
BNL 52006
BNL—52006 yC-28

(Particle Accelerators and High
DE87 001456 Voltage Machines—TIC-4500)

Proceedings of
Workshop on

SUPERCONDUCTING
MAGNETS

and
CRYOGENICS

Brookhaven National Laboratory
May 12-16, 1986

Editor: P.F. Dahl
Sponsored by

International Committee for Future Accelerators
and the Particles and Fields Commission of IUPAP

. - < • • :

BROOKHAVEN NATIONAL LABORATORY

ASSOCIATED UNIVERSITIES, INC.

UPTON, LONG ISLAND, N &W YORK 11973

UNDER CONTRACT NO. DE-AC02-76CH00016 WITH THE

UNITED STATES DEPARTMENT OF ENERGY

DISTRIBUTION OP THIS DGCUWL;.1;



DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United
States Government. Neither the United States- Government nor any agency thereof,
nor any of their employees, nor any of their contractors, subcontractors, or their
employees, makes any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness, or usefulness- nf any information,
apparatus, product, or process disclosed, or represents that its use would not infringe
privately owned rights. Reference herein to any specific commercial product, process,
or service by trade narr e, trademark, manufacturer, or otherwise, does not necessarily
constitute or imply its endorsement, recommendation, or favoring by the United Status
Government or any agency, contractor or subcontractor thereof. The views and
opinions of authors expressed herein do not necessarily state or reflect those of the
United States Government or any agency, contractor or subcontractor thereof.

Printed in the United States of America
Available from

National Technical Information Service
U.S. Department of Commerce

5285 Port Royal Road
Springfield, VA 22161

NTIS price codes:
Printed Copy: A15; Microfiche Copy: A01



FOREWORD

During May l'J Hi. ! HKr> the International Committee for Future Accelerators iHT'Ai and Hrookhaven
National Laboratory conducted at Brookhaven a Workshop on Superconducting Magnets and Cryogenics. The
workshop was co-sponsored by the I'.S. Department of Energy and Associated Universities, Inc. Its success is
evident from the uniformly high standard of the 70 papers in the present volume comprising the Proceedings of the
workshop. Inspection of the list of participants at the end of the volume reveals several interesting demographical
facts about the attendance and about the subject matter. Of the approximately 120 invited participants, about r>n"v
came from outside the I'.S representing Europe I.ID' i. .Japan i Hi '.'•). I'.S.S.K. (7"ii) and "The Fourth Region" (2""),
confirming the world-wide importance attached to the subject. Moreover, the fact that roughly 40% came from
industry attests to the escalating industrial involvement in new or planned large-scale accelerator facilities.

At the time of the last I (.'FA Workshop, at Les Diahlerets in 1970. the first large superconducting accelerator
was still four years from completion. In contrast. H>M6 sees the Tevatron operational as a fixed target accelerator
anci essentially operational as a collider. Three more superconducting machines are approved and under way:
HF.KAat Hamburg. I'N'Kat Serpukhov and CKHAFat Newport News in Virginia (the latter in the pre-construction
Kill stage). The SSI' and UK" figured prominently in the Workshop agenda as centerpiece candidates for the next
generation of superconducting hadron colliders. KHi'' at BNl. is also proposed as a heavy ion collider.

Each session of the workshop typically consisted of several major presentations surveying state-of-the-art
progress in a particular field, followed by sho. ter invited contributions from the laboratories and by industry. The
sessions were rounded off by a.i open discussion from the audience led by a discussion leader. Major topics covered,
with theii Chairman Discussion Leader, weie: Overview of Superconducting Accelerator Magnets (P.J. Reard-
on A.V. Tollestrup); Superconductor Development, including NbTi. A-ln and various exot;c possibilities (H.
Hirabayashi C.E. Taylor): Electrical Measurement and Standardization (K.P. Myzniknv C. Walters); Magnet
Design and Construction Methods, including fabrication plans for new large projects and field correction methods
(H.E. Fisk and L. Yan R. Perm); Cryogenic Systems (A. I Ageyev M.S. McAshan); Accelerator Magnet Measure-
ments iC.Daum P.M. Mantschi. The final summary session was chaired by me, and consisted of rapporteur talks
by the discussion leaders ithe summary papers in these Proceedings).

The workshop arrangements were expertly handled by the BNL Local Organizing Committee whose members
are listed over leal. Their task was greatly aided by t lie dedicated BNL Laboratory staff as a whole. The preparation
and expeditious publication of these proceedings was facilitated by the generally prompt submission of papers in
camera ready format, necessitating fvw subsequent editorial intrusions beyond minor correction here and there.

Finally. I wish to thank the many colleagues and friends — organizers, participants, speakers, authors — for
helping to make the workshop a resounding success and the present volume a valuable and timely document on
superconducting accelerator technology.

G. BRIANTI
June, 1986
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GENERAL FEATURES OF ACCELERATOR MAGNETS

G. Brianti
European Organization for Nuclear Research - CERN

Geneva - Switzerland

INTRODUCTION

The magnet system is the "heart" of a proton
synchrotron and normally its most expensive
component. Its quality, namely the accuracy of the
magnetic field distribution inside the aperture
and around the ring, has a strong influence on the
performance of the accelerator. An important
additional requirement is that this accuracy must
be insured at all field levels experienced by the
beam during the cycle. In machines with classical
magnets the ratio 8max/Bmin may be more tha;. 50,
while in s.c. it may exceed 20.

In most cases, the beam "measures" the magnet
considerably hetter than the most sophisticated
system of magnetic measurements, especially in the
case of high order multipolar errors (resonances
up to 15th oi'der, corresponding to 33 poles can be
"seen" by the beam)-

This is an important argument to try to do the
utmost, within sound economic limits, to construct
an intrinsically "good" magnet, which in a machine
is there to stay since it cannot be easily
modified after construction, like other smaller or
more concentrated components Often in the
history of accelerators only an excellent magnet
quality made it possible to improve the
performance of the accelerator or use it in a
different more demanding mode than originally
specified.

This Workshop is, to my knowledge, the first
attempt to review on the world scale the state of
the technology for superconducting accelerator
magnets and related cryogenics, not only among
experts from Laboratories and Universities but
also with a large, hopefully very active, partici-
pation from industrialists.

DESIGN AND SPECIFICATIONS OF A SYNCHROTRON/COLLIDER
MAGNET

From row on I shall concentrate on magnets for
proton machines, with superconducting elements.

I also assume that the main magnet system is
arranged around the machine circumference
according to a FO00 lattice, namely a regular
succession of equidistant quadrupoles
alternatively horizontally focussing and de-
focussing and groups of dipoles in between.

The obvious design aim is to achieve the
largest possible ratio of quality to cost, in
particular to obtain by means of desian and
quality of fabrication that the largest fraction
of the physical magnet aperture is available fc
stable particle trajectories.

The main input parameters are concerned with
the wanted beam features, constrained by the
physical extension of the site and the
availability of utilities.

The first group includes E, the maximum beam
energy, the injection energy Ei, the acceleration
rate dE/dt and total cycJe time T, the number of
particles Np and the luminosity L (for colliders),
and the beam emittance E. The constraints
introduced by the site determine the max. machine
radius, the power available from the network and
the cooling fluids, etc. For high energy s.c.
colliders, other features, completely irrelevant
for classical machines, acquire importance, such
as the power deposited by the beam (synchrotron
radiation, vacuum chamber impedance) in the cold
vacuum chamber, the beam stored energy, any
process which may lead to particle lor-ses
(injection, extraction) etc.

Some if not all of these features depend in
turn on what can be achieved for the magnet system
with the available technology at reasonable cost,
so that usually a first ite-ation is carried out
aimed at finally fixing at .east some of the main
characteristics such as the maximum dipole field
B, bs injection field Bi and in general after many
more studies, the length and the aperture of the
magnet units. This iterative process is well known
so that I will not describe it if, details but say
in short that:

i) concerning Bmax, it should be pdssible to
achieve more than 8 T in large colliding
systems;

ii) the minimum acceptable Bi is determined
largely by systematic and random sextupolar
and decupolar errors introduced by the
magnetization currents and their possible
corrections. Since it is desirable (cost) to
have Bmax/Bi - Z0, thisis one of the most
important points for the large systems (SSC,
LHC).

Economy would push the length Lm of the magnet
units to be as large as possible in order to
minimize both the space lost by the cryostat
endboxes and their total significant cost. Since
one should avoid both to build curved magnets and
to enlarge significantly the aperture to
3ccomodate the sagitta, the yard stick for the
length is that the sagitta should not exceed the
residual closed orbit distortions after
correction.

- 3 -



The aperture is in general much more delicate
to be decided upon, usually as the result of a
compromise between cost and field precision
required over the likely region to be occupied by
stable beam trajectories (dynamic aperture).
Because of the dependance of overall cost on aper-
ture, the final determination can only be done
after considerable studies including tracking, and
is ultimately the privilege and the burden of the
project leader. As already mentioned the aperture
is primarely related to the achievable field
precision required over the beam region, which
should represent the largest possible fraction of
the physical aperture.

Let us then say a few words on the field
precision required.

Table 1 correlates the accelerator properties
to the magnet parameters in a qualitatively way.

Table 1

ACCELERATOR PROPERTIES MAGNET PARAMETERS

Closed o'bit deformation .dispersion of inte-
grated field of dipoles
tilt o t' dipoles .
.displacement of quads.

Beam shape distortions .dispersion of integrat-
ed gradient o* quads.
. tilt of quads.

Chromaticity .S6:;tupole error in
dipoles.

The normal dipole and quadrupole systematic
errors are of no importance in machine with FODO
lattice because they can be easily compensated by
slight changes of the magnet currents.

The random dipole error is one of the main
causes of closed orbit deviations, while the
random quadrupole gives rise to the very harmful
half-integer stop-band. A stop-band is the range
of tune within which the particle oscillations
enter in resonance with the perturbations of the
fxeld inducing the instability of the beam.

Systematic errors of order n>2 produce a
variation of tune with momentum or with the
particle oscillation amplitude. Usually the
systematic sextupole is compensated by lumped
sextupoles which also take care of the chromatic
aberrations occurring in the focussing quadru-
poles. However, if the erroi is large and the cell
length long this compensation is not sufficient
and one has to add correcting windings to each
dipole.

The random multipolar errors of order n produce
stop-bands of the same order which limit the
amount of tune deviation than a particle can have
before becoming unstable.

In the case of s.c. magnets, the main causes of
multipolar errors are the conductor placement
errors, the saturation of the surrounding iron
(especially if close to the coils), the coil
deformation under the e.m. forces, and the
magnetization currents in the superconductor at
low fields.

Tune shift with
amplitude

Non-linear resonances
1 stop-bands)

Dynamic aperture

.octupoie errors in
dipoles or higher
order non-linear
terms.

.random non-linear field
distributions .

.sum of all above
effect?.

Field distortions across the aperture

The description of sjch distortions is usually
made in terms of mulipoles, defined as follows:

V (1)

where:

B = nominal dipole field
a = skew multipole coefficients

b - normal multipole coefficients

In principle is the sum of all multipolar
contributions which gives the field deviation
fiB/B at given coordinated x.y.

The multipolar field distortions are systematic
and random.

The main question then is which upper values of
multipole coefficients allow a "good" operation of
synchrotrons and colliders. To answer this
question one can draw on one hana oi. the
considerable operational experience which exists
for machines made of classical magnets and
therefore with "small" multipolar errors, and see
how one can approach this situation with s.c.
magnets.

Later on in this Workshop Dr. Chao (SSC Central
Design Group) will indicate to you the level of
precision required to ensure a good operation and
performance of the magnet system. For the time
being, let me say that in general the tolerable
distortion of the prescribed magnetic field over
the beam region is < 10

But even more stringent requirements must be
set for colliders, where several additional
pheomena with respect to synchrotrons play an
important role.

DESIGN, ENGINEERING AND CONSTRUCTIONAL FEATURES OF
THE MAGNET SYSTEM OF LARGE SYNCHROTRON/COLLIDERS

I shall concentrate on superconducting magnet
systems since they are the only ones of
interest here.



It is of some interest to note some of the
important differences between magnets for a large
synchrotron/collider and magnets for other
purposes. Indeed dipole or quadrupole fields as
pure as possible have to tie created in a small
usually circular aperture (diameter few cml but in
long units ()10m).

The most relevant features are:

i) The conductor must have a high current
density at the selected max. field,
otherwise the radial extension of the
winding becomes considerably larger than the
aperture itself, leading to bulky and
uneconomical magnets.

ii) The beam is injected at low field, usually
at -57. of the top field, so that the field
precision is required over a very large
field range. Among others, the most
prominent problem brought about by this
requirement is the field distortion at low
field (sextupole, decapole) due to the
magnetization currents. In situ corrections
of this effect are posssible but complicated
and expensive and can be avoided only if the
effective filament diameter in the wire is
very small (few urn).

iii) A high precision on conductor position must
be achieved (-0.05 mm) in long coils, in
order to obtain the prescribed field
precisian.

iv) Several hundreds to several thousands magr.et
units have to be produced with a high degree
of reproducibility and reliability.

All these features make the design and
construction of such large systems a very
challenging engineering problem!

A number of eminent specialists who have been
or are working on these problems are present in
this room and it is certainly due to their
ingenuity and hard work that one can say to-dav
that suc.i s.c. synchrotron/collidtrs can be built.

Type of conductor

Although many potentially interesting alloys
exist, in practice only NbTi has been or is being
used for accelerators actually built or under
construction; Nb Sn (or Nb Al) is also seriously
considered for future systems.

I assume that most of the discussion in this
Workshop will concentrate on thpse two types of
conductors, but more advanced materials will also
be presented. I beli»re that it is highly desir-
able that work con.j.nue on these advanced
materials for the benefit of ojr field on the
future.

Magnet design

In iron free magnets, the ideal current
distribution around a circular aperture for pro-
ducing a 2n-pole field is

For a dipole n=1,for a quadrupole n=2. The most
used practical configurations are concentric
shells or sector blocks.

The field distribution produced by practical
approximations of the ideal coil cross-section can
be computed by means of analytic programs, which
can take into account the presence of a circular
steel screen (u=~) around the windings.

At this point, one applies one of the existing
two- dimensional computer programs, such as HARE
(MAGNtD, POISSON, etc. in order to optimize the
yoke thickness, the yoke-coil distance and the
yoke shape.

Obviously, many important electromagnetic,
mechanical and thermal problems have to be faced
and solved economically when designing large
systems, as will be discussed in the next days.

Electro-magnetic forces and stresses

A good magnetic field distribution in the
aperture depends critically on a very accurate
position of the conductors, which must not move
with thermal and electro-magnetic stresses.

The forces on the conductors of a dipole
excited at G T or more are very large and so are
the stresses inside the coil package.

The designing rules foi the mechanical struc-
ture, at cryogenic temperatures are: no tensile
stress in the superconducting coils and no lack of
contact between the coils and the mechanical
support when the magnet is excited. To obtain
this, the coils have to be under a compressive
stress preload at cryogenic temperature before
excitation.

Practical effective solutions to this problem
will be presented and discussed during the
meeting.

Quench protection

It is well knwon that s.c. magnets are very
vulnerable to a localized heat deposition which
drives the conductor to become normal causing then
a quench. As an illustration, a solenoid of 6 T at
4.2*K has a storsd energy of - 1.4x10 J.m . A
localized energy deposition of 750 J.m (- 5x10
of the stored energy density!) is sufficient to
make the conductor normal.

If a quench occurs, the magnets must be
protected frosi destruction by an adequate system.

The Tevatron uses an "active" protection
system. If a quench is detected, a subsection of
the magnet system is shorted by silicon controlled
rectifiers and heaters are energized inside the
shorted magnets to drive them normal. Obviously
enough mass of conductors must be heated to avoid
excessive temperature increases, that could either
damage or destroy the coils.

1(8) = I cos n9 (Z)

- 5 -



For the SSC passive systems are currently con-
sidered, on the basis of the development carried
out for the CBA. In such systems, cold diades
by-pass the current around the magnets and rely on
the quench propagation velocity inside the coil
package to avoid excessive temperature excursions.

In the usual way, calculations by computer
codes must be verified experimentally in magnets
of various configurations in order to use them
with sufficient confidence for the final design of
the protection system.

8oth quench propagation velocities (along the.
conductor and perpendicular to it) must be known
by measurements on adequate samples.

Usually the calculations give slightly worse
results than measured in practice.

Cryogenic systems

This is a crucial part of the accelerator/
collider for a number of reasons. First of all,
the choice and the distribution of the cryogenic
fluid: in the magnets are indeed closely connected
with the design of the magnets themselves. Second-
ly, the production and the distribution of large
liquid He inventories are complicated and subject
to important technical problems which must be
tackled with the utmost care. Thirdly the
operational aspects (reliability, manpower, etc.)
are of vital importance for the performance of the
machine.

Finally I am sure that we shall have a lively
discussion on all these points, and I wish you all
a pleasant and profitable Workshop.
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MAGNET R&D FOR THE SSC*

Maury Tigner
SSC/URA Central Design Center t

c/o Lawrence Berkeley Laboratory
Univers i ty of Cal ifornia

Berkeley, CA 94720

SSC OVERVIEW

The recent ly compiled Conceptual Design
Report of the SSC c a l l s for two proton beams
circulating on separate racetrack paths, and
colliding repetitively at interaction regions
on the straightaways. The design energy of 20
TeV per proton will allow the subquark scale to
be reached with adequate resolution, and the
proposed luminosity of io33cm-2s-l will
give a useful event rate.

The grouping together of the Interaction
regions (IRs) in clusters on the diametrically
opposed straight sections, as shown in Fig. 1,
allows easier and cheaper access to experi-
mental arid support areas, without inducing beam
control problems. In the Conceptual Design,

13 Km

i'ig. 1 Layout of the SSC

the main west cluster comprises the injector
complex, main laboratory and offices, plus two
IRs and two utility areas for beam injection
and abort; the east cluster has four IRs, with
two to be built immediately, and two reserved
for later construction.

* SSC-77
T Operated by Universities Research Association
for the Department of Energy

The two long arc sections of the SSC each
contain 166 cells: each of these arc cells is
192m long, and consists of two half-cells of
five bending magnets between two quadrupoles of
opposite polarity. Figure 2 shows the magnet
arrangement and lattice functions within a cell.

Path length (m)

Fig . 2 Arc c e l l arrangement

DIPOLE REQUIREMENTS

Fie ld uniformity in the main dir--j.es i s an
Important p r e r e q u i s i t e for good b^r.m l i f e t i m e .
Departures from p*ve d ipole forru a re expressed
in a mul t ipole expansion with c j e f f i c i e n t s an

and b n :

B y IBX ian)(x + iy)n

The multipole coefficients are conveniently
measured in units of 10~^cm~n, that Is,
parts per tr-n thousand of the dipole field at a
radial distance of one centimeter from the
axis. There is naturally some random variation
of the field from magnet to magnet, but there
will also be unintentional systematic multi-
poles. Table 1 shows permissible multipole
coefficients In both categories. These
requirements will be met by a combination of
manufacturing control of the dipoles plus cer-
tain multipole correction windings. Under-
stating the trade-offs in economy and relia-
bility between these two is an important
objective of the R&D program.

The physical durability of the main magnets
is clearly another issue of major importance.
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Skew

a2

Table 1
Multipole Tolerances

Systematic Normal Random Systematic

0.7
0.6
0.7
0.2
0.2
0.03
0.2
0.05

0.2
0.2
0.2
0.2

0.7
2.0
0.3
0.7
0.1
0.2
0.2
0.1

0.2
l.U
0.1
0.2
0.02
0.04
0.06
0.1

The longevity demanded of the magnet system is
at least 20 years; this comprises over XO1*
magnetic cycles, over 20 thermal cycles,
repeated quenches and a radiation exposure of
3xl04 Gy/yr.

MAGNET RESEARCH PROGRAM

The development of a magnet design for the
SSC was accomplished in a two-stage process.
First, a specific magnet style was selected
from among different designs which were evolved
at several laboratories: BNL, FNAL, LBL, and
TAC. Second, work is being concentrated on the
optimization of the chosen style to meet the
anticipated demands of the SSC main collider
ring.

The purpose of the first stage was to
assess a number of overall design strategies;
soraa of the ideas explored were the incorpo-
ration of two magnetically coupled beam tubes
in a single yoke and cryostat, a low field,
iron-dominated magnet with both one and two
beam channels per cryostat, modification of the
FNAL Tevatron design for very low heat leak,
and a one-in-one, high field, cold iron, cos
theta magnet. The criteria for the magnet
selection were established by review panels,
and included considerations of economics and
reliability as well as technical desiderata.
The final recommendation was made by an inde-
pendent committee which reviewed in detail ~he
numerous test results, and analyses of them,
that emerged from the laboratories. Figure 3
shows the interlinking of all these elements in
the overall magnet program. The end result- of
this process was the choice, in September
1985, of a design in which two completely
separate beam pipes and cryostats, one verti-
cally above the other, carry the proton beams
in opposite directions. The current dipole
field strength is 6.6 Tesla, which implies a
ring 52 miles in circumference. A cross-
section of the magnet and cryostat design is
shown in Fig. 4.

TECH. MAG.
REV. PA. i

BNIVLBL
MAG. GP.

FNAL
MAG. GP.

TAC
MAO. GP.

IND.
CONSULT.

I

IND.
CONSULT.

TECH. MAQ.
REV. PA. II

OPERATIONAL
PACTORS T.F

I1IOTO
DESORP

T.F

CDG

COiT COMP.
TASK FORCE

MAGNET SELECTION
ADVISORY PANEL

BOO CDG DOE

NEGOTIATION OF
DEV. TASK AGREEMENTS

SELECTION OF
BASIC TYPE

1NB
B

IND
A TAC LBL FNAL BNL

GO PORW ARD WITH SSC MAGHL7T DESIGN AND PROTOTYPING

Fig. 3 Organization of FY 1985 magnet research
program

20 ". HELIUM GAS

SUPPOnT PEDESTAL

Fig. 4 Dipole and cryostat cross-section

Subsequent, and continuing, design work on
the selected magnet has a number of major
goals, all with a common theme of creating a
magnet that is reliable and cost-effective, and
which can be mass-produced by industry with
appropriate help from the national labora-
tories. A successful magnet design must
achievfe the design field after well-behaved
training, and muse be within tolerable bounds
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for multipole errors and parslstent current
effects; it must be reproducible, and meet
design specifications for system behavior and
heat leak; and it must successfully undergo
accelerated life tests to establish its physi-
cal soundness.

During the course of magnet development
prior to selection, a number of short (Iro and
4.5m) model magnets were constructed, nr only
for the purpose of testing design properties
but also to demonstrate the feasibility of the
construction techniques and their suitability
for industrial magnet production. Figure 5
shows test results from a number of BNL 4.5m
model magnets and LBL lm models. After a few

! 2 5 K ] ' 126*1

with five one meter models have shown that low
temperature preconditioning can serve to e l imi -
nate t ra in ing at a higher operating tempera-
tu re . This i s i l l u s t r a t ed in Fig. 6, where the
f i r s t operation takes place a t 1.8K, ramping
several times without quenches to fields above
the nominal operating f i e ld . Upon raising the

s
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Fig. 5 Test results from model magnets

quench cycles of slow currant ramping, the
models achieved fields of over 6 Tesla at
4.2K. AS indicated on the diagram, a few tests
were made at lower temperatures, allowing the
production of higher fields, about 8T in some
cases. Variations from magnet to magnet
reflect the use of different s-iperconducting
cable, not inconsistencies in manufacture;
there is a trend to higher fields in later
models as superconductor quality rose.

Although quench training can be used to
prepare magnets for high field operation before
installation in the accelerator, It is a time-
consuming and expensive process. Tests at LBL

Fig. 6 1.8K conditioning of a model magnet

temperature, the first quench occurs at the
ultimate plateau field for that temperature.
This method has yet to be explored for full-
scale magnets, and no systematic information
about the minimum useful TOp-Tpreconij is
yet at hand.

Improvement in the current carrying capa-
city of superconducting cable has been one of
the most visible achievements of the magnet
research program to date. The Tevatron uses
cable which can carry about 1800 A/mm^ at 5T
and 4.2 K; the SSC provisional specification of
May 1984 took 2400 A/mm2 as a design figure;
and in the Conceptual Design Report this has
been increased to 2750 A/mm2. These large
increases in the design figure have; nonetheless
been constantly overtaken by experimental
resultB. Research at the University of
Wisconsin and elsewhere identified non-unifor-
mit/y in the composition and size of the fila-
ments as a major flaw, and closer control of
the manufacturing process led to great
increases in current handling; these improve-
ments have been successfully adopted by indus-
trial manufacturers. Now (mid 1986) fine
filament cable has been produced which can
carry 3400A/mm2. This near doubling of the
current handling capacity of superconducting
cable, in about three years, has been achieved
through an active program of collaboration
between universities, industry and the national
laboratories; it demonstrates not only the
technological goals that can be accomplished,
but also the effectiveness of this kind of
research philosophy.
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MAGNET QUALITY - MODEL RESULTS

The magnetization induced by changing cur-
rents in the superconductor of the m-ig,net coils
makes a significant sextupole contribution to
the field orror at low dipole strength. Figure
7 shows how this particular multipole is sub-
stantially reduced as the filaments of the
superconducting cable are made finer, from 20
down to 2 microns in diameter. Figure 8 shows
the sextupole harmonic in two SSC model dipoles
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Fig. 7 Sextupole field variation-with filament
size in a mode] dipole

Fig. 9 Correction coil windings

decapole error, but this is much less severe
than the sextupole. A decapole correction coil
has also been designed, which will fit inside
the main dipoles. Table 2 shows the sextupole
and decapole strengths of Lhe trim coils, along
with details of their construction; the overall
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Fig. 8 Sextupole variation between two model
dipoles

made with cable of 20 micron filament diame-
ter. At present, it is reasonable to expect a
commercially achievable reduction in filament
size to at least 5 microns, and the CDR dipole
design includes this expectation. With this
finer filament cable, sextupole errors will be
quite within tolerable bounds, and will demand
only a modest correction coil in the main
dipoles.

Figure 9 illustrates the CDR design for the
trim coils. Magnetization also induces a

Table 2
Parameters of Correction Coils

Overall length [m]
Magnetic length [m]
Mean diameter [cm]
Number of turns
Wire diameter:

bare [mm/in]
insulated [mm/in]

Copper to Superconductor ratio
Filament diameter [um]
Strength (at lem radius):

gauss'Ampere
bn/A [10"" units/A at 6.6T]

Sextupole
16.9
16.9
3.515
15

0.30/0.012
C.38/0.015
1.6
-20

5.5
0.83

Decapole
16.7
16.7
3.58
9

&. 30/0.012
0.38/0.015
1.6
-20

1.61
0.25

design of the bore tube assembly is illustrated
in Fig. 10, where the positioning of the cor-
rection coil can be seen.

The reproducibility of the selected style
of dipole is illustrated in Fig.11, which shows
the measured rms variation in the inultipole
coefficients an and b n for the set of six
BNL 4.5m models, "in the figure, these devia-
tions are compared with values predicced from a
theoretical analysis of variations and tole-
rances in the fabrication process. For all
multipoles, the model dipoles show greater
consistency than was expected.
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Fig. 10 Location of correction coil in dipole
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Fig. 11 RMS multipole variation in a sample of
six model dipoles

To sum up, the model magnets produced as
part of the overall magnet research program
show excellent promise. The systematic multi-
poles can be dealt with, where necessary, by
the use of simple correction coils, and the
random multipoles determine the required
physical aperture.

CRYOSTAT PERFORMANCE

An essential part of magnetic field quality
is, of course, the ability to maintain a con-
stant low temperature, and so an essential part
of magnet research is to ensure that the cryo-
stat desigvi permits reliable and efficient
cooling. The planned SSC cryogenic system is
basically an upgraded version of the Tevatron
refrigeration scheme, with individual refri-
geration units serving one quarter of an arc
section. Although the technical extrapolation
from the Tevatron to the SSC presents no
qualitatively new problems, efficiency is an
extremely important requirement because of the
necessarily large quantity of liquid helium
needed.

The cryostat for a single magnet has three
flows of coolant. The innermost contains
single-phase helium at A.15K and 4 atmospheres
pressure, and is blanketed by jackets of heliam
gas at 20K and liquid nitrogen at 84K. In a
string of magnets, coolants flow in pipes which
are incorporated into the magnet cryostats,
minimizing external plumbing. The essence of
the design strategy for the cryostats has been
to minimize heat leak; Table 3 shows heat leaks
measured on a 12m model dipole, compared to
predictions for that cryostat design.

Table 3
SSC 12m High Field Dipole Cryostat

Heat Leak Model I:
Center Section Heat Leak Prediction vs. Measurement

Prediction

Thermal Radiation
Support Conduction1-2

Predicted Total

Measured Total

Watts to Temperature
80K 10K 4.5K

8.3
21.2
29.5

33.5

0.74
1.54
2.28

2.28

0.002
0.440
0.442

0.610

N B 1 Support not structurally optimized.
2 Model did not include cold mass anchor.
Although the achievement of high quality

fields and efficient cooling are perhaps the
most important aspects of magnet design, many
other issues arise. Mechanical stress in the
magnet collars and coils, resulting directly
from the magnetic field, is a cause for con-
cern, but tests on model magnets have shown
that fields up to 8 Tesla can be supported.
Prestress in the range 3 to 6 kpsi is commonly
achieved in the coil package.
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The magnets must also be able to withstand The next stage of model testing will be a
-iccasional but Inevitable quenches. Quench half-cell string test of five full-scale
temperatures of about 295K have been measured dipoles, to begin this fall. Accelerated life
on the 4.5m models, and this figure, used in tests will also be undertaken. The first long
analytical estimates, indicates quench tempera- dipole is being placed in its cryostat now, in
tures of 350 - 400K in a 16.3m dipole. Full- preparation for this program of testing,
scale tt3ting will be needed to check these
numbers.
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DEVELOPMENT OF SUPERCONDUCTING DIPOLES FOR UNK

A.I.Ageyev, N.I.Andreyev, V.I.Balbekov, E.A.Bulatov, Yu.P.Dmitrevskiy, V.I.Dolzhenkov,
K.F.Gertsev, V.I .Gridasov, S.S.Kozub, K.P.Myznikov, V.V.Sytnik, N.M.Tarakanov,

L.M.Vasiliev, V.A.Vasiliev, V.V.Yelistratov, A.V.Zlobin
Institute for High Energy Physics, Serpukhov, USSR

Abstract - IHEP carries on work on simulation of
full-scale dipoles for UNK.A few full-scale warm
iron magnets made of a superconducting material
having a higher current density jc^1'2/ have been
manufactured. In 1985 they were tested at a force-
circulating test facility. Their design and test
results will be presented in what follows.

During the recent years the quality of commer-
cially available superconducting material has been
improved considerably and its current density jc
increased^3/. This allowed to simplify the dipole
design, to improve its characteristics and save
the amount of the superconducting wire. A cold
iron dipole has been designed at IHEp/4/ with
these factors taken into account. Below we will
present the comparison of its characteristics with
those obtained for a warm iron dipole.

WARM IRON SUPERCONDUCTING DIPOLE

Figure 1 shows cross section of a superconduc-
ting dipole coil The dipoles of UNK have two-
shell coils as those of FNAl/5' with some distinc-
tive design features allowing to increase the field
induction in the aperture. The basic characteris-
tics of such a dipole are presented in Table 1.

Table 1

Basic Parameters of Dipole

Figure 1. Cross section of a superconducting dipole
'• coil: 1 - inner coil shell, 2 - outer

coil shell, 3 - helium channels, 4 - in-
sertions, 5 - insulating spacers, 6 -
bandage.

Operating field
Length
Inner radius of the 1st shell
Inner radius of the 2nd shell
Angle of the 1st shell
Angle of the 2nd shell
Number of turns in the 1st shell
Number of turns in the 2nd shell
Bore field/current

T
mm
mm
mm
deg
deg

T/kA

5
5 800
45
56.75
72.339
35.721
2 x 38
2 x 23
0.361

Inner
5h e LL

outer
S h e u

For these model3, the cable has been manufactu-
red from a 0 0.85 mm strand containing 2 970 Nb-Ti
filaments, each 10 Mm in diameter, embedded into
a copper matrix. The packing factor was 42% and
the twist pitch was 10 mm . The cable was transpo-
sed with the 75 mm pitch of 23 strands 12 of which
were coated with a Sn+5% Ag alloy. The two shells
have been manufactured from the ct:ble having the
10.55 mm high keystoned cross section with the
1.68 mm wide outer base and 1.34 wide inner one
(without insulation). The cable was insulated with
two layers of 10 mm wide by 20yUm tuick Kapton
tape spirally wound with the 4.5 mm pitch. This
ensured the l-mm three-layer overlapping. Then, a
10 mm wide by 100j^m thick fiber-glass tape was
wound with the 4 mm gap.

C

Figure 2. The layout of wires in coil end parts.
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The UNK dipoles will be rectilinear; therefore,
to meet stringent requirements imposed on the edge
field characteristics, the end parts have a block-
wise layout of turns (fig. 2). To incree?e the
mechanical stability of the coil end parts a lon-
gitudinal pressure of 100 kg/cm2 is created in
them with the help of edge flanges. As seen from
the mesurements'2', the value of prestress increa-
sed in this case up to 500-700 kg/cm2, being close
to that in the rectilinear dipole part. This hel-
ped upgrade Mie mechanical properties of dipoles
and improve their training conditions.

side with a few layers of £
total thickness of 0.5 mm.

Mylar tape having the

Figure 3, The end parts of a dipole: 1 - blocks
of coil turns, 2 - fiberglass insert,
3 - bandage clamps, 4 - pressure gauge,
5 - fixing bolt.

Figure 4 shows the cross section of a cryostat.
It contains a coil block (1) consisting of the
superconducting coil and stainless steel collars
fixing it. The block has channels for single phase
helium flow Ig to cool the coil. Another part of
single-phase helium, Io, goes through the channel
(2) between the coil block and helium container
wall. Its external surface has channels for two-
phase helium flow. Heat exchange between the flows
IQ and 2(pis realized through the helium container
wall.

To reduce heat influxes, a nitrogen shield (3)
and multilayer insulation put on the helium con-
tainer wall and nitrogen shield are applied. Thr
helium container is heat insulated from the warm
magnetic yoke (5) by plastic supports (6). The
coil block is aligned with respect to the yoke by
means of spacers (7) pressed by spring-loaded plun-
gers (8).

A large value of the field energy, — 1 MJ, in
UNK magnets requires a reliable quench protection
system. Presently, a possibility to use in the
UNK superconducting ring a system allowing to make
the cell with a quenched magnet go normal is being
studied'6'. For this system to operate efficiently,
it is necessary that special heaters of each mag^
net should cause a high ramp rate of the coil re-
sistance. The heaters made of 31 mm wide by 0.1 mm
thick stainless steel p^tes were put on the outer
coil shell and clamped to it with collars. They
were insulated on the coil side with two 0.08 mm
thick layers of a Kapton tape and on the bandage

Figure 4. The cross section of the cryostat:
I - coil block, 2 - helium container,
3 - nitrogen shield, 4 - vacuum tube,
5 - yoke, 6 - supports, 7 - spacers,
8 - plunger, 9 - springs, 10 - bolts,
II - beam pipe.

THE RESULTS ON TESTS OF SUPERCONDUCTING WARM
IRON DIPOLES

A test facility for study of both single super-
conducting magnets and strings of magnets in a
force-circulating cooling mode has been built at
IHEP (fig. 5). Its cryogenic system'7' allows to
carry out in the automatic control mode cooling-
down and warming-up, cooling by both single-phase
and two-phase helium flows,helium removal after
quenches and recovery of the specified cooling mode
afterwards.To control the electric and cryogeric
parameters of magnets a branched system of diagnos-
tics is available.lt is used to measure pressure,
temperatures,consumption rates and void fractions
of helium flows,quench voltages and currents,etc.
The data read-out and processing are carried out
with the help of a 128-channel automatic system
operating on-line with an SM-4 computer.

Below we present the results on tests of single
dipoles in a force-circulating cooling mode close
to the UNK operating conditions. Each dipole was
cooled by sing3e-phase helium wifi a consumption
rate of about 100 g/sec and inlet temperature of
4.2 K. Figure 6 shows a typical training curve for
dipoles. As seen, after the 1st quench the bore
field exceeds the operating value of 5 T and after
5-7 quenches reaches its maximum value of 6.2 T.

Figure 7 shows the maximum bore field versus
ramp rate. The curve flattop overlaps largely the
operating range cf I, (0.1-0.2) kA/sec.

The ac losses have- been measured for the ope-
rating cycle of the UNK field: 40-sec rise from
0.67 T to the maximum value of 5 T, 38-sec flat-
top and 40-sec drop. The total value of ac losses
in the iron and coil was 1 100 J, 810 J being hys-
teresis losses. According to estimates, the value
of losses in the warm iron was 250 J. With account
of that, the mean ac losses in the coil were
1.2 W/m.



Figure 5. The schematic view of force-circulating
facilities for tests of single magnets
and a string of magnets connected in se-
ries.

5.8
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2 3 4 5 4 7 8 ? 10 11
NQ

Figure 6. Training curve of a full-scale dlpole.

Static heat leaks into the helium volume have
been measured in the single-phase cooling mode.
The measurement error was +0.8 W/m. Their value
measured to such an accuracy was 2.5 W/m which is
close to the calculated one, 2 W/m. Table 2 pre-
sents the summed values of heat load in the heli-
um volume of a dipole.

6,2

6,0

5.8

5,4

5,2

3,TA

0- Q,

100 200 300 400 soo * 'A/C

Figure 7. The critical current of a dipole ver-
sus ramp rate.

Table 2

Heat Load in the Helium Volume of Dipole

Warm Iron
Sources of jx>ad per
losses Cryostat,

W

AC lossas
Static heat
leaks
Hysteresis heat
losses in iron
Heat losses in
walls of beam
pipe
Sddy-current
heat in bandage

Total heat load

7.2

12

-

1

0.2

20.4

Dipole
Load/m,
W/m

1.2

2

-

0.15

0.03

3.4

Cold Iron
Load per
Cryostat,

W

3.8

2

1

1

0.2

8

Dipoli

Load/m
W/m

0.65

0.33

0.35

0.15

0.03

1.3

To check the efficiency of heater operation
under quench conditions the value of the transi-
tion load, Ji dt, versus the bore field has been
measured (fig. 8, curve 1). The maximum value of
the heating temperature of the coil can be deter-
mined from the results on these measurements con-
sidering its heating to proceed adiabatically
'fig. 8, curve 2). As seen from this figure, the
value of the quench load does not exceed
8-106 A^ sec and the corresponding maximum coil
temperature does not exceed 160 K which is less
than the tolerable value.

The following characteristics of dipole fields
have besn measured in the force-circulating mode:
the harmonics of normal £ B /Bo and skew ,3 BJ^/BQ
field nonlinearities on the 35 mm aperture radius

o

tion of the coil rotation angle with respect to
the yoke versus the coil current. The stability
of angular coil position over the whole range of
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Table 3

Field Nonliuearities
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Figure S.The quench load (curve 1) and coil tempe-
rature (curve 2) versus the aperture field.

currents, up to the maximum value of 6 kA, was
j-0.2 mrad which it sithirk the limits of the measu-
rement error. Table 3 presents the integral values
of harmonics of nonlinearities over the magnet
length, measured for a dipole at the maximum field
of 5 T and injection field of 0.67 T.

The analysis of these data^8' showed that wit-
hin the operating range the values of gradient,
quadratic and cubic nonlinearities can be correc-
ted with the envisaged correction system; those
of higher-ordar and edge nonlinearities are within
the field tolerances ?n acceleration, stacking and
extraction modes.

The mechanical stability of a dipole was stu-
died by measuring the harmonics at various field
levels. Simultaneously, the value of radial ban-
dage displacement due to ponderoraotive forces has
been measured with the help of tension gauges.
As seen from the measurements, the field harmonics

remain unchanged up to fields of 6 T. The relative
values of harmonics start to deviate from tolerable
ones by 1-10"4 at fields exceeding 6 T, therefore
the value of bandage deformation exceeds 100 Mm.
So, for the chosen value of the operating field,
5 T, the dipole has quite a satisfactory mechani-
cal reserve.

A reserve in the critical current of a dipole
has been found. A temperature reserve for the case
of radiation and dynamic heating has also been de-
termined/9/. Figure 9 shows the value of the tem-
perature reserve for those turns of the 1st and
2nd shell operating under the most unfavourable
conditions at various moments of the UNK cycle.The
effect of ac losses on field rise and fall has
been taken into account. For magnets to be positio-
ned in radiation fields of the accelerator, radia-
tion heating of the coil due to losses during fast
and slow extraction of the beam at the field flat-
top has also been considered. As seen from fig. 9,
the turns of the 1st shell have the lowest tempe-
rature reserve at the maximum UNK fields. For the
envisaged cooling temperature, 4.4 K, it is 0.6 K.
This value seems reasonable with the existing un-
certainty in the extraction efficiency.

COID IRON DIPOLE

The above warm iron dipole design has certain dis-
advantages. The first to be noted is a large value
of static heat leaks and the complicated design of
a ci-yostat. A cold iron dipole design can help avo-
id these shortcomings. In order to make a well-gro-
unded choice of a dipole for the series production,
IHEP carries out a simultaneous development of such
a dipole. Its characteristics are presented in de-
tail in a separate report'4/.

Figure 10 shows a cold ir.on dipole design which
is similar to that being developed for HERA/ 1 &/.
The basic element of this design is a two-shell co-
il. The operating aperture radius is left unchanged,
35 mm. To save the superconductor, the coil and
magnetic yoke diameters have been decreased. With
allowance for the anticipated increase of the cri-
tical current density of superconducting wires of
up to 2.3 105 A/cm2 this will allow to cut the qu-
antity of the required superconducting material
by 30%.
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Hels)

Figure 9. The temperature reserve for the turns
operating under the most unfavourable
conditions. The first shell: I-I - 1st
turn, 38-1 - 38th turn. The second shell:
I-II - bus conductor, 23-11 - 23d turn.

The coil is bandaged as usual with stainless
steel collars whose position with respect to the
iron yoke is fixed with four special flanges.The
coil block and iron yoke are put inside the helium
container.They are cooled by singxe-jhase helium,
A part of this flow goes directly through the coil
and another part goes into the by-passing channel
where heat exchange with the return two-phase he-
lium counterflow going through the internal pipe
takes place.

The helium vessel is fixed to the warm vacuum
wall with vertical suspensions and horizontal ten-
sion elements made of titanium alloy in two cross
sections over the dipole length. To prevent its
longitudinal motions it is secured with anchor
expansions fixing the central cross section and
allowing the dipole end parts to move during ther-
mal cycles.

Figure 10. Magnet cross section: 1 - coil, 2 - ban-
dage, 3 - yoke, 4 - helium vessel, 5 -
two-phase helium pipe, 6 - beam pipe,
7 - nitrogen shield, 8 - superinsulati-
on, 9 - vacuum tube, 10 - suspensions,
11 - extensions.

Table 2 lists the values of heat releases in
the helium volume of this design. As seen, the sta-
tic heat leaks are considerably less as compared
with the warm iron design. A decrease in the amount
of the superconducting material led to a consider-
able reduction of the ac losses. The total heat
releases in the helium volume decreased by about
2.5 times. The problem of energy protection is also
simplified.

A shortcoming of a cold iron design is an unavo-
idable increase of its cooling-down and warming-
up times. A detailed study of this question led us
to conclude'11' that with the chosen cryogenic sys-
tem for VSK the string warming-up time is about
40 hours and cooling-down time is about 50 hours.
From the viewpoint of a maintenance cycle this
seems acceptable.

CONCLUSION

Simulation of superconducting magnets for UNK
is being carried out at IHEP in two directions.
A string of connected in series warm iron dipoles
is being tested at the test facility. The tests
are being performed with a view to study heat ex-
change and hydraulic processes in magnets, quench
processes, cooling-down and warming-up methods,etc.

Another direction is production of short and
full-scale cold iron dipoles and their scudy. The
final choice of the dipole design for series pro-
duction is envisaged to be made in 1987.
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SUPERCONDUCTING DIPOLE AND QUADRUPOLE MAGNETS IN KEK

H. Hirabsyashi and K. Tsuchiya

KEK National Laboratory for High Energy Physics
Oho-machi, Tsukuba-gun, Ibaraki-ken, 305 Japan

Abstract. The superconducting magnets, both
dipoles and quadrupoles, that were designed and
tested for the beam lines and accelerators at
KEK are described. In these magnets, various
condu-tors, winding schemes and cooling modes
were used.

INTRODUC ION

In the last ten years KEK has been develop-
ing several kinds of supercondi cting magnets for
beam lines and accelerators. For the beam lines
of the KEK 12 GeV proton synchrotron, large
aperture dipoles and a large aperture Panofsky
quadrupole were developed. And the former have
been operating for the last five years.

As accelerator magnets, 140 mm inner coil
diameter 5 T dipoles were developed and tested
at 4.2 K and one of them was tested at 1.8 K.
Another accelerator magnet is a high field
gradient insertion quadrupole for e e collider.
This is also a large aperture magnet with 140 mm
coil inner diameter and it is now in development
stage.

In order to survey the possibility of high
field accelerator magnets, two development
programs are taking place. One is a R&D of a.
dipole using alloy conductor under pressurized
superfluid helium cooling. The other is a R&D
of a dipole using Nb3Sn conductors.

This paper shous a brief description of
these magnet constructions and test results.

BEAM LINE MAGNETS

Large Bore Dipole

A pair of large warm bore superconducting
dipoles have been constructed and operated in
the 8 GeV/c pion beam line for the last five
years without any trouble. These were the first
superconducting magnets used in a beam line at
KEK.

The dipole is a cold iron superconducting
magnet. The cross section of the coil is shown
in Figure 1. The cos6 coil current distribution
was approximated by six block coils. The coil
consists of double layer windings of 75 turns
per pole. The main parameters of this dipole is
shown in Table 1.

The conductor was 1.27 mm * 9.48 mm com-
pacted cable of 25 strands NbTi composite
conductors. The copper ratio of the conductor
is 1.8. The cable is spiral wrapped with two
layers of insulation, first with Kapton and then

with fiberglass-epoxy tape. The current capaci-
ty of the conductor was 5200 A at 5 T and 4.2 K.

The coil was wound on a cold bore tube by
inserting cupro—nickel wedges and end spacers
with a tension of 20 - 25 kg. The end spacers
were carefully machined in order to ensure
constant perimeter winding. After the
completion of the coil assembly, the coil was
inserted in the iron shield by a shrink-fitting
technique.

lcm)§|||kCORRECTION COIL (SEXT, DECA POLE)

COOLING CHANNEL

MAIN COIL

15 (cm)

Fig. 1 The cross section of the large
bore dipole.
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Fig. 2 Training history of the dipoles.
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After the dipoles were mounted in horizon-
tal cryostats, they were tested. Their training
history in liquid helium is shown in Figure 2.
In the first magnet, training started rather low:
current corresponding to 2.5 T, but after
several quenches the central field of the magnet
reached 3.5 T. In the second magnet, more
quenches were required to reach the same level.

Table 1. Parameters of large bore dipole

Central field (T) 4.0
Current (A) 3518
Warm bore diameter (mm) 220
Main coil inner diameter (mm) 270
Iron yoke inner diameter (mm) 318
Iron thickness (mm) 275
Dipole physical length (mm) 1800
Stored energy (kj) 615
Bursting force (ton/m) 131

40 XI cm I

Fig. 3 Quadrant cross section of the quadrupole.

Large Aperture Quadrupole

A large aperture superconducting Panofsky
quadrupole, which was intended for use in an
anciproton beam line, was designed and con-
structed .

Figure 3 shows the cross section of this
quadrupole. From the outside to the inside, the
main components are: the magnetic iron frame,
the GFRP spacers with cooling channels, the
current sheets (A and B coil), the GFRP spacers
with a large number of cooling channels and
holes, and the stainless steel inner frame with
cooling holes and bolts which push the coils
onto the iron frame. Table 2 summarizes the
main design parameters.

The superconducting cable was a Rutherford
type compacted strands cable containing 7
strands of 0.67 mm diameter NbTi composite
conductor. The critical current of the cable
was 1000 A at 5 Tesla and 4.2 K. The cable was
insulated with 75 pm thick Kapton film and a
type of epoxy. After the winding, the coil was
vacuum impregnated with epoxy resin so that the
complicated structure of ends parts can be held
rigidly.

The assembled quadrupole was cooled in a
large vertical cryostat and tested. Due to the
complex coil end structure and difficult coil
supporting, this quadrupole experienced many
training quenches as shown in Figure 4. The
highest current achieved at the last excitation
was 678 A. The field gradient was 14 T/m with a
peak field of 4.3 T on the coil. The stored
energy of the current was 133 kJ.

Tr understand the cause of the training, we
srudied the quench characteristics by measuring
the ceil voltages and acoustic emission signals.
And we were convinced that the cause of these
quenches was epoxy cracking due to large
electromagnetic forces.
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Fig. 4 Quench history of the quadrupole magnet.

Table 2
Design parameters of Panofsky quadrupole

Field gradient (T/m)
Magnetic length (mm)
Current (A)
Stored energy fkJ)
Maximum field

in the conductor (T)
Iron frame

outer dimension (mm)
inner dimension (mm)

Total weight (ton)

15
610
730
154

4.4

836x598x500
476x238x500
2

ACCELERATOR MAGNETS IN THE REGION OF
5 TO 6 TESLA

5 T Dipole Magnet

A series of 5 T NbTi dipoles with 140 mm
inner coil diameter and 1.1m coil length, were
constructed to study the production procedures
and operational performance . The Fermilab type
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collaring coil structure was adopted for its
strong mechanical properties at highly
compressed conditions.

The cross section of the magnet is illus-
trated in Figure 5 and its principal parameters
are listed in Table 3. The inner and outer
coils were wound separately using a keystoned
Rutherford type cable composed of 27 strands of
multi-f\lanientary superconducting wires. The
critical current was 5500 A at 5.5 T and 4.2 K.
The cable was insulated i" -'nly with 25 vim thick
Kapton tape. The coil was uound on a convex
winding mandrel and then this mandrel, with coil
attached, was placed in a curing 500 tons
hydraulic press. To obtain azimuthal prestress
of 4 kg/mm^ at 4.2 K, the oversizing values of
the inner and outer coil were chosen to be 1.5
mm and 0.8 mm, respectively. These cured coils
were clamped tightly with 316L stainless steel
collar stacks in the hydraulic press.

The results of the training experiment are
shown in Figure 6. As can be seen in the
figure, the training quenches of the second
magnet were reduced almost half of the first
one. The difference of the construction process
between the first magnet and the second magnet
was as follows:

1) The quantity of epoxy impregnated in
the fiber glass insulation tape was reduced from
30% to 20% in th= second magnet.

2) The coils of the second magnet were
wound more tightly and skillfully, especially at
the coil ends.

3) The collaring pressure of the second
magnet was increased from 500 tons to 750 tons
to get higher prestress.

Table 3. Main parameters of 5 T dipole

Central field (T) 5
Current (A) 4870
Coil inner diameter (mm) 140
Coil length (mm) U00
Stored energy (kJ) 300
Bursting force (ton/m) 2200

In order ro study the characteristic limit
of the developed dipole at a temperature below 2
K. we constructed a pressurized helium II
cooling bath and tested the dipole in the bath .

After about 35 hours from the start of the
pre-cooling, the temperature of the magnet
reached 4.2 K. Then by pumping out the
evaporation chamber (Hells chamber), the coil
(200 kg) was cooled down to 1.8 K. It took
about 60 minutes from 4.2 K to immerse the coil
in the pressurised superfluid helivm.

Vfhen the magnet was completely cooled to
1.8 K, the excitation test was started, This
magnet had been previously trained up to 5.3 T
in the usual liquid helium. After ten quenches
in pressurized helium II, the magnet current

CHTJ5TAT VACUUM SPACE

FILLED WITH MULTILAYER

IH5ULATIOH

5INCIE PHASE HE LIU

TWO PHASE HEL»UM

SCAL£ lent)

Fig. 5 The cross section of 5 T dipole.

TRISTAN TEST DIPOLE
TRAINING CURVES

i #• i Magnet
a #2 Mognel
o # 3 Mognel

10 20
Number of Quench

30

Fig. 6 Training history of the dipole.

reached a 6600 A which is a maximum current of
the power supply. The corresponding central
field was 6.75 T.

Training of the double shell dipole magnet
was observed even in pressurized helium II at
1.8 K. But the attainable field was higher than
that of 4.2 K,as expected.

+ _.
Insertion Quadrupole Magnet for e e Collider

In order to increase the luminosity of e e
collisions in the TRISTAN Main Ring, high field
gradient superconducting quadrupole magnets are
required, For a beam energy of 35 GeV, the
maximum required operating field gradient of the
quadrupole is 70 T/m. As part of a program to
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develop the insertion quadrupole, a full scale
prototype magnet was constructed and tested .

The cross section of the prototype
qua(jrupo].3 is shown in Figure 7. The magnet

assembly consists of a four-layer
superconducting coil constrained by stainless
steel collars, which clamp the coil firmly under
a compressive prestress. The quadrupole is 1.43
m long and has an inner coil diameter of 140 mm.

A winding configuration was chosen to
minimize the allowable harmonics (12-pole and
20-pole). The computed quadrupole field is 70
T/m for an overall current density of 253 A/mm2.
The corresponding peak field in the winding is
5.2 T. The main parameters of this quadrupole
is listed in Table 4.

For the conductor, we used a keystoned
Rutherford type cable composed of 27 strands of
multifilamentary superconducting wires. The
ratio of copper to superconductor is 1.1,
somewhat lower than that of previously used
conductor for accelerator magnets. The com-
paction factor in the cable is 0.85 so that 15%
of the cable area is expected to be filled with
liquid helium when the magnet is cooled. The
cable is spiral wrapped with two layers of 25 ym
Kapton and a layer of 50 urn Kapton with about 15
um of epoxy. The critical currents of the cable
in liquid helium are 8900 A and 5250 A at 5 T
and 7 T, respectively.

The coil fabrication method was basically
the same as that developed for the 5 T dipole
described in the above section. The first layer
of the coil was wound on a convex mandrel by
inserting stainless steel wedges and G-10
spacers in appropriate positions and heat cured
in a press at about 130°C. This makes the coil
rigid and dimensionality correct. The second
layer was similarly wound onto the cured first
layer with an 0.5 mm thickness G-10 spacer

STAINLESS STEEL
COLLARS

STAINLESS STEEL
WEDGES

SUPERCONDUCTING
'COIL

between them. A second cure provided a double
pancake coil. The third and fourth layer coils
were made by the same process.

The eight double pancake coils were clamped
with stainless steel collars using a hydraulic
collaring press which applies forces on all four
sides of the magnet. At the downstream end of
the magnet the leads from individual coils were
soldered together using a special jig.

After the assembly of the magnet, it was
put into a vertical cryostat and cooled down to
study the quench behavior. The first quench
occurred at 3100 A, corresponding to a peak
field of 4.8 T. The magnet was trained five
times with the ramp rate increased from 5 A/sec
to 25 A/sec. After five quenches, a gradient of
80 T/m was obtained with a peak field of 6.0 T
in the windings and a stored energy of 449 kj.
The current was 3900 A, corresponding to almost
80% of the short sample critical current. The
quench test results are shown in Figure 8.

Table 4.
Parameters of the insertion quadrupole

Field gradient (T/m)
Current (A)
Coil (4-layer shell typb)

inner diameter (mm)
outec diameter (mm)

Staj .ileus steel collars
outer diameter (mm)

Quadrupole physic.- length (mm)
Stored energy (kJ)
Bursting force (ton/m)

70
3400

140
217.3

280
1430
341
94

8000

6000

4000

2000

Critical
current at 4.2 K

Fig. 7 The cross section of the prototype
quadrupole.

Fig. 8 The quench test results for the
quadrupole.

- 22 -



ACCELERATOR MAGNETS IN THE REGION OF
10 TESLA

10 T NbTi Dipole Magnet

To study the possibility of high field
accelerator magnet, we did a detailed design
study and constructed a window frame type dipole
with NbTi/Cu cable in pressurized superfluid

The cable is a Rutherford type cable
composed of 27 strands of 0.95 ram diameter
wires. The copper ratio of the wire is 1.4.
The filament size is 13 um and 2250 filaments
are embedded in a wire. The critical current of
the cable is 10800 A at 10 T and 1.8 K.

The cross section of the dipole is shown in
Figure 9. The main components of the magnet
are: eight race-track double pancake coils,
inner and wedge supports of non-magnetic high
manganese steel, outer collars of stainless
steel laminations and magnetic iron shield. The
high manganese steel has a smaller thermal
contraction coefficient than stainless steely
therefore the coils should be clamped tightly
when it was cooled.

The magnet was installed in a horizontal
1.8 K superfluid helium cryostat at atmospheric
pressure.

At first the magnet was excited in normal
liquid helium. It trained three times and the
current reached 4448 A, corresponding to 85% of
the critical current. Then the magnet was
cooled down to 1.8 K within 3.5 hours. In the
first excitation at this temperature, the quench
current rose to 6340 A, corresponding to 9.3 T
dipole field. It is 93% of the short sample
critical current at 1.8 K. Although we tried
two more excitations after that, the quench

currents were degraded. The reason of the
degradation was not clear. The load line of the
magnet and quench currents are shown in Figure
10. In Table 5, the design parameters and the
test results of the dipole are summarized.

Table 5. Parameters of tie window frame dipole

Central f i e l d (T)
Maximum f i e l d

in the conductor
Current (A)
Current dens i ty (A/:
Inductance (mH)
Stored energy (kj)
Inner c o i l diameter
Coil length (mm)

Nb^Sn Dipole Magnet

design value

IT)

mm )

(mm)

10.0

11.2
6840
298
36.2
847
90.6
1008.0

test results

9.3

10.4
6340
276
36.2
728
90.4
1010.4

As the first step co develop a multi-shell
type Nb3Sn dipole, we constructed a double shell
type dipole and studied the quench characteris-
tics. In this magnet, two kinds of monolithic
Nb3Sn conductors with different cross sections
were used to save the amount of the expensive
superconducting materials.

The main parameters of the Nb3Sn dipole are
given in Table 6. Figure 11 shows the cross
section of the magnet. The main components are:
the Nb3Sn/Cu superconducting double shell coil,
the stainless steel collars and the magnetic
iron. The coil was wound in a race-track shape
with a winding tension of 40 kg. Then it was
pressed to form a shell type coil. The insu-
lation in this magnet was two layers of mica
glass tape. The heat treatment of the Hb3Sn was

162,6

outer collar
(stainless steel!

inner support (32 Mn 7Cr)

wedge support (32Mn 7Cr!

coils
(NbTi/Cu)

DC

test results

• 4.2 K
• 1.8 K

-

design

6840A

5I3OA

a

values

(I.8KI

(4.2 K!

* \

y\ \

MAGNETIC

10

FIELD (T )

Fig. 9 The cross section of 10 T dipole.
Fig. 10 The quench test results together with

the load line for the dipole.
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Fig. 12 Training history of the Nb3Sn dipole.

Fig. 11 The cross section of the Nb3Sn dipole.

made at the temperature of 700°C for 48 hours.
After that four coils were assembled carefully
and clamped by stainless steel collars in a
compressed condition. The coil was not
impregnated with epoxy resin after the heat
treatment in order to have a good thermal
contact with liquid helium.

In Figure 12 the training history of this
magnet is shown.

Table 6
Parameters of Nb3Sn magnet and conductor

Magnet:
Coil (2-shell type)

inner diameter (mm)
outer diameter (mm)
length of straight section
total turns
insulation

Iron yoke
inner diameter (mm)
outer diameter (mm)

Magnec length (mm)

Conductor:
Inner Layer

Cross section
(mm2) (1.91-l.b2)xlO.O

Filament dia. (um) 10
Twist pitch (mm) 170
Barrier Nb
Pure copper
fraction (%) 30

Critical current (A)
at 8 T 9000
at 6 T 14500

132
166

(mm) 400
67

Mica glass tape

184
348
870

Outer Layer

(2.11-1.93)x6.0
10
170
Nb

40

7000
11000

CONCLUSION

We constructed and tested several types of
superconducting magnets using various conduc-
tors. As shown in this paper, those magnets
showed some training effects. Although it is
very difficult to derive a clear conclusion, we
think the construction method using collars is
superior to others and is applicable to a high
field magnet. But when we use a monolithic
conductor, it is very difficult to fulfill the
two requirements, to apply a strong prestress to
the coil and to assemble the coil in expected
size, simultaneously.

In regard to high field magnet development,
the pressurized helium II cooling is effective
to obtain a high field but for large applica-
tions of this cooling system, such as future
large accelerator, the development of new
cooling system to achieve 1.8 K more efficiently
is inevitable. It seems to take more time to
develop a Nb3Sn accelerator magnet. The princi-
pal troubles are coming from the brittleness of
Nb3Sn conductor and the requirement of heat
treatment at high temperature.
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MAGMET RESEARCH AND DEVELOPMENT FOR THE
CERM LARGE HADRON COLLIDER

R. Perin
CERN, 1211 Geneva 23, Switzerland

Abstract - After a short introduction on the
proposed CERN Large Hadron Collider (LHC) and
its size in terms of magnets and cryogenics, the
main features of the preliminary design of the
required 8 to 10 Tesla superconducting magnets
are described in some detail. The paper then
presents some general aspects of the R&D pro-
gramme for the magnets, which had been recently
started in close collaboration with European
Laboratories and Industries. A brief account of
the initial steps in the programme and of the
present state is also given.

1. INTRODUCTION

The spectacular discoveries at the Proton-
Antiproton Collider of CERN have confirmed the
interest in hadron colliders as one of the pre-
ferential ways to higher energy for particle
physics. Already at the initial conception stage
of LEP, the electron-positron collider presently
under construction, it had been foreseen that
one of the possible following steps °-n accelera-
tor facilities at CERN could be a proton-proton
(proton-antiproton) collider installed on top of
the LEP machine in the sanie tunnel. This Large
Hadron Collider (LHC) [ 1 > 2 > 3 ), will be a parti-
cularly cost-efficient machine since it will
make use of the existing tunnel with its asso-
ciated infrastructure, the proton (and anti-
proton) injectors and the general services of
the laboratory. Moreover, it will provide a
unique possibility of colliding high energy
protons with the electrons of LE;- up to about
1.8 TeV centre-of-mass energies.

As in a gi^en tunnel the attainable beam
energy is directly proportional to the bending
magnetic field, it is important to develop the
technology of superconducting magnets towards
the highest possible fields. The envisaged field
level is in the range 8 to 10 T corresponding to
about 6.5 to 8.5 TeV beam energies. Among a num-
ber of possible options for the LHC (proton-
proton in separate beam channels horizontally or
vertically spaced, proton-antiproton in a single
beam channel) the presently preferred solution
is a proton-proton collider with twin aperture
dipole magnets having a common magnetic circuit
according to the so-called "two-in-one" concept.
This solution, the most compact and economical
one for two beam channels, would provide colli-
sion luminosities of the order of 1033cm~2s~:l

and is the only way to reach a field as high as
10 T in two dipole apertures within the space
available in the existing tunnel.

Fig. 1 shows a typical cross-section of the
LEP tunnel with the LHC dipoles placed above the
LEP magnets.

Figure 1
Regular LEP tunnel cross-section with LHC dipole

The studies carried out in the last two
years at CERN have shown that the LHC is feasi-
ble, but its energy, and consequently usefulness
for phyiscs, will crucially depend on the deve-
lopment of the necessary high quality, high
field compact magnets. Magnet research and deve-
lopment has been started along the two possible
routes to high field, i.e. using Nb3Sn (or
other A15) superconductor at about 4.5 K and
NbTi superconductor at helium II temperature.

2. SIZE OF THE LHC PROJECT
IN TERMS OF MAGNETS AND CRYOGENICS

It can be roughly estimated that about 80 to
85 % of the LHC project cost will be in super-
conducting magnets and cryogenics with their
ancillary equipment, the rest being mainly in
the RF and vacuum chamber syntems. Of the 27 tan
long LEP tunnel, about 20 kilometers will be
occupied by the regular arc machine cells. The
remaining 7 kilometers will include dispersion
suppressor insertions, straight sections, beam
separation dipoles and low-B insertions.

Fig. 2 shows a tentative layout of a regular
LHC cell, with indication of the spaces needed,
on top of the effective magnetic lengths, for
magnet ends, electrical connections, cryogenic
plumbing, safety devices, etc.. The layout is
relative to the NbTi conductor, helium II
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variant, which is the most demanding in space
because of the more complex cryogenics. The
magnetic lengths of the dipoles and other
magnets may still vary during the process of
optimization of the LHC parameters, but the
following typical lengths may he assumed for the
sake of evaluating magnet numbers (Table I) and
quantities of materials which will be needed in
the construction of the LHC :

Main dipoles ~ 10 m
Quadrupoies ~ 2.7 m
Sextupoles ~ 0.7 m
Correction dipoles ~ 1 m

Assuming about 120 m for the regular cell
length, and taking into account the magnets
located in dispersion suppressors and straight
sections, the quantities of the most largely
required materials can be estimated and are
listed in tables II and III.

Table I
Approximate number of superconducting magnets

for the Large Hadron Collider

Dipoles, two-in-one, ~ 10 m long .
Quadrupoies, two-in-one,
Sextupoles, two in the same cryostat
Correction dipoles (one horizontal +

one vertical)

Number
l'86O
550
350

350

Table II
Approximate quantities of material for a

two-in-one. 10 m long.
magnet and cryostat

Material Quantity
(kg)

Superconductor (s. compound + copper) ... 600
Insulations 75
Copper spacers 125
Aluminium alloy collars 1*500
Laminated steel yoke 11'000
Carbon steel components of cryostat l'800
Stainless steel components of magnet

and cryostat 2* 200
Radiation screens (if s.s. or copper).... A50
Overall mass 18'000
Cold mass (4.5 or 2 K) 15'000

Table III
Approximate quantities of materials for

the LHC magnets and crvostats
Material Quantity

(t)
Superconductor (s. compound + copper) ... l'200
Insulations 180
Copper spacers 260
Aluminium alloy collars 3'000
Laminated low-carbon steel 22'000
Other steel components 3' 700
Stainless steel for magnets and cryostats 4'500
Radiation shields (if s.s. or copper).... 1*000
Overall mass 36'000
Cold mass (4.5 or 2 K) 30'000

LHC: Regular arc short straight section
\ \ < / / / ' / ' '• ^ V / / // A WWV • ' / / / / .<\W \V / / / / / <\ N \ XX / • ' / / / A

Figure 2 - LHC Regular arc half cell
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The overall outer surface of the cryostats
of the whole machine will be about 75'000 ma.
The cryogenic system has been preliminarly stu-
died and evaluated for the 4.5 K, A-15 conductor
solution and for the 2 K, NbTi conductor vari-
•ant'2'*'. For the first solution the assump-
tions were : heat inleak at 4.5 K and at ~ 80 K
per unit length of cryostat 2W/m and 15 W/ra
respectively. For the 2 K solution a 0.2 W/m
steady operation heat load at 1.8 K was assumed.
The parameters of the cryogenic installations
are reported in table IV and V.

Table IV
Characteristics of LHC CrvoRer.ics for

the 4.5 K variant

Number of refrigeration plants 8
Distance between refrigeration plants . 3'330 m

Per octant Total
Maximum installed primary

refrigeration (4.5 K).... 15 kW 120 kW
Maximum installed secondary

refrigeration (<80 K).... 100 kW 800 kW
Maximum installed liquefaction

(current lead cooling) .. 9 g/s 72 g/s
Maximum installed compressor

power 6.5 HU 52MW
Steady state compressor power. 2.6 MW 21 MW
Helium inventory (equivalent

liquid) 50-000 1 400*000 8
Nitrogen inventory (equivalent

liquid) 20'000 8. 160'OOO8

Table V
Characteristics of LHC Cryogenics for

the 2 K variant
Number of refrigeration plants 8
Distance between refrigeration plants 3*330 m
Distribution of local 1.8K refrigeration

stations every 1/2 cell
Per octant Total

Maximum installed
refrigeration at 1.8 K .. 1.5 kW 12 kW

Maximum installed compressor
power 7.8 MW 63 MW

Steady state compressor power 3.1 MW 25 MW

3. MAGNET DESIGN

Present design studies are based on the
following :

field range 8 to 10 T,
use of NbTi conductor at 2 K, or of Nb3Sn
(or other A-15) at 4.5 K,
two-shell coils, surrounded by Al-collars
and (vertically split) cold iron to form the
so-called "mechanically hybrid" structure'-"'
(fig. 7),
inner coil diameter di = 50 mm.
The most demanding case in terms of mechani-

cal and cryogenics design and space is a "two-
in-one" 10 T dipole of ~ 10 m length, cooled
by He II at ~ 2 K. A preliminary design was
made for the magnet and cryostat current cross-
section, the ends and their connection boxes
(figs. 3, 4). Such dipoles could be fitted in
the available space in the LEP tunnel, above LEP
(fig. 1).

Vacuum vessel enclosure (between dipole units)

.Vacuum vessel

.Radiation shield

Shrinking cylinder

Non magnetic collar

Beam pipe M • 38 with inner radiation shield

,SC bus-bar ^

Figure 3 - LHC, 10 T, twin-aperture dipole. Cross-section of 2 K version
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The following tentative specifications of
the superconducting wire were taken as a base
for the magnetic design :
Wire diameter 0.7 to 1.2 mm
Critical current density at 11 T,
4,2 K (over the whole wire cross-
section and at /> = 10~14 Qm 650 A/mm2

Percentage of stabilizer copper in
the wire cross-section > 50 %
Copper resistivity ratio (RRR) ... > 100
Effective filament diameter
(as deducted from magnetization
measurements) < 10 vim

and possibly ~ 5 ym
Twist pitch 20 to 30 mm

The present design ̂  of the windings
features a two-layer coil with graded current
densities. The conductors of the two layers are
different in cross-section and shape, though
carrying the same current. The ratio between the
current density in the outer layer and the cur-
rent density in the inner layer is about 1.7.

3.1. Dipoles

Coil cross-section

For a 10 T magnet and a 25 mm coil inner
radius, it is impossible to manufacture good
quality superconducting cables, of the required
width (~ 17 mm) for a two-layer winding and
having the natural keystoning to fill the wanted

circular sectors. The fall-back solution of
increasing the number of layers should be avoi-
ded as far as possible for economical and mecha-
nical engineering reasons. The coil cross-
section has, therefore, to Incorporate spacers
either distributed (on each conductor) or in
blocks. Fig. 5 shows the conductor distribution
in a block structure in which the inner layer is
made with a (2.4/2.8) x 17 mm2 trapezoidal
cable carrying 19 kA at 11 T. The conductor of
the outer layer is a (1.3/1.6) x 17 mm2 tra-
pezoidal cable capable of carrying 22 kA at
8.5 T.

The copper spacers in such a configuration
are, however, there only to fill the space lost
due to insufficient keystoning of the conductor
and to help in achieving a good field distribu-
tion. A better use of this, otherwise lost,
space would be to attach to the superconducting
cable a thin trapezoidal copper (or aluminium)
strip before applying the insulation. In this
way the normal conducting material would contri-
bute to stability and protection. Fig. 6 shows a
conductor distribution in which the inner layer
is formed by 13 turns of C2.15/2.80) x 17mm2

trapezoidal cable with on its side a
(0.03/1.1) x 16.5mm2 copper (or aluminium)
spacer. The outer layer would have 18 turns of
(1.3/1.7) x 17 mm2 trapezoidal cable with a
(0.05/0.3) x 16.5 mm2 normal conductor strip.
Preliminary magnet designs with these two confi-
gurations are reported in ref. 6.

Figure A - LHC. 10 T, twin-aperture dipole.
Longitudinal section of magnet ends and junction box.
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The above configurations represent two
extreme cases. An optimized geometry will
probably include distributed spacers and some
concentrated small block-type spacers to meet
both requirements of sufficient stability and
good field quality.

Figure 5
Conductor distribution in block structure

LHC 10T dipole

Figure 6
Conductor distribution in distributed

spacer structure LHC 10T dipole

Coil ends

One problem with such small coil inner
diameter and large conductors is the small
radius of curvature (of the order of 6 mm)
around which the conductor has to be bent at the
ends. The solution of flared out ends
should be avoided, if possible, because of the
more complex mechanical structure required to
support the coils, in particular for Hb3Sn
(or other A-15) conductors. The cable of the
first layer should, therefore, satisfy the con-
flicting requirements of being sufficiently
flexible to be easily wound and to be strongly
compacted in order to behave as a high elastic
modulus body under transverse compression. Two
stage cables are at present envisaged to meet
the first requirement, but more studies and
tests have to be made to find a satisfactory
solution. The application of a normal conductor
strip to the cable in order to obtain the cor-
rect keystoning by soldering it to the cable or
by a co-extrusion process or by a simple contact
under pressure, will have to be studied in

relation with coil winding and magnet behaviour
(losses) in normal operation and at quench.

Constant perimeter type ends are envisaged
for ease of winding with such a high 3spect
ratio (width/thickness) cables. The axial magne-
tic force, about 350 KN, cannot be taken, as in
lower field magnets, by tension in the straight
part of the winding, which would be submitted to
a 13 dH/mm2 longitudinal tensile stress and
to an elastic elongation of more than 10 mm in a
10 m long magnet. The contribution of the outer
stainless steel cylinder is, therefore, essen-
tial for supporting the coil ends.

Coil clamping structure

The electro-magnetic force distribution in
the coils are reported in ref. 6.

If the required pre-stress would have to be
provided onlv by the collars, their thickness
would result larger than what corresponds to the
optimum coil-yoke distance as determined from
magnet efficiency and field quality considera-
tions. A "mechanically hybrid"'51 support
structure was, therefore, proposed, in which the
yoke contributes in an important way. Such a
structure consists of three elements :

The aluminium alloy collars.
The steel yoke, vertically split in two
parts.
A stainless steel cylinder around the yoke.

The working principle of the structure is
schematically shown in fig. 7, which is relative
to an 8 T single aperture model presently under
design and construction' '.

The collars are clamped around the coils at
room temperature with a moderate pressure,
sufficient to take the first non-linear or low-
modulus coil setting and to guarantee integrity
of the assembly during transport and handling.
In this way any risk of room temperature flow or
creep of coil components (especially of organic
materials which may flow under stress at room
temperature) is avoided. The dimensions of the
yoke are chosen so as to obtain the wanted gap
between yoke halves, which is determined so
that :

It will completely close during cool-down of
the magnet,
A pre-dsfined pressure will be exerted by
the yoke on the collars at the end of the
cool down,
An adequate compression is produced at the
mating faces of the yoke halves.
The stainless steel cylinder will be fitted

around the yoke, so as to exert a predetermined
contact pressure on the yoke halves and between
yoke and collars.

During the cooling process the shrinkage of
the aluminium collars increases the pre-
compression in the coils, while the yoke halves,
actuated by the stainless steel cylinder move
horizontally inwards applying compressive forces
to the collars-coils assembly.
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At operation temperature all three compo-
nents of the coil clamping structure collaborate
in applying the necessary prestress to the win-
dings, while the yoke halves will be in contact
at their mating faces under a pre-determined
compression (fig. 7b).

When the magnet is powered, the yoke mating
faces will progressively unload while the com-
pressivs forces between them are gradually
replaced by part of the horizontal component of
the magnetic forces in their reaction to the
tensile forces in the shrinking rings. This
process takes place with negligible displace-
ment, due to the large rigidity of the yoke, and
everything works in practice as if the collars
were resting against extremely rigid walls
(figs. ?.c. and d).

Coil displacement and deformation under the
electro-magnetic forces are, therefore, greatly
reduced, as compared to a simple collar clamping
system, with beneficial effects on magnet stabi-
lity and also on field quality.

As an example fig. 8 shows the azimuthal
stress distribution in the coil of the above
mentioned 8 T model, as computed by means of a

finite element program, but under electro-
magnetic forces corresponding to 9.5 T central
field. The whole coil is in compression with a
maximum of 13 dll/mm2 (~ 9 dS/mm2 for
Bo = 8 T), which is to be compared to about
20 dN/mm2 computed for a structure of the
same dimensions, but without the compressive
pre-stress on the split iron mating faces. It is
also interesting to note that the radial outward
elastic displacement of the coil inner edge at
the median plane is only Ar^ = 0.045 mm, a
very small value when compared with presently
existing lower fie14 mapnets.

Thoush in a real S.5 T magnet the maximum
compressive stress in the coil would be of the
order of 10 dN/mm2, because the same force
would be distributed on a wider conductor, this
example shows, however, that the "Roman arch"
concept^7' for mechanical stability of accele-
rator type magnet coils is approaching its upper
limit at about 10 T field, even with the use of
the "hybrid" support structure. This limit is
set by the mechanical strength of insulation and
copper, and it is likely that other types of
coil structures will be necessary for higher
fields.

i sle?l shrinking cylinder
or al allLj rings

rum tempera) ire gap

small conpresswe
prestress on coils

a)

Room temperature

gap closed, tompressive stress
on mating faces

high tension n shrinking cylinder

M l compressive prestress on coils

gap closed,slight residual
compression on mating faces

Tiax tension in
shrinking cylinder

slight residual compressive
prestress on coils

horizontal component of
electromagnetic (orce on
cods,suppurled by collars
and yoke/shrinking
Cylinder assembly

(Fy.the vertical component of
electromagnetic lore, is
supported by compression
tn the coils 1

oos 01

Cold condition,magnet powered to Bmax

Elastic characteristics of yoke/shrinking cylinder
(•"in in B mm t!i«h i ! itnl ihnnh.ng [rfin0er the evaluation of
under th( eifdromjgneht" lortti , i t B bill tie Itn Hun 0

- Principle of "hybrid" mechanical structure
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Figure 8
Distribution of azimuthal stress
in the structure of an 8 T masnet

computed for a 9.5 T field

bx = 1 ; ax = dipole x-component ;
a2, b2 = quadrupole components ;
aa, b3 = sextupole components ; etc.

Z = x + iy ; Rr = reference radius.

The most worrying error component at injec-
tion field is the sextupole produced by persistent
currents in the superconductor. Obviously the best
way of reducing this error is to cut it at the
source by using conductor with small "effective"
filament diameter and this is part of the develop-
ment programme in industry. Correction windings
either short-circuited or independently powered
are also considered. Another idea for compensating
the systematic error is to use small permanent
sextupole magnets^8' which would be located in
the end junction boxes between the dipoles
(fig. 4). The resulting correction could be
adjusted to perfectly compensate the error at a
chosen dipole field (e.g. at injection) as shown
in fig. 9. This idea has, of course, to be veri-
fied by model construction and tests in order to
ascertain its feasibility, in particular concer-
ning stability and reproducibility of the perma-
nent magnet behaviour in the machine environment.

Preliminary parameters of the dipoles and
expected field quality

The dipole magnet preliminary parameters are
summarized in table VI

Table
Nominal field
Peak field in the windings <
Nominal current
Current density (averaged across the
coil area) inner layer

outer layer
Stored energy (for the full two-in-

one magnet) ~
Ramping time
Coil inner diameter
Distance between gap center lines

(intra-beam distance)
Transverse size of active part,width

height
Outer diameter of cryostat
(1.8 K version) at magnets

at junctions
Overall weight ~
Cold mass ~

The expected field errors due to various
causes have been estimated and are reported in
tables VII and VIII under the form of multipole
field components expressed by

10
11
17

345
5,5

670
600

50

180
560
460

820
880
1.8
1.5

T
T
kA

A/mm2

A/nan*

kJ/m
s
mm

mm
mm
mm

mm
nun
t/m
t/m

By iBx = Bo (bn
y
i an)(Z/Rr)n-l

where Bo = magnitude of dipole field
the y (vertical) direc 'on.

bn = normal multipole coefficient.
a,j = skew multipole coefficient.

in

3_

Z_

<_

n

-(_

-Z_

-3

1<L_
4_

0 "

1
15 (6-POLE COMPONENT̂ BTRMcm

16-POLE PRODUCED BV PERMflNENT
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/
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Figure 9
Correction of persistent current sextupole

by means of permanent magnets

Quadrupoles

The quadrupoles will be excited in series
with the dipoles. They will have two-layer win-
dings with graded current densities as for the
dipoles. A preliminary list of their parameters is
reported in table IX.
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Table VII - Summary table of systematic multipole components*

(Normalized for R = 1 cm, in 10~* units)

1
|B0 IT:

1 1
|aa 1

|as

K

las

Ia7

1

IN

Summary table of

0.5

± 0.
± 1

± 0

6
6

1
-3.7 ±1.0

± 0
± 0

± 0

03
05

03
0.45±0.11

± 0
± 0

± 0
± 0

Table

01
31

.001

.16

VIII

1 !

± 0.6
+ 1.6

+ 0.1
-1.5 ±1.0

±0.03
±0.05

±0.03
0.18±0.11

± 0.01
+ 0.31

± 0.001
±0.16

2

± 0.
+ 1

± 0

6
6

1
-0.5 ±1.0

± 0
± 0

± 0

03
05

03
0.06±0.11

+ 0
± 0

± 0
± 0

' random multipole components*

01
31

.001

.16

6

± 0.6
-0.2 +1.6

± 0.1
0.68+1.0

± 0.03
-0.1 +0.05

±0.03
-0.02+0.11

±0.01
± 0.31

± 0.001
±0.16

Preliminary

8

± 0.6
-0.8 ±1.6

+ 0.1
1.2 ±1.0

± 0.03
-0.2 ±0.05

±0.03
-0.03±0.11

±0.01
± 0.31

± 0.001
1 + 0.16

10

+

-2.4

±
1.6

-0.4

+

-0.05

+

0.6
+1.6

0.1
+1.0

0.03
+0.05

0.03
±0.11

0.01
-O.OO7+O.31|

i

±
| ±

Table IX
parameters of the

1
0.00l|
0.16 1

quadrupole magnets
(Standard deviation for

Rr = 1 cm, in 10~* units,
at injection field))

a i

b*

a3

N
a5

N

N

Main contributions

Fabrication
tolerances,

alignment errors,
etc.

5
5.4

1.7
1.2

0.5
1.5

0.20
0.15

0.07
0.20

0.04
0.02

0.002
0.005

Persistent
current

0.20

0.02

Total |

5.0 |
5.4 j

1
1.7 |
1.2 1

0.5 i
1.6 |

0.20
0.15

0.07 ;
0.20

0.04
0.02

0.002
0.005

The tables correspond to :
5 pm filament diameter,
5 % random variation of
niagnetization.

superconductor

nominal gradient 250 T.'m
Peak field in the windings < 7.5 T
Current density, averaged over the

coil cross-section, inner layer . 475 A/mma

outer layer . 740 A/mm2

Nominal current 17 kA
Stored energy (full "two-in-one" quad.) 180 kJ/m
Coil inner diameter 50 mm
Distance between gap center lines ... 180 mm
Transverse size of active part width 430 mm

height 250 mm
Weight ~ 0.7 t/m

4. DEVELOPMENT PROGRAMME

Although no fundamental physical or tech-
nical limitation, that would prevent building
the 8 to 10 T LHC magnets, has so far been
found, the technology of such high field magnets
is difficult and requires an adequate effort of
research and development. For this to be
successful, it is essential to make use of all
existing expertise and facilities. The style of
our research and development will, therefore, be
the COLLABORATIOH :

With Laboratories and Institutions, because
of their great experience accumulated in pre-
vious projects, the availability of special
fabrication and test facilities and the common
interest in parts of the programme. A European
Collaboration, open to other interested parties,
has been started among CEA (France), CEN-HOL
(Belgium), CEHN, DESY (Germany), ECU (Nether-
lands), ENEA (Italy), INFN (Italy), KFK
(Germany), NIKHEF (Netherxands;, RAL (United
Kingdom.), SIN (Switzerland), Techn. Universitat
Wien (Austria).
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With Industry, because CERN intends to order
froni industry all magnets and ancillary compo-
nents for a future LHC. Moreover modern firms
are technologically advanced and CERN policy is
to promote R&D in industries entrusting them
with all the needed developments that they can
efficiently carry out. Industry is, therefore,
taking part from the beginning in the R.&D
effort, not only in the development of compo-
nents . such as conductors, insulation systems
etc, but also in the design and construction of
magnet models. In this way CERN will open tb/5
way to industrial manufacture of the required
large number of high field rennets, while at the
same time fulfilling one of its indirect tasks,
i.e. know-how transfer to the industrial world
and promotion of technology.

4.1. Components to be developed

The main components to be developed are :
Basic superconducting wires for both the

KoTi and the Nb3Sn (or other A-15) lines,
according to the specifications in section 3.

High aspect ratio (width/thickness), high
current cables, in order to minimize the number
of layers in the coils. Typical cable characte-
ristics could be :

for the 1st layer : (2.40/2.80) x 17 mm2

cross-section, Ic > 18 kA at 11 T,
for the 2nd layer : (1.30/1.60) x 17 mm2

cross-section, Ic > 18 kA at 8.5 T,
Composite conductors having normal conductor

trapezoidal strips in thermal and electrical
contact with the Rutherford type, high aspect
ratio, cables.

Insulation systems capable of retaining
adequate mechanical and electrical characte-
ristics after the reaction cycle of A-15
conductors.

8 to 10 T dipole magnets, following the two
possible routes :

Nb3Sn (or other A-15) superconductor at
~ 4.5 K.
HbTi superconductor at ~ 2 K.
Other magnets : quadrupoles, sextupoles,

correcting dipoles.
High current (10 to 20 kA) diodes capable of

operating at cryogenic temperature.
Ultra-low resistance (< 5 x 10~lon) junc-
tions of superconducting cables.
Low-loss current leads for 15 to 20 kA.
Electronics, hardware and software for

controls and diagnostics.

4.2 Phases of development programme
and present situation

A first phase of the development programme
includes :

The definition and design of single aper-
ture, one metre long models,

The development of wires and cables,
Stability and protection studies,
Study of cryogenics and refrigeration system

at 1.8 K,
Construction and extensive test of one metre

long models, mainly dipoles and quadrupoles.

The second phase of the development pro-
gramme foresees -.

The construction and test of full length
single aperture prototypes,

The construction and test of "two-in-one"
full length prototypes to finalize the design of
the magnets and the fabrication methods for mass
production.

The installation and test of a significant
string of magnets (e.g. a machine half-cell)
complete with all ancillary equipment.

Work has been started in the second half of
1985 on conductor development and magnet design.
Small orders have been placed for the develoment
of wire with 2 to 5 ym NbTi filaments and for
test fabrication of high aspect ratio cables
having the dimensions mentioned in section 4.1.
Trial productions by two firms of a two stage
cable for the coil inner layer and of a single
stage Rutherford type cable for the outer layer
have been successful both with NbTi in copper
matrix wire and with Nb in copper matrix (appro-
aching the mechanical behaviour of Nb3Sn
before reaction). Winding and other mechanical
test*are being performed at present.

The detailed design of an 8 T, 2 K modelt5l
is being carried out in collaboration vi'-h a
firm, who will start its manufacture in the
second half 1986. In the meantime a test station
for 1 m long models is being prepared at CERN.
Detailed design of 10 T models will start in the
next months both in a Laboratory of the Colla-
boration and at CERN.
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MAGNETS FOR RHIC

E. H. Willen
Brookhaven National Laboratory

Upton, H.Y. 11973

The Relativistic Heavy Ion Collider (RHIC) is
a«proposed research facility (l) at Brookhaven Na-
tional Laboratory for the study of extreme states
of matter. By colliding two beams of ions, up to
gold in mass and at energies up to 100 GeV/amu,
high energy density will be achieved within the
nuclei of the colliding ions, leading to a variety
of fundamental effects not heretofore observed.
The physics to be explored by this Collider is an
overlap between the traditional disciplines of nu-
clear physics and high energy physics. The ma-
chine is proposed for construction in the now-
empty tunnel built for the former CBA project. In
addition to the tunnel, various other facilities
needed for the machine are in place, including ex-
perimental halls, a beam transfer tunnel fron the
AGS, and a refrigerator for providing cryogenic he-
lium. Soon to be commissioned is a beam line to
carry heavy ions from the BNL Tandem Van de Graaff
to the AGS, and a Booster (321 MeV/amu for gold)
for the capture and acceleration of the ions prior
to injection into the AGS is under construction.
Though direct injection into the AGS will be possi-
ble, the Booster is necessary to efficiently cap-
ture and accelerate the heavier ion species. The
AGS will rhen accelerate the ions (up to 10.7
GeV/amu for gold) prior to injection into the

FUTURE
EXPERIMENTAL
ARE a

Collider. Figure 1 shows the layout of the RHIC
project on the laboratory site.

-14.811 - 1 0 14.811

Figure 2. RHIC Regular Arc Cell.

The Collider, including the magnets, is in an
advanced state of design. Figure 2 shows the
layout of the basic RHIC regular arc cell. Sev-
enty-two such cells are required to complete one
ring. The lattice of magnets chosen in the design
reflects the need for strong focussing to maintain
a small beam size while coping with the severe
intrabeara scattering of heavy ion beams. Each
cell is 29.622 m long; it deflects the beam by
77.7 mrad and has a betatron phase advance of 90°.

The layout of the magnets to bring the beams
into collision is shown in Fig. 3. Crossing
angles from zero to several milliradians are
allowed. Because of the need to accomodate both
a range of energies and different ion species,
from protons to gold, several special large dipole
and quadrupole magnets- are required near the colli-
sion point. Otherwise, the magnets in these inter-
section regions have characteristics similar to
those in the regular arcs.

The characteristics of the dipole and
quadrupole magnets required for the arcs and for
the intersection regions are given in Table 1.
Table 2 lists the total complement of magnets
required in the machine, including the sextupole
and multipole correctors located at each of the
quadrupole magnets. Current plans are for 10-20%
of these magnets to be built at Brookhaven and the
rest to be built in industry over a 4-year con-
struction period.

Figure 1. Site Map for RHIC.
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Figure 3. Magnet Layout in the Intersection
Regions.

Table 1. Characteristics of the Arc and
Intersection Region Dipoles and
Quadrupoles for RHIC (100 GeV/amu
Operation)

Effective
Coil ID Length

Magnet (mm) (m)
Arc

dipole 80 9.475
quadrupole 30 1.18

Intersection
dipoles

BC1 200 3.3
BC2 100 4.4
BS Inner 80 3.57
BS Outer 80 5.46
B 80 9.46

quadrupoles
Q1-Q3 130 1.34-2.21
Q4-09 80 1.03-1.74

Field or
Gradient

3
71

4
2
3
3
3

57
67

.45 T

.4 T/m

.63 T

.73 T

.45 T

.45 T

.45 T

.4 T/m

.4 T/m

Table 2. RHIC Magnet Inventory
Regular Arcs

Dipoles
Quadrupoles
Sextupoles
Correctors

Intersection Regions
Standard Aperture Magnets

Dipoles
Quadrupoles Q4-Q9
Sextupoles @ Q9
Correctors

Large Aperture Magnets
Dipoles (BCD
Dipoles (BC2)
Quadrupoles (Q1-Q3)
Correctors
Skew quadrupoles @ Q2 or Q3

Totals
Dipoles
Quadrupoles
Sextupoles
Correctors
Skew quadrupoles

288
276
276
276

48
144

12
144

12
24
72
72
24

372
492
288
492

24

Although there are less dipoles than there
are quadrupole and corrector magnets, the arc
dipoles nevertheless remain the dominant cost item
in the machine. For this reason, the R&D effort
has focussed on this device. Various models have
been built, including four in industry,
culminating in a half-length model with prototype
cross section that was built and tested in the past
year.

a cross section of the current dipole coil de-
sign is shown in Fig. 4. It has a single layer

GLASS-PHENOLIC SPACER

STAINLESS
STEEL

BORE TUBE

38.10-

39.94-

Figure 4. RHIC Dipole Coil Cross Sr-i.tion.

superconducting coil designed to provide the
required 3.45 T bending field for 100 GeV/amu ions
with a generous margin of safety. The
superconductor used is the same as that used for
the outer coil of the Superconducting Super
Collider (SSC) magnet. Figure 5 shows a cross sec-

HDTi COMPOSITE WIRE
DI&METEB 0 6*8 mm i
-6000 FILAMENTS
-5pm DIAMETER EACH

Figure 5. Cross Section of RHIC Superconductor
Cable.
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tion of this superconductor in its cabled form.
Prestress is applied to the coil directly by the
iron yoke through a 5 mm thick insulator-spacer
surrounding the coil. The relatively close iron
leads to some iron saturation field effects at
high field that must be corrected with the lumped
corrector magnets located at each quadrupole.
There are no internal trim coils i: these magnets.
The 10 m long magnets are assembled in fixtures
that introduce the required 47 mm sagitta during
the construction process. The sagitta is locked
in place via the outer stainless steel weldment,
which also serves as the helium pressure vessel.
The cold mass is supported in a cryostat with
folded, insulating posts (originally designed by
FNAL for the SSC) (2], as shown in Fig. 6. The

Figure 6. Cross Section of RHIC Dipole in Cryostat.

primary.design parameters for the dipole magnet
and the superconductor used in its construction
are given in Table 3.

Table 3. Basic Arc Dipole and Superconductor
Parameters

Dipole Parameters
B, minimum operation
B, 100 GeV/amu
B, quench
Current for 100 GeV/amu
operation

Inductance
Stored energy at 100 GeV/amu
operation

Length, effective
Sagitta
Coil, number of super-
conducting turns

Coil inner radius
Iron outer radius

Superconductor Parameters
Cu/SC ratio
Wire diameter
Critical current density
@ 5T, 4.2 K

Number of wires in cable
Width of cable
Mid-thickness of cable
Keystone angle

0.24 T
3.45 T
4.6 T

4.56 kA
43 mH

490 kJ
9.460 m
47.2 mm

33
39.9 mm
133.3 mm

1 .8:1
0.648 mm

2400 A/mm2
30
9.73 mm
1.16 mm
1.2 deg.

The performance of the half-length model
constructed and tested during the past year was
excellent. Figure 7 shows the training history of

o
in T

y 2

(2.6K)

Short -somple prediction

RHIC operating field

4.5K

5 10
Quench Number

15

Figure 7. Training History of Prototype RHIC
Dipole Magnet.

the magnet. The first quench was above fhe
required operating field and after several addi-
tional quenches, the magnet's field reached a
level near itB short sample limit. It is expected
that future magnets will reach a somewhat higher
field because of continuing improvements in the
current capacity of the superconductor and
improved cable fabrication.

The measured transfer function, sextupole har-
monic and decapole harmonic are shown in Fig. 8.
The large magnetization evident in the harmonics
at low field is due to the large filament size (20
Um) in the superconductor used for this magnet.
Future magnets are expected to benefit from the
reduced filament size (<5 Hm) that is being
developed in the very active superconductor R&D
program (3] currently underway. Table 4 lists the
measured mean values of the various harmonics,
including also the expected mean value and the
expected magnet-to-magnet variation extrapolated
from CBA experience. It is seen that the har-
monics in this prototype are well within the
expected error distribution.

The design for the arc quadrupoles is shown
in Fig. 9. It £00 is a single layer magnet using
the same conductor as in the dipole. Again the
use of copper wedges provides the needed degrees
of freedom to achieve good field quality over the
aperture of the magnet. The single layer design
is particularly welcome in a quadrupole magnet to
reduce the number of coils that must be built
and assembled. The main parameters for the
quadrupole are given in Table 5.
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Figure 8. Measured Sextupole and Decapole Har-
monics in Prototype RHIC Dipole Magnet.
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Figure 8 (cont). Measured Transfer Function in
Prototype RHIC Dipole Magnet.

Table 4. Harmonics at 2.5 cm (x 10 )

b 2

b 3

b 4

t>5
b 6
b 7
b 8
b 9

a l
a 2
a 3
a 4
a 5
a 6
a 7
a 8
a 9

Mean,
Measured @

1200 A

-0.2
-11.2

-0.2
1.1

-0.1
1.1

-0.1
-0.1

0.3

-3.8
-0.8
-0.3
-0.2

0.5
-0.1

0.2
-0.1

0.3

Mean, Expected,
Including

Magnetization
for 20 pm
Filaments

_

-12
-

-2 .5
-
0 .8
-

-0.15
-

_

-
-
-
-
-
-
-

Standard
Deviation,
Expected

2.1
4 . 6
1.3
2 . 2
0 .5
0 . 8
.0.2
0 . 3
0.1

4 . 3
1.3
2 .2
0.6
0 .9
0 .2
0 .3
0.1
0.1

Single layer coil magnets are being specified
for RHIC because the tunnel exists and the
required field to achieve the design goals of the
machine (100 GeV/amu) can be readily obtained in
such magnets. In a study performed for the SSC,
it was found that single layer magnets are at a
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Figure 9. BHIC Quadrupole Cross Section.

Table 5. Basic Arc Quadrupole Parameters

G, minumum operation (corresponding to
0.24T in dipole)

G, 100 GeV/arau
G, quench
Current for 100 GeV/amu operation
Inductance
Stored energy at 100 GeV/amu

operation
Length, effect ive
Coil, number of superconducting

turns
Coil, inner radius
Iron, outer radius

67.4 T/m
108 T/m
4.56 kA
3 mH

20 kJ
1.24 m

16
39.9 mm
133.3 mm

cost minimum of total magnet plus tunnel cost.
This is illustrated in Fig. 10. The minimum
occurs because the superconductor, which dominates
the magnet cost, is less efficient in producing
field in a two-layer coil design. Thus, the par-
ticular requirements of the RHIC machine have
fortuitously led to a magnet design that is not
only cost advantageous but also highly reliable by
virtue of the relative simplicity of a single layer
coil magnet.
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STATUS OF MAGNET TECHNOLOGY AND FUTURE TRENDS

A. V. Tollestrup
Fermi National Accelerator Laboratory

P. 0. Box 500
Batavia, IL 60510

This submission is an attempt to
express in summary some of the ideas I
have heard expressed during the
Discussion Session which I chaired and
which was held on the first day of this
workshop, as well as ideas and thoughts
I have had during the conference. As a
result many persons should be credited
for input, but as an informal summary I
will omit, with apology here, the many
sources .

Why should magnet technology be
supported in the long run? The first
answer might be, as it always had in the
past, "to achieve higher energy."
However, if one looks realistically at
the problems that would come with a
machine that has ten times the energy of
the SSC, too TeV in the center of mass,
the problems look so enormous at first
sight that it is hard to believe that
such a step will be taken. Indeed, the
field of high energy physics is ripe for
a completely new technology to keep us
on the Livingstone curve.

However, a number of persons have
expressed the idea that it is perhaps
premature to hold a wake for the
circular machine. Further research
might produce a magnet of three times
the field and increasing the radius by a
factor of three over the SSC would
surely be tractable. Physics will
ultimately guide us in the development
of future accelerators, and it may be
that an ep collider, for instance, will
be strongly indicated. Magnet
technology for such a future step must
be supported, and it may be that in
spite of the enormous problems posed in
the construction of high field magnets,
solutions will be found that are
economically and aesthetically pleasing.

But higher energy accelerators are
not the only reason to support
accelerator magnet technology. We have
seen a spectacular growth in the
industrial use of accelerators in the
last decade. Synchrontron light sources
are an obvious example, the need for
compact reliable accelerators for use in
the medical field is also well known,

Operated by Universities Research Association
for the Department of Energy

and work on such machines is starting.
It is hard to believe that the use of
the compact accelerator will not spread
and find many new uses in the next few
decades.

Accelerator magnet R&D has
important spin off for other styles of
magnets used in HEP. For instance, the
very high field magnets for measuring
magnet moments of particles and the new
very large detector magnets have been
made possible by basic R&D done in
support of accelerator style magnets.
Low 8 quads benefit from a very high
peak field and are crucial for achieving
high luminosity in the presently planned
machines. Thus, even if high field
magnets become very expensive in their
fabrication and use exotic materials in
their construction, they can have an
important leverage effect in increasing
the effectiveness of present machines.

If one says "yes, we must support
magnet technology," can one foresee
which directions the R&D will proceed?
The spectacular increase in current
density achieved by the collaboration
between universities and industry with
support from the DOE points to an
obvious area for further work. The
increase in current density of almost a
factor of two has had an enormous impact
on the design of the SSC. The LHC, due
to its higher fields,will continue to
apply pressure for increased j .

Can we use this higher j ? Since
the stored energy increases as B ,
higher field magnets become harder to
protect during a quench. This question
needs more work since it is critically
dependent on the behavior of the quench
protection system. A related question
that is always lurking in the background
and affects the average current density
Is what Cu/SC ratio is necessary for
stable operation of a magnet. The
Tevatron has a ratio of 1.8/1, but
magnets for the SSC are being built that
operate at higher fields and have inner
coils with a ratio 1.3/1. This is a
poorly understood area that needs
fundamental work for a better
understanding .



The higher j can have an effect
also on lower field magnets by reducing
the amount of superconductor required
and hence their cost. It la interesting
to speculate what the effect would be on
presently planned machines if j should
increase by another factor of two!
(Apologies to the conductor experts at
this workshop - but I have great faith
in your abilities!)

A second area where great advances
have been made is in the cryogenics used
with accelerators. Already it is clear
that large machines can be designed with
an operating temperature of 1.8 K. In
addition, the results presented from LBL
would seem to indicate that a magnet can
be preconditioned, and training quenches
eliminated at ^.3 by cycling the magnet
at 2°K to currents higher than the short
sample limit expected at 1.3°K. The
detailed reasons for this behavior are
not understood, and I am sure will
present a fascinating story as the facts
unfold. Naively one would.argue, since
the heat capacity is « T , that as the
temperature is decreased by almost a
factor of two much smaller disturbances
in the support matrix could cause the
magnet to quench and thus make it more
sensitive to training at lower
temperatures. Does the auperfluid
properties of the liquid He play an
important role? Perhaps the next
workshop will tell!

Muca evidence has been presented
that indicates that industry is playing
an ever increasing role in not only
conductor development but in magnet
development and production as well. It
is noted that the level and method of
industrial participation is quite
different depending on the country.
However, due to the size and complexity
of machines like the LHC and the SSC, it
is obvious that early
industrial involvement
success. The challenge, of course, is
to develop highly automated techniques
for magnet production that cut the coat
per unit length and increase the
uniformity of the field. It ia clear
that large machines would benefit from
magnetg with field uniformity of a part
in 10 , and that designs exist that
theoretically will produce such a
uniformity. As the field uniformity
increases, the magnet aperture can be
made smaller with resulting cost
savings. This area is ripe for many
inventions! It is interesting to note
and was pointed out by MRI experts that

and complete
is required for

industry is producing large numbers of
solenoids that are accurate to a few
parts/million over large volumes.

Finally, in closing I would like to
remark on the cost of developing a
successful accelerator magnet. A rough
attempt to add up the coat of developing
the cos 8 magnet indicates a total of
the order of $200 H. This includes the
Tevatron, CBA/ISA, SSC, UNK, HERA, and
KEK with additional support in GESS very
early. This world-wide effort has
produced cos 9 magnets ranging in
aperture from 3 cm to 30 cm, and fields
from 3T to almost 10T. A tremendous
data base exists for predicting tĥ e
behavior of this magnet. I mention this
because it gives a scale to judge the
cost of implementing a new design and
bringing it up to the point where it can
be used in an accelerator the size of
SSC or LHC. It is unfortunate, but
true, that this tenda to constrain the
development of new designs that deviate
very far from this technology.

The requirements of quality control
and failure-free operation has added a
new dimension to accelerator magnet
design and production. How does one
"qualify" a magnet design for a machine
with several thousand magnets? The
experience at HERA will provide
interesting new data.

The next few years provide many
challenges for both the designer and
fabricators of magnets!
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NSW DEVELOPMENTS IN NIOBIUM-TITANIUM SUPERCONDUCTORS

D. C. L a r b a l e s t i e r , P. J . Lee, Li Chengren and W.
Applied Superconduct iv i ty Center
Universi ty of Wisconsin-Madison

Madison, WI 53706

H. Warnes

INTRODUCTION

Niobium—titanium composites have been fabrica-
ted on an industrial scale since about 1966.
After early optimization efforts, their proper-
ties reached a plateau from about the mid 1970's
and the principal development efforts then went
Into manufacturing scale up and cost optimiza-
tions. Little fundamental work was done on them.
Under the challenge of Roger Boom and his plans
for superconducting magnetic energy storage, we
were stimulated to undertake some basic investi-
gations of the metallurgy and superconducting
properties of this system, coming to the conclu-
sion that there was a great deal of improvement
to be made in the properties. This work has been
greatly stimulated in recent years by the renewed
interest of accelerator builders in the potential
of superconducting magnets. The design of the
Superconducting Super Collider (SSC) has given
particular emphasis to pushing Nb-Ti as far as it
can go. If the large Hadron Collider (LHC)
chooses Nb-Ti or Nb-Ti-Ta at 1.8 - 2 K for its
magnet design, the push will be even further
intensified.

The present paper has been prepared for the
May 1986 workshop on Superconducting Magnets and
Cryogenics, organized by ICFA. It briefly
reviews recent work relevant to the applications
of Nb-TI for accelerators. Detailed arguments
have been or will be presented elsewhere. An
overview of the magnet design aspects of super-
conductors was recently made, as well as of the
mlcrostructural and flux pinning properties.
Both Nb-Ti and NbjSn conductors were considered
In these reviews.

HIGH Jc VALUES

Following extensive work on the raw material,
W. K. McDonald and his group at Wan Chang began
to produce Nb 46,5 wt% Ti of high chemical homo-
geneity in 1983. This so-called "High Ho" alloy
proved to be reproducible and suitable for multi-
ple heat treatment, enabling composites to be
reliably fabricated in long lengths. Following
pilot scale fabrication in our laboratory, a full
scale billet was fabricated in a collaboration
with LBL, Wah Chang and IGC.5 A basic throe heat
treatment (HI) process was found to be suitable
for raising the Jc (all Jc values are quoted at
an overall resistivity of 10~14 nm) to above 2700
A/mmZ (5 T) and 1200 A/mm2 (8 T) , without any
deleterious effects on fabricability being
noticed.

A crucial step In developing an understanding
of the microstructure was to learn how to separ-
ate intrinsic properties (i.e. those dependent on

Table 1. J values obtained from 2 and 3 HT
of 40 hrs/375 C (402 and 403) (ref. 5).

Jc Value an)

Size

Designation mm

5 T

A/mm2
8 T

A/mm

Final Size

H.T.

UW Processed
4-402
4-403

1-403
2-403
3-403

IGC Processed
normal

4-403

0.572
0.511
0.511
0.572
0.572
0.511

0.645
0.805
0.648
0.808

2295
2740
2725
2785
2810
2850

2365
2280
2645
2545

895
1020
1140
1150
1145
1220

1015
930
1070
1030

yes
yes
no
no
no
no

yes
yes
yes
yes

Note: only optimum size Jc values are given.

the basic fluxoid-microstructure interaction)
from extrinsically limited properties (i.e. those
limited by filament non-uniformities). Work by
both our group0"8 and that of Garber et al. has
shown that the resistive transition index n is an
excellent diagnostic for the presence of extrin-
sic lim'ts. The appearance of extrinsic limita-
tion can be noticed particularly clearly when a
composite is drawn towards and past its optimum
Jc. As Fig. 1 shows, the n-H characteristic
rises steeply with decreasing field when the wire
is large and below its optimum but, as the
optimum Jc is reached, the low field slope of the
curve declines and the shape changes to that of a
plateau. The optimum transport cur;ant is in
fact a balance between an optimization of the
intrinsic microstructure and a minimization of
filament non-uniformities."8 A theoretical
analysis of this flattening in the n-H character-
istic has recently been presented by W. H.
Warnes.6'10

We continue to study the basic characteristics
of the superconductor and the Jc values that can
be obtained from Nb 46.5 wt% Ti. The best
results that we have-obtained so far exceed 3550
A/mm2 (5 T) and 1450 A/mm2 (8 T). A detailed
discussion of these results is in preparation.

FINE FILAMENTS

In the first designs of conductor for the SSC,
the filament diameter was 15 - 20 pm but, under
pressure to reduce the field harmonics at injec-
tion field (~ 0.3 T), the filament size was soon
reduced to the 2 - 5 ym range. This reduction



c

Fig. 1.

2 4 S S 10

Magnetic Ftold (Taela)

Resistive transition index (n) versus
magnetic field for a Nb 46.5 wt% Ti
composite at various sizes before and
after the peak transport Jc« The peak,
transport J occurred at a wire diamecer
of 0.645 mm.

raised in an acute form the problem of filament
sausaging. The principal cause of sausaging in
filaments of 20 pm or less is the presence of
Ti-Nb-Cu compounds formed by ihterdiffusion ft
the matrix-filament: interface. However, until
recently it was thought that these compounds for-
med principally at the extrusion stage (heating ~
1 - 3 hrs at 600 C ) . 1 1 ' 1 2 Experiments in our
group have shown quite conclusively that a
major source of the intertnetallic is during
process HT (of order 40 hrs/375 C). Even though
a maximum of only 0.15 um of intermetalllc forms
during each HT,1' the brittle particles break
away from the filament, later agglomerating into
1 - 2 um particles (Fig. 2). As the results in
Table 2 show, this is responsible for a major
degradation of the J as the filament size is
reduced from 15 - 20 \sm to 3 - 5 \m (compare
CB1210 and CB1710, as opposed tc CB1230 and
CB1730).

Fortunately these effects can be diminished by
applying a diffusion barrier to the filaments.
This old technique has recently been successfully
revived. A particularly successful example is
due to Gregory et al. In this case, a 4164
filament conductor with 4 ym filaments was multi-
ply heat treated to produce > 3000 A./mm2 (5 T)
and > 1200 A/mm2 (8 T). These are outstanding
properties for a .full size 12" billet. Similar
results have now been obtained with composites
made by all the US manufacturers under the
program organized by R. M. Scanlan from LBL.

Fig. 2. Intermetallic nodules on the surface of
a Nb-Ti filament. The sausaged nature
of the filaments is obvious.

Table 2. Effect of heat treatment time and
number on the Jc of a laboratory
produced coEposite having no extrusion
step (ref. 13).

Composite Filament Heat Jc (5 T) Jc (8 T)
dia. traatments

at 375 C
um A/nan A/mm

CB1210

CB1710

CB1230

CB1730

CB1233

21

4
3

19

5
3

5
4

.0

.2

.3

.2

.3

.5

6 x

6 x

9 x

10

40

40

hrs

hra

hrs

2705

2640
2265

3190

1920
1320

1590
93S

1145

1080
995

1135

510

1020
324

ALLOY COMPOSITION

Thsre are two compositions of Nb-Ti which find
significant use in the world.. Nb 46.5 wt% Ti and
Nb 50 wt% Ti. Although the inherent Jc proper-
ties of Nb 50 wt% Ti were long thought to be
superior, this is no longer the case. Fig. 3
compares the best properties known to us on
samples of the two alloys. The Nb 50 Ti compo-
site was optimized at Baoji while the Nb 46.5 Ti
was optimized in our laboratory.17'18 The Nb 50
Ti is seen to have a low field advantage but, at
fields of 4 I and above, Nb 46.5 Ti is better.
This comparison is also valid for conductors
optimized at the more usual J (5 T) values of
2500 - 2700 A/mm2.
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micrograph of a composite with Jc (5 T)
= 2800 A/mm2.

SUPERCONDUCTING PROPERTY CHARACTERIZATION

Fig. 3. Jc-H characteristics for the best
examples of Nb 46.5 Ti and Nb 50 Ti
known to us.

The high Jc of Nb 50 Ti at low fields is of
advantage for some purposes. However it is not
advantageous for accelerator us=, since finer
filaments are required to meet the injection
field magnetization requirement and at high
fields (7 - 8 T) the Jc is of order 20% less than
in Nb 46.5 Ti.

DEVELOPING A MICROSTRUCTURAL UNDERSTANDING
OF THE Jc

Developing a microstructural understanding of
the Jc has been the major ai*n of our group for

. >*°»20,21
Jc has

many years. cross-section of an
optimized microstructure is shown in Fig. 4. In
this micrograph, the light thread-like features
are sections of long ribbons of ar-Ti. A detailed
study of the formation and quantitative descrip-
tion of this microstrueture has been prepared.
An important feature of this microstructure is
its very fine scale heterogeneity. The volume
fraction of the ct-Ti is about 20% and the Jc is
found to be maximum at precipitate separations of
~ L0 nm and ribbon thicknesses of ~ 1 nm.^2
Given that the superconducting coherence length
is ~ 5 nm, we see that this system is a very
complex one. F-wever, we are very much encour-
aged that electron microscopy enables us to form
a detailed and quantitative description of the
microstructure. Given such a description, it now
becomes feasible to make a quantitative link to
the superconducting properties.

Compared to the length and complexity of the
microstructural characterization, it is very
quick and simple to make a measurement of Ic.
However, the trustworthiness of the Jc derived
from such measurements has not always been cer-
tain. Excellent reproducibility has however been
obtained by workers in the SSC development
program by adhering to some rather simple guide-
lines: measuring the Cu:Nh-Tl ratio rather than
accepting a stated value, utilizing a long
"short" sample of 0.5 — 1 m and defining J at a
composite resistivity of 10 S2m. Such
measurements are also suitable for deriving good
values of n, in principle therefore permitting
comparison to measurements at less sensitive
criteria (e.g. 1 uV/cm). Round robin testing can
also be an excellent means of developing confi-
dence in each other's test techniques. The NBS
standard reference material is very us'eful in
this regard.

Two other recent advances In testing are also
noteworthy. Sampson et a l . " have recently shown
that a full correction for the self-field of a
wire or a cable is appropriate (I.e. in the round
wire case B t o t a l = uQ H a p p U e d + pol/2na, where I
is the transport current and a is the sample
radius) and that transverse field magnetization
measurements can be matched directly to transport
current measurements on good (i.e. intrinsically
limited) conductors.

The second topic concerns the derivation of
the average Ic or Jc (<IC> or <JC>) from a resis-
tive transition measurement. Warnes and
Larbalestier8 have been able to show that the Ic

distribution f(I') of a composite superconductor
is given by



V(I) = A / (I-I1) f(I') dl1 (1)

where V(I) is the voltage developed across the
conductor, I the current, I' the local critical
current and A a factor describing the dissipative
processes occurring in the composite (these are
almost entirely associated with current flow in
the stabilizer or the sample holder under normal
testing conditions). By differentiating eq. 1
twice with respect to current, one obtains

A f(I) (2)
dl2

Using appropriate smoothing techniques we have
been able to obtain A and f(I) and various para-
meters of the distribution (such as the average
Ic) from the V(I) trace. '" Examples of the
resulting distributions are shown in Figs. 5 and
6. The significantly greater breadth of the dis-
tribution for a sausaged composite is shown in
Fig. 5, as compared to that for an intrinsic con-
ductor (Fig. 6). In particular this technique
allows us to determine that the ratio Ic

(10~14 ftn)/<Ic> is 0.95 for the good composite in
Fig. 6 but only 0.77 for the significantly
sausaged one in Fig. 5. The n values correspon-
ding to the two traces in Fig. 5 and 6 were 18
and 45, respectively. Values of n of 10 - 20 or
less, which are frequently obtained in badly
sausaged conductors in the mid-field range, are
thus seen to produce transport Ic values which
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Fig. 5. Distribution of critical current in a
badly sausaged Nb-Ti multifilamentary
composite.
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Fig. 6. Distribution of critical current in a
multifilamentary Nb—Tl composite with
uniform filament cross sections.

are markedly degraded below their intrinsic capa-
bilities. A full description of this analysis
has recently been prepared for publication. One
of the great utilities of this analysis is that
it is not always possible to prepare conductors
in a perfect state: being able to deconvolute
the average I c from a resistive transition
measurement enables an estimate of the average Jc

to be made. It is this parameter which needs to
be compared to our microstructural measurements.

USE OF Nb-Ti OR Nb-Ti-Ta IN THE
SUPERFLUID HELIUM RANGE

The upper critical field (Hc2) of Nb 46.5 Ti
is increased by 3 T on going from 4.2 K to 1.8 -
1.9 K. The corresponding increase is 4 - 4.25 T
for optimum Nb-Ti-Ta alloys containing 15 - 25
wt% Ta.25»26 The Jc of these alloys is well-
known to follow temperature scaling relationships
over the range 4.2 - 1.8 K.1'27 A particularly
simple extrapolation which arises from the gener-
ally linear JC~H characteristics of these alloys
is shown in Fig. 7. For Nb-Ti, one has J,, (5 T,
4.2 K) = Jc (8 T, 1.9 K) or for Nb-Ti-Ta Jc (5 T,
4.2 K) = Jc (9 T, 1.9 K). Table 3 compares
various possibilities for Nb-Ti and Nb-Ti-Ta at 5
T (4.2 K), 8 T (1.9 K) and 10 T ( 1.9 K). Good
present material has Jc (5 T, 4.2 K) of 2700
A/mm'-: this corresponds to 1550 - 1600 A/mm2 at
10 T (1.9 K). A Nb-Ti-Ta alloy (of approximate
composition 43 wt% Ti 15 - 25 wt% Ta) optimized
to the same extent at 5 T, 4.2 K should yield ~
2200 A/mm2 (10 T, 1.9 K). Speculating on the
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Table 3.

Alloy

Jc-H characteristics of Nb 46.5 Ti and
potential characteristics of Nb-Ti-Ta
conductors optimized to the same degree.

8 T and 10 T (1.8 - 2 K) projections of
current density for Nb 46.5 wt% Ti and
Nb 41 - 43 wt% Ti 15 - 25 wt% Ta alloys

5 T 8 T 10 T Comments
4.2 K 1.9 K 1.9 Y

(A/mm2) (A/mm2) (A/mm2)

Nb 46.5 wt% Ti

good industrial 2700
material

best industrial 3100
material

beet laboratory 3550
material

Nb-Ti-Ta

2700 1600 —

3100 1850 best 4 vm
filament
results

3550 ~ 2100

good industrial 2700
material

best industrial 3100
material

3300

3700

2200

2500

projections
based on
Nb-Ti

performance

potential of a Nb-Ti-Ta alloy optimized to the
best levels yet achieved in Nb 46.5 wt% Ti (e.g.
3100 A/mm2 (5 T, 4.2 K) in full scale billets or
3550 A/mm2 (5 T, 4.2 K.) in experimental billets),
suggests that JL values as high as 2400 - 2800
A/mm2 (10 T, 1.9 K) are possible in this alloy.
We should caution that these values would cer-
tainly require close attention to melting
practice and some further optimization. They
exist as goals for further development. By
comparison, it should be noted that the best
present NboSn conductors (made with variants of
the internal tin process) have J (10" ftm, 4.2
K, 10 T) values of 1600 - 1700 A/mm2.2

Development of the Nb-Tl-Ta alloys has been
somewhat limited so far. However a collaboration
organized by A. D. Mclnturff in 1982-1983 (with
Wah Chang, IGC and our group) showed that
excellent properties could be obtained on a full
industrial scale. Evaluation of magnets made
from this billec is proceeding now. A small Nb-
Ti-Ta magnet cooled to 1.8 K exceeded 13 T.29

CONCLUDING COMMENTS

Nb-Ti alloys have continued to be very
flexible superconductors with great potential for
improvement. It has proven possible to improve
Nb 46.5 wt% Ti enormously in the last three
years. On the production scale, Jc (5 T) values
have been raised from the 1800 - 2000 A/mm of
the Tevatron to the 2700 - 3100 A/mm2 of SSC
prototype conductors. On the laboratory scale we
have been able to exceed 3550 A/mm2. We still
have only a crude idea of what the ultimate
limits to the Jc might be, however, we do not
yet appear to have reached any fundamental
limits. The experience that we have obtained in
working with our industrial and national labora-
tory partners is that extrinsic factors have so
far produced the major limitations to the
transport Jc. We look forward to further
increases in the future.
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INTRODUCTION

In this paper we survey the high field
superconductors which could possibly be used in
accelerator dipole magnets, and then we rank
these candidates with respect to ease of
fabrication and cost as well as superconducting
properties. We will present only a summary of
results; references will be listed for those
who wish more detail. The superconducting
properties[1] which are important for appli-
cations involving electromagnets are transition
temperature, Tc, upper critical field, HC2>
and critical current density, Jc. The first
two are often referred to as "intrinsic"
properties because they are determined by the
chemical composition and are not strongly
dependent on the microstrueture, as is the case
for Jc. However, in addition to these
properties, the superconductor must have a high
Jc and also be capable of manufacture at a
reasonable cost.

A major difference between HbTi and the
other potentially useful superconductors is its
ease of fabrication. HbTi is a ductile alloy
which can be processed from cm-size rods to
micron-size filaments by standard extrusion and
cold drawing techniques. On the other hand,
the other high-field superconductors are inter-
metallic compounds which can be deformed only
about 0.2% in tension before they fracture and
become useless in superconducting wires. In
order to utilize these materials in the form of
continuous multifilamentary superconductors, a
number of special fabrication techniques have
been developed.[1,2] Within the group of
iTitermetallic compound superconductors, fabri-
cation technology is most advanced for
Kb3Sn. We now evaluate ffl^Sn and NbTi with
respect to their near-terr. use in dipole
magnets.

*This work was supported by the Director,
Office of Energy Research, Office of High
Energy and Nuclear Physics, High Energy Physir-.s
Division, U. S. Dept. of Energy, under Contract
Ho. DE-AC03-76SF00098.

Kb3Sn AND HbTi CONDUCTOR FABRICATION

Several processes have been developed
which allow Nb filaments to be fabricated and
then converted to irt̂ Sn after mechanical
deformation is complete. In the first, called
the "bronze process", Hb filaments are
processed in a bronze (Cu-13 wt % Sn) matrix
and then reacted typically at 650-750°C for
10-100 hrs. to form the itt̂ Sn super-
conductor. This process is well established in
industry and has been used to fabricate about
10 tons of superconductor compound, primarily
for fusion research magnets.[3-5] Note,
however, that this amount is still small in
comparison with the quantity necessary for an
accelerator the size of the SSC, i.e., between
250 and 500 tons of Nb3Sn compound, depending
on operating fields (see Table 1). Two major
limitations of this process are (1) the limited
ductility of bronze requires many costly
intermediate anneals during wire drawing, and
(2) the need to co-process with bronze means
that the overall current density is
reduced.[2] Alternate processes are under
development, and the most advanced is the
"internal tin process" in which pure or
low-alloy Sn is co-processed with Cu and Nb.
Problems associated with bronze processing,
such as limits on Sn content, limited
ductility, and the risk of Nb3Sn formation
during bronze annealing,[6] are avoided.
Approximately 1 ton of material has been
processed using this technique and several
fabrication problems have been identified.
[Ref. 7, paper by M. Suenaga, these proceed-
ings.] Another fabrication approach [3] which
is under development utilizies Nb tubes filled
with NbSn2 powder or alloyed Sn; the material
is processed to wire and the powder or Sn
reacted with the Nb tube wall to produce
Nb3Sn. Although laboratory processing has
produced approximately 100 lbs. of material
with very good Jc values, many production
problems remain, such as quality control on
the powder and limits on filament diameters
achievable using a tube approach.
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Table 1. Production Status of Superconductors

NbTi

NbTiTa

V3ua

Fabricability

Excellent (ductile alloy,
compatible with Cu)

Good, but not as ductile as NbTi

Special fabrication techniques are
necessary to avoid brittle phase

Special fabrication techniques are
necessary to avoid brittle phase

Special fabrication techniques are
necessary to avoid brittle phase

Quanitites of Alloy
or Superconductor
Compounds Produced

Present rate 35 tons/yr NKIR
HERA requirement SO tons

< 1 ton

4 tons MFTF, HFTF, 5 tons LCP

Approximately 100 kgm

Approximately 20 kgm

Present Cost

$60 - $80/lb.

$150/lb.

$250 - $600/lb.

$1000/lb.

NOTE: SSC requirements for 6.6 T magnets are - 2000 tons of NbTi ',:ire or
~ 800 tons of NbTi alloy.

The time scale for the evolution of these
processes for fabrication of multifilamentary
Hb3Sn has been quite long; the bronze process
was initially proposed about 1970,19,10] the Nb
tufce-NbSn2 powder process in 1975, and the
internal-tin process in 1974.[11] The long
development time is due in part to the rather
complex and lengthly processing required for
Nb3Sn and in part to the lack of a strong
demand for this type of conductor. As a
result, the industrial base does not appear
adequate for producing the 250-500 tons of
Nb3Sn compound (1000-2000 tons of wire) which
would be required to begin construction of the
SSC in 1988.

On the other hand, the industrial
fabrication of NbTi is well developed with
about 35 tons/yr being pr. luced, largely for
NMR tomography applications. In addition,
recent results from the SSC related R&D
program!13-15] show that significant improve-
ments in NbTi are possible. These improvements
will now be described.

In the first phase of the SSC-related
conductor R and D program, the effort was
focussefi on improving the JC(5T) from a value
of about 1800 A/mm2, as specified for the
Tevatron and CBA strands, to a value of greater
than ;:i00 A/mm2, chosen as the target
specification in the May 1984 Reference Design
Study. This goal was achieved for strands with
filamen'-. sizes in the range 15-22ym by a
combination of improved NbTi alloy and an
alternate heat treatment schedule developed by
Larbalestier and co-workers.[13] The repro-
ducibility of these results was demonstrated by
the fabrication of 14 production-size billets
between July 1984 and September 1986 as shown
in Fig. 1.
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Fig. 1. Summary of the improvements in NbTi
Jc as a result of the SSC-related R&D efforts
described in the text.
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The next phase of this R and D effort was
focussed on the process changes necessary to
achieve high current densities at fine filament
sizes, e.g., less than lOym. A number of
approaches were evaluated; these are discussed
in more detail in Ref. 14-16 and two other pa-
pers in these proceedings.[17, 18] The goals
of this work are to (1) maintain filament
quality at fine diameters by eliminating the
formation of inter-metallic compounds at the
Cu-NbTi interfaces, and (2) develop reliable
and cost effective methods for obtaining large
numbers of filaments in a single strand. As
indicated in Fig. 1, several different
approaches have been evaluated and were found
to produce fine filament material with high

IGC[18] used a double stack approach
whereby a 19 element billet was extruded and
cold drawn to produce stacking elements for a
second billet. This approach yielded wire with
JC(5T) values in the range of 2450-2550
A/mm2, and with n values in the range 20-25.
These values are to be contrasted with JC(5T)
values of 3300-3400 A/mm2 and an n value of
approximately 70 for the 19 element first
extrusion material which was processed to a
fine wire size without being reextruded.
Further analysis showed a tendency for the
outer layer of filaments in the 19 element
subassembly to exhibit sausaging when the
double extrusion material was processed to a
fine filament size.

An alternate approach, developed at
Supercon on an LBL-funded R and D contract,
consists of improving conventional billet
stacking technology so that 20,000 - 40,000
filaments can be stacked in a single billet (in
contrast to 55 - 2,000 elements previously
stacked in single billets). This approach has
proven to be very promising, both in terms of
the Jc and n values achieved and in terms of
cost-effective fabrication. Thj JC(5T, 4.2K)
and TI values range from 2700 A'mm2 and n = 57
for billet LBL-2 to JC(5T, 4.2K) = 3450
A/mm2 and n = 57 for billet LBL-1 (see Ref.
17 for more details). The results of this
R and D program provide the experimental
justification for the choice of the SSC design
parameters JC(5T, 4.2K) > 2750 A/mm2,
JC(8T, 4.2K) > 1100 A/mm2, and a filament
size of 5 ym. Additional production-size
billets are being fabricated in order to
establish reproducibility of these results and
to determine the most cost-effective approach
for fabrication of fine filament conductors by
this large single stack method.

EXISTING NbTi AND Hb3Sn MAGNETS FOR FUSION
AND FOR ACCELERATORS

NbTi is the "workhorse" of the
superconducting materials industry and accounts
for over 90% of the conductor that has been

produced. Several thousand magnets of various
shapes and sizes are currently in use, and no
attempt will be made to describe these in
detail. Three cases that are most relevant for
evaluating the si itability of HbTi for the SSC
magnets will ..-3 mentioned; these are the
Tevatron accelerator, the HERA Project and the
results of the SSC R&D program. About 1000
magnets were built and are operating in the
Tevat_-n at Fermilab. An additional about 800
magnets will be constructed over the next
several years for the HERA Project at DESY.
During the last 18 months, 12 dipole magnets
1 m in length (LBL) and 8 dipole magnets 4.5 m
long (BNL) have been built and tested as part
of the SSC R&D program. 119] All these magnets
performed as expected and indicate, with the
improved NbTi superconductor now being
delivered, that the SSC design goals can be met
with an adequate safety margin.[21] Currently,
Nb3Sn is being used where the magnetic field
requirements are beyond the capability of
NbTi. These applications are mainly laboratory
R&D solenoids and magnets for fusion
experiments. In the fusion area, Hb3Sn coils
using a reacted Nb3Sn conductor were built
for the High Field Test Facility (HFTF)[22]
(11.5 T) and Mirror Fusion Test Facility
(MFTF)[23] (12.0 T) at Lawrence Livermore
National Laboratory, and for the Large Coil
Program (LCPH24] (8.0 T) at Oak Ridge National
Laboratory. The large diameters of these coils
and the rugged design of the conductor
permitted the use of a reacted Nt^Sn super-
conductor. Most accelerator dipole designs
require that the conductor be bent around a
relatively small diameter at the ends and that
the conductor be somewhat less robust than the
conductors used in the fusion coils (to achieve
a higher overall current density). This has
led to R&D efforts aimed at building
accelerator coils by two different methods,
react-after-winding and wind-after-reacting.
React-after-winding dipoles have been built at
Saclay[25] and LBL;[26] a quadrupole using this
approach was built at CERH.[27] Wind-
after-reacting dipoles were built at BNL in
1978 and more recently in the early stages of
the SSC R&D program. The results of these
projects can be summarized as showing progress,
but requiring more R&D before success is
assured. Long models using the react-after-
winding approach are necessary to demonstrate
that the differential thermal expansion and
void-free epoxy impregnation problems can be
solved. Additional work employing the wind-
after-reacting approach is necessary to
demonstrate that coil fabrication can be
accomplished without seriously degrading the

superconductor.

COMPARISON OF PERFORMANCE OF Nb3Sn WITH NbTi
FOR SSC DESIGN D MAGNETS

Of primary interest in the evaluation of
different superconductor materials is to
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investigate the performance in an SSC magnet
design. Figure 2 (based on data provided by
C. Taylor for the SSC Conceptual Design Report)
attempts to provide such an evaluation. Here
we have shown the critical current performance
for NbTi based on a wire current density of
2750 A/mm2 at 4.2 K, 5 T. These data have
been plotted at fields from 3 to 8 Tesla using
a field enhancement factor in the magnet of
1.045 x Bo, and have been adjusted for the
magnet operating temperature of 4.35 K.

The Nb3Sn critical current line has been
plotted using the same field enhancement and
temperature corrections; it has been normalized
to Jc = 865 A/mm2 at 4.2 K, 10 T. This
Jc[7] is the value measured for strand
fabricated using the internal tin process with
filament spacing designed to reduce magnet-
ization to acceptable levels. The 10T current
density intercepts for Nb3Sn conductors
produced by alternate methods are indicated on
the right side of Fig. 2.

_ 5 -

CRITICAL CURRENT FOR
INTERNAL TIN PROCESS

NbTi
CRITICAL CURRENT'
(J c*2750A/mm2
AT4.2K.5T)

Nb3Sn PROCESS a
CURRENT DENSITY
AT4.35K,B0XI045

-Nb TUBE,POWER

Nb TUSE,5n»Cu

INTERNAL TIN*Ti(I.BII)

INTERNAL TIN (IS:I)

-EF"7. INTERNAL TIN (1.8:1)
WITH MORE STABILIZING Cu

MAGNET CENTRAL FIELD,B0 (TESLA)

Fig. 2. Predicted performance of an SSC Design
D magnet constructed of NbTi and Nb3Sn. The
critical current lines for NbTi and Nb3Sn are
for wire production methods currently well
developed. Additional stabilizing copper would
be required for Nb3Sn effectively lowering
the curve to the value indicated on the right.

However, those processes are not yet fully
developed and. are not in large-scale
production. An important question that still
remains is the amount of stabilizing copper
required for Nb3Sn magnets. The critical
current line for Nb3Sn in Fig. 2. is for wire

with a co^per-to-superconductor ratio of 1:1.
This ratio is most likely too low for a 17 m
long SSC dipole. The ratio is 1.3:1 for inner
layer Design D magnet coils and 1.8:1 for outer
layer coils; these values are found to be
adequate for NbTi. Although there is
considerable debate over the amount of
stabilizing copper required for Nb3Sn, a
ratio of 1.5:1 is probably a reasonable
requirement. This adjustment in the copper
would effectively lower all points on the
Nb3Sn critical current line in Fig. 2. by a
factor of 0.67. As a consequence, the SSC
magnets would not be expected to perform
significantly better with Nb3Sn made by the
present internal tin process than if they were
constructed with currently available NbTi. Of
course, improvements to the Nb3Sn fabrication
process, as indicated in Fig. 2, could event-
ually change the situation.

CONCLUSIONS

Among the available superconducting
materials, NbTi and Nb3Sn are the only ones
which are available for large-scale production
of accelerator magnets for SSC. For dipole
magnets designed to operate in the 6 to 7 Tesla
field range,the currently available Nb3Sn
produced by the internal tin process holds no
advantages over the latest generation NbTi
superconducting wire. The situation regarding
choice of superconducting wires has changed
significantly in the past year due to a large
improvement in the current density of NbTi
wires accompanied by reductions in filament
size. There appear to be methods for improving
Nb3Sn further, possibly through addition of
Ti. However, these improvements will require
further R&D and 3 to 5 years of production
scale-up depending an the level of the effort.
For accelerator dipole magnets to operate in
the 8 to 10 Tesla range, Nb3Sn would hold the
advantage over NbTi because of its higher
critical field. However, the mechanical design
and construction for such high field magnets
present totally ew challenges and would
require significant additional magnet R&D. A
final consideration is that magnets built with
Nb3Sn could operate at higher temperatures
thereby leading to a reduction in operating
costs for the SSC. There is optimism about
perfecting the techniques for constructing
accelerator magnets with NbjSn using either
the react-after-wind or wind-after-react
methods. It would appear prudent to continue
to pursue these development activities at a low
level within the overall SSC R&D program to
learn how to use brittle superconducting
compounds in magnet construction. In fact,
there might be a role for Nb3Sn in SSC if it
is necessary to construct a few special magnets
with very high dipole fields or especially
large quadrupole gradients. However, for
perhaps the next few years there appears to be
no practical alternative to the choice of NbTi
for the magnets of the main lattice of the SSC.
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Abstract. - The batches of 0 0.85 mm wires having
10 f»m and 6.5 f»m in diameter filaments embedded
into a copper matrix have been manufactured for
UNK superconducting dipoles. The optimal modes of
thermal and mechanical treatment as well as measu-
res designed to raise the homogeneity of supercon-
ducting filaments allowed to obtain the value of
the critical current density in wires of up to
2.7-105 A/cm2 for the 5 T field and 4.25 K tempe-
rature. The models of superconducting dipoles ma-
nufactured from such wires had the bore field in-
duction of at least 5 T without degradation, the
tolerable levels of residual fields and ac losses.

INTRODUCTION

The development of pulsed superconducting mag-
nets for the 2nd stage of UNK''1^ having the ope-
rating field of 5 T, the specified value of resi-
dual fields in the bore and low level of dynamic
heat releases into the coil required new designs
of superconducting composite wires having a high
current density and the filament diameter not ex-
ceeding 10 Mm.

In 1980-1985 there were manufactured and tested
a few batches of composite wires with Nb-50wt% Ti
filaments embedded into a 0 0.85 mm copper matrix.
The production of such wires incorporated conven-
tional methods of extrusion and cold deformation
with intermediate and final anneals. The basic
parameters of such wires are presented in Table 1.

Table 1

No. of Number of SC Average diameter of Packing
batch filaments SC filaments, ^m factor
1
2
3
4

1045
2970
2970
7260

17
10
10
fi.5

0.
0.
0.
0.

42
40
42
38

The wires of batches 3 and 4 had a diffusion
barrier to prevent Nb-Ti alloy - copper interac-
tion^2' and also optimized "ihode of thermal and
mechanical treatment. '•';

There were also manufactured and tested samp-
les of wire 0.85 mm in diameter having 25 53]
3-jum filaments in the copper matrix. The cross-
sectional view of such a wire is presented in
fig. 1.

STUDY OF SC WIRES

The volt-ampere characteristics (VAC) and hys-
teresis magnetization of wires have been measured
in transverse magnetic field at the temperature
of liquid helium boiling.

Figure 1. Cross-sectional view of a 0 0.85 mm wire
containing 25 531 3-um superconducting
filaments embedded into a copper matrix.

Figure 2 shows the VAC's of typical wires of
the mentioned batches and a sample having the dia-
meter of SC filaments of 3um. In a se-ni logarithmic
scale, all ihe VAC's look like straight lines whose
slope is convenient to be characterized by the ac-
celeration parameter Io describing VAC's by expo-

/3/nential dependence E=E exp( ), where I isc

the critical current of the wire measured for
the longitudinal field Eo=10~

6 V/cm.

Table 2 presents the values of the critical
density of the transport and magnetization cur-
rents, j c e and j c m , and also of the acceleration
parameter of VAC, Io, and of hysteresis losses for
the volume unit of superconductor. Wn, per cycle
of magnetic field induction varying from 0 to 6 T
for typical wires of the batches under considera-
tion.

The above data suggest that large values of the
critical density of magnetization currents have
been attained for the wires of batches 3 and 4.
These are due to the optimal structure of the su-
perconducting filaments obtained as a result of
optimization of thermal and mechanical treatment
modes. This is supported by the results of electro-
microscopic study of the microstructure of Nb-Ti
filaments.

As follows from fig. 2 and Table 2, the wires
of batches 3 end 4 had the sharpest VAC and the
minimal difference between the critical density
of the transport current and that of magnetization.
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Table 2

No. of
batch

Jce f o r

B=5 T,T=4.25 K,
105 A/cm3

Jem f o r

B=3 T, T=4.25 K
105 A/cm2

/j for B=3 T.
" *24.25 K

Io for B=5 T,
T=4.25 K, A mj/cm

1.5
1.3
2.3
2.2

3.0
3.2
3.8
3.7

1.37
1.76
1.12
1.15

15
22
8
10

160
90
130
84

si 4

X _L
I. A
X

ZOO 300 400 S00 600

Figure 2. Volt-ampere characteristics of typical
wires of the 1st,2nd,3d and 4th (1-4)
batches and of a sample having the dia-
meter of superconducting filaments of
3 j*m (5).

According to the presently available explanati-
ons'3''1', this is due to a high homogeneity of
superconducting filaments of the wires. As to the
wires of the 2nd batch, they had the most gently
sloping curve of VAC and the maximum difference
in j c m and j c e . As a result, the critical density
of transport current was lower than that of the
wires of the 1st batch despite a higher critical
density of the magnetization currents. The metal-
lographic investigation of the wires of the bat-
ches under study showed that the wire of the 2nd
batch had the highest inhomogeneity of its fila-
ments.

Figure 4 shows the distribution of the values
of the critical current measured in the 5 T field
at 4.25 K for the wires of the 3d batch. Elimina-
tion of the possibility for intermetallides to
form, attainment of a high geometric homogeneity
and of an optimal microstructure of the supereon-

Figure 3. Superconducting filaments of the 2nd
(a) and 3d (b) batches.

ducting filaments made it possible to obtain for
the wires of the 3d batch the value of the criti-
cal density of the transport current of up to
2.7-105 A/cm2 in the 5 T field at 4.25 K.

300

Figure j4. Normal distribution of the values of
the critical current measured in the
5 T field at 4.25 K for the wires of
the 3d batch.

Tre critical density of the transport current
in the wires with filaments 3 ̂ m in diameter which
were manufactured according to the similar techni-
que as those of batches 3 and 4, was 2.2-105A/cm
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in the 5 T field at 4.25 K. The slope of the VAC
(the acceleration parameter Io=13 A) did not vary
appreciably as compared with that of the 3d and
4th batches. This points to the efficiency of the
chosen modes of thermal and mechanical treatment
and of the diffusion barrier applied when manu-
facturing wires having such a diameter of super-
conducting filaments.

Figure 5 shows the dependence of the width &M
of hysteresis magnetization loop upon the induc-
tion of the external field B for the wires of the
batches under consideration. As seen, the wires
of the 3d and 4th batches with the diffusion bar-
rier have a sharper £M - B dependence than those
of the 1st and 2nd ones. In the fields exceeding
1 T the value of £M in all the wires was determi-
ned largely by the diameter of superconducting
filaments dropping; with the decrease of their dia-
meter. In small fields, determining the level of
residual fields in the magnet bores, this value
for the wires of the 3d and 4th batches was larger
than for those of the 1st and 2nd ones.

100\_
80

SO

40

20

10
8
6

2

, MT

B,T
47 02 OM 0,6 Q810 ZO 4.0 6.0

Figure 5. The dependence of the width of the hys-
teresis magnetization loop upon the in-
duction of the external magnetic field
for the wires of the batches under study.

As it follows from Table 2, the specific hyste-
resis losses being an integral characteristic of
the wire magnetization variation per field varia-
tion cycle reduced consecutively with a decrease
of the diameter of superconducting filaments in
the wire batch.

STUDY OF SUPERCONDUCTING CABLE

The keystoned Rutherford-type superconducting
cable was used as a current carrying element (CCE)
for the superconducting magnets of UNK. Figure 6

shows the cross sections of such cables. The cable
is manufactured in two stages. First, a cable of
rectangular cross section is transposed from the
initial wires and deformed later into a trapezoid
of the specified dimensions. During this process
they undergo a complicated mechanical action:
twisting, longitudinal and transverse deformation.
This may lead to a decrease of the current carry-
ing capacity of some wires and the cable as a whole.

Figure 6. The cross section of the SC cables used
to model the UNVC magnets: a) 23-wire
superconducting cable (batch 4); b) 16-
wire superconducting cablo (batch 3).

A detailed study of the influence of the trans-
vr-'se deformation of the superconducting cable on
its current carrying capacity''5'6/ was made with
the help of the wires of the 1st, 2nd and 3d bat-
ches and tested later on the wires of the 4th
batch. As sstablished, during transposition of the
initial cable of rectangular cross section the
current carrying capacity of single wires was left
basically unchanged and the critical current of
the cable was equal to the sum of the critical
currents of the initial wires.

Figure 7 presents the relative variation of the
critical current (curve 1) and the constructive
current density (curve 2! of the samples of the
superconducting cable when it was keystoned and
its packing factor increased. When it was raised
to 90% (this corresponds to the packing factor of
the superconducting cable of the UNK model magnets)
the critical current of the superconducting cable
decreased on the average by 5% as compared with
the sum of the critical currents of the initial
wires. Taking into account the fact that during
the measurements taken on short samples a section
equal to half a twist pitch was in the maximum
field, one should expect up to 10% decrease in the
critical current of the superconducting cable. Yet,
as it follows from fig. 7, the constructive cur-
rent density of the superconducting cable determi-
ning the value of the field induction in the SC
magnet bore even increases somewhat with the growth
of the cable packing factor.

CONCLUSION

Models of superconducting dipoles for UNK have
been manufactured from the wires of all the bat-
ches under consideration. With the wires of the
]st and 2nd batches used, the obtained bore field
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-Figure 7. The relative value of the critical cur-
rent (1) and the constructive current
density (2) of the superconducting key-
stoned cable versus the cable packing
factor.

was 5 T. Application of the wires of the 3d and
4th batches having the critical current density
of (1.8-2,2).3O5 A/cm2 enabled to raise the maxi-
mum bore induction to more than 6 T. For the ope-
rating induction of 5 T, this ensures the servi-
ceability of the magnets with heat releases due
to ac and radiation losses. The level of dynamic
heat releases in the coils of magnets manufactu-
red from the wires of the 3d batch was 1.2 W/m
for the UNK cycle, above 70% of this value being
due to hysteresis losses in the superconducting
filaments. In the magnets manufactured from the
wires of the 4th batch, the level of heat relea-
ses dropped to 0,85 W/m due to an essential dec-
rease of hysteresis losses. The measurements and
analysis of field nonlinearities in the bore of
superconducting dipole models showed that within
the 0.67-5 T operating range the value of quadra-
tic nonlinearity is such that its effect can be
damped by a proper correction system.

Quite large values of the critical density of
the transport currents obtained in the samples of
the wires with 3-jim filaments present an opportu-
nity to reduce the filament diameter in the super-
conducting wires for the UNK magnets with the view
of additional decrease of hysteresis losses in the
coil and of residual fields in the bore. The value
of the critical density of the transport current
obtained in the wires of the 3d batch, 2.7-105A/cm2,
stimulates work on further increase of the current
density of the UNK superconducting wire in order
to cut the consumption of the wire for production
of magnets.

REFERENCES

Q],Myznikov K.P., Soloviev L.D., Yarba V.A.
Proceedings of the 1984 Seminar of "Future Per-
spectives in High Energy Physics". May,
14-20, 1984, KEK pp. 95-109.

[2J_Dyachkov E . I . , Khukhereva I . S . , Laser D,,
Vladimirova N.M. Preprint JINR P9-84-80,
Dubna, 1984.

p ]Dorofe jev G.L., Imenitov A.B. and Klimenko E.Yu.
'Cryogenics, N 6, pp. 307-312, """"

[4J.Agapov Yu.P. et a l . DAM USSR,
1980.

[b], Andreyev N . I . , Balbekov V.I . , Bulatov E.A.
' e t a l . I l l Internat ional ICFA Wor!<shop, Prot-
vino, USSR, October 19-23, 1983, pp. 81-96.

[^.Dmltrevskiy Yu.P. , Vasiliev V.A. , silobin A.V.
et a l . Proceedings of the 2nd All-L«ion Con-
ference on Technical Applications of Supercon-
duct ivi ty , v. I I , pp. 73-77, Leningrad, 1984.

1980.
V. 254, N 4,

- 59 -
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Abstract. The connection of the currentcarryingcapacity and
losses for Nb-Ti multifilamentary superconducting wires with
microstructure and inhomogeneity of their filaments is formed.

Superconducting multifilamentary wires used for operation
in AC magnetic fields and for creation of such fields should
have a high current-carrying capacity and their energy losses by
magnetic reversal should be as low as possible. Hysteresis loss Is
a considerable part of the total energy losses in modern super-
conducting wires. To decrease the hysteresis loss, one should
decrease the thickness of superconducting filaments. However,
its decrease may result in a change of the structural state as
well as in an increase of the filament longitudinal inhomogeneity
which, in its tun., reduces the current-carrying capacity of the
wire.

To determine the possibilities of improving current and dis-
sipative characteristics of multifilamentary niobium-titanium
wires with a copper matrix, there were perfomed studies of the
mierostructure, current-carrying capacity and dissipative characte-
ristics of samples of a wire witii 2970 superconducting filaments
10, 6 and 3|i thick and superconductor space factor of 0,4 (wire 1)
and the current-carrying capacity of a wire with 25531 filaments
from 1.1 to 0.2(i thick (wire II).

Superconducting wires were manufactured by a simultaneous
plastic deformation and heat treatment of the N'o-50 weight %Ti
allny and a copper stabilizing matrix. Fragments of the wire cross
section at one of the manufacturing stages are given in Fig. 1.

Electron-microscopic studies of wire 1 have shown that at the
thickness of superconducting filamen's of 10, 6 and 3M the size
of a subcell in filaments equals 270, 270 - 250 and 250 A, res-
pectively (Fig 2).

Fig.2. Structure of superconducting filament 10;i of wire 1.
Thedark-coloured image is in the reflex of the a-phase.
(x80000).

Fig.l. Fragments A and B of longitudinal and transverse cross
sections of wire 1 (x200) and C of transverse cross sec
tinn of wirp 2 (x200).

Fig.3. Electron diffraction patterns of superconducting filaments
10, 6 and 3JJ thick of wire 1.
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The intensity of reflexeE an electron diffraction patterns depends
both on quantity and dispersion of the a-phase. It is clear from
Fig. 3 that the intensity of reflexes for samples of wire 1 with
G-M filaments is lower than that for samples with 10-/i filaments,
and in a sample with 3-|i thickness of filaments the reflexes of
the a -phase are not detected quite. The procedure used does
not allow us to decide if it is due to the decrease of the a-phase
quantity or to the increase of its dispersion.

The dissipative characteristics were measured by a calorimetric
method on samples with a twist pitch of 2itD (D is the wire dia-
meter) in the amplitude range of the magnetic field B m from. 1
to 5 T and the field change rate B from 0.07 to 0.4 T/s. The
measurement error amounted to 5 mJ/cm3. cycle.

Fig. 4 presents the amplitude dependent of losses in wire
1 at the rate of the field change B 0.25 T/s. The field changed
over a complete cycle from B m to -B m and vice versa.

100

80

§ 60

40

20

B = 0.25 T/s

Fig.4. Dependence of magnetic reversal energy losses on the

0.1 0.2 0 . 4

B, T/s
Fig.5. DepcM snce of magnetic reversal energy losses on the mag-

netic field change rate B at the field change amplitude of
4 T.

Fig. 5 is represented a dependence of losses for ;vire 1 on !.he
rate of the external magnetic field change B at the amplitude
B m 4T. The rate dependence of losses detected on wire 1 with
the filament thickness of IOJJ corresponds to the Carr theory/1/.
At lower thickness of filaments the accuracy of the procedure used
is not sufficient to determine the rate dependence of losses.

Measurements of the current-carrying capacity showed that in
the first approximation the connection between the electric field E
and the transport current density j in wires had a conventional expo
nential form /2/.

E =.10"« (VAcm) . e x p ( ( j - j r ) / j o )

Here j c is the critical current density at the level of the electric
field of 10 * V/cm, j 0 is a current parameter of the electric field
increasing. The plastic deformation of wires results in a drop or the
current-carrying capacity at the filament thickness lower than 6ji
in wire 1 and lower than 0.36M in wire 2 (see Fig. 6). The growth
of the ratio j o / j c observed in so doing allows us to state that the
drop of j c is a result of the increase of inhomogeneity of supercon-
ducting filaments in the process of plastic deformation. Since the
power of the hysteresis losses is proportional to the thickness of
the superconducting filament d and the current critical density j ,
the hysteresis loss ratio Wo to the mean value of (djc) is deter-
mined only by the sypDrconductor space factor of the wire and
the shape of the field dependence of j c (B). At the some time
^he critical density of the transport current j c can be lower than
j c due to the longitudinal inhomogeneity of the superconducting
filaments. Consequently, the ratio \Vo/ojc can serve as a measure
of the wire homogeneity.

- 6

" 4 o

- 2

d, pm
Fig.6. Dependence of current critical density j c at the level of

1 (iV/cm in the field of 5 T at 4.2 K (*,•) and the ratio
J o / j c (A,°) on the thickness of superconducting filaments
d for wires 1 (o,«) and 2 (A>).

Thus, for wire 1 with filaments 10 and 6« thick the ratio
w

o / d i c
 i s con5tant and amounts to (0.32 ± 0.05) mJ/A.cm1 .cycle.

The decrease of the filament thickness down to 3ji brings about the
increase of the ratio W0/djc up to (0.56 ± 0.05) mJ/A.cm2 .cycle.
However, if instead of the transport current .critical density j use
is made of the critical current mean density j c calculated employing
voltage-current characteristics ' 3 / foi wire 1 with filaments 3ji
thick, the ratio WQ/djc will return to the level corresponding to
samples with homogeneous filaments (see Fig. 7).

Thus, the main reason for the deterioration of the curre.it-
carryirig capacity and dissipative characteristics of the studied
multifilamentary niobium-titanium wires is the inhomogenity of
superconducting filaments developing in the process of the plastio
deformation. From the point of view of current and dissipative
characteristics, superconducting niobium-titanium filaments of about
6/i thick are optimal for wire 1. At that the current-carrying capa-
city in the field of 5 T reaches the maximum of 2.5xlO! A/cm*,
the magnetic reversal energy loss amounts to (50±5) mJ/cm3 .cycle
at the amplitude of 4 T and the field rate of 0.25 T/s (the twist
pitch is 3.14 mm) and the superconducting filaments are homo-
gem ous enough over the length. F..r wire 2 the optimal thickness
of superconducting filaments amounts to about 0.36fi and corres-
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ponds to the current-carrying capacity of 1.10s A/cm1 in the
field of 5 T.
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Fig.7. Dependence of current critical density j c in the field of
5 T and the ratio of hysteresis losses to the filament thick-
ness current critical density WQ/(d. jc) on the thickness of
superconducting filaments. Enclosed with a broken line are
the mean current density calculated using the vnltage-current
characteristics in a sample with filaments 3M thick and the
respective value of the ratio Wo/(d.jr).
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TELEDYNE'S HISTORICAL CONTRIBUTION TO DEVELOPING SUPERCONDUCTIVITY

WM. K. MCDONALD

TELEDYNE SC
7400 HIGHWAY 20 WEST

HUNTSVILLE, ALABAMA 35806

Abstract - Of the contributions made to supper-
conductivity by Teledyne Wah Chang Albany
(TWCA), two have been outstanding. The first
is the establishment of a stable and low cost
for NbTi alloy. Estimates of cost savings
passed along to conductor manufacturers and,
subsequently, to' the applications of supercon-
ductivity range between $24,000,000 and
$31,000,000 over the years from 1980 to
present. Secondly, TWCA has understood the
necessity of cooperating with the scientific
community in order to understand critical
relationships of metallurgy to superconduc-
tivity characteristics. The knowledge gained
is integrated into alloy production on a com-
mercial basis. The most notable example is
the recent increase in current density
prospects for the proposed Superconducting Su-
per Collider [1].

INTRODUCTION

In the beginning, the first superconductor
alloys, Nb25, Nb33, and Nb50 weight percent Zr,
were less than fruitful. The alloys were not
engineering materials. When NbTi was
discovered, the superb plasticity of the alloy
gave immediate recognition of its superiority
for industrial processing. Technically and
logically, this was the simple part. Dif-
ficulties began to emerge with the need to
provide a cost effective product. TWCA was
well equipped for the challenge.

Niobium alloys were available in the late
1950's as a product of electron beam melting
and purification. The equipment was and is ex-
pensive to acquire and operate, applications
for niobium and its alloys few, and niobium
volume demand small. The future, nevertheless,
seamed bright because niobium was promising to
emerge as a useful and much sought after metal,
and the technology was essentially defined.

As a fortuitous circumstance, TWCA was the
world's volume leader foe niobium and niobium
a^loy manufacture. This condition provided a
base of niobium processing from which the NbTi
r'inerconducting alloy could de"elop technically
and economically as a commercially viable
product. The first commeicial scale production
of NbTi ingots for manufacture into rod, and
thereafter composite conductor, was possible as
a minor addition to an existing anri economi-
cally adequate industriak operation.

A decade of intermittent demand for NbTi su-
perconductor expired. During this time, the
composite conductor producers struggled with an
alloy that regularly changed identity. Continu-
ing suggestions were offered that consistency,
reproducibility, fabricability, and supply
reliability needed to be better.

Early efforts to evaluate the metallurgy of
NbTi as it related to superconductor properties
provided interesting postulates, but the small
laboratory melts could not provide the same com-
positional distribution produced by commercial
scale ingots. Since TWCA produced nearly all
the refined niobium alloy utilized throughout
the world, volume was adequate to maintain the
lowest reasonable costs while correlating con-
ductor results to multiple deviations and varia-
tionsspf the alloy and its process history.
Subtle effects of alloy compositions, thermal
history, and input material were monitored to
attempt to provide a consistent, high quality
alloy.

ALLOY IMPROVEMENT

When NbTi was proposed as an interesting
material, we took the first step. We made a
NbTi alloy and formed it into rods for use in a
composite. That seemed simple. We had been
researching, developing, .and producing niobium
alloys for over 15 y^ars. All that was required
was to combine niobium with titanium and dis-
solve together with minimal contamination from
environmental tramp impurities. This was done.

As the volumes of NbTi were growing, so was
the niatrix of cause and effect relationships
being evaluated to improve conductor
performance. Performance began improving, but
severe swings from batch to batch caused extreme
concern to develop among both conductor
producers and their hardware customers. Each
began to postulate models to explain the cause
of inferior results. Blame was often laid on
the jlloy, but the only certifiable tests were
chemical analysis rind ultrasonic examination for
large (330 micron) defects. Even with these
tests in place, troubles persisted.
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With the advent of the Fermi Energy
Doubler, the first high volume requirement of
a single configuration for alloy was created.
Hundreds of batches of alloy rods were
processed, all supplied to the same
specification. Now a base existed from which
to critique the processing and/or the alloy.
Borderline performance, or worse, produced
questions for the alloy. Each interrogation
was followed by a metallurgical pathology to
uncover any rational explanation for poor con-
duct jr performance. Most often, no cause
could be clearly defined. The concern
persisted. Each pathology was analyzed for
hypothetically negative contributions to poor
performance. and the fine tuning fcr alloy
manufacture was underway. Defects uncovered
in ultrasonics were cut and probed and traced
to discover the sources. The techniques for
producing defects, which include poorly dis-
solved alloying components, proved to be many.

Harsh controls and stringent processing
requirements were imposed to eliminate all
known and many imagined sources for defects.
The results have enabled the controls in tact
to provide reliability and consistency of
ruality which enable the production of today's
high ualiber conductor on a Jarge scale.

The technical contributions provided to
the NbTi alloy have resulted from industrial
cooperation with the scientific community.
Much ot the industrial product had been
produred based on empirical lessons developed
over years of experience. We were aware of
the need for a greater understanding of the
mechanisms which were- producing variations in
conductor performance. As a result, we were
eager to cooperate with scientists in their
search to define cause and effect for improve-
ments in NbTi superconductor.

TWCA's part was to produce the most con-
sistent product possible and to provide
samples for evaluation. By working together,
we were then able to Lelate conductor perfor-
mance with processing history, from chemiccil
content of the starting material through the
melting technology for alloy, up to the
product which was supplied to the composite
conductor manufacturer [2,3,4].

As each relationship of alloy to supercon-
ducting characteristic was defined, we at-
tempted to apply the relationship to our
manufacturing technology in order to produce a
product which could be better understood. The
results have been the development of a large
scale standard alloy of NbTi which has been
demonstrating high consistency and
reliability. This uniformity has also enabled
the composite conductor manufacturers to
produce a more consistent product. In

addition, we are able to provide an improved
NbTi alloy which we call high homogeneity NbTi
(HiHo). The HiHo alloy enabled researchers to
reduce variables and better understand the
phenomena which are producing high current
density. Because we pursued the alloy improve-
ment with commercial capabilities in mind, the
HiHo alloy is available for applications requir-
ing superconducting characteristics approaching
the intrinsic properties of NbTi [5,6].

COST BENEFICIATION

Of less interest scientifically, but of
premier significance to projects and devices, is
the maintenance of a stable cost. Some back-
ground of raw material resources and refinement
helps to illustrate.

When TWCA first began producing niobium,
tantalum capacitor processing was the technology
that existed from which niobium oxide was
derived for manufacture into niobium alloys.
The demand for high purity niobium alloy was
minuscule in relation to the ferro-columbium
application. As a result, there was little
demand for the niobium oxide which was stripped
from tantalite ore. The ore refining process
utilized hydrofluoric acid to dissolve tantalite
ore. The resultant liquor passes through an or-
ganic solution to separate tantalum oxide from
niobium oxide. The process is expensive and the
availability of tantalite ore is very small.
These conditions produced a problem with costs
for niobium oxide.

During the decade of the 1960's, the tan-
talum capacitor business was adequately large,
so the tramp material, niobium oxide, was avail-
able in large quantities. The price of tantalum
carried all the costs for separating niobium
from tantalum. As a result, niobium oxide was
available at any price the producer wanted to
ask. Since it was piling up in stock, and the
high purity niobium business was small, any sale
of niobium oxide was a benefit to tantalum
producers. The oxide was initially available
for 51.50 a pound. As niobium applications grew
with aerospace, sodium vapor lamps, government
projects, and the beginning of NbTi
superconductivity, suppliers of niobium oxide
began to recognize an opportunity to make sig-
nificant profits. So the niobium oxide price
began to rise. It went up 10% to 15% each
quarter for quantities of 10,000 to 20,000
pounds (see Fig. 1). At the highest pric3,
niobium oxide was offered at $17.50 a pound. We
had to pass the cost on to our customers.
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Figure 1. Niobium Oxide Prices (1972-1900)
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The supply of niobium oxide from tantalite
ore was limited, and TWCA was in the untenable
position of being supplied from specialized
resources. Therefore, Teledyne elected to
develop an alternate technique for producing
niobium oxide.

We chose to utilize the abundant niobium
ore, called pyrochlore, and develop a
chlorir.ation process for producing oxide. The
only difficulty with this consideration is
that pyrochlore ore contains a trace of tan-
talum as an impurity which is not eliminated
by chlorination.

Knowing that a tantalum impurity would be
retained, a study [7] was rnitiated to
evaluate the effects that tantalum, in amounts
up Ko one weight percent, would present to the
superconducting characteristics of a niobium
titanium alloy. The study indicated there
were no negative efrects from the tantalum.
There ib even a suggestion that a positive ef-
fect may exist for some of the superconducting
character!sties.

Since we were buying oxide for 517.50 a
pound, we christened our multi-million dollar
investment and began production. Our supplier
called with a nev.' price increase and asked if
we wanted 20,000 pounds at $20.00 a pound. We
declined. Our cost for producing oxide was
between $7.00 and $8.00 a pound. Two weeks
later the oxide was available 5rom our sup-
plier at S8.00 a pound. We still declined.

That anecdote describes the cost uncer-
tainty niobium oxide endured and the cost sta-
bilization which Teiedyne has provided. We
can now supply an oxide which is suitable for
utilization in superconductors and is avail-
able from an ore which is plentiful. In
addition, we developed a position wherein the
supply of raw material was available from many
sources, eliminating the arbitrary price con-
trol for niobium oxide.

SUMMARY

There have been two major benefits to super-
conductivity contributed by Teledyne Wah Chang
Albany. The first is concern for maintaining an
acceptable cost basis for the alloy. By main-
taining low costs with an acceptable profit
margin, TWCA can continue to function as a
primary supplier of NbTi alloy, and low cost
will help to motivate serious consideration for
additional applications of NbTi superconductor.
Secondly, we recognize the importance of working
with the scientific community so that under-
standing of the mechanisms which produce quality
superconductors can be translated into
production. We believe that by maintaining the
lowest possible cost witi the highest possible
quality, we will be able to promote superconduc-
tor applications and retain a strong competitive
position as a supplier.
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Mass Production of Superconducting Materials Nb and NbTi

E. Drost and M. HGrmann
W. C. Herauus
P. 0. Box 1553

6450 Hanau, West Germany

Abstract. - The manufacturing processes for Nb
and NbTi semifinished products (rods, tubes and
sheets) for superconducting applications are des-
cribed, involving electron beam melting of pure
Nb, vacuum arc melting of the NbTi alloy, hot
direct extrusion of NbTi alloy billets and addi-
tional hot and cold working techniques.

The metallurgical and mechanical properties of
the mill products as well as superconducting pro-
perties for NbTi wires, achieved by wire pro-
ducers, are outlined.

Introduction
In the early 50th of this century W. C. Heraeus
(WCH) in Hanau, West Germany, was engaged in de-
velopment of vacuum melting techniques, i.e.
vacuum arc melting and electron beam melting for
processing of refractory metals like Nb, Ta, Ti,
7-T and their alloys. Since 1963 the activities
split into two companies: for the production of
vacuum fabrication facilities Leybold Heraeus was
founded. W. C. Heraeus concentrated its activi-
ties on mill production of refractory and
precious metals and is now in Europe the leading
producer of electron beam melted Niobium and Tan-
talum.

In addii. ion to production of commercial and reac-
tor grade Niobium rods, tubes and sheets, e.g.
for application in Nb,5n superconductors, in 1983
WCH started production of a high grade niobium,
the defined Nb 100 quality with a RRR-value bet-
ter than 100 (1) (RRR-residual resistivity ra-
tio). This material is mainly used in form of
sheets for construction of superconducting high
frequency cavities for accelerators in high ener-
gy particle physics (2, 3, 4).

Since 19B2 WCH is also involved in development
and production of binary NbTi-alloy billets and
rods far application in superconducting wires.
This paper describes the manufacturing processes
for these materials and outlines the achieved me-
tallurgical, mechanical and superconducting pro-
perties.

Nb Products

The manufacturing process of Nb products is sche-
matically shown in Fig. 1. The Nb ingots are ob-
tained by electron beam melting (EB-melting) of
ATR-Nb bars, i.e. aluminothermically reduced
Nb2°5-
Due to the high melting point of Nb of 2468°C,
which is much higher than that of most other ma-
terials, evaporation of impurities by EB-melting
in a vacuum typically better than 3x10" mbar for
the first melt is very effective. Thus commercial
grade Nb can be achieved at minimum by two times

of EB melting. For a NblQn ingot at minimum four
times of EB melting is necessary.

Fig. 1: Manufacturing processes for Nb semifi-
nished products

The EB-furnace is a Leybold-Heraeus, type ESP
100/450 furnace (Photo 1) with an effective mel-
ting power of 450 kW coming from two electron beam
guns having a power of 400 kW each. The melting
rate is about 60 to 70 kg/h. For Nb the maximum
ingot weight is 1000 kg. Various crucibles with
diameters between 150 and 300 mm can be used. For
charging the ATR-Nb bars the facility consists of
a continuously vacuum pumped magazine.

From the cast ingot the impurity contents are ana-
lysed for the top, middle and bottom part. Table 1
indicates typical impurity and RRR values for Nb
100 ingots.

As first deformation step the Nb ingot is forged
on a 2000 ton forge into a rectangular slab. Due
to the relativ low yield point of a pure Nb ingot
forging can be carried out at medium temperature
or even at room temperature.
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Table 1: CHNO-content and RRR values for
Nb-100 ingots

Ingot

RRR 137

11

30
20

1

19
18

1

159

With respect to workability and loss of material
due to oxide formation we obtain satisfactory
results at processing temperatures between 400
and 600°C.

NbTi Products

The manufacturing process of NbTi billet and rod
material is shown in Fig. 2.

WCH adopted the consumable electrode arc melting
technique for the production of the NbTi alloy
ingot. The starting materials are electron beam
melted Nb granule and special quality Ti sponge.
Frcm these materials the current carrying elec-
trodes are fabricated as mixed and pressed com-
pacts.

Due to the rather big differences in the melting
points and also in the densities of Nb and Ti,
which may cause segregation and even inclusions
of undissolved Nb in the ingot, the melting con-
ditions were intensively studied.

Between the various reduction processes machining
and etching is carried out in order to guarantee
good workability, i.e. to avoid initiation of
fracture due to surface defects and embrittlement
by oxide layers.

The diverse heat treatments are typically carried
out at temperatures between 850 and 950° under
vacuum p<10~ mbar, e.g. for sheet material with a
thickness of 2 to ft mm with the final heat treat-
ment nearly 100 ?o recrystallization with grain
size finer ASTM 5 (<70iim) is achieved.

Photo 1: Electron beam furnace with a melting
power of 450 kW coming from two electron
beam guns

Raw Materials

ATR-ND

EB-He)ung
for Refining

Nt> Granule

Nb/Ti compact

vacuun arc Helling

Ingot

Hot Forging

Hot Direct Extrusion

8-ouench Annealing

ColdtrarKIng

Swaging / Drawing

Centreless Grinding

Ultrasonic Testing

vacuum ftnnealing

Fig. 2: Manufacturing process of NbTi alloy pro-
ducts

- 67 -



By optimizing the structure of the compound elec-
trodes and the melting conditions homogeneous in-
gots were successfully obtained by three melting
cycles at minimum.

With the final melt an ingot of 400 mm diameter
weighing 14oo kg is produced at 15000 amps, 32
volts in a vacuum of 5x10 mbar.

Before the ingot is released to further manufac-
turing it is analysed for homogeneity, CHNO con-
tents and several metallic impurities. Samples
are taken from top, middle and bottom parts of
the ingot.

Table 2 shows the Ti concentrations for diverse
ingots, revealing that the macrohomogeneity of
the ingots is better than + 0,5 wt% Ti related to
the mean value of the ingot.

Table 2: Macrohomogeneity of NbTi ingots

was used shows the highest critical current densi-
ties, but in the mechanical behaviour the wire for
which the annealed billet was used proofed some-
what better results.

Ingot

G1928
G2099
G2100
G2137

Ti-concentration

nominal value

50
47
48
47,5

TOP

50
4?
48
47

in \nt\

effective
Middle

,7 50,2
,1 46,6
,1 47,7
,6 47,7

value
Bottom

50,2
46,8
47,8
47,4

For the oxygen content, which is typically well
below 1D00 ppm depending on the quality of the
raw material, the variation within the ingot is
less than 100 ppm. The residual CHN-content in
summary is below 200 ppm, with- hydrogen content
less than 10 ppm.

Before forging the ingot is machined to provide a
smooth surface in order to prevent initiation of
fracture during deformation.

Due to the higher strength of the NbTi alloy com-
pared to pure Nb the ingot is hot forged in the
temperature range between 1100°C and 900°C.

Tor billet material with diameters between 180
mm and 80 mm hot forging the ingot, ultrasonic
testing for shrinkholes, an additional quench
annealing at about 850°C/2h, machining the billet
to the desired dimensions, etching and diverse
quality assurance testings is our typical manu-
facturing process. For billets of about 100 mm in
diameter by this way a fully recrystallized ma-
terial with grain size of about 100(j.m (ASTM 4 to
4.5) is obtained.

Material of this type has been successfully qua-
lified in monofilamentary wires by most of the
worldwide recognized cable manufacturers. High
critical current densities and excellent me-
chanical behaviour have been achieved. In Fig. 3
the critical current density versus magnetical
field characteristic is indicated for monofila-
mentary wires manufactured with i) a hot forged
and annealed ii) a hot forged but not annealed
billet. The mire for which the unannealed billet
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Fig. 3: Critical current density versus magnetic
f ield of NbTi-superconductors with NbTi
rodmaterial from W. C. Heraeus.

For NbTi rod production we investigated different
reduction processes:
i ) hot and cold forging
i i ) hot and cold rolling
i i i ) hot forging ,

hot direct extrusion and cold working.

With respect to the superconducting properties the
besf results were obtained with the material which
had been directly extruded. Fig. 4 shows the cri-
tical current density versus magnetic field cha-
racteristics obtained for monofilamentary wires
using rod material out of the different fabrica-
tion processes.

These results reflect the importance of the ther-
momechanical reduction processes with respect to
the superconducting properties (5, 6). The main
advantage of the extrusion process is a homo-
geneous radial stress field during area reduction
under continuous plastic flow.
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Due to these results the manufacturing process
including hot extrusion has been established as
our mass production process for NbTi rods, see
Fig. 2.

The main production steps are as follows: the
hot forged ingot is cut and machined to ex-
trusion billets of 200 mm dia. x 400 mm length.
Hot extrusion is carried out on a 2500 ton
direct extrusion press after preheating the bil-
lets. The extruded bars with 50 mm diameter are
air annealed at 85O°C/lh and water quenched. The
surface is totally rotary cutted.

3.0-

2.S-

2,0-

1 1 5 -

8 1-°-

0.5

N0-lt7 Mti 1]

Mot extrus\on and colflworking

Hot and cold
forging

3 4 5 6 7 8
Magnetic Field (T>

Fig. 4: Influence of NbTi rod fabrication tech-
nique on Jc vs B for monofilamentary
wires

Subsequently the bars are swaged with a special
swaging machine to dimensions of about 20 mm
diameter. Further coldworking to smaller
diameters is carried out by drawing. Centreless
grinding and etching is carried out fnr fi-
nishing the rod material. For quality assurance
the product quality is controlled at interme-
diate stages of manufacture and the finished
product shall be tested by 100?; ultrasonic
testing. By request a final vacuum annealing can
be carried out.

For a detailed characterisation of the macroho-
mogeneity the Ti concentration in the cross sec-
tion of samples taken' from the extruded rods of

an ingot had been analysed by glow-discharge-3amp
analysis (GDL analysis).

In Fig. 5 the result for an ingot with nominal
47.5 wt% is indicated. It shows that the Ti con-
tent in radial and longitudinal direction does
not vary by more than - 0.5 wt?5. We also investi-
gated the microhomogeneity of NbTi rod material,
especially with respect to Ti-freckles. By EDX
analysis carried out on the cross section of a
20mm diameter rod local variations on a scale of
10 to 50 (im of up to 5 wt?S Ti were detected with
respect to a mean value of 50 wtS Ti.. see Fig. 6.

Referring to an evaluation of the microhomo-
geneity of NbTi by D. C. Larbalestier et al. (7)
our material can be determined as normal quality.

Improvements in the microhomogeneity towards mi-
nimal variation in Ti content by appropriate ho-
mogenization treatments is still on work.

With regard to the superconducting and mechanical
properties, very good results have been obtained
with material of this type by mire manufacturer.
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Fig. 5: Ti concentration in the cross section of
Nbti rods (nominal Ti-concentration 47,5
wt?6) extruded from one ingot
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In Fig. 3 critical current density versus mag-
netic field characteristics are indicated for
multifilamentary wires fabricated by using our
rod material. For the wire marked by triangles
the diameter of the filaments is about lOum;
wires in length of about 100 km have been fabri-
cated without filament fraction. With ̂  critical
current density J (5T) = 2520 A/mm a rather
good result is achieved, exceeding the SSC speci-
fication value for J (5T) of 2400 A/mm (8).
Additionally for a multifilamentary wire with fi-
laments of about 50 (int diameter a J (5T) of 3018
A/mm was achieved (see wire in Fig. 3 which is
indicated by the star), representing an excellent
result.

Conclusion

In the fields of Nb products W. C. Heraeus has
well established manufacturing capabilities for
supplying high quality pure niobium products like
rod, sheet and tube material to the superconduc-
ting industries. In the case of high grade nio-
bium our activities are concentrated in extending
the Nb 100 quality to a RRR value of about 200.
T\is material will also be appropriate for fabri-
cation of foils as barrier material in supercon-
ducting application because of its very high duc-
tility.

In the fields of NbTi we have begun to produce
mill products in production quantities. First
qualifications by superconducting cable manufac-
turers showed rather good results. Multifilamen-
tary wires with filaments of lÔ im in diameter
have been fabricated without difficulties. With
different wires very high J values of about 2500
A/mm at 5 T have been obtained. In one case an
excellent J value of 3018 A/mm at 5T nas been
achieved.

Our R&D activities now aims at developing the
fabrication techniques of NbTi suitable for very
fine filament superconductors. Especially im-
provements of microhomogeneity, i.e. reduction of
local variations in Ti concentration to a value
well below + 2 vit%, thus fulfilling the specifi-
cations of the so called HH-NbTi, is on work.
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I. INTRODUCTION:

RECENT ADVANCES
IN THE COMMERCIAL SCALE PRODUCTION

OF Nb-46.5wt%Tl ALLOY

by

R. I. Asfahani
Y. V. Murty
D. A. Sentner

P. Kumar

Cabot Corporation
County Line Road

Boyertowa, PA 19512

Nb-Ti alloys are used in superconducting
magnets as current carrying members. In these
applications, the binary alloys, containing
46-53'Jt%Ti, are fabricated to fine filaments
(micron size) applying standard metal working
techniques but using proprietary processing
sequences. The alloys are arc cast using con-
sumable VAR process. Melting point and densi-
ty differences between Nb and Ti present in-
teresting problems in producing homogeneous
alloys. Hacro- and microsegregation In as-
cast product has been shown to affect final
superconducting properties as well as fabrica-
tion characteristics.

The present study is aimed at producing
homogeneous cast product. The extent of
solute segregation, in the as-cast product,
and the importance of controlling the remelt-
ing operation and thermomechanical processing
will be discussed in this paper.

Niobium-titanium binary alloys are used
in superconducting magnets. These magnets are
used in Magnetic Resonance Imaging (MRI) and,
in particle accelerators. The latter is the
theme of this conference.

With the advancement In materials pro-
cessing, technology, stringent demands are
being made on cable manufacturers. For ex-
ample, It is expected that Superconducting
Super Collinder (SSC) will have current carry-
Ing filaments of f5y and the cable will have a
critical current density of 3000 amps/mm^.
In order to meet these requirements, ;able
manufacturers need sound and homogeneous
starting material. It is, however, well re-
cognized In the industry that while Buch a
material is necessary, It does not guarantee
ac acceptable superconducting cable.

Cabot Corporation has recently acquired
a large (diameter of Ingot <18") VAR furnace.
Problems associated with the non—homogeneity
in Ingot are accentuated with an Increase in
ingot diameter. It should be noted that, un-
like conventional alloys, refractory metal
alloys are normally processed at relatively
low homologous temperatures and, hence, In-
process homogenization is rather nonexistent.
As part of the start-up of this new furnace,
experiments were undertaken to investigate the
effect of melt parameters on the homogeneity
'of Nb-46.5%Ti ingot.

II. OBJECTIVE:
Our objective is to produce large homo-

geneous Nb-Ti alloys for superconducting mag-
net wire by optimizing the melt parameters.

III. MANUFACTURING PROCESS:
Figure 1 gives the manufacturing se-

quence for NbTi bars. An electrode is assem-
bled from elemental Nb & TI. Manufacturing
steps can be segmented into four classes:

1. Melting
2. Hot Working
3. Cold Working and Annealing
4. Cleaning and Inspection

The thermo-mechahical processing of this
alloy is not difficult. We have produced
defect-free (porosity-free) material by using
different hot working (extrusion, rotary forg-
ing and round forging) methods at different
temperatures (780°C - 850°C). The "ideal" hot
working method depends on the availability of
equipment and furnaces. Similarly, cold work-
ing and annealing sequences are fairly stand-
ard. For <1" diameter rod, the precipitation
of =Ti Is rather sluggish. Therefore, an-
nealing can be followed by either water or
helium quenching; the latter gives a better
surface. More rapid quenching may be neces-
sary for larger diameter ingots.
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IV. MELTING AND SEGREGATION:
The melting is more crucial in the pro-

cessing of refractory metals than of other
conventional alloys. Inhomogeneities, which
occur during melting, are riifflcult to eli-
minate due to relatively lower working temper-
atures. Thia problem is further accentuated
in binary systems like Nb-Ti, with very dif-
ferent melting points (=S00°C in Figure 2).

Non-homogeneity in the cast structure, is
generally defined in terms of taicro and macro-
segregation. The alloy phase diagram, cool-
icg conditions in the liquid and/or solid
state, and the crystal growth conditions dic-
tate the extent of microsegregation. The ex-
tent of mi -.rosegregation of a given alloying
element can be measured as segregation index,
which Is a ratio of minimum solute concentra-
tion to maximum solute concentration (C min/C
max) within a single dendritic area. There-
fore, the microsegregation in the alloy repre-
sents the degree of chemical homogeneity on a
microscopic scale in the order of a few hun-
dred microns.

Macro-segregation represents the extent
of chemical fluctuations occurring in a few
Inches often measured across the longitudinal
or transverse cross section of the casting.
These gross chemical inhomogeneities, often
characterized as channel segregates, exuda-
tions, freckles, etc., result from dynamic
gravitational, thermal, and constitutional
gradients existing while the molten metal
passes through the 3Iquid/solid mushy region
during solidification. Once formed in the
casting, these defects cannot be eliminated
completely by any subsequent thermomechanical
treatments. Significant differences In chemi-
cal constitution existing in the as—cast stage
may result in variable response to the thermo-
mechanical treatments leading to poor perform-
ance In the end use applications.

Two types of macro-segregation in this
alloy are

a. Unmelted Nb Particles - commonly
known as high density Inclusions.

b. Titanium Rich Channels - commonly
known by the misnomer "freckles".

A. HIGH DENSITY INCLUSIONS:
A mechanistic model for the forma-

tion of high-density inclusions is given
In Figure 3. These are formed due to
the higher density (9.5 vs. 4.5 gm/cc)
and melting point (Figure 2) of nio-
bium. Once formed, their removal Is
almost impossible. A melting practice
to circumvent their formation has been
developed. Critical factors are elec-
trode construction and power input into
the system (liquid pool + electrode).
Factors which reduce the propensity of
niobium particles to fall Into the
liquid pool and/or Increase the dis-
solution of niobium particles before

they reach the bottom of liquid zone
will be beneficial in eliminating high
density inclusions.

B. TITANIUM-RICH CHANNELS:
While the formation of high density

inclusions is due to incomplete (par-
tial) melting, titanium-rich channels
are formed during solidification.

Figure 4 depicts the mechanism of
freckle formation. The formation of
freckles Is minimized as the solidifi-
cation rate is increased.

A series of experiments was con-
ducted to determine the effect of me*lt-
condltions on the thermal balance In the
liquid pool. While a detailed descrip-
tion of experimental procedures and re-
sults is beyond the scope of this paper,
Figure 5 compares the measured and cal-
culated liquid pool profiles. Ideally a
shallow liquid pool Is desirable. How-
ever, arc-stability dictates the minimum
melt rate. For a given melt rate, the
pool depth can be further reduced by in-
creasing the heat extraction from the
Ingot. Figure 6 gives the pool profile
of melt No. 1 (Figure 5) with an aug-
mented heat extraction. Figure 7 gives
the radiograph of an ingot which was
melted under optimum conditions. Note
the absence of titanium-rich channels or
"freckles".

V. MICROSEGREGATION:
We are arbitrarily defining microsegre-

gation +2% variation (see Figure 8) !„ titan-
ium concentration. This variation is asBO-
ciated with the presence of "tree rings".
Their presence is revealed in X-ray radio-
graphs where they appear as lighter-colored
(rich in titanium) rings. Formation of tree-
rings is associated with changes in the solid-
ification rate. However, a mechanistic model
for their formation is not known.

Since the diffusion distances and con-
centration variation? in tree-ring-containing
areas are smallt it may be possible to further
homogenize the material via thermo-mechanical
processing.

VI. EFFECT OF THERMO-MECHANICAL PROCESSING
ON HOMOGENEITY:
The objective of this work was to deter-

mine if non—homogeneity alloy can be homo-
genized via thermo-mechanical treatment.

Micro-probe analysis and optical micro-
scopy were used to characterize the as-cast
and processed samples.

An as-cast sample from earlier work was
used for this Investigation. This sample had
been characterized at U. of Wisconsin., Figure
9 shows the micro-probe trace of the as-cast
material. Titanium concentration varies +4 wt.
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percent from the mean. It should be noted
that results of microprobe analysis are only
semi-quantitative (that's the only way to ex-
plain the titanium concentration being higher
than nominal over a distance of laim). Absol-
ute numbers are not as critical as the varia-
tion in concentration.

Two processing routes were used:
a. Extrude the as-cast material at

925°C.
b. Heat-treat (1230°C/8hr.) and ex-

trude the as-cast material at 925°C.
Figures 10 and 11 give micro-probe pro-

files of the processed samples. Extrusion,
per se, is beneficial but it is not as effec-
tive as heat treatment and extrusion. Figure
11 shows that heat treating plus extrusion can
lower the titanium variation to +1.5%.

Plates 1-3 give micrographs of as-cast,
extruded and heat treated + extruded samples.
Homogenization of processed samples, as in-
dicated by improved uniformity of different
shades, is evident.

VII. DISCUSSION:
It is evident that segregation in NbTI

systems can be eliminated by optimizing the
melting practice and thermo-mechanical pro-
cessing. The first approach is based on pre-
venting segregation and the latter approach is
to homogenize the alloy during processing. At
Cabot Corporation, we have developed melting
practices which will eliminate macro-
segregation. At present, the detrimental
effects of micro-segregation on processing and
properties are unknown. Technically, it is
possible to eliminate the micro-segregation by
homogenization. . However, this needs to be
demonstrated on a repeated commercial basis.

VIII. CONCLUSION;
Manufacturing parameters have been op-

timized to prevent the formation of high-
density inclusions and titanium-rich channels
in Nb-Ti superconducting alloys. These para-
meters will be used to produce commercial
quantities of alloy in the near future.
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THE STATE OF THE ART IN FINE FILAMENT
NbTi SUPERCONDUCTORS AT ICC

K. Hemachalam, C. King, J. Scudiere,
B. Zeitlin

Intermagnetics General Corporation

ABSTRACT:

The proposed Superconducting Super
Collider SSC in the United States and
plans for a Large Hadron Collider LHC
at CERN are likely to require micron
size filaments to reduce magnetiza-
tion effects at the low injection
fields envisioned. Superconductors
of NbTi, designed to meet these
requirements, are described in this
paper. These conductors contain from
6,000 to 36,613 filaments. Results
are presented on NbTi conductors made
by multiple extrusion techniques.
Filament sizes of between 2.2 and 17
micron have been obtained. Current
densities of between 2400 A/ram2 and
nearly 3400 A/mm2 at 5 Tesla have
been achieved. Metallurgical aspects
of these conductors are presented
using both optical and 3EM views of
conductor cross section and filament
surface.

INTRODUCTION:

The desire for superconductor fila-
ments in the micron to submicron
range, has been evident since the
Bean model (1) predicted that mag-
netization, and hence s.c. losses
were dependent linearly on filament
size. The inability to manufacture
conductors with fine enough filaments
in long piece lengths has restricted
superconductors to d.c. and low
cyclical applications. This situ-
ation is now changing; the problems
associated with manufacturing long
lengths of micron size NbTi filaments
£.re now being overcome.

In the United States the Supercon-
ducting Super Collider (SSC) has
focused and stimulated efforts to
produce:

NbTi conductors with 2.5 micron
filaments and current densities
greater than achieved on the 9
micron filament conductor used
in the Fermilab Tevatron.

These SSC requirements are being met
quickly due to the development of new
manufacturing techniques and the col-
laborative effort that has evolved
between industry, the US National
Laboratories and the Superconducti-
vity Center of the University of
Wisconsin.

The successful manufacture and large
scale use of micron size NbTi fila-
ment requires the solution of four
basic problems:

1. Produce an NbTi alloy of suffi-
cient macro and micro homogenity
to insure that higher current
densities and uniform fine fil-
aments can be produced.

2. This high uniformity NbTi alloy
must be fabricated reproducibly
so the superconductor manufac-
turers can have the confidence
to guarantee the consistent per-
formance of micron size filament
conductors.

3. Eliminate the formation of
intermetallics between the
copper and NbTi alloy, which
occurs during extrusion and
precipitation heat treatments.

4. Produce the overall conductor
economically using a process
that necessarily includes
multiple extrusions, with its
inherent high loss in yield and
increased labor costs.

Based on our current results, signi-
ficant progress has been made rela-
tive to the first three problems.
The economics of production, however,
are yet to be demonstrated.

PAST RESULTS IN NIOBIUM TITANIUM:

IGC has been working to develop 2.5
micron filaments for the SSC with
support from LBL and from internal
funds. The details of the process
are covered in ref (4). In summary,
the approaches require two extru-
sions with the first extrusion a
single or multiple filament array
with the choice defined by the final
filament number and wire size.
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Figure 1. illustrates a 1953 filament
single stack conductor processed to
0.152 mm to yield a 2.2 micron fil-
aments with a current density of 2620
A/mm^ at 5T measured at a sensitivity
of 10-12 ohm-cm. The quality of the
2.2 micron filaments is apparent in
Figure 2., which shows a smooth uniform
surface free of intermetallics. The
"n" value for this conductor is 28
and is typical of conductors that
demonstrate superior critical current
performance. In contrast, Figure 3.
illustrates the typical surface of a
9 micron filament conductor used in
the Tevatron.

A conductor with 6006 filaments is
shown in Figure 4. with the multiple
element restack readily apparent.
The filaments exhibited sausaging
below 5 microns as can be seen in
Figure 5., which shows 3.3 micron
filaments. The absence of inter-
metallics indicate that other factors
such as alloy uniformity can in-
fluence the final filament. Still,
a current density of 2595 A/mm2
at 5 Tesla with an "n" value of 22
was achieved in preproduction
samples.

PRESENT RESULTS IN FINE FILAMENT
NIOBIUM TITANIUM:

The fabrication of two to three
micron filaments in a straightforward
way requires multiple extrusion of
the conductor elements. Two con-
ductors were fabricated from ten
inch billets to produce a 1.3 to
1 and a 1.8/1 conductor.

FIRST STAGE EXTRUSION:

The primary element of both billets
was a 19 filament subelement. Figure
6. shows a cross section. Samples
were optimized to determine the quality
of the starting alloy and fabrication
procedures. Subelements with 20
micron filaments yielded current
densities of 3440 amps/mm2 at five
tesla and confirmed by BNL and the
University of Wisconsin. Filament
quality was excellent as confirmed
by "n" values which ranged from 4 5
to 83.

SECOND STAGE EXTRUSION:

The 1.3/1 ratio conductor was con-
structed from 1927 nineteen fil-
ament subelements to yield a con-
ductor of 36,613 filament with a

a size of 2.7 microns at the
.8094 mm final diameter. Figure 7.
illustrates the conductor cross section.
Initial results give current densities
of 24 00 amps/mm' at five tesla. Ex-
tensive wire breakage was evident at
small sizes and evidence of filament
sausaging was confirmed by a rel-
atively low "n" of 20. The wire draw-
ing problem has been solved and new
results are expected shortly.

The 1.8/1 ratio was constructed from
1086 of the nineteen filament sub-
element to yield a 20,634 filament conO
ductor. This resulted in a 2.7 micron
filament at the 0.647 mm final size.
Current density was slightly better
at 2500 amps/mm^ in a five tesla field.
Again extensive wire breakage occurred
and evidence of sausaging was also
indicated by the "n" value of 26.
Figure 8. shows the cross section of
the conductor. The wire drawing
problem has also been solved and we
are awaiting new test results.

Figure 9. illustrates the improvement
in current density in conductor
produced in industry. Further
optimization is currently underway
to improve the current density at 2.5
microns.

CONCLUSION:

Conductors with filaments as fine as
two microns can be made. Current
densities arc high compared to two
years ago and promise to improve.
Further development work will be
beneficial, but the time is fast
approaching for focus on preprototype
production so that the technical
versus economic tradeoffs can be made.
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FINE FILAMENT MATERIALS FOR ACCELERATOR OIPOLES AND QUADRUPLES.

E. Gregory, T. S. Kreiltek and d. Wong.
Sujwrcon Inc., Shrewsbury, MA. 01545 ,USA

Abstract. - A review Is given of the "state of the art" of "singly
stacked" materials which are available in production quantities and
which have been supplied for prototype RHIC and SSC magnets. Also
described are some development programs that are presently
underway in an effort to improve upon the already outstanding
properties of materials for these applications.

INTRODUCTION.

We have recently publ1shed,[1-3], some results on materials
designed for RHIC and SSC dipole magnets. In this paper we will
summarize these results and add to them some of our most recent
findings. We will divide the report into two actions. In the first
section, we will attempt to define what we believe to be the "state of
the art" materials which are avaiteble commercially in production
quantities at the present time. In the remaining section, we will
describe the development programs that are presently being
carried out to:

1. Increase Jc's even fur ther In materlal with 5 urn. diameter
filaments and

2. reduce the filament diameter to 2.5 urn. in the wire
diameters required for the Inner and outer cables of the SSC.

COMMERCIALLY AVAILABLE MATERIALS.

Supercon Inc. has recently supplied 134km.(35Okg,)of 0.65
mm. diameter wire containing 6000 filaments, each 5 urn. In
diameter, to the Brookhaven National Laboratory (BNL). A cross
section of the overall wire is shown in Figure 1 . The current
density specification of this wire was > 2400 A/mm.2 at 5 T. (All
specifications and data mentioned In this paper are at 4.2 K). Most
of the material supplied however, had d /s In the range of 2700
- 2 9 0 0 A/mm.2 at 5 T with "n" values between 40 and 50. Some of
this material has already been made into 30 strand RHIC cable and
the properties of specially treated cable samples are described
below.

Figure 1. Cross section of 6000 filament RHIC conductor.

In addition to this RHIC material, Supercon Inc. has also
supplied to the Lawrenct Berkeley Laboratory (LBL) , 2 4 km. ( 9 6
kgjof 1.3:1 Cu:Sc ratio, 0.81 mm. diameter wire containing 4164
filaments, each 8.6 urn. in diameter. A cross section of the wire is

shown in Figure 2a and a close-up of the filaments in Figure 2b.
We have also delivered 6 4 km. (168 kg.) of 0.65 mm. diameter
wire ( 1.8:1 Cu:Sc ratio) containing 4326 filaments ( 6 urn. in
diameter). A cross section of this wire is shown in Figure 3. These
0.81 mm. and 0.65 mm. diameter wires are now being used to make
the inner and outer cables respectively for the fourth long model
SSC dipole to bo constructed at BNL. The current densities in both
these SSC wires are in the range of 2700-2900 A/mm.2 at 5 T.

Figure 2a Cross section of 1.3:1 Cu:Sc ratio, 4164 filament LBL
conductor

Figure 2b. Close-up of filaments in LBL conductor showing small
spacing.

While the SSC material was made as part of an R and 0 contract
for LBL, the RHIC material was made on a fixed price contract with
BNL. A3 a result of our work on thesa two contracts, we feel
confident in our ability to supply, on a commercial basis, 5 urn.
diameter filament material with J c 's > 2750 A/mm.2 at 5 T.

Thase encouraging results were one of the factors responsible
for a Central Design Group decision to change the J c specification
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Figure 3. Cross section of 1.8:1 Cu.Sc ratio, 4326 filament LBL
conductor.

for the SSC conductors from > 240C to ;2750 A/mm.2 at 5 T. The
filament diameter was also specified at that time as 5 um. This
change in J very significantly decreased the estimated cost of the
overall accelerator, (tow that this higher current specification has
been essentially met, in quantity production of commercial
material, there is a considerable emphasis on increasing the
J c even further in the material with the 5 urn. diameter filaments
in order to increase the operating margin of the dipole magnets.

Since the R and D contact was awarded, in late 1984, there have
been various changes in the specifications for the filament sizes of
the materials to be used in the SSC magnets. The original
specifications were for the type of material which we have made for
LBL, but, in early 1985 . the view was expressed that 2.5 urn.
diameter "laments would be desirable. It was believed, at that time,
that such materiel would obviate the necessity for constructing
trim coils.

In mid- ' 9 8 5 we showed that, when short lengths of the LBL
material were drawn down, J ' s of the order of 2900 A/mm.2 at 5
T could be achieved In wires 0.35 mm. in diamater with filaments
3.7 urn. In diameter [1 & 2 ] .

It now appears that even if the filament diameter Is reduced
to 2.5 um., trim coils will still have to be added to reduce the
sextupole and decapole components to an acceptable level. The
anticipated cost reduction, resulting from the Introduction of fine
filaments. Is therefore, not as great as was originally anticipated.
While lower losses will result from these finer ftl&rr.ants, the
pressure to produce them has now been reduced in favor of
obtaining Improved Jc's in the 5 um. diameter filaments.

In our research and development activities at Supercon Inc.,
we ere stHI attempting to address both of these problems.

APPROACH TO INCREASE CURRENT DENSITY.

Current densities of 3500 A/mm.2 at 5 T and 1400 A/mm.2 at
8 T have been reported recently in small laboratory samples of
NbTl [4 ] . These values were obtained on single filament material or
on conductors with relatively few large filaments, and efforts to
achieve such values in 5 um. diameter wires have been generally
unsuccessful.

Very recently, Supercon Inc. has drawn down some of the 1.3:1

Cu:Sc ratio material shown In Figures 2a & 2b to 0.47 mm.
diameter wire. At this size the filaments ( 5 um. In diameter)are
still uncoupled [ 3 ] and J "s of 3450 A/mm.2 at 5 T and 1350
A/mm.2 at 8 7, have been rehieved. The V values were 42 at 5 T
and 28 at 8 T. This test data was obtained by BNL, as was all the
other J c and "n" data presented In this paper.

While these values are essentially equal to some of the best Jc's
reported for material containing much larger filament... 't is
Important to add a word of caution herb. While these results were
achieved in commercially produced material, they were obtained In
small samples of somswhat smaller diameter wires than would be
normally used In SSC cables. The effect of the treatments used to
develop this high J c on the fabricability of commercial lengths of
wire, have not yet W ) investigated. It is suspected that with the
present "state of the a r t " , the piece lengths of this high J c material
may be somewhat lower than those obtained with the present
"2750 A/mm.2" product. The problems of ducti 1 tty and piece length
and their relationship to current density have been pointed out in
the literature some time ago [ 5] .

The direction of this part of our present work is to attempt to
produce these high J c values In larger diameter wires and In larger
samples, In an attempt to determine the fabricabllity of such
materials, their cost and commerctat viability. We are now starting
this work by making a 305 mm. diameter billet containing
approximately 11000 filaments.

CABLING EXPERIMENTS.

As the J c is raised to higher and higher levels, the stability of
the wire andcabte decreases significantly. It is felt that a point will
be reached at which more copper will have to be added to Improve
stability. This will reduce somewhat the advantages of the
increased current densities [6] .

The following experiments are an attempt to find one possible
way of overcoming this problem.

Up to this point we nave discussed only wire, but it has been
obvious tor sometime that cabling can appreciably affect the
properties of the material before It is used in the magnets, it is our
feeling that optimisation of the wire followed by cabling, is an
incorrect approach. The cabling cold works the copper and possibly
causes some ^gradation of the optimized wire strand. A better
approach may be to cable the cold-worked material, if this can be
done conveniently, and to give the final heat treatment to the cable
rather than to the wire.

Working with LBL, we made 0.65 mm. diameter RHIC material
into a 30 strand cable in several different ways. Two of these were
as follows:

1. Fully optimized wire was used and the wire twist and
cable ley were In the opposite direction. Th3 cable was not heat
treated after the final fabrication operation. This is believed to be
the present standard manufacturing practice for both SSC and
RHIC cables.

2. Wire without a final heat treatment was used and the
wira twist and cable lay were In the opposite direction. The cable
was heat treated after the final manufacturing operation.

No problems were experienced in cabling the wire in both of
these conditions. The most significant result was that the RRR of the
material at 5 T, processed by meth^ 1. was 4 0 , whereas that
processed by method 2. was 50. This shows that, even at this
relatively high field, a significant improvement In electrical
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properties results from the adoption of procedure 2 without any
change In the Cu:Sc ratio.

The current carrying capability of the cable made by procedure
2 was 8470 A at 5 T os compared with 6210 A In the cable made by
procedure t. As this is an isolated result, further work will havs to
be done to determine if it is statistically significant.

APPROACHES TO REDUCE FILAMENT SIZE.

Our first proposed appro*.'* to solve this problem was to draw
the 4164 filament. 1.3:1 Cu:Sc ratio material to 0.27 mm.
diameter wire where the filaments would be 2.8 um. in diameter,
and then to cable six strands of this material around a central core
strand. This would have given a composite conductor of
approximately 0.81 mm. In diameter, which could have been used
In the Inner cable for the SSC dipole. The wirs drew down
successfully and the J c was maintained or sven slightly Increased as
mentioned above, but unfortunately, * U , . the wire diameter
became lower than 0.35 mm. very significant electrical coupling
occurred between the filaments. At this size the filaments were
3.8 urn. In diameter and the averaga spacing was estimated to be
0.38 urn. Figure 2b shows this closely spaced array. In
subsequently produced material, Including the 1.8:1 Cu.Sc ratio
material for the outer SSC cable, the decision was made to increase
this spacing. This was done, even though the wires were not
intended for operation at sizes below 0.65 mm. diameter, where the
ftlamants are 6.9 um. In diameter. The spacing at this size is well
above that at which coupling occurs.

Once the coupling problem was realized, two 102 mm. diameter
billets with 4164 filament arrays (Figure 4a), were processed
The interfilament spacing in these billets was significantly
Increased over that present In previously made material. This c*i
be seen by comparing Figure 4b with Figure 2b. At 0.34 mm.
diameter, where the filaments are 3.8 urn. In diameter the material
has been shown to carry 2700 A/mm.2 at 5 T, with an "n" of 32.
This strand has been drawn down to 0.27 mm. diameter, wh&ra the
filament diameter is 2.8 um. and the spacing estimated to be 0.66
um. Preliminary Investigations Indicate that . at this wire size,
this material exhibits very little coupling at the Injection field of
0.3 T. This result suggests that the double cebling approach,
proposed earlier [ 2 ] , could be used with this 4164 filament
material. However, there appears to be a desire on the part of the
cable and magnet manufacturers, to stay with their presently
developed techn1qu3s. This forces trie wire manufacturer to make a
single strand with 40000 filamsnts.

Figure4& Cross section of 102 mm. diameter 4164 filament
billet

ii
Figure 4b. Close-up of filaments on 102 mm. diameter billet

showing relatively large spacing.

SINGLE STACKED 40000 FILAMENT ARRAYS.

We have been investigating two parallel approaches in an effort
to make such arrays. One by stacking small hexagons and the other
by stacking small round wires.

The material from the two 102 mm. diameter Billets, while It only
contains 4164 filaments, Is a model for a 40000 filament,
305mm. diamuter billet. The hexagons us9d In the smaller billets,
if stacked in a 305 mm. diameter billet, will yield a 40000
filament array. Since the properties of the 102 mm. diameter
billets were more than satisfactory, it is our present belief that a
singly stacked 40000 ''lament array can be made successfully and
we have recently started work on such a billet with this objective
in mind

In a parallel effort, we hsra been investigating the feasibility
of stacking 40000 round wires . For economic reasons, we
restricted our efforts to a 63.5 mm. diameter billet, and stacked it
with approximately 40000 wires, each 0.25 mm. In diameter,
using sophisticated assembly techniques, which we have developed
over the last year. This billet was extruded to a 15.9 mm. diameter
bar end drawn to 0.81 mm. diameter without any intermediate heat
treatments. At this size, the filanents were 2 - 3 urn. in diameter.
Ffgures 5a, 5b & 5c show cross-sections of the wire at different
magnifications and the fflamants extracted from the matrix. We are
presently investigating the drawability and properties of this
material after It has been given several neat treatments.

While this array does not show the degree of perfection
exhibited by the malarial made by single staking hexagons, it
should be easier to pack larger diameter wires into larger billets.
If this trial billet shows promising properties, this method of
assembly should not be overlooked in the future.

SUMMARY.

Material for RHIC magnets, with 5 um. diameter filaments, has
been manufactured successfully on a commercial scala Material,
made on an R and D basis, has been supplied to LBL for manufacture
of both the Inner and outer cables of the fourth long model SSC
magnet at BNL.

The value of cabling cold worked material and giving the final
heat treatment to the cable rather than the wire has been
demonstrated.
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Figures 5o & 5b. Two different magnifications of the cross section,
at 0.81 mm. wire diameter, of a 40000 filament
material made from round wires.

Current densities of 3450 A/mm.2at 5 T and 1350 A/mm.2 et
8T and "n" values of 42 and 28 respectively, have been achieved in
small lengths of 5 urn. diameter material.

Electrical coupling IKS been encountered between ctoseSy spaced
filaments and it has been overcome by increasing this spacing.

Research is uratorwey on 5 urn. diameter filament wires to
determine ths extent to which J c can be Increased, and fabrtcabllity
on a commercial scale still maintained. Work is els? being carried
out to determine the J c level that can bs obtained in a 40000
filament material which will have 2.5 urn. dtamater uncoupled
filaments.
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ABSTRACT

Ultra-fine NbTi filament wires have been developed
and manufactured by ALSTHOM. We are now able to
produce industrially copper - copper-nickel matrix
wires with 0.6 /m NbTi filaments for use in
50 / 60 Hz machines. Smaller filaments with dia-
meters down to 0.08/Cm have been obtained with
254 100 filament wire samples. Studies are now
being carried out on copper matrix conductors to
reduce the filament diameter. The first results
show that it is possible to obtain submicron
filaments even in copper matrix wires.

INTRODUCTION

The research program on superconducting generators
carried out since the early 1970's by ALSTHOM has
led us to study multifilament superconductors
capable of being used with high rate-of-change
magnetic fields and currents. Such conductors must
be constituted by very fine filaments and have
the shortest twist pitch possible and a high trans-
verse resistivity in order to reduce hysteritic
and eddy current losses produced in A.C, operating
conditions.

Concerning the copper matrix wires consisting of
ultra-fine NbTi filaments, a feasability study has
recently been started for their application in
the case where the remanent fields must be reduced.
This paper gives the results obtained with mixed
matrix and copper matrix strands containing ultra-
fine NbTi filaments.

COPPER - COPPER-NICKEL MATRIX WIRES

The manufacturing of small diameter conductors
with very fine NbTi filaments requires the know-
ledge of metallurgical problems, such as the inter-
diffusion phenomena at the component interfaces,
and of mechanical problems, such as wire breaking
during the drawing operations. These problems are
more difficult to be solved when the filaments
are fine and when they have been severely strained
during manufacture.

The studies of the process conditions and the use
of antidiffusion barriers have allowed us, as
early as 1980, to manufacture very long wires

containing several thou- inds of filaments, 5jim
in diameter *.

The elaboration in 1983 of strands with 0.6;tm
diameter NbTi filaments was an important progress
in the manufacture of superconducting conductors
for 50 / 60 Hz machines 2,3. in these composites
whose characteristics are given in table I, NbTi
filaments are embedded either in copper and copper
matrix or in copper-nickel matrix '.

TABLE I

Characteristics of 0.6 micron filament wires

Wire Nb of Material Wire Fil.
Filaments between fil. 0 mm Q)im

CCN 13000 13068 Cu+CuNi 0.12 0.6

CCN 1400OLL 14496 CuNi 0.12 0.6

Figure 2 shows SEM views of filaments on which
neither intermetallic nodule nor sausaging
occured.

Such strands are now manufactured industrially by
ALSTHOM, as well as variants with different number
of filaments, Matrix/SC ratio and copper core
section . (Figure 3)

In order to study the technological limits of the
filament diameter reduction, we have developed a
strand with 254,ilOO NbTi filaments, obtained by
a four-extrusion process. Although this strand is
difficult to be manufactured, we have succeded in
reducing its diameter down to 0.08 mm. Strand
lengths of several hundreds of meters have thus
been produced * ; for a 0.08 mm strand diameter,
the filament diameter is about 0.08jtni (table II).
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TABLE II

Characteristics of the 254 100 filament wires

Nb. of
filaments

Material Matrix
between NbTi
filaments

Wire Filamant
0 mm 0 K m

254 100 CuNi 2.85 0.08 0.08

Figure 4 shows NbTi filaments at different diame-
ters. Neither sausaging nor surface defects have
been observed.

Critical current density

During the first phase of our program, we have
especially tried to manufacture low loss conduc-
tors without optimizing the value of the critical
current density.

This is one of the reasons why the Jc values of
these conductors were; relatively low. In addition,
their low performance could also be caused by
filament proximity effect.'*.

The studies which are now being carried out to
improve Jc are in progress and the following
results are interesting -'.

(i) The Jc value of the 0.J2 mm strand with
14 4lJj filaments of 0.6jtu has increased
from I 600 to 2 000 A/mm2 at 5 T, 4.2 K.

(ii) The Jc values of the low magnetic field range
of 254 100 filament wires are very high.
For 0.12 to 0.17/m filaments, we have
obtained :

J c ~ 8 500 A/mm2 at I T, 4.2 K
Jc£l4 000 A/mm2 at 0.5 T.

Therefore we can expect further improvement of
the critical current densities in these wires.

COPPER MATRIX WIUES

The difficulty in obtaining very fine NbTi fila-
ments in a copper matrix wire lies mostly in the
fact that for this kind of composite, flows with
defects might easily occur during extrusion or
wire drawing operations. These defects, filament
sausaging and heterogeneous deformation of the
different components of the composite in particu-
lar, cause wire breaking in the following fabrica-
tion stapes.

Compared with copper and copper-nickel matrix
wire, copper matrix wire has two extra factors
favoring the creation of such defects :

a) a great difference between the flow stresses
of copper and NbTi

b) a weak bonding strength between components ;
bonding strength that is at most equal to the

flow stress of the weaker material i.e. the
copper.

To have a flow without defect thus requires a
judicious choice of different process variables
such as'die angle , area reduction , friction,
etc..., this choice could be greatly restricted in
••he case of copper matrix wire because of the
two factors mentioned above.

In our development program on ultra-fine NbTi fila-
ment wire with copper matrix, we have tried to get
NbTi filaments smaller than or equal to ljtm. Two
types of wire are being tested :

a) a wire with 4 080 filaments and a copper/NbTi
ratio o; 1.9

b) a wire containing 14 496 filaments and with a
copper/NbTi ratio ~ 2.0 . (Figure 5)

Two strand lengths of several hundreds of meters
with a diameter of 0.12 mm are thus manufactured.
The conductor (a) thus contains filaments of
1 micron and (b) contains filaments of 0.6yim.

SEM observations have shown no filament breaking
in both cases but a very slight sausaging of
1 micron filaments and a more important sausaging
of 0.6Jim filaments.

A critical current density slightly higher than
2 000 A/mm at 5 T , 4.2 K has been measured on
a sample of the 1 micron filament wire whose heat
treatment schedule was not yet optimized.

These first results are rather encouraging.
Although the problem of non-uniform deformation of
filaments must be solved, we are confident that
further improvements'of the wire performances and
geometry can be obtained.

CONCLUSIONS

The results of recent work on ultra-fine NbTi
filament wires carried out by ALSTHOM show that :

1) Concerning copper - copper-nickel matrix wire,
it is now possible to produce conductors with
NbTi filament diameter down to 0.08^ m. Work is
in progress for improving Jc and industrial
process conditions and thus manufacture yield.

2) Althoueh many efforts have to be made to Improve
wire performances and geometrical aspect, we
think that submicron NbTi filaments could be
obtained even in a copper matrix.
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Figure 1 : 14 496 0.6pm filament strand Figure 2 : 0.6 ^m filament detail

Figure 3 : 0.6 pm filament strand
17 214 filaments

Figure 3 : 0.6ftm filament strand
19 912 filaments
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Figure 4 : SEM view of filaments of the
254 100 composite
Filament diameter 0.19 micron

Figure 4 : SEM view of filaments of the
254 100 composite
Filament diameter 0.08 micron

Figure 5 : Copper matrix wire with
14 496 0.6 Jt m filaments
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FINE FILAMENT NbTi SUPERCONDUCTIVE COMPOSITE

S. Hong, G. Grabinsky, W. Marancik and D. Pattanayak
Oxford Superconducting Technology, Carteret, New Jersey 0/008

obtain 2300A/iran2 at 5 Tesla in 0.9mm
diameter wire (filament size = 5.M.) . The
N value of the wire was */20 in 5 Tesla,
which indicated that the intrinsic
current density of the wire might be even
higher.

Large Superconducting Magnet for high
energy physics accelerator requires
fine filament composite to minimize
the field error due to the persistent
current in the filaments. Oxford
Superconducting Technology (OST) has
been introducing various new concepts
toward the fine filament composite
and its cable fabrication.

Two-stage cables of fine wire with
intermediate number of filaments were
introduced. The first stage was six
wires cabled around one and in the
second stage this was used to produce
a Rutherford cable. The advantage
of this process is in the ease of billet
fabrication since the number of filaments
in a single wire is within the range of
easy billet fabrication. The dis-
advantage is in the cable fabrication.

One of the major concerns in the
fabrication of fine NbTi filaments
composite in a copper matrix is the
intermetalic compound formation during
the extrusion and heat treatment steps.
The hard intermetalic particles degrade
the uniformity of the filaments and
reduce the critical current density.
OST developed the process of using Nb
barrier between the filaments and
copper matrix in order to prevent this
CuTi intermetalic particle formation.
The concept was applied in large conduc-
tor OST produced for Tore Supra project
in 1978. The conductor, which required
a mixed matrix configuration, was
produce "• by essentially three extrusion
steps. A large diameter NbTi ingot was
wrapped with a Nb foil barrier and
packed into two concentric cans of
copper and copper nickel. This assembly
was extruded (first extrusion). The
resultant rods were made into hexes,
cut, and packed into a copper cylinder
and the assembly was again extruded.
(Second extrusion, 18 7 filaments.) The
third extrusion billet was manufactured
with 55 elements of the second
extrusion. The resultant conductor
contained 10,285 NbTi filaments.
Although this conductor was made for
large rectangular form, we processed
some of the conductor into a very fine
wire in which each individual filament
size was 0.5u in diameter. The
surfaces of filaments are clean inspite
of the fact that it went through the
triple extrusion process. The heat
treatment optimization for Jc could not
be carried out for the small wire
because the wire had received a heat
treatment optimized for the large size
conductor. However, we were able to

Figure 1. 0.5>** diameter filament
composite

For the Superconducting Supercollider
(SSC), we made 709 filament composite
with a copper to superconductor ratio
equal to 1.3. The critical current,
density in the wire was 2700A/mm2 at
5 Tesla with filament diameter of 17y(*-.
As the requirement for SSC changed to
finer filament composite (filament
diameter less than 5/*), we participate
in the program with two approaches. A
double extrusion process, which may be
one of the easiest processes to make
large number of filament composites.
The first extrusion is 55 NbTi elements
in a copper matrixjeach filament is
protected with Nb foil. To reach SJ*-
diameter at the final, size of the com-
posite, we have prepared two different
billets with this first extrusion
resultant. One is for the inner layer
winding containing 11,605 filaments and
the other is for the outer layer winding
containing 5,995 filaments. A. cross-
section of the 5,995 filament composite
is shown in figure 2 and figure 3 is the
SEM micrograph of the 5j*> diameter
filaments. The surfaces of the filaments
are not contaminated with the inter-
metalic compound. The critical current
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density obtained from these wires are
listed in the following table.

Table I

Bc(Tesla)

5
6
7
8

Jc (A/mm2)

2820
2236
1660
1061

N

27
25
25
19

The Jc(5 Tesla) = 2820 A/mm2 is a quite
respectable value, but the low N value
indicates that Jc is suppressed from the
intrinsic value. The filaments at the
perimeter of each bundle show some
irregularity in their diameter. The
highest Jc we have obtained within the
55 filaments (the first extrusion
resultant) is 3700 A/mm2 at 5 Tesla,

Figure 3. SEM micrograph of
5Mfilaments

The second approach we are working on is
to develop an industrial method of
fabricating a large number of filaments
in a single extrusion process. We are in
the process of making a prototype billet
at the moment to demonstrate the advan-
tages of this process concept. The idea
is to make a sub-bundle hexes of single
core strands in order to avoid handling
of large number of small hexes in the
billet stacking stage.

Figure 2. Cross section of 5,995
filament composite
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RECENT DEVELOPMENTS OF VARIOUS SUPERCONDUCTING CABLES FOR ACCELERATORS
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K. Aihara, and R. Saito**
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3-1-1, Saiwai-cho, Hitaohi-shi, Ibaraki-ken

Abstract. Hitachi Cable, Ltd. has produced many
types of superconducting cables for detector mag-
nets, Di-pole and Quadru-pole magnets, and others.
For example, they are Al stabilized Nb-Ti compo-
site cables for the colliding beam detector mag-
nets and Rutherford type cables for Di-pole and
Quadru-pole magnets. Through these developments,
Hitachi has contributed to the completion of many
projects in high energy physics.
In this few years, Hitachi Cable has developed

high Jc and very fine filaments Nb-Ti supercondu*
cting wires. Features of the developed supercon-
ducting composites are as follows.
(1) High critical current density of 2,610 A/mm*
at 5T was attained by the moderate heat-treated
and high homogenized 3-4ym<t> filaments Nb-46.5?Ti
composites.
(2) The most typical feature in wire production
is the application of hydrostatic extrusion? this
decreases the formation of compounds between Cu
and Nb-Ti and no multiple necking in filaments
because of the extrusion at relatively low tem-
perature.

INTRODUCTION

In 1962 Hitachi and Hitachi Cable initiated the
research and development of superconductors, and
at present we are mass-producing various types of
superconducting wires and cables which have high
quality and high reliability. These conductors
are used for superconducting magnets in many
universities and institutes, in particular in the
field of nuclear fusion, high energy physics and
many other applications. (1),(2),(3) Through
these achievements, Hitachi has contributed to
the completion of many projects, and superiorities
of these conductors were verified.

Recently very fine filaments composite is re-
quired for the commercial frequency mode supercon-
ducting magnet and SSC project.
This article describes about these conductors,

especially research and development of high Jc
and very fine filaments Nb-Ti superconducting com-
posites.

RECENT CONTRIBUTIONS FOR THE HIGH ENERGY PHYSICS

We have produced many types of cables for the det-
ector magnet, Ji-pole magnet, and Quadru-pole mag-
nets. For example, Fig. 1 shows Al stabilized Nb-
Ti composite cable for the colliding beam detec-
tor and Rutherford type cable for Quadru-pole mag-
net. The former has 14KA at 1.5T current carry-
ing capacity, and its overall size is 20x3.9mm.
This Al stabilized conductor was produced by the
Extrusion with Front Tensionjiprocess which have
been developed in Hitachi Cable. The latter has
7.5t-ira<J> Nb-Ti filaments which have been produced
on mass-production scale. Current carrying cap-
acity i ; 5.5KA at 7T, size is 1.19-1.35x9.1mm.

(a)

(b)

Fig.1 Al stabilized Nb-Ti composite cable for
CDF magnet(a) and 7.5um<!> filaments Nb-Ti
cable for Quadru-pole magnets(b).
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Nb-Ti alloys

metallurgical parameters
(1) Ti contents
(2) homOGenity

Heat-treatraent(H.T) and
Cold Working after H.T

Cu/Nb-Ti composites

I
mlcroatructural parameters
(1) H.T temporaturo
(2) H.T tyne
(3) No. of H:T
U ) Reduction in area a f t e r H.T

parameters in product ion
(1) filament size
(2) No. of filaments
(3) intermediate thermal influences
(4) formation of intermotallic

compound in Cu/Nb-Ti
(5) multiple necking in filaments

B-Jc properties

1
Workability

pinning theory theory of plasticity

Fig.2 Various parameters and their relationships for the development
of high Jc and very fine filaments Cu/Nb-Ti composite cables.

DEVELOPMENT OF HIGH J AND VERY FINE FILAMENT
COMPOSITES

Fig. 2 shows parameters and their relationship
of each parameter for the development of high Jc

and very fine filaments Cu/Nb-Ti composites.
Success in the development and the industrial
scale production of this composites cables must
be obtained by the studies of each parameter and
their relationships.
Recently laboratory scale and experimental R & D-

were performed for the optimization of heat-
treatment and cold working after aging to obtain
the high critical current denslty(jQ). And on
the base of this fundamental experiments, indust-
rial scale R & D were carried out using hydro-
static extrusion process.
Fig. 3 shows the relationship between Nb-Ti fila-

ment diameter (d) and Jo, n values at 5T. Jo de-
creases slowly from 8jjn to 3ym in diameter, and
for d<3um Jc drops rapidly. All values are mea-
sured at 4-.2K and determined when the resistance
reached 1x10-12ft, cm for Cu and Nb-Ti by the blfi-
lar technique. On other hand, n value scales
linearly with d.1 Jc degradation for d<3um is
caused by the multiple necking in Nb-Ti filaments.
Workability of composites decreases with d be-
cause of rapid increase of hardness in Nb-Ti and
extensive necking of filaments.

B-Jc properties of the laboratory scale composite
and industrial scale composite-using hydrostatic
extrusion process are shown in Fig. h. And Table
1 shows the dimensions and various properties of
these samples. In the laboratory scale sample wire
Jo at 5T is 2,610 A/mm2, and industrial scale one
is 2,500 A/mm2. Although excellent values were
attained, we have not completly finished the opti-
mization of Jc, especislly in the industrial scale
composite because wire had just manufactured. We
are expecting that Jc values will be increased by
10$ by the optimization of working history in com-
posites.

n values are about 30 at 5T; it means no extens-
ive filament necking on 3.5um wires.
Fig. 5 shows cross-sectional and longitudinal
photos of industrial scale wire by a microscope
and SE»1 imaging. The composite was worked very
uniform, and multiple necking in filaments are
not obserbed.
Residual resistivity ratio (R.R.R, Pat 293K/Pat10
K) of Cu as a stabilizer is about 150. This shows
the high purity of Oxygen Free copper and no con-
tamination of Cu by Nb-Ti. Both values in Table 1
are measured after 260°Cx3hrs. annealing at final
size.
High homogenized Nb-4-6.5J£Ti content material was
used for these composites.. Very fine filaments
composites of Nb-50$Ti and Nb-53-5#Ti were produc-
ed by way of trial too, but high Jc values had not
obtained because of low workability by Ti rich
heterogeneity. On this point high homogenized Nb-
46.5$Ti will be best choice for the production of
very fine filaments composite wires.

2 5
FiUment Oiameter (pm)

Fig.3 Relationship between Jc, n at 5T and
filament diameter(d).

10
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Fig.4- B-Jc properties of the laboratory scale
composite and industrial scale one using
hydrostatic extrusion process.

Table 1. The dimensions and various properties
of the R & D samples.

Wiro diaaetar
(..)

Cu/Nb-Tt ratio

Filaaant diaaetar
(M»»)

Nuabor of
filsaentn

Ic at 5 T
(A)

Jo at 5 T ,
(A/aa"1)

n at 5 T

RRR

Laboratory scale
saaple

0.442

1.78

4.30

199x19=3,781

144

2610

35

175

Industrial scale
saaple

0.646

1.76

3.57

109*109=11,881

298

2510

29

130

FEATURES OF PRODUCTION PROCESSES

A flow chart of the production procedure for very
fine filament Nb-Ti composites cables is in Fig.6,
The most typical feature in these processes Is the
application of hydrostatic extrusion process. The
principle of hydrostatic extrusion is shown in
Fig. 7. Features of the hydrostatic extrusion of
composite materials are as follows. U )
(1) Uniform deformation during extrusion provides
homogeneity of the core ratio and thickness of the
clad layer or filament size of the composite ext-
rusion over the cross-sections and in longitudinal
direction*
(2) Extrusion are carried out at relatively low
temperature, so there are no problems concerning^
metallurgical reaction between composites as shown
in Fig. 5.
Triple times of extrusion are carried out for the

very fine and large number of filaments wires.
Secondary feature is a application of high purity

Oxygen Free Cu as a stabilizer which produces by
full continious casting plant in Hitachi Cable.
In this high purity Cu, R.R.R values after annea-
lling at 500°C are from 300 to 400.

CONCLUSIONS

1. High critical current density (2,610 A/mm2 at
5T in the laboratory scale, 2,500 A/mm2 in indu-
strial scale using hydrostatic extrusion) was
attained by the moderate heat-treated and high
homogenized 3-4nm filaments Nb-46.5#Ti wires.
2. The most typical features in production are the
applications of hydrostatic extrusion process and
high purity Oxygen Free Cu as a stabilizer which
have produced by large seale full continious cas-
ting systems.

(a) x80

b-

(e) SEM Imaging, X2.000

Fig. 5. Cross-sectional and longitudinal photos of industrial
scale wire by a microscope and SEM imaging.
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L Wire drawing
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Assembly of billet for
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Wire drawing | | OFC pipe )

J=Assembly of billet for
multi-core wire

Hydrostatic extrusion |

Wire drawing

Heat-treatment

L Twisting
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I Wire stranding I
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F ig .6 . Flow char t of the production procedure for
very fine Nb-Ti composites cables .

i^E
I. CONTAINER 2. STEM 3. PRESSURE MEDIUM

4. BILLET 5. DIE 6. DIE-HOLDER

7. EXTRUDED ROO 8. SEAL

Fig.7. The principle of hydrostatic extrusion
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SUPERCONDUCTING WIRE AND CABLE FOR BIG ACCELERATORS

Hiroshi Tanaka

Superconducting Development Dept.

The Furukawa Electric Co., Ltd.

9-15, 2-chome, Futaba, Shinagawa-ku, Tokyo 142 Japan

Although large superconducting dipole magnets and other superconducting magnets for

the beam line and the beam detector have been manufactured and successfully tested and

operated, the development trend of the superconductors for the future application should

be decided on a cost-efficient point of view. For such an important issue and individual

technological difficulties.it is significant to organize the close cooperation with

physisists, laboratories and industries over the international level.

1. Introduction

In the past ten years, the appli-

cations of the superconductors to the

high energy physics facilities have been

widely carried out in the world:

Especially, the recent discoveries at

the Tevatron of Fermilab have confirmed

the interest in big hadron. colliders as

one of the next-generation major

accelerators.

On the other hand, present day high

energy physics applications place heavy

demands upon the superconductor to

satisfy a l l the various fac i l i ty

operating conditions such as critical

current densities, fine filaments for

low hysteresis losses, low coupling

losses, mechanical strength, ease of

winding, manufacturing reliability and

reprod icibility, and minimum cost For

future big machines guide principle

should be cost-efficient, and conse-

quently one should place emphasis on the

development of suitable conductors for

individual project and the construction

of significant machines in close cooper-

ation with industry all over the world.

In the following paragraphs, recent

developments in superconductors for high

energy facilities are reported together

with the poss ibi l i ty of design and

construction of future big machines.

2. Superconducting Materials

Fig.1 shows critical current density

versus magnetic f i e l d for the

commercially available materials: Nb-Ti

and Nb3Sn, wherein the data of Nb-Ti

at 1.8 K are the same as the published

ones by M.Wake et. al . : IEEE Trans.

Mag. vol. MAG-19,No.3 (1983) 522. It

seems that a Ti-modified Nb3Sn at 4.2 K

is promising to be used for high fields

and high currents applications, although

there are many studies and efforts for

Nb-Ti conductors by means of operating

below 4.2 K and alloying third elements.

Major d i f f i cu l t i es in the Nb3Sn

conductors occur in the mechanical

brittleness suffered from manufacturing

conductors and making magnets. On the

cri t ical current, cr i t ical field and

large temperature margin if we could

improve the machanical properties of the

Nb3Sn conductors, the Nb3Sn magnet

becomes preferable to the Nb-Ti one for

the high f ie ld a c c e l e r a t o r ' 2 " 3 ' .

Therefore i t seems to- be chosen

commercialized Nb-Ti conductors for a

big proton synchrotron magnet with

medium field around 6T and small

aperture, and Nb3Sn conductors for a big

electron synchrotron with higher field

and rather large warm bore magnet

because of large temperature margin

against beam heating and relatively good

mechanical properties against the

brittleness (3 )
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3. Pine-filament Conductors

Commerciallized superconductors with

fine f i laments and h igh-current

densities are one of the most desirous

wires for the dipole magnets having

smaller apertures because of their low

magnetization effects at injection field

levels. It is desirable to use con-

ductors with a fine filament size in

order to reduce field error without

complex correction coils for dipole

magnets with small apertures.

Ws have successfully established the

fabrication process for Nb-Ti wires and

NbjSn wires with small filaments'4 ' .

During the fabrication process of the

conductors a significant progress has

been made in establishing the selection

of high homogeneous materials and the

control of thermomechanical processing.

We will now provide the excellent wire

and cable with small filaments and high

current densities in the large scale

manufacture. For instance, the current

density value has achieved 3,010 a/mm2

at 4.2 K and 5 T for Nb-Ti wires with

2.5 um filaments as shown in Fig. 2, and

2,350 A/mm2 at 4.2 K and 8 T for Nb3Sn

wires with 1 um filaments.

4. Comnpacted-Stranded Cables

Fig.3 and Fig.4 show cross-sectional

view of the typical keystoned cables of

Nb-Ti/Cu and Nb3Sn /Cu composite,

respectively.

Although the Rutherford type cable is

used for the accelerator magnets as the

keystonned shape, practical magnetic

designes are significantly limited by

the cr i t ica l current densities and the

mechanical strength of the cable.

Especially, i t is necessary to condider

reinforcement and insulator for the

Nb3Sn wires , so as to stand the

precompression, the magnetic force and

the softening due to heavy heat

t r e a t m e n t . From the p rev ious

estimation*3 ', i t appears that for o 10

T dipole magnet the required azimuthax

compression is of the order of 120 MPa.

In this estimation the Young's modulus

of the conductor is corresponding to 3 x

104MPa when the allowable strain of the

compound superconductor is assumed by

the maximum prestrain of around 0.4 %.

The equivalent Young's modulus of the

cable has been established up to 3.8

x 104MPa, which is enougth to withstand

the fracture of compound superconductors.

5. Aluminum Stabilized Conductor

Some large thin superconducting

solenoids are under designed and

constructed in the world. ft general

purpose of the large solenoid (free bore

3~5m in diameter and 5̂ 7 m long) is to

be used in the colliding beam detector

such as TRISTAN t - i c o l l i d e r ' 5 ' ,

TEVATRON ~p-p col l ider and LEP e-e

collider. A typical cross-sectional

view of the aluminum stabilized con-

ductor is shown in Pig.5* ' . Aluminum

stabilization takes advantage of the low

r e s i s t i v i t y and high the rma l

conductivity of high purity aluminum,

together with light weight, less nuclear

absorption thickness and soft mechanical

properties making i t easy to wind. The

superconductors for these beam detectors

and also bending magnets of electron

beam should be studied in detail with

regard to the radiation effects.
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6. Superconducting Delay Line

We have developed the supercondu'cting

coaxial cable and manufactured in large

amounts. The stochastic cooling system

of the antiproton source at Permilab

will use notch filters for reducing the

feedback power at frequencies

corresponding to particles in the core.

The use of superconductors allows a

dramatic reduti.on in the diameter, total

size and cost of this component in spite

of the added cryogenic requirements.

The cable, which composes the 3 pm thick

lead with copper, has a long unit length

over 1 km. The recent measurements

indicate that the notch depths and

frequency dispersion of these filters

are within the acceptable design limits

for the Fermilab antiproton source'".

The cable will be installed at the

Fermilab antiproton storage ring first

as actual transmission lines.

7. Conclusions and Prospects

The superconducting wires anc! cables

for big future accelerator appear to be

(1) Nb-Ti alloy conductors operated at

4.2 K for the cost-efficient and simple

installation.

(2)Nb3Sn compound conductors for the

high magnetic field accelerator with

rather large aperture.

(3) Fine-filament and high-current

density conductors for high field

quality magnets with small apertures.

(4)The compacted-stranded cables

particularly appropriate for various

demands of the coil design.

(5) The reinforced cables with high

Young's modulus for high field accelera-

tor magnets in the range 8 T to 10 T.

(6) The aluminum stabilized Nb-Ti

conductor for big beam detectors.

(7)The superconducting coaxial cable

for the stochastic cooling system of the

antiproton storage ring.

As the main components in future

accelerators, the superconductor could

be generally used. But from the cost-

effective point of view there are two

trends for future big accelerators: a

new big accelerator such as large hadron

collider and many renewed accelerators

by replacing conventional normal con-

ductors or understanding idle facililies

such as heavy ion collider.
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LARGE SCALE PRODUCTION OP HERA-SUPERCONDUCTOR

R.K. Maix, H.P. Marti, D.G. Salathg

BBC BROWN BOVERI & CIE, Ltd., 8050 Zurich, Switzerland

BBC as the leader of the Sviss Superconduc-

tor Consortium comprising r.he firms BBC,

Metalworks Dornach, Huber & Suhner, ISOLA

Breitenbach, Swiss Metalworks SEI.VE, has

a contract for the delivery of 465 km

HERA cable which corresponds to 52 tons.

For that production all the Nb-47.5 wt%Ti

rods have already been delivered by

TWCA (Teledyne Wah Chang). Superconduc-

tor billets corresponding to 28 tons of

wire have been extruded up to now. About

3 tons of that material is at final dia-

meter. The rest is on its way through the

various wire drawing and annealing steps.

Cables for three magnets have been deli-

vered. The series cable production is

under preparation. For that purpose a

relatively big amount of material from

various billets will be put on stock, in

order to be able to choose the wires ac-

cording to their critical currents with

tne aim to keep the cable I within a

small tolerance band which is specified

to be + 2 %.

To keep I variation of the strands over

the whole production at a minimum several

measures were taken:

- The titanium content of the alloy was

specified closer than usual with + 1 S

instead of + 1.5 %. In fact almost all

material delivered lies between 46.5

and 47.5 weight percent.

as far as possible, as well as the ex-

trusion parameters itself.

The sequence of thermomechanical treat-

ments during wire drawing is tightly

specified and controlled. This treat-

ment will be maintained for the whole

production. Even if modified sequences

leading to higher critical current

densities were found.

Wire data;

Diameter

Ratio Cu: NbTi

Number of filaments

Critical current density

at 5 T and 4.2 K

0.84 + 0.01 mm

1.85

1230

2500-2600 A/mm2

Cable data;

Cross section

Number of wires

Critical current

at 5.5 T and 4.6 K

1.28/1.67 x 10.0 mm

24

>8000 A

The prototype and full cable lengths which

have been produced during the optimization

program all exceeded the specified critical

current of 8000 A and reached up to 8930 A.

These measurements are made at BNL with a

bifilar sample arrangement in a back-ground

field of 5.5 T [1].

Correcting the self field effect to 5.5 T

maximum field at the conductor leads even

to 8 to 9 % higher I -values.

The furnace temperature and heating up

times of the billets are kept constant

[1] M. Garber, W.B. Sampson, IEEE Trans, on

Magn., MAG-21, No. 2 (1985), p. 336-338
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DEVELOPMENT OP CABLE FOR HERA DIPOLES AT L.M.I.

S. Ceresara
La Metalli Industriale Research Center

Fornaci di Barga (Lucca) Italy

Abstract - Results so far obtained at
LMI in the development of cable proto-
types for HERA dipoles are reported. The
target critical current value, 8000 A
at 5.5 T, 4.6 K, has been met in the
latest cable produced.

The achievement of critical current
specifications for the HERA dipoles cable
has required considerable research and
development effort at LMI, to be per-
formed over a limited period of time.

As a matter of fact, DESY specifica-
tions for HERA cable in August '84
required I = 7265 A at 5.5 T, 4.6 K,

c
corresponding to a critical current den-
sity in the strands of about J =

2
 c

2200 A/mm at 5 T, 4.2 K (allowing for
10% degradation due to cabling).

The above values of J represented,
c

at that time, an upper limit not only
for LMI, but also for most cable manufac-
turers, if one considers that Tevatron

2
at Fermilab required J (5 T)*W800 A/mm .

At the end of 1984, DESY upgraded the
critical current value required for HERA
cable to 8000 A (at 5-5 T, 4.6 K ) , which
calls for J' (5 T, 4.2 K) of at least

2
 c

2420 A/mm .

Table I summarizes the results obtained
on cable prototypes manufactured by LMI
since September '85.

As may be seen, the critical current
target has been practically met in the
last prototype, although some safety mar-
gin is desirable.

For large scale production H.H material
has been chosen, in order to ensure re-
producibility of results and yield.

It is worth stressing that the figures
reported do not include the self-field
effect which causes I c to be underesti-
mated by up to 10$, as computed at BNL.V

Since the self-field effect in the wire
measurement is about 4%, the real degra-
dation due to cabling is considerably
less than the amount evidenced in
table I.

The fabrication schedule of 48O km
of HERA cable foresees 20 km of cable
(prototypes) by the end of May, and
large scale production, at a rate of
2 km/day, starting from January '87-

References

1. M. Garber and W. B. Sampson,
"Critical Current Anistropy in NbTi
Cables, "IEEE Trans., MAG-21, .336,
1985.

Note Added in the Proof

During the Workshop, a new cable speci-
men has been measured at BNL. The criti-
cal current at 5.5T, 4,6]; has reached
8230 A. It is interesting to note that
this result has been obtained from DESY
10 strands (see Table I) simply by an im-
proved cabling procedure.
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Table I - Summary of experimental data

(Measurement; performed at BNL)
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NIOBIUM-TITANIUM WIRE FOR THE HERA CORRECTION COILS
J.D. ,Elen, W.M.P. Franken
Superconductors Lips ECN

P.O. Box 1> 1755 ZG Petten, the Netherlands

Abstract. - Multifilament wire of 2800 Amps/mm2

current density at 5 Tesla has been developed for
the HERA correction colls and Is presently in pro-
duction.

INTRODUCTION

Within the international collaboration for con-
struction of the HERA electron-proton accelerator
of DESY, the Netherlands are participating by the
delivery of about 200 dipole and 400 sextupole-
quadrupole correction coils. NIKHEF, our national
institute for high energy physics research, is in
chi'.rge of the coordination. The correction coils
will be produced by Dutch industry, including the
required NbTi multifilament material. These wires
are currently in production at Superconductors
Lips ECN (SLE), a joint venture of Lips Drunen
Metaalbedrijf (LDM) and Netherlands Energy Research
Foundation (ECN).

Next to the commercial development of multifilament
Nb-Sn material according to the powder process, SLE
had for this project to acquire in a very short
period the full NbTi technique to meet the high
quality standards of the HERA project.

SPECIFICATION OF THE WIRES

The wire specifications were prescribed by DESY.

D-wire
0.56 + 0.02 mm
< 50 iim
= 4 : 1
50 mm

4.2 K)

Diameter (uninsulated)
Filament diameter
Cu-sc-ratio
Twist pitch
Critical current (1.5 T,

SQ-wire
Diameter (uninsulated)
Filament diameter
Cu-sc-ratio
Twist pitch
Critical current (5.5 T, 4.2 K)

0.70 + 0.01
< 20 jim
s 1.8 : 1
25 mm
> 285 Amps.

DEVELOPMENT OF THE STRAND MATERIAL

> 250 Amps.

As indicated in the specifications the wires are
distinguished by their field application: a low
field (1.5 T) D-wire and a relatively high field
(5.5 T) SQ-wire. Separate development programmes
were started for these two products. The low field
material is based on Nb 55% Ti. This alloy compo-
sition provides relatively easy control over the
titanium precipitation, which enhances the low
field pinning force. Billets of this material
have to be extruded at low temperature to avoid
premature precipitation. The availability of a
large hydrostatic extrusion press at our factory
is essential for this production step. As shown in
figure 1 a layout with 36 filaments is selected
with final cu-sc-ratio 3.7 : 1 and with a filament
diameter of 44 um. Current densities exceeding the
specification by about 20% are realized.

Figure 1. NbTi-wire for dipole correction coils
(wire diam.: 0.55 mm, fil. diam. 44 urn).

For the SQ-wire development Nb 50% Ti was selec-
ted. This wire (see figure 2) has a relatively
large number of filaments (828) thus ending with
filaments of only 14 pm at the appropriate cu-sc-
ratio (1.7 : 1). Hydrostatic extrusion at elevated
temperature guarantees a homogeneous deformation
process,Intermediate heat treatments during drawing
are applied to optimize the distribution of grain
boundaries and precipitates for high field pinning
forces.

Figure 2. NbTi-wire for SQ correction coils
(wire diam.: 0.7 mm, fil. diam. 14 urn).
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CRITICAL CURRENT PFNSITY

Critical current density for D- and SQ-wires are
shown In figure 3. These data relate to measure-
ments on 1 m coil samples, characterized by the
10 Om criterion. The non-copper J -values at
5 Tesla of the SQ-wire is as high asc2800 Amps/mm2.
The superconducting-to.normal transition is sharp
with typical values of the n-parameter between 40
and 100. The wire quality in terms of critical
current exceeds the DESY specifications by about
20 percent. These data have been confirmed by
measurements at Brookhaven National Laboratory
and at the Technical University of Twente, the
Netherlands.

CURRENT DENSITY OF NIOBIUM

TITANIUM SUPERCONDUCTORS

Figure 3. Critical current density of the D- and
SQ-wires.

PRODUCTION

Presently about 20% of the total order of 1100 km
D-wire has been delivered to the correction coil
manufacturer HOLEC. First delivery of 90 km SQ-
wire for one octant of the proton-ring is planned
for May. The full order of about 4.5 tons multi-
filament material will be completed by February
next year.
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NbTi SUPERCONDUCTORS FOR ACCELERATOR MAGNETS:

LARGE SCALE PRODUCTION FOR HERA AND DEVELOPMENT OF
FINE FILAMENT CONDUCTORS

H. Krauth
Vacuumschmelze GmbH

D-6450 Hanau, F. R. Germany

Abstract. - The results of the production of
2650 km of strand material and of the keystoned
cable with.23 strands for the HERA quadrupoles
are presented. An average value of 2500 A/mm2
at 5 T and 4.2 K was obtained for the whole
quantity of conductor. The measured current
in the cable is more than 15 % higher than speci-
fied. In addition, a 10500 filament conductor
has been produced on a full production scale
to demonstrate the feasibility of the single
stacking process for this type of conductor. A
current density of 2300 A/mm2 at 5 T and 4.2 K
has been achieved with 5 urn diameter filaments.

INTRODUCTION

Vacuumschmelze GmbH (VAC) is producing
NbTi superconductors since many years for all
applications. A survey of the status has been
given recently /I/. At VAC we are also actively
engaged in the development and fabrication of
superconductors for High Energy Physics applica-
tion. Two recent examples are the Aluminium
stabilized cables for detector magnets delivered
to CEA/Saclay for the ALEPH detector at LEP/CERN
and to Oxford Instruments for the CLEO II detector
at Cornell University, respectively. The present
paper gives some results on the production of
2650 m of strand material used to fabricate
115 km of a 23 strand keystoned cable for the
HERA quadrupoles at DESY. At the time of writing
this report all strand material and 40 % of
the cable were already completed. Statistical
data on performance of the conductors will be
presented below. In addition, VAC is working
on a research and development basis on the devel-
opment of fine filament conductors (~5 urn)
with a large number of filaments (> 10.000). Full
size prototype conductors with 10.500 filaments
were fabricated and tested.

LARGE SCALE PRODUCTION FOR HERA

Two versions of conductors were produced
for the multipole magnets of the HERA accelera-
tor. In the prototype phase of the dipole devel-
opment keystoned cables with 24 strands, each
containing 1700 filaments, were fabricated.
Figure 1 shows cross sections of the cable and
the strand material and a SEM picture of one
of the 12 um diameter filaments. We are now
producing the whole quantity of 23 strand cable
needed for the quadrupoles. According to specifi-
cation a 636 filament wire was used (Figure 2)
resulting in 20 um filament diameter. Table 1
summarizes the parameters of the two strand
versions. In both cases critical current densities
of 2500 A/mm2 and above were measured at 5 T and
4.2 K and with a sensitivity of 10-14 Qm_

Figure 1. Cross section of the 24 strand
dipole cable, the 0.84 mm diameter
strand with 1700 filaments and a
SEM photograph of a 12 um filament.

In November 1984 measurements on a 24 strand dipole
cable sample were performed at 8NL resulting in a
critical current of about 8400 A at 4.6 K and an
externally applied field of 5.5 T perpendicular to
the broad face of the cable /2/. This value exceeds
the present specification of the dipole cable by
5 5!

In the meantime VAC has produced under contract with
DESY all strand material (2650 km) needed for the
115 km quadrupole cable. At the time of writing
this report about 45 km keystoned conductor had
been cabled. Strand critical current measurement
were performed by both, VAC and BNL on behalf of
DESY /3/. BNL results were generally two percent
higher than those of VAC. A statistics of the
measurements at VAC is shown in Figure 3, including
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Figure 2. Cross section of a 636 filament
strand for the HERA quadrupoles.

Table I

Comparison of strand parameters for HERA
prototype dipoles and production quadrupoles

strand diameter
(coated)

Cu:9C ratio

No. of filaments

filament diameter

jc (5 T, 4.2 K)

Dipole
strand

0.84 nm

1.8

1700

12 u*

2500A/mii2

Quadrupole
strand

0.84 m

1.8

636

20 |jn

25O0A/nm2

all fabricated batches. The mean critical current
of a strand at 4.2 K and 5 T applied field is
475 A with a standard deviation of ;+ 19 A or _+ 4 %.
This value corresponds to a critical current densi-
ty of slightly less than 2500 A/mm2. Up to now
more than a dozen of cable samples were measured
by BNL /3/. A typical measurement together with
the results are shown in Figure 1 of Ref. 4.. These
measurements yielded a mean value of 8030 A at
4.6 K and 5.5 T applied field perpendicular to
the broad face of the cable. Compared to the speci-
fied 6962 A this gives a margin of more than 15 %.
The standard deviation of measured cable critical
currents up to now is + 100 A or less than 1.3 %
so that the goal of ± 2" % for the whole lot of
conductor seems to be attainable. But it should
be mentioned that this part of the specification
made it necessary to produce the material in
sufficient amount prior to the first cabling, so
that adequate shuffling of the strand material
was made possible.

Figure 3. Critical current statistics of
the HERA guadrupole strands as
measured by VAC (5 T, 4.2 K). Mean
Ic is 475 A + 19 A. BNL measure-
ments are 2 % higher. This corre-
sponds to j c =2500 A/mm2 at
5 T and 4.2 K.

FABRICATION OF A 10500 FILAMENT CONDUCTOR
WITH 5 urn FILAMENTS

To demonstrate the feasibility of strand material
for conductors with parameters required for the
accelerators of the next generation (SSC, LHC) a
research and development program has been initiated.
Conductors with 10500 filaments were fabricated
using full size production billets and a single
stacking and extrusion process. A cross section of
a strand at 0.8 mm diameter and a SEM photograph
of the 5 urn filaments is shown in Figure 4. The
measured current density at 5 T and 4.2 K was
above 2300 A/mn\2 and 1000 A/mm2 at 8 T. These
results are showing that single stacking is in
principle a viable process to produce fine
filament conductors with large number of filaments.
As is obvious from the filament surfaces shown in
Figure 4 no diffusion barrier has been applied
in this conductor. It is well known that the
current density could be increased by application
of diffusion barriers due to avoiding the formation
of intermetallic particles and decreasing the
tendency of sausaging. But it has still to be
demonstrated that this can be done economically
on a large scale.

CONCLUSION

Strand material and keystoned cables for the
HERA quadrupoles were produced on a large scale.
The measured critical currents of the cable are
more than 15 % above specification. To' demonstrate
the fabricability of strand material with specifi-
cations envisaged for future accelerators (e. g.
5 pm filaments, j c (5 T, 4.2 K) >_ 2400 A/mm2)
a 10500 filament conductor has been fabricated.
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Figure 4. Cross section and filament
quality of a 10500 filament

1 conductor with 0.8 mm wire
diameter and 5 |jm filaments
(Cu:SC ratio = 1.3).

The measured current density is up to now slightly
smaller than expected. Further improvements
seem to be possible by application of diffusion
barriers. But there must be made a careful trade
off between increase in j c and effect on cost
of conductor production.

- 110 -



Superconducting Properties of Fine Filamentary Superconducting Wires

S. Saito, K. Ohmatsu, H. Takei, and M. Nagata

Sumitomo Electric Industries, Ltd.

1-1-3 Shimaya, Konohana-Ku, Osaka 554, Japan

H. Tateishi and T. Onishi

Electrotechnical Laboratory
1-1-4 Umezono, Sakuramura, Niihari-gun, Ibaraki 305, Japan

Abstract - The dependence of critical current
density, Jc, of Nb-Ti superconducting wire on
deformation-thermal history and filament size was
studied systematically using two types of speci-
mens. One type, Cu matrix superconducting wires,
was heat treated 1^3 times during processing. It
was found that Jc strongly depends on the number
of heat treatments. The other specimens, Cu-Ni
matrix superconducting wires, were only cold-
worked without heat treatment. The filament sizes
varied from 3 ym to 0.03 ym. Jc increased sharp-
ly in low magnetic fields for specimens whose
filament sizes were below 1 ym.

INTRODUCTION

Nb-Ti superconducting wires for accelerator
magnets are required to have high critical current
density r.nd fine filaments. We have been develop-
ing superconducting wires of high critical current
density and researching superconducting properties
when Nb-Ti filaments are very fine.

Critical current density of Nb-Ti supercon-
ducting wire depends on metallurgical factors such
as material qualities, deformation processes, and
thermal histories. One of the methods used to
achieve high critical current density is multiple
heat treatment Lll,Z2l. One of the purposes of
this paper is to report the effect of the number
of heat treatments during the manufacturing pro-
cess on the critical current density. The other
purpose is to present the dependence of the
critical current density on Nb-Ti filament size
when the filaments are very fine.

EXPERIMENTAL METHODS

Specimens

The specifications of the specimens are shown
in Table 1. The Nb-Ti alloy used was commercial
Nb-46.5 wt%Ti for Type A and Nb-50.0 wt%Ti for
Type B.

Type A specimens were Cu matrix Nb-Ti Com-
posite wires. The composite wires were manufac-
tured by hot extrusion of Cu/Nb-Ti composite
billet. The extruded rod was drawn to several
sizes by cold working and 1^3 heat treatments.
The heat treatment and cold working schedule is
shown in Fig. 1. The heat treatment was carried
out for time ti at a temperature in the range of
573^703 K, for the 1st, 2nd, and final heat

treatment sizes. In the case of single heat
treatment, it was carried out for ti, t2 (• 2 x
ti), and t3 (= 3 x ti). Each specimen was cold
worked with e = 0^5.15 reduction after the final
heat treatment. (e = ln(Do/D)2, where Do is the
final heat treatment size and D the specimen size).

Table 1. Specifications of

_ _ _ - - "

Nb-Ti composition

Wire dia. (mm)

Filament dia. (yra)

Number of filaments

Matrix/Nb-Ti ratio

Matrix

Type A

Nb-46.5 wt%Ti

1.45 ^ 0.110

61.4 ^ 4.66

180

2.1

Cu

Specimens

Type B

Nb-50.0 wt%Ti

9.72 ^ 0.104

2.71 ^ 0.029

3627247

2.24

Cu-30 wt%Ni

I
Q.

1.No heat treatment

2. Single

3. Single

4. Single

heat

heat

heat

treatment

treatment

treatment

5. Two heat treatments

6. Three heat treatments

tin
ti(-2xti)n
t»(»3Xh)

ti tin n
ti ti tin n n
t t t

1st 2nd Final heat treatment
(Do-1 .45* mm)

Size (smaller—)

Fig. 1. Heat treatment and cold working schedule
of Type A specimens
(ti, t2, t3i heat treatment time)
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Type 3 specimens were Cu-30 wtZNi matrix
Nb-Ti composite wires with filament sizes from
2.71 yra to 0.029 pm. Multiple stacking and bundle
drawing techniques were adopted for manufacturing,
^ y the specimens were only cold-worked, and not
heat treated, in order to investigate only the
effect of filament size.

Critical Current Density

The specimens were mounted in a four spiral
turn on a bake-lite cylinder. The critical
current density was determined resistively by
using the four-probe method at 4.2 K in an exter-
nal field up to 8' Tesla which was applied verti-
cally to the wires. The criterion on the critical
current density was at a sensitivity of lxlO"1"*^
for Type A specimens and 1 x 10~13£2m for Type B
specimens. The Cu/Nb-Ti ratio was determined by
weighing method.

RESULTS and INTERPRETATION

Effect of Number of Heat Treatments (Type A
Specimens)

The dependence of critical current density,
Jc, of Type A specimens on the cold working in
the case of single, two, and three heat treatments
is shown in Fig. 2. The times of single heat
treatment are ti, t2(- 2 x t t), and t3(*3 x ti),
and in the case of two and three heat treatments,
it is ti for each heat treatment.

In the specimens after final heat treatment,
Jc in every case (heat treatment times ti, t2,
and t3> of single heat treatment is higher than
it is for two or three heat treatments. Jc is
lowest in the case of three heat treatments.

Jc increases as cold work reduction after
final heat treatment increases in all the cases.
This is especially extreme in the case of multi-
ple heat treatment. Jc in the case of two and
three heat treatments increases linearly until
large cold work reduction (e>5), while Jc in the
case of single heat treatment almost reaches
saturation after cold work of e = 2. The slope
of Jc increase is largest in the case of three
heat treatments. In the case of three heat treat-
ments, the Jc of specimens which were cold worked
with e = 5.15 after final heat treatment is 4
times higher than the Jc of specimens which were
not cold worked (e = 0), and exceeds 2400 A/mm2

at 5 Tesla. The Nb-Ti filament diameter of this
specimen is 4.65 pm and.degradation of Jc owing
to Cu-Ti compound doesn't occur because the fila-
ments are clean [3]. The Jc of the heavy cold
worked specimens after final heat treatment is
highest in the case of three heat treatments, and
lowest in the case of single heat treatment.
This relation is the opposite of that after final
heat treatment without cold working (e = 0).

Even when total heat treatment time is the
same (for example, single heat treatment at ta
(= 3 x ti) is equal to three heat treatments at
ti), it is more effective to divide the time into
several steps to increase Jc (compare—o-o-and
-•-•- in Fig. 2.). It is considered that there
is large difference in the microstructure of Nb-

Ti filament after final heat treatment between
single and multiple heat treated specimens.

The dependence of the pinning force, Fp »
Jc x B, on the external magnetic field (in the
case of each heat treatment time - ti) is shown
in Fig. 3.' Fp was calculated for the specimens

2500

2000-

• Single heat treatment (ti)
e Single heat treatment (ti)
o Single heat treatment (t»>
A Two htot treatments (2*ti> -
• Three heat treotment«(3«M _

, I . I i I i500
5 5.5

Reduction after find heat treatment
(8-In (Do/Df)

Fig. 2. Dependence of Jc on cold working reduc-
tion after final heat treatment Type A
specimens

=« 1Oh

m
X

O No heat treatment
• Single heat treatment (ti)
A Two heat treatments(2xt,)
• Three heat treotmenlsOxM

2 3 4 5 6 7 8 9 10
B (Tesla)

Fig. 3. Dependence of Fp on external magnetic
field of Type A specimens
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at final heat treatment size (e • 0, wire dia.
1.45rf mm, Nb-Ti filament size 61.4 ym) and the
cold worked size (e » 4.0, wire dia. 0.2004 mm,
Nb-Ti filament size 8.3 ym) in the case of
single, two, and three heat treatments. In the
case of the no heated specimen, its size was
1.45^ mm.

The Fp of the no heat treated specimen is
low and the maximum pinning force, Fp m a x, is about
1.75 GN/m3 at approximately 7 Tesja.

The Fp of all specimens after final heat
treatment is higher than that of the no heat
treated specimen. The Fp is highest in the case
of single heat treatment and lowest in the case
of three heat treatments for every magnetic field.
The Fp m a x lies at approximately 5 Tesla in the
case of single heat treatment, 4 Tesla in the
case of two heat treatments and 3 Tesla in the
case of three heat treatments.

The Fp of the cold-worked samples after final
heat treatment becomes significantly higher. Fp
is highest in the case of three heat treatments
and lowest in the case of single heat treatment
for every magnetic field. The Fp m a x lies at
approximately 6 Tesla in the case of single heat
treatment, 5 Tesla in the case of two heat treat-
ments, and 4 Tesla in the case of three heat
treatments.

In Nb-Ti superconducting wires, the pinning
points are considered to be precipitates and sub-
band structure C4]. The Fp m a x at 7T of the no
heat treated specimen is considered to be due to
the latter. The shift of Fp m a x position to the
low field side after final heat treatment may be
due to a-Ti precipitates, and then the shift of

Cross-section (Final bundle)

2nd bundle 1st bundle

Fp m a x position to the high field aide After cold
working following final heat treatment may be due
to both precipitates and sub-band structure in
all the cases of heat treatment. The position of
Ppmax against magnetic field'is lowest in the
case of three heat treatments and highest in the
case of single heat treatment in both the case
of final heat treatment and the case of cold
worked after final heat treatment.

Nb-Ti filament size dependence (Type B specimens)

The cross-section and Nb-Ti filaments of.
Type B specimens are shown in Fig. 4. The surfare
of the Nb-Ti filaments is smooth and clean.

The magnetic field dependence of the Jc of
Type B specimens on Nb-Ti filament size is shown
in Fig. 5. Jc increases sharply in low magnetic
fields as the filament size decreases to 0.07 ym.
A peak appears at approximately 0.07 ym filament
size and its value is about 1 x 101* A/mm2 at 2
Tesla. This value is much higher than that of
Nb-Ti superconducting w^res reported earlier [23.
When the filament size becomes smaller than
0.07 ym, the Jc decreases rapidly.

The magnetic field dependence of the pinning
force, Fp, as filament size is varied, is shown
in Fig. 6. Fp m a x lies at approximately 6 Tesla
when the filament size is 2.7 pm. This result is
similar to that for the no heat treated Type A
specimen. When the filcaient size is below 1 ym,
another peak appears around 2 Tesla. This peak,
which appears in low magnetic field, is not due
to precipitates as was the case for Type A speci-
mens which were heat treated. Precipitates do

IIOOOi

1OOOO

9000

8000-

^ 7000

I 6000

~ 5000

4000

3000

2000-

1000-

0.07pm

Magnetic field -1 Tesla

Fig. 4. Cross-section and Nb-Ti filaments of
Type B specimens

5 1 0.5 0.1 0.05 0.02

Filament diameter (pm)

Fig. 5. Filament size dependence of Jc of
Type B specimens
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not occur in the Type B specimens since they were
not heat treated. Fpraax exceeds 15 GN/m3 at 2
Teala, and is about 8 GN/ram3 at 5 Tesla for the
filament size of 0.07 ym. This value is very
high at 2 Tesla but isn't very high at 5 Tesla
compared to the value of multiple heat treated
Type A specimens which filament size is several
ym. (compare Fig. 3 and Fig. 6).

Filament dia.
• • fcO.O73)jm
"O—o~<Q073)jm

Fig.

B (Tesla)

6. Dependence of Fp on external magnetic
field of Type B specimens

As mentioned above, flux pinning of very
fine filamentary superconducting wires is con-
sidered to be caused by a different mechanism
than that in com\nercial Nb-Ti superconducting
wires such as the Type A specimens, and is con-
sidered to be due to filament size itself, and
not due to precipitates and sub-band structure.
It would be very interesting to research the
effectiveness of multiple heat treatments tc
increase the Jc when filament size becomes
very fine (<1 ym).

CONCLUSION

The dependence of critical current density,
Jc, of Nb-Ti superconducting wire on multiple
heat treatments during processing for specimens
of filament size over 4 ym and on the filament
size for specimens of filament size below 3 ym
was studied.

The Jc of the Nb-Ti superconducting wires
which received multiple heat treatments is lower

than that of single treated wires after final
heat treatment, but it increases sharply due to
cold working after final heat treatment, To
increase Jc, it is effective to divide the total
heat treatment time into several steps.

The Fp m a x of the wires which received
multiple heat treatments lies in a lower magnetic
field than that of wires received single heat
treatment.

The Jc of the wires which were not heat
treated increases markedly in low magnetic fields,
as the filament size becomes very small. This
phenomenon raises interest in the effect of multi-
ple heat treatments on very fine filamentary super-
conducting wires.
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PRESENT STATUS OF DEVELOPMENT OF Nb3Sn WIRES FOR HIGH ENERGY PARTICLE ACCELERATORS

M. Suenaga
Division of Metallurgy and Material! Science

Brookhaven National Laboratory
Upton, NY 11973

Abstract. - Present status of development for
Nb3Sn wires which are suitable for the use in
magnets for high energy particle accelerators is
reviewed. Particular emphasis is placed on com-
parisons of critical current densities and mag-
netization of wires which were made on commercial
scale and of wires which are in various develop-
mental stages.

INTRODUCTION

In the 1969-1970 period a processing method,
called the bronze process, was used to fabricate
fine multifilamentary wires using brittle NbjSn.
This process was independently developed in three
separate locations of the world. In the ensuing
years the process was successfully developed to
the point where a number of small and large scale
magnets were constructed using these wires for
various applications.1--3 However, since the
bronze process requires time consuming drawing
and annealing steps, a number of other modifica-
tions to the process were made. Some of these
processes were sufficiently developed to produce
wires for constructing small high'field magnets.
In this article, these processing methods are
examined for their advantages and disadvantages
in fabricating the Nb3Sn wires suitable for- con-
struction of magnets for particle accelerators,
and the properties, of production and developmen-
tal wires are compared.

In comparing and discussing the performance
of the present and the future wires for acceler-
ator magnets, two properties of the wires are of
primary importance. They are the superconducting
critical current density Jc and the magnetiza-
tion at low fields (~0.3-0.5 T). [Although the
use of NbjSn wires for construction of dipole
magnets at fields as low as 8 T would be compet-
itive with NbTi wires, we will discuss the values
of Jc at 10 T for convenience. Jc(8 T)~1.6 Jc

(10 T). Also, the values of Jc quoted here are
for the area of Nb^Sn and the bronze matrix and
Jc(Nb3Sn+Br)-0.9 Jc (excluding Cu stabilizers).]
In the interest of minimizing the cost of the
magnets, the requirement for the value of Jc

is thought to be ~1300 A/mm (for the area of
NbgSn+Br) and to be desirable to have ~1600
A/mm2. He will use these numbers for refer-
ence in comparing various wires below.

The magnetization from the trap magnetic
flux lines is Important since this will contrib-
ute to undesirable multipole harmonics in the
dipoles. The requirement for the magnetization
of the wires can conveniently be discussed in
terms of the effective filament size dejj as
determined by magnetization measurements. The
magnetization is directly proportional to the
filament sine of a superconductor. In the

present discussion, the required dc{{ can be tak-
en as ~2-4 Mm based on the value of d€ff which is
being considered for the NbTi in design of mag-
nets for Superconducting Super Collldor (SSC).
As in the case of SSC, satisfactory magnets can
be made using larger filament wires than the
wires with 2-4 urn filaments. However, it is
thought that the wires with smaller filaments are
desirable to reduce magnet-to-magnet random var-
iations in undesirable harmonica. In the discus-
sion below, we also assume that the magnets can
be produced using similar cables as are presently
being fabricated with NbTi wires. These cables
can be wound before or after the reaction heat
treatment to form Nb3Sn layers although both of
these methods of making magnets have advantages
and disadvantages.

FABRICATION METHODS

In this article, three primary fabrication
methods for multifilamentary Nb3Sn Hires are
briefly discussed. Detailed discussions are
given elsewhere, e.g., Refs. 1 and 2. These
fabrication methods are the so-called bronze
process, the internal tin process, and the Nb
tube process. The bronze process simply consists
of orderly placing Nb rods in a matrix of a Cu-Sn
alloy rod and this composite is reduced in size
by cold drawing and intermediate annealing. In
order to make the filaments sufficiently small
(a few urn), a number these composite rods are in
turn placed in concentric tubes; of Ta (or Nb) and
Cu. The purpose' of Ta (called a diffusion bar-
rier) is to avoid contamination of the stabiliz-
ing Cu matrix by Sn diffusion from the bronze
matrix. This new package is again drawn to a
desired wire size (e.g., ~0.7 mn). At this
point, the wire is heat treated at elevated tem-
peratures (600-750°C for 1-10 days) for formation
of Nb3Sn filaments by reaction of the Nb
filaments and Sn in the matrix. Cross-sectional
picture of one typical Nb3Sn wire is shown in
Fig. 1.

As previously mentioned, this fabrication
method was successfully used to produce a consid-
erable amount (>10 tons) of multifilamentary
Nb3Sn wires for a number of small and large sole-
noids. In spite of this success, this processing
method requires numerous undesirable annealing
steps during the drawing process (~450-500°C for
1/2-1 h at every ~50X reduction in area). Not
only is this a very time-consuming process, but
this annealing process may limit the possibil-
ities of producing fine filamentary (~2 urn)
Nb3Sn wires with very high current dennities.
In order to avoid this detrimental step in the
bronze process a new method, so-called the
internal tin process, was developed. In this
process, a composite of Nb filaments in Cu is
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Figure 1. Photomicrographs of the cross sections
of a bronze processed NbjSn multifila-
nentary wire showing (a) overall and
(b) enlarged views.

drawn without annealing steps. Sn is supplied
by the centrally located hole in the wire which
is filled with Sn. Again a number of the compos-
ite at appropriate size is placed in a Ta-Cu tube
for further reduction in size. Although the in-
termediate heat treatments in the bronze process
are avoided in this process, these type of wires
require extensive pre heat treatments which may
require 5-14 days at temperatures 200-500°C. An
example of the wires by this process is shown in
Fig. 2.

Slight modification in the above processes
can also be made. This is so-called the "Jelly
Roll" process.-* Instead of using Nb rods, an
expanded metal of Nb can be rolled together with
a Cu-Sn or Cu sheet and this composite is drawn
so that sections of the expanded metal Nb will be
elongated to form the filaments. These wires can
also be heat treated in a similar manner as for
the bronze or internal tin process wires.

A third type Nb3Sn wire which was more re-
cently produced use Nb tubes which contain Sn or
Sn-Nb compounds to form Nb3Sn layers inside the
Nb tubes.°»7 For production of fine filamen-
tary Nb3Sn, these Nb tubes containing Sn or Sn
compounds are placed in a Cu matrix and co-drawn
to a desired size as in the case of the above
process. Again this process does not require
Intermediate annealing steps. Furthermore, since
Nb3Sn Is contained inside Nb tubes, a diffusion
barrier is not necessary to keep the Cu stabi-
lizer unpoisoned, and since a nonsuperconducting
bronze matrix is not present, there is the possi-
bility of using the cross-sectional area of the
wire more effectively for an increased NbjSn vol-
ume to increase the current density In the wire.
However, the main drawback in this process is
that Nb tubes are used. First of all It is very
difficult to reduce the size of Nb tubes by draw-
ing to a few urn in diameter and secondly, they

a
Figure 2. Cross section micrographs of an

internal tin processed Nb3Sn wire
showing (a) overall view and (b)
subelement.

are more expensive than Nb rods,
the wire is shown in Fig. 3.

An example of

CRITICAL CURRENT DENSITY AND MAGNETIZATION

As described above, extensive development to
produce multifilamentary Nb3Sn wires wa* carried
out in the past in a number of nation*. How-
eve t, most of this development was performed pro-
ducing relatively small quantities of the wires
and in spite of its long history, Industrial ex-
periences in production of large quantities of
the wires is limited. There are only a few
instances in which "production quantities" of
the wires were fabricated. In discussing crit-
ical current densities Jc of Nb3Sn wires, we will
first examine the values of Jc for the wires from
these relatively large productions. Then a num-
ber of wires from "small quantity" fabrications
will be compared and finally the expected avail-
ability of the wires with high current densities
is discussed.

a
Figure 3. An example of a Nb3Sn wire by a method

which uses Nb tubes, (a) overall and
(b) magnified cross sectional views.
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Three examples of "production" wires arc
U»ttd lit T«blt I. Wlrt («) la pura Nb3Sn and
waa produced for one of the colla In the Large
Coll Project tn the Fusion Program. The total
weight of this production was approximately 5
tons. The second wire (b) was also fabricated
for the Fusion Program and contained Tl in the
bronce matrix. Approximately 4 tons of this
conductor were produced. Finally, the third
wire (c) was fabricated by using the internal
tin process for construction of dipole magnets.
The amount produced was -1200 lb and small com-
pared with the other two wires, but this waa
included as an example of "production wires" to
represent the wires fabricated by the internal
tin process.

As shown in the table, the critical current
densities of the first two wires are not as high
as the values which are needed for construction
of the dlpoles although these were produced for
fusion magnets and have met the required cur-
rents. The third wire has a significantly higher
current density than the other two wires and
nearly meets the requirement in Jc for the
dipoles. However, it has turned out that the
effective diameter of the Nb3Sn filaments was
approximately 10 times larger than the actual
diameter of the filaments.I1 This large increase
in the effective diameter was shown to be due to
coalescence of Nb3Sn filaments during the com-
pound growth and nonuniform deformation of the
filament distribution in the wire as the wires
were reduced in size by drawing. Thus, unfortu-
nately, these wires which were produced in the
past in "production quantities" are not very
suitable for the dipoles.

Before discussing the values of critical
current densities of more recent wires, a brief
discussion of the factors which influence the
values of Jc is given to facilitate the compar-
ison of Jc of the various wires. There are three
main factors which determine the Jc of OT^Sn
wires. The first is the nonuniform deformation
of the Nb filaments during the wire reduction
process. When the filaments are nonuniform (or
sausaged), critical currents are lowered due to
the appearance of premature voltage arising from
current transfer among the filaments. Sausaging
the filaments can occur in a number of ways, but
the most important ones in the fabrication of
fine filamentary wires are formation of pre-reac-
tion Nb3Sn layers during the reduction process

1^
and nonuniform distribution of the filaments in
the bronze matrix. 13 These problems become par-
ticularly acute when the filaments are reduced
below approximately 6 urn as shown in Fig. 4.13
These problems can be minimized by using a care-
ful production method as shown in the fabrication
of very high current wires with filaments the
size of ~1 urn.14"1^ However,this may result
in an increased cost of the wire.

The second main factor in determining Jc of
Nb3Sn is the grain size of Nb3Sn, and the value
of Jc is approximately proportional to the size
of the Nb3Sn grr .us. The size of the grains is
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Figure 4. The dependence of Jc on the filanent
size is illustrated for three bronze
processed wires (see Ref. 13).

primarily determined by the heat treatment tem-
perature and the higher the temperature the larg-
er the grains. Recently, a temperature as low as
600°C was used in some cases. But this was only
possible if the size of the filaments is very
small, i.e., ~1 urn. Other factors such as alloy-
ing elements, the concentration of Sn in the
bronze matrix, and the bronze to Nb ratios can
affect the size of the Nb^Sn grains. However,
these will not be discussed here and referred to
in other articles such as Ref. 1.

The third factor in influencing the value of
Jc in Nb3Sn wires is the compress!ve strain ec

exerted on Nb-.Sn filaments after heat treatment
by the bronze matrix due to the differential
thermal contraction between Nb3Sn and the matrix.
The effect of the strain on Jc is to reduce Jc

by 15 to 30% at 10 T from the value of the non-
strained Nb3Sn filament if the strain ia 0.3-
0.4%. In Table II, the degrees of this grown-in
strain for each wire are indicated by H, H, and L
for hf.gh, medium, and low strains. H indicates
the strain greater than 0.3%, M is for ec~0.2%,
and L is for €c~0%. (For more detailed discus-
sions of the effect and the origin of the strain,
see the articles in Ref. 2.)

Table II lists the values of critical cur-
rent densities for a number of the wires which
were produced in relatively small quantities, and
which have likelihood of being produced in large
quantities if needed for the dipole magnets. The
list is not intended to be complete but rather
shows the representative wires from three dif-
ferent processes. It also gives an idea what
(find of wires can be produced if the proper case
is taken in fabrication of the wires.

In the bronze process, in 1979, a wire with
Jc of 1350 A/mm

2 at 10 T and with ~1 urn filaments
was produced.1* However, it was very difficult
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Table X

Critical Current Denatty of Commercial Production NbjSn Wires at 10 T

Filament Size J.(Nb3Sn+Br)
a

(Mm) (A/mm2)
Je(Nb3Sn)

(A/mm2)
Nb
(X)

Reference

Bronze Proc.

(a) Pure
(b) Ti Alloyed

Inter. Tin Proc.

~3.5
~4

(c) Pure ~2

aJc(Excl. Cu) - 0.9 Jc(Nb3Sn+Br)

~ 650
- 820

~1100

1,900
2,200 ;

2,400

25
28

28 10

Table II

Critical Current Density of Developmental Nb3Sn Wires at 10 T

(a)
(b)
(c)

(d)
(e)
(f)
(?)
(h)

(1)
(j)
(k)

Bronze Proc.

Pure
Pure
Ti Alloyed

Inter. Tin Proc.

Pure
Pure .
Ti Alloyed
Ti Alloyed
Ti Alloyed

Nb Tube Proc.

Pure
Pure (NbSn2)
Ti Alloyed

Filament Size
(pm)

~ 1
4-7
~ 1

*** 1
~ 2
~ 7
~ 2
~ 4

~15
~35
~36

Jc(Nb3Sn+Br)
a

(A/mm2)

1,350
800-900
1,600

930
1,600
1,300
1,650
1,300

1,600
2,300
1,350

Jc(Nb3Sn)
b

(A/ram2)

4,100
2-2,600
5,600

2,400
4,200
4,700
4,300
3,400

~4,700
6,600
-

*cC

H
L
H

H
M
H
M
M

L
L
L

H.T.d

(°C/h)

650/237
700/100
600/240

725/48
700/24
725/50
625/144
674/168

700/20
675/48
700/120

Nb
(%)

24
25
21

28
28
20
28
28

-
-

Ref.

14
13,16
15

17
18
19
20
21

23
24
25

»Jc(Excl. Cu)~0.9 Jc(Nb,Sn+Br)

H, H, and L indicate the

bJc(Nb3Sn)~Jc(Nb3Sn+Br)/(5! Nb x 1.36)
CCC i s the compressive strain on Nb-jSn filaments in as-reacted wires.

level of relative strain, i . e . , H : e^O.3%, M : ec~0.2X, and L : ec<0.2%
dAll of the internal tin processes are preheat treated and only the final heat treatments are
l isted here.

to produce such wire and only a very small amount
of the wire was made. Since then the values of
J c for most of the bronze processed wires were
800-900 A/mm2 a t 10 T end with larger filament
sizes (4~7 urn) than the above.13,16 Thus, i t

appears that the values of J c and the filament
size are limited in the wires by the bronze proc-
ess to these values. However, very recently,
Y. Tanaka et a l . have reported that they produced
wires with J c of 1,300 and 1,600 A/mm2 a t 10 T
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and these contained No filament* of ~1 ym in di-
ameter before the reaction process.*' Although
theae wire* were very imall and we could only
reproduce the reported Jo for the first wire
(the second wire had the exposed Ti alloyed
bronze matrix and it was difficult to make con-
nections for Ic Measurements due to oxidation of
the matrix), these results are very encouraging
for fabrication of wires for dipoles as these
wires meet the required value for Jc for dipole
magnets. It should be noted that there are two
likely main factors which contribute to the very
high Jc value for this wire. They are (1) low
temperature heat treatment (~600°C/10 days) which
produces ttt̂ Sn with very fine grains and (2) Ti
addition to the matrix (Ti additions to the Nb
filament will also achieve the same effect) which
enhances the growth rate of Nb3Sn layers; thus,
it keeps the heat treatment duration to a reason-
able length. Although this result is very en-
couraging since it indicates a possibility of
fabricating Nb3Sn wires which meet the required
Jc criterion for constructing dipoles, whether
similar values of Jc can be achieved in the wire
when it is produced in "production" and if such
wires can be fabricated without significant in-
creases in the cost of the wires, are still to be
shown before any plans are made to use such wires
for construction of dipole magnets.

Recently, very interesting results were also
reported for a number of wires which were made by
the internal tin process*-?"2* and the values of
Jc for these wires are also listed in Table II.
The values of Jc for these wires are also in the
range of 1300-1600 A/mm2 at 10 T. A level of
the critical current density at 1600 A/mm2 is
achieved in two experimental wires. One is pure
Nb3Sn (e) and the other is alloyed with Ti (g).
However, both of these are experimental wires and
a large fraction (~18%) of the wire is occupied
by the Ta diffusion barrier and this will reduce
the compressive strain on Nb3Sn. Thus, a part of
the high Jc in these wires is due to this fact
and this should be taken into consideration when
a comparison is made for the values of Jc with
other wires. At any rate, the fact that the val-
ue of Jc as high as 1300 A/mm

2 was also measured
in other wires (f and h) with higher values of
compressive strains is very promising.

In order to determine the factors which make
these wires carry high critical currents, the
amount of Nb in the wire is also listed in the
table. Most of the internal tin processed wires
contained a significantly larger percent of Mb in
the wire than the bronze process wires. Thus,
this is one reason for high Jc in these wires.
However, the high percentage of Nb inside the
diffusion barrier can result in coalescence of
the filaments and in large effective filament
size.

In order to study the possibility of reduc-
ing the effective size of the Nb3Sn filaments in
the internal tin process, a set of Nb3Sn wires
was fabricated by Intermagnetics General Corpora-
tion where the size of Nb filaments (4.2-2.2 Mm),
the interfilamentary spacing (2.4-1.2 urn) and the

total Sn content varied. The variation In the
filament spacing was achieved by changing the
local ratio of the Cu matrix to Nb.

A number of magnetization measurements for a
representative set of wire* which various spac-
ings indicated that the effective size (or mag-
netization) of the filaments can be reduced by
increasing the interfilament spacing (i.e., In-
creases in the local Cu to-Nb ratio).22 For ex-
ample, the effective size of the filaments was
reduced to ~7 um for the wire with the local Nb
to Cu ratio of 1.8:1(23% Nb) and with 2.6 urn Nb
filaments from ~20 um for the wire with the local
ratio of 1.27:1(28% Nb) and with 2 ua Nb fil-
aments. Thus, If a wire with 1 um filament and
with the ratio of 1.8:1 is made, the effective
diameter of the Nb3Sn filaments would be ~2-3 um.
However, measurements of Jc for these wires have
also shown that the value of Jc approximately
scales with the amount of Nb in the wire.23
When the local ratio was increased to reduce the
effective filament size, Jc of the wire became
unattractively low (from 1150 to 950 A/mm2 at
10 T). However, this difficulty may be resolved
by the use of Ti alloyed NbjSn ar shown in the
table [the wire (g)]. If the value of Jc in this
wire is scaled by the amount of Nb in the wire
with the ratio of 1.8:1, it is expected that a
wire with small effective filament and a high
current value of Jc, ~1300 A/mm

2, can be produced
and this critical current is achieved in the wire
(f) although the filaments are very large for
this case.

The other process which can produce Nb3Sn
wires with very high current densities is a proc-
ess which uses Nb tubes. As listed in Table II,
one of these wires (j) was shown to carry a very
high current density, up to 2300 A/ma2 at 10 T.
Although the Nb3Sn filaments in this wire are not
under compressive strain as in the other wires,
and it contributes to a high current, this is a
very impressive value of Jc. However, the major
difficulty with this process is that the size of
the filaments is very difficult to be reduced be-
low ~30 ]im although a small amount of the wire
with ~15 um filaments was made.23 The other dis-
advantage of this process is requiring Nb tubes
which are much more difficult to procure than Mb
rods. In spite of these difficulties, develop-
ment in this area is continuing sines it appears
to be possible to produce wires with very high
current densities using this process.

In summary, one can conclude from the above
discussion that it is not unreasonable to expect
that Nb3Sn wires appropriate (Jc>1300 A/nm

2 with
low magnetization) for construction of the di-
poles be available In the near future If suffi-
cient research and development are conducted
along the line discussed above. Particularly
needed are industrial production experiences to
reproduce the wires with similar properties shown
in Table II in large scale production.
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FABRICATION OP NEW SUPERCONDUCTORS

H. Wada and K. Tachikawa
National Research Institute for Metals

Tnukuba Laboratories
Ibaraki 305, Japan

Abstract.- New high-field superconductors recently
developed at the National Research Institute for
Metals, Japan, have been reported with an emphasis
upon their fabrication techniques. High-field
critical current densities of bronze-processed
Nb Sn multifilament conductors are greatly
improved by titanium additions to the composite
core or/and-the matrix. Multifilament conductors
of the C-15 V?(Hf,Zr) Laves phase compound are
fabricated on the basis of a composite-diffusion

the advancement in large scale applications of
superconductivity like high energy particle
accelerators and magnetic fusion reactors is now
increasingly demanding on superconducting perform-
ance. Thus, efforts are being made at NRIM towards
developing new high-field superconductors of such
materials. In the present article, we descibe
fabrication techniques for new high-field super-
conductors of Ti-doped Nb Sn, V_(Hf,Zr), Nb (Al,Ge)'
and Nb Al, and compare their superconducting

process, and found to show larger critical current properties with those of practical superconductors.
densities than Nb Sn at fields over 12 tesla at
superfluid helium temperatures. Nb (Al,Ge) tape
conductors with a copper substrate are developed
by using a novel liquid quenching apparatus, with
large critical current densities for fields up to
20 tesla. Tape conductors of Nb Al are made by
electron-beam heating travelling composite tapes
of niobium and aluminum powders compacted in a
niobium sheath within an electron-beam welding
apparatus, showing fairly large critical current
densities even above 20 tesla.

INTRODUCTION

So far, 3 kinds of superconductors have been
developed for practical use, namely NbTi, Nb Sn
and V,Ga conductors. In ,1976 a Nb3Sn/V Ga hybrid
superconducting magnet at the National Research
Institute for Metals(NRIM) recorded a generated
field of 17.5 tesla. Quite recently, another
hybrid superconducting magnet consisting of NbTi,
Nb Sn and v Ga conductors was installed also at
NRIM, and induced a field of 18.1 tesla.
However, there are a number of superconductive
materials which potentially have superconducting
properties well superior to those of practical
materials, as shown in Table 1. In addition,

Table 1.
Superconductive, materials of high potential

material

V Si
NB Ga
Nb Ge
Nb (Al,Ge)
Nb^Al
NbN
NbN(film)
V (Hf,Zr)
(V,Ta)2Hf
PbMo6S8

structure

A-15
A-15
A-15
A-15
A-15
NaCl
NaCl
Laves
Laves
Chevrel

Tc(K!

17.0
19.8
23.0
20.. 7
18.7
15.7
17.3
10.1
10.3
M.3

Hc2(tesla)

21.5
34.0
37.0
40.0
29.5
13.0
28.0
23.0
26.0
45.0

NEW SUPERCONDUCTORS: FABRICATION AND PERFORMANCE

Ti-doped Nb Sn multifilament wire conductor

It is mainly due to its financial advantages
that the Nb Sn superconductor is more preferrably
used than v3Ga. However, the critical current
density J at high fields for Kb Sn is smaller
than that for V Ga, and it would therefore be very
desirable that j at high fields for Nb Sn is so
much improved that use of Nb Sn may be extended
to higher fields which only V G a has been able to
cover. The Ti-doped Nb Sn superconductor is one
of the results accomplished in such direction. '

The fabrication technique applied to this
superconductor is a modification of the bronze-
process where a multifilament wire conductor is
fabricated by drawing composites of Nb cores in a
Cu-Sn alloy(bronze) matrix, repeatedly bundling
and drawing them with intermediate anneals, and
reacting the resultant multifilament conductor at
a temperature around 700°C to form a Nb Sn layer
at the interface between the core and the matrix.
Titanium additions are made either to the core or
the matrix, or both. The optimal amount of
titanium is found to be 3 - 5 at% to the core and
0.3 - 0.5 at% to the matrix, respectively. When
added simultaneously to the core and the matrix,
these amounts may be reduced, since superconducting
performance is eventually determined by the amount
cf titanium incorporated into the Nb Sn layer.
Titanium additions increase the growth rate of the
Nb Sn layer and the critical current I . Despite
of this layer thichening, -grain coarsening is
suppressed and grain sizes of Nb Sn formed are
maintained fine or even refined. This in general
results in an enhancement of J Besides these
metallurgical effects, electric resistivity of
Nb Sn is increased in the presence of titanium in
place of niobium or/and tin in the A-15 structure,
which should lead to an increase in the upper
critical field H ,. Other interesting effects of
titanium additions involve stabilizing Nb Sn
formed with respect to applied strain and
martensitic transformation. As a consequence of
all these effects, titanium additions bring about
a remarkable improvement in J at high fields, as
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Fig.l High-field J properties of Nb Sn multi-
filament conductors with and without
titanium addition; data on V,Ga plotted
for comparison.

shown in Fig.l. A Ti-doped Nb Sn multifilament
conductor has in fact been used for MFTF-B at the
Lawrence Livermore Laboratory.

V.,(Hf,Zr) multifilament wire conductor

Unlike other superconductive materials
described in this article, V.(Hf,Zr) Laves phase
is an intermetallic compound of the C-15 crystal
structure, and has intriguing properties with
respect to applied strain, neutron irradiation and
superfluid helium environment. More specifically,
its critical temperature T , H and J are
essentially not influenced by applied strain,
although these critical values for many A-15 super-
conductive materials are varied rather drastically
with strain. It is also known that the T
degradation due to neutron irradiation isCmuch
smaller for V Hf Laves phase than for Nb Sn and
V Ga,. Moreover, the temperature dependence of
H for V2(Hf,Zr) is very large, so that use of
tnis material at superfluid helium temperatures may
make good sense. All these findings suggest that
V (Hf,Zr) may be an alternative to Nb Sn or V Ga
under certain circumstances.

The idea of the fabrication technique for
V2 (Hf,Zr) multifilament superconductors is quite
similar to that of the so-called bronze-process.
The starting composite consists of Zr-Hf alloy
cores in a V-Hf alloy matrix, and is cold-worked
into a multifilament wire with repeated bundling
in a V-Hf alloy sheath and cold working with
intermediate anneals, as schematically shown in
Fig.2. The core material may be a Zr-Hf alloy
of 40 - 45 at% hafnium; this composition range
gives the maximum T , H and J . The matrix
material is a V-Hf alloy containing hafnium up to
1 at%, and the same as the sheath material; the
superconducting properties would be better with
more hafnium in the matrix, but the fabricability
of the composite becomes intorelably worse for
hafnium contents beyond 1 at%. Up to date, a wire
conductor with 1634 filaments has successfully

core(Zr-40~4Sat%Hf)

cold drawing
>r

matrix
(V-1at%Hf)

annealing
at 800'C

cold drawing /'heat treatment

annealing I at 95<£-1025'C
at 800*C

sheath
[V-1at%Hf]

Fig.2. Schematic illustration of composite-
diffusion process for V (Hf,Zr)
miltifilament conductor.

been made, based on a composite of Zr-45at*Hf and
V-lat%Hf. One of the keys to this proces is
adequate selection of an intermediate anneal
temperature. Initially, the Zr-Hf core is much
harder than the V-Hf matrix. However, since the
V-Hf is work-hardened faster than the Zr-Hf, the
composite needs to be annealed in such a temper-
ature range where the core is fully annealed,
while the matrix is partly softened. For 1 hour
anneal, the Zr-Hf becomes soft above 700°C, and
the V-Hf does above 900°C. Thus, the intermediate
anneal is carried out at 800°C. V (Hf,Zr) multi-
filament conductors are heat-treated between 950°
and l,025°C. High-field J properties at 4.2 K
and 1.8 K are shown in Fig.3, with corresponding
data on Nb3Sn. It is seen that at 1.8 K J for
V,(Hf,Zr) exceeds that for Nb Sn at a faily lower
field than at 4.2 K; at 12 tesla for 1.8 K and at
15 tesla,for 4.2 K.

For the practical use of V,(Hf,Zr) super-
conductors, the next step should be developing a
stabilization technique, since the copper jacket
is too weak to be drawn with the V-Hf/Zr-Hf
composite. Copper plating after final drawing is
found effective. Need for heat treatment at very
high temperatures will be another problem to be
considered.

Nb (Al,Ge) tape conductor

The very practical bronze-process can only be
applied to a limited number of superconductive
materials including Nb Sn, V.Ga, etc. For others
like Nb3(Al,Ge), Nb Al, Nb Ge, PbMo S , etc,
new fabrication techniques are needed. The liquid
quenching is one of such techniques, since it can
preserve high-temperature,, superconducting phases
down to low temperatures, and, in fact, many of
superconductive materials to which the bronze-
process cannot successfully be applied have high
temperature phases, with high T but in non-
equilibrium at ambient temperatures. Another
effect of liquid quenching is the refinement of
microstructures, leading to a large J .

A Nb (Al,Ge) superconducting tape can be
produced by quenching the liquid Rhase of this
material on a moving copper tape. ' A new liquid
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Fig.3. High-field J properties of V2(Hf,Zr)
and Nb Sn multifilamnet conductors
at 4.2 K and 1,6 Ki data on Nb Sn
plotted for comparison.

Fig.5. High-field Jc properties of Nb3(Al,Ge)
tape conductors; data on V.Ga plotted
for comparison.

Cu substrate

upper chamber
(pressurized)

molten alloy
r.f. levitation coil
gate valve

Hastelloy tape

lower chamber

Fig.4. New Liquid quenching apparatus for
fabrication of Nb (Al,Ge) tape conductor
with copper substrate.

quenching apparatus developed for this purpose is
schematically shown in Fig.4. A Nb (Al,Ge) alloy
botton prepared by arc-melting is r.f. levitation-
melted in the upper chamber pressurized with argon
gas. The gate valve is opened, the r.f. current
is shut down, and, then, the molten alloy is
ejected as a jet through a nozzle onto a copper
substrate tape travelling at a rather large speed
in the lower chamber that has been evacuated; *•*«
travelling speed is usually below 20 m/sec. Th.
substrate tape is heated in a good vacuum pr -r to
the quenching operation, and run with a Hasteliuy
tape serving as a reinforcement. The molten alloy
is spread as a thin layer on the substrate tape
and, consequently, a composite tape is obtained.
Pre-heating of the copper substrate tape is found

essential to the process. It greatly improves
wettability and thermal conductivity of the sub-
strate surface with the molten alloy, and results
in the formation of a uniform, thin layer at an
enough large quenching rate. If the process is
carried out at an ambient temperature with a
copper substrate tape not pre-heated, a thick and
narrow alloy layer with an irregular shape is
formed, whereby only poor quenching effects can
occur.

High-field J properties of 2 Nb (Al,Ge)
tape conductors are shown in Fig.5, with cor-
responding data on V Ga conductors. In the
quenched state the alloy layer on the substrate
consists of a bcc phase which has considerable
ductility. This bcc phase is transformed into an
A-15 phase on subsequent heating above 8OO°C. The
A-15 phase microstructure converted from the bcc
phase contains extremely fine grains of a few
hundred angstroms and is assumed to be the reason
for a large J .

Apparently, this fabrication technique has
several advantages. Basically, it can produce a
long tape, and this is important for practical use.
It also provides Nb (Al,Ge) with a copper sub-
strate which can serve as a stabilizer. The fact
that the as-quenched phase shows considerable
ductility seems favorable for magnet winding.
However, this modified liquid quenching technique
would remain at a laboratory step, unless it is
further modified so as to be able to control the
initial amount of molten material which is now
limited to only 5 - 10 g for each operation. It
also needs some additional stabilization technique
for the open side of the Nb (Al,Ge) thin layer.

Nb,Al tape conductor

The bronze-process cannot be applied to the
fabrication of the Nb.Al superconductor, either,
and several techniques have been developed for
this material. ' The present fabrication
technique for Nb Al is an application of electron-
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Fig.6. Schematic illustration of electorn-beam

heating apparatus for Nb Al tape conductor
fabrication.

18.5 K, suggesting a high stoiciometry of Ub^hl
formed.

Like other powder metallurgy processed super-
conductors, this conductor contains filamentary
structures of about 2 ym in size. High-field Jfl
properties of as-irradiated and heat-treated tapes
are shown in Fig.7. It is noted that a. peak
effect occurs in the as-irradiated tape, while for
the tape heat-treated after irradiation no apparent
J degradation is observed even beyond 20 tesla.
c Application of high density energy-beam
technologies to the superconductor fabrication is
a new direction, and its prospect is not very
clear yet. However, beam technologies certainly
have possibility for continuous processing which ,.
is quite important from the production point of
view. Although the present Nb3Al superconductor
is still a laboratory product and needs serious
improvement in many respects, the fabrication
process is controllable to a great extent, and
this is a clear advantage over usual quenching
techniques.

E

<

(initial powder composition : Nb-2Sat%Al)

y'''•-.. NbjAl tape:
m.t. V3Ga •.., a s irradiated

Nb3Al tape:700'Cx100hr

10 15
poH(tesla)

20 25

Fig.7. High-field J properties of Nb Al tape
conductors by electron-beam heating with
without subsequent heat treatment; data
on V-Ga plotted for comparison.

beam welding combined with the powder metallurgy
process for composite tapes, and involves
electron-beam irradiating a travelling composite
tape containing powders of niobium and aluminum
compacted in a niobium sheath. The general
idea of the fabrication is seen in Fig.6. The
composition of the mixture of niobium and aluminum
powders is close to Nb3Al. The mixture is
compacted in a niobium tube, and cold-rolled to a
tape ca. 100 pm thick and ca. 6 mm wide. The ir-
radiation may be carried out in an electron-beam
welding apparatus, and the diameter of the beam is
controlled to 0.5 - 2.0 mm. The travelling speed
of the tape is typically about 6 m/min. Due to
highly concentrated energy beam irradiation,
extremely localized heating as well as cooling
occurs on the travelling tape, and the high
temperature A-15 phase can be formed and preserved.
The tape is further heat-treated at a temperature
between 600° and 800°C for a better ordering in
the A-15 structure. The maximum T obtained is

10

11
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INDIGENOUS DEVELOPMENT OF A-15 SUPERCONDUCTORS THROUGH INSITU TECHNIQUE*
R.G.Sharma, Y.S.Reddy and M.M.Krishna

National Physical Laboratory,New Delhi-110012

Abstract. - In this paper we report the prelimi-
nary results obtained on the insitu Cu-Nb3$n
composite superconductors. Two phase alloys of
Cu-Nb (15 to 30 at.%) have been prepared by arc
melting and rolled/drawn to fine wires and tapes
without intermediate annealing. Prior to tin
coating, these specimens were characterized for
their T c and Jc values. A mid point T c of 8.8K
and a self field overall Jc of 2.5x105 A.cm-2
(4.2K) have been obtained for specimens with 20
to 30 at.% Nb. The rolled Cu-Nb tapes with well
aligned filaments show critical current aniso-
tropy with the magnetic field direction.Cu-Nb3Sn
composite wires have been prepared by coating
these wires with varying amounts of tin and heat
treating them at 550OC for various periods. The
best specimen has a T c (midpoint) of 17.5K and a
Jc of 3x105 A.cm-2 at 6T, 4.2K and 3x104 A.cm-2
at 12T, 4.2K. These values compare well with
the published data. Studies are continuing for
the optimization of various parameters.

Insitu Cu-v"3Ga composite wires have also
been prepared and are presently being characteri-
zed.

INTRODUCTION
In spite of the fact that most superconduc-

tors need liquid helium temperature for their
operation, there has been a spectacular growth
in the large scale application of superconducting
magnets during last one decade, The biggest pro-
motors of this technology have been the high
energy physics and the fusion research. In India
however, the superconducting material and the
magnet technology is in its infancy. It was only
recently that attempts have been made in the
country to produce the most widely used multi-
filamentary Nb-Ti superconductor. More recently
the National Physical Laboratory has taken up a
programme of developing two A-15 superconductors,
the ubiquitous Nb3Sn and V3Ga. At the present
time both these materials are produced commer-
cially following the so called bronze processft.,2J
To overcome the problem of work hardening of the
bronze several variations of this process have
been attempted and are being evaluated for
commercial production. The bronze processed
composite superconductors have, however, not
lived up to expectation. In particular, their
strain tolerance is poor. The continuous search
for an alternate method has led to the emergence
of an entirely new technique the so called insitu
technique [3] . One of us [4J (RGS) was able to
reproduce Tsuei's results.on a ternary Cug3Nb5Sn2
alloy system soon after but did not persue it
further because of the lack of facilities then
at NPL. We however watched the development of
* Approved by Deptt. of Science & Technology.

this technique with interest carried out at
several pi aces,notably at the Iowa State Univer-
sity and the Harvard University in the earlier
years. It is now well established [5j that the
insitu conductors not only possess critical
current densities equivalent to the best bronze
material but also display exceptionally high
mechanical strength. Since the procedure for
laboratory scale production of insitu Nb3Sn[6]
and V3Ga[7] has been successfully demonstrated
the insitu technique appears to be an attractive
alternative to the conventional technique. From
the basic studies point of view,also, these
materials have proved to be interesting,parti-
cularly for the undenstanding of the flux pinning
mechanism. Encouraged by these possibilities
we took up the programme of developing the insitu
superconductors in the laboratory.

EXPERIMENTAL
Even though we prepared a large number of

two-phase alloys of Cu-Nb containing 1 at.% to
30 at.% niobium,yet we will present results only
on composites with more than 15 at.%, niobium,
since below the percolation limit (which is about
15 at.%) the critical current is dominated by the
proximity effect and is sensitive to magnetic
field and temperature. The purity of copper and
niobium used in these studies were 99.9% and
99.8% respectively. These ingots were prepared
in an arc furnace rolled and drawn to wires of
dia 0.98 mm to 0.21 mm without intermediate
annealing. Part of a 0.5 mm dia wire was also
flat rolled to tapes of the size 1.25x0.08 mm.
The finest wire had an area reduction ratio (ARR)
of 2000. Measurements were also carried out
after annealing these specimens at 720°C for 6
hours. These composite wires and tapes were
coated with varying amounts of tin 2.7 to 37 V%
by electrodeposition technique using an alkaline
bath. The diffusion of tin in the matrix was
accomplished in a multistep heat treatment and
the final reaction was done at 550°C from 8 hours
to 164 hours.

The transition temperature (Tc) of the
composite wires was determined following the
usual four probe resistive method in a variable
temperature liquid helium cryostat and using a
calibrated carbon glass thermometer. The criti-
cal current (Ic) of the specimens was measured
at 4.2K and transverse field in a 7T magnet
system. A few representative specimens were
measured upto 12T at the NRIM,Japan. In the
majority of specimens we observed a sharp rise
of the voltage at Ip. A criterion of 1 juV/cm
voltage drop was otherwise followed. The over-
all Jc of the specimens was calculated by
dividing the measured Ic by the total cross
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sectional area of the specimen.
The microstructural studies on the as cast

alloys and the wires were carried out by obtain-
ing scanning electron micrographs on the polished
and etched surfaces. A Oeol scanning microscope
Model JSM-35CF was used. The ultimate tensile
strength was also measured of a few Cu-Nb speci-
mens as a function of area reduction ratio.

RESULTS AND DISCUSSION

Cu-Nb Composites
Since the Cu-Nb wires are the base material

for the final A-15 Cu-Nb3Sn composite wires the
Cu-Nb specimens were characterized for their
filamentary morphology and the superconducting
parameters. We already know from the Cu-Nb phase
diagram that niobium precipitates out in liquid
copper as soon as the liquidus line is crossed.
Below the peritectic temperature (1090°C) the
maximum solubility of copper in niobium is 2 wt%
and that of niobium in copper is 1.5 wt.X." These
solubilities are retained if the solidification
is fast. A typical dendritic structure of niobium
in a Cu-Nb (5 at.%) alloy is shown in fig.(l).
Each dendrite is a cluster of still fine parti-
cles of dia 1 to 3 urn. As these two phase alloy

Fig.(l) Niobium dendrites in a
Cu-Nb(5 at.30 alloy ingot.

ingots are rolled and drawn these precipitates
get alongated along the rolling direction and
take on filamentary shape. As discussed by Bevk
et al £8] in details these wires have dense
distribution of ribbon shaped filaments which
fold and curl due to the constraint of the matrix
if the reduction is sufficiently large. A
scanning micrograph taken along the length of a
Cu-Nb (20 at./O composite 0.21 mm dia wire is
shown in fig.(2).

The midpoint T. of most Cu-Nb wire specimens
with 15-30 at.% niobium is 8.8K with a maximum
transition width of 0.12K. The value is slightly
lower than the best value of T =9.1K for pure
niobium. This is 'expected because the niobium
filaments in these composite wires have about
2 wt.% of copper left dissolved during the alloy
preparation.

Fig.(2) The SEM micrograph taken
along the length of a 0.21 mm
dia. Composite wire of Cu-Nb
(20 at.X) with an area reduction
of 1730.

The measured values of Jc of all the speci-
mens increase with the area reduction ratio and
do not saturate upto a reduction of 2000. Jc in
magnetic field increases with niobium concentra-
tion as shown in fig.(3). The curve for Cu-Nb
(15 at.%) which is almost the percolation thresr
hold concentration, lies quite low. It is

Fig.(3) Overall J of Cu-Nb compo-
site wire§ with 15-30 at.%
niobium plotted against
magnetic field. At zero field
Jc of Cu-Nb wires with 20-30
at% Nb is the same.

interesting to note from fig.(3) that Cu-Nb wires
with 20,25 and 30 at.% niobium have the same Jc
in zero field. It is probable that above the
percolation threshold the entire wire including
the intervening copper behaves as a bulk super-
conductor. In a typical Cu-Nb (30 at.%) 0.21 mm
dia wire the maximum separation between the fila-
ments as estimated from the scanning microphoto-
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graphs is of the order of 1600 A0. This value
Is much smaller than the leakage distance of the
Cooper pair % N (4K)=5000 AO for the Cu-Nb
system. Intervening copper 1n these three compo-
site wires should therefore carry supercurrent
via proximity effect. As the magnetic field Is
applied the proximity effect 1s suppressed and
j c in magnetic field shows an increase with
niobium concentration (fig.3), For practical
material, therefore, the niobium concentration
should be as high as permissible by the ducti-
lity requirement and the nature of application.
A low niobium concentration is more beneficial
for ac application as the filament coupling
will not be too strong.

Another interesting feature of these speci-
mens is that the upper critical field HC2 is
found quite enhanced. For example the measured
HC2 for Cu-Nb (20 at.*) wires is LIT as
compared to a value of 0.25T measured for pure
niobium wire. Similar values of HC2 have Jso
been determined by plotting Jcz ̂ vs H for these
specimens. These plots are reasonably straight
lines and follow from the functional dependence
of the volume pinning force Fp (=JcxH) being
proportional to h!s(l-h)2 wnere h is reduced
field (= H/Hc2). This dependence is predicted
on the basis of the shearing of the flux line
lattice as proposed by Kramer [9] . Similar
relationship has also been derived for surface
flux pinning with a core interaction [10] and
^or pinning at S-N boundaries[11] . We believe
this enhancement of Hc? in our specimens is
caused by an increase in the normal state resis-
tivity ( ? M ) of the niobium filaments, HC2 of
the impurity dominated type II superconductors
being proportional to ' M e . As discussed
earlier, our niobium filaments contain about
2 at.% copper and are highly strained - both
adding to the <?-n . Annealing of these speci-
mens at 720°C for 6 hours brings down % as
it reduces the copper contents in niobium fila-
ments from 2 wt.% to about 1 wt.2 and also the
strains. HC2 for these annealed specimens
indeed decreases from 1.1T to O.8T.

Annealing simultaneously causes fine preci-
pitation of niobium in the matrix as a small
concentration («vl.5 wt.X) of niobium is left
in solid solution during the solidification.
These fine precipitates make weak superconducting
bridges via proximity. Therefore in zero field,
annealed wires carry larger Jc than the corres-
ponding unannealed wire. Jc is however signi-
ficantly smaller for the annealed specimens in
magnetic field as their Hc2 is low and the proxi-
mity having being suppressed by the field. The
Jc plots of two different wires of a Cu-Nb (20
at.5K) alloy in annealed and unannealed states
are shown in fig. (4).

As discussed earlier, the insitu niobium
filaments have characteristic ribbon shape which
are well aligned in a tape. Current amsotropy
with field direction is thus expected in tapes.
I was measured for Cu-Nb tapes with 20 at.%
afid 30 at.% niobium in magnetic field parallel
and perpendicular to the wider surface of the
tape. In both the cases Jc tl ( 9 =0°, field

parallel to the wide surface) is significantly
higher than the Jc, (9-900 field perpendicular
to the wide surface). The overall Jc of a Cu-Nb
(30 at.%) tape (1.8x0.09 mm) with an aspect
ratio of 20 has been plotted against H 1n f1g(5)
1n two modes. Such an anisotropy 1n Jc has been
observed for Cu-Nb composite tapes by Habbal
et al [12] and attributed partly to an anisotropy
of Hc2.

0.2 0.3 0.4 on

HffcflMllcfWd.HIT) —

Fig.(4) Jc vs H for 0.21 mm and
0.5 mm dia wires of a Cu-Nb
(20 at.%) composite in their
unannealed state as well as
after annealing them at 720°C
for 6 hours.

Mognstic Fitld.H(T)—•

Fig.(5) Overall Jc vs H for a
Cu-Nb (30 at.35) tape with
an aspect ratio of 20 in two
modes. In 6=0° mode the field
is parallel and in the 9=90° mode
the field is perpendicular to the
wider surface of the tape.

In fig.(6) we have plotted the volume
pinning force Fp = (JcxH) for all our Cu-Nb
(20 at.%) composite wires and tapes (6=0°)
against the reduced field h ( = H/H c 2).
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Interestingly the peak 1rt Fp occurs 1n all the
curves at h*0.25 although the peak height
increases with the area reduction as expected.

0 2 0.4 0-6 0.0 1.0

Fig.(6) Fp(=JrxH) vs h(=H/Hc2) for
Cu-Nb (20 at.X) wires and
tapes. The maximum Fp
occurs consistently at
h=0.25

This is in contrast with the results of
Bevk et al [13] who. observed peak at h=0.05 to
0.1 for their Cu-Nb tape with an aspect ratio
of 24 and an ARR of 4400 but in agreement with
the prediction [ll] on the basis of surface
flux pinning. More studies are necessary to
understand flux pinning in insitu superconductors.

Cu-Nb-^Sn composites

For this first batch of material we used a
wide concentration of tin starting from 3 V% to
37 n. The final reaction was done at 550°C for
varied periods - 8 hours to 164 hours. The mid
point T c of Cu-Nb (30 at.%)-Sn 0.21 mm dia wires
have been plotted in fig.(7) as a function of
heat treatment time for different tin concentra-
tion. T c increases with tin concentration upto

MMT Tttilmtnl TIM (Hn.l-*-

26 VX and a peak occurs for a heat treatment
time of 72 hours at 550°C. The minimum tin
concentration required for the stoichiometric
Nb3Sn for Cu-Nb(30 at.2) specimens 1s 16V %.
Provision 1s of course to be kept for extra
tin remainting 1n the matrix. The highest value
of Tc obtained 1s 17.5K.

Overall Jc for Cu-Nb (20,25,30 at.%)-Sn
increases with the concentration for a given
heat treatment temperature and time. In general
specimens with high T c have higher values of Jc
A t i l l f J f C N b (3 0-Sn

) , which
compares well with the published data. Jc of
Cu-Nb-Sn composite wires with niobium (15-30 a W )
have been plotted against field in fig.(8). The
composite with 15 at.% niobium which is close to
to the percolation threshold has low Jc and is

p g c g
A typical value of Jc of a Cu-Nb (30 at.50-S
(21.7 V %) at 6.5T, 4.2K is 1.7x105 A.cm-2 w

ll i h b l i h d d J

Hut Tr . . l . l .1 S50"c
(4.210

v ! USHr
t l Nb(3O)-Sn(IB) Nk(29}-SMK.9>'

Mogiwtic Fmd.H ( T ) -

Fig.(8) Jc vs H for Cu-Nb3Sn

Fig.(7) Tc vs heat treatment time for
Cu-Nb3Sn composite wires.

Overall
composites with different"
concentrations of Nb and Sn.
The reaction time is indicated
on the right of each curve.

not suitable as a practical superconductor. Quite
a few specimens with niobium 20-30 at.% carried
critical current in excess of 3x10^ A.cm~2(6T,
4.2K) and could not be measured as the Ic value
exceeded the capacity of our power supply. Some
of these specimens were sent to Dr. Tachikawa of
the NRIM, Japan for high field Ic measurements.
Fig.(9) shows the Jc vs H plots of two specimens
of Cu-Nb (20 at.«)-Sn (36-37 U ) upto. 12T. The
highest value of Jc at 12T is 3x10*1 A.cm"

2 which
compares well with the published data. The dotted
curve in fig.(9) is from Iowa State University
group. Our Jc curves are somewhat less steep.
The Jc^ H* vs H plots lead to a value of HC2 of
the order of 24T which is slightly higher than
expected from these plots for Nb3Sn. Fresh
materials have now been prepared by optimizing
tin concentration and following an improved
reaction schedule.
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Fig.(9) Overall Jc vs H fcr Cu-Nb(20 at.%)-
Sn (36-37V %) composite wires heat
treated 550°Cxl60 brs.

Fig.(10) Vanadium precipitates observed
in a Cu-V (5 dX.%) cast alloy.

Cu-V^Ga Composites
Two phase Cu-V alloys (1 to 35 at.%) have also

been recently prepared by arc melting technique
and drawn to fine wires. Fig.(10) 1s a scanning
micrograph taken on a cast Cu-V (5 at.#) alloy
and fig.(11) taken along the cross section of a
Cu-V (35 it.%) drawn wire. The high density
ribbon shape filaments are quite visible in fig.
(11). After some initial difficulties we are now
able to deposit controlled amount of gallium on
the wires. These wires have just been heat treated
for their conversion to V3Ga. Characterization
for their superconducting parameters 1s not yet
complete.
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IMPROVED Nb3Sn SUPERCONDUCTOR WIRE
FOR HIGH FIELD APPLICATIONS

B. A. Zeitlin, D. Phillips, K.
Hemachalam, G. Ozeryansky, J. D.
Scudiere, C. King, D. W. Hazelton,
W. D. Markiewicz

Intermagnetics General Corporation,
Materials Technology Division, 1875
Thomaston Avenue, Waterbury, Connecticut
06704, U.S.A.

The "Internal Tin" manufacture
process has been utilized to
produce Nb3Sn wire for high
energy physics and fusion ap-
plications. These conductors
exhibit some of the highest
critical current performance
for multifilament Nb3Sn wire
achieved to date. Recently,
new "Internal Tin" conductor
geometries and titanium ad-
ditions to the Nb have been
combined to optimise this
type' of conductor for high field
applications. For applications
requiring low magnetization,
such as in accellerator magnets,
the highest current densities
can not yet be utilized due to
filament bridging.

Critical current performance,
heat treatment schedule, and
wire cross section photographs
are presented for these con-
ductors .

INTRODUCTION:

Development of an economical and re-
liable multifilament Nb3Sn is a sig-
nificant and necessary challenge to
further broaden the applications for
Nb3Sn. To this end, IGC has embarked
on a program which is now entering
its 12th year to provide multi-
filamentary Nb3Sn which will reliably
perform to specifications at a cost
that will foster a broader use of
Nb3Sn.

The basic problem in developing a cost
effective multifilament Nb3Sn is deciding
the best way to incorporate tin in the
copper carrier matrix, consistent with
the well understood technology of multi-
filament NbTi. There are three basic
possibilities:

1. Incorporation in the matrix as an
alloy such as bronze. (Ref. 2,3)

2. Diffusion of the tin into a pure
copper matrix. (Ref. 4)

3. Incorporation of the tin in niobium
tubes such as in the original
cryostrand process. (Ref. 5)

Past experience, economic analysis,
and the relatively unfavorable com-
pressive strains removed the tube
approach from real consideration. In
the early 1970's, work was done on both
the external diffusion process and the
more conventional bronze process. At
that time it was not clear which would
lead to success. The processes could
even be complimentary in the broad range
of applications envisioned.

The external diffusion process worked
well after mastering the art of plating,
but it was limited to sizes less than
0.5mm. Current densities of 1000
A/mm \2> at 10T were routinely achieved.
The relatively small size of wire that
could be used required that most.con-
ductors be built up from cables. This
was scaled to as much as 20,000A at
12T. (Ref. 6) The economics and re-
liability of such complex conductors
were not encouraging.

The bronze process achieved impressive
results with current densities of 1400 -
1500 A/mm(2) at 10T. All of the ambi-
tious technical objectives were met but
fundamental problems that appeared to
limit the lengths of wire as well as
raising questions to the overall re-
liability and economics of any bronze
process conductor were encountered.
The problems were mainly related to the
unavoidable reaction between the tin
and niobium during the repeated anneals
necessary to maintain drawability.
These problems are more fully discussed
in Ref. 7,8.

The understanding of the limitations
of both processes encouraged an attempt
to investigate further a process based
on diffusion of tin from the inside out
(Ref. 9). The approach was based on
hydrostatic extrusion of billets of
copper and niobium with islands of tin
within the billet (Ref. 10). Emphasis
was placed on processes that did not
require a large hydrostatic extrusion
press.
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The conductors developed to date consist
of filaments of niobium or niobium al-
loyed with titanium or tantalum reacted
in a bronze matrix formed from copper
and tin or tin doped with magnesium
(Ref. 11) and give high current den-
sities at 14T and relatively low sta-
bilizer-to-matrix ratios. Conductors
of this type contain no more than 28
to 29% niobium even though the amount
of tin available is sufficient to
react as much as 40%. The effective
filament diameter for these conductors
is 20 or more times the calculated
filament size. This is mainly due to
filament bridging.

PROCESS OUTLINE;

The essential features of the tin-core
process are shown schematically in
Figure 1.

Figure 1. A Schematic Diagram of the
Internal Tin Process

The process involves first the manu-
facture of two major components - (1)
a composite element, and (2) a stabi-
lizer tube. A composite tube is hot-
extruded from a tubular billet, con-
sisting of many niobium filaments in
a pure copper matrix. The tube is
then filled with tin and drawn to a
size suitable for restack. The draw-
ing is done cold, using conventional
rod and wire drawing techniques. The
resultant tin core composite is
commonly referred to as the "subelement"
and it serves as the basic building
block for any type of final conductor
configuration. The stabilizer is
also a tubular extrusion consisting
of cryogenic grade copper with a
thin diffusion barrier placed within
it. The barrier usually is made of
pure niobium or tantalum. The ex-

truded stabilizer tube may be sub-
stituted by a nested Bet of copper
and barrier tubes.

Several of the subelement rods are
assembled inside the stabilizer
tube and coprocessed to wire. Since
all the components, namely copper,
niobium/tantalum and tin,are highly
ductile, the process of wiremaking is /
simple and straight forward.

The superconductor made by this method
can be reacted before or after winding
depending on magnet design consider-
ations. For high current applications,
the wire can be cabled into various
configurations prior to the reaction
treatment.

Using several production scale billets,
over 1000 kilograms of fine wire has
been fabricated and a cross section
of a typical 61 subelement conductor
prior to reaction heat treatment is
shown in Figure 2.

Figure 2. Cross section of a 61 Sub-
' element Conductor (before

reaction)

REACTION HEAT TREATMENT:

The heat treatment of the wire is done
primarily in two stages. The first
treatment is done at relatively low
temperatures to diffuse the tin from
the centre of each subelement to the
niobium filament region. This is
usually accomplished by a multistep
homogenization at temperatures in the
range 200C - 580C for several days.
The second stage is typically done
at 650C - 750C to form Nb3Sn phase
with desirable superconducting
properties. Optimum selection of the
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heat treatment parameters depends on
many variables including (a) subelement
size, (b) Nb filament size, (c) volume
fraction of tin relative to copper
and niobium, and (d) desired magnetic
field strength,

A typical heat treatment cycle for
an approx. 0.7 mm diameter wire is as
follows:

150h - 210C
24h - 375C

lOOh - 580C
"00h - 650C
2h - 750C

Since each of the subelements if rel-
atively small and each contains a tin
source, the low temperature homoge-
nization treatment may be completely
eliminated. However, this results in
reduction in the current carrying
performance of the final conductor.
Heat treatments above 232C, the
melting point of tin, may cause tin
to escape at the ends of wire.
Therefore, it is necessary to seal
these ends by a brief exposure to a
hot flame, converts the tin and copper
in the area to a high-melting bronze.
A more detailed analysis of heat
treatments is given in Ref. 12.

RESULTS:

Initial critical current results
obtained on a single subelement wire
and a full conductor containinq 61
subelements were reported in Ref. 6.
Since then, Suenaga et al (Ref. 12)
and Taylor et al (Ref. 13) have
tested production superconductors.
Subsequent results up to 14T with
doped Nb are illustrated in Figure 3.

Critical current measurements
have been made on 36 samples (ref. 11)
with different doping parameters and
conclusions drawn from these Investi-
gations are:

1.

2.

3.

Ti addition to the filaments
offers the best imrovement in
Jc at all fields investigated.

Both Ti and Ta additions to the
filaments decrease the severity
of the rate of loss of Jc at
higher fields.

Mg addition to the Sn core
increases the Jc of the materia
up to 12T, but above 12T offers
little improvement.

Figure 3. Typical current density
as a function of Magnetic
Field

4. The higher residual Sn content
material yields higher Jc values
when compared with lower residual
Sn content material.

5. The local Cu:Nb ratio seems to
have little effect on Jc per-
formance .

6. Additions to the filaments and/or
Sn core shorten the required heat
treatment time. The additions
also seem to lower the reaction
temperature required for high
Jc performance.

7. By extrapolation to 18T, sufficient
current density appears to be
available for the manufacture of
a conductor for use in 18T magnet
systems.

Two conductors were designed for
Brookhaven National Laboratories to
investigate filament bridging. The
local ratios about the niobium filament
were 1.5/1 and 1.8/1 respectively.
After reaction, upon which the filament
grows approximately 38% in area, the
1*5/1 conductor had an effective fil-
ament size of about 3 times actual.
The 1.8/1 ratio had an effective fil-
ament size of about 2 times actual.

CONCLUSIONS:

The "Internal tin" process Nb3Sn is a
reliable cost-effective conductor:
Long conductor lengths can be produced
by this method and single pieces -
long as 27km have been manufactur u
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The magnet builder and designer can
expect short and/or long sample test
performances to represent truly the
capabilities of long lengths. The
"Internal tin conductor" still has
to be specifically designed and
optimized to produce a micron size
filament with comparable effective
filament diameter. This task should
bring to the high energy physics
community a cost-effective conductor
comparable, if not superior to
niobium titanium.
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THE DEVELOPMENT OF HIGH FIELD SUPERCONDUCTORS AT BBC

R.K. Maix, D.G. Salathg

BBC Brown Boveri & Cie, Ltd. ISM, 8050 Zurich, Switzerland

BBC and the Swiss Superconductor Consor-

tium started the development of Nb^Sn-

filamentary superconductors on the Basis

of the external diffusion technique. This

development was overtaken and continued

by the Swiss Institute for Nuklear Re-

search (SIN) also in collaboration with

firms of the Consortium. With this tech-

nique recently 1000 m composite super-

conductor were manufactured by SIN [1].

Its characteristic data are:

7000 A at 12 T with forced flow cooling.

The core of that conductor is a flat

cable manufactured in three steps out of

0.12 mm 0 Sn cladded Cu-Nb filamentary

wires. After diffusion and reaction this

cable was introduced in a slot of a bra-

zed copper steel composite profile. With

this conductor a coil has been wound re-

cently at the BBC Oerlikon Works (Figure),

which will serve as a 12 T insert coil

in the SULTAN-testfacility at SIN.

Figure. Winding of the 12 T insert coil

for SULTAN.

With the background of this experience

a team of scientists and technicians of

BBC and SIN started to evaluate alterna-

tive techniques for the manufacture of

Nb-Sn filamentary superconductors with

the target to fullfill CERN's LHC speci-

fication resp. the requirements of the

NET conductors. This evaluation and pre-

tests are still underway and no final

decision on the techniques have been

taken up to now.

BBC is involved in the feasibility study

of the inner poloidal field coils for the

Next European Torus (NET). In the last

design a Nb,Sn-cable carrying 40'000 A at

11.4 T and 4.5 K is needed. The investiga-

tions for this study have just been star-

ted and consider a matrix conductor manu-

factured by a wind and react technique.

Finally we would like to draw your atten-

tion to the activity of the BBC research

laboratory in Heidelberg which develops

in collaboration with the KFK Karlsruhe

superconductors based on carbon fibers

which are coated with a NbCN layer by

CVD [2]. First small coils have been

wound and tested. This technique is pro-

mising but not yet ready for large scale

application.

[1] G.Pasztor et al.. Proceedings of the

9th Int.Conference on Magnet Techno-

logy. SIN, CH5234 Villigen.p.615-618

[2] M.Dietrich, C.H.Dustmann, Adv.in Cryo-

genic Engineering, Plenum Press,

Vol.30, p. 683-697
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PREDOMINANCE OF THE BRONZE-PROCESSED COMPOUND SUPERCONDUCTORS

Hiroshi Tanaka

Superconducting Development Depf.

The Furukawa Electric Co., Ltd.

9-15, 2-Chome, Futaba, Shinagawa-ku, Tokyo 142 Japan

Various processes of the superconducting compound materials are reviewed in view of

their probability in large scale manufacture. Recent improvements in superconducting

properties and problems in the applications of the compound conductors for magnets are

also discussed. It appears for the bronze-processed Nb.Sn and V^Ga to be a prominent

position in practical compound superconductors.

1. Introduction

The recent progress in fabrication

process of the superconducting compounds

has contributed significantly to the

development of high field superconducting

magnets. Although the fabrication of

A15 compounds requires rather

complicated techniques to realize their

excellent charateristics, many magnets

for high field laboratory, fusion and

high energy accelerator have been tested

successfully and comprise an important

component for the future superconducting

applications. It thus appears that^in

such an application, output has been

paced by the improvement in performance

of the compound superconductors.

For the purpose the most important

and interesting point should be to

choose a better process from the

manufacturing processes and effectively

to develop it for the practical

material. In the following paragraphs,

an attempt is made to choose a promising

process, and some improvements in

superconducting properties are reported

together with the practical problems.

2. Merits in processings

There are many studies and reports on

the compound superconductors at many

laboratories and industries*1^2'. Two

characters of the equilibrium factor and

the geometrical factor for the typical

processings are summarized in Table 1.

The materials in Table 1 are mostly the

A-15 compounds and includes other Laves

phases and Chevrel phases. As shown in

the table many manufacturing processes

are divided into two groups on the basis

of the thermal process: the thermal

equilibrium process such as bronze, and

the thermal non-equilibrium process', such

as liquid quenching or splat cooling.

Thermal equilibrium process

The thermal process is general term

for the composite, the conventional

bronze, internal or external diffusion,

modified jelly roll, infiltration,

solid-liquid method, Holec-ECN method

and powder method. In these processes

the superconductors are formed under "the

thermal equilibrium conditions such as

moderate temperature changes or heat

treatments of long duration. Therefore

the compound phase formed is a thermal

equilibrium phase and also stable as a

practical material. However in order to

form the equilibrium phase appropriate

solute concentration is required during

the diffusion heat tratment.Thus in this

case the superconducting properties such

as critical temperature and critical

magnetic field are significantly affected

by the distribution of diffusion couples

and the geometrical arrangement. But

the interfilament distance must be kept

greater than 0.5 jum for decreasing the
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h y s t e r e s i s l o s s e s due to the

magnetization effects.

As a result of the consideration, i t

fs clear that the conventional bronze

method is prominent because of i t s

appropriate diffusion distance in the

range 1 to 5 urn. Indeed the bronze

process for Nb3Sn and V3Ga i s

well established and widely used

in the industries for reliable large

scale products.

Thermal non-equilibrium process

On the other hand, the thermal non-

equilibrium process is characterized

by requiring a thermally quick process

or an athermal process in the formation

of compounds. This process includes in-

situ process, chemical vapor deposition,

coevaporation, sputtering, liquid

quenching, splat cooling, electron beam

or laser beam process.

The compound superconductors in this

group are generally metastable, thus the

stoichiometric composition cannot be

performed by the diffusion reaction

s t a r t i n g from the copper bronze

composites. Therefore, in order to

achieve the stoichiometric composition,

quenching rate rapid enough to prevent

the diffusion needs for processing in

the range 102to 106*c/sec. Although a

s i g n i f i c a n t improvement for the

stoichiometrio composition was recently

realized by Togano et al , ' 'to achieve a

microscopic and macroscopic homogeneous

compound phase is too difficult es-

sentially in the thermal non-equilibrium

processes, because the nucleation for

the phase transformation is generally

difficult in the athermal process. Pig.1

shows a schematic relation between the

thermal process and the athermal one.

I t is found that for the athermal

process there is s t i l l a long way to go

to achieve a practical superconductor.

3. improvements in practical conductors

Critical current density

Pig. 2 shows c r i t i c a l current

densities versus magnetic fields in the

thermal process^2^5^. A real is t ic coil

design would have about one-fifth

current density of short sample

shown in Fig. 2 because the practical

conductors and coils include stabilizing

Cu, insulation, spacer for helium and

structral materials. Therefore the

c r i t i c a l current density without

stabilizer is one of the most interesting

parameters in the p a r a c t i c a l

application. As is shown'in Fig. 2, the

improved bronze processed Nb̂ Sn with the

addition of Ti to the matrix has a

high c r i t i ca l current over the whole

field range. Also it has been found

that effects of the filament size of the

bronze-processed Nb3Sn on the critical

current density become large for the

fine-filament conductors as shown in

Fig. 3.

The i n - s i t u processed V3Ga

superconductor has the highest current

density in the region up to 20 T. But

the in-si tu process has somewhat a

limitation mentioned above on the

production scale; thus it will be limited

to lower current capacities and limited

production for special high field labora-

tory magnets.

Recent Application

The mirror fusion test facility

(MFTF-B) magnet system required a high

field magnet of 12.5 T which was

constructed with a large amount of Nb3Sn

conductor manufactured by FURUKAWA. The

recent measurements indicated that the

coils achieved successfully the designed

magnetic field up to 12.7 T when the

critical current density was an

excellent value of 4.5 x 104A/cm2 ; this

was a practical large scale product of
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about nine ton , Fig. 4 shows the

cross-sectional fiew of the conductor

for the MFTF-B project.
30-T hybrid magnet at Tohoku

Univers i ty was const ructed with

multifilamentary Nb-Ti conductors and

cryostable t^Sn conductors manufactured

by PURUKAWA. The compound conductor is

s imilar in s t ructure to the MFTP-B

conductor, and manufactured by the same

bronze method. The total test combined

with a polyhelix copper coil has given

us the predicted and excellent result

of 30.7 T which is the world record

For high energy physics, a

racetrack coil of NbjSn 'compound has

been constructed'8'. The racetrack coil

was designed by the wind and react

manner, and wound with rectangular

monolithic conductors and then assembled

in the magnetic iron plate without

impregnation of expoxy resin after heat

treatment. Two quenches were required to

reach the upper field limit of 4.65 T

at 7 kA. I t is found that the thermal

margin of the Nb^Sn /Cu magnet is

suf f ic ien t ly large against thermal

disturbance.. As another wind and react

coil, a compact and cost-effective 14 T

magnet has been successfully tested^9'.

The magnet consists of a Nb-Ti back-up

coil and a multif ilamentary irt^Sn inner

coil , and has a high current density of

159 A/mm" for the winding and a maximum

magnetic field of 14.3 T.

4. Conclusions

(1) I t i s possible to anticipate

predominant processes of many new

fabr ica t ion methods for compcund

superconductors.

(2) For the prospect, there are two

significant parameters: the degree of

the thermal non-equilibrium and the

diffusion distance for the complete

formation of compounds.

(3) The bronze process i s the

predominant route for practical and

large scale production.

(4) In-Situ processed V3Ga conductors

are recommended for the application to

the high field laboratory magnets, and

should be further developed.

(5) The other processes will not be

recommended for large scale

applications because of their essential

characteristics. But these processes

are promising mainly in the small magnet

area or for thin layer devices.
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Table 1. Comparison Among Various Manufacturing Processes of Compound Superconductors

Process

Bronze (Composite)
Internal Diff.
External Diff.
Infiltration
Powder
In-Situ
CVD
Coevaporation
Sputtering
Liquid quench, or
Splat cooling
Electron or
Laser beam

Thermal Non-equi
libriumt °C/sec )

No
No
No

No
No

102~103

~ 1 0 3

MO 4

~104

loiio6

1O2^1O4

Diffusion
Distance(urn)

1~5
~100

~100
5~100

• ~ 0 . 1
0.1~100

—
—
—

—

State
of the
Sample

B,M.T
H

M.T

B.T

B.T.
B.T.

T

T

. T

T

T

Bc2
(T)

2<K30
20~30
20~30

20~30
20-60
20~30

3O~4O
30~40

30-40

30-50

30-50

Remarks

Nb3Sn, V3Ga, (ZrHf)V2

NbjSn

Nb3Sri, V3Ga
Nb3Sn
Nb3Al, PbMOgSg
Nb3Sn, V3Ga
Nb3Ge, NbN
NbjGe, Nb3Al

Nb3Ge, NbN

Nb,Al
Nb3(AlGe)

Nb,(AlGe)
Nb3Al

B: bulk, M: mult i f i lamentary , Ti tape
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NIOBIUM-TIN WIRE DEVELOPMENT ACCORDING TO THE ECN POWDER METHOD
J.D. Elen, P. Hoogendam and E.M. Hornsveld

Superconductors Lips ECN
P.O. Box 1, 1755 ZG Petten, the Netherlands

Abstract. - A commercial production of niobium-
tin wire made according to the ECN powder method
and to be used in a 12 tesla insert coil of the
SULTAN test facility at Villigen (Switzerland)
has been fabricated.

The development towards a decrease of the filament
size in order to meet the wire specifications of
the LHC system studies at CERN is outlined.

INTRODUCTION

Superconductors Lips ECN (SLE), a joint venture
of Lips Drunen Metaalbedrijf (LDM) and Netherlands
Energy Research Foundation (ECN),, is producing
and developing niobium-tin superconductors based
on the ECN powder method. High current densities
are achieved after heat treatments at a tempera-
ture of about 700°C during 50 to 100 hours [1],

A production quantity of 200 kgs of niobium-tin
wire material has been manufactured. From this a
9 kA internal cooled conductor with a length of
780 m will be made at ECN to be used for a 12
tesla insert coil in the SULTAN test facility at
Villigen (Switzerland). The coil will be made
following the "wind after react" technique C2J.

NIOBIUM-TIN WIRE FOR SULTAN

The characteristic data for the SULTAN
duction are:
Diameter
Number of filaments
Total-length of-the production
Out.;r diameter of Nb.Sn filaments
Copper content
Nb.Sn content after reaction
Niobium content after reaction
Twist pitch
Critical current at 12.2 T and
4.2 K

TAN

1.0
36
28
77
58%
16%
21%
30

wire pro-

nun

km
um
by
by
by
nun

volume
volume
volume

350 + 28 A.

Measurements of the critical current at 11, 12.2
and 14 tesla were performed on samples taken from
both ends of 32 pieces with lengths of 800 meter.
The data show a statistical spread with a stan-
dard deviation of about 8%. In figure 1 the mean
values of the overall critical current densities
and the spread in the results are given against
the applied magnetic field.

Based on the non-copper part of this wire a mean
value of 1060 A/mm2 at 12.2 tesla is derived,
while for only the Nb.Sn a value of about 2800
A/mm2 is calculated.

Translated to the 11 tesla maximum field of the
LHC-dipoles, the mean non-copper and the Nb.Sn
values of the critical current density are 1340
and 3540 A/mm2 respectively.

It is felt that further control over the production
technique will improve the mean critical current
density while decreasing the statistical fluctua-
tions.

8 ,
J ID

T T

o —

4

* Sultan wire, 58% Cu

* Experimental wire, ~60% Cu

Fig.

S e 1O 12 14 IB

APPLIED MAGNETIC FIELD <T>

1. Overall critical current density versus
applied field for the SULTAN wire pro-
duction and an experimental 36-filament
wire.

NIOBIUM-TIN WIRES WITH A REDUCED FILAMENT SIZE

Further development is now directed towards the
production of wires with a lower filament diame-
ter, in order to reduce the hysteresis effects. In
laboratory experiments SULTAN wire, could be
further drawn to 0.3 mm, demonstrating the duc-
tility of the NbSn. powder filled niobium fila-
ments.

A first step in our developmental programme con-
cerned a wire with 192 filaments, of which a length
of a few hundred meters has been drawn., A cross-
section of this wire is shown in figure 2. At a
diameter of 0.85 mm the outer diameter of the
Nb.Sn layer after reaction is 31 iim.

Reducing the filament size is continued with a
200 kg pilot production of billets containing
1000 filaments. This wire is aimed to satisfy
the specifications set for the application in the
Large Hadron Collider of CERN, i.e. a wire diame-
ter of 0.85 mm, a filament size of 10 urn and anon-
copper critical current density of 1300 A/»m2 [3].
At a wire diameter of 0.85 mm, the outer diameter
of the Nb.Sn layer after reaction is expected to
be 13 urn. A characteristic of the ECN powder
method is the growth of Nb.Sn layers at the inner
side of the niobium tubes during the reaction
heat treatment, excluding contact of Nb.Sn be-
tween adjacent filaments.
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Fig 2. Cross-section of niobium-tin wire with
192 filaments (not reacted).
Wire diameter 1.08 mm.
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Nb3Al RESEARCH AND DEVELOPMENT AT LMI AND ENEA

G. Barani, S. Ceresara, G. Donati
LMI Research Center, Fornaci di Barga, Lucca, Italy

and
R. Bruzzeae, N. Sacchetti, M. Spadoni

ENEA Cro Frascati, Via E. Fermi, 00044, Fraacati, Italy

Abstract - Problems related to the fabri-
cation of high Jfi Nb Al multif ilamentary

superconductors by Jelly roll technology
are discussed. In particular, a new
method called IMP (intrinsically multi-
filamentary), which should allow the

achievement of J = 1500 A/mm2 at ll.T,

4.2 K, on a multifilamentary structure,
is presented.

LMI has developed, in cooperation with
ENEA .(Frascati), the superconducting
intermetallic compound Nb Al by the Jelly

' 1 — 1
roll technology shown in fig. 1.

For the present discussion we may
start from the diagram illustrated in

fig. 2 , which gives the dependence of
J (6.4 T, 4«2 K) in the non-copper

section as a function of the Al foil
thickness, X . This figure is an

example of how misleading a diagram may
be in predicting results: as a matter
of fact, in the semilogarithmic plot
of fig. 2 the dependence of J on X ^

c Al
is fairly well approximated by a
straight line (for both Nb-Al composi-
tions) and one does not expect signifi-
cant improvements in J by extrapolating
to zero Al thickness.

Hb THIN FOIL

Fig. 1 - Sketch of the fabrication
of Nb Al multifilamentary

o
wires by jelly roll process.

»5

S.4T, 4.2k

0 Mi -Allot, it

10 ' i 1 1 1 ,

0 0,2 ft* 0,6 0,8 10 U t* U{pm)

Fig. 2 - Plot of J (non copper section)

as a function of the Al foil
thickness X

Al

On the contrary,quite recently, a dra-
matic enhancement of J has been found

c o

by reducing X M to 350 A and the situ-

ation at 6.4 T is now represented by

the diagram illustrated in fig. 3, which
shows the new value of J = 52OO A/mm2

c
The same sample has given a value J

= 1900 A/mm2 at 11 T which is one of
the highest values reported up to now
for A-15 compounds. A more detailed ac-
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count of the above experiments and of
the research still in progress will be

given elsewhere.

0.2 o.s

Fig. 3 - Plot of J (non copper section)
c

as a function of the Al foil
thickness X , .

Al

I will devote the rest of my talk to
the technological problems that must be
solved in order to manufacture, on an
industrial scale, high J multifila-

c
mentary Nb Al wire.

The main difficulty in processing high
Jc N b i A 1 conductors can best be explained

by the following scheme :

high J

very thin Al foil

very thin Nb foil

\
only cold-worked Nb sheets

with high 0 content available
\

low workability

breakage and/or sausaging of filaments

At the moment we have succeeded in
manufacturing high J single core con-

c
ductorsj even though obliged to use a
heavily cold-rolled Nb foil containing
400 ppm oxygen, but have problems in pro-
cessing a multifilamei.cary conductor
using the same raw material. To overcome
the fabrication difficulty, we are facad
with two alternatives :

a) recrystallifsed Nb will soon become
commercially available even at small
thicknesses (typically 10 + 20 pm)
with 0 content less than 50 ppm:

in principle, this goal could be
achieved by a high vacuum flash an-
nealing pLant, incorporating a Nb
sheet cooling system (water cooled
metallic surface) and a motor-driven
spool for coiling the continuous thin
Nb sheet. In this case, high J

c
multifilamentary composites with fila-
ment diameter in the range of 10 jum
should be successfully processed,
using the same technology developed
at LMI for thicker (100 jam) Nb foil
(see fig. 1) .

b) the quality of very thin Nb foil does
not improve considerably with respect
to the present situation (cold-worked
Nb and relatively high 0 content).

In this case multifilamentary compos-
ites can be obtained, remaining in
the framework of the single core
geometry, by the so-called intrinsic

multifilamentary (IMF) approach.
The process, which can be used for
any A B compound belonging to the

A-15 family, is illustrated in
fig. 4, which is self-explanatory.
By properly selecting the width of
the lamellar strips, b, and their
intermediate spacing, p, the "non
copper" current density should not
be less than 8o$ of that obtained
by the continuous Jelly roll ge-
ometry: in other words, a value of

2
Jc = 1500 A/mm at 11 T, 4.2 K should

represent a realistic goal for Nb Al

processed by the IMF technology; it's
worth noting that this figure is well
above the LHC target value, J =

2 8 c

1300 A/mm at 11 T, 4.2 K.
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Fig. 4 - Sketch of the fabrication of Nb Al multifilamentary

wires by IMF process.
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DEVELOPMENT OF BRONZE ROUTE NbaSn SUPERCONDUCTORS
FOR ACCELERATOR MAGNETS

H. Krauth
Vacuumschmelze GmbH

D-6450 Hanau, F. R. Germany

Abstract. - The present status of bronze route
processed Nb3Sn conductors is described. Tons
of multifilamentary conductors have been already
produced and were used in NMR, laboratory and
fusion applications. Design and typical parameters
of routinely produced conductors are given.
The critical current requirements of accelerator
magnets at the relatively low field around 10 T
lead to a new parameter regime for the conductor
design. By optimization it seems possible to
come close to these requirements.

INTRODUCTION

Bronze route Nb3Sn superconductors are
produced by Vacuumschmelze GmbH (VAC) since
more than 10 years. The development and fabri-
cation technology have been described in serval
papers (e. g. /I/, 121). Tons of multifilamentary
Nb3Sn conductors have been produced by this
process and were successfully used mainly in
laboratory magnets and NMR spectroscopy systems.
By no other production technique NbsSn multi-
filamentary wires have been produced in comparable
quantities. Through addition of Ta (7.5 W/o) to
the Nb core the high field properties could
be enhanced appreciably /3/ and the field region
of 14 T to 18 T has been made accessible for
magnet application.

Although the critical current densities
reached up to now are sufficient for most actual
applications in NMR, laboratory and fusion magnets,
there is now a strong incentive to increase
the performance especially also in the lower
field region around 10 T to 12 T, mainly in
view of high current density accelerator magnets
(e. g. for LHC). The bronze method still seems
to have the potential of further improvements
in.this direction.

PRESENT STATUS OF BRONZE ROUTE
Nb3Sn CONDUCTORS

Multifilamentary Nb3Sn wires by the bronze
route are produced by VAC in different standard
geometries: unstabilized strands, strands with
internal and external copper stabilization.
Typical filament numbers are 6000, 10000 and
13000. Two examples are given in Figure 2 and
Figure 3, showing an internally stabilized and
an externally stabilized conductor, respectively.
The matrix consists of a Cu 13.5 W/o Sn melted
by VAC. The cores (filaments) are either Nb
or Nb 7.5 W/o Ta, depending on field level. The
total CuSn-matrix to Nb-core area is about 3:1.
Typical wire diameters are between 0.6 mm and
1.2 mm. The filament diameters normally are bet-
ween 3 urn and 5 urn. Filament numbers are selected
to end up with this range of diameters. For these

Figure 1. Standard Nb3Sn-Conductor with
10000 filaments and internal
Copper stabilizer protected by a
Ta diffusion barrier.

Figure 2. Nb3Sn-Conductor with 13000 fila-
ments and external Copper stabi-
lizer protected by Ta diffusion
barrier.

t
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types of conductor a standard heat treatment
at 700° C for 64 h can be chosen without signifi-
cant variation of critical current density.

Figure 3 shows the field dependence of
the overall (Bronze + Nb) critical current density
for both, the binary Nb3$>n and the ternary
(NbTa)3Sn. As is well known the measured critical
current density not only depends on the sensiti-
vity criterion but also strongly on sample prepa-
ration, geometry and sample holder material.
The bands shown in Figure 3 give an indication
of the variation in measured values. The critical
current density at 10 T and 4.2 K typically is
between 700 A/mm2 and 1000 A/mm2. The high fila-
ment quality is indicated by the steep transition
from superconductivity to normal conductance.
The conductors exhibit n-values (p~jn) of above
50 up to 70 i making them most suitable for
NMR applications.

Figure 3. Field dependence of the critical
current density of binary Nb3Sn
and ternary (NbTa)3Sn standard
conductors. The bands shown
indicate the variation for
different batches and due to
measuring procedure.

For large magnets high current conductors
have to be fabricated. For this purpose either
monoliths or cables may be used. Figure 4 shows
a rectangular monolithic conductor with
3.1 x 1.6 mm? cross section. This conductor has
been developed together and for Siemens Research
Laboratories in Erlangen. It contains 60.000 fila-
ments with 3.5 urn diameter each and is externally
stabilized by Ta protected Copper. Cabling of
strand material on the other hand provides a
high design flexibility with respect to current
carrying capacity and degree of stabilization.
Cu/Ta/Cu-stabilizing elements can be added to

the cable to increase the amount of Copper in
the cable. To increase the stability of NbsSn-
conductors further, high purity Aluminium was
successfully added to reacted conductors either
by soldering or by coextrusion. Also, mechanically
reinforcing members can be integrated in the
coextrusion process. Details about these conduc-
tors will bo reported elsewhere.

Figure 4. Monolithic Nb3Sn bronze route
conductor with
containing 60000 filaments.

PROSPECT OF BRONZE PROCESS CONDUCTORS
FOR ACCELERATOR MAGNETS

For accelerator magnets an overall (Bronze+Nb)
current density of 1300 to 1600 A/mm2 at 10 and
4.2 K is required in comparison to be above quoted
700 to 1000 A/mm2. On the other hand the bronze
prozess is most suited to get small effective dia-
meters by means of a large separation of the
filaments due to the inherently high area percent-
age of the bronze matrix. In order to try to
fullfill the accelerator requirements one has to
look for a different design regime of the conduc-
tors. One important parameter is the filament
diameter. It is known since a long time that
for relatively low fields of about 10 T finer
filaments (~1 um diameter) give higher density
than larger filaments /I/. This has been verified
recently by different experimentators /4, 5/.
By drawing standard production conductors with a
starting value of 750 to 850 A/mm2 at ~ 4 um
filaments further down to 1.5 um and 1 um a
current density in the region of 1100 A/mm2 could
be reached. By optimizing the whole design,
fabrication and reaction process for this low
field regime, it should be possible to reach
the envisaged high current density. The following
set of parameters has to be regarded: filament
size, chemical composition (e. g. Ti additions)
and distribution of the bronze across the filament-
ary area, temperature and duration of prereaction.
(annealing) and reaction heat treatments. A
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research and development programm has been initi-
ated in this direction.

CONCLUSION

Bronze route processed Nb3Sn multifilamentary
conductors are the only ones produced up to now
in quantities of tons. They have been used sucess-
fully in many NMR, laboratory and fusion magnets.
The application in accelerator magnets requires
the operation in a new parameter regime (e. g.
smaller filament diameters). By optimization
it seems to be possible to increase the current
density to the required value, or at least close
to it. In addition to this effort VAC has also
initiated a research programm on internal Sn
processes. The aim is to gain a sound basis for
comparing the different processes with respect
to performance, fabrication aspects and cost.
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Superconductor Development and Future Trends

C. E. Taylor
Lawrence Berkeley Laboratory
University of California

Berkeley, CA 94720

NiTi - There was general agreement that
progress in Increasing Jc has been rapid and will
continue. Flux pinning theory has not been a good
guide because of the very complex metallurgy of
NbTi as processed. Even though precipitate sizes
are now much smaller than coherence lengths,
improvements are still being made.

Large single stack billet assembly seems to
be generally preferred as the most economical
process; this has yet to be demonstrated in
full-scale production.

If diffusion barriers are used there is no
inherent advantage of hydrostatic over
conventional diffusion.

Industrial production - (Comments pertaining
to SSC advanced conductors.) A production run of
several billets (say 10 - 20) will be required to
readily establish predictability. However, at
least one company appears ready to accept a fixed
price order for 5 pn high Jc strands (but not
cable).

The ternary alloy, NbTiTa, should have
similar potential for high Jc as the binary alloy.
However, cost will be at least 2 times higher.

Nb3 Sn - The only large-scale production
history has been with bronze matrix material which
has a predictable Jc of 650-850 A/mm (10 T, 4.2
K). (This is probably not high enough to be
economically attractive for most accelerator
applications.)

Internal tin material has exhibited Jc up to
~ 1600 A/mm2 (10 T, 4.2 K) and a guess was made by
one company that ~ 2000 A/mm2 might be possible.
Perhaps 20X lower cost per A-m, compared to NbTi,
might be possible in large-scale production.
Using the ECN powder process, 1600 A/mm2 to 1800
A/mnr has been achieved with filament sizes of
about 50 urn. NbjAl has exhibited very high J
values in R&D samples (for example, 1900 A/mnr at
11 T). However economical fabrication of long
wires has not been successful yet.

A large problem, especially with the
thin-foils of Nb that are required with one of the
fabrication processes, is to obtain enough
ductility. It appears that control of oxygen
content is important. A major Mb supplier
volunteered that the Nb problem should be soluble
and would be willing to participate with a
customer in development. Powder processes might
be a better approach.

Fabrication of long conductors using the «ore
exotic compounds NbAlGe is being examined at the
HIM laboratories in Japan, and elsewhere on a
smaller scale using processes that produce thin
coatings on wires and tapes. Successful
commercial production will probably not be
possible for many years.

The following table was constructed to compare
various advanced superconductors. Values appearing
in the table are very approximate indications of
achievements to date for production quantities - not
laboratory samples.

NbTi at 1.8 K

Nb, Sn - bronze

Nb, Sn - internal
diffusion

Nb3Sn - ECN
powder

Nb^Al

J C(HT)

(A/mm2)

~1300

~ 700

1300

1600

1300

800
1900

Filament
diameter
<mO

2-5

4-5 effective

5

10-20

50 (10 soon)

10
100

Quantities
produced

(lbs)

100's

tons

10's

2000

-1000

~50

* Work supported by the U.S. Department of Energy
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PROCEDURES FOR MEASURING THE ELECTRICAL PROPERTIES
OF SUPERCONDUCTORS FOR ACCELERATOR MAGNETS

W. B, Sampion
Brookhaven National Laboratory

Upton, N.Y. 11973

INTRODUCTION

There are three important electrical prop-
erties associated with the superconductor used
to fabricate accelerator magnets. The most impor-
tant is the critical current since this determines
the performance potential of the magnet. The nor-
mal state resistivity and the volume magnetization
are the other principal electrical parameters. In
this report methods for measuring these parameters
are presented and procedures for including self
field effects and magnetoresistance are discussed.

Critical Current

In a modern superconducting composite the
transition to the normal state with increasing cur-
rent occurs gradually. The resistivity increases
from a level too low to measure thru a region of
very low but finite resistivity until finally the
conductor quenches. For practical purposes the
critical current is defined as the current; at
which the effective resistivity is 10"1* fim (10~
12 fj-em) since magnets generally will not operate
above this level. To measure the critical current
a sample of conductor sufficiently long to provide
adequate voltage sensitivity (̂ 50 cm) is
positioned in a uniform field with appropriate cur-
rent and voltage connections. Care must be taken
to ensure that the sample is adequately supported
to resist mechanical forces and that the voltage
taps are far enough from the current connections
to prevent current sharing effects.

These experimental conditions are relatively
easy to meet when testing individual NbTi compos-
ite wires less than 1 mm in diameter) since a
small superconducting solenoid can be used to pro-
vide the field and the sample can be mounted in a
groove in a barrel-shaped former. Larger wires or
conductors of very high intrinsic current may be
difficult to test especially at low applied field
where they can require "training" before a suit-
able voltage current relation can be obtained.

Cables formed from a large number of such
wires compound these difficulties since the forces
are much greater and the physical size is much
larger. Also cables have geometrical compli-
cations as the angle between the applied field and
the wide side of the cable must be specified. A
dipole magnet is best for testing cable, providing
both a long region of uniform field and a well
defined applied field direction. Current connec-
tions are usually made beyond the ends of the
dipole in a low field region. The critical cur-
rent of a typical cable ClOkA @ 5T) requires a
power supply of high capacity. Such supplies tend
to be noisy so that considerable care is needed in
signal processing to obtain clean voltage-current
data. Since cables are so much more difficult to
measure the emphasis of this report will be on

high current conductor testa. The techniques arc
the same for wires which can be considered as a
special lets demanding case.

Figure 1 shows a voltage-current plot for a
cable sample taken in point-by-point fashion
with the current constant during the voltage read-
ing. The base line is adjusted by the operator to
compensate for small thermal voltages or offsets
arising from imperfect noise rejection. It has
been found empirically that the resistivity can be
conveniently represented by an expression of the
form given in equation 1.

Pol" (1)

In this equation the expohent n, the quality index
or "n-factor", is a measure of the uniformity of
the filaments in the composite.

?e
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Figure 1. Upper: the voltage-current relation
for a typical accelerator magnet cable.
Lower: the LogI - Log P plot used to
determine n-value and Ic.
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The n-value can be easily deduced along with
the current at 10"^ 8-cm by line fitting to a log
I vs Log P plot as shown in Figure 1. Deviations
from linearity in such a plot are indications of
filament breakage or other conductor damage. The
data shown in Figure 1 are representative of a
well behaved sample, in this case a conductor in-
tended for use at the HERA project. In many cases
samples must be "trained" by repeated quenching in
order to obtain sufficient voltage to plot a rea-
sonable curve. Unstable performance is most pro-
nounced in cables of high intrinsic current and
low copper to superconductor ratio when the ap-
plied field is perpendicular to the face of the
conductor. The maximum voltage achieved after
training affects the precision of the Ic determina-
tion via the larger signal to noise ratio. In
Table 1 three conductor types are compared for
relative stability.

Conductor
Type

HERA

SSC OUTER

SSC INNER

Cu/Sc
Ratio

1.8

1.8

1.3

Table 1

Training
Quenches

0

<1

6

Ic(5T)

^10 kA

^ 8 kA

^11 kA

Vmax

35HV

25UV

10W

The amount of training is strongly dependent on
the copper to superconductor ratio. Surprisingly
the stability does not seem to be influenced by
the normal state resistance (see below).

Once the critical current and n-value have
been obtained as described above they are adjusted
for temperature and peak magnetic field. A temper-
ature correcton is required because cables are usu-
ally tested at slightly elevated pressure to pro-
vide sufficient cooling gas for the current leads.
The bath temperature is measured directly at the
time of Ic determination (see Figure 1). The tem-
perature correction is linear for small tempera-
ture shifts.- It is convenient to normalize all
currents to 4.2K for comparison with corresponding
wire results which are measured in liquid helium
at ambient pressure. The critical temperature and
the approximate percentage change in current for
each O.IK change in temperature are given in Table
2 for standard Nb 46.5% Ti alloy.

Table 2

Field

5T

6T

7T

8T

Critical Temperature

>
7.17K

6.71K

6.23K

5.78K

Ic correction
per 0.1k

3.5%

4.2%

5.2%

6.9%

The correction for peak field effect is somewhat
more complicated and requires calculation of the
field distribution under the actual test

Figure 2. Upper: the field distribution of a
bifilar pair of cables carrying 8 kA in
a perpendicular applied field of 5T.
Lower: the field distribution of a sin-
gle cable for the same conditions.

conditions. This is illustrated in Figure 2 where
the standard bifilar arrangement of cables is
shown at the top. With the field applied perpen-
dicular to the wide face the peak field occurs at
the edge of the cable and is several kilogauss
higher than the applied field. The lower portion
of Figure 2 shows the single conductor case where
the peak field is even higher for the same conduc-
tor current.

l.H -

24B8 2800 3200 3600 4MB

Figure 3. The self field correction for various
wire sizes.

In Che single strand situation a similar peak
field effect occurs. If no correction for peak
field is made larger wires will appear to carry
proportionately less current. This is shown in
Figure 3 where the ratio of critical current den-
sity corrected for self field, J8f, and the cur-
rent measured at the applied field, Ja, is plotted
against Ja for wires of 0.1, 0.5 and 1.0 mm sizes.
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For very small wires the correction is negligible
but can be considerable for the wire sices used in
accelerator magnet cables. Evidence for this ef-
fect is shown in Figure 4 where the current den-
sity of a series of wires is plotted against true
strain after the last heat treatment. The larger
conductors all show lower currents when no correc-
tion is made for the peak field effect but after
adjustment the current density varies smoothly
with strain. Further evidence of the need to com-
pensate for peak field is provided by comparing
the current density deduced from magnetization mea-
surements with that measured directly from the
transport currents. If no correction is made
there is a serious discrepancy between the two cur-
rent densities at low fields.

3.6 4.4

STRRIN

Figure 4. Critical current vs strain for a series
of wires of different sizes (the wire
size in mils indicated below each
point) the corresponding square symbols
show the current density after self-
field correction.

Figure 5 is a summary sheet of the measure-
ments on a typical cable sample. The applied
field and temperature are given along with the
measured value of critical current and n-value.
Calculated quantities are the peak field and the
equivalent current at specified fields and tempera-
ture (in the case of Figure 5 fields of 5, 5.5 and
6T at 4.6K).

Hormal State Resistivity

The quench propagation characteristics and
the maximum temperature reached during a quench de-
pend on the normal state resistivity of the cable.
The resistance is determined by the amount of cop-
per in the conductor. The copper to supercon-
ductor ratio can be determined by the usual etch
and weight methods or somewhat more easily by
measuring the resistivity at room temperature.
This can be conveniently done in the test fixture
before or after the low temperature measurements.
Using the equation given below the copper ratio,
x, can be determined with considerably accuracy.
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50 4.346 9993 11042 29

BpKcalc)

62.33
58.61
54.00
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Calculated results for T- 4.6 K
(Ic-peak field value, U-applied field value)

50
55
60

P.E.
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Figure 5.

Ic

9840
8830
7820

5

1.26

la

9030
8090
7160

3

1.26

Data sheet for a superconducting cable
test, showing the effect of peak field
corrections.

U-AR/Psc)/(AR/Pcu-1) (2)

In this equation A is the total area of the
conductor, R is the resistance in ohm/cm and p s c

= PubTi " 60 x 10~6 ft-cm, Pcu * 1.72 x 10"
6 f2-cm.

A somewhat more accurate value can be obtained if
the residual resistance just above the transition
temperature is subtracted from-the resistance at
295K and a copper resistivity of 1.70 x 10"^ Q-cra
is used in equation 2.

The low temperature normal state resistance
can be measured as a function of field by
initiating a normal zone in the conductor with a
spot heater and observing the potential developed
across a gauge length as the quench front propa-
gates along the cable. The longitudinal quench ve-
locity at different currents and fields can be
deduced from the same test. Considerable varia-
tion in the low temperature resistance is possible
even for cables with the same copper to
superconductor ratio. This is illustrated in
Table 3 where a cable formed from annealed wire is
compared with identical cables made from cold
worked wire, one of which has been annealed after
cabling.
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Cable Jype

Table 3

R(10K,0T) R(7K»5T) R.R.R.
VStycra VlH/cm R(295)/R(10)

Annealed
Before Cabling 0.34

Annealed
After Cabling 0.13

Mo Anneal 0.73

0.70

0.55

1.00

83

216

40

The effect of magnetoresistance is evident in
Table 3. The cable with a high residual resistivity
ratio (R.R.R.) shows a much greater increase in
resistivity than the cold worked sample. Despite
the effect of field on conductivity the annealed
cable has a significantly lower resistivity at 5T
than the other conductors. Critical current tests
on these cables gave virtually indistinguishable
results. None of the samples "trained" and all
of them operated at voltages above 30 uV. This is
rather remarkable in view of the data of Table 1
which indicates a strong dependence of unstable
performance on copper to superconductor ratio and
implies that the thermal properties of the copper
may be more important than the electrical conduct-
ivity. A very small change in the copper content,
from 57% in the case of 1.3:1 composite to 64% for
1.8:1, saems to have significant effect on the. be-
haviour of test samples.

Superconductor Magnetization

The volume magnetization of the supercon-
ducting windings in an accelerator magnet can have
a significant effect on the field shape at injec-
tion. The width of the magnetization curve is
given by equation 3.

2p M
o

2u • -=• VJ .
"o 3TT cd (3)

In this equation Jc is the current density in the
superconductor at the field of interest, \> is the
fraction of superconductor in the composite and d
is the diameter of the superconducting filaments.
Reducing the filament "size will reduce
magnetization directly provided the relationship
of Jc with field is kept constant. The width of
the magnetization curve for a variety of filament
sizes is shown in Figure 6. The dashed line in
this figure represents the theoretical result for
conductors in which the critical current at injec-
tion (0.3T) is five times the current density at
5T. This ratio, derived by comparing the effec-
tive current density at low field deduced from
magnetization with the current density at 5T
measured directly from the transport current, is
useful in comparing different conductor types. If
the low field J is unusually high the effect will
be equivalent to having larger filaments so care
must be taken during processing to ensure that the
full benefit of reduced filament size is achieved.

A new problem has been observed in recent
very fine filament composites where the

12 IB

FIUWCT filffCTER ,u«
24

Figure 6. Magnetization as a function of filament
size for high Jc conductors.

interfilament spacing has been reduced below 0.5
micron. At injection field levels the filament!
appear "coupled" resulting in unusually high
magnetization. This is illustrated in Figure 7
where a conductor with 2.8 micron filament! i>
plotted at a magnetization ratio of 13 compared to
the standard value of 5.

12 18
FILflMENT DIFKTER,

24

Figure 7. The magnetization ratio plotted against
filament size for conductors of differ-
ent filament spacing. Ratios above the
dashed line indicate coupling between
the filaments at injection.

Other samples with filament spacings as small
as 0.25 micron have shown magnetization ratios as
high as 37. The fabrication of superconductor for
accelerator magnets is a complex balance of
conflicting requirements. The current density
must be high to guarantee the highest possible
field. The magnetization must be low to minimize
injection problems. The copper to superconductor
ratio must be held within narrow bounds and the nor-
mal state conductivity controlled. All this of
course must be done at low cost.
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S.C.K./C.E.N. CRITICAL CURRENT SET-UP

A. Van den Bosch, F. Biermans, J. Cornelia and N. Mtenc
Materials Physics Department, S.C.K./C.E.N., B-2400 M01 (Belgium)

Abstract. - The Materials Physics Department
set-up for measuring critical currents on super-
conductors allows a maximum current of 1000
amperes to be sent through a specimen at magnetic
induction fields up to 13 tesla. The upper limits
are largely sufficient for measuring wires to be
used in the projected large hadron collider
(LHC). Up to now the maximum current intensity
used in the system, at maximum field strength at
4.3 K, was 51C A. Data related to this and other
experiments are given and discussed. The system
is used in a programme related to the optimi-
zation of the fabrication process of home made
Nb.Sn multifilament wires.

INTRODUCTION

In our Institute the development of super-
conductors of technological interest has been
studied for some years. In view of the character-
ization of superconducting wires a critical
current measuring device has been set up. The
magnetic induction fields, needed for such
characterizations, are generated by a 1978
commercial superconductive Nb,Sn. tape coil. Its
maximum field at 4.3 K is 13 tesla. The magnet is
lodged in a commercial metallic cryostat. In the
bore of the magnet a variable temperature insert
is mounted, the lower part of which is the sample
room. Currents up to 1000 ampere can be sent by a
commercial DC power supply through the samples in
the cryostat. The sample usually is a helix of a
few turns of superconductive wire. Close to it
the temperature and field sensors are fitted.
Since the construction of the system a large
number of measurements have been carried out at
4.3 K, resulting in a more or less standardized
measuring procedure.

The aim of the present contribution is to
describe our experience with this critical
current measuring device discussing two typical

EXPERIMENTS AND RESULTS

The first sample discussed here, our number
229, is shown in Figure 1. It is a commercial
copper stabilized "bronze route" Nb_Sn 6156
filament wire of 0.7 mm diameter, measured for a
round robin I test. It is wound on holder 3 [1].
Out of 9.9 "turns, three are enclosed by the
potential leads. The ends of the superconductive
helix are soldered to the current leads. The
sample wire is electrically insulated from the
barrel holder by a thin teflon tape. To fix the
wire during the measurements it is covered with
paste.

Figure 1. Superconductive Nb.Sn multifilament
wire, sample 229.

All data of the critical current measurements
can be explained in terms of the effective
circuit, as drawn in Figure 2. The total current
I , sent in the cryostat, is calculated from the
measured voltage E over the reference resistor
R « lxl0~ a. The current over the parallel
sfiunt is obtained from .the voltage E over
R , - 12.08x(l+2.6xl0~*B(T))un in fftlds B up to
1§ tesla. The resistance has been measured on the
empty holder together with (R ,+R „) - 1.216 R..
The current through the sampli i8PI - I -I . Trie
voltage over the three turns of the sample Is E .

s

"PI

E,

Figure 2. Current circuit; I the sample current
and I the parallel-shunt current.

At the critical current measurements one set
of data is constituted by the voltages E , E ,
E , Ec and the time t. E is the potential
measured on the sensor selected by the scanner.
Amongst these sensors are the Hall probe and the
carbon glass resistor. The four voltages are read
by four voltmeters which were triggered all
together by the data acquisition system. The
reading of the time is actuated by a separate
command in the same instruction loop. Although
the time differences between commands are small
(< 0.05 s) they nevertheless induce some scatter
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In tht voltage versus time relation. The average
measuring rate is 3.89 seta per second. All data
gathered at a critical current measurement are
stacked in the related datafile S229xx, with the
sequential number xx-OI for the first experiment
and so on.

In all the critical current measurements the
current I increases linearly with time until the
sample voltage exceeds a reference, after which
the rate is reversed. In the lowest field exper-
iment, at 2 T, the current I was limited to
999.62 A, by the power supply. In this case a
period of constant current occurred.

Some data of the critical current measure-
ments are given now in the Figures 3 to 5. Values
of E < 8 uV are plotted versus the sample
current I . The crosses (+) refer to data taken
at increasing current, the barred squares 0<) to
those taken at decreasing current. The common
pattern is recognized. The horizontal bands are
attributed to E values which are related to
sample currents smaller than the critical value,
I < I , where the resistance of the superconduc-
tor isc, within experimental error, zero for DC
currents. The right-end voltage increase shows
the onset of the sample resistance. The scatter
of the E values, in the horizontal bands, is due
to the sscatter on the voltmeter. In a first
approach it can be considered as a "random walk"
effect of the voltmeter's zero. Indeed, the
standard deviation reduces with the square root
of m when for E an average over m sequentially

measured E values is used,
s

S22901

S22903

Es[[iV)

Figure 3. Sample voltage versus sample current in
a critical current measurement at
13 tesla.

Figure 4. Sample voltage versus sample current at
12 tesla.

S22905

E s (JiV)

-2 -

Is (A)

Figure 5. Sample voltage versus sample current: at
8 tesla.

The precision on the voltmeter is high enovgh to
reveal that also in Figures 3 and 4 the crosses +
mainly are situated above the others. In Figure 5
the critical current value of the current de-
crease situation is much smaller than at the
current increase. Ic (-) < 1 (+) is an indi-
cation that the sample quenched between the
measurement of these two currents. Indeed, in
this case E increased abruptly from the uV
region into the mV region.
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TABLE I.

Measured data at the critical current experiments

Exp

XX

01
02
03
04
05
06
07
08
09

B

(T)

13.07
13.07
12.10
10.01
8.06
6.05
6.05
4.12
2.12

T

(K)

n.m.
n.m.
4.26
4.25
4.27
4.28
4.28
4.28
4.28

IAlt/Atl

(As"1)

0.83
0.83
0.83
1.66
3.46
17.2
3.45
8.63
17.2

(uV)

0.8
0.5
0.7
1.4
2.5
10.9
2.0
5.3
10.0

A Ese

(JJV)

+0.5
+0.9
+0.0
-0.2
-0.1
-0.5
-0.3
+0.3
+0.2

A Epe

("V)

+0.7
+0.9
+0.7
-0.9
-3.8
-1.0
-0.5
-0.7
-0.4

V
(MV)

1.0
1.5
1.0
2.5
5.i
19.6
3.5
9.6
18.8

lc

(+)

64
66
97
171
270
430
426
650

>1000

duv)
(A)

63
66
91
98
120
430
140
645

>1000

Atq

(s)

-
20
46
50
-
87
-
_

ATmax

(10"2K)

-
0
2
3
2
5
5
6

mqs

(A)

-
27
29
32
-
40
-
_

10 11 12 13

For the nine experiments which have been
carried out, S22901 to S22909, some results are
reported in Table I. Column 1 gives the
sequential number xx of the critical current
measurements. The second column relates to the
magnetic induction field, at the centre of the
sample, just before the critical current exper-
iment was started. The field value is calculated
from the Hall tension [2]. The third column gives
the temperature of the carbon glass thermometer,
also just before the current had started to
increase in the experiment. In the fourth column
the absolute value of the total current .change
with time is given for each experiment. The
values are equal within 1 X or better for the
current increase and the current decrease. Each
value of Ai /At has been calculated from two
couples (I ,t); one just after the start and one
just before the end of the considered current
change period. The fifth column gives the values
of the averages of E , calculated as
(E (up)-E (down))/2 in the zero resistance sample
for constant dl /dt. In column 6 one finds
£E « (I (begin)-E (end)) of the experiment for
(A? /At) - 0. The same procedure has been
followed for the shunt voltmeter. The resulting
AE values are reported in column 7. The eighth
column gives E - (E (+) - E (-))/2. The
E (+) value is pftie resufF of a tit of the E
vSSues, measured with (dl /dt) » constant > 0 ifi
the zero resistance sample, to the linear
equation E - AI + E . (+). The same procedure
for (dl /d?) - constan?°< 0 yielded E (-)• The
critical current values are given ln couumn 9 for
increasing current and in 10 for decreasing
current. The values are deduced from sample
voltages for which 10 nV > E ^ E + 1 JJV. The
1 uV here is the detection limit sof the volt-
meter. In some cases I (-) < I (+), which Indi-
cates that the sample quenched.

During the quench E Is in the mV region.
After the quench E and I decrease at first
slowly but then abruptly from the mV region into
the uV region. The time the sample voltage spent
in the mV region, At , is given in column 11. The

is given in column 12. The minimum current values
in the quenched samples, !„,„„» a r e given in
column 13. mqs

The abrupt increase or decrease of the sample
temperature does not show up in the thermometer
reading. This statement is deduced from Figure 6
in which the registered temperature is plotted
versus the total current I in the critical
current experiment S22907 for which the sample
quenched. The pattern however is not typical for
the quench cases. It is also observed in
non-quench experiments as in S22909 where about
1000 A has been sent through the superconducting
sample. At the end of each experiment the ther-
mometer reading deviates no more than 0.02 K from
the starting value.

S22907

TIK)

92 184 276 368 460

maximum temperature ^increase registered, AT
max'

427

Figure 6. Thermometer readings plotted versus the
total current I .

Some other data of the typical quench case,
S22907 are given in Table II.

In one experiment in which the sample did not
quench in S229O9, the current reached the maximum
value available by the power supply.
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TABLE II. DISCUSSION

Some qutnch data of S22907

Ep(uV)

134.35
139.40
141.54
141.83
143.12
145.03

2.9
8.5
15.5

6115.5
5959.1
5866.9

21
28
37

4899
4894
4838.0

I, (A)

423.23
440.00
446.76
45.40
42.82
40.96

At this maximum I remained constant for a while.
Between the two constant current situations,
I - 999.62 A and I
volt > J "
AE

tage difference
» 0.48 A, the average
on the sample was

0.4 uV and on R 1 it was AE 36.8 pV.

A second sample is shown in Figure 7. It is a
four turn helix of superconductive tape. The
sample was not covered with paste during the
critical current measurements. In Figure 8 the
sample voltage is given versus total current,
from zero to maximum and back to zero again, for
the critical current experiment which has been
carried out at 13 tesla. In the same figure the
component of the magnetic induction field along
the sample axis as measured at the centre of the
sample, is plotted also versus I .

Figure 7. Superconductive V.Ga tape 4 turn helix,
sample 121.

13.04
S12102

60.0

1300 -2.0
S20

figure 8. Voltage (right scale), over the two
central turns of the V,Ga tape helix,
and field (left scale? versus total
current.

For t«ch experiment on sample 229 the average
ztro-drift of th« sample vulCMt«r is given by
AE in column 6 of Tablt I (c6TI). Ttfe drift,
avffaged ovtr all 9 experiments, is 0.1 uV with a
standard deviation a - 0.5 JJV. Twlca this a can
be used as a practical definition of the detec-
tion limit of the meter. In tht lowest field
experiment, S229O9, the average sanple voltage
difference is AE - 0.4 uV for a current differ-
ence AI - 999.I?"A when dl /dt is zero. Within
experimental error, therefore, the resistance of
the sample can be considered to be zero for DC
currents. In a 2 tesla field the critical current
of the sample is I > I . 1 is calculated
from _ I - I - I In 8wKlch equation
I sr AE fR , - 3T.05 /P. The precision on I is
limited?" a?o. by the uncertainty on the pzero
drift of the voltmeter. The average of the 9
drift values AE (c7TI) is 0.6 uV with
a - 1.6 MV. The lJPfter value yields a a « 0.14 A

on I .
P

The experiment showed that, even in tha
largestN current case the major part of I flows
through a superconductor as long »» I < I(. When
the resistances in the circuit of Figure 2 are
constant and (dl /dt) - 0, I is a constant
fraction of I . ft is I - f / U + R /R ) which
equation follows from Tt I • \K- H e r e

R - R . + R - and R - R _.pThe latter equation
hBlds because the contribution of the sample
resistance to R is zero. R , is due to the
connections with8the leads. From the above, one
calculates that R - ((I /I )-l) R - 0.045 ufl.
Consequently, for8sample 229sthe friction of the
total current which flows at 2T through, the zero
resistance superconducting wire in the constant
current situation is 1/(1+R /R ) - 0.9969.

s p
When the current is not constant, the induct-

ance L of the sample is taken into account. The
inductance results in an emf on the total sample
of IL - L.(dl /dt). The current distribution in
the sample circuit therefore is governed by
R I » R I + E. when all other inductances can
bl neglettid. The equation leads to E - AI + B
with B - E..R ,/(R +R ) and A - R 1.% /(R 5-R ) .
In all 9 experiments I increased pand decreased
at the same rate. This constant rate can be
different for different experiments. In these
cases IBl— E (c8TI). It is proportional to
|AI /AtI (c4ff). The proportionality constant,
averaged over the values (E /|A1 /At| ) of the
four experiments, S22906 pto S22909, is
1.10 (o0.05)xlO VsA" . From this the inductance
is calculated to be L - 1.34 yH. This figure is
in agreement with the value estimated from the
geometrical configuration of the sample. The
inductance results in a second term in the
shunt-current equation I » (R /(R +R ))I +
0,091 (AI /At). The absolAe value8 of sthf second
term is 1.57 A .in the experiments for which
AI,./At - 17.2 As,; it is 0.075 A for
AI*/it - 0.83 As .

The effect of the sample inductance also

- 160 -



•howa up In tht behaviour of E , which value Is
alao practically proportional to dl./dt. The
proportionality constant In I /li-L/Atl "
0.61 (O0.03) x 10 V«A~ . This voftage measured
between the potential leads over the three turns
of the sample Is S - 0.45 E,.

S Li

The current situation is quite different for
the quenched sample. Considering the data on the
last line in Table II, the voltage over the total
shunt resistance is calculated to be 1.216 E -
5.8830 mV. The current through the shunt is Aen
(E /R ) - 400.5 A. It results in a Joule heating
lnptlfe shunt of 2.35 watt. The current through
the sample is 40.96 A, which yields 1.8 JJV over
R 2. The total sample potential 5.8812 mV gener-
ates a Joule heating in the wire equal to 0.24
watt. From the latter heat, 99.75 Z is generated
between the two potential leads on the sample.
The heat generation is not sufficient to quench
the sample over its whole length as shown below.
In the quenched wire part the current is carried
mainly by the copper and the tantalum. These
normal electric conducting materials constitute
24 X of the cross section of the wire. Because
the resistance versus temperature curve of the
superconductive wire near T is quite well
approximated by a step function1, one can estimate
the part of the wire which became normal. The
effective length of normal wire is calculated
using the equation 1 » Rs/p. The sample resist-
ance is R - 143.58 jjft. The cross section of the
normal conductor is s » 0.24 x 3.77 x 10~ cm .
The specific resistivity is approximated by the
value for copper p • (1.7x10 /160) flcm. Here the
factor 160 is the estimated resistance ratio
between room temperature and 19 K. In the exper-
iment S22907 considered .here at t - 145 s (see
Table II), the values of E and E in the mV
region can be explained by a 12 cm piece of wire
being in the normal state.

The Hall-voltage behaviour indicates that, at
the quench, a large fraction of the total current
flows through the shunt. The latter current
fraction is not measured by the Hall probe as its
field Is perpendicular to the sensor's sensi-
tivity direction.

By a similar reasoning one deduces from the
Hall data in Figure 8 that more than 260 A was
flowing through the V,Ga tape in the critical
current measurement SI2102. The maximum current
sent through the circuit in the cryostat at 13
tesla was 510 A.

CONCLUDING REMARKS

Data have been discussed, which were taken
with the S.C.K./C.E.N. critical current measuring
set-up. The results show the possibilities of the
apparatus. The experiments can be carried out at
4.3 K in magnetic induction fields up to 13
tesla, with a field measuring resolution better
than 2 mT. Currents up to 1000 A, measured to a
fraction of an ampere, can be sent through a
superconducting sample. An electric parallel
shunt reduces the power generated in the sample

room and protects the •cnaitlve voltmeter* when
the superconductors quench. The voltage on the
•uptrconducting aample can be measured to within
1 pV. The fine field measurement* are In agree-
ment with the sample currents. The temperature on
the carbon glass resistor, reproducible to
0.02 K, does not show the quench. It is measuring
the boiling point of liquid helium under pressure
due to Joule heating in the leads. The thermal
effects in the sample, consequently, should
carefully be considered when one would like to
relate the voltage evolution to filament geometry
in a superconducting multifilament wire carrying
high current densities.

The performances of the S.C.K./C.E.N.
critical current measuring device, however, are
largely sufficient for measuring wires to be used
in the projected large hadron collider (LHC).
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Abstract - A need for continuous sampling of the
dimensions of superconducting cable has lead to
the development of a machine for that purpose.
This device measures average thickness, width, and
keystone angle for a wide variety of cable sizes
while under the mechanical loading anticipated in
the final coil structure. Linear dimensions can
be measured to ± .0001" and angle to ± .01 . Cable
can be measured with and without insulation.
Loading is variable up to 25 ksi. This device has
applications in epoxy free coil winding where the
cable dimensions must be well understood before
coil winding in order to predict the size of the
finished coil package. As a diagnostic device, it
has application in the cable making process to
help understand causes for subtle inconsistencies
in cable dimensions. A possible quality control
application exists. Current cable quality control
requires destructive techniques with very small
samplings, usually two samples for 5,000' of
cable. We have evaluated device performance by
repeated measurements of lengths of SSC cable.

INTRODUCTION

Cos S type coils such as those intended for
the SSC are made from multistrand keystoned
superconducting "Rutherford type" cable. (The
current SSC coil cross-section is shown in Figure
1. )> In fabricating these magnets it is essential
that the physical size of the cable be understood.
In creating a coil geometry, the magnet designer
specifies the conductor size necessary to fit the
overall design parameters. These parameters
include conductor placement and coil preload at
operational temperature. Random variations in
cable size will result in random errors in the
magnetic field harmonics. Systematic variations
in the cable size and thickness in particular
perturb the preload, that is the azimuthal
compressive force imposed on the coil via the
collars to counter magnetic forces developed
during operation. Variations in coil segments of
a few mils can change required preload by several
thousand psi and high preloads cause insulation
degradation and clamp collar distortions. Coil
fabrication techniques employing B-Stage Kapton or
Kapton/B-Stage Fiberglass insulation with the
coils molded to a given size allow some latitude
in cable size tolerances due to the plastic nature
of the insulation. There are, however, limits to
the "adjustability" of this system as the major
constituent of the coil composite is the cable.
These limits reduce as the insulation is minimized
to more efficiently use the superconductor.

•Operated by Universities Research Association,
Inc., under contract with the U. S. Department of
Energy.

Clamp
Collar

Co*l
Windings

Figure 1. Cross-Section of a SSC Design 0
Collared Coil Assembly.

The coil preload can best be controlled by
imposing tolerance limits on the cable. Current
magnet manufacturing practices utilize
measurements of the completed coil to assure that
the coils in the magnet are of uniform size so as
not to build in asymmetries in the assembled
magnet. This is accomplished by remolding the
coil after ascertaining its size following the
first molding operation, thereby making all coils
to a uniform size. Another technique is to
carefully match upper and lower coil sets using
the measurement data. In epoxy free coil designs
in which coils are clamped directly by the collars
and no molding is used direct coil measurement is
not possible. Instead the cable size must be well
enough understood to predict the coil size prior
to winding. The coils can then be matched by
selection of cable based on its measured size.

A cable measuring device was built at
Fermilab as part of a program to develop epoxy
free coils. This measurement technique clearly
can be used to ensure consistent coil sizing and
uniform wire placement in molded coils as well.
The measuring machine described here could best be
utilized in line with the cabling machine and
could allow control of cable dimension to
approximately a tenth of a mil (2.5 microns).

CABLE SIZE SPECIFICATION

Historically cable has been specified by the
number of strands it will contain, the diameter of
these strands, and helical pitch. Dimensions of
width and thickness of the thin and thick edges
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(keystone angle) define the physical size of the
cable. Tolerances are applied to these
dimensions. Such a specification is incomplete in
that consideration is not given to the fact that
the cable is a composite having a variable spring
rate. It is reasonable to expeot the cable to be
of varying size dependent on the loading
conditions applied to It. The application of
loads on cable used in cos 0 magnets are
compress!ve and normal to the plane defining the
width. It is, therefore, appropriate and
necessary for the cable specification to include a
specified load when defining dimensions.

MEASUREMENT TECHNIQUES

Traditional cable quality control has evolved
from micrometer measurements of the cable width
and edge thicknesses to the present method of
average thickness measurements obtained by
stacking a number of cable samples with
alternating keystone. While applying a specified
load the stack height is measured with the average
cable thickness assumed by dividing the stack
hei«£Ht by the number of samples. This measurement
has been standardized to have ten cable samples in
the stack. The dimension of width is still made
with a micrometer. The keystone is measured by
applying a specified load to an individual sample
through a pivotal platten. While these
measurements are an improvement to previous
techniques, they are destructive and applied only
to a very small sample of the cable, typically
obtained by cutting samples from the beginning of
a cable reel and at best by samples taken from the
beginning and end of the cable used for a coil
leaving the actual cable useH in the coil
unsampled.

CONTINUOUS MEASUREMENT DEVICE

These shortcomings stimulated the development
of a device which would enable continuous
measurement of cable. The device developed at
Fermilab was fabricated to specific criteria:

1. be capable of measuring moving cable
allowing the measurements to be made in the
cable insulating line,

2. be capable of measuring cable ranging in
width of .280" to .450",

3. have variable load capacity ranging to
20,000 psi for a .135" wide cable allowing
applied load to be selected to match the
cable specification,

it. have the measured samples loaded across 6"
of length so as not to measure the
microstructure of the cable composite,

5. have a variable delay in measurement after
applying the load to allow for creep to
occur,

6. be capable of measuring over applied
insulation without causing degradation to
the insulation should measurements over

insulation prove to be of value, and

7. be linked to a computer for data collection
and processing.

The device is illustrated in Figure 2. The
critical element of the machine is the measuring
head (Figures 3 and H). The head contains a
rotating platten fitted to a cylindrical bearing
surface. The load is transferred to the cable via
hydraulic rams acting on the rotatable platten.
Contact pressure with the cable causes the platten
to rotate and conform to the angle of the cable.
Extensions on each side of the platten amplify
this motion. LVDT's (Linear Variable Differential
Transformer) are used to measure the position of
these extensions. The LVDT's are calibrated to
solid steel gage blocks of known size and
adjustable stops are used to keep the load
centered on the cable. The LVDT's acting on the
platten extensions are used to measure the
keystone angle and average thickness relative to
the gage block. Width dimensions are made using
another LVDT which contacts a clamp bar. This
LVDT is also calibrated to the gage block. The
clamp bar uses two small pneumatic rams to force
the cable between it and the cable centering
stops. The load is sufficient to position the
cable yet light enough to allow volumetric
expansion of the cable when loaded. In operation
the sequence of events is to first activate the
pneumatic cylinder acting on the cable width clamp
bar to properly position the cable under the
measuring head. After a short time delay the
hydraulic rams are activated. The moving clamped
cable drags the measuring head along on linear
motion ball bearings. After a predetermined time
interval, the signal Voltage of the LVDT's are
read and the hydraulic and pneumatic rams are
relaxed. A constant tension spring returns the
head to its original position tripping a
microswitch and restarting the process.

The hydraulic pressure is provided by an air
over hydraulic booster. Air regulators are used
to vary cable loading and are manually adjusted.
An IBM PC is used to collect and store data. A
program converts the voltage output of the LVDT's
to cable dimensions through comparison to the gage
blocks. Clamping pressure via a hydraulic
pressure transducer and measurement position via a
footage counter are recorded as well.

MEASUREMENTS

We have measured a length of SSC inner coil
cable for tKi purpose of understanding the
operation of the machine. These measurements were
carried o»*- over a 9-day period taking
measurements at 6" intervals along 150' of cable
with the loading set at 5,000 psi on the cable.
The measurements were repeated six times on the
same sample. These six runs averaged 2 runs per
day. Each repeat measurement run sampled the
cable at the same positions along the cable as the
previous measurement run. To assure registration
the cable measuring locations were marked and
numbered on the cable. The measuring head was
then manually positioned along the stationary
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Figure 2. This figure illustrates the measuring
machine installed in the cable
insulation line.
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Figure 3. An end vi£w of cable head showing cable
during measurement.
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cable with respect to these markt. This allowed
eight measurements to be made before the cable had
to be advanced. To discount any influence on the
measurements which could arise from the measuring
pattern the fifth and sixth runs were offset, that
is, at the start of run #5, four measurements ware
made and the cable advanced returning to the
normal pattern of eight measurements per cable
advance for the remainder of the run. Prior to
and following each run, steel calibration blocks
were measured to detect any drift in the
measurements. These blocks were used initially to
calibrate the measurements of the LVDT's. Two
block3 were used. The first is of a rectangular
cross-section (used for calibration); the second
block is made to a cross-section matching the
specified dimensions of the cable being measured.
The second block is used to cross-check the
calibration.

RESULTS

The composite structure of the cable, unlike
the soltd steel gage blocks,becomes apparent in
the cable measurements. After the first
measurement run, subsequent measurements indicated
a systematic reduction of all dimensions. The
results of six measurement runs on one piece of
cable are shown in Figures 5, 6, and 7 which plot
the differences of each run from the average value
for all six for each of the measurement points
100-125 (12.5 feet of cable). The figures clearly
show yielding of the cable with each successive
run.

To evaluate measuring machine performance
without systematics due to this yieiding or
measuring head calibration shifts, each of the six
runs was offset by the angle, width, and thickness
averaged over the entire length of measured cable
for that run. For each point on the cable, the
deviation of the six measurements from the average
for that point was calculated. The rms widths of
these deviations are given in-Table 1 and can be
considered a good measure of the accuracy of the
head when used to measure composite cable. Also
shown in Table 1 are the rms deviations of
successive measurements made on the solid gage
blocks over a short period of time.

The data in Figures 5, 6, and 7 suggest that
an operational definition 3hould be applied when
measuring cable closely correlated to the end use
of the cable, that is, the magnet coils. Such a
definition could define the application of the
load to the sample being measured. For example,
the cable could be first loaded as anticipated in
the coil molding process, relaxed, and then loaded
again to the expected collar load with
measurements recorded at that time. This issue is
secondary to the primary use of the machine which
is to measure cable. The results in Table 1
clearly indicate the capability of the machine to
do that quite respectably.

Figure H. Isometric illustration of the measuring
head with the load ram and guides
removed for clarity.
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Table 1

RMS Drrlitlom from Av«ra«« V«lu«»

An|l«

Width

Av*r*|«
Thicknua

Calibration Black

± .001°

± .01 alls

± .02 alii

C*bl«
/Syicuacici\
V Raiov.d /

t .01°

± .04 B i l l

± . 0 2 a i l *

IOS.OO : i o . o o
PQ'.NT NO.

120.00

Figure 5. Cable Keystone Angle.
Plotted is the difference between each of six
measurement runs on the same cable and the average
for all six runs. The 25 points shown
(100.00-125.00) represent 12.5' of cable.

'100.00

Figure 7. Cable Average Thickness
Plotted is the difference between each of aix
measurement runs on the same cable and the average
for all six runs. The 25 points shown
(100.00-125.00) represent 12.5' of cable.

APPLICATION

Application of this device can be considered
for Q.C. of cable by the user. It has similar, if
not superior value, to the cable manufacturer. In
order to produce cable consistently to a high
degree of accuracy, the cable size should be
monitored on a continual basis. Subtle changes in
cable dimensions could be observed and adjustments
made immediately. As a diagnostic tool, it has
potential for helping sort out causes of cable
variations and help focus in on areas needing
improvement.
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Figure 6. Cable Width.
Plotted is the difference between each of six
measurement runs on the same cable and the average
for all six runs. The 25 points shown
(100.00-125.00) represent 12.5' of cable.
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DISCUSSION ON MEASUREMENTS ON SUPERCONDUCTORS

C. R. Walters
Rutherford Appleton Laboratory

Chilton, Didcot, Oxon

Abstract. - The accelerator community has not
yet given serious thought to International
standardization of data and measurements on
superconductors although there was a general
feeling that it would be useful. It will
however require a significant co-ordinated
effort if a contribution is to be made in this
area. The discussion centred mostly around
critical current measurements with the criteria
to be used, either resistivity or electric field
proving particularly controversial. The
n-value is now considered essential data and the
critical current should be measured at 10jjV/m or
-14

10 fita.

INTRODUCTION

The discussion revealed a need for
consistent data in a number of areas. It was
clear that methods of making measurements and
defining parameters had been initiated at a
number of different laboratories participating
in superconductivity research and development
but until recently with the VAMMAS initiative
and the efforts at NBS there has been little
attempt at standardization in the technology.
Indeed there were some indications in the
discussion that standards were regarded with
secondary importance compared to the need to
maintain units and methods with which the
accelerator community had become familier over
the years. If this attitude persists and we
are not prepared to discuss our ideas
international standards will eventually be
defined and imposed from outside. It is even
possible that we are happy for this important
work to be undertaken elsewhere and will comply
with the results in due course. If however as
initiators in the technology we wish to have an
input into this process we must first define our
requirements) taking due account of any possible
wider implications and obtain agreement among
ourselves and it is clear that this will require
a centrally organised co-ordinated effort.

AREAS OF MEASUREMENT DISCUSSED

The discussion centred mostly around
measurement of critical current and current
density. Apart from the actual criteria to be
used, which is discussed in Section 3, the
following points were made:-

1. Clear accurate data is required for:-
a) Specifying conductors and quality

control.
b) Conductor development.

2. Conductor current is usually required for
la and current density for lb. Great care
is required in the determination of

accurate section areas and the problem is

particularly difficult in the case of Nb-Sn

conductors where barriers are used.

3. The n-value is essential data so that
current measurements at two voltage levels
must be supplied.

4. 'Critical current' is often quoted at
lOOuV/m (1.0uV/cm);this is too high, it
should be standardized at lOuV/m which is

roughly equivalent to 10~ Km.

5. Round robin measurements worldwide indicate
that field and current calibrations agree
within 1-2% which was regarded as
satisfactory for specification and quality

control but J is open to wide error and

Nb,Sn measurements are not yet good enough.

6. The conditions for measurements on high
current conductors are not sufficiently
defined,particularly with regard to placing
of voltage taps, thermal environment and the
self field effect, which was addressed by
Sampson in this workshop.

7. Data on strain sensitivity is required and
also on ac loss,.

The general subject of standardization was
brought up from time to time but working out
requirements and obtaining agreements will
require a significant amount of effort so
that subject was hardly scratched in the
time allotted to the discussion.

CRITICAL CURRENT AND CURRENT DENSITY

The choice whether to use electric field or
resistivity as a standard to define the current
carrying performance of a superconductor proved
to be very controversial.

A main argument for the adoption of
resistivity was that it related to the
performance levels of conductors when they were
included in magnet windings and also made
automatic correction for size related behaviour
in short sample tests. Specifically, larger
conductors tend to quench at voltage levels which
were lower than those normally specified for
measurement. A further argument for resistivity
was the familiarity brought about by its use for
many years. In countering the first argument it
was pointed out that the electric field could be
set at a level which was appropriate to behaviour
in magnet windings. Also since the prime
purpose of physical measurements and data is to
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promote understanding, a criterion which
partially obscures a major effect is
counterproductive. It was also pointed out that
the resistive criterion referred to composite
area, as it often is, is inconsistent since the
apparent performance of the actual
superconducting filaments appears to vary
significantly with matrix ratio. This can be
seen as follows:-

Taking resistivity referred to total area,
the current at resistivity p in a sample of
length &, section area A, matrix ratio M and

superconductor area Ao

at a voltage:-

V - I.pA/A

- (I/Asc)p£/(1+M)

«.JpA/(l+M)

is the measured current

(1)

Thus for a given superconducting material,
J is fixed but V reduces as M increases, for
example extra copper could be plated on the
outside of a previously measured composite and
in this case the measured current would be lower
than before.

The empirical relationship between current
and voltage is usually taken to be contained in

the equation p/p - (I/I )nJ this is very nearly

the same as V/V (1/1/ (2)

(The two n's only differ by unity anyway.)

Combining equations (1) and (2) to compare
currents in composites with the same amount of

superconductor but with ratios Mj and H^ the %

difference will be:-

(A I/I). 100 ,1/n - 1J.100 (3)

As the superconductor in the composite is
unchanged its performance must be the same so
that this equation gives the error associated
with taking resistivity referred to total area.
In graph 1 the error is plotted against n-value
with matrix ratios which are common in
production conductors. For example a standard
MRI magnet conductor has a ratio of 7.5 : 1 and
0.75 : 1 is common in superconducting switches.
Even these ranges are not complete, research
conductors have been made with ratios of 0.1 : 1
and 0.5 : 1 is not uncommon. At the other
extreme customers occasionally require critical
current measurements on cryogenically stabilized
conductors in which the copper may have been
soldered on and with ratios of 16 : 1 or more.

In physical measurements generally a

definition which inherently leads to differences
of even lit is unacceptable. From Graph 1 the
differences can be seen to be far larger than
this if resistivity is referred to total area!
this is therefore not acceptable as a universal
criterion.

15

10

Error
M,cfM2

M, I M 2 matrix ratios

075- 75

0-75—3

10-20

25 50 75
n value

Figure 1. The difference (error) in the
apparent current carrying capacity of
a fixed amount of superconductor when
it is included in different
composites with matrix ratios M, and
M« brought about by defining critical
current as the current measured at a
level of resistivity referred to total
composite area.

If superconductor current carrying capacity
is defined using resistivity referred to
superconductor area the choice between it and
electric field is less obvious and there is a

simple correlation (pi/A „) • V - E/A, between

them. However if, for example, A-, is

erroneously assumed to K> frailer than it
actually is, the measured current will be larger

than expected not only because /!„„ is actually

larger but also because, from equation 1 with M »
0, the voltage at which I is measured is larger
than it should be, this additional error is
eliminated if electric field is specified. Also
if detailed comparisons, are to be made between
conductors, section geometries must be accurately
measured whichever criterion is used but such
data are not required at the time of critical
current measurement if the electric field
criterion is used. This means that the
measuring laboratory can guarantee the accuracy
of the critical current data if produces.
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The extra work required to determine
geometries can be performed elsewhere, by the
manufacturer for instance, in which CBB*
responsibility for its accuracy rssts with him.
It could also of courst bs performed on request
at extra cost at the measuring laboratory. In
this case it would be included as a separate item
on the data sheet with its own estimated errors.

Also on a practical level the resistivity
measurement is somewhat more sophisticated than
that associated with electric field. In the
absence of a computer controlled test rig it
cannot easily be performed without an x-y
plotterJ furthermore,calculations are required
for each measurement. Using electric field the
current is simply increased until the required
voltage is obtained, it may then be adjusted a
few seconds later when inductive voltages die
out] finally both current and voltage can be
read very accurately from digital displays.
This procedure is fast and leaves little margin
for error.

From a theoretical point of view the
relationship between Lorentz force and pinning
strength which leads to flux flow models for the
grossly non-linear superconductor transition, is
probably more readily appreciated in terms of
electric field rather than resistivity which is
a constant (excluding temperature effects) in a
linear equation relating to the behaviour of
normal conductors. As previously noted both
criteria can be set at a level which is
representative of quench current in a winding.

In conclusion, if a resistivity criterion
is to be used generally to specify levels of
current in superconductors it must be referred
to superconductor area. Even when this is done
it is unnecessarily complicated compared to the
electric field. Also there is always a
possibility of confusion as has existed in the
past since there are several possibilities about
which area to use: total composite, super-
conductor or in the case of Nb.Sn,filament or

filament plus bronze; Furthermore the
resistivity criterion v-robably has less physical
significance, n-values are usually required in
either case but whereas matrix ratios are always
necessary for resistivity measurements, with
electric field measurements they can be included
separately, as required, in an associated data
list along with items such as other conductor
geometry, number of filaments, matrix
resistances, etcetera, which again may be
provided in either case. Therefore, although
there was no conclusion at the discussion, there
is a good case for pursuing the universal
adoption of electric field to specify levels of
current in superconductors.
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MAGNET FIELD QUALITY REQUIREMENTS FOR THE SSC*

A. M. Chao .
Superconducting Super Collider, URA Design Center

c/o Lawrence Berkeley Laboratory
Berkeley, California 94720

Abstract. - The question of magnet field
quality can be asked 1n two ways. The direct
way 1s to start with a magnet design, find out
the field uniformity that 1s achieved by the
design and then ask 1f the beam can take the
achieved field uniformity. The question can
also be asked in a reversed way. One then
starts with the fact that the beam needs a
"good field region" (GFR) for U s stable
operation. The GFR requirement translates Into
tolerances of field non-un1 fortuity and one then
asks if the magnets can make such tolerances.
In this paper, we will address the reverse
question and will use the SSC design, as
presently conceived,1 as example.

HOW MUCH GOOD FIELD REGION
DOES THE BEAM NEED?

Good field region 1s the region occupied by
the beam during routine operations, For the
SSC, Its requirement comes from three sources:
(a) the beam has a finite size, (b) the beam 1s
allowed to have a closed-orbit deviation from
magnet center, and (c) the beam might be in-
jected with errors. The needed GFR 1s esti-
mated to be 5 mm radius, I.e. the dipole magnet
roust provide uniform field in a region within 5
mm from the magnet center. It turns out that
each of the three sources contributes about 1/3
to the GFR requirement for the SSC. The
situation is illustrated in Fig. 1.

Needed GFR

(a) Beam size
(b) Orbit deviation
(c) Injection error

Figure 1. Good field region requirements
for the SSC dipole magnet.

* SSC-75
t Operated by Universities Research Association

for the Department of Energy

HOW UNIFORM THE FIELD HAS TO BE IN
THE GFR? (RANDOM ERRORS)

This question will be asked twice 1n this
paper, first concerning random field multipole
errors in this section, and then again later
concerning the systematic field errors. As we
will see, random and systematic field errors
have qualitatively different effects on particle
motion and the field quality tolerance depends
on whether the errors are random or systematic
from magnet to magnet.

Magnet errors can be described by the
multipole error coefficients an and bn by

By + 1BX Bo E (bn + 1an)(x
n«0

(1)

where x and y are the horizontal and vertical
deviation from magnet center. Ideally, all
coefficients vanish except for b 0 « 1. In
reality, GFR 1s limited by the non-vanishing
coefficients an and bn.

In perfectly uniform field, particle
motions in x and y are purely sinusoidal, as
sketched in Fig. 2(a). The number of x and
y-oscinations made by a particle as It makes
one revolution around the accelerator are
called the horizontal and vertical tunes vx
and vy.

When random an and bn are Included,
particle motion deviates from being purely
sinusoidal in a manner Illustrated (exag-
gerated) in Fig. 2(b). The deviation can be
quantified in several ways. In particle
tracking studies, 1t Is most conveniently
quantified by the "smear11 parameter.1 In
perturbation theory, one uses "distortion
functions".2 In the Lie algebraic approach,
one can use the polynomials that describe the
nonlinear mapping.3 All these approaches
give similar numerical results. In the
following, we will use the "smear" language.
For the SSC, the GFR due to random an and
bn 1s specified by the condition

smear < 10% (2)
Close to the magnet center, the field is

dominated by the uniform field; smear is approx-
imately zero. As one deviates from the magnet
center, the smear Increases. GFR Is determined
as 10% smear, calculated by tracking studies,
1s reached. Outside the GFR, the smear > 10%.
This 1s illustrated In Fig. 3.
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(a)

(b)

Actual

Sinusoidal-

Actual

(C) /

Actual

^ —

Ideal

Figure 2. Qualitative differences among
particle motions in
(a) perfectly uniform field,
(b) field with random field

multipoles errors, and
(c) field with systematic

multipole field errors.

Smear = 10%

Smear

Outside GFR
Smear > 10%

Figure 3. Smear as function of deviation
from magnet center. Boundary of
the GFR 1s determined by the con-
dition that smear = 10%.

ESTIMATE OF GFR, GIVEN
RANDOM FIELD ERROR SPECIFICATIONS

Given specifications on the random an and
bn, extensive studies generally are needed to
obtain the GFR. Quick estimate of the GFR,
however, is possible if only a rough answer is
asked for.

If th§ higher multipolt trrors art suffi-
ciently snail, sonar Is doninattd by tht skew
sextupole and stxtupolt trrors a^and bjr 1n
the region of Interest. In fact, the quick
estimate to be given below relates smear with
magnet errors only through the quantity a?2 +
b22.

In addition to the magnet multipoles, smear
also depends on the accelerator lattice design,
especially on the design of the unit cell that
makes up the bulk of the lattice. For a given
phase advance per cell (taken to be 60* below),
the parameter that specifies the unit cell 1s
Its length L. So smear depends on L.

Guided by the perturbation theory, a semi-
empirical fit of smear for the SSC, in the
neighborhood of the parameter space of Interest,
is*

2J/2 u-l/2 ,1.35smear = 0.09 L(a2
c + b 2 ' ) " ' M b " ' A (3)

where L is 1n meters, and are 1n 10~*cm~2,
A is the deviation from magnet center in mm, N h

the
2

is the total number of dipole magnets 1
accelerator. Take L « 192 m, (aj + bg )
= 2.3xlO~4cm~2 [corresponding to a design
with inner coll diameter of dc = 4 cm] and
ND - 4000 for the SSC.l the smear = 10X
condition 1s reached at A * 5.5 mm.

This GFR of 5.5 mm, achieved by a dc « 4 cm
magnet design, 1s more than the needed 5 mm.
It seems one can conclude that the magnet design
has provided the needed GFR and 1s thus accept-
able. However, although this turns out to be
true, there is a complication to be discussed
next.

MAGNET SORTING

Even when the rms specifications of all
an and bn are given, smear still depends on
their exact arrangement in the accelerator lat-
tice. A given set of 4000 magnets arranged in
different sequence will give a different smear.
Equation (3) gives only the average smear; the
actual smear for a specific arrangement has a
spread around the average. Taking this Into
consideration, the achieved GFR for the SSC is
actually1

A = (5.5 ± 1.3) mm (4)

which is not acceptable because there is now a
finite chance that the actual GFR is less than
the needed 5 mm.

The dependence of GFR on magnet arrangement
can be used to our favor. By measuring magnets
in batches of 60 and by artificially arranging
the order of the magnets in each batch in a
favorable way, one always samples the upper end
of the spread in equation (4). This process 1s
called magnet sorting. The sorting method Is
not unique but a simple method has been used to
give1

- 172 -



A - (8.9 1 2.0) mm (5)

This GFR 1s about 2 x sigma above the needed S
mm and 1s believed to give the heeded GFR with
sufficient confidence level. Sorting 1s
extremely helpful 1n reducing the effect of
random field errors.

THE DYNAHIC APERTURE

So far, the GFR defined has been called the
"linear aperture" technically. It represents a
prime region for routine beam operations. In
addition to the linear aperture, 1t 1s also
Important to consider a region of lesser quality
for non-routine operations such as beam diag-
nosis, abort, beam Injection tuning, etc. This
lesser region is called the "dynamic aperture".

Although the linear aperture requirement
restricts mainly the lower multipoles, the
dynamic aperture does depend on the higher
multipoles and 1s more relevant 1n setting
their tolerances. Table I shows the specifi-
cations of the rms of the random multipoles for
the SSC dipoles.5

Table I

Specifications of multipole field error
tolerances for the SSC d1p,ole magnet. The
rms specifications are given for the random
field errors. The units are [an] = [bn] «
1 0 * «

al
a2
a3
a4
a6
a7
a8

bl
b2
l>3
b4

*>6
"7
bn

Random

0.7
0.6
0.7
0.2
0.2
0.1
0.2
0.1

0.7
2.0
0.3
0.7
0.1
0.2
0.2
0.1

Systematic

0.2
0.1
0.2
0.2

-
-
-
-

0.2
1.0
0.1
0.2
0.02
0.04
0.06
0.1

Table I is consistent with the field errors
presently expected of a dc = 4 cm design.6

The table 1s not rigid in the sense that trade-
offs are still possible between higher multi-
poles and between a2 and b2. One can also
trade off tolerance specifications with the
various correction schemes outside the dipole
magnets. One should note however that trade-
off between random and systematic errors 1s not
allowed.

With the random multipoles given in Table I,
both the GFR and the dynamic aperture arc accept-
able. The geometry of the aparturt situation 1s
Illustrated in F1g. 4.

Superconducting coils- Vacuum chamber

Figure 4. The relative positions and sizes
of the superconducting coll pack-
ages, the vacuum chamber, and the
linear and dynamic apertures. The
SSC design has dc/2 - 2 cm,
b * 1.65 cm, AD - (1.2 ± 0.15) cm
and A|_ * (0.89 t 0.2) cm.

HOW UNIFORM THE FIELD HAS TO BE LH-
THE GFR? (SYSTEMATIC ERRORS)

As mentioned, the effect of systematic
field errors on particle motion 1s qualita-
tively different from that of random field
errors. The systematic an and bn errors give
negligible "smear" but does produce sizable
"tune shift". The effect (exaggerated) 1s
sketched in Fig. 2(c). The particle motion Is
still basically sinusoidal but the oscillation
wavelength has changed.

For the SSC, the GFR requires that the tune
shift An satisfies the condition

< 0.005 (6)

or equivalently, v has to be controlled to the
level Av/v < 0.6xl0~5 since v 1s about 80.

The tune shift due to systematic multipoles
can be calculated analytically or numerically.1

The tolerances obtained by imposing the condi-
tion (6) are given In Table I. The tolerances
on a-| and b-j assumes the use of skew quadru-
pole and quadrupole windings in the secondary
and primary correction packages outside the
magnets. The tolerances on a2, a$ and a4
assume the horizontal and vertical tunes are
separated by an integer.7 The tolerances on
b2, b3 and b4 assume the use of beam tube
corrector windings, which are discussed next.
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BEAN TUBE WINDINGS (BTW)

The BTWs art actually capable of removing
systematic b2, b$ and b4 errors that are
larger than those listed 1n Table I. For
example, assuming S ym superconducting fila-
ments, it 1s estimated6 that the persistent
current at Injection field gives systematic
b 2 - -4.7xl<r*ciir

2 and b4 - O.SxlO^cm-
4.

The BTWs are capable of correcting for those
errors, plus those listed as tolerances 1n
Table I.

The magnet design needs to be such that the
systematic errors a n known sufficiently accu-
rately on absolute scales so that the BTWs can
be pre-set to desired values before the beam
operation starts. The accuracy needed 1s some-
what flexible but at present 1s set to be
±0.5xl0-*ciir2 for b2 and ±0.1xl0-4cnr4 for b4.

The TBW settings are adjustable during
operation from the control room. The accele-
rator operators will empirically adjust these
settings to reach a final level of systematic
field errors of +0.008xl0~4ciir2 for b;> and
lO.OZxlO-^cm""4 for b4. which means the final
magnet field accuracy Is of the order 10~6.
Although this level of absolute accuracy 1s not
required of the magnet design, 1t 1s required
that the magnet field be held steady at the
10~6 ievei during hours of operation.

The tolerance on the systematic field
errors can be relaxed by finer filaments or
tighter lattice cell design. Trade-offs 1n
these directions are possible subjects to
study. One may also consider raising the
Injection energy to relax the effect, or to
take advantage of having the BTWs and consider
lowering the Injection energy.

Several alternatives of BTW designs are
possible. In particular, windings of the
different multipoles may or may not overlap.
The windings are thus either multi-layered or
single-layered. The presently conceived design
has single-layered windings, with b2> b3 and
b 4 windings occupying different parts of the
tube 1n each magnet.5 Since b2 1s the strongest
corrector, its winding 1s preferably located
from the end to the center of the magnet,
taking advantage of the symmetry of lattice
functions. It seems that the similar prefer-
ence on the b3 and b4 windings is not
severe since these are weaker windings. Their
lengths and relative, positions in a magnet can
be determined by convenience. The possibility
that one can also provide the functions of the
cell quadrupoles and chromaticity sextupoles 1n
the BTW package has not been Included at
present.

SUMMARY

(a) An aperture evaluation algorithm exists
for the SSC; More studies, both theo-
retical and experimental, are under
way to sharpen up the algorithm.

(b) Application of the algorithm has gene-
rated a self-consistent set of magnet
parameters for the SSC. Evolution of
these results 1n terms of making
various trade-offs 1s expected to
continue.
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REDUCTION OF IRON SATURATION IN COSINE THETA DIPOLES

G. Morgan
Brookhaven National Laboratory

Upton, N.V. 11973

INTRODUCTION

It is possible to reduce or eliminate iron
saturation effects in high field cosine theta
dipoles by putting a large gap between the coil
and the iron, but part or most of the field added
by the iron will be lost. With a small gap be-
tween coil and iron and with sufficient iron on
the midplane, iron saturation always occurs first
at the poles. Thus to delay saturation onset, it
may be sufficient to remove iron near the poles.

The RHIC dipole as presently designed is an
ideal candidate for a study of possible improve-
ment, since it attains a quench field greater than
4.5 T and has a small gap, about 5 mm, between
coil and iron. The coil designed for it,(D which
has 4 blocks of 16, 9, 6 and 3 turns, respec-
tively, is close to perfect at low field, as shown
in Table 1.

Table 1
™ Harmonic Content of the RHIC Coil at °° mu, 10~* BQ

radius
25 ran
32 ran

radius
25 ran
32 ran

b2

.08

.14

b12

-.05
-1.00

b4
0.
0.

"17
-.11

-3.62

b6
0.
0.

b16
-.13
6.60

b8
0.
0.

b18
.08

6.93

b10
.02
.22

At infinite mu, the algebraic sum of the harmonics
at 32 ran given in Table 1 is vT3.78, which is close
to the desired valued) of 2.

The iron contributes substantial sextupole
and decapole at both intermediate and high
Eields'3) ag shown in Table 2. The moderately
large b2 at 3.44 T can be nulled to first
approximation by external trim sextupoles, and the

and bg terms add algebraically to 0.1 at r - 32
i. The possible benefits of a shaped iron

aperture may arise at higher fields, where b^ and
bg don't cancel and b2 requires substantial correc-
tion.

B0»T
I,kA

TF,T/kA
b2

b4
b6

Table
Harmonics at 25

0
0
0
0

"U

.805

.09

.0

.0

0.141
0.177
0.798

-20.
-0.4
-0.1

2
mm, 10

0.395
0.496
0.798
0.

-0.4
-0.1

3.44
4.37
0.780
7.2
0.7

-0.4

4.
5.
0.
20.
-1.
-0.

10
39
749

2
5

The aperture chosen for study has a 3 mm gap
between coil and iron at the raidplane rather than
5 in order to get a larger iron benefit.

In a preliminary report,(4) it was shown that
a basic elliptical aperture with a half height
about 5 ran greater than the aidplane half-width of
52.84 mm reduces the b 2 shift due to iron satura-
tion at 4.1 T to essentially zero.. The ellipse in-
troduces at low field, a-large b 2 and a smaller b^
term which must be compensated for by a matching
coil design. The combination of new coil and el-
liptical aperture has a b^ saturation shift larger
than the original circular design, and to compen-
sate for this shift, the ellipse is perturbed by
a bump at 54 degrees of maximum height -0.9 mm.
This perturbed ellipse plus a new matching 'coil
has essentially zero shift in both b 2 and b/; due
to saturation, but has a bg saturation shift
larger than in the original circular design.

The present,paper shows that the bg shift can
be controlled by an additional bump at 64.3 de-
gree. As might be anticipated, the resulting
aperture plus matching coil introduces a bg shift,
but continuing the trend that each new higher har-
monic shift introduced was smaller than the
preceeding, the b3 shift introduced is small
enough to be tolerated. Another difference be-
tween the present work and the earlier is that
sharper bumps are used.

Procedure

It is a supposition that the perturbation
should be placed precisely at th? harmonic pole po-
sitions nearest the fundamental pole, which in a
dipole magnet are given by eq. 1.

en - TT (l/2 - l/(n+l)), n - 2, 4, 6, — (1)

What one would like to achieve by choice of the
perturbations is complete separation of the satura-
tion effects, i.e., a bump at 90 degree (the el-
lipse elongation) would change only the sextupole
saturation shift, and the one at 54 degree would
change only the decapole saturation shift, etc.

An alternative method of looking at the prob-
lem is to assume that an aperture shape with
matching coil exists which has the property that
it provides a pure dipole field at low field and
at the highest field prior to midplane iron satura-
tion becoming the predominant influence on field
shape. With this viewpoint, the perturbations can
be regarded as a set of basis functions which can
be used in a variational process. Use of an arbi-
trary set of orthogonal functions for basis func-
tions may require evaluation of the effects of a
large number of perturbations and it appears that
the more general approach can be bypassed by the
use of the perturbations mentioned above.
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The form for the perturbation used in the
earlier report* consists of an ellipse for the
sextupole and a bump normal to the ellipse with
magnitude proportional to 6l«225 aj.n2 26 for the
decapole. The mathematical form'used for the
bumps should have zero magnitude and slope at 6 •
0 and 6 » it/2 and should have peak magnitude at
the angles given by eq, (1). A more general form
which satisfies these requirements is given by eq.
(2),

A G eks in I B2e , m
n n

2 0 _ . _ _

with k in (2) satisfying eq. (3),

-2 m 6 ctn 2 6
n n

(2)

(3)

where 6 n in eq. (3) is given by eq. (1). Gn is a
normalizing constant such that A^ is the peak am-
plitude of the bump. This form has one bump in
the quadrant. All of the harmonics have more than
one pole in the quadrant, i.e. b 2 at 30 degree, b^
at 18 degree and bg at 38.6 degree. The latter,
in particular, may be close enough to the pole to
be affected by saturation. However, it is not ob-
vious whether a bump there should be of the same
sign as the one at 64.3 degree or more generally,
what the magnitude of it should be compared to the
pole-most bump. If these additional bumps are in-
dependent of the pole-most bump, a more powerful
minimization process, such as MINUIT must be used,
rather than the Newton-Raphson process actually
used, since the number of independent variables is
greater than the number of parameters being
optimized. The form of eq. (2) cannot be used for
bumps at angles less than 45 degrees, because k of
eq. (3) is then negative, giving infinity in D n at
6 - 0.

One additional form for the b^ bump was stud-
ied. Equation (4) is an ellipse if n - 2, and
closely resembles an ellipse if n is close to 2.
For n - 1.9

(x/a)n + (y/b)n (4)

there is a bump peaked at about 49 degrees of am-
plitude -1 mm if a - 5.284 cm and b - 5.784, typi-
cal values for the RHIC aperture. Forty-nine de-
grees is close enough to 54 that this form, termed
"2+6", is suitable for a b4 bump.

Three forms were studied in detail for use as
b4 bumps: sin2 20, sin* 26 and "2+6". The b^
shift due to saturation at 4.1 T is denoted by
Ab4, and the change in Ab4 due to a bump is
denoted by Azb4» A typical ellipse was modified
by a -1 •» bump caused by each of the three forms
and the harmonic shifts obtained. In all cases,
the aperture was used with a matching coil which
at low field results in all b^, i < 18 being less
than .05 at 2.5 cm radius. The A2b4 for the three
fonts are 2.81, 3.32 and 2.18, respectively for a

1 mm buap. Thus the sin*26 form gives the largest
b4 saturation shift per mm of bump. Each bump
alio introduce* saturation shifts ?.n the other har-
monics. Table 3 gives A2b£, i « 2, 6 and 8,
normalized to Azb4«

Table 3

bump type
sin226
sin*29
2 + 6

A 2 b 2

•• »68
-1.07
-1.33

A2b6

- .15
- .11
- .14

A2b8

- .011
-.021
-.0046

The data of Table 3 shows that A2bg i s a minis
for the 8111*26 bump but that the sin*26 bump has
the largest A2b8- The 2 + 6 bump causes the least
A2bg, and only 27Z more A2b$ than the sin*26 form.
I t thus appears that the 2 + 6 form i s the best .
Unfortunately, the 2 + 6 form gives the least A2b4
per mm of bump. I t was i n i t i a l l y tried with 6 •
- .39 (n - 1.61 in eq. ( 4 ) ) , and the roughly -4 mm
bump was too close to the co i l (sbout 1/2 mm) for
practical construction, so this form was dropped.
Of the two remaining, the sin*26 form i s more sui t -
able, since i t requires the smallest bump and has
the least A2bg.

Two forms, sin226 and sin*20, were studied for
Abg correction. The A2bg obtained were .29 and
.36 per mm, respect ively . The effects on the
other A2b£, normalized to A2b6,are given in Table
4.

Table 4

bump type
sin2 20
sin429

A 2b 2

-1.17
-1.75

4

-11.8
-3.06

8

-.10
-.11

The sin*26 bump gives the lesser A2b4 and about
the same A 2b 8. Possibly a sinn26 with n > 4 would
be better, but none were tried.

To find the proper aperture shape, a set of
three linear equations in the three unknown bump
sizes must be solved. Since the saturation shifts
are not strictly linear in bump size, more than
one iteration may be required. The first itera-
tion is to pick an approximate ellipse elongation
or bump. The perturbation matrix does not have to
be obtained using coils exactly matched to the
aperture, as was done for Table 3 and 4; an inaccu-
rate matrix may increase the number of iterations
required.

Results

In the present case, the first iteration was
to pick a 5.4 mm ellipse bump. Perturbation of
this ellipse gave the following set of linear equay
tions (e, A and B denote the b2, b4 and bg bumps).

1

2
4
6

e
-8.6

.2

.085

A
4.20

-3.48
.37

B
1.24

-2.28
.70

-Abi
-5.43
2.85

.53
(5)
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The Abj are the saturation shifts of the e -
5.4 mm ellipse. The second iteration reduced the
Abj to -1.78, -.23 and .27, and the third itera-
tion to 0.22, .02 and -.06, with Ab8 • -.27 (not
controlled). The resulting configuration, termed
"EL5H", has e, A and B equal to 4.7, -1.87 and
1.446 am, respectively.

Obtaining a matching coil with integer turns
and 4 blocks for EL5H was not easy. The bent
found, termed "I", was a 16, 9, 7, 4 turns per
block configuration.

Table 7

5.
The dimensions of coil "I" are given in Table

Turns

16
9
7
4

Table 5

Theta Start

.14
28.7666
48.1564
68.2134

Theta End

26.5344
43.8666
59.9008
74.9245

The coil inner and outer radii are the same as the
reference design coil."' The estimated harmonic
content of the EL5H/I combination at low field and
25 mm radius is given in Table 6.

Table 6

i
b.

2
-1.6

4
-.25

6
-.58

8
.03

10
.07

12
-.20

14
.06

These harmonics are not bad, but they do not
satisfy the AB/B » 2 x 10"4 at 3.2 cm
requirement^) stated at the beginning, mainly be-
cause of the bg term (the b2 term is compensated
for by external sextupole magnets)'.

It -was pointed out in the previous paper™ '
that small amounts of t>£ due to the integer turn
constraint can be eliminated by small changes in
e, A and B, without greatly changing the satura-
tion shifts. The matrix for doing so is obtained
from the shift due to an added bump at low field.
For the EL5H/I iron-coil configuration, the appro-
priate set of linear equations is (6):

B,T

.382
3.29
4.13

32mm
.382

B,T

.382
3.29
4.13

32mm
.382

b2

-.10
-1.74
-1.36

-.17

b10

.06

.06

.07

.70

"4

-.15
.17

-.02

-.39

b12

-.20
-.20
-.20

-3.84

"6

.12

.13
-.17

.51

b u

.07

.07

.07

2.19

»>8

-.08
-.12

-.28

-.54

bl6

-.15

-.15
-.16

-7.90

The final row ir. Table 7 is the low-field bj
computed at 32 mm radius instead of 25, for compar-
ison with Table 1. The algebraic sum of the har-
monics (at 32 mm radius (omitting b2)) is -5.02, al-
most as good as the reference design value of
-3.78. Of course, harmonics higher than b^g nay
be present. The values of the harmonics bjQ
through bjg given in Table 7 are identical to
those for the "I" coil computed with °° y iron
with a circular aperture by the analytic program
used for coil design.

At 4.13 Ti the useful aperture would appear
to be about 30 mm, where the algebraic sum of the
harmonics, thru bis excluding b2 i* -3.83.

It should be noted that MDP computes the
field on the assumption that the coils are con-
stant current density, but in fact, the current
density varies more nearly as 1/r. An
approximation to the 1/r variation can be achieved
by subdividing the radial sector blocks radially,
with equal current in each radial step. Only a
few radial subdivisions are needed, five were
used. The result is a change in the low field b 2

(2.5 cm) of Table 6 from -.10 to -1.45, a change
in b^ from -.15 to + .01, a change in bg fro« .12
to .14, and a change in the transfer function from
8.135G/A to 8.142. All higher harmonics were
unchanged. Figure 1 shows one quadrant of EL5I
with the subdivided "I" coil.

1

2
4
6

e
18.615

.575

.005

A
-8.56
9.08
-.55

B
6.76
5.4
-1.48

-bi
1.6
.25
.58

(6)

The solution of this set is Ae « .406, AA •
-.300 and AB » -.502, siving 5.106, -1.57 and .944
for e, A and B, respectively. This new iron con-
figuration, termed "EL5I" was run with the "I"
coil giving the harmonics at 25 mm listed in Table
7.

Besides b2> the largest saturation shift is
in bg; Abg » -.29, compared to -.06 for EL5H from
which EL.5I was derived. Fortunately, bg starts
off positive, so :f's magnitude is always small.

A procedure is presented for systematically
perturbing the circular iron aperture of a
cosine-theta c/ipole in such a way as to postpone
saturation effects up to the point where insuffi-
cient iron is present on the midplane. The
resulting configuration has little loss in field
compared to the alternate procedure of putting a
large annului) between the coils and the iron. The
necessary saturable iron program used was MDP, but
the procedure could be performed with any program.
The perturbation functions used to nodify the iron
shape provide gooi separation of effects so that
only- one perturbation per harmonic is needed, thus
minimizing the amount of computation required.
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A coil and aperture configuration with low-
field harmonic content approaching the stringent
$HJC requirement! if presented which require* no
b^ or higher order correction coila up to A.I T,
with a good field aperture at low field of 32 ran
and at 4.1 T, 30 ran. The b2 correction required
i* largest at an intermediate field, and hat a max-
imum amplitude of about: -3.2. The transfer func-
tion of the configuration is about 2% higher than
that of the reference design.

e.ooe.ee i.9e 3,ee s.?o 7.68 9,50 11.40 13.30
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FIELD CALCULATION ON A STRAND LEVEL FOR DESIGNING FUTURE MAGNETS OF A SMALL APERTURE
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Abstract. - The shell type winding has first been
utilized for the Tevatron magnets at Fermilab. The
simplicity of this winding structure has made it
possible to facilitate the winding procedure and
to readily control the field quality. The
structure is applied to the future accelerator
magnets of a smaller aperture in this study. Since
the current distribution becomes non-uniform in
such magnets, the magnetic field.is calculated on
the strand level. The strand location in the
winding is obtained on the basis of random
numbers. Characteristics of the magnet with this
winding structure are described in conjunction
with its small aperture, which will be required
for future accelerator magnets.

INTRODUCTION

The magnets with shell type windings have
been developed for Tevatron at Fermilab[l], The
conductors were wound into the shells of a
complete arch. The structure was very simple and
contained no spacer blocks between the windings.
The basic simplicity of the shell type winding
structure made it possible to produce a great
number of magnets which had an acceptable field
quality. The winding was constructed using
keystone conductors. The keystone angle was
required for shells of the arch to fit to the
diameter of the magnet aperture.

The aperture of the accelerator magnets has a
tendency to decrease with inceasing particle
energy. Therefore, magnets for a future high
energy accelerator will have a smaller aperture.
Such magnets will require conductors of a larger
keystone angle, when they are made into the shell
type winding with a complete arch. It has been
difficult to fabricate these conductors because
the excess conductor deformation causes their
critical current to be degradated during the cable
forming procedure. However, future developement of
technology will enable us to use the conductors
with the required keystone angle. It may be
possible to apply the shell type winding to the
future magnets of the smaller aperture. When
conductors have a large keystone angle, the
current density is lower in the outer region of
the winding than in the inner. Then, the current
distribution is desired to be considered on a
strand level. An attempt is carried out to make a
design study by using field calculation on the
strand level, in addition to that on the winding
level.

Figure 1. Macntt Hindinc Tht radii art
•xpressid in units of ci.

MAGNET WINDING

The conductor of a larger keystone angle is
required for a small aperture magnet to achieve
the shell type winding of a complete arch. When a
thin wedge is successfully inserted on the median
plane of each conductor, this will allow us to
realize the complete keystone conductors without
the degradation of critical current. Figure 1
shows the example of the dipole magnet with the
winding of a complete arch. The inner diameter of
the winding is 4 cm. The conductors are clamped by
collars surrounded by a cold iron yoke. Since the
magnet has no spacer blocks in the winding, this
allows us to simplify the winding procedure. The
field calculation was made analytically, assuming
uniform current density through the winding as
indicated in Figure 1. The permeability of iron
yoke was supposeded to be infinitely large.

The specifications of the magnet are listed
in Table I. The performance of the conductor was
chosen referring to the technical attainments[2,3]
at present. When the wedge is inserted into each
conductor, it makes the overall current density
lower in its winding than in a conventional
partial keystone ronductor having no" wedge
therein. Therefore, the current density is reduced
around 6-0 in the ideal cos 9 current
distribution. This leads to the reduction of the
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Table I
Specifications of the i•afnet.

Inner Hindiu Outer

Inner Radius (ci) 2.00
Outer Radius (ci) 3.00
Key Anile (def) 71.55
No. Turns 17 * 2
No. Strands/Conductor 23

Inner Radius of Iron Yoke (ci)
Central Filed at 6kA (T)

5.56
5.646

3
4
37
15
30

Winding

.06

.06

.35
x 2

Hultipole
No.

2
4
6
8

Transfer
Function
(G/A)

Table II
Magnetic field characteristics.

Minding level
xio-<

-1.20
-1.93
1.83

-0.537

9.4107

Strand level
X10-*

-2.23±0.11
•1.9710.06
1.9010.02
-0.56110.005

9.418110.0002

transfer function, and consequently decreases the
central field achieved. The transfer function is
lowered by 10 % in the present design in
comparison to that of the magnets wound with
conventional conductors. On the other hand, the
critical current of superconductor increases with
a decreasing field. The lower central field allows
the transport current to become higher. This helps
recover the original reduction of the transfer
function to some extent, and as a result the
reduction of the achieved central field amounts to
about 3 %,

As a matter of course, however, the increase
in the transfer function is required for these
magnets to achieve the central field as high as
possible. This function can be made higher by
raising the overall current density in conductors.
If .the wedge in each conductor contains an
appropriate amount of superconductor therein, this
will increase the overall current density of the
complete keystone conductors. Therefore, these
conductors will realize the magnets with the
higher transfer function.

CALCULATIONS ON THE WINDING AND
THE STRAND LEVELS

The multipole coefficients of magnetic field
were obtained for the geometory shown in Figure 1.
The calculation results are listed in the left
column of Table II. Normalization was made by the
central field Bo at a reference radius of 1 cm.
The values are of the order of 10"^, and are
considered acceptable in this preliminary study.
The insertion of shimming into the winding would
improve the field quality to some extent.
Saturation effects of the. iron yoke should he
considered numerically in the further magnet
design. Since the field characteristics are
basically determined in a simple manner by the two
arch angles made by the inner and outer shells,
this produces a good prospect for field quality
control in the magnet production. In comparison to
this, there is complexity in field characteristics
for magnets that have spacer blocks in the
winding. Therefore, adjustability of the field
quality is much better in the shell type than in
the block type magnets.

Figure 2. Strand location based on randoi
nuabers. The numbers are written
in units of ci.

The magnetic field calculation was also made
on the strand level. This is carried out to check
the effect of the simplified uniform current
distribution that was assumed in the calculation
on the winding level. When the strands are assuned
to be present in the same fixed positions in every
conductor, this produces a considerable effects on
the multipole coefficients. In this study,
therefore, the position of each strand is chosen
in a reasonable manner. An example of strand
configuration is shown in Figure 2. Since the
strands have the same diameter and are in contact
with each other in the conductor, the distance
between the two adjacent strands was assumed
constant. The relative position of the strands was
determined by a random number for each conductor,
while the overall condutors were located precisely
in their correct position. The region of the wedge
inside conductors correponds to the triangular
space .between rows of strands.

The magnetic field is calculated as
follows: A single strand of current I at a complex
location Z generates the magnetic field D " '"
at Zo as
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where \xQ is the permeabity of the vacuum, y the
average relative permeability of iron, and Rj the
inner radius of the iron yoke. The value of u is
assumed again to be infinite for simplicity. If
the strands have a circular cross section and
allow current to flow uniformly therein, the size
of their diameter produces no effect on the
magnetic field which is generated in the bore
space. The magnetic field is summed up from all
the strands in the winding. The strand level
calculation increased the transfer function by
about 1 % in comparison to that on the winding
level. This is because the average shell radius
effectively becomes smaller in the strand level
than in the winding level calculation. The
multipole coefficients by the strand level
calculation are presented in the right column in
Table II. This calculation was made twenty times
using different initial values in a random number
subroutine. The average values are listed in the
column together with their standard deviation. It
was confirmed that the change in the random number
causes a negligible effect on the results
obtained. One can see that the there is actually
no difference in the results between the two ways
of calculations except the transfer function and
the sextupole component.

FIELD QUALITY VARIATION

Neither the position nor the size of the
winding is completely the same in the magnets,
when they are made on a mass production scale.
This change brings about the errors in their
multipole coefficicents. Therefore, it is
important to know how the error fields are
sensitive to the change in the winding position
and its size. The calculation was made on the
winding level according to reference 4. Error
fields were first calculated for each change, and

Table m
Anticipated errors (lO-'Ba) in
the lacnetic field.

Multi-
pole

1
2
3
4
S
6
7
8
9

10

Present

Hornl
<5bn

(1.8)
1.4
0.29
0.29
0.04
0.04
0.005
0.01
0.001
0.002

Skew
dan

(2.8)
0.88
0.61
0.03
0.08
0.03
0.04
0.003
0.0002
0.0004

Tevatron

Nonial
<?bn

(1.9)
2.5
0.6
1.0
0.20
0.22
0.05
0.15
0.02
0.06

Skew
dan

(2.9)
1.3
1.5
0.19
0.49
0.17
0.31
0.03
0.005
0.01

Ref.Design D

Noraal
Jbn

1.8
2.6
0.57
0.68
0.06
0.08
0.02
0.02
0.004
0.003

Skew
Shn

3.3
0.65
0.73
0.15
0.26
0.05
0.04
0.008
0.009
0.002

then the results were squarely summed for all
windings. Reasonable correlations were assumed
between displacements in the four quadrants i'n the
same way as in the reference. The standard
deviation were supposed to be 50 ym for change
both in the winding position and in its size.

The calculation results are summarized in
Table III. The parentheses in the tables show that
the values were multiplied by a correction factor.
This correction was made for the shell type
magnets to reproduce the experimental data[4j
well. The reference radius is 2.54 cm for the
Tevatron magnets, while it is 1 cm for the others.
This is because the reference radius is chosen
almost in proportion to the magnet aperture. One
can see that the anticipated random errors are
slightly smaller in this design than that in the
Tevatron magnets and the SSC reference design D.
It is considered possible to control the field
quality of this magnet at least on the same level
as in the Tevatron magnets. Since the Tevatron
magnets were succesfully fabricated, there will be
no serious problem in the field quality control of
the present magnet.

CONCLUSION

The shell type winding of complete arch was
considered to be useful for future magnets of the
small aperture. The conductors were required to be
highly keystoned to fit to this small aperture.
They were desired to have the current carrying
capacity as high as possible, in order to improve
the transfer function. Field calculation was made
both on the winding and the strand levels. The
effect of the current flow through strands
appeared mainly on the transfer function and the
sextupole component. Field quality variation
during magnet production was estimated to be
slightly smaller than that of the Tevstron
magnets.
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Abstract. - Recent development of three types of
superconducting magnets for accelerator, at Hitachi
is described. One of which is an accelerator
dipole magnet. A high field NbTi/Cu dipole magnet
in the 10T region, cooled with pressurized super-
fluid helium II, was constructed for National
Laboratory for High Energy Physics (KEK) in Japan
and attained a record maximum field in this kind
of dipole magnet . The second of which is a de-
tector magnet, generally a large solenoid. The
CDF solenoid had been constructed and was comple-
tely installed at the pp colliding accelerator
"TEVATRON" in Fermi National Accelerator Labora-
tory (FNAL)in USA. The AMY solenoid which will
be installed at "TRISTAN" in KEK is under con-
struction, Both solenoids are at the world's
top class in this kind of solenoid.
Recentry Hitachi has developed 15T class
magnets by using multifilamentary (NbTi)3Sn con-
ductor. In near future this kind of high field
magnet technology shall be realized to manufacture
the future accelerator magnet discussed in ICFA.

INTRODUCTION

In the field of high energy physics the
accelerators in the world are becoming large-scaled
or complicated, thus severe technical requirements
are imposed on the technology of accelerators,
especially on the magnets as the main components.
In this situation superconducting magnets have
evolved intc a sound technology and are taking a
noticeable place because they have two great
advantages over conventional ones: (a) Supercon-
ducting magnets can sustain much higher current
carrying capacity and therefore produce much high-
er field, and (b) Superconducting magnets whose
coils have no power loss therefore save running
costs.

We really hope to contribute to the advance of
the high energy physics aimed to get the fund-
amental laws of nature by fabrication of magnets
for future accelerators. The effort to develop
the superconductor and superconducting magnet with
high performance is continued.

Recently we developed three types of super-

conducting magnets as shown in Table 1 for accele-

rator.

The high field accelerator dipole magnet would be
applied for the future large accelerators aimed
at very high energy, as the only reasonable solu-
tion for minimizing both size and energy consump-
tion. Large solenoids are surely needed for col-
liding experiments at enormous beam energy for the
same reasons described above.

In the following paragraphs, the feature of
three types of superconducting magnets developed

by Hitachi, 10T dipole magnet cooled with prea-
surized superfluid helium II[1], CDF[2]-[5Jand AMY
solenoids, and then the 15T class magnets of
(NbTi)3Sn superconductor ,»re described.

Table 1 List of Thr i * Types of Superconducting
Magnets Developed by Hitachi Recently
for Accelerator
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DIPOLE-MAGNET

(1) General Description of Magnet
The main parameters are listed in Table 2.

An end structure >,f the coil and clamping structure
Is shown in Fig. 1, The main features of the mag-
net are: eight race-track double pancake coils
tightly clamped by the inner and wedge supports of
non-magnetic laminations; a horizontal vessel with
pressurized superfluid helium II, in which the col-
lared coil is installed; two different temperature
laminated magnetic iron shields (4.5K and 77K), and
a heat exchanger to produce pressurized helium II
in the horizontal cryostat. The coil is finally
installed in a horizontal vacuum vessel with a room
temperature bore tube at the center. Power leads,
monitoring and cryogenic connections are laid toge-
ther on the top flange.

Table 2 Main Parameters of the Dipole
Magnet

Items

Coll
Central field
Current
Current density
Stored energy
Inner coil diameter
Coil length

Superconductor

Number of strands
Strand diameter
Copper/superconductor ratio
Diameter of filaments
Critical current
Cryogenics

Parameters

I.3T
I340A
JTIA/mm1

7JlkJ
10.4mm
1010.4mm

27
O.ISmm
1.4
Mum (NbTi)
7170 A at 4.2K, 7. IT

Pressurized tuperiluid He II
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Fig. 1 External View of 10T Dipole Coil

(2) Superconductor, Coil and Cryostat
The superconductor is composed of 27 strands

and its compaction factor is near 0.9. The con-
ductor is insulated with two layers of Kapton tape
Eight coils in the dipole are wound in racetrack
double pancakes. Four coils in the median part are
bent up or c'own at their ends with a special hydrau-
lic press to accommodate a beam pipe as shown in
Fig. 1. Each coil is separately wound and properly
cured on an accurate jig. Cable connections bet-
ween coils are made at the outside of race-track
double pancakes. All coils are assembled on the
inner support and clamped with the wedge supports
and the outer collars. The inner and wedge supports
are made of non-magnetic high manganese steel lami-
nations and slabs, respectively. On the other hand,
the outer collar laminations are made of 316L stain-
less steel. There is a difference in thermal cont-
raction between the non-magnetic high manganese
steel and the stainless steel. The integrated con-
traction of non-inagnetic high manganese steel is
suitably smaller than that of stainless steel.
This difference in thermal contractions is desira-
ble to give much more compression to the coils at
the cryogenic temperature with the coil clamping
structure. The use of non-magnetic high manganese
steel in the coil clamping structure seems to be
one of the key techniques in the magnet manufactur-
ing process. The coils installed in helium vessel
are cooled with pressurized superfluid helium II in
order to increase the current carrying capacity of
the superconductor and to improve the cooling effi-
ciency near the superconductor.

Two different temperature magnetic iron shield
laminations are mounted around this coil. The
inner shield laminations are cooled with evaporated
helium gas (4.5K) and the outer shield laminations
are cooled'.with cold nitrogen gas (77K).
Both shields also act the parts of thermal insula-
tors for the inner 1.8K cryostat. The support
rods for the collared coii and the inner cryostat
from the outer vacuum vessels are thermally
anchored with these shields. Pressurized helium
II has been made through a heat exchanger at the
1.8K saturated vapour helium vessel.

(3) Excitation Test
The magnet cooled with liquid nitrogen from

the room temperature to 77K within 37 hours.
At this temperature, nitrogen was replaced with
liquid helium. It took 9 hours to cool down the

collared coil In the inner cryoatat and the Inner
iron shield from 77K to 4.2K. Filling up the
inner cryoatat with liquid helium of 4,2K, we
excited the magnet three times and then the
collared coil waa brought down to 1.8K within
3.5 houra. In the first excitation at this tem-
perature, the quench happened at 6.340A, corres-
ponding the central field of 9.3T and the maximum
field of 10.4T which was estimated from the for-
mer one and consistent with the calculated value.

CDF SOLENOID

(1) General Description of CDF Solenoid
The CDF solenoid is installed so that it

surrounds the beam collision point Qf the accel-
erator in combination with other detectors and a
yoke. It produces a uniform magnetic field of
1.5T over the wide range of the inner space to
determine the polarity and momentum of a produc-
ed particle. The CDF solenoid is required to
have a thin structure (small in material quan-
tity) to reduce the radiation length since an
energy analyzer is to be installed outside the
solenoid. Table 3 shows the main parameters of
the CDF solenoid and Fig. 2 shows an external
view of the CDF solenoid. Among the prominent
features of the DCF solenoid, the most important
feature is that ie is made mostly of aluminum to
meet the requirement for the smaller radiation
length. In particular, the coil is indirectly
cooled through the aluminum-stabilized supercon-
ductor, and the coil is not supported from the
inside.

f ablt 3 Main Parameters of th« CDF
Solenoid

Itama

Vacuum V « M I
Diamatar; outar/innar
Langth
Malarial

Cantral fiald
Malarial thicknaaa
Coil

Currant
Storad anargy
Windin( »ch«nt
Supporting atructura

Conductor
NbTi/Cu/AI ratio

NbTi filamanta
SUnM abort aam>a a/rant

Liquid halium cryoganica

Paramctara

JHImm/illlmm
IMImm
ASII1 aluminum
I.IT
I.ISradiation langth

SIIOA '
31X10'J
Singla layar halix
Shrink-fit aaaambly with outar
•upport cylindar;no innar bobbin

I/I/JI
CaMI.STi, SljimdiamatarXNII
l M k A a t 1.JTand4.JK

Forcad flow two-phait

Fig. 2 External View, of CDF Coil
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(2) Superconductor, Coil and Cryostat
The superconductor la stabilized with a

high purity aluminum for enhancing the thermal
stability of the coil and reducing the radiation
length. The unique EFT (Extrusion with Front
Tension) technique developed by Hitachi, Ltd,
and Hitachi Cable, Ltd. has been applied to
reduce the thermal/electrical boundary resist-
ance between the superconducting wire and sta-
bilizer. The main parameters of superconductor
is shown in Table 3. The coil as shown in Fig.2
was fabricated by wrapping the conductor with B-
stage Kapton tape and winding it on a removable
mandrel. An axial pressure was applied and the
coil was heated to cure the tape. In order to
provide a uniform cylindrical outer coil surface
to mate with the support cylinder, a layer of
fiber reinforced plastic (FRP) was wrapped over
the conductor, cured, and machined. The support-
cylinder is made of 5083 aluminum alloy, with a
wall thickness of 16 mm. The coil was shrink-
fitted with it of which the inner surface was
machined to obtain the required radial interference
between them. After completion of shrink-fit ass-
embly, the winding mandrel was removed. The coil
which is cooled by a flow of two-phase helium
through an aluminum tube welded to the outer sup-
port cylinder is supported with the axial and
radial supports attached to the vacuum vessel.

The vacuum vessels were also fabricated by
5083 aluminum alloy. The radiation shields, 2-min
aluminum plates with a cooling tube welded on, were
supported from the vacuum vessel.

(3) Excitation Test
Two major excitation tests were carried out.

The first test at Hitachi had performed a full
cryogenic test and a low current test of the sol-
enoid without steel yoke. After that the solenoid
was shipped and installed in the steel yoke at
FNAL, and a full cryogenic test and a full current
test of the solenoid were performed with successful
results. The results of the both tests revealed
the excellent thermal stability of the solenoid.
The main results of the final test are described
below.

The coil was cooled with a dedicated FNAL
refrigeration system. The coil resistance, which
was continuously monitored during cooldown, indica-
ted that the coil became superconducting approxima-
tely 205 hours into cooldown and the operating
temperature was reached 5 hours later. Therefore
the average cooldown rate was 1.5 K/Hr. After
adjusting the tensions of support rods to maintain
those desired values, the coil was energized to
successively desired currents in 5-KJ steps.
The test results have revealed that the coil can
operate steady at an full excitation current of
500A, arid that the coil can be absolutely aafe even
when a stored energy of 30MJ is turned off.

AMY SOLENOID

(1) General Description of AMY Solenoid
The AMY solenoid is installed in the detector

for TRISTAN. The solenoid is not the "thin" type
like CDF solenoid but is the "thick" solenoid.
The multi-layer cryostable coil, using copper and

aluminum stabilized conductor, is designed for a
high field, 3T, in a 2.2 m bore, Table 4 shows
the main parameters of the AMY solenoid and Fig, 3
shows the fabricating coil,

(2) Superconductor, Coil and Cryostat
The superconductor consists of 7 strands NbTi

cable embedded in a copper channel together with
high purity aluminum to enhance the stability at
high fields. The coil consists of eight-layer
solenoidal configuration. The FRP spacers are
inserted between each turn and between each layer*
The coil is tightly wound and shrink-fltted with
the outer shell of coil vessel made of 3O4L stain-
less steel against the large electromagnetic forces.
The coil which is designed cryostably is cooled in
a pool of boiling 4.2K liquid helium and produces
a central field of 3T, corresponding to the maximum
field of 4T at 5000A. Vacuum vessel which accom-
modate the coil is made of 304 stainless steel.

Tabls 4 Parameters

Ittmt

Vacuum v«t»«l
Diamtttr: outtr/inmr
Ltn'fth

Central Fi«ld

Coil
Currant
Stored anargy

Winding schvmt

Conductor
Superconducting wir*
Stabilizer
Standard short tamplt
currtnt

Liquid helium cryogenics

of the AMY Solenoid

Parameters

2!2Omm/mimm
JUOmm

J.OT

I0IJA
41MJ

Multi layer helix

NWI.ITi
Copper and pur* aluminum
UtlAat4.4Tand4.2K

Bath-eoofed

Fig. 3 External View of AMY Coil
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HIGH FIELD MAGNET TECHNOLOGY

(1) Multifilamentary High Field Superconductor
Improvement of high field current-carrying

capacities of presently used multifilamentary
Nb3Sn conductors is necessary to meet future appli-
cation demands such as for accelerator or fusion
magnets. Recently Hitachi has developed an indus-
trial scale multifilamentary Nb3Sn conductor which
offers .improved high-field current-carrying capa-
city owing to addition of a small amount of titanium.

Since multifilamentary Nb3Sn conductors are
made by the bronze process, i.e., by reaction of
Nb filaments with a Cu-Sn bronze matrix to form
Nb3Sn filaments, titanium is added to the Cu-Sn
bronze matrix which forms (NbTi)3Sn

Hitachi has developed a series of Nb3Sn and
(NbTi)3Sn compound superconductor and established
the industrial techniques of manufacturing them,
which provide higher critical current density of
more than 1000 A/mm2 at 10T and 200 A/mm2 at 16T.
The maximum permissible strain of the conductor is
up to 0.8% due to the bronze process.

React and winding method has been developed to
manufacture most of a large coil in Hitachi.
Winding and React method has also been developed

to make a small size coil.

A surface cooling or conduit cooling (NbTi)3Sn
compound superconductor has been developed and
applied successfully to high field magnets.

(2) Typical Magnet

Hitachi has manufactured 15T magnets consis-
ted of a Nb3Sn/NbTi back-up coil and (NbTi)3Sn
inner coil cooled at 4.2K. Main parameters of
three 15T class magnets are summarized in Table 5.
The external view of typical magnet is shown in
Fig. 4,

The typical features of the 15T class mag-
nets are shown in Table 6.

Large Nb3Sn magnet system has been operated
with high stability because of the high Tc and He
properties of the multifilamentary Nb3Sn super-
conducting wire [6], Winding process of Nb3Sn
magnet has been develop^ to withstand a extre-
mely high electromagnetic force. ,

Table 5 List of Thru High Field
Superconducting Magnets
Developed by Hitachi Ltd.
Recently

High field superconducting TOKAMAX (TRIAM-lM)
at Kyushu University it built with 16 superconduc-
ting colls which are made of Nb3Sn conductor,

The stored energy is 75MJ.

1

3

3

1

Coatomar

NRIM

Kyu.hu
Univ

HRL

Kyu.hu
Univ

Max
(laid

14.JT

1I.1T

1S.IT

IS.IT
in coil

I1T

Yaar of
Construction

1114

I l l l

IMS

till

1111

FutUTM

Hifh fitld of 14.JT
w u attained

With V|Oa i n w coil

Hijhwt rocord 1S.ST
by a magnat mada of
malti-filanwntary
conductor.

Naw hignaat racord
of I I . I T was
parformad.

Suparconductinf
TOKAMAK

7SMJ

Fig. 4 External View of 15.5T Superconducting
magnet

Table S Main Parameters of 15T Class
Superconducting Magnets
(NbTi)j Sn Conductor

Ittrns

Coil
Cleer Bora
Outer Diamatar
Linfth
Currant •
CtnUil fiald
Sotrad anargy

Conductor •

Oiimatar of filimanU
Numbar of filimtnts

NRIM

110 mm
130mm
110mm
I1I0A
14.2T
I.1MJ

(NbTi),Sn
1.005 mm

121211

Paramataci

Kyu.hu Univ

llOmm
711mm
742mm
311A
1i.IT
S.IMJ

(NbTi),Sn

• .OMImm
121477

HRL

120mm
477mm
412mm
144A
11.3T
2.IMJ

(NbTi),Sn
1.0142mm

10159

Note I NRIM National Raaaarch Inalitula for Matala
HRL Hitachi Rataarch Laboratory

t most irtnar conductor only

. CONCLUSIONS

To survey the present limit of NbTi/Cu
superconducting accelerator dipole magnet, cooled
with 1.8K pressurized helium II, a window frame
type dipole was successfully assembled and tested.
In the first excitation at 1.8K, the central mag-
netic field reached 9.3T, corresponding a maximum
field in the coil of 10.4T. This is a record
maximum in this kind of dipole. This result
shows the construction possibility of high field
accelerator magnet.

The CDF solenoid has already been installed
at FNAL with successful results for full exitation
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teat* The excellent thermal atability revealed In
that teat may be in part due to good quality of
the aluminum-stabiliced NbTi/Cu »uptrconductor
with EFT method, in part due to the ahrink-fit
aaaembly of the coil and outer support cylinder,
1^'^art due to the mechanical structure of the
coil without a permanent inner bobbin, in part due
to the arrangement of the cooling tubee welded to
the outer support cylinders and in pert due to the
good design of the cryostat. A variety of new.
technologies developed through the CDF solenoid
contributes to the construction of the AMY solen-
oid, which seems favorable. The goal of the con-
struction is-now close at hand.
Hitachi has established the designing and manu-
facturing technique of 15T class high field mag-
nets using (NbTi)3Sn superconductor.
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I HIGH GRADIENT ACCELERATOR QUADRUPOLE DESIGN

A, D. Molnturff, J. A. Carson, and S. Snowdon
Fermi National Accelerator Laboratory*

P. 0. Box 500
Batavla, Illinois 60510

Abstract: A design study is presented for high
gradient quadrupoles based on experimental data for
various prototype magnet series that have been
fabricated at Fermilab in the last few years. The
designs are based on ambient pressure superfluid
cooled, solid solution ternary alloys operated at 1.8K
- 2.OK at gradients or 2 to 3T/cra. This design study
cites' data from a previously developed ternary alloy
used in a Tervatron style collared coil magnet operated
it 2.OK and to be used in a prototype quadrupole
proposed for the SLC final focus. Extrapolated
Brformance is based on an optimized NbTi binary

conductor that suggests superior performance can be
obtained with the ternary NbTiTa at 2.OK.

INTRODUCTION

The anticipated performance parameters of these
ligh gradient quadrupole designs are derived fro I
sxperimental performance data of magnet prototypes
>uilt by Fermilab in the last three years. The
applications for these designs have been varied such
as the four and five centimeter aperture series that
lave been proposed for the Super Superconducting
:ollider, SSC ring quadrupoles, as well as specialized
Lenses for the intersection regions of the SSC and for
the SLC, Single Pass Linear Collider, at SLAC. The
r.6cm ana 8.9cm aperture aeries are primarily
30nsidered as Iense3 in the B-0 and D-0 intersection
•egions of the Tevatron when it is operated in the
sollider mode. It should be noted here that the
nultipoles achieved for these different designsn will
vary The Tevatron multipoles are expressed I/in , and
the SSC units are I/cm ; however, the gradients are
quoted in Tesla/centimeter for easy comparison. These
designs will operate in ambient pressure superfluid
helium (1.8K - 2.OK) and will use solid solution
ternary alloy inner windings and bint.̂ y outer
windings. The designs also have excellent 4.5K
operating characteristics, and the parameters for that
node of operation are given. The cable conductor
geometries used in this stud are close to those of
the SSC Design B and D dipoles. The gradient range
considered is 2 to 3T/cm. The cable data cited in
these designs are from a previously developed ternary
alloy cable used in a Tevatron collared dipole coil
operated at 2K, and from a prototype quadrupole
designed for the SLC fina3 focus. The binary alloy
performance numbers are obtained from SSC Design B and
D dipole prototype tests. Extrapolated performance is
based on the recently optimized binary conductor that
suggests even better performance can be obtained with
a more optimized heat treatment and cold work schedule
for the ternary NbTiTa alloy. Operational limits for
these designs will be given with and without iron.

•Operated by Universities Research Association, Inc.,
under contract with the U. S. Department of Energy.

CONDUCTORS

One of the encouraging results for the magnet
designer has been the progress In the last few years
in obtaining higher current densities in NbTl and
NbTiTa. The work of Larbalestier and collaborators*
have indicated a clear direction as to the
microstructure needed and the process that will
produce such a structure to obtain critical current
density imprpvements at magnetic field of 5T and
above. This progress is illustrated in Figure I.

£

> 10* •
a.

<

G<

£ •

X

3

u

PROGRESS IN
SUPERCONDUCTOR
CURRENT DENSITY

» RMS laat Ttvatron Cabl* 1961 1963

o Th« 'Suptr' Ttvdlren Cab I• '19S4'

• "SSC" Mstorlol '1985'

• Exptr Inwnta l " 1 2 " b l i u t m u l t l f l l ' 8 5
o Expar lliwnt a I monof 1 t ' 8S

H 1 1 1 1 1 1 H-H »-r-H 1 I—
I 2 3 4 S S 7 • 9 10 I II 12 13

MAGNETIC FIELD (TESLA) I Je*0

Figure I - This is a.graph of current density of
various NbTi cables arranged chronologically that
illustrates the increase in recent conductors.

A design option for a 'Jem aperture two layer,
cold iron 8hield quadrupole constructed from SSC
Design B type cable, given in Table I, would be
designated by "Q(»l,2t,B)Fe". The four and five
centimeter designs are options to be considered for
the SSC ring quadrupoles, which require I.^OT/cm
gradient qvadrupole with a magnetic length of five
meters. If the rinR quadrupoles are on the same buss
as the dipoles, tt.ey must produce the above
gradient-length at 6500 Amperes for the 1cm aperture
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TABLE I

Superccnduotlng Straad and Cable
Paraiatars for the Various Designs

and 6000 Amperes for the 5cm aperture. It is obvious
that the required integral of the gradient over the
magnet length 13 700T.

Q(i|. 2ft, D0)Fe
Strand

As Haas ProJ

Copper" 1.75
NOT! 1

J C5.OT,"* 2600

1.1
T

tz

is Haas

1.75

2750

*3

la Heaa

1.3
1

2750

Jo(8.0T,«*

J (10.0T,*1"
2.0K)A/om2

Filament
dia(micron)

Strand
dia(mi)

Twlsts/cm

=Fllamnt/

1i00
T200

1520
T85O

18y

0.762

0 . 8

660

1100

1910
2550

5"

0.762

0 . 8

=12,000

1200

1630

O.S08

0 . 8

550

1200

1630

23u

0.808

0 .8

510

QC4,2ft,D )Fa is a possible option for the ring
quadrupole design in the high field version of the
'SSC1. This d&sign would have aluminum collars, 25
turns/octant, a cold iron shield, and a transfer
function of 0.387T/cm-kA; therefore requiring a
magnetic length of 2.78 meters for a ring quadrupole.
Figure II is a drawing of the two dimensional winding
cross-secticn. The winding parameters for this design

QCl, 21, are given in Table III.

strand

•The upper number Is for the binary and the lower
number i s for the ternary alloy. Hb-17.5w/oTi/
Nb-11.5w/oTi-11 .5w/oTa.
••This paraotter my be varied on particular
designs to achieve the aapere-turn desired for
that particular quadrupole.
• **p „ =• 2 = 10" " 0-oa.
Current d e n s i t i e s as high as 3650iymm2 have
been produced.

WBLE II

CABLES

Cable Strand Strand I of I • • • Dlaen* Key
Type dla Type Strnd 6f,1.2K Typical Stone

Em kA am A n g l
deg

SSC "B" 0.762
inner

SS~ "B" 0.762
outer

SSC «D" 0.808
inner

SSC »D" 0.618
outer

Variation**
SSC "D« 0.618
outer

1 25 8.35 1.35x9.71 1.5HU

23

23

30

25

7.1

9.6

1.31x8.83 1.892

1.32x9.11 1.591

7.9 1.19x9.86 1.301

6.57 1.19x8.21 1.301

•These dimensions are determined in a preloaded (10*-
5x10 pal) 10 high cable stack. The keystone angle
varied a few tenths of a degree, aaall thickness *.s
given.
"This cable geoaetry was used In the outer winding
shell only. Insulation for these cables was assumed
to be Eapton filji wrapped with a 60J overlap,
resulting In .07HH Insulation thickness under load
during the cable stack dimension 'tests. The
oapirioal sealing rule which is used to correlate
data at 4.2K with that at 2.OK i s , for the
binary Hb-47w/oTi: Jo(7.0T,1.2K) =
iJ_(TOT,2-OK) ; and for the ternary alloy,
HB-l)2w/oTi-15w/oTai J (6.0T.1.2E) = J
(10I.Z.0E). ,, c °

\

Figure II - This is a computer drawing of
Q(4,2Z,D )Fe winding cross section. This
four centimeter aperture quadrupole has a
cold iron radius of 5.G25cm.

TABLE III

Coil Parameters for Q(U,2£,Do)Fe
Inner Cable = SSC Design D Outer 30 Strand

Outer Cable = SSC Design D Outer Var 25 Strand
Iron Radius = 5.625cm

Transfer Constant = 0.387T/cm kA

Turns Inner Current Winding Outer Critical Ho of Max
layer Rad density Annulus Sad Current Spacers GRAD
per cm A/mm2 degree cm kA t.2K
Oct. 2^K

T/cm

9 2.057 658

16 3.093 789

33.t 3.036 7.35
9.38

33.2 3.910

Harmonic Co-efficients

E /B, x lO"* I/cm"

2.8t
3.63

e f f i o - 1
10'

5
0.3

9
- .09

13
.003

17
.001
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Host of the winding parameters of Table III are
liUustrated in Figure I I I . If Q(4,2i,D )Fe were
fabricated of NbTlTa Inner cable and operated at 2.OK,
then the maximum gradient would be 3.9i8T/cm without
taking Iron saturation into account. This saturation
effect should be no more than a few percent at the
iron radius of 5.625cm of the 1cm aperture magnet. In
figure III , the outer boundry would represent the
[Inner aluminum collar surface. The gradient from the
finding at 7000Amps is 2.479T/cm and witn the cold
Iron shield It increases to 2.7O3T/cm.

R 3.S614 CM

H 3.0BS5 CU

R 3.0495 Cu~

Figure III - This is an octant of Q(t,2S.,Do)Fe.
This drawing illustrates various dimensions
given in TaLle III for this design. The table
dimensions are bare conductor and the drawing
is for the insulated cabla (.007cm difference).

This coil has the disadvantage of a smaller post
ad larger non radial angle for the turns next to the
Die, possibly necessitating a constant perimeter end.
Ihe high coil current densities are certainly
losslble; the Tevatron styled 8.9ca aperture
luadrupole collared coll assemblies have operated in
|xcess of 1000Amps/mm2.

q(5,21,B)Fe

If the "SSC" requires a larger aperture;
pecifically 5cm, then Q(5,2l,B)Fe would be a possible
andldate for the ring quadrupoles. Figure IV is a

dimensional cross section of Q(5,2i,B)Fe. This
esign has aluminum collars supported radially by a
ld iron shield with 25 turns per octant. The
uadrupole is to be powered on the main buss in series
ith the dlpole in the SSC. This means that the
hadient integral of 700T must be produced at
pOQAmps. Therefore, the magnetic length needed for
he design would be 1.19 meters. The winding
firameters for Q(5,2fc,B)Fe are given in Table IV.

If Q(5,2£,B)Fe inner cable had been fabricated of
pTiTa and operated at 2.OK, then a gradient of
.177T/cm la possible. Because the length of the
[ladrupoles is relatively short - >) meters, the copper
NbTlTa volume ratio could be reduced to 1.1/1,

f.ich would result In a gradient of 3.i|12T/cni.

The basis for these predicted gradients is shown
Figure V. At 6000Amp3, the gradient due to the

indlngs alone is 1.579T/cm and the presence of the
old Iron shield increases it to 1.672T/cm.

The next series of quadrupole designs being
nvestlgated obtain a lower "B" function in the

\

Figure IV - This is a coraputar drawing of
Q(5,;i,3)Fe winding cross section. This five
cer.ti.aetsr aperture quadrupole has an iron
radius of 3.125CTH.

TABLE IV

Coil Parameters for Q(5,2l,B)Fe
Inner Cable = SSC Design B inner 25 Strand
Outer Cable = SSC Design B Outer 23 Strand

Iron Radius = 6,125cm
Transfer Constant = 0.2787T/cm kA

Turns Inner Current Winding Outer Critical No of Max
layer
per
Oct.

9

16

n
C

Rad
cm

2.595

3.589

1
10*

density
A/nm2

526

572

5
.005

Annulus
degree

32.3

32.3

Harmonic

B /B x

9
.12

Rad
cro

3.560

4.155

Current
kA

,.2

Co-efficients

10""

13
0017

l/cmn

17
.00008

Spacer

2

0

s GRAB
t.2K

T/an

2.285
2.951

- BASE ON "SSC" DESIGN B CABLE

IB

5cm QUAD
Fe Rod 6.125 cm

0.0
4 6 B K) 12 14 16

CURRENT (KILOAMPERES)
Figure V - This is a graph of the load line
for Q(5,2i,B)Fe. The peak field in the winding
on the left and the gradient on the axis on
the right.
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Tevatron ring at the collision points of the protons
and antiprotons to Increase the luminosity in the
collider mode of operation. Various scenarios3

require gradients as high as 1.900T/cm if the
quadrupoles are the same length cis those they replace.
It would be very desirable if they could be shorter
and make more spaae available for the detector areas
and other accelerator compontnts. The above gradients
woulr1 be required in scenarios for obtaining "B" of
0.5 meter in the Tevatron collider.

isQ(7.6,Uil,0i)Fe
highest gradient possible

attempt to achieve the
with multifilament cable;

measured values Is 1.750T/cm at 4.25K. In order to
reach the design goal of 1.9T/cm tit M.25K, a
J (5T,1.25K) = 3770A/mmz for the strand used in the
Design "D" inner cable Is needed. If lower
temperature operation is used, then the outlook is
brighter. Figure VI is a cross section of
QC7.6 1,1 Jl,D. )Fe. The winding parameters are given In
Table V.

TABLE V

Coil Parameters for Q(7.6 ,<*£,D. )Fe
Inner Cable = SSC Design 3 Inner Cable 23 Strand
3uter Cable = SSC Design D Inner Cable 23 Strand

Iron Radius = 10.16cm
Transfer Constant = 0.2Su5T/cm kA

Turns Inner Current Winding Outer Critical No of
layer
per
Oct.

10

11

20

18

n

C

Rad
cm

3.31

1.733

5.966

6.939

1

10"

density
A/mm~

U50

1 5 0

" 5 0

u 5 0

5

0.26

Annulus
degree

la . 5

22.9

3U.1

30.7

Harmonic

'VBI
9

O.lil

Rad
cm

^.74

5.71
e.a96
7.S69

Current
Kt.

5.95

Co-efficLents

x lO"1"

13

.009

l /O.Sin"

17

0 .0

Space

1

1

0

0

: rs GRAD
«.2K
2.DK
T/cm

1.693
2.190

If Q(7.6,H,D.)Fe is operated at 2.OK, then a
gradient cf 2.i9T7cm is possible and In addition, the
two inner layer cable strand Is made from NbTlTa, a
gradient of 2.3i|0T/cm Is possible. The other feature
of this design is the lower current required to reach
a given gradient. It would seem that Q(7.6,1l,D,)Fe
would need to be operated at low temperature " 3K to
achieve the desired gradient of 1.9T/cm. It should be
noted at 2K operation, the peak field on the winding
in the NbTiTa case is 10.5T at critical current.
There are 62 turns per octant In Q(7.6,'U,D,)Fe.

Q(8.9,2t,Do)Fe

Q(8.9,2l,D )Fe is a standard size Tevatron
quadrupole with the following important exceptions: a
high current density cable, SSC Design D cable
geometry, and a cold iron shield. The maximum
gradient that Q(8.9,2i,D )Fe can reach at 1.25K with a

o

\

Figure VI - This is a winding cross section drawing
of Q(7.6,4i,D.)Fe quadrupole. The iron radius is
10.16cm. The^rfinding can be made as two double
shell windings and then assembled together to
complete the magnet.

measured cable performance is 1.192T/cm. This desig
has t3 turns per octant and has an inner iron radiu
of 7.5cm. Figure VII shows the Q(8.9,2!,,D )Fe windin
cross section. Table VI gives the winding parameters

Figure VII - This is a drawing of Q(8.9,2£,D )Fe
winding cross section. This 8,9cm aperture
quadrupole has a cold iron shield radius of 7.5cm.

A design was not found tnat could reach 1.9T/cra
at H.25K for an aperture cf 8.89cm. At 2K, Using
ternary winding, a gradient of 1.9T/nm could be
achieved with a reasonable safety factor.
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TABLE VI

Co.U Parameters for Q(B.9,21,D )Fe
Inner Cable - SSC Design C Outer 30 Strand

iXter Cabj." = SSC Design D Outer Modified 25 Strand
iron ftadl us = 7. 5cm

Tranafnv Constant = 0.2396?/cm

Turns In.ier Current binding Cuxer Cr i t ica l No of Hax
layer ; a i dansity Annuls Rad Cu-Tant Spacers GRAD
per cm A/mra: degree en kA t.2K
Oct. 2.OK

TV cm

•t.502 630 30.5 6.225

5.538 756 30.9 6.i55

Harmonic Cc-efficients

B /B. x 10~" l / in r '

1 5 9

-0.49 0.15 0.27

13 17

0.04 .001
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Development of Superconducting Dipoles and Construction of

Prototypes fnr HERA at Brown, Roveri and Company (BBC')

M. Foersrer, dep. GK/MS35
Brown, Boveri and Company

P. 0. Rox 351
JROO Mannheim 31

Abstract. More than AGO 9 m long supercon-
ducting dipoie magnets are required for the
HERA proton storage ring. These majpets have
to be built by the industry in the next two
years. During the last 5 years construction
methods fur large •'.agnets have been worked out
as preparation for tne mass puduction.

INTRODUCTION

In a close collaboratior between DESY and BBC
superconducting dipole magnet.'! were developed.
The fir it DESY design was vary similar to the
Fermilab warm iron Tagnet. BBC proposed to
build a cold iron niagnet. To compare these
different magnets, 3 6 m long prototypes of
each design were built. The ir<vnn Iron magnets
were constructed at DF.SY, the cold iron magnets
at BBC. So BBC is the first industrial com-
pany which completely constructed this kinJ
of magnets.

After the tests of the prototypes which were
carried out by DESY, it turned out that each
design had advantages and disadvantages. The
present design - the so- -ailed hybrid magnet -
tries to combine the advantages of both, warm
and cold iron. 4 9 m I ing prototypes are con-
structed at BBC, for which the coils are wound
and collared at DESY. In the following, the
construction methods for the main components
of the magnet, except for the coil, will be
described.

a crane. Weight and length of the yoke is con-
trolled; the filling factor is 96%. For the
adjustment of the length 1 mm thick sheets are
used; the two ends of the yoke (165 mm) are made
of 4 mm thick stainless steel laminations. The
lamination is pressed vith hydraulic cylinders
end fixed with two copper nickel tie rods.
Special devices are used for transportation and
handling of the yokes.

pellet

Fig. 1 yoke assembly

/r/7777/
packing device

1. Yoke

The laminated yoke consists of two halve?
with a vertical separation. "Each of these
halves is assembled from 5 mm thick sheets.
The sheets are fine blanked within a tolerance
of ± 0.02 mm. After blanking they are phos-
phatized for protection against corrosion and
deposited in the correct orientation on special
pallets. Each pallet carries 2 500 mm long
packs of sheets. For assembly of the yoke these
packs are put on a 10 m long packing device by
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2. Coil-yoke assembly

The next fabrication step is mounting the
collared coil and the two-phase helium tubes
In the yoke. Upper and lov.-er half-yoke are
TIG-welded with a welding machine. During the
welding process, the parts are pressed with
hydraulic cylinders. Because of the longitud-
inal therm?! shrinkage an austenitic filler is
used for the welding.

iG w e l d

Fig. 3 Welding of the He-tank

Fig. 2 Coil-yoke assembly

3. Helium tank assembly

The helium tank provides the stiffness to the
cold part of the magnet. So the alignment of
the yoke in the tank is a very important opera-
tion. The tank consists of 2 half-shells which
are pressed around the yoke and TIG-welded
longitudinally. Material of the tank is stain-
less steel 304 N. For pressing the half-shells,
rubber hoses and compressed air is used.

To avoid rotational disalignment during the
pressing operation the yoke is glued to the
lower half shell; the shell is fixed in the
welding device. In this device the magnet is
bent to i t s curved shape with a radius of
588,33 m; this means a sagitta of 17 ram. The
correct shape is met within a tolerance of + 1
mm; it can be corrected with the suspension
system in the vacuum tank. After the longitud-
inal welding, the tank Is closed with flat ends
and the pressure— and leak-test is carried out.
The sensitivity for all leak-tests is

10~10 mbar 1/s.

4. Radiation shield

An oluminium extrusion forms the radation shield
(Al 6060). The material was chosen because of
the high thermal conductivity and the low price.
Samples of the profile had a bursting strength
of more than 250 bar and a leakrate of
— 10

10 mbar 1/s. Transition piezes from aluminium
to stainless steel are friction welded.
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Fig.4 Radiation shield: Al-extrusion

5. Vacuum tank

In order to reduce the stray field of the
magnet, the vacuum tank is made of carbon steel.
Openings for the suspension system are necked
out. For protection against corrosion the
complete tank is hot galvanized with zinc.
Care has to be taken to keep all sealing surfaces
free of zinc and to avoid thermal deformations
of the tank during the galvanizing process which
is carried out at a temperature of about
430° C.

6. Final assembly

The radiation shield is installed around the
helium tank and 40 layers of superinsulation
are wrapped up. Using teflon gliding shoes
and a winch the magnet is pulled into the vacuum
tank, where the suspension system is assembled
and the magnet is adjusted in horizontal and
vertical direction.

7. Mass production

Depending on the required production rate for
the series some of the production devices will
have to be duplicated to achieve the correct
transit time. During the production of proto-
types, fabrication techniques for industrial
mass production have been worked out and tested.
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SUPERCONDUCTING QUADRUPOLES FOR HERA

R. Auzolle, P. Le Marrec, A. Patoux, ^. Perot, J.M. Ri f f let
lnstitut de Recherche Fondamentale - C.E.N/SACLAY
DPh/PE-STIPE - 91191 Gif-sur-Yvette Cedex (France)

Abstract - The superconducting quadrupoles of the
HERA machine have been designed and built at the
Saclay Laboratory. Since 19S1 four prototype quadru-
poles have been built and successfully tested in a
bath cryostat.

- The two first magnets built are of the warm
iron type and mounted in a 2 meter long cryostat.
These cryostats were tested 2 years ago at DESY.

- The two following magnets are of the cold
iron type and are being mounted in a four meter long
cryostat. This cryostat contains many other items as:
a correction dipcle with its 50 A current leads, a
beam monitor, a protection diode, a vacuum barrier
for the cryogenic vacuum and safety tubes for both
the pressurized and boiling heliums.

These cryosrats are nearly completed and work
in industry to build the serieSmagnets should start by
the end of 1986. The paper gives main characteris-
tics of the magnets and some construction details.

INTRODUCTION

Since the beginning of the HERA project the
Saclay laboratory has worked on the quadrupole
design in collaboration with DESY.

- Two first prototypes were built with the warm
iron design- The magnets were of the Fermilab type
but the cryostats were different. These two proto-
types were del ivered to DESY two years ago.

- Two other prototypes have been designed and
built with cold iron in keeping unchanged the collared
coils. The design is called "hybrid" because of the
use of both collars and cold iron.

In addition to the change from warm to cold
iron many other items have been put in the cryostat
as :

- a CQrrertiDn dipole with its current leads;
- a beam , 'oni tur;
- a protection diode;
- a vacuum barrier for the cryogenic vacuum:
- two safety tubes for both the boiling and

pressurized heliums.

The total length of the cryostat increased from
2 m for the warm iron design to 4 m for the cold
iron design.

The construction of the two hybrid prototypes
is nearly completed and th° start of the preserieSin
industry should begin by the end of 1986.

MAIN MAGNET PARAMETERS

The main hybr id quadrupole parameters are
listed on the following table :

Table I
Hybrid quadrupole parameters

Nominal gradient
Current
% of gradient from iron
Coil aperture
Magnetic length
Stored energy

T/m
A
%
m m

m
k j

S0.55
4992
12.5

75
1.374
68.4

MAGNET CONSTRUCTION

The cel lared coi ls have same design as the
Fermilab doubler quadrupoles, but as far as the iron
core is concerned two designs have been made
successive!": a warm iron design and later a cold
iron design which is the design adopted for the
aciual machine.

a) Warm iron design :

Figure 1 is a cross-sectional view of the quadru-
pole in its cryostat for the warm iron design. The
coils (1) consist of two layers of conductors precisely
held in position by a system of collars (2) made of
stacks of non-magnetic stainless steel sheets. These
collars confine the electromagnetic forces acting on
the coils. The coils and their frame are mounted in a
tube (3) by means of key; (4). This ensure9longitudi-
nal r igidity while preventing any twisting of the
magnet about its central axis. The annular space
between the tube (3) and the particle beam chamber
(5) is f i l led with circulating helium pressurized at 2
to 4 bars. Several tubes (6) contain flowing helium
boiling at 1 bar (4.2 K). The heet of vaporization of
the boiling helium provides cooling for the pressu-
rized helium. A thermal screen (7) at 50 K l imits
radiated heat input from the vacuum enclosure (9),
which is made of soft iron and constitutes the ferro-
magnetic circuit. The components at the temperature
of liquid helium and the screens are held rigidly with
respect to the room temperature part by t i tanium
tie-rods (10)..

b) Cold iron design :

After the main dipole design has changed for
cold iron yoke the same change has to be made for
thb quadrupole. The cold design is shown on figure 2.

The collared coils are kept unchanged and the
thick tube is also kept for longitudinal rigidity. The
yoke made of soft iron punched laminations is moun-
ted between the collars and the thick tube. As the
thick tube has a lot of holes to fix the centering
keys which hold the magnet a thiner tube is added
around for helium tightness.
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Figure I. Warm iron magnet cross-section.

Figure 2. Cold iron magnet cross-section.

The boiling helium is now passing through two
tubes outside of the pressurized helium. The heat
exchange then only occurs in the main dipole cryos-
tat and no more in the quadrupole c ryos ta t .

In order to use standard parts the cryogenic
suspensions have also been changed for those of the
main dipole. As mentionned above the cr«ostat now
contains a correction dipole which is aligned in the
thick tube by the same system as the quadrupnle. A
50 A current lead is set to supply the correction
dipole.

A vacuum barrier is also installed at one
end of the crvostat. That barrier 'connects
the cold part to the warm part of the cryostat and in
order to decrease the thermal losses it is made of
long coaxial tubes of stainless steel folded several
tunes on themselves. The two boiling helium lubes
and the screen tube must pass through that barrier
which increases the overall diameter of the cryostat.

Finally the cryostat contains a beam monitor and
a box ot cold diode tor the quadrupole protection.

All these items added to the quadrupole lead to a
complex assemol> and a total length of 4 meters
compared to the nearlv 2 meters of the quadrupole
magnet alone.

The device which can be seen at the lower end of
the right suspension is aimed at strengthening this
suspension during transport.

THE CONDUCTOR

The conductor is a keystoned flat cable of the
Rutherford t\pe containing 23 strand:,. It is insulated
first by two layers of Kapton tape 10 u widt- and
25|i thick with 80Qo overlap and second by 10 mm
wide and 135u thick fiber glass ribbon with a k mm
gap between adjacent turns. This last ribbon contains
a P> stage epoxy resin. Each strand is 0.83 mm in
diameter and contains about 2000 filaments of 13u.
The copper to superconducting ratio is 1.8 to 1 and
the twist pitch 25 mra. The cable has a dimension of

(1.33 - 1.67)»9.5 mm without insulation. Its crit ical
current is 6962 A at 5.5T and 4.6 K.

COIL CONSTRUCTION

The first coil layer is wound on a cylindrical
mandrel with keys provided for coil angles. The
completed half coil is then put under hydrolic pres-
sure in a first mold and cured at 160°C for 2 hours,
the maximurr force applied is 500 t.

After curing, the layer is removed from the
mold, and fiber glass spacers are put on top of it to
provide helium channels between the two layers. The
second layer is then wounc on the f i rst one and
cured the same way in a second mold.

All the tooling such as winding mandrel, coil
keys, curing mold are made of punched laminations
stacked together up to the needed length (2 m).
Using punched laminations gives a very good accu-
racy and allows to duplicate this tooling for mass
production with small extra cost.

Once molded, four coils are mounted around ano-
ther cylindrical mandrel. This last mandrel is not
laminated because it must slide on the coil surface
in order to be removed after assembly.

Ground insulation made of four layers of 0.125
mm thick Kapton sheet is provided at the outer
diameter of the coils and the stainless steel lamina-
ted col lars are stacked over the coi ls (Fig.3).
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Figure 3. Coils collaring

This stacking is made in such a way that two
adjacent pairs of laminations are mounted perpendicu-
lar to each other so that two opposite coils are
alternatively held by the central key of the lamina-
tions. The collared magnet is then put in a quadru-
polar press which applies correct prestress on the
coils by pushing the collars in four perpendicular
radial directions. This process is not carried out on
the full manget length but by lengths of 200 mm at
a time. At each step the applied force is 28 t.

With the pressure still applied, the laminations
are fastened together by means of keys so that the
applied prestress remains in the coils after the press
is removed.

After all the collars have been pressed and fas-
tened the central mandrel is removed wiih an hydrau-
lic jack. A force of about 15 t is needed at the
beginning of the mandrol extraction.

IRON YOKE ASSEMBLY

The iron yoke is made by stacking soft iron
laminations around the collared coils. The stacking is
made in a similar way as the laminated collar
(Fig.4).

The stacking guide is provided by the magnet
itself by means of keys set at the collar edges. All
the laminations are locked in their correct position by
four stainless steel tubes, mechanically expanded in
four holes especially made for this purpose. This last
operation is made in place of a welding in order to
get less deformation.

CRYOSTAT FABRICATION AND ASSEMBLY

The cryostat assembly is made around the magnet
in the vertical position. First the correction dipole is
set vertically on a special fixture, then the quadru-
pole is put on top of the dipole with a vertical
centering mandrel which holds everything together
during the first- phase of the assembly. A special
pjatform is used through the whole assembly to work
at the top and te> support the cryostat at different
phases of the procedure (Fig.5).

Figure 4. Iron yoke stacking.

Figure 5. Vertical assembling.

After the bus are set and the internal connec-
tions made the cryostat outer wall is mounted follo-
wed by the two boiling helium tubes and the screen .

Finally the vacuum vessel is mounted and the
cryogenic supports set in place. The vacuum barrier
assembly leads to split the vacuum tank in three
parts and the screen in two parts which complicates
very much the assembly.

re 6.
The nearly completed cryostat is shown on figu-
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The two first magnets ny-iintefl in a warm iron
cryostat were later quenched at DESY ai their
critical current without training.

The two other magnets will be pushed to their
critical current in DESY as soon as they are tested
(middle of 1986).

The multipole coefficients have been measured
for the four magnets in a bath cryostat without iron
yoke.

The multipole coefficients have the following
definition: n = ^ n_,

Z
B

Z = x + iy = any complex coordinate within the
usefu' aperture.

a = inner coil radius (37.5 mrn).

Figure 6. Nearly completed cryostat.

MAGNET TESTS

All the four quadrupoles were tested without
iron in a -.ertical bath cryostat prior to be mounted
in their final cryostats.

~TFie"y~lin reached their nominal current without
any training.

In the table II the AB/B due to each term Cn
are g iven up tc n = 14 for Z = 25 mm (values in 10
units).

an = squew bn = normal AB/B

From table II it can be seen that designed
coefficients have been changed for magnet Q4, espe-
cially for n = 6.

Table 2
Multipole coefficients for the four quadrupoles

n

2
3
4
5
6
7
8
9
10
1 1
12
13
14

Designed

Ql, Q2. Q3

bn

-2.94

-3.18

4.45

an

Measured

Qi

bn

0
0

3.1
-5.2
- 0 . 2
-0.3

1
-3.2
-0.2
0.3

-1.8
4.5

. in

-4.1
-1.3

1.8
0.7

-0.3
-0.3
-0.7
-1 '
0.3
0..S
1.5

-0.1

Q2

bn

3.4
-0.2
-1.1
-6

0.1
0.2
-0.2

-3.5
-0.1
-0.3
0.2
',:6

•in

0.8
-0.2
-0.4

0.3
0.2
0.1

-0.1
-0.3
0

-0.1
1.6

0.7

Q3

bn

4.9
1.2

-2.1
-5.9
-0.1

0.3
0.6

-3.2
-0.1

-0.7
0.8
4.3

an

5.3
-0.2
-2.1

O
0.6
0.3

-1.4
0

-0.1
0.4
2.6
0.1

Designed

Q4

bn

+ 0.3

-4.5

4.37

an

Measured

Q4

bn

.3.7
-1

-0.9
-1.2
-O.i

0.1
-1.1
-5.1
-0.4
0.4
1.1
4.5

an

.1.7
-2.4
1.4
0.1

-0.1
-0 .5
-1.8

0
0.1
0.6
2.3

-0.2

CONCLUSION

The four magnets which have been constructed
reached their nominal field without any training.

The field multipole coefficients are within the
required tolerances (a few 10" ).

Construction in industry should start in the end
ot 1986 first by a preserieaof 5 magnets during one
year and then by a serieaconstruction at much higher
rate (4 magnets per week).

The main difficulty now will be to transfer to
industry the technology learned in the iaboratory.
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SUPERCONDUCTING OOI£> IRON DIFOLE MAGNET FOR UNK

A.I.Ageyev, N.I.Andreyev, V.I.Balbekov, V.I.Dolzhenkov, E.M.Kashtanov, K.P.Myznikovt V.V.Sytnik,
N.M.Tarakanov, L.M.Tkachenko

Institute for High En^^gy Physics, Serpukhov, USSR

Abstract.- IHEP carries on extensive work on si-
mulation of superconducting dipoles for UNK. A
series of full-scale warm iron dipoles has been
manufactured and tested. The dipoles have exhibi-
ted satisfactory magnetic and mechanical charac-
teristics. In 1986, first cold iron magnets of a
new design will be manufactured. Their coils will
be wound from the cable having a higher current
carrying capacity. Below their design and basic
parameters are described.

The superconducting dipoles manufactured ear-
lier had satisfactory magnetic and mechanical pro-
perties and allowed to obtain the field exceed-
ing 6 T/1.2/. The yoke of such dipoles was at a
sufficient distance from the cryostet and had
the ambient temperature. Desire to cut the quan-
tity of the superconductor uued, simplify the
cryostat design and raise its reliabi1. • 7 as well
as to decrease heat load on supports ana ac los-
ses in the coil led us to develop dipoles with the
yoke inside the cryostat. The design of such a
dipole is similar to the one offered in paper/3/.

Figure 1 shows the cross-sectional view of a
new magnet and Table 1 presents its basic charac-
teristics.

Table 1

Basic Characteristics of Dipole

Parameter 1st shell 2nd shell

Number of turns
Number of wires in turn
Median thickness of turn, mm
Turn width, mm
Outer angle of shell, deg
Inner angle of shell, deg
Inner radius of shell, mm
Maximum field in the coil, T
Operating current, kA
Quench temparature for maxi-
mum field, K
Coil length, mm
Yoke length, mm
Effective dipole length, mm

35
16
1.59
7.55
73.26
0.20
40.00
5.58
5.0

5.10
5 800
5 600
5 703

22
16
1.59
7.55
38.03
0.22
49.05
4.02
5.0

5.90
5 800
5 600
5 703

A two-shell coil which proved successful has
been accepted as the basic element of the design.
Its aperture radius has been left unchanged,35 mm.
To have B temperature reserve necessary during
radiation heating of the coil, the requirement is
that the magnet should be operable at the 5 T axi-
al field and 5.1 K coil temperature. The current
carrying capacity of a 0 0.85 mm superconducting
strand is accepted to be 550 A under typical ope-
rating conditions, i.e. H=5 T, T=4.2 K. This cor-
responds to the level already achieved.

Figure 1. Schematic of a dipole magnet.

The coil and yoke diameters have been decrea-
sed in order to cut the quantity of the supercon-
ductor consumed. As 3een from the calculations,
the required homogeneity of the bore field can be
provided with a coil having the inner, diameter of
80 mm. The inner yoke diameter is limited by the
required thickness of the fixing bandage and is
accepted to be 165 mm. Therefore a dipole axial
field of 5 T is achieved at a lower excitation
current than in the magnets of the previous design.
This allowed to reduce the number of strands in
the cable from 23 to 16 and thus to cut the quan-
tity of the superconductor consumed by about 30 %.
Since the temperature reserve of the 2nd shell is
0.8 K higher than the established limit a super-
conducting strand having a lower current carrying
capacity can be used.

The bore field homogeneity is achieved primari-
ly by the choice of the angular dimensions of the
shells. This helps suppress design-effected lower-
order field nonlinearities, i.e. second' and
fourth-order ones. The relevant edge-field nonli-
nearities are eliminated with the help of a spe-
cial layout of the turns in the end parts of a
-iipole (fig. 2). Such a layout also allows to re-
duce the field strength on the coil end parts.
The field strength is decreased additionally by a
choice of the yoke length which should be 100 mm
shorter than the coil on either side of the dipole.
Under these conditions, the body field strength in
the coil end parts will be the same as that in
the centre.
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Inner shell Outer sheu

Figure 2. Layout of turns in magnet end parts
(development).

Table 2 presents the caleulatiocal field nonli-
nearities of different orders measured at 35 mm
from the axis and averaged over the effective di-
pole length. These data refer to fields of 2-3 T
at which saturation of the yoke does not affect
harmonics.

Table 1

Mean Dipole NonlinearIties at 35 mm from the Axis

8 10 12

*» 4
=- 10 0.0 0.0 19.3 -94.2 56.2 -23.1

A great attention was paid to the upgrading of
the yoke shape whose weight determines not just
the load withstood by the supports but also the
cooling-down and warming-up times. The yoke mate-
rial gets saturated essentially at the maximum
fields. Yet, as seen from the calculations, even
under these conditions a high hore field homoge-
neity can be ensured by choosing the right ratio
of the inner and outer yoke diameters. In our de-
sign, these diameters were 165 mm and 377 mm, res-
pectively.

The helium flow channels are in the areas where
the magnet flow density is not high and therefore
they do not influence the field quality essential-
ly. The dependences of field-current ratio and of
low-order nonlinearlties on the field strength
(see fig. 3) are within the limits tolerable with
account of the anticipated correction system. Six-
order and higher-order nonlinearities specified
in Table 2 are left basically constant within the
whole magnetic cycle. The ratio AHg/&Hg=: -5 is

chosen deliberately as long as it provides opti-
mal conditions for slow extraction of particles.

H 0 .T

- 1

- 2

-3

-4

H>/I 7!="2 -

\n=4 1,049

1,047

1.045

1,043

I • /KA

Figure 3. The dependence of fiend-current ratio
and low-order nonlinearities on the
field.

Figure 4 shows the magnet design. The coil has
been manufactured from a 7.5 mm wide keystoned
cable having the bases of 1.336 mm and 1.554 mm
(without insulation). Special tools have been ela-
borated to transpose the cable, calibrate and mea-
sure its dimensions- These ma,de it possible to
attain the production accuracy of +10ji m over the
width and _+3yVm over the thicknessT The cable is
insulated with a 10 mm wide by 20 Jim thick dry
Kapton tape wound with the 60% overlapping, on
which another 10mm wide by 40«m thick epoxy-coa-
ted Kapton tape is wound.

The two shells of the coil are formed and cured
simultaneously, in which case the production rate
and accuracy increase appreciably.

To make a magnet go normal, stainless steel
tape heaters insulated by a SOjilm thick Kapton
film are put on the outer surface of the coil.The
insulation of the coil body comprises 4 Kap'ton
layers, each 130A|m thick.

The coil is enclosed into a stainless steel
laminated bandage fixed in the yoke grooves with
4 special flanges. Such a design ensures a high
stability of the coil position with respect to
the yoke.

The yoke is manufactured from 3 mm thick lami-
nations stamped from a soft steel having a low
coercive force. The helium volume is United from
outside with a stainless steel skin consisting of
two semi-cylinders clamped firmly aad welded on
the yoke. This skin ensures rigidness of the whole
magnet. The outer diameter of the helium part is
380 mm, its total weight being 5 000 kg.

The helium volume is surrounded by a radiation
shifildmanufactured from an aluminium alloy and
cooled by boiling nitrogen flowing in the pipe fi-
xed- to the shield. The helium vessel and nitrogen
shield are protected with a multilayer insulation.

The low-carbon steel vacuum housing with-
stands the load of the cold part of the cryostat
which is secured to it with the help of vertical
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Figure 4. Magnet cross section: 1 - coil, 2 - ban-
dage, 3 - yoke, 4 - oi.c?r shell of the
helium vessel, 5 - t'/o-phase helium pipe,
6 - beam pipe, 7 - nitvogen shield, 8 -
superinsulation, 9 - vacuum housing,
10 - suspensions, 11 - extensions.

suspensions and horizontal tension elements made
of a titanium alley. Their cross sections are
such that they should withstand the helium vessel
and nitrogen etai*ld weights as well as the dynamic
losses acting in any direction and having the va-
lues of up to Ig. To simplify the assembling pro-
cess, the vacuum housing consists of two halves
welded in-situ.

The cold part of the cryostat is fixed to the
housing in two cross sections. In this case, the
maximum deflection of trie vessel does not exceed
the value of 0.2 mm. The anchor extensions fix
the central cross section of the magnet and pro-
vide a free motion of its end parts during ther-
mal cycles.

Static heat leaks of the cryostat design ele-
ments per each dipole are given in Table 3,

Table 3

Static Heat Leaks per Dipole

The magnet coil will be cooled by single-phase
helium at an inlet temperature of 4.4 K. The sin-
gle-phase helium will be distributed into 3 flows.
One of them will go through the circular channel
between the coil and beam pipe to remove dynamic
heat releases from the coil. Another two will go
through the crescent-shaped gaps between the yoke
and two-helium pipes where they will be cooled by
two-phase helium flow. The cross section of the
above channels are such that the consumption rates
of heated and cooled helium should be about equal.
When leaving the magnet the single-phase helium
flows get mixed thus allowing to reduce the tempe-
rature of helium going into the next magnet.

As follows from/4/, the warming-up time of a
110 magnet string is about 40 hours during the
maintenance period and the cooling-down time up
to the operating temperature is about 50 hours.
With such a fast cooling-down and warming-up, tem-
perature fields having large gradients develop in
the helium vessel and nitrogen shield elements.
This results in appreciable mechanical stresses.
Their calculation showed that the magnet design
corresponds to the chosen cooling-down and warm-
ing-up modes.
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Constituent cf Heat Leak
Heat Leak, W

4.5 K 80 K

Mechanical supports 1.0 12
Shield-vacuum insulation 0.6 15
Branch pips of a saffty valve 0.1 4
Wires 0.3 0.4

Total: 2.0 31.4

So, the value of static heat leaks calculated
for 4.5 K is 2 W. It is about 5 times as small as
the value measured for the warm iron magnet. The
total heat leaks, static and dynamic, are about
8 W for the UNK cycle/4/.
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ON THE CONSTRUCTION OF SUPERCONDUCTING QUADRUPOL? MAGNET

S, Ito, J. Nakazawa, S. Murai and M. Hirano
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Abstract. - Based on the design of the super-
conducting insertion quadrupole magnet built for
the TRISTAN Main Ring in KEK, a prototype
superconducting quadrupole magnet was newly
fabricated, which consists of a four-layer coil
having a 140 mm inner diameter and 217 mm outer
diameter, and stainless steel collars surround-
ing the coil to clamp it firmly. And, now, the
construction of this new magnet as well as its
evaluation test is completely finished.
The coils consist of two layers of Rutherford
type cable made from 27 strands of Nb-Ti, and of
copper cable, (outer two layers) Insulation
spacers attached at coil ends have a unique form
made by machining using a 5-axis NC machine GO
chat there is no gap between spacers and con-
ductors.

The reasonability of construction of this
new magnet was successfully examined by field
measurement in a room temperature state and at
lower current as well as checking the dimen-
sional accuracy. Thus, the present report is
intended to publicize the construction of this
magnet.

INTRODUCTION

TRISTAN is a large-sized accelerator of
electron-positron collision type. The super-
conducting insertion quadrupole magnets are
arranged close to each of the four collision
points on the main ring, and help to raise the
luminosity of the accelerated electron and
positron that pass by. This.quadrupole magnet
is being developed by KEK. '

For the superconducting insertion quadru-
pole magnet incorporated in the TRISTAN acceler-
ator, the following points must be fulfilled as
basic requirements:
(1> The aperture of the magnet should be larger

than 100 mm, therefore, the coil inner
diameter must be larger than 140 mm.

(2) An operating field gradient of 70 T/m is
required for beam energies of 35 GeV.

(3) In order to reduce the influence of the
quad pole on the field of the detector
magnets, they should have no iron yoke.

(A) The maximum allowable outer size of the
quadrupole, including cryostat, is 400 mm
in diameter.

We constructed a full scale prototype magnet
based on the above-mentioned KEK's superconduct-
ing insertion quadrupole magnet design, and
conducted an evaluation test for viability of
its construction. In the subsequent sections,
the design, construction and test results of
this -nagnet will be described in detail.

MAGNET DESIGN CONCEPTS

The present magnet is a prototype super-
conducting quadrupole magnet designed on the
basis of the superconducting insertion
quadrupole magnet for TRISTAN which was designed
by KEK. Figs 1 and 2 show the cross section of
the model magnet. The magnet was assembled in
the following procedure: first, assemble the
first to fourth layer coils and the stainless
steel collar sheets so that the coils are
surrounded by the collar; second, apply force,
using a press, on the assembly from the outside
of the collar to clamp it firmly; next while
clamping, insert keys into keyways arranged
along the periphery of the collar; and finally
bond them by TIG welding. The inner and outer
diameters of the coil are 140 mm and 217.4 mm
respectively and the outer diameter of the
collar Is 280 mm. The magent has an overall
length of 1370 mm and weight of about 400 kg.

The main parameters of the coil are listed
in Table 1.

insulation spacer stainless
steel collar

mylar

coil

Fig.l The cross section of
the prototype quadrupole.
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stainless
steel collar

coil

Fig.2 The cross section of
the prototype quadrupole.

Table 1 Magnet Parameters

Field gradient 70 (T/m)
Current 3400 (A)
Coil (4-layer shell type)

inner diameter 140 (mm)
outer diameter 217.4 (mm)
winding 129 (turns)

Stainlness steel collars
outer diameter 280 (mm)

Quadrupole physical length 1370 (mm)
Magnetic length 1000 (mm)
Approximate weight 400 (kg)

The quadrupole magnet is constructed in
such a manner so that the coil runs outwards in
the radial direction at the ends, in order to
keep a distance from the beam tube, and is also
divided into segments to keep the maximum
magnetic field. Coil end blocks of glass epoxy
resin are inserted between these divided por-
tions. Fig. 3 shows the configuration of coil
ends.. To minimize multipole components, stain-
less steel wedges are installed in first and
second layer coils. Channels and holes as
runners of cooling gas are arranged radially in
the stainless steel wedges. For the same
purpose, insulation spacers, which are inserted
between interlayer insulation sheets and each of
the first to fourth layer coils, are provided
with notches or channels. The collars are made
by stacking a number of 1 mm thick stamped
stainless steel sheets in a half-lapping manner
and used to support the coil assembly by clamp-
ing it from its peripheral side.

end block keystoned conductor

MAGNET CONSTRUCTION

The first and second layer conductors are
comprised of Rutherford type keystone cables
composed of 27 Nb-Ti strands twisted with a
twist pitch of 70 mm in the shape of letter Z.
Each strand has a diameter of 0.68 mm and is a
strand twisted with a twist pitch of 12.5 mm and
coated with silver—tin solder. The filament
diameter is 9 pm or less, and the Cu-SC ratio is
1.20. The cable is first wrapped with a layer
of Kapton tape of 25 ym thickness and 14 mm
width in a half-lapping manner. Then, a second
layer of tape is wound spirally over the first
layer u'ith a gap of 1.25 mm between each adja-
cent windings. The latter tape is an insulation
Kapton tape composed of a 50 ym thick and 6 mm
wide epoxy prepreg base layer and an approx-
imately 15 ym thick B-stage epoxy top layer -
the epoxy top layer must appear on the outside
when the tape is wound. The critical current
for the keystone cable at 4.2K is 6.50CA at the
6T conductor parameters listed in Table 2.

Above design and construction are based on
KEK's instruction. This is because KEK has
already made a R&D magnet and has tested and
confirmed its performance.

The third and fourth layer conductors are
comprised of cables each composed of eighteen,
0.9 mm diameter Cu dummy strands twisted with a
twist pitch of 74 mm in a S-letter shape.
All layers have the same insulation construc-
tion.

Table 2 Conductor Parameters

1st, 2nd
layer

3rd, 4th
layer

Filament material
Conductor dimension
Strand diameter
Filament diameter
Cu : SC ratio
No. of strands
Cable twist pitch
Critical current
(4.2K)

Nb-Ti Cu
(1.19-1.35) x 9.09 (mm)

0.68 (mm)
9 ym or less

1.20
27
70 (mm)

6500 A at 6T
or greater

0.9 (mm)

18
74 (mn)

Fig.3 Development of second layer coil at
its peripheral surface

The size and form of coil end blocks were
designed as described below in order to permit
no gap between keystone cables and end blocks:
1) The configuration of wound keystone cable

at the coil end, when it is developed at
its outer peripheral surface was assumed a
circle, and that at its inner surface, an
ellipse.

2) If a keystone cable is womid in a saddle
form, the coil end is elongated at the
outer circumferential surface,contracted at
the inner one. The relative difference
between these two types of deformation was
assumed to be 2%.

3) As to vertices of the coil end of a key-
stone cable wound in a saddle form, the
amount of projection of the inner edge
vertex was assumed larger than that of
outer edge vertex.
The superconducting quadrupole magnet

employs 38 kinds and 128 pieces of coil end
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blocks . According to the above described 3
items of requirements, the s ize and form of end
blocks were designed asi described below:

Circumferential length of the h a l f - c i r c l e
appearing in end b lock ' s development at pe r iph-
e r a l surface, 8,:

i, =• TTRO (1)

Circumferential length of an ellipse appearing
in end block's development at inner diameter
surface: ,

0.98 x H/2 = 0.983a t 0.311b + 0.2S7 b"/a
(2)

The right side of equation (2) indicates an
approximate circumferential length of ellipse.
The solution of b is:

b =
a (0.311 + y1.765 Ro/a - 1.03)

0.573 w /

The inclination amount of conductor at coil
end's vertex, 5, is:

<S = b - Ro (4)

where,
Ro :

a=Ri

radius of a circle in the development at
peripheral surface, dependent on the
position of conductor;
dimensions in the development at inner
diameter surface, dependent on the posi-
tion of conductor = semiminor axis of
ellipse;
semimajor axis of an ellipse in the
development at inner diameter surface.

. Development at peripheral surface

._Development at inner dia. surface

Table 3 Basic Parameters of End Blocks

Application No Ro a=Ri

For first
layer

For secoad
layer

Bl
B2
B2
B3
B4
Bl
B2
B2
B3
B4

16.61
26.19
34.21
42.00
62.28
18.66
29.43
38.44
46.32
69.98

14.66
23.12
30.20
37.08
54.98
16.71
26.36
34.43
41.49
62.67

17.23
27.16
35.48
43.56
64.59
19.21
30.29
39.56
47.67
72.03

0.62
0.97
1.27
1.56
2.31
0.55
0.86
1. 12
1.35
2.05

For third
layer

For fourth
layer

Bl
B2
B3
Bl
B2
B3

20.71
53.04
77.67
22.77
57.88
85.37

18.76
48.06
7C.31
20.S2
52.93
78.07

21.18
54.24
79.43
23.16
58.87
86.84

0.47
1.20
1.76
0.39
0.99
1.47

The following two kinds of materials for
end blocks were selected after evaluation of
dimensional accuracy, machinability and thermal
deformation:
1) FW pipe: epoxy filament wire pipe;
2) E6B laminated plate: epoxy glass laminated

plate.
Table 4 shows results of evaluation of end block
materials.

Table 4 Evaluation of End Block Materials

FW pipe E6B laminated
plate

Dimensional If the pipe is

accuracy split, it con-
tracts, resulting
in deviation in
outer and inner
diameters as well
as in angle.

Dimensional
accuracy is
good.

Machinability During machining, Hard material,
resin coated on a
thin part of pipe
end is subject to
breaking off.

Thermal
deformation

Small thermal
expansion

Very small
thermal expan-
sion

Overall
evaluation

Good Excellent

FW pipes were used in first and second
layer end blocks and E6B laminated plate in
third and fourth ones. Both were machined using
a 5-axis NC machine.

The first and second layer coils of the
superconducting quadrupole nusyiet as well as its
third and fourth layer coils were wound in a
double pancake winding .vstem. For the first
and second layer coils. a superconducting
keystone cable was first wound orderly on a coil
former, which was made of laminated thin steel
sheets and has a straightness accuracy of 0.05
mm/m, shifting one turn by one turn from the
start to end points. During winding work,
stainless steel wedges and coil end blocks were
installed in their respective specified places
and, to avoid loosening of the already wound
cable segment -a?A mounted insertions, they were
clamped by applying force in the radial and
circumferential directions with respect to the
coil former using a pressing device. After
completion of coiling of the first layer coil,
the coil was covered which a U-shaped mold for
coil molding and then pressed inwards at the
coil's circumference with a pressure of 100T,
and keeping this pressed condition, the coil was
subjected to a thermal molding treatment at
130°C for 5h. During this process, the coil was
pressed using bolts to retain the specified
length in the axial direction. After completion
of thermal molding treatment, a glass epoxy
insulation sheet was sticked on the outer
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surface of the coll and then the second layer
cable was wound over the insulation sheet in the
same procedure as that for the first layer coil.

The subsequent coil making process of the
thind and fourth layer cuils was the same as
that of the first and second layer coil except
that the stainless steel edges were not employed
in the third and fourth coils. Four double
pancake coils for the first and second layers
and another four double pancake roils for the
third and fourth layers were positioned around
the external surface of 3 mandrel outer dinmeter
140 mm, and mylar sheets were laid for the
insulation purpose between coils and stainless
steel collars. At parts where the stainless
steel collars have tips, stainless steel plates
were inserted against the collars in order to
protect the coil from localized pressure from
the collars.

In order to assemble the magnet, the
mandrel with all the layers of coils still
mounted on it, was placed vertically, and 1-mm
thick stainless steel collar sheets were lami-
nated on them in a half lap manner. Each time
70 sheets of collar were stacked, a pressure of
9.5 to 10.5 tons v s applied to the assembly,
and keyways of collars were aligned, parallel
keys were inserted and then were bonded together
by TIG welding. Intercoil insulation spacers
were placed between facing portions of coils and
quadrupole magnets for adjustment purposes, so
that coils have uniform lateral pressure. For
assembly of coil ends, stainless steel collars
without tips were laminated in the same manner
as mentioned above, and gfter applying pressure,
keys were fixed by TIG welding. After TIG
welding at the coil ends was completed, lead
wires were connected. After completion of
assembly up to the step of connection of lead
wires, coils and collars were removed from the
mandrels, and then, inspection of dimensions and
electrical tests were conducted.

The manufacturing flow sheet of quadrupole
magnet is shown in Fig.4.

Fig.4 Flow sheet for
magnet

First layer coil'
winding

manufacturing quadrupole

Third layer coil
winding

Thermal pressforming Thermal pressformir.g

Innerlayer insulation
sheet placing

Second layer coil
winding

Interlayer insulation
sheet placing

I
Forth layer coil
winding

Thermal pressforming Thermal pressforming

Interlayer insulation
sheet placing

Assembly and insulation of coil

Assembly of collars

i
Electrical connection and final
assembly of coil

TESTS AND RESULTS

After completion of assembling the quad-
rupole magnet, the dimensional accuracy of the
magnet was examined, and then, the measurement
and evaluation of flux distribution and inte-
grated field at a lower current exltation in a
room temperature state were conducted.

As to the final dimensions of the magnet,
the inner diameter of the first layer coil was
140.78 mm and its pole center's opening angle
was 24.21°. The final angle of the first and
second layer coils vas 89.6° and t:hat of the
third and fourth layer coils was 39.84°. The
straightness of the assembly of stainless steel
collars at its outer circumferance was 0.06 mm/m
and its twist rate 0.5 mm/m. The gap between
the keystone cable and end blocks was 0 mm on
the outer diameter side and extremely narrow on
the inner diameter side. The outer appearance
of the quadrupole magnet is shewn in Fig.5.

Fig.5 Visual appearance of
quadrupole magnet.

The field measurement for this magnet was
made at KEK with KEK's measurement device.

The integrated magnetic field was measured
by determining the induced voltages in the
rotating search coil with an excitation current
of 10A which were frequency-analized to give a
spectrum display. Fig.6,7 the quadrupole
component appears as a spectrum at a band of 60
Hz, and spectra at other bands are components of
an erroneous magnetic field or noise. It
should, however, be noted that appearance of a
spectrum of dipole component (at 30 Hz) is due
to installation error of the search coil and so
it has no relationship with the accuracy of the
quadrupole magnet.

The phase angle of each band with respect
to the quadrupole component can also be read
out. Phase angles with respect to components
having a large peak value at 180 Hz (12-pole
component) and 300 Hz (20-pole component) are
-363° and -182° respectively. This fact indi-
cates that there exists a good uniformity among
four coils, showing an excellent manufacturing
accuracy.

Fig.6 reveals an abnormally high projection
of the spectrum corresponding to the 12-pole
component in a pair of first and second layer
coils. This is supposed to be caused by im-
proper shape of stainless stee? wedges.
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Fig.6 A spectrograph of integrated
magnetic field when only a pair
of first and second the layer
coils are exited.
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Fig.7 A spectrograph of integrated
magnetic field when only a pair
of third and fourth layer coils
are exited.

The measurement of field distribution was
conducted using a set of two compact multiturn
coils called Twin Coil by allowing them to turn
in mutually opposite directions. The field
distribution along the center axis of the
quadrupole magnet was determined by making a
measurement at a pitch of 10 mm.

The measurement of field distribution along
X- and Y-coordinates was conducted at a pitch of
5 mm. The results for the X-coordinate are
shown in Fig.8. Y-coordinate in Fig.8, repre-
sents the rate of deviation from the quad-
rupole 's field gradient. According to Fig.8,
the deviation rate in the field produced by a
pair of first and second layer coils when a pair
of the third and fourth are not activated
increases as the distance from the coils de-
creases, bringing a poor overall field distribu-
tion pattern. This is probably caused because
the shape of the stainless steel wedges in the
first and second layer coils was changed from
tbi original design by KEK for some reason.
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Fig.8 Deviation rate from quadrupole
field gradient on X-coordinate.

CONCLUSION

Based on the design of the superconducting
quadrupole magnet installed in KEK, a supercon-
ducting quadrupole magnet was newly fabricated.
It consists of a coil of a 4-layer double
pan-cake construction with an inner diameter of
140 mm and outer diameter of 217 mm and sur-
rounding stainless steel collars which were put
together in an integrated construction.

Rutherford type keystoned Nb-Ti cable and
partially, copper-strand cables were used. To
eliminate the clearance between coils, insulat-
ing spacers were attached to coil ends, machined
with a 5-axis NC machine so as to have a special
shape.

Conductors of the 1st and 2nd layer coil,
and those of the 3rd and 4th layer coils were
twisted in opposite directions achieving, as a
result, very small twist of the magnet.

Field measurement results has revealed
that, as to the performance of quadrupole
magnets, they have a small enough deflection of
the magnetic axis and also small enough
multipole components of the third and fourth
layer coils, so that they can be said to be free
from excessive non-allowed components as a
whole.
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Abstract. The VENUS solenoid magnet was
constructed, and tested successfully at KEK on
February 1986. The magnet has a warm bore
diameter of 3.4 m, an outer diameter of the
cryostat of 3.8 m, and a total length of the
cryostat of 5.6 m. It is the largest one at
present of several thin solenoid magnets for
colliding beam detectors, and furthermore it
has a very short radiation thickness of 0.52.
Excellent ideas used tc reduce the material
thickness were the CFRP outer cylinder of the
cryostat and the aluminum alloy coil-case with
two-phase-helium in itself.

For the purpose of better cooling, Kapton
insulators between the coil-case and the winding
were cured under expansion pressure, and the
helium shield of 2 min thick aluminum cylinder was
set up inside the coll.

The conductor "jointing"method without extra
spare in the winding was invented to obtain a
uniform magnetic field distribution, and an
aluminum stabilized NbTi-Cu conductor of 10 km
unit length was fabricated.

MUON FILTER MUCN CHAMBER

The magnet was first cooled down and excited
up to 2000 A without iron yoke at the factory.
It was assembled with the iron yoke at KEK, and
cooled down to 4.6 K in 14 days. The first
excitation to the rated current of 3978 A was
performed without quench. The magnetic field was
0.75 T. Several forced quench tests were made to
investigate the stability of the magnet and to
check the safety of operation.

IKTRODUCTION

Tracking detectors in collider experiments
for high energy physics require a large volume
of magnetic field to analyze the momentum and the
charge of particles. A number of superconducting
solenoid magnets for this purpose have been built
in many high energy physics laboratories. These
magnets are usually very large in physical
dimensions. To reduce the size of the magnet,
calorimeters can be located outside the magnet.
In this case, the thickness of the magnet is
required to be as thin as possible to keep the
magnet transparent for the secondary particles
created by the collision.

LI QUID
V^ARGON
YlCOUNTER

g S g LUMINOSITY
MONITOