operation. This curve has a fairly pronounced
"knee" in it, the bend in the "knee" being
located near the point AH = 365 mJcm 3 and
a pumping power of 6.0 Wkm '. The correspond-
ing pressure drop is 0.19 atm/100 m. The
conductor is 58% metal, 42Z helium by vo)"->e:
the metal is 50% copper and 50% CuSn + Nt. ,-<ii
by volume. The cooled perimeter is 1.22 pi.
AH •• 365 mJ/cm3 corresponds to a temperauu e
rise to 20 K for this conductor.

If we examine Fig. 2, we see that the
operating point 6.0 K, 7 atm is close to the
point at which the specific heat of helium and
the heat transfer coefficient have reached
their maxima. At 7 atm, the specific heat and
heat transfer coefficient should have nearlv
reached their maximum values in the range "f
helium temperatures between the bath tempera-
ture (6.0 K) and the current sharing threshold
(<7.0 K ) . But if the ambient pressure of the
helium were less than 7 atm, say 5 atm, then
the specific heat and heat transfer coefficient
would be considerably reduced. Consequently,
we expect a decrease in stability margin with
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decreasing pressure for this conductor) the
results ot detailed calculations are shown in

Table J. Dependence of stability margin
on anibient pressure for
base-case Nb3Sn conductor

OBNL/OWG/FED-77277

Pressure
i. aim!

6
5
4

4. Scaling

Stability
margin

(mj/cm3-metal)

365
290
150
26

Relationship

Temperature

20
19
16
9

+ [HHe(Tcs> "

Since the enthalpy of helium is about two
orders of magnitude higher than that of the
conductor at helium temperatures, the second
terra dominates.

The heat transfer coefficient of helium
varies as the flow changes. This determines
the recovery time and thus the stability
margin. As is stated in Sect. 2, the heat
transfer coefficient depends on the velocity
and hydraulic diameter as

Assuming smooth tube friction factors,
one also finds the following relationship
between the pumping power and the flow
velocity.

(5)

The functional dependence of AH on P
for the two base cases derived in Sect. 3^is
shown in Fig. 4. It is interesting to note
that iH changes sharply only in a range of P
aboL.t an order of magnitude wide. At very P

high pumping power the heat transfer coef-
ficient wil] be high enough to transfer heat
from conductor to helium immediately. The
amount of heat that the conductor ran take is

I01 -

10° i -- -

I =15,000 A
A - 4 0 err
6(N&3Sn)

B(Nb T, )
Te(Nb,Sr
T. (MbT

,2 " • -

. 12 0T
=

) ••

80T
60 K ~
•• 4 0 K ~

10-3 I0 ' 2 10"'
UNIT PUMPlNIG POWER, Pp (W/m)

10"

The flowing helium in a force-cooled
magnet fulfills two functions: it is a heat
sink for the conductor, and it transfers the
heat away from the conductor. In a large
magnet, the helium is stagnant as far as the
heat sink function is concerned. This has
been the basis of our zero-dimensional analy-
sis. The ultimate cooling power is limited by
the enthalpy change from the initial helium
bath temperature to the current sharing
temperature. Per unit conductor volume, it is
given bv

* [Hco(Tcs> "

Fi?,. h. Stability margin versus nuooinr
power for the two base-case conductors.

limited by the helium inventory. The sta-
bility margin approaches that given by Eq. (3).
The kink in each of the curves corresponds to
the conductor being heated to T initially.
For initial thermal disturbances less than
this value, the conductor does not go com-
pletely normal. This region is not of prac-
tical interest.

Above the kink all current flows in the
substrate initially. Joule heating becomes a
constant. A small increase in h, or P will
allow a substantial increase in 2H. Hence,
between the shoulder and kink of the curve, AH
is very sensitive to P . The recovery capa-
bility of a conductor in this region can be
inferred by comparison of the heat transfer
and the power density of joule heating in the
conductor

(To " V f A
(6)

For a given initial conductor temperature, T ,
corresponding to a stability margin AH, one
can find the parametric scaling by holding

I2P
-~- - constant.

b

(7)

4.1 J-Dependence

One interesting question is what will be
the changes in the stability limits and
pumping power requirements by running a
conductor at different current densities.
With a linear relationship between the super-
conductor critical current density and the
temperature, one finds from Eq. (3) that

(8)

the ultimate gradual heat input limit in-
creases linearly as the current density de-
creases. In the range of helium flow where
the stability margin depends strongly on the



heat transfer coefficient, Eqs. (4), (5), and
(7) give

P <\. j 6-" 8 . (9)

The pumping power requirement is a very
strong function of current density. Thus,
reducing operating current density not only
increases the ultimate heat capacity but also
substantially reduces the required pumping
power. Numerical examples of this scaling
relationship for a 20-mm-ID conductor are
shown in Fig. 5. One finds that Eq. (8)
applies to the vertical shifts at the right
and Eq. (9) applies to regions between the
shoulder and the kink.

ORNL-OWO T 6 - 1 S 2 U
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possible difficulties in manufacture and
possible flow instability. Since P is roughly
proportional to the square root of the number
of strands, Jfi~ , one finds from Eqs. (4),
(5), and (7) tnat

P -v- N . (11)
P s

4.4 B- and T-Dependence

No simple scaling relationships, however,
can be found for the dependence on field and
temperature. The field, the helium tempera-
ture, the critical current density, and the
critical temperature enter in more than one
place. Numerical calculation* is required for
these cases. Table 2 summarizes all the
scaling relationships discussed.

Table 2. Scaling relationships

Physical entity Scaling factor

Ultimate gradual heat IL, (T )-}L, (T. )
input limit lle c s lle b

&H,,(mJ/cm3-cond)
is

Unit pumping power

Fig. 5. Current density dependence of ths p (w/m)
stability margin and punroin;> power. The P
constant-volume specific heat of helium was
used, A = 3.14 cm2.

4.2 p-Dependence

Radiation damage to the conductor of a
fusion magnet will gradually increase the
resistivity of the substrate. Thus the sta-
bility of the magnet will be degraded. One
can warm up the magnet periodically to anneal
the conductor or degrade the magnet by oper-
ating at a reduced current in accordance with
I ^ l//p to maintain the same stability. The
force-flow cooling scheme offers another
choice. From Eqs. (4), (5), and (7) again one
finds

1 - J/J

"He

T c " T b

Tie
v 2 - "

J 6 - 8 8

p . . . .

p~2.BB

Pp ^ p 3-"" . (10)

Thus by increasing the pumping power in this
proportion, the same stability margin can also
be maintained. The degradation of p, however,
will not affect ML-.

G

4.3 Strand Number Dependence

As is noted in Sect. 2, P and h b always
occur in the product Ph. . Lower h. and thus
lower pumping power can be realized by in-
creasing P or having a large number of strands.
This, however, cannot go too far because of

5. Other Considerations

5.1 Comparison with MIT Experiment

Experiments on the stability of the
force-cooled cable superconductors have been
performed at FBNML-MIT by M. 0. Hoenig et al.'
As a test of our computer analysis we calcu-
lated the maximum recovery current of the
conductor for several different initial heat
inputs. An example of the comparison between
this analysis and the data is shown in Fig. 6.
The experiments were performed on a 19-strand
triplex cable in a 10.2-mm-ID aluminum conduit.
The initial heat input was supplied by eddy
current heating over a period of 20 msec,
while the analysis assumed the heat was added
instantaneously. Maximum recovery currents
for several different helium mass flow veloci-
ties (1 g/sec corresponds to 0.15 m/sec) are
plotted against ambient magnetic fields. It
can be seen that the data and the analysis
agree with each other very well. Note that
the constant-pressure specific heat of helium
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The larger the void, the higher the helium
flow and the larger the waste. The total
pumping power requirement is calculated by
the summation

(i AHe. Vi )

Examples of this treatment for an extreme
case of 1/8 of the cable space being opened
are shown in Fig. 7. Note that the contri-
bution of the helium flowing through the void
to the ultimate heat capacity still exists
and was added to the curves above the shoul-
der. It is seen that depending on how badly
the compacted part is smashed, i.e., how much
the cooled perimeter is reduced, a factor of
2 to 3 increase in pumping power is required
to regain the same stability margin. It
is judged that nonuniform cooling in the
proposed cable will not cause any alarming
difficulties.

M A G N E T I C F I E L O ( T )

Fig. 6. Comparison of the present
analysis and the FSNflL-MIT experiment. The
maximum recovery current is plotted against
magnetic fields.

was used in the analysis. Hence this more
advantageous mode of operation was realized in
the experiment.

5.2 Nonuniform Cooling

One concern about the cable-in-conduit
conductor is that the interstices of the cable
where rhe helium flows may not be uniformly
distributed. Furthermore as the conductor is
energized in a magnet, the Lorentz force may
push the cable toward one side, thus reducing
the cooling of the strands. To treat these
problems in the zero-dimensional analysis, we
consider che latter case of the cable being
shuffled to one side with a big void left
behind. The helium flowing through this void
is considered to be wasted insofar as its heat
transfer function is concerned.

The conductor with the depleted helium
was analyzed as usual first. Namely, the flow
velocity, v, and the pressure drop, dp/dx,
required for a given stability margin were
calculated. Since the big void and the
remaining cooling channels have parallel flow,
dp/dx is the same for all the channels. One
finds that
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Fig. 7. Effects of nonuniform cooling due
to strands being pused to one side. Extreme
case of 1/8 of the cable space being opened
is shown.

5.3 Producing Higher Fields

The force-flow cooling scheme offers
very valuable flexibility in that it can be
operated at different temperatures and pumping
speeds. The inlet helium temperature and
pressure is set by the refrigerator and the
pump, both of which can be outside the mag-
net. As is well known, lower coolant tempera-
ture will increase superconductor critical
current density. A superconducting magnet
can presumably produce higher fields at lower
operating temperatures. The engineering com-
plexity of maintaining lower temperature and
the uncertainty of the magnet stability at
subatmospheric pressures for a pool-boiling
cooled magnet are big obstacles, but this
will not be the case in a force-flow system.
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Assuming the magnet structure has enough
safety margin, we consider ways of achieving
higher fields in a given magnet with no
sacrifice in the stability margin. For the
same magnet to produce a higher field, a
higher current density is required. At
higher fields, the magnetoresistance of the
stabilizer (Cu) increases. As is discussed
in Sect. 4, the stability margins and the
required pumping powers depend on the current
density, field, resistivity, and the helium
temperature .in a complicated way. First, the
helium temperature to maintain the same
ultimate heat capacity was determined. The
sudden heat input limit as a function of the
pumping power was then calculated for this
particular temperature and field. Figure 8
shows the results of one of these calcula-
tions. In order to maintain the same sta-
bility margin at higher fields, lower helium
temperatures and higher pumping powers are
required.

ORNL/0WG/FF0-77Z96

Required bath temperature lor obtaining AH =
173 mJ/cm3.

For AH = 1/2'AHG and relative to B = 8.0 T
field output.

A = total area within the conduit (m2)

A = conductor (metal) area (m2)

helium area (m2)

magnetic field (T)B

D
f

CO

e

— r i : i n n — I I ! l l | i | !—r
• 3.I4 cm2

Jc o l ) l , ,poc,{8.OTI-43OO A/cm2

"coblt woct

UNIT PUMPING POWER. Pp ( W / m )

Fig. 8. Operating temperature and
pumping power requirement to produce higher
magnetic fields in a given magnet.

AH , the,results are summarized in Table
Because of the different helium bath

.Selecting the stability margin as half of the -
ultimate gradual heat input limit, AH = (1/2)

3.
tempera-

tures, the Carnot factor, (Tr - T.)/Tb, was
included in calculating the relative pumping
power shown in the last column. Note that in
this calculation, the constant-volume specific
heat of helium was used.

Table 3. Operating temperature and
pumping power for higher fields

B

(T)

8.0
8.5
9.0
9.5

10.0

J

(A/cm2)

4300
4569
4838
5106
5913

V
(K)

4.0
3.68
3.36
3.02
2.68

1.0
1.8
4.0
7.4

16.4

= hydraulic diameter (m)
= volume fraction of copper in metal

= volume fraction of metal inside
conduit

= heat transfer coefficient when metal
temperature is infinitesimally
higher than helium temperature
(Wnf 2K~l)

= stability margin (mj cm 3)

= ultimate gradual heat input limit
(mJ cm"3)

= enthalpy of helium

= enthalpy of metal (J m 3)

= transport current (A)

= overall current density (Am )

= critical current density of supercon-

ductor (Am 2)

= number of strands

= cooled perimeter (m)

= Reynolds number

= helium bath temperature (K)

= critical temperature (K)

= current sharing threshold (K)

T = initial metal temperature (K)

T = room temperature (K)

v = helium velocity in the interstices
(m sec ])

D = matrix resistivity (including mag-
neto resistivity, fl-m)
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DEVELOPMENT OF LARGE CURSENT NB-TI CONDUCTOR FOR TOKAMAK TOROIDAL COIL

3 . Shiraamoto and K. Tasukochl
Japan Atomic Energy Research I n s t i t u t e
Tokai-mura, Naka-gun, Ibaraki-kea, 319-11 Japan

1'. Furuto, S. Meguro, T. Suzuki, M. Ikeda and I . Inoue
Central Research Laboratory, The Furukawa E lec tr i c Co., Ltd.
Futaba 2-chome, Shinagawa-ku, Tokyo, l'ti' Japan

SUMMARY

Two types of large current Nb-Ti conductor for Tokaaak toroidal coil have been investigated
ac a first step of the development. One of these conductors is a solid composite one with cop-
per/aluminium stabilizer, designed to be 10 kA at 8T in the rated current and 10 mm x 30 am in
the cross section. Another is a compacted cable with the cross section of 6.6 mm x 26.5 mm,
the rated current being 5 kA at 8T. The experimental results such as critical current, current
sharing phenomenon, AC loss and mechanical properties of these conductors are presented.

1. Introduction

The superconducting magnet is an indispensable component of large fusion reactors and being
developed in many countries for use in the experimental reactor. Japan Atomic Energy Research
Institute (JAEHI) is also conducting research and development for the superconducting magnet
aiming at its application to post JT-60 reactors. Along the line of these development, program,
we have investigated 10-kA Nb-Ti conductors for Tokamak toroidal coil.

Two types of conductors were selected among five designs as a first step of the development.
One of these conductors is of a solid composite type, designed to be cryostable for the current
of 10 kA at 8T and ̂ .2 K, whose stabilizer is partially aluminium in order to decrease the quant-
ity of stabilizer in comparison with full copper stabilization. The cross section of the con-
ductor is 10 mm x 30 mm. Another is a compacted cable with the cross section of 6.6 mm x 26.5
mm for the purpose to reduce AC loss due to changing poloidal field, the rated current being 5
kA at 8T and k.2 K.

The former was manufactured in length of 3.5 • and the latter, in length of 20 m. The
electromagnetic DC and AC charactersitics and mechanical properties of these conductors were
experimentally tested and confirmed to meet the apedfications.

Designing, fabrication and test results of the conductors are described in the following.

Table 1 Designed results of various conductors

item B

conductor size, mm2 10x35 10x30 10x35 11x45 10.5x45

SC composite size, mm2 2.6x6.0 2.6x6.0 2.170 1.860 2.570

no. of SC composites 5 5 17 22 15

No-Ti filament diameter, urn 100 100 100 100 100

no. of Nb-Ti filaments* 510 510 138 107 156

stabilizer to SC ratio 15.5 13.3 19.8 21.8 19.8

stabilizing material OFHC OFHC/AI OFHC OFHC/AI AI

cooling surface edge+face edge+face edge+face edge edge

critical current at 8T, kA 12 12 12 12 12

hysteresis loss, J/m-cycle 0.25 0.25 0.25 0.25 0.25

coupling loss, J/frvcycle 1.22 1.22 0.10 0.10 0.14

eddy current loss, J/m-cycle 2.93 2.30 3.69 1.07 0.10

* per SC composite
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2. Design

The designs of fivf types of conductors as shown in Fig. 1 were made by taking the following
points into consideration. The designed results are showb in Table 1 .

2.1 - Superconducting characteristics. The critical current of the conductors was decided as
12 kA at OT and 4.2 K taking safety margin of 20$ to the rated current of 10 kA. The diameter
d of Nb-Ti filaments was chosen to satisfy the following dynamic stability criterion.

cz 0.23 mm (1)

Jc/(-dJc/dT)
the ratio of copper to superconductor
(-3)
the thermal conductivity of super-
conductor ( 1.5 x lO'-'w/K cm)
the resistivity of stabilizer

d £ d

where To
a

"is
J°

2.2 - Cryothermal characteristics. Since the
toroidal field coils are required to be highly
reliable, the conductor for the coils must be de-
signed upon the criterion of full stabilization
given by

Stability factor*I2J>/A/|; Pi qri^ 1 (2)

where Pi : perimeter of cooling surface
A : cross-sectional area of stabilizer
qri: recovery heat flux density

We have chosen the various parameters as follows;

£ * 55 no-cm at 8T
(including resistivity increase by
neutron irradiation)

J° = 30 na-cm at 8T
(including resistivity increase by
neutron-,irradiation)

B

D

Jo.

qrl
qr2

= 0.5 W/cmf (edge cooling)
= 0.3 W/ca (face cooling)

Fig. 1 Cross sections of investigated
conductors

2.3 - AC characteristics. The poloidal field
coils impose AC field on the IF-coils and gener-
ate AC loss in the coils. This AC loss is calcu-
lated assuming the averaged field cycle 0—*3 kG—»-0 at the sweep rate of 3 kfi/seeond would be
imposed perpendicular to the TF-coil. The AC losses in the conductor mainly consist of hysteresis
loss in Nb-Ti filaments Ph, the coupling loss between filaments Pc and the eddy current loss in
stabilizer Pe which are given in the following.

Ph « ( To Bo d/2 ) In ( BB +• Bo )/( Bi *• Bo ) •—•

where Bo ; characteristic field defined by the Kim-Anderson
( =1T )

Bi : characteristic field ( = 0.1T )
critical current density at zero field

m2
Jo

Pc = l/(2£) 7 Zmfl/a Vsf- ( oinh Zl/J )/( coah ZH/S )

where S• * V2/«j/u(r

(3)
formula Jc = Jo Bo/( B + Bo )

i
Pe

: twist pitch

l/(2a), ( sinh 2a/f - sin 2a /<f )/( cosh • cos 2a// )-- (5)

where 2a : the width of conductor -

3. Fabrication

Among five designs as shown in Fig. 1 and Table 1, we selected to manufacture two types of
conductors, solid composite type ( conductor B ) and compacted cable type ( conductor E ) .
The constitution and fabrication of these conductors are described in detail in the following.

3.1 - Solid composite conductor. The solid composite conductor with the rated current of 10 kA
at 8T and **.2 K is designed to be high current density, that is, to minimise the quantity of
stabilizer by taking advantage of aluminium having low magneto-resistance in part and preparing
cooling grooves on all exposed surfaces of the conductor.

This conductor is composed of three parts; superconducting segments, copper dad aluminium
side strips ( stabilizer I ) and a copper clad aluminium backing strip ( stabilizer II ). The
superconducting segment is the Nb-Ti multifilamentary composite with the copper/superconductor
ratio of 2.9. The superconducting composite was prepared through usual processing except the
specified heat treatment for the high current density at 8r. The copper clad aluminium stripe
were manufactured by drawing and rolling of composite billets made of OFHC copper and 99.99 %



purity aluoiniua and given annealing at 35O°C for • few hours in order to recover high residual
resistance ratio of the stabilizer fron the reduced one due to cold work.

Fire superconducting segnenta, two stabilizing side strips and one backing strip were an-
sea-bled with Pb-Sn solder. After the assembly, the solid composite conductor was given a mill-
ing for preparing cooling grooTea on the surfaces.

The details of the specification for the
conductor and tha cross-sectional Tiew of it
ar* shown in Table 2 and Fig.2, respectively.

Fig. 2 Cross-sectional view of solid
conductor

Table 2 Specification for manufactured c ;Uductors

conductor

SC composite

eize ( naT)
croaa-aeotional area (ma )
aapect ratio
size ( • • * ) , ( ma ) 2
croaa-aectional area (am )
copper/SC ratio
Nb-Tl filament dia. ( m)
number of Nb-Ti filaments
twist pitch ( ana )
number of SC composites
crit ical current density
Jc ( A/cm at 81 )
crit ical current ( A at 8T)

5oLid conductor
10 x 30

300
3.0

2.6 x 6.0
15.5

2.9
100
510
100

5

0.6 x 105

5 x 2,400

compacted cable
6.6 x 26.5

175
«*.O

1.60 0
2.01
2.3

60
220
30
15

0.65 x 105

6,000

stabilizer

stabilizing material
size ( mm )
stabilizing material
size ( mm )

( I ) 0FHC/A1 { 6035 )
6.5 x 7.9

(II) 0FHC/A1 (4t#) /OFHC
3.3 x 30

Al
1.2 0 x 105 strands

cooling
cooling surface 2
cooling channel ( on )

edge + face
10 w x 0.5 t

edge

3.2 - Compacted cable. The compacted cable type of conductor possesses sany features such as
high stability, low AC loss and high flexibility. The flexibility is important this time from
standpoint of test facility. The rated current of the manufactured cable was reduced to a half
of the preliminary design, 5 kA at 8T in limitations of our test facility. The cross section
was changed froa 10.5 am x 42 mm to 6.6 mo x 26.5 am.

The compacted cable consists of superconducting composite wires and aluminium wires. The
superconducting vires with the copper to superconductor ratio of 2.3 were made by usual process-
ing and also given a special heat treatment for high current density. The aluminium wires were
electroplated with nickel and then coated with Pb-Sn solder. Seven nickel-plated aluminium
wires were stranded around one superconducting wire to form a segaectal strand for cabling.
This strand was passed through a solder bath for a good electrical bond. Fifteen seemental
strands were stranded e&d compacted into a rectangular cable. The cable were finally given a
heat treatment for annealing. .

The detailed specifications' and the cross
section of the cable are shown in Table 2 and
Fig. 3, respectlvoly.

Tig. 3 Cross-sectional view of compacted
cable _ __

4. Measurement

The measurements were made of various properties of both conductors,
ing methods and test results are presented below.

4.1 - Critical current

(1) Methods. Since the conductors as manufactured could not be directly measured of critical
current characteristics owing to the limitations in current capacity and space of magnetic
field of our test facility, two superconducting strands were taken *a epedaens froa an end of
delivered conductors. The dimensions of the specimens are shown in Table 3. The critical
current was defined es the one corresponding to the effective resistivity of 10~12iicm in Nb-Ti
filaments. The overall critical current of the conductors was estimated by multiplying that
of the strand by the number of strands.

The details of teat-
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Table 3 Dimensions of samples for critical
current measurement

sample

conductor component (mm)
Cu to SC
ratio

SC cross-
sectional
area (mm?)

solid conductor segment I 2.63x607 2.90 4.09

segment 2 2.64x6.06 2.69 4 .04

compacted cable strand I 1.570 2.43 0.564

strand 2 I.57D ?.26 0.594

Fig. k H - Ic characteristics of manu-
factured conductors

01—'

(2) Results. The test results are shown in Table 4 and Fig. 4. Both conductors were confirm
ed to meet the current specification. Especially, the compacted cable has a high current den-
sity at the high field region where the specified combination of heat treatment and cold work
was demonstrated to be effective on the high current properties.

Table 4 Results of critical current measurement

conductor sample critical curmt (A) critical current
C5T) (6TT (7T) (8T) density

solid conductor

compacted cable

segment 1 6,370 5,060 3,780 2,470* 0.60 x
eegmmt 2 6,210 5,020 3,740 2,450s 0.61 x K>5
overall conductor 31,200* 25,200* 18,800* 12,300* 0.61 x 1Q5»
strand 1 980 780" 590 396 0.69 x 105
strand 2 1,020 83O 620 410 0.69 x 105
overall conductor 15,000* 12.100* 9.100* 6.000* 0.69 x 103«

estimated value

hearer

thermal insulator ( bakelite)
voltage lead

stabilizer

Cu/NbTi composite

50 "150

400-

\
current lead

Fig. 5 Arrangement of specimens for I-V characteristics
test ( unit: mm )

4.2 - I-V characteristics

(1) Methods. This experiment was made to observe the current sharing in the conductors for
evaluating the stability and from the limitation of test facility was adopted the method as
follows: stabilizer was cut away in both end portions of the conductors to expose the super-
conducting composite to liquid helium. The central portion of the conductors having stabilizer
was wound with heating wire and thermally insulated. The arrangement for measurement is shown
in Fig. 5 for solid conductor and the am* for the compacted cable. At zero magnetic field
was given a certain heating power and the conductor current fas increased up to 5,000 A and then
decreased down to zero Amps, voltage drop between terminals being continuously measured.

(2) Results. I-V characteristics of the solid conductor and the compacted cable are shown in
Fig. 6 and Fig. 7,respectively. The results of this experiment should be considered as a
reference date for ths reason mentioned below. The central portion of the sample is regarded
as a thermally insulated heater and heat dissipation is made mainly in the longitudinal direction.
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CD

ill§

Ph=l4.2(W)

17.6
9.4

I 2 3

current (kA)
2 3

current (kA)

Fig. 6 I-V characteristics of solid
conductor

Fig. 7 I-V characteristics of compacted
cable

The full stabilization criterion can not be satisfied because the heat sink portion is fairly
less than the heating portion. It is considered that the take-off originates in the transi-
tion from nucleate boiling to film boiling of liquid helium in the portions between the joints
and the ends of <;he thermally insulated heater. For the stability of actual use, we need to
take into consideration the changed conditions such as the increase in cooling perimeter, the
increase in magneto-resistance, the difference of transition temperature and etc.

k.3 - Resistivity of stabilizer

(1) Methods. Stabilizing components, stabilizer I, stabilizer II and nickel-plated aluminium
wire were taken as samples for the measurement of resistivity. The samples were formed in
coils and given the same heat treatment as those of the manufactured conductors. The electrical
resistance of specimens was measured in liquid helium and transverse magnetic field.

(2) Results. The test results are shown in Fig. 8. Dotted curves in the figure indicate pre-
vious data cited corresponding to the processes of stabilizer I and II, whose resistivity
coincides very well with the resultant resistivity calculated from those of copper and aluminium.

The stabilizer I and stabilizer II display only a half resistance at Sr to those of full
copper stabilization and an excellent stabilizer
in the high field region. As expected, nickel-
plated aluminium wire was confirmed hardly to
increase in magneto-resistance above 1.5T and is
an ideal stabilizer for the high field applica-
tion.

h.k - AC loss

(1) Methods. Superconducting strands of 33 em
and 2**7 cm in length were taken as specimens
from an end of both conductors and wound in coil
form. The coil was inserted into a supercon-
ducting magnet for imposing external magnetic
field perpendicular to the strand. The AC loss
was calculated by the area of magnetization curve.

(2) Results. The results of AC loss measure-
ment are shown in Fig. 9 ~ Fig. 11. The coupl-
ing loss is considerably larger than the hystere-
sis loss in both conductors. The coupling loss
remarkably depends on the twist pitch of Nb-Ti
filaments. This loss is fairly large in the
eolid conductor compared with that of the com-
pacted cable because the twist pitch of the for-
mer { 100 mm ) is longer than that of the latter u ' <:(T>agnetic%ieid:'m c

( 30 mm ).

Fig. 8 Magneto-resistance of
stabilizers
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Fig, 9 Dependence of AC lose of soild
conductor on magnetic field

fr.5 " Hecaanical properties

(1) Tensile test. Six specimens were taken re-
spectively from each stabilizer ( I and II ),
superconducting composite and the assembled solid
conductor for tensile testing. The same number
of specimens were sampled of the composite strand
before cabling and the compacted cable.

Table 5 shows the test results as averaged.
It is seen that superconducting composites bear
the major part of tensile strength in both con-
ductors. The strength of 99.99 % purity alumi-
nium is about 7 kg/mrâ  when annealed and consider-
ably lower than that of copper ( about 23 kg/mm2).
If the composite stabilizers of solid conductor
are changed to full copper stabilizer, the strength
is estimated to be about nine tons.

(2) Bending test. Bending of 25 cm and 16.5 ca
in radius was given up to five times in going and
returning to the solid conductor and the compacted
cable,respectively. No anomaly was observed in
the bond between component materials.

5. Conclusion

(1) The fundamental contiitions for manufacture of
the solid conductor and the compacted cable were
obtained,
(2) Both manufactured conductors were confirmed
to «eet the ctritical current specifications.
Especially, the critical current density of 6.9*
lCn A/cm2 at 8T was attained and attracts atten-
tion as indications of the possibility for higher
current density in forthcoming investigation.
(3) The advantage of pure aluminiuB stabilizer or
composite stabilizer of aluminium and copper was
confirmed for the high fi«ld application.
CO The AC loss of the compacted cable was demon-
strated noticeably low.
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Fig. 10 Dependence of AC l ' s s of compacted
cable on sweep rate of magnetic
field

"E IO"2 -

d'L

so I'd conductor

compacted cable

Ktn I kG ' sec I

Fig. 11 Dependence of AC loss of manu-
factured conductors on sweep rate
of magnetic field

Table 5 Results of tensile test

sample

conductor

solid conductor

compacted cable

component

SC segment

stabilizer I

stabilizer n

strand

tensile strength

(kr)

6,760

650

1,240

580

2,390

149

elongate

(%)

25

26

12

18
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• 4 Komarek : JJid your loss measurements also include lonritudi-

n-'l field losses as they are present in fusion magnets?

'.« buzuki : Our loss is measured only in transverse field paral-

lel to the surface.

K. Kwasnitza : What was the temperature increase of tne eonduc-

cor due to the ac losses? Did you measure the losses in the

presence of a transport current?

T. ouzuki : The first step of our work is the study of manufac-

turing of large current conductor, so we didn't measure the va-

iue of both your questions but in near future we must do the

measurement.
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A STATISTICAL TREATMENT OF LOW TEMPERATURE IRRADIATION EFFECTS ON MECIIAMlAL I'.KOJ'JKI 1

OF ORGANIC IN SUPERCONDUCTING MAGNETS*

S. NISHIJIMA and T. OKADA

Department of Nuclear Engineering, Osaka University,

Suita, Osaka 565 Japan

1. - SUMMARY

Small compression test pieces of epoxy resin are studied to determine fracture behaviors

after irradiation and the data are analysed statistically.To compare the effects of neutron irra-

diation with that of gamma-rays, two separate irradiation experiments are made:re.ictor irradiation

in LTL and Co-60 gamma-ray irradiation at LNT. The mechanical properties such as breaking stress

and breaking strain are changed in the manner of varying its variance as well as its mean. A con-

siderable difference of the effects by neutron and gamma-rays is found through above statistical

treatment.

2. - INTRODUCTION

H is generally accepted that for economic

reason n superconducting magnet will be employed

.is a fii-ld generator in a large fusion device.

Thr superconducting magnet as well as the struc-

Lurcs of the reactor will be exposed to high

energy nuclear radiation. It is necessary to

study the effects of the irradiation on the per-

formance and durability oF a superconducting

magnet. According to the estimation of McCracken

and Blow, fast neutron fluence am', gamma total
1 fl 7 8

dose reach as much as 10 n/cm and 10 rad ,

respectively at the magnet region in a full scale

reactor for a design life of twenty years.

Though the rate of reactor operation must be

unavoiJably less than 100%, "streaming effect"

may make radiation dose by one or two order of

magnitude higher in specific part of the magnet.

The structure component of the superconducting

maf.net must be studied in the form of material

test from the stand point of radiation resist-

ance.

Organic materials have had important roles

in an ordinary superconducting magnet as insu-

lating and/or potting materials. However,

organics are , in general, more sensitive to

nuclear radiation than the other substances so

that the mechanical and electrical properties

will be changed by radiation. Neverthless, the

use of organics will be especially attractive

* This research is in part performed at

Kyoto University Research Reactor.

because they show easy fabrication and good

insulation. In addition to high level of

nuclear radiation, organic materials to be us--d

for superconducting magnets in the fusion device

must withstand high mechanical loads and cryo-

genic temperatures. When the organics a. used

under this condition,the problem to be • -Ived

first is the behavior concerning mechanical

breaking properties.

Since the destruction of materials is ini-

tiated at the weakest point, the breaking

properties are structure sensitive and influ-

enced by the statistical variation of samples.

Because of this a number of samples are put to

the mechanical test auJ the data are summarized

in histograms and the population parameters are

estimated. Irradiated samples are processed in

the same manner. The change which is brought

upon the population by the nuclear radiation is

studied in the statistical method.

Although the radiation effect? on oru.iri.

materials has been studied by several workers.

there are few investigations at low tenper.it .:rr

provided that organics are to be used as compo-
8)

nents of superconducting magnet. It is the

purpose of this paper to point out problems

using statistical methods about mechanical

properties of organic materials to bp employed

in superconducting magnet for fusion devices.

3. - EXPERIMENTALS

3.1. - Samples

We have chosen an epoxy as the sample since
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it is frequently used for their excellent

ability at the cryogenic temperatures. The resin

which is a commercial epoxy(6861-2) is cured

with curing agent, amin, at 150°C for 12 hours

and cut into a cyrindrical shape. The size is

1.0 mm in diameter and 1.5 mm in height. The

polymer is presumed amorphous and do not have

directional properties. The chief ingredient is

the Bisphenol-A with a small amount of dilution

agent. The degree of polymerization is approxi-

mately 8-11 converting into molecular weight

3000-4000.

3.2. - Irradiation

The Co-60 gamma ray irradiation is made at

liquid nitrogen temperature in the hot labora-

tory of the Institute of Scientific and

Industrial Research in Osaka University. The

samples are sealed and kept in vacumm to avoid

oxygen attack to the polymer during irradiation.

The dose rate is 4 x 10 rad/hr.

Reactor irradiation is made in Low Temper-

ature Loop of Kyoto University Research Reactor.

The irradiation temperature is not higher than

40K. The samples are instantly immersed in

liquid nitrogen after irradiation.

3.3. - Compression Test

A compression test is made under the con-

dition that samples are immersed in liquid

nitrogen without increase of temperature. The

compression speed is 0.2mm/min(strain rate :

0.3/min). The mechanical properties such as

breaking stress, breaking strain and elastic

modulus are obtained from the stress-strain

curves. The number of tested samples for each

dose is one hundred in the case of reactor irra-

diation and fifty in the case of gamma-ray

irradiation.

4. - RESULTS AND DISCUSSION

The typical differences between stress-

strain curves obtained at room and liquid

nitrogen temperature of unirradiated samples are

shown in Fig.l. The samples compressed at room

temperature do not fracture even deformed close

to 100% strain. On the other hand the samples

tested at liquid nitogen temperature fracture

after the yield point. The mechanical properties

such as breaking stress, breaking strain and

elastic modulus are obtained from the stress-

strain curves and are summarized in frequency

polygons. There are three noteworthy properties

of distribution as follows:

(1) the shape of distribution

(2) the variances

(3) the means

The effects of irradiation is evaluated from

their changes. We may use "statistical test"

to find wether truly above three statistical

quantities change or not. The degree of signif-

icance is always taken as 0.05 in following

tests.

Strain

Fig.l Typical stress-strain curves obtained

at LNT and RT. The maximum gradient of the

lines in elastic region is defined as the

elastic modulus.

4.1. - Breaking Stress

Figure 2 shows the changes of the breaking

stress distribution caused by gamma irradiation.

The distribution of both unirradiated and 10

rad absorbed samples appear to obey to normal
Q

distributions but in the case of 10 rad the

distribution does not obey a normal distribution.

To comfirm this the goodness-of-fit test is

made. As the result of the goodness-of-fit test

the distribution of unirradiated and 10 rad

absorbed samples can be regarded as normal
* o

distributions, but not in the case of 30 rad

absorbed samples.

The changes of the breaking stress distri-

butions caused by reactor irradiation are shown
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in Fig.3. The goodness-of-fit test is made first.

Consequently, the every distributions confirmed

to fit the normal distribution. We call the dis-
2

tributions in increasing order of dose N (a,,op,
9 o

Nn(U ,"p and N,(U ,Pp where U. is the mean of

population and a( is the variance of population.

Secondary, the variance of each case is tested

whether it can be regarded as equal each other

or not. The Bartlett's test is applied here. As

the result of this, homogeneity of variances is

nnt held, in other words, the variance of the

a'Kr i"iu'.;i icn is changed by irradiation. We may

•-v K-di.-rribution in order to find which vari-

.'•"• i :. !.n;ir. Two normal distribution of N,1
'. irst considered and o is

lr, the same manner, N, and N- are
2

•o find that the two variances of r

•. . Summarizing the results of above

• • 0 rad
ol015nWi4.107rad!»
T10l6n/cm!i3.lcPrad(r)

20

0 10 20 30 40 W 60 70 80

BREAKING STRESS (kg/mm*)

Fig. 3 The change of frequer.cv polygons of

breaking stress caused by reactor irr.idi-

ation ( E > 0 .1 Mev) .
n -"

irradiation every distribution obeys a nerr.al

distribution, the means of breaking stress ~.re

decreased by irradiation.

Third!', change of the mean values must be

and .„> are tested.investigated. The rv.v
7 "

Since "7 ' "^, Welch's test is emploved and
! I

" i., is provided. In retard to ::

3'
the '.-lest Lr- used. As the

result of calculation we obtain :, • u.

Ir. summary,

4.2. - Breaking Strain

Figure '•* shows the change of breaking -•_re-

distribution induced by gamma irradiation. Ke

treat them in the r.anner of above mentioned.

The distributions of unirradiated and 10 rad

absorbed can be regarded as normal distribitions.
Q

Bnt that of 10 rad absorbed can not be consid-

ered a normal distribution.

30

20

*• 10

10 20 30 40 50

BREAKING STRESS (kg /mm 2 )

70 0-2 0-3 0-4

BREAKING STRAIN

05 06

Fig.2 The change of frequency polygons of

breaking stress caused bv gannna irradiation.

Fig.4 The change of frequency polygons of

breaking strain caused by gamma irr.idiat.ion.

Comparing gamm-n and reartor Lrrndint inn.

may conclude that in the cast* of gamma irradi-

ation the distribution deviates from a normal

distribution. Though in the case of reactor

Figure 5 shows the change of breaking

strain distributions caused by reactor irradi-

ation (i.e. neutron + gamma ). Since every

distribution can be regarded as a normal dis-
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tribution, we call them in the similar way in
2 2

increasing order of dose N^dJ^.a..), N_(p,»°2^

and N,(u,,a ). In the same manner above men-

tioned we can show :

>V2

04 0-6

BREAKING STRAIN

Fig.5 The change of frequency polygons

of breaking strain caused by reactor

irradiation ( E^ £ 0.1 Mev ) .

It is concluded that the gamma irradiation

brings at least samples brittleness and that

the reactor irradiation apparently introduces

the softening judging from the decreasing

change of means of breaking strain.

20

10

• 0 red
o 107rad
» 10Brad

150 200

ELASTIC MOOULUS (kg/mm2)

250

Fig.6 The change of frequency polygons

of elastic modulus caused by gamma irradi-

ation.

40|- • 0 rad
o10 l5n/cm't 4»1O7rad0)
»1016n/cm2»3»«ftad(7)

20

100 150 200

ELASTIC MOOULUS (kg/mm2)

250

4.3. - Elastic Modulus

Figure 6 shows the change of elastic modulus

induced by gamma irradiation. Since every distri-

bution can be considered as a normal distribution,

we call them in the similar way in increasing

order of dose ^(1^,0^) .^(u

we can show :
2 .

and N3ftjyO

u3.

Figure 7 shows the change of elastic modulus

caused by reactor irradiation. Since every distri-

bution can be regarded as a normal distribution,

we can call them in increasing order of dose

can Show :

and N

°3 '

. Then we

y2

In both cases elastic modulus distributions

can be regarded as normal distributions because

the property may be structure insensitive.

Fig.7 The change of frequency polygons

of elastic modulus caused by reactor irra-

diation ( E > 0 . 1 Mev ) .

n —

4.4. - Comparison of Effects due to Different

Kinds of Irradiation

The difference between gamma and neutron

irradiation will be more closely discussed

below. Since this polymer consists of mainly

hydrogen,oxygen and carbon, most incident

thermal neutrons are scattered and emitted out

of the samples and the effect of thermal neu-

trons on the polymer can be neglected in this

case.

Fast neutrons transfer their energy to the

constituent atoms of the polymer during the

elastic scattering with nuclei. We may assume

the polymer consists of hydrogen only to esti-

mate the transfer energy. After the calculation



- io6i -

in Fig.3. The goodness-of-fit test is made first.

Consequently, the every distributions confirmed

to fit the normal distribution. We call the dis-
9

tributions in increasing order of dose N (u ,c~),
9 2 1 1 1

N,(tJ,,o") and N,(M_,O.) where U. is the mean of

ulation and oT is the variance of population

dary, the variance of each case is tested

whet it can be regarded as equal each other

or not. e Bartlett's test is applied here. As

the resu f this, homogeneity of variances is

not held, i. her words, the variance of the

distribution i hanged by irradiation. We may

use F-'-distributi in order to find which vari-

ni'j i :.-. !,iri;cr. Tw rmal distribution of N
, , 1

in-.! ':, ,irc t irst cons ed and o ' a is

"nfir- :. In the same er, N_ and N, are

•t-tc. -".a v.' find that t. o variances of o

:;],: '. !-:ri'L . Sunir.arizing t suits of above

i 2 *' 3'

Thirdly the change of the mean value '3t be

investigated. The two means .. and ... . es
9 ^ * -

Since "" •'- c~, Welch's test is employed

u, N u,, is provided. In regard to ;:., an

since o~ = "~. the t-te.st used. As

result of calculation we obtain LI^ >'

In summary,

• 0 rod
.olo'5nW««.!0'rad(7)

50 60

S (kg/mm2)

70 80

Fig. 3 The c' ,e of frequency polygons of

breaking st caused by reactor irradi-

ation ( r 0.1 Mev).

irradia . every distribution obeys a norr,al

disf cion, the means of breaking stress are

de'' -ed by irradiation.

2. - Breaking Strain

Figure 4 shows the change of breaking strain

distribution induced by gamma irradiation. We

treat them in the manner of above mentioned.

The distributions of unirradiated and 10 rad

sorbed can be regarded as nonrai distributions.
g

L hat of 10 rad absorbed can not he consid-

er normal distribution.

30

20

10

• 0 rad
o 107 rad
T 108rad

10 20 30 40 50 60

BREAKING STRESS (kg/mm')

70

Fig.2 The change of frequency polygons of

breaking stress caused by gamma irradiation.

Comparing gamma and reactor irradiation, -e

may conclude that in the case of gamma irradi-

ation the distribution deviates from a normal

distribution. Though in the case of reactor

g 10

o 10
T 10* ro

0-1 OS 0-3

BREAKING STRAIN

Fig.4 The change of frequency

breaking strain caused by gamma i

Figure 5 shows the change of breaking

strain distributions caused by reactor irradi

ation (i.e. neutron + gamma ). Since every

distribution can be regarded as a normal dis-
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tribution, we call them in the similar way in
2 2reasing order of dose [^(u^a ), H^iv^a^)

(U,,o ). In the same manner above men-

tio e can show

60

= M

• Orad
o101Sn/cmJt4-107rad(r)

20

10

• 0 red
o 10? rad
T !08raa

150 200

ELASTIC MODULUS (k

550

20

0« 06
BREAKING STRAIN

0-8

Fig.5 The change of frequency polyg

of breaking strain caused by reactor

irradiation ( E > 0.1 Mev ).
n =

It is concluded that the gamma irradiation

brings at least samples brittleness and that

the reactor irradiation apparently introduces

the softening judging from the decreasing

change of means of breaking strain.

Fig.6 The change of

of elastic modulus r

ation.

0 rad
O10" »107rad(7)

20

100 150

uency polygons

d by gamma i r r ad i -

200 250

EUSTIC M0OULUS(kg/mm2)

4.3. - Elastic Modulus

Figure 6 shows the change of " modulus

induced by gamma irradiation. Sin ery distri-

bution can be considered as a . distribution,

we call them in the similar

order of dose N ^ U ^ a ^ . N '

we can show :

n increasing

2) and N3(M3>Oj

A<°\ 1 > M 2 > M 3 -

Figure 7 sho ie change of elastic modulus

caused by react rradiation. Since every distri-

bution can bf arded as a normal distribution,

we can cal1 em in increasing order of dose

can S

and N

°3 '

*- Then we

"2 " "3 ' Ml ' 2 3"

In both cases elastic modulus distributions

•an be regarded as normal distributions because

the property may be structure insensitive.

Fig.7 Th ange of frequency polygons

of elastic m us caused by reactor irra-

diation ( E > Mev ).
n —

4.4. - Com arison of El ts due to Different

Kinds of Irradiati

The difference between a and neutron

irradiation will be more clos discussed

below. Since this polymer consi f mainly

hydrogen,oxygen and carbon, most i ent

thermal neutrons are scattered and en d out

of the samples and the effect of therma u-

trons on the polymer can be neglected in

case.

Fast neutrons transfer their energy to t

constituent atoms of the polymer during the

elastic scattering with nuclei. We may assume

the polymer consists of hydrogen only to esti-

mate the transfer energy. After the calculation



of the transfer energy,
7)

1 rad = 109 n/cm2 (1)

9)

The principal effect of fast neutron irradiation

is "knock-on" process of the nuclei of hydrogen

(i.e. proton) and the recoiled protons strongly

excite and/or ionize the surrounding molecules !

In the case of gamma irradiation molecules

are subjected to excitation and/or ionization

and these molecules are converted into radicals.

These radicals affect of the physical and

.chemical properties of the polymer. The motion

of the large radicals in a solid state is

limited spacially because of the cage effect

and thus they usually recombine each other. On

the other hand hydrogen atoms are small enough

to escape the cage and leave radicals of alkyl

type. These radicals combine to make cross-

linkings and/or break into new radicals.

The effects of hydrogen atoms to surrounding

molecules may be different from that of knocked-

on high energy protons induced by fast neutrons.

Now we will compare gamma and neutron irra-

diation effects based on equation (1), In the

case of breaking stress, Figure 2 and 3 show

gamma and neutron irradiation effects, respec-

tively. In figure 3, open circles show the

results obtained after neutron (fast) irradi-

ation of 10 n/cm accompanied with gamma o)

4 x 10 rad. The unit of n/cm is reduced to

rad, using the relation (1), we obtain

10 " n/cm = 10 rad and this is by one order

of magnitude smaller than the associated gamma

dose'. Therefore, the absorbed energy for open

circles is evaluated about 4 X 10 rad. In the

same manner that for closed triangles correspond

o

to 3 x 10 rad. In figure 2 open circles and

closed triangles show absorbed energy of 10 and
g

10 rad, respectively. In terms of magnitude

of absorbed dose open circles and closed

triangles in Fig.3 and k correspond to the same

order. In the case of gamma irradiation.however,

the mode of distribution does not change so much.

The distribution of samples which absorbed more
Q

than 10 rad does not fit the normal distribution

because of this has a 'tail component' in the

lower region. On the other hand it is important

to note that the distributions in the case of

fast neutron irradiation can be regarded as

normal distributions and the position of mean

shifts to the lower region and the variances

increase with dcse.

Although degradation is seemed to occur

in both case, the behavior of the breaking

strain is different between gamma and neutron

irradiation. Even in the case of neutron irra-

diation, some samples show embrittlement. The

growth of the distribution to lower region is

considered to be the proof of this. Therefore,

the reactor irradiation induce 'softening' as

overall tendency accompanying embrittlement to

some extent. The tendency of embrittlement is

similar Jn the case of gamma irradiation.

The effects of reactor irradiation on

breaking stress and breaking strain are

summarized in Fig.8. The length of arrows

and central dots represent standard deviation,

a, and mean.u, respectively.

0-;

0-6
z

ft 0-5
o

I W
03

• 0r<xi
o 10BiVem*» 4.107rad(7)

30 40 50

BREAKING STRESS (kg/mm')

60

Fig.8 The change of mean and standard

deviation caused by reactor irradiation.

The plotted points and the length of arrows

show the mean and the standard deviation,

respectively. It may be regarded that the

property is in the range shown by arrows

with the probability of 68.3%.

In order to go further w e consider the

elastic modulus which is structure insensitive.

Then the tendency of the behavior of the polymer

against irradiation will become clearer.

According to the theory of viscoelasticity, the

elastic modulus E is given by

E = 3pRT/M
c

where p is density, R is gas constant, T is

absolute temperature and M is average molec-
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9)ular weight per crosslinking / The results of

the present experiment show that the elastic

modulus of this resin is decreased by irradi-

ation (in both case of gamma and reactor

irradiation). It is most reasonable that the
9)decrease of E means the increase of M . That

is to say, degradation is caused regardless of

kinds of irradiation.

5. - CONCLUSION

Typical comercially available epoxy is

investigated after irradiation at low temper-

atures. The data of compression test are treated

in the statistical manner and the followings

are clarified.

1) The considerable difference of the fracture

behavior are observed between neutron and gamma

irradiated samples. It is dangerous, therefore,

to simulate neutron irradiation effects by that

of gamma irradiation.

2) Judging from the change of mean value of

mechanical properties overall radiation softening

together with locally hardened and/or brittled

^pots are introduced. Because of this the

variance of the distribution is increaded by

irradiation. The embrittled points will cause

troubles when the polymer is used in the magnet.

3) Statistical treatment is inevitable to

deduce meaningful information from the fracture

behavior.
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DISCUSSION

? . Komarek : In past time there have been many discussions about

the s c a l a b i l i t y of rad ia t ion damage measurements a t d i f fe ren t

temperatures, so tha t i t was kept open i f e . g. measurements a t

80 K are represen ta t ive for a behaviour a t 4.2 K or no t . Can you

comment on tha t?

T. Okada : Compared with metal l ic mater ia ls radiat ion-induced

defects (free radicals etc.) in such organic solids as epoxy are

usually frozen-in at low temperatures as LNT. Therefore, LNT

measurements can give "tendency" in other words very close data

to IfleT, so that scalability might empirically be obtained in

future.

0» van der Klein : Do you think that the mechanical properties

are more sensitive upon radiation than the electrical ones?
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T. Okada : At this stage I have no idea on this problem, because
dielectric strength is also extremely structure sensitive proper-
ty. Our next program would be the measurement of electric proper-
ties.
D. George : What is the radiation resistance of this epoxy system
at room temperature?
T. Okada : We did not measure the same irradiation experiment
at room temperature for the same sample.
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MAGNETIC PERMEABILITY MEASUREMENTS AT CRYOGENIC TEMPERATURES

IV. Ansorge, J. Billan, J.P. Gourber, P. Haren, K.N. llenrichsen, A. Verdier

CER.N'

Geneva, Switzerland

A new low-y permeameter based on a flux variation method has been developed

for use at cryogenic temperatures and for flux densities up to 6 T. Results of

permeability measurements on stainless steels and other low-u materials are giv-

en for the temperature range 4.2 - 300 K. The instrument has also been success-

fully used for measurements on low-carbon steel in the extreme saturation region;

their results complement those obtained at lower fields using a ring method.

1. - Introduction

Magnetic properties of materials used for the components of either "conven-

tional" or superconducting magnets (such as iron core, coil-former cylinder,

spacers, cryostat walls, vacuum chamber, supports, clumping, welded joints) have

to be measured at operational temperatures and fields.

The devices described in this paper were specially designed for permeabili-

ty measurements on materials used in the construction of superconducting magnets.

Permeabilities can be measured in the temperature range 4 K - 300 K at induc-

tions up to 6 T.

2. - Measurement of low permeabilities

-.1 - Principle of the low-y permeameter

The permeability y is determined

from the value of induction B corre-

sponding to a magnetizing force H in

the material (y = B/H) along the curve

of first magnetization. The internal

magnetizing force is calculated: in an

open sample (e.g. rod of circular sec-

tion), H is composed of the externally

applied magnetizing force and the op-

positely directed so-called demagnetr

izing field Hp. due to the poles of the

sample itself. Induction B in the

sample is measured. In the low-y per-

meameter, a cylindrical sample is sur-

rounded at its centre by a close

fitting flux measuring coil and placed

in the homogeneous field region of a

superconducting solenoid (see Fig. 1).

At a given field, the sample is re-

moved from the coil to a sufficient

distance. During the removal, a volt-

age is induced in the coil and its

time integral, equal to flux variation

in the coil, is measured by an elcc- Schemc of the low-y permeameter
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tronic integrator. The magnetic susceptibility of the sample, which is propor-

tional to the flux variation, is directly displayed on a digital voltmeter.

2.2 - Theory of the measurement

The flux in the search coil consists of the flux in the sample and of the

flux in the annular space between the sample and the turns of the coil. The lat-

ter is a resultant of the magnetizing force of the solenoid (Hs) and of an oppo-

sitely directed leakage field H-(r) from the magnetized sample. H^(r) and the

demagnetizing field H« can be expressed by:

Ht(r) Bi
H - D n
HD " ̂  Bi

(1)

where D is the demagnetizing factor which depends on the sample geometry and its

permeability; D(r) equals D at the surface of the sample and decreases as one

moves away from the sample; B^ is the intrinsic induction in the sample

(B. = B-p 0H).

The flux variation during the sample removal from the coil is

n ri

nA(B- - 2ir

i=l /
r

D(r)rdr,

-thA is the section area of the sample of radius rQ and r. is the radius of the i

coil turn.

Introducing susceptibility K = B̂ /ii0H and using relations (1) and (2), the

output voltage of the integrator Ctime constant T! is

' D •1V = K Bc nA i
T

where:

DS, " HA"

T 1 + KD

D(r)rdr ,

(3)

ri

is the induction produced by the solenoid in the absence of the sample

2.5 - Choice of sample and search coil geometry

The diameter of the sample was fixed at 5 mm by comparing the requirements

on resolution (susceptibility K = 10"1* in the solenoid's induction Bg = 0.1 T)

with the integrator drift, and by considering the manufacturing limits on accu-

racy in the cross-section of the sample. The length of the sample was chosen to

be 45 mm resulting from field calculations made with the computer program

POISSON: the coefficients D and D^ are of the order of 1 % and the length is

small enough to keep the sample in the homogeneous field (to within 2 I) of the

solenoid - a condition which is assumed in the calculation of D. The computed D

and D. are given in Table 1.

The length of the search coil was chosen to be IS mm, assuring an induction

uniformity of better than 0.1 % over its length. The adopted winding method made

it possible to obtain an inner diameter of 5.6 mm for the air-cored coil.



TABLE 1

K

0.01

0.1

0.5

1.0

D

0.0065

0.0069

0.0094

0.0115

DJl

0.0079

0.0085

0.0119

0.0147
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2.4 - Design of the permeameter

To permit measurement at various temperatures,

the permeameter is mounted inside an inverse cryo-

stat immersed in the liquid helium of the solenoid's

cryostat (Fig. 1). Up to eight samples can be mount-

ed on canevasit rods and measured successively with-

out opening the cryostat. Sample selection and

sample movement inside the search coil are control-

led at room temperature. The latter is automated

using a stepping motor to minimize the integration time. Special care has been

taken in the design to minimize the thermal losses, match the contraction coef-

ficients and use nonmagnetic materials in the critical parts.

The measuring coil is made of 12'000 turns of 0.045 mm diameter enamelled

copper. They are wound on a Teflon core which is demounted after coil impregna-

tion with epoxy resin.

To obtain a direct display of susceptibility, the time constant of the in-

tegrator is adjusted to x = 0.2322 s and the voltage from the integrator is

divided by the solenoid induction Bg in a high precision voltage divider.

An automatic sequence opens the integrator, controls the sample movement

and triggers the display.

2.5 - System performance

Factors affecting the accuracy of susceptibility (equation 3) can be deter-

mined with a precision of better than 10"3. The practically achievable tolerance

of 0.01 mm on the sample diameter limits the accuracy of the measurement to 0.4 'o.

The reproducibility is limited by the erratic integrator drift. The disper-

sion of ten measurements at Bg = 1 T on stainless steel AISI 316LN is less than

AK= ±0.00001. This value corresponds well with the drift calculated on the

basis of 0.2 yV for the amplifier's low frequency input noise and a typical 3 s

duration of a single measurement.

2.6 - Results

Values of permeability measured on some low-p materials are given in

Table 2.

TABLE 2

Bs
[Tj

1

2

3

4

5

6

AISI 316LN

4.2 K

1.0252

1.0214

1.0183

1.0161

1.0145

1.0133

78 K

1.0077

1.0075

1.0074

1.0072

1.0071

1.0070

293 K

1.0027

1.0027

1.0027

1.0027

1.0027

1.0027

•AISI 316LN
(TIG-weld)

4.2 K

1.0280

1.0230

1.0194

1.0170

1.0153

1.0140

78 K

1.0082

1.0080

X.0079

1.0077

1.0075

1.0074

293 K

1.0029

1.0029

1.0029-

1.0029

1.0029

1.0029

INCONEL 718
(heat treated)

4.2 K

1.1578

1.0897

1.0642

1.0506

1.0422

1.0361

78 K

1.0594

1.0444

1.0356

1.0301

1.0261

1.0236

293 K

1.0031

1.0031

1.0031

1.0030

1.0030

1.0030

Although this permeameter was designed specifically for the range l < p r < 2 ,

it has also been successfully used for measurements on low carbon steel (C=0.25%,
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P = 0.1 %, S = 0.063 'o) in the saturation region (see Table 3). To minimize the

D factor and to reduce the force exerted on the sample, its diameter was de-

creased to 2 mm.

TABLE 3The accuracy on (u - 1) in Table 3 is

0.5 % (2 % for B < 2.205 T owing to the un-

certainty in B determination). It follows

from the results in Table 3 that for B>-3T,

the permeability is given by the relation-

ship

.. _ B

Permeability of low carbon steel

in the saturation region at 4.2 K

where B f
T

BS[T]

0 . 1

1

2

3

4

5

6

B [T]

2.205

3.147

4.152

5.154

6.154

7.154

8.154

l i r

24.231

3.163

2.081

1.7197

1.5396

1.4316

1.3597

Bi[T]

2.114

2.152
2.157

2.157

2.157

2.157

2.157

= 2.157 + 0.01 T is the satura-

tion intrinsic induction. This value agrees,

to within the accuracy of the measurement,

with that found in the ring test method.

5. - Ring permeameter .measurements

5.1 - Measuring equipment

Permeability measurements may be performed at ambient, liquid nitrogen and

liquid helium temperatures on ring samples having the following dimensions:

outer diameter 114 mm, inner diameter 76 mm, thickness 12 mm.

For measurements at ambient temperature, a split-coil permeameter^ ' is

used. A maximum magnetizing force of 24'000 A/m is reached with an excitation

current of JO A.

While the above construction facilitates the exchange of samples, the total

resistance of the excitation coil is inherently high due to the large number of

contacts (two per turn) and the maximum magnetizing force is restricted by the

power dissipation at high currents. Thus, for low temperature measurements, the

flux-measuring and excitation coils are wound directly onto the sample using a

toroidal winding machine. A maximum magnetizing force of 818'000 A/m has been

reached in liquid helium with 90 A in an excitation coil of 2727 turns, wound

with 1 mm diameter copper wire.

The layout of the measuring system is

shown in Fig. 2. The measuring sequence,

which has already been described in Ref. 1,

is remotely-controlled by mini-computer^~-\

Interactive programs permit the definition

of sample dimensions, desired excitation

currents and requirements for demagnetiza-

tion and pre-measurement cycling of the

sample. The measured data are treated on-

line and results are produced on a line

printer and/or CRT.
PERMEAMETER

3.2 - Measurement accuracy

The integrator time constant is meas-

ured with an accuracy of 0.3 °/oo and the

Fig. 2

Layout of the ring permeameter
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sample cross-section is known with an accuracy of 0.7 °/oo. The resolution of

the ADC corresponds to 0.0005 T. After correction for the flux which is external

to the sample but links the measuring coil, the overall accuracy of the measure-

ment of the average induction B is thus 1 °/oo ± 0.0005 T.

Two power supplies are used to cover the working range of current. At pre-

sent, the supplies have different accuracies so that the magnetizing force is

known with an accuracy of 0.4 °/oo at field levels above 6'128 A/m and with an

accuracy of 2 °/oo at lower field levels. The measured average induction B is

corrected according to its radial distribution in the sample as described in

Ref. 1.

3.3 - Results

Measured data for one low-carbon steel,

whose composition is given in Section 2.6,

are presented graphically in Fig. 3 for am-

bient and liquid helium temperatures.

At liquid helium temperature, the in-

trinsic induction in the range B = 2.7-3.2T

was found to be constant and equal to

B? A T = 2.16 2 ± 0.006 T which compares fa-

vourably with the value found in Sec-

tion 2.6.

4 • - Conclusion

The two permeameters are complementary

in their permeability range.

These devices have been employed to

select the materials used in the construc-

tion of the prototype superconducting mag-

net for the CERN Intersecting Storage Rings

(subjet of another paper submitted to this rig.

Conference).
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CONDUCTOR WITH A SURFACE LAYER IN A PULSED MAGNETIC FIELD.

A.Faryriski, L.Karpiriski, A.Nowak

Institute of Plasma Physics and Laser Microfusion

'rfarsaw

The paper presents results of calculations and experimental research conce-

rning influence of the surface layer onto distribution of temperature in the

conductor placed in the pulsed magnetic field. Cylindrical layers were bonded

by explosive technique. There was shown a possibility to increase durability

of the layer conductor generating magnetic field.

1. Introduction. For fields below the yield point local overheatings of the sur-

face in places of various kinds irregularity are the cause of demaging the sur-

face of the conductor ' ' *' ' . Erosion in the helix coils, where one can achieve

slow-changing fields, causes gradual covering of metal vapor on the'insulator

and in the course of events it causes voltage break-down. Due to smaller skin

depth, the effect of the thermal surface demage is stronger in systems genera-

ting fast field /T^,,-^20 ps/. This effect is magnified by the geometrical fac-

tor in single-turn coils of small diameters.

In order to avoid thermal demages of the conductor during the process of

generating magnetic pulsed field below the yield point, there was suggested

covering surface of the conductor with a thin conducting layer of lower elec-

trical conductivity. It is well known, that ' ':

- current density in the layer j-j can be considered as constant, if we assume

one-dimensional diffusion in the conductor of the thickness which is smal-

ler than the magnetic flux depth;

- in the case of the layer conductor, value of j 1 is given from the boundary

condition at the contact point /?..^=E.~/:

where: index 1 concerns the layer, 2 basis;

- hence, not taking into consideration heat conduction and assuming incompre-

sible conductor and CV-]=CV2> we can express the temperature of the layer Q 1

by the temperature of the surface of the basic 0~

e ^ o c 2 ^ where o*
Then, in case C i ^ C o the temperature of the layer is lower in the course

of the process. Having the technology of the explosive bonding, worked out in

our Institute , there was investigated the problem of the layer conductor

in the magnetic pulsed field.

Analytic expressions for plane, one-dimensional problem are disscussed in Sekt.2

Certain results of the numerical analysis of the magnetic field diffusion into

a conductor with a cylindrical layer including heat conduction were inserted in

Sekt.3. Description of the experiment can be found in Sekt.4.

2. Halfsuace with a surface layer. Assuming, for the sake of simplification,

one-dimensial, linear diffusion of the magnetic field one can obtain expression

describing distribution of the field into the incompresible conductor with the
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layer Fig.1. If we do not take into con-

sideration the heat conduction we can

easily obtain the distribution of the

temperature. Let us discuss two types

of the boundry conditions.

Fig.1. Diffusion into a conducting

half space with a surface layer.

0 0,5 %0 1,5

Fig.2. The steady state field.

The energy coefficients 1? ., 2 as

a funktion of the thickness 2d/

2.1. Hh=Hn sin ot-«*<t<—•. The surface temperature of the layer can be shown by

the following expression:

Cv191 /-d,t/ = * 2 ° 'W-i At; 2d/^1,
oC/ where <5-| =

The temperature of the basis at the contact surface 8_/0+,t/ will amount to

In the Fig.2 there was shovm changeW-j 2
 a s a function of the thickness layer

2d/cT] for a definite moment of time t=T and two parameters «•. The point of se-

ction'W^sl^g, it is the point of equal densities of energy on the surface of the

layer x=-d and the basis x=0+. The thickness of the layer corresponding to this

noint ought to be assumed as an optimal one. The maximum energy density C B for

thickness selected in such a way, is 1,6 times smaller than the one for a homo-

genous conductor. The change in time of coeficientsW- „ were shown in Fif.3.
1 »This shows that the character of dener.dance from the

the course of the whole tirocess.

is well kent during

Fig.3. The change in time coefficients^ -. The steady state field.
1 1 ^
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2.2. Hh=Ho •* For other assumtions, as mentioned above one woul obtain

similar expression defining the temperature in two points of-the layer conductor

util 70 /2d Ir fl / rCv1 V"

cv2%/o,t/

wherej

r-i

2d

x? =

The change!/- , as a function of the

layer thickness 2d/x-, is shown in

Fig.4. We can see from /5/ and /7/

that similarly as for a homogenous

conductorW., o/£f/t/. For this par-

ticular boundary condition there are-

obtained simple expressions defininr

magnetic flux depth Sf ' as well as

Jthe total dissipated energy Yi

/2d

Fig.A. The exponential boundary-

conditions. The coeficients V^

as a function of the thickness

f
v/here

JEjUf5" /6/

,= J £ L

It results from /8/ and /9/ that losses of the energy and flux, greatly deper.d

on electrical conductivity of layer, but only for 2d^10x1 S*a<x., and W_= "2
bx-' .

3. Cylindrical geometry.The expressions obtained in Sekt.2 can be applied to

a layer conductor of the cylindrical geometry, when r_&d. As far as other case-

are concerned, the problem should be solved in the cylindrical system of coor-

dinates by means of numerical analysis. The

problem of the non-linear, cylindrical one-di-

mensional diffusion of the field K/r,t/ in the

incompresible layer conductor /Fi~.5/ can be

reduced to two equations. Namlev:

v'lere change of conductivity '-/it:! termeravar'r
Fi.^.5. Cylindrical geometry. -was assumed in the shape: C^/1+yS Cv B

while layer-like character were expressed by changing parameters 60i Cy^iX=T/r/.
The problem was analeised for ini t ia l conditions: H/r,0/=0 and 8/r,0/=20°C.
The boundary condition was assumed as any time function. The calculations were
carried out on a minicomputer MERA 400. In the Fig.6 there was shown an example
of calculstions of the temperature on the surfaceS/rQ,t/ as well as the maxi-
mum tenroerature 8 in the basis /CuBe 2%/, for different sorts of thickness

max
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of the layer /stainless steel AISI 304 parameters given in ' '/. Here is con-

firmed the same character of dependance as in the case of the plane, one-dimen-

sional /Fig.3/. The optimum thickness of layers when©/r ,t/~&max/^/ is smal-

ler than in the one-dimensional, plane case. The differences mainly result from

the geometrical concentration of the current on inner surface.

Fig.6. The surface temperature & and

basis. The dumping sinususoidal field B
I
IT13X

0,5-

in the

=55,5T.

Fig.7. The draft shape

of the investigated coils.

A. Experimets.On the basis of the given theoretical data there were carried out

works on increasing durability of the conductor layer generating pulsed high ma

gnetic field. Because of technical limitations of manufacturing layers as well

as because of parameters of capacitor bank, the range of researches were limi-

ted to one turn coils of small diameters. The draft shape of the coil l.ras shown

in Fig.7. All coils had the same dimension of the cylindrical part l=2r=6-10~5m
2

and they had the same thickness D=10 m. There took place an entire melting of

the material at other places than bonding /Fig.8/. Definite coil length resul-

ted in some inconsistency of calculations which is proved by the initial phase

of the demnge shown in Fig.9. The influence of the edge effect can be partly

eliminated by assorting angles fi-\ and/32 /Fig.7/ and increasing thickness of

the layer. B_o =64T was obtained several times in the coil with the layer

having angless /3 -| and p~ and d assorted in the optimum way.

CuBe 200 jum Cu Be *• 2.00 Mm

Fig.8. The entire melting of the basis

material /CuBe 2%/'. The dumping sinuso-

idal field Bmax=60T. T1/4=3,5/us.

Fig.9. The initial phase of the demage
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No demages of the surface were observed /Fig.10/. In case when d=0 there are

noticable surface demages as early as after the first shot of B_o =53T. In the

Fig.11 there was shown a demage of the coil surface /manufactured from CuTi 0,4%/

after ten discharges. There were observed merely minimum demages of the edge ty-

pe /as in the Fig.10/ which was due to the fact that the surface was protected

with a layer, after ten discharges from B X=48T. In order to decrease magne-

tic flux losses, steel ST 55 /of greater conductivity than the stainless steel/

was used as the layer material. There was built a battery of condensers of ca-

pacity CQ=440 uF, UQ=8kV and making it possible to obtain ^ax=1»5MA in time

CuBe2%
CuTi

200/j/ri

Fig.10. The coil assorted in the op- Fig.11. The demage of the coil surface.

timum way. B =64T /several times/,max CuTi 0,4%. Ten times B =40T.
ITlcLX

smaller conduct ivi ty , e l iminates source of t h e r -
5. Conclusions.
- Thin, "cool" layer ^ p

mal surface demages.

- Surface layer sorted out according to definite conditions results in decrea-

sing the maximum temperature of the conductor in the magnetic pulsed field, by

changing distributions of the magnetic field and temperature.

- The presented above results are utilized to increase durability of devices ser-

ving investigations on laser plasma in high pulsed magnetic fields.

- Further investigations will be carried out on influence of the field H. /t/

onto the layer conductor &/r/.
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DISCUSSION

H. Kirchmayr : What was the t o t a l energy, the capacity, and
charging voltage of your condenser bank?
A. Nowak : The data are included in the paper.
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The Effect of Thermal Treatments on the Critical Current Density of
a Commercial NbTi Filamentary Superconductor

D. C. Larbalestier, R. Flach, D. G. Hawksworth

University of Wisconsin, Engineering Research Building
Madison, Wisconsin 53706 U.S.A.

I. Introduction

We have examined the effect of thermal
treatments on the critical current density of
a commercial filamentary NbTi superconductor.
The thermal treatments have all been applied
subsequent to delivery of the conductor and,
as expected for a well optimized high^current
density composite (JC(5T) = 2050 A / m m ) , the
treatments all result in a decline in Jc.
The work ha* been undertaken to guide the
development of large high current (50-200 kA)
cryostable conductors for energy storage
inductors^'' in which high purity aluminum is
the stabilizing element. A proposed design
for such a conductor is shown in Figure 1 in

HIGH STRENGTH ALUMINUM SHELL

HIGH STRENGTH
ALUHIHUM DEB

SUPERCONDUCTING
FILAMENTS

HIGH PURITY

ALUHMtm STA1ILIZER

Figure 1 Design for a high current energy
storage inductor composite.

which a high strength Al alloy web acts as
the mechanical reinforcement while the regions
between the spokes of the web are occupied by
high purity Al (RRR > 4000) in which the
superconducting cable is embedded. An outer
casing encloses this package.(2)' In order
to maximize the bonding between the various
interfaces it would be advantageous to have
the option of heat treatment. The NbTi cost
is one of the two largest capital items of
1000-10,000 MWHr storage inductors and know-
ledge of the changes in J wrought by thermal
treatments is of prime economic importance.
The information obtained may also be of
interest to designers of other Al stabilized
conductors and those who for whatever reason
(e.g. welding, brazing or soldering) find
themselves releasing substantial quantities
of heat in the vicinity of NbTi superconduc-
tor. (3)

II. Critical Current Measurements

The 0.686 mm (27 mil) diameter wire
tested was a 2100 filament composite of
1.8:1 Cu superconductor ratio with 10-12 y
<j> filaments of nominal composition
Nb 46.5 w/o Ti. Samples were heat treated

in evacuated silica capsules filled with
^ 1/3 atmosphere of argon. Generally hairpin
samples were used for critical current
testing, a voltage criterion of 1.5 uV over
^ 2 cm being used to define Ic. For some
samples, particularly those treated at 600°C
which became brittle, straight lengths of
5-7 cm were used. Excellent agreement was
obtained between the critical current values
of these and the ̂  3 times longer hairpin
samples indicating that incomplete current
penetration effects were small.

Measurements were made over the field
range 1-5 tesla and examples of the results
obtained are shown in Figures 2-4. It can be
seen that the changes produced by treatments
of a few hours at 350°C, a typical heat
treatment temperature prior to delivery, are
small, IC(4T) falling from about 335 to 305 A
after two hours but after 1 hour at 425 or
500°C the effects are very much larger and
Ic (4T) has fallen to 210 and 70 A respec-
tively. Figure 5 gives an example of a log/log
plot of IC(H) vs. time in which for this, as
for the other temperatures studied, an excel-
lent straight line relationship is obtained.

IOOO

500 -

a

<

1

>

-

1

I

1

1 1 ' -

350 C

-NO HEAT
<JTREATMENT

\f9
6

2

1 1100
0 I 2 3 4 5

MAGNETIC FIELD (TESLA)

Figure 2 Ic vs. field for samples treated at
350°C.

In Figure 6 the Lorentz force I x B vs.
field curve for the original sample is com-
pared to samples treated at 425°C. It can
be clearly seen that the decrease in Ic pro-
duced by the treatments increases with field
up to the maximum studied. The pinning peak
Hpmax 1S found to decline from *> 4.5-5 tesla
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5 0 0

100

-

-

1 1

1 1

425 C

X1
N

-

i 
i

i
i

o 1 hr "

3

10

>30 _

1

in the untreated sample to 2.5-3 tesla in
the treated samples. The microstructural
process responsible for the current degrada-
tion is found to be independent of temperature
and have an activation energy of 320 kJ/g mol,
a value typical of a substitutional diffusion
process. Since the activation energy is con-
stant, the critical current can be expressed
in terms of the time compensated Boltzmann
factor t exp (-E/\/RT), where t is the heat
treatment time (sec), E/\ the activation
energy (J/g mol), R the gas constant
{8.31 J K-l g m o l 1 '

- temperature (K).

1 2 3 4
MAGNETIC FIELD (TESLA)

Figure 3 Ir vs. field for samples treated
at 425°fc.

soo

and T the absolute

10 I—
2 3 4

MAGNETIC FIELD (TESLA)

III. Discussion

The attainment of high current density in
single phase NbTi.alloys such as the present
is well known™'5' to be due to the develop-
ment of a fine scale (20-50 nm) dislocation
substructure in which there is a marked dif-
ference in the dislocation density between the
cell wall and the cell interior. A previous
electron microscopy study has indicated that
the critical current density is inversely
proportional to sub-cell size and that the
decline in J brought about by high tempera-
ture heat treatments is due to sub-cell
growth.'4' Growth occurs by dislocation
annihilation, cross slip and climb, the
latter being the rate controlling step. The
activation energy found in the present work is
fully consistent with this model. Charlesworth
and Madsen(6,7) nave m a t j e an extensive series
of measurements on a Nb 40 w/o Ti alloy.
Although their material differed in some
important respects from ours (lower Ti, rather
higher interstitial contents and a low J c ) ,
their studies of thermal treatments in the
range of ours also found a degradation be-
havior controlled by an activation energy of
310 kJ/g mol which they associate with dis-
location climb.

A second mechanism is also involved in
the decline of the critical current and this
is illustrated by the micrograph shown in
Figure 7. It can be seen that a layers 2 ym
thick has formed around the filament after 30
hours at 600°C. This is in all probability a
Cu-Ti intermetallic compound which is well
known to form to a small extent during ex-
trusion, generally preventing the production
of filaments smaller than •vlO pm unless
barrier layers are used. The formation of
this layer plays, however, only a subsidiary
role in the current degradation, the major
role being due to sub-cell growth. A fuller
investigation of these effects in this and
other Nb-Ti alloy compositions is in progress.

Figure 4 Ic vs. field for samples treated
at 500°C.
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1000

5 0 0

100
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HEAT TREATMENT AT 300 C

I I I 1 I I
S 10 SO 100

HEAT TREATMENT TIME (hri)

SOO

Figure 5 I (2 & 4 tesla) vs. heat treatment time,c

1400

1200 -

1000 -

SOO -

600 -

400.
1 2 3 4
MAGNETIC FIELD (TESLA)

Figure 6 Lorentz force vs. field.

IV. Conclusion

The response of a commercial Nb 46.5 w/o
Ti alloy to post delivery thermal treatments
has been investigated. It has been found
that, while tolerant to 1-2 hours at 350°C (or
its equivalent thermal energy at higher tem-
peratures), degradation of the critical cur-
rent is substantial thereafter.
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DISCUSSION

C. van der Klein : As the proposed working temperature in the

Wisconsin energy storage system is 1.8 K, have you done the I -

experiment at lower temperature?What do you expect at 1.8 K?

D. Larbalestier : We have not done the experiments at 1.8 K so

far. We anticipate that the effects we observe will scale as the

reduced field B/Bc2 a"
d that the degradation at say 2 T/1.8K

will be proportionally a little less than 2 T/4,2 K.

P. Komarek : Have you also carried out measurements at tempera-

tures above 500°0, e. g. with short time duration?

D. Larbalestier : We have carried out treatments at 600°C but

the measurements are not yet complete. The formation of the

Cu-Ti intermetallic compound is then evident.

D. H. Cornish : Can you suggest how the current degradation

can be extrapolated to (a) higher fields, (b) treatment at high-

er temperatures?

D. Larbalestier : Our experiments suggest that degradation is

most rapid in the mid field range around 5 T where the pinning

.force reaches its peak. Concerning your second point we believe

that the effect of short term treatments at higher temperatures

can be obtained from the time normalized Boltzmann factor

exp(- ER/kT) .
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SOME ASPECTS OF THE DESIGN OF FILAMENTARY Nb3Sn COMPOSITE CONDUCTORS

D. C. Larbalestier*
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I. Introduction

Filamentary (FM)Nb3Sn magnet conductors
are now available from a number of different
commercial sources throughout the world and
a number of small coils constructed from the
material have demonstrated its utility [1,
2,3]. Projected use for the fusion program
is considerable and a 3 m high force flow
coil for the Large Coil Program Tokamak is
currently under construction by Westinghouse/
Airco. Compared, however, to NbTi conductors
the design of Nb3Sn conductors is still
rather primitive and there are still major
uncertainties over the correct bronze to Nb
ratio to choose (or whether to choose an
alternative to the bronze route) and the best
reaction conditions. Another important area
of uncertainty concerns the mechanical pro-
perties of FM NboSn conductors. At present
it is uncertain whether to under-react samples
leaving a substantial, tough Nb core to the
NbjSn filament which may show more strain
tolerance than a more highly reacted fila-
ment [4,5]. Since current densities attain-
able with FM Nb3Sn are very high, these
questions raise themselves even for small
solenoids with bores of 50-75 mm. In this
paper we present data relating to two ques-
tions of FM Nb3Sn composite design, the first
concerning the reaction characteristics and
the maximum critical current density to be
obtained from short samples, the second con-
cerning the modification of these properties
in coils when the electromagnetic stress is
high.

II. Critical Current Results

Two different types of FM Nb3Sn composite
from two separate commercial sources were
evaluated by conventional critical current
testing. Both are bronze route compos-
ites [6,7] one, shown in Figure 1, containing
OFHC Cu islands protected by a diffusion bar-
rier while the second contains no stabilizing
Cu. The filament diameters are very close
and although there is a difference in the
analyzed Sn content of the two bronzes, the

principal difference between the wires is that
in one composite the bronze to Nb ratio was
analyzed to be 4.62:1 while in the second it
was 2.68:1. This difference produces an
important influence on the reaction behavior,
as will appear later. Table I records details
of the composites studied. The results pre-
sented here on the first composite extend those
on the low field critical current, transition
temperature and other properties previously
reported [7].

Cross section of 5143 filament com-
posite.

All samples were mounted on oxidized
stainless steel hairpin style forms prior to
reaction, then reacted in silica capsules con-
taining a small partial pressure of argon.
After reaction the samples were soldered to the
forms to minimize wire movement and damage.
Critical current measurements were made in a
Bitter solenoid at RRE Malvern. Generally, the
noise level in the solenoid precluded measure-
ments of less than 3 yV and a criterion of 5 yV
over ̂  1 cm was taken as the critical current.
Many hairpin samples were duplicated by barrel
samples for which true fully penetrated resis-
tive transitions are obtained [7,8,9]. Over
the field range (up to 10 tesla) for which

Table 1 Characteristics of 3 FM Nb3Sn Composites.

Composite/
Source

Dia.

mm

Filament
No.

Filament
Size
pm

Bronze
to Nb
Ratio

Bronze
Composition
a/o Sn

Atomic
Proportions
Nb:Sn

v/o Cu +
Barrier
v/o

CF87/AERE

NSP2/IMI

NSS3/IMI

1.02

0.50

1.02*

5143

1500

3780

7-8
7-8
5-6

4.62:1*

2.68:1*

2: I*

7.85*
6.70*
6*

66:34
80:20
85:15

11.7

66

as determined by chemical analysis ''manufacturer's specification
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comparisons could be made, the 5 uV criterion
corresponded to a sensitivity of between 1(H*
and 10" i 3 fim in the barrel samples. This is the
range in which our fully impregnated sole-
noids of FM Nb3Sn quench [1,8].

Some results of critical current versus
field for the first composite are shown in
Figure 2. We confine attention here to the
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5 0 0
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SI43 FILAMENT
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Q 1250 br/600 C
* 1500/750

25/780
120/780
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333/780 8144 /900
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MAGNETIC FIELD (TESI.A)

Critical current vs. field.

high field results in fields between about 8
and 17 tesla. Neglecting for the instant the
sample giyen a 900°C treatment, a clear fea-
ture of the curves obtained for the high bronze
to Nb ratio composite is that the same enve-
lope of Jc vs. H is obtained irrespective of
whether.the treatment is an extended one at
low temperature (1250 hrs at 600cC) or of
short or long duration at high temperature
(25 hrs or 358 hrs at 780°C). Clearly this
composite has only so much current density to
give and it can be obtained by a variety of
heat treatments. Many other treatments at in-
termediate timt? and temperatures were made;
these show a steady increase in critical cur-
rent with reaction up to the limiting values
of Figure 2. Only a grossly abusive heat
treatment such as a long period at 780°C
followed by 144 hrs at 900°C succeeds in de-
grading the critical current below the limit-
ing curve. We believe that this degradation
is the result of extensive grain growth and
possible atomic disorder in the Nb3Sn phase.
It is interesting to note, however, that the
degradation becomes proportionately less as
the field increases and is very small at 17
tesla. We believe that the suggestion [10]
that considerable Cu may dissolve in the
Nb S phase is not supported by this result

since it seems clear that, although the . is
degraded, HC2> the intrinsic.superconducting
property which is particularly sensitive to"the
local atomic environment, remains high. Hco
for this conductor attains a limiting value of
20 tesla, based on straight line extrapolations
of I'/Z vs. H.

Two highly successful solenoids giving
peak fields of 11 and 12.2 tesla have been con-
structed from this conductor as has previously
been reported [1,8], We report on some further
details of their behavior in a later section.

The results obtained with the second,
smaller bronze to Nb ratio composite are shown
in Figure 3 and are clearly rather different.
In this case no limiting curve of Ic vs. H is

1000

500

100

50

a
E
<

10

« 26.5/700 C
+ 48/700
& 96/700
x 528/700
* 25/780
O 672/780
13 170/780 S 144/900

2 4 6 8 10 12 14 16 18
MAGNETIC FIELD (TESLA)

Critical current vs. field.

obtained and the effects of heat treatinn at
780° rather than 700°C show that this composite
can be "over-reacted." The point is confirmed
by the effect of the dual 780°C/900°C heat
treatment. In this case the critical current
is degraded at all fields including the highest,
in marked distinction to the behavior exhibited
by the first composite. Extrapolated H C 2
values for this composite exceed 22.tesla,
somewhat higher than for the first composite.

Hetallographic observation of the Nb3Sn
layer formed by reaction shows that, for the
first composite, reaction is greater than
90-95% complete for all samples with Ic lying
on the limiting curve of Figure 2. For the
second composite, as may be seen from the
Sn:N\b atomic ratios given in Table I, there is
never enough Sn to completely react the f1 la-
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ments. Even for the treatment of 170 hrs at
780°C followed by 144 hrs at 900°C, the Nb3Sn
layer does not exceed 2 urn in thickness, leav-
ing a 4 vun diameter Nb core. Extended reac-
tion treatments on this composite tend to even
out the filament composition towards a Sn
deficient, off-stoichiometry value with re-
duced Tc, Jc and HC2. By contrast the first
composite has an excess of Sn leading to a
possible Sn rich Nb3Sn composition. In the
binary NbSn system the Nb3Sn phase field is
reported to cover a range 18-26 a/o Sn [11],
though this probably narrows in the ternary
Nb-Sn-Cu system [7], Previously reported
measurements of Tc for this composite show
that Tc increases as the filaments become com-
pletely reacted [7], It therefore appears
that an excess of Sn is not harmful to the
superconducting properties since the phase
limit is very close to the stoichiometric com-
position. A Sn deficiency however results in
degraded properties if the sample is over-
reacted since the composition is now well
below stoichiometry.

1000

01
E500

ui
M
Z
£

100

X CF87 7-eum
FILAMENTS

& CF87 COIL ENHANCED
8 REMAKE OF CF87

WITH 3.5-4/u.m FILAMENTS
+ NSP2 7-8/i.m FILAMENTS
$ NSP2 3.8-4/im FILAMENTS

REF. 12
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Figure 4 Critical current density measured
over bronze + Nb cross section for FM Nb3Sn.

Figure 4 gives a plot of the critical cur-
rent density vs. field where here and for the
rest of the paper the current density is taken
over the original bronze + Nb cross section.
In comparison with evaluations of other com-
mercial materials, even the minimum values
recorded are high [12,13]. An important fea-
ture of the results obtained on the 7-8 i«n
diameter filament composites reported on here
is that by halving the filament diameter very
substantial increases in Jc can be obtained.
The upper two curves in the figure are for an
identical remake of the 5143 filament composite
and for McDougall's fine wire results on the
1500 filament composite [11]. Also shown is a
curve corresponding to the enhanced critical
current observed for a Nb3Sn solenoid (Figure
7) constructed from the 5143 filament com-
posite. A somewhat surprising observation to
be made from the results in Figure 4 is that

in spite of the very large difference in the
make-up.proportions of the two composites
(Br:Nb ratio 4.62 vs. 2.68:1; Nb:Sn propor-
tions 66:34 and 80:20) the overall current
densities are very close. In closure we
should, however, also record the fact that
nominally identical composite packages have not
always given identical results and we have
examined composites with 3 um diameter fila-
ments with rather poorer current densities than
those recorded here. In these cases we have
suspected but not conclusively verified the
presence of impurities and faulty processing
procedures. This is an area where much remains
to be learned.

III. Mechanical Effects

Attempts were made to measure the effect
of stress on the critical current of both the
above conductors but at all worthwhile current
densities the conductors quenched randomly due
to wire movements induced by the large Lorentz
forces. Measurements could, however, be made
on a composite containing 55% of stabilizing
Cu, for which a cross section is shown in
Figure 5 and design details in Table I. The
bronze to Nb ratio is 2:1, considerably the

Cross section of NSS3 at 1.02 dia.

lowest of the three composites reported upon
here. Figure 6 shows that, for this composite,
a steady decrease in critical current is pro-
duced by an applied tensile stress at a field
of 3 tesla. Permanent degradation of the
critical current begins at 250 MPa at which
point the reversible decrease in critical cur-
rent is MOSS. The filaments of this sample
were approximately 60% reacted, yielding the
high current density of 2700 A/mm2. Samples
reacted to a greater extent (up to ̂ 85%) had a
lower critical current due to "over-reaction,"
as would be expected from the low bronze:Nb
ratio but otherwise showed almost identical
behavior under tensile stress. A fuller dis-
cussion of this experiment has already been
given [8],

Prior to these measurements, completely
opposite results on the effect of tensile
stress on conductor performance had been
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Figure 6 Critical current vs. stress for NSS3.

obtained from two high field solenoids made
from the conductor shown in Figure 1. The sur-
prising result obtained was that coils could
quench at currents up to 40% higher than the
short sample current. These results, shown in
Figure 7, were presented verbally at the 1975
Intermag Conference [14] with a proviso that
the short sample results needed detailed veri-
fication. It was pointed out that increases
in Tc and Ic with tensile stress had been
observed by Buehler and Levinstein [15] on
monel sheathed Nb-Nb3Sn-Sn monofilaments and
an increase in Tc on etching off bronze from
a Nb3Sn-Nb filament had been reported by
Suenaga and Sampson [16]. The explanation
advanced in both cases was that the greater
thermal contraction of the sheath imposes a
residual compression on the Nb3Sn, and that

1600-

1400-

1200-

1000-

the tensile stress relieves this precompression,
restoring the hitherto degraded properties of
the Nb3Sn.

The short sample results in Figure 7 were
obtained from both fully penetrated barrel and
hairpin samples. Resistive transition breadth
was small, typical of undamaged Nb3Sn. The
samples were reacted on Cu and stainless steel
forms placed either within the magnet bore or
immediately adjacent to the coil. Temperature
of the vacuum reaction furnace was spatially
constant to better than ±3°C over the coil and
short samples, indicating identical reaction
conditions.

The enhancement of Ic for coil 7 at 10
tesla compared to the TO"13 nm point from the
short sample is 401 Overall wire current den-
sity is then 750 A/mm2 (840 A/mm2 over bronze +
Nb), a very high value. For coil 8 at 10
tesla the enhancement was 30% increasing to 40%
at 11 tesla. The tensile stresses producing
these enhancements are calculated on an un-
supported turn basis (the winding stresses are
annealed out during reaction) as 110 MPa (coil
7, 10 T), 150 HPa (coil 8, 10 T) and 125 MPa
(coil 8, 11 T). Coil 8 has survived over 60
quenches at between 10 and 11 tesla without
showing any degradation in behavior, though
considerable cracking of the thin outer layer
of glass fiber epoxy resin has occurred.

IV. Optimization of Current Density in Nb.̂ Sn

The experimental work reported in section
II was carried out to answer the question what
the optimum design of the Nb:bronze package in
a Nb3Sn composite should be. The results show
that, depending on the Sn:Nb ratio, completely
different reaction characteristics can be ob-
tained but that the maximum critical current
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Figure 7 Short sample and coil quench for 5143 composite material.



density to be attained is not markedly differ-
ent for the 2.7:1 than for the 4.6:1 composite
if the filament size is correctly chosen. For
7-8 um <j> filaments the low ratio composite has
a better high field current density and a
higher H C 2 but the differences appear marginal
for 3.5-4 urn <(> filaments. This trend is con-
sistent with the evidence that precoinpressions
of the Nb3Sn exerted by the matrix reduce Ic,
Tc and H C 2 [4,5,15,17,18] since, as the fila-
ment size declines so does the precompression
stress.

The influence of the precompression stress
may also be seen in the effects of tensile
stress on the critical current. The high ratio
composite used for the coils shows an enhance-
ment of Ic while the low ratio shows only a de-
gradation. There is, however, another pos-
sible influence here. Luhman and Suenega [5]
have conducted an interesting experiment in
which they compared the Ic vs. H curve of the
same monofilament composite before and after
etching off the bronze matrix. After etching
and releasing the precompression on the Nb3Sn,
Ic at > 10 tesla increased but there was an
even more marked decrease in Ip at fields < 10
tesla. They advance the hypothesis that the
low field Jr is higher when the Nb^Sn is pre-
compressed Because the precompression may en-
courage a martensitic transformation with
large internal interfacial areas, which act as
efficient flux pinners. Both the low ratio and
this effect may explain the decline in Ic ob-
served for NSS3 though it is interesting to
note that Rupp [18] has recently found opposite
behavior in low field measurements (4.4 tesla)
on a 4:1 ratio composite reacted to mostly
rather small I^Sn fractions. A final point of
concern in discussing the results on the NSS3
composite concerns the large proportion of Cu.
Both Cu and bronze have similar, larger thermal
contraction coefficients than Nb3Sn, yet it
does not appear that the Cu has contributed to
the precompression. This must reflect the ''ead
soft condition oT the Cu after reaction arc, uhe
fact that it has already yielded on cooling
from the reaction temperature.

be remembered that most large magnets are not
solenoids where the hoop tension is coicident
with the wire axis but rather dipoles, base-
balls or even D coils where substantial forces
are transmitted in compression to structural
supports. Designers of such magnets will prob-
ably prefer an initially high current density
even at the price of some reduction in elastic
strain tolerance.
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DISCUSSION

D. N. Cornish : I am not sure that I entirely agree with all

your conclusions. I th^nk that for large machines it may be ad-

visable to use filament chains > 3 pi and to have some of it

unreacted to increase the strain effect safety factor. Also in

a rectangular conductor 3 um diam. filament become deformed to

perhaps 2 um thick which rapidly become fully reacted. I think

I should prefer filaments > J p and the effect of this on over-

all IWinainK i
n a oryostatically stabilized magnet is not so

great.

Dm Larbalestier : I do not make a whole hearted recommendation

of 3 um diameter filaments although for the 2 conductors here we

gained substantially on going from about 8 to 4 urn. A disadvan-

tage of fine filaments around 3 um diam. ia that frequently there

is a significant broken outer layer of Nb,Sn formed during the

processing anneals. I agree with your comments on rectangular

conductors.

H. Hillmann (Comment) : The optimum value of the bronze to Nb

ratio does not depend only from diffusion conditions but also

on geometry and tin content in the bronze. An important role in

the diffusion kinetics plays the Kirkendall effect. This means

different diffusion velocities of different components. By opti-

mizing Vacuumschmelze superconductors to about 3 Jim filament

diameter, the bronze to Nb ratio in our conductors was reduced

to 3:1, and by my opinion it seems possible to reduce it more.

I would additionally mention, that through reacted conductors

show the same mechanical behaviour that means no disadvantage

appeared with conductors with residual Nb-core.
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METHODS OF TESTING ELECTRICAL INSULATING MATERIALS

FOR CRYOGENICS

Javorsk^ E., Popelis M.

Cables and Insulating Materials Research Institute

891 23 Bratislava, Tovarenska 14

The practical application of cryogenic engineering in general, at the

transfer of electrical energy etc. depends to a great extent on the physical

properties of electrical insulating materials. Up to now these has been a

lack of knowledge about the long-term application of these materials. The

ageing of insulating materials in cryogenic conditions, in electrical fields

and its dependence on physical properties is a topic that requires consider-

able attention.

Development in the field of electrotechnical devices shows that at the

present time the technical and economic maximum has been achieved with the

materials used, Certain modifications can be obtained by utilizing the

results of solid-state physics. Further possibilities in the field of

electrical machines are obtained by utilizing the properties of substances

under extreme conditions, e.g. at high and low temperatures and at high and

low pressures. Cryogenic engineering, which exploit the properties of sub-

stances at low temperatures, especially the increase of electrical conduct-

ivity of pure metals and superconductors, can be used.

Cryogenic engineering have become very important during the last ten-fifteen

years. Although their main utilization is in superconductors and rocket

technologies they have also been used in designing machines, transformers,

cables, magnets etc. On extending the field of application of cryogenic

engineering the requirements of materials for use at very low temperatures

have become more severe and it has become necessary to reevaluate the proper-

ties of materials at very low temperatures. Some research laboratories are

investigating the physical properties of electrical insulating materials

so that a choice can be made of the most suitable insulators for use in

very low temperature conditions.

Since the investigation of metal properties at very low temperatures began

earlier than investigations into insulating materials quite a lot of inform-
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ation appears in the literature with respect to metal properties but little

exists on the properties of insulating materials. However, on the basis of

the little that has been published we can say that, in general, there is an

essential difference between the properties of insulating materials at very

low temperatures and those at room tenperature.

Present experience in the investigation of the physical properties of

insulating materials, e.g. polymers, epoxy resins etc., shows that inost of

them have a higher electrical strength and lower losses than at room tempe-

rature. However, the mechanical properties are generally worse and this has

its effect on such things as electrical breakdown being caused by mechanical

failure. Polymers, in fact, have a higher mecanical strength but substant-

ially lower elongation properties - approaching that of metals. On de-

creasing from room temperature to very low temperatures, comparatively large

changes in dimensions occur. This causes high streses in materials,resulting

in fracture.

There are a great number of articles in the literature on the application

of low temperatures in electrical engineering /I, 2, 3, 4/ but the litera-

ture is surprisingly deficient in data on the insulating materials used in

these anplications.

With the great impetus on the search for practical applications of cryo-

genics, interest in the measurement of the physical characteristics of

insulating materials is also growing. The great difference between the

material characteristics at extremely low temperature and at ambient tempe-

rature is more marked with plastics than with metals. Considerable changes

in mechanical properties of insulating materials can be seen in tensile

strength, elongation, impact strength, module, etc, and the values for

electrical properties are higher than at ambient temperature. Thus the

application of materials for low temperature techniques is limited by the

characteristics mentioned above and by others, such as thermal, dynamic

mechanical, ageing properties, etc.

Selecting a suitable method for evaluating the properties of electrical

insulating materials will be greatly influenced by the potential application

of these materials in a cryogenic system. Different criteria apply depending

upon whether the material will be used for construction elements, electrical

insulation, thermal barrier, casting compounds, or varnish. As the measure-

ment of nhysical properties at extremely low temperature is an expensive

process the development of an evaluating system was inevitable. f!ie selec-

tion must bo carried out taking into account use in the apparatus.
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Tt may be:

1. Informative - determining only a certain property, regardless of other

properties.

or

2. Detailed - determining all properties concerned for general use.

In practice the informative selection is seldom sufficient. Therefore, to

evaluate the properties of insulating materials the physical properties

research has been detailed rather than just informative sometimes even

determining the molecular structure of materials. For such an evaluation

it is necessary to discover the principle of behaviour of these materials

at extremely low temperatures. This research endeavours to predict the

properties of insulating materials on the grounds of their molecular

composition, that is to produce a tailor made material.

The increased interest in the use of superconducting magnets in high energy

physicsapplication has lead to a search for electrical insulation and encap-

sulating materials suitable for use at very low temperatures. The need in

superconducting magnets, is for an encupsulating material to give mechanical

integrity to the magnet coils. This would prevent any conductor movement

or energy release which might lead to frictional or other heating effects

and reversion from the superconductive to the normal state.

The ideal encupsulant for use in superconducting magnet coils would have for

example the folbwing properties:

1. Thermal shock resistance

2. Highly penetrating of closely wound coils

3. Thermal contraction which matches that of superconductors

4. Good mechanical strength

5. High thermal conductivity

6. Easily machineable

7. Resistance to radiation

8. Good dynamical mechanical properties

9. Good electrical properties

etc.

A single materials which have all of these properties is not easy to found.

A compromise of properties must therefore be sought.
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Methods for material evaluation. After careful consideration, discussion,

study of previous publications, /5, 6, 7,/ and our own research experience,

we suggest the following system of evaluation tests should be followed.

a. thermal shock

b. shrinkage-dilatation

c. dynamic bend test /ergometer/

d. static mechanical test

e. impact test

f. dynamic mechanical test /G and E module/

g. electrical test /permittivity, dielectric loss factor,

conductivity, dielectric strength/

h. other special tests.

The draft of this system of evaluation and the order in which the tests

are carried out have beer, determined by practical experience. The economic

aspect also played a significant role.

In order to investigate temperature properties /thermal shock, shrinkage,

dilatation, thermomechanical curve/ we have, for instance, developed some

apparatus and methods, for example a method for following the thermomechani-

cal curves / in bending and penetrating/, automatical method for measure the

dilatation and shrinkage on the foils of plastics and metals /Fig. 1 and 2/.

Fig. 1 General view of the
test apparatus for measure
dilatation and shrinkage

Fig. 2 Arrangement of the test
samples in holder for measure
shrinkage

The results of thermal tests are shown in Table 1.

Table 1. Shrinkage of insulating films immersed in liquid

Specimen

Teflon
Kapton
Mylar
Lavsan
Glass tape

Thickness,
jam

80
30
80
50
100

At,am

0.97
0.25
0.135
0.195
0.03

**?
19.4
5.0
2.7
3.9
0.6

T 1 0°*
1.94
0.5
0.27
0.39

, 0.06



In the bending method the temperature dependence of specific work necessary

to deform the tested sample is measured. This method has been succesfully

applied for evaluating foil materials used for insulating superconductors.

In measuring mechanical properties we had to cope with difficulries in

working with liquified gases and also specific problems due to the fact that

the measuring technique was to be adapted to the measuring conditions in

cryostats and not vice-versa. These problems were most marked when working

with liquid helium in closed-cycle helium conservation conditions. In the

investigation of mechanical properties statical mechanical tests were mostly

used e.g. mechanical stress, elongation and tensile modulus /Fig. 3/.

Fig. 3 Apparatus for measure
statical mechanical properties

Table 2. Tensile properties of selected materials

Material

Mylar

Lavsan

Mylar

Teflon

PE, l.d.

Kapton H

Temperature
K

296
77

296
77

296
77

296
77

296
77

296
77

Force at break
per 15 ram width

N

311
373

125
185

19.6
29.4

14.2
14
17,2
36,1

21,4
52

F.longation
%

155
5

95
4.6

90
5

92
2.6

528
3.6

55,2
12,1

Young s
Modulus
MPa

4.4
5.0

3.9
5.3

3.1
5.0

1.3
16

0,01
1.4

2.8
1.2

Thickness,

mm

0.1

0.C5

0.01

0.01

0.4

0.01

The advantage of dynamic mechanical methods /G-E moduly impact stress etc./
is that they enable a deeper insight to be gained into the molecular
structure of materials. Such method are making possible the study of macro-
molecular chain movement and their segments in alterning mechanical field.
Measurement in alterning mechanical field enable us to determine the loose-
ning; which contributes to decreasing or Relieving stress caused by external
forces or changes. Bend properties, Young s Modulus impact strength and the
maximum elongation of the edge filament of epoxy compounds are given in
Table 3.
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Table 3. Bend test and impact strength of selected materials

Compound

18928

15928

F 923

027542

Temperature
K

296
77

296
77

296
77

290
77

Breaking
strength
MPa

127.2
145.5

86.5
107.0

128.8
136.0

t.O
190.5

Young s
Modulus

MPa

3000
5350
2750
4.500

3100
4920

180
5900

Max elongation of
edge filament

%

3.9
1.9

2.2
1.6

4a
1.9
5.5
2.5

Impact
strength
kJm~2

13.4
9.6

12.0
4.2

13.9
7.3

71.8
24.7

For the measure of electrical properties, permittivity and dielectric loss
factor in the region of acoustic frequencies the bridge methods are used.
The Shering bridge are suitable for 50 Hz. Vaporized electrodes /aluminium,
silver, gold/ and special copper electrod /Fig. 4/ are often used in our
laboratory. Three terminal electrodes were used for measuring dielectric
properties. /See Table i/.

Table 4. Thermal dependence of permittivity and
dielectric loss factor for PVC

Temnerature
K

296
260
213
183
133
103

tan/- 102

7.43
5.99
0.33
0.28
0.29
0.19

Cx,pF

72.886
43.802
33.818
33.659
33.344
33.091

5.
3.
2.
2,
2.
2.

6f

702
333
580
570
546
523

For the measure of electrical
strength there are used some
types of electrodes /flat,
sphere etc./ and cryostats.
The arrangement of the
electrodes for measure the
electrical strength are on
the Fig." 5.

Fig. 4 Copper electrodes for measure
permittivity and dielectric losses

Fig. 5 Cryostat and electrodes for
measure electrical strength

The practical application of cryotechnique in general depends to a great
extent on the electrical insulating materials. Up to now there has been
a lack of knowledge about the long-term application of these materials.
The ageing of insulating materials in cryogenic conditions in electrical
fields and its dependence on physical properties is a topis that requires
considerable attention.
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INVESTIGATION CF THK INFLUENCE OF TEMPERA-

TURE CONDITIONS FOR OPEKATING CHARACTERIS-

TICS SUPERCONDUCTING WOUNDED WIRES WITH

ENAMEL INSULATION

Dr.Peshkov l.B..Dr.Svalov G.G.,Dr.Meshanov G.I.,

Radchenko I.P..Dr.itelyi D.I..Fedosova S.V.

(All Union Institute of Cable Industry, USSR)

The use of the enamel wires in the superconducting windings allowes to

increase their constructive current densities and consequently the effective-

ness of the whole superconducting syetsm. However the properties of the ena-

mel insulation can be considerably decreased because of the difficult opera-

tional conditions^ '.

First of all these are thermomechanical and magnetomechanical stresses,

which occure in the wires. The most dangerous thermomechanical stresses for

the insulation are conditioned by the difference of the linear expansion coef-
(2)

ficients of the core material and the insulation^ . In the last the stress

tension occures during tiie cool down the frequency and duration of which can

lead to the fati£ue destruction of the insulation. The stresses of the comp-

ression and tension occure in the insulation under the magnetomechanical loads,

their simultaneous influence under low temperature can lead to decreasing of

the insulation electrical strength or the whole destruction of i t ^ .

This is why the investigation of the electrical properties of the enamel

insulation under the influence of the whole complex operating factors is the

actual problem and must help to define possible field of the insulation app-

lication.

The aim of the present paper is to study the influence of the thermal

strikes 193-77-193K and the cycle duration in liquid nitrogen on the electri-

cal strength of the insulation and to study the simultaneous actions of the

thermal strikes and to mechanical loads of the compression and tension on the

insulation. The samples were selected by arbitrary choice. 125 samples were

chosen for the present study.

The measurement of the insulation break down voltage was carried out by

the special applications with the two flat parallel electrodes made with

brass in the normal climate conditions in the liquid nitrogen and in the li-

quid helium at the normal atmosphere pression. The length of the operating

part of the electrodes is 10 mm, the radii of the edge - 5 mm. The high poten-

tial was feed to the electrodes, and to the experimental sample core - "the

earth".
The break down voltage of the insulation was carried out by a.c.voltage

50 Hz.

1. The investigation of the thermostrikes influence on the electrical

strength of the insulation was carried out on the wires, showed in table 1.

600 cycles of tne thermostrikes were carried out. The cool down of the

samples was carried out up to finishing heavy boiling'of the nitrogen, and the
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warming up to the full removing condenaated from the sample surface.

Table 1.

Code
Core

material Core dia.
mm

The thickness of
insulation, mm.

Folyamidimid AD

Caproa KA-1

Polyurethan UF-9119

Folyeather PE-943

Folyeatherimid PB-955

Polyimid PAK-1

NT-50
copper

NT-50
copper

copper

copper

copper

NT-50

1,0
0,69

1,0
0,69

0,45

0,35

0,44
O 7
U, 1

1.45
0,3

0,01; 0,02
0,03; 0,04

0,01; 0,03
0,05

0,01-0,03

0,04

0,04
0,04
0,04

0,04

Fig.1 ahowca the graphical dependence U b d y on the number of the thermo-

atrikea for some thickness of the different kinds of the insulation. All

kunda of the inaulation give approximately the same decreasing Uu d v during

the thermostrikes, which increases with the increasing of the insulation

thickneaa from 20% for small thickness to 30-40$ for 0.03-0.04 mm.

• • Sun. 0,05mm 2

^6im-0fiimm

p o ° Oif*=OOtmm

/-
o

O,O3mi

o o o o J-M:

£00 300 VOO 580 SOO

Capton,

50°
IM-9//9

' K\f

*X~ x
n

Si/>6= 6,03mm 5

StiH* 0,02mm

100 *o m m m

Pig.1. Dependence of the Ub(jymagnitude of the superconducting Winding wi-

res insulation on thermostrikes.
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«

The break down voltage of the insulation was investigated during thermo-

atrikes on the wires insulated by PE-955 in 3 medium: in normal climate condi-

tions, in liquid nitrogen and in liquid helium at the normal atmosphere pres-

sure (fig.2).

zbo 3'ao 4M stiff soo

Pig.2. Dependence of the Ubf, of the winding wires, insulated by PE-985

varnish on thermostrikes 293-77-293K.

a- copper 0core=O.44nun; b - copper 0core=O.7 mm; c -copper 0core=1,45mm.

The test was carried out the samples with different core diameter (0.44mm,

0.7 mm, 1.45 mm), the insulation had the same thickness (o . =0.04 mm).

The reduction of the break down voltage can be observed in all 3 medium

during thermostrikes, though for liquid nitrogen this reduction is reduced by

the medium, which possesses the high dielectric properties.

The more significant reduction of the electrical polyesterimid insulation

strength observed on the core diameter 1.45 mm (/v. 50-6055) appears because of

the great stress tension, occuring in the thin insulation film, which has

been put on the more massive substrate.

2. The investigation of the cool down duration in the liquid nitrogen was

carried out on the enamel wire samples, insulated by polyamidimid varnish AD

(Cu, 0core
=o«69 mm,dins.=0.03 - 0.004 mm.)

After the sharp cool down, the samples were immersed into the nitrogen du-

ring 10 min, the warming up was made under the warm air stream up to the full

moisture drying up on their surface.
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.3 shoves the comparison of the usual thermostrikes influence and the
cycling duration in the liquid nitrogen on the electrical strength of the in-
aulation. Much more reduction of the break down voltage (45%) occura after
the cycling duration, than after the normal thermostrikes (

• —cyclim duration in Me

-tte

--0,04mm

100 260 300 i/00 SOB

Fig.3. Reduction of the breakdown voltage of polyamidimid insulation AD
Tarnish at the action of the cycle duration in the liquid nitrogen.

3. To estimate the thermoetrike influence 293-77-293K on the insulation
strength against the mechanical loads of compression and tension, under their
simultaneous action, the investigation of the break down voltage under the
load was carried out at the normal climate conditions and in the liquid heli-
um with wounded wire samples, insulated by varnishes.

The investigation was carried out on the samples before the thermostrikes
and after 300-600 cycles of the thermostrikes.

The compression and tension loads were realized by a special application.
After tension load, the samples were pressed by the test electrodes, after
that the break down voltage was carried out.

Fig.4 showea the scheme of the sample putting into the capsule at the
test.

Fig.4. Testing scheme of the insulation under the load by electrical
stress. 1-experimental electrodes, 2-sample.

Under the test in the liquid helium the load was carried out after the
sample cooldown during 10 min. The compression load under the testing was
10 kG, the tension load was defined by the limit strength at material tension,

ten.
12

Fig.5 showes the changing of the insulation break down voltage magnitude
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under the load during the thermostrikes.

5

•i

31

/H

—-&*
"***%

a/ie/ei /bad

load

WO 200 300 «0O loo $TmAliks
 ib° *" itt0 m &

P£-955; A/T-50; *w. /^ 1/A9H9 , #7-50

s

1-
t

3-

z
too 200 300 4oa do

; /i/T-50; PAK - / , A/T-50

Pig.5. The influence of the thexmostrikes 293-77-293K on the breakdown
voltage magnitude under the load for different kinds of the Insulation.

The results show, that after the thermostrikes the magnitude Ubdrunder
the load decreased 1O-15S6 more in the wires, insulated by polyesteriaid var-
nish PE-995, than in the original samples, wich did not subjected to the ther-
mostrikes; the breakdown voltage of the samples, insulated by polyurethan var-
nish UP-9119, decreased under the load after the thermostrikes much less, than
before the thermostrikes. The thermostrikes 293-77-293K did not influence on
Ubdyof the insulation PAK-1, and did not decrease U b d of the insulation under
the load.

COKCLUSION

The investigation of the temperature load influence, closed to the opera-
tional, on the electrical properties of the enamel insulation superconducting
wonded wires was carried out.

1. The thermostrikes 293-77-293K reduce the electrical strength of all in-
vestigated insulations, except of the polyamid varnish PAK-1, the small reduc-
tion U b d o f which can depend on the dissipation of the origin data. Polyester-
imid varnish Pfi-935 showes the Bignifacation reduction-UMyduring the thermo
strikes especially on the wires with the great core diameter (1.45 •»)•



- 1098 -

2. With the increasing of the cycling duration in the liquid nitrogen at

the thermostrikes up to 10 min, the stable of the polyamidimid insulation to

the thermocycling reduce up to 15%.

3. The influence of the thermostrikes 293-77-293K on the strength of the

insulation to the mechanical loads affected the wires insulated by the varnish

PB-955.

Under the mechanical load of compression and tension the samples, subjec-

ted to 600 thermostrike cycles, give the reduction Ub(Jvmore than 10-15?S, than

the samples were not carried out the cycling.

The wires insulated by polyurethan varnish UP-9119, the breakdown voltage

is change much less, under the load, than before the thermostrikes.

The thermostrikes 293-77-293K have no influence on Ubdvof the insulation

PAK-1, and thus on the strength of such insulation to the mechanical loads of

compression and tension.
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1. - Summary
Structural variations of pure niobium substrate and niobium substrates

alloyed with zirconium (0.3 and 1.5 wt. %) at annealing temperaturen in the
range from 880°C to 970°C have been studied.

Electron microscopic, X-ray examinations, but also mechanical testing
[f?p, and HV ) and measurements of electric resistivity have shown that current
conductance properties and properties of the diffusion NbjSn- layer are to a
large extent determined by the substrate structure. The niobium-zirconium sub-
strates have been demonstrated to form a stable substructure which tends to
improve tin diffusion. The Nb-Zr-0 solid solution decomposition which occurs
during the diffusion process results in Zccz particle precipitation. The re-
crystallization in niobium-zirconium substrates has been found to occur at
higher temperatures, and all this, to a great estent, determines the increase
in the critical current of. the Nojayv layers,

2« - Introduction /.• -̂
According to Benz and other authors^ ;it ia known that the critical

current density of diffusion Nâ Srv baud can be to a large extent enhanced
due to the niobium substrate alloying with small additions of zirconium. The
increase in the critical current is interpreted by Bena in terma of ZrOt pre-
cipitates forafcd in Nbt3Sti/ layer. The significant effect of pure niobium sub-
strate structural state on the critical current of the f̂ Ŝsi, layer is indi-
cated in studies(5f6),

Studyv!"states that the critical current of NbjSn, layers formed on this
band under similar diffusion conditions decreases with the lengthening of the
annealing time of the cold formed niobium band. As the temperature of the pre-
paration or NbjÇn teat specimens varies a correlation is found between criti-
cal current curves and physicomechanical properties of the substrate.

The object of our investigations haa been to study structural variations
of cold formed substrates from pure niobium and zirconium-alloyed substrates
(0.3 and 1.5 vt.%) during heating in the range from 890°C to 97O°C, and the
interpretation of critical current variations in the Nb̂ Shi layers produced
on the above mentioned substrates by the diffusion method using a pure tin
bath.

3» ~ Expérimental Procedure and Test Specimen Preparation
The niobium substates were prepared from double electron-beam melted in-

gots 30 mm in diameter. Prior to rotary forging, the ingots were machined us-
ing a lathe into rods 26 mm in diameter. The ingots were rotary-forged at
room temperature to a rod diameter of 6 mm. Subsequently, they were rolled in
c. two-high mill and a cluster mill to a foil 20-30/tm in gage. Thus, the sub-
strates were cold reduced at a rate of 39.6%.

Once conditioned at the outer surface, the foils were recrystallization-
-annealed under vacuum at 10-5 Torr in the temperature range of 880°C - 970°C
for 12 minutea. The recrystallization process in the substrate» was investiga-
ted by microhardness, tensile strength, and electric resistivity testing.

Superconducting Nbattv band test specimens were prepared by dipping the
substrate into a tin bath at a temperature of 920°C for 2 minutes and subsequ-
ently annealing the specimens under 10~5Torr vacuum at temperatures in the
range of 880°C - 920uC for 10 minutes.
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Identical experimental conditionswere ensured when measuring eleotrical
{ />, 3k ), and physieomechanical ( <£&, HY ) properties of all the test
•peoinena involved. She critical currents of NbjStv bands were measured using
3 mm wide bands in a lateral magnetic field of ST at a temperature of 4.2 K..

The electron microscopic examination of the substrate fine structure were
aade oa the IBM .200 electron microscope. The transparent foil spesimens were
prepared by combination chemical and electrochemical polishing methods. The X-
ray examinations of the recrystallization process in the cold formed sub-
strates annealed in the range from 880°C to 970°C were made on the \»PC-60 X-
-ray Instrument (the CROSV camera, copper radiation).

5« « Experimental results
The curves of Nb3Siv layer oritical currents vs. diffusion annealing tem-

peratures, and also the ourres of tensile strength, hardness, and electrical
resistivity variations in pure niobium and niobium - (0.3 and 1.5 wt. %) zir-
oonium substrates are plotted in Fig. 1,2, and 3 respectively.

For Nb̂ Siv layer prepared on pure niobium substrate the critical current
vs. annealing temperature plot shows the maximum critical current at around
920*0 (Fig. T ) | meanwhile, the hardness of the niobium substrate tends to
smoothly decline when the temperature is raised above 900°C.

The electron mioroscopic examinations Indicated that complete recrystal-
lization occurred in the pure niobium substrate annealed at 97O°C for 10 min-
utes (Fig. 4a), this recrystallization initiating, from X-ray examination da-
ta, at a taaperature of 880*C (Fig. 5a) and terminating at 900°C (Fig. 5b;.

The occurrence of the maximum on the critical current curve in the range
of 920°C-930*C apparently may be explained by the fact that at temperatures of
880°C-900»C tin deffusion results in the precipitation of other phases, i.e.
NbfcSfc-fr and jtibSfr. in the diffusion layer. It is only at temperatures in ex-
cess of 920°C that the NfaaS* phase becomes predominant. The growth rate of
Nb3Gh> is increased, and thin leads to a rise in the critical current. Fur-
ther temperature increases renult in massive coarsening of Nb3Srv grains and
decrease In the critical current.

Additions of small amounts of zirconium to the niobium substrate, i.e.
0.3 wt. %f significantly Increase the absolute value of the critical current
in the whole temperature range utilized and affect critical current variations
(Fig. 2 ) . Two maxima (at 930*0 and 96O°C) instead of one - for pure niobium -
are to be seen en the critical current vs. temperature plot.

The electron microscopic examinations of the fine structure (Fig. 4 b,c)
have shown strong effeot of zirconium additions at a rate of 0.3 wt. %; here,
the eold rolled substructure is retained up to 97O°C. This is consistent with
the X-ray data pointing to the initial recrystallization temperature above
970°C (Fig. 5e,d).

Moreover, In contrast to the pure niobium substrate, the niobium - 0.3
wt. % zirconium substrate fhows precipitations of a second phase. This is dis-
played already after an annnnllng at 920°C (Fig. 4b). The identification qf
the microdinfraction from! precipitates in substrates heat treated at 970 C
(Fig. 4o) Indicates that the precipitates are represented by the phase ~ ~

m JF d at at •» a a ai B a Bi • ^B> ~A _ am* V at ^» a^ ak _ ^S*having a monoolinio lattice with parameters: a • 5.143 A b-c-5.204 A , and
Jf, - 80*45'. At lower annealing temperatures (920°C, 940°C) the diffraction is
prohibited by the high degree of dispersion of fine precipitates having a
small overall volume.
Thus, the substructure stable up to high temperatures and formed during cold
rolling, and the presence of a highly dispersed 2rO2 phase 100-200 A in size
are by all means the factors affecting the critical current value end the rate
of ND*&tt> formation*The subgrain boundaries, represented by dislocation agglo-
merates apparently may be regarded as "the channels" facilitating tin diffu-
sion. Meanwhile, the dlspersied ZrOa particles acting as supplementary pinning
canters make some contribution into the averall increase of the critical cur-
rent, too.

The presence of the two »•••--<-»• on the critical current curve can be in-
terpreted in the following way. The first maximum, appears.at temperatures of
92O»C-9*O°C, to be caused by the initial decomposition of the Nb-An-0 solid
solution when 2r0i phase coherent with the matrix is precipitated*''. The ini-
tial decomposition Is also suggested by the growth of L? at temperatures be-
tween 920°C-940°C. The disruption of the coherence leads to a decrease in A O.-
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x 15000 x 30000 x 2 7000

x 55000 x 55000 x S0000

Fi£.4. Electron photomicrographs and niicrodiffraction patterns from
the corresponding alloy plateaux: a - Nb, 970 ; b-Nb-0.3 wt. % Zr
920°;c - Nb - -0.3 wt. % Zr, 970 ; d - Kb. -1.5 wt. % Zr, 920°C; e-X
- 1.5 wt. % Zr, 940 C;'f - Nb - 1.5 wt.%Zr, 970 C.

Nb-

Fig,5.X-ray patterns of a pure niobium substrate heat treated at
8S0 C fa} and goO°C (b) and a substrate with the addition of 0.3 wt.%
zirconium heat treated at 880 C ;eland at 970 C (d).
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The aeoond maximum, at a temperature of 970°C, in the like manner to tha
eaaa of pure niobium, is determined by tha Nb39n. forming conditions. Some
akewing of tha temperature of tha maximum from 92O°C to 97O°C aa compared to
pure niobium ia apparently oauaed by the faot that tha initial reoryatallisa-
tion temperature of tha aubstrate haying 0.3 wt. % Zr la above 970°C.

The aubatrata with tha addition of 1.5 wt. % Zr haa ita orltioal ourrant
va. annaaling temperature ourve (Fig. 3).ahowing two eritioal ourrant maxima,
too. The firat maximum ia identical in terma of tha temperature range with tha
first paak observed for the niobium - 0.3 wt. % slrooniua aubatrata, and tha
aaoond ona ia akawad to lower temperaturea, i.a. 96O°C. Thia aubatrata alao
haa marked correlation batwaan tha oritioal currant ourra and hardneaa and el-
aotrlo reaiativity ourvea,

Electron mioroaoopio examinationa of tha fina atruoture (Fig. 4 d,e,f)
hare ahown that at temperaturea of 920°C, 940°C, 970*0 tha aolid aolutlon de-
ooapoaaa in tha aubatrata with tha addition of 1.5 wt % siroonlum. Tha number,
alia tod diatribution of precipitated partiolaa dapand on tha annaaling tempe-
rature. Thua, at 9S0°C (Pig* 4d) tha annealing laada to highly diaperaad fina
preoipltatea found mainly along tha aubgrain boundarieat at 940°C (fig. 4«),
however, tha preoipitataa are found in tha aubgrain body and become larger la
alia. Annealing at 970©G raaulta in further ooagulation of tha ZrO* preoipi-
tatea. Som« praoipltataa reaoh 1300-1700 A in alae, and tha aubgraiaa tend to
ba aoaawhat larger.

From tha X-ray examiaatloaa, tha initial raoryatalliiation temperature of
tha aubatrata with an addition of 1.5 wt. % •iroonium la lowar than that of
tha aubatrata with 0.3 wt % sireonium and ia 97O°O.

Thus, in tha oaaa of tha aubatrata with tha addition of 1*5 wt % airooni-
un tha two maxima on tha oritioal current ourra, in the Ilka manner to tha au-
bfltreta with 0.3 wt. % If , oan ba interpreted by tha precipitataa of ZrOj
In tha matrix* Some daoraaaa in tha oritioal ourrant at tha aaoond maxima and
tha ahift of tha maximum itaalf to lowar tampareturaa ia apparently aaaoolatad
with tha ooagulation of tha ZrOt partiolaa with tome ooaraening of tha aub-
graina and daoraaaa in tha raoryatalliBatlon temperature.

It ahould ba noted that tha aging prooaaa is niobium •ubatratei having aa
addition of airoonlum to a large extant dependa on tha oxygen oontant. There-
fore, a vary important role in the aubatrata manufacturing prooaaa ia playad
by tha metallurgical tranafoxnation oonditiona* Sub*trat*a with idantioal iir-
donlua oonoentration, but melted and haat-traatad under different oonditiona
oontain Tarloua amount• of oxygen. Thia, ia turn, laada to aging prooesa vari-
ationa and, hence, to tha variation* ia tha optimal formation temperature ran-
gea of tha NbjSrw layer having high eritioal oharaotaristloa*

6* - Opncluaiona
1 * Additioaa of siroonlua to niobium have a atrong lapaot oa tha aub-

ftruotura produoed after forming, i.e. tha raoryatalliiation temperatura ino-
reaaea from 880°0 for pure niobium to > 970°C for the alloy He - 0*3 wt*
% airoonium.

2* Independently of other faotora, the davalopad aubatruotur-a of alrooai-
UB-alloyed matarlala draatioally improvea diffuaioa prooeaaa* and tha formati-
on of a large number of NbjSn. oorapound naaleation oenteras

3* 'i'ae ooourraaea of tha firat maxiaum on tha oritioal ourreat rs, diffu-
aioa annealing temperature ourve In tha oaae of aubatratea having airooaiua
additiona ia interpreted in term* of praolpitation from tha Nb-Zr-o aolid ao-
lt i f ZO h t i l t h d i d t th i
adiia i p i p p
lutioa of ZrOi phaie partiolaai tha aaoond naximum oooura due to tha inoraa-
ao la tha Mb<S»v formation rate under oonditiona of a highly davalopad aub-
atruotura.

4* The aubatrata atruoture and phyaioomechanloal properties {HV,e1t, p )
are greatly dependant on the oxygen inpuritiea level, i.a* ingotnulclng tad
heat-treating ooaditioaa.

In ooaolualoa. the athoura wish to akaowltdga their gratitude to L.M* Ou-
aeva for the oonaultation, eritioal comment* and aaaiatanoa daring X-ray axa-
minatlona, and alao to U. Yergel for meaauricg oritioal currenta.
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3 . O.Paaottl, M.V.Blaal, N.Sacohetti at a l . , La Kuovo Cimeato, vol.35i» V»2,

p.165-170 (1976).
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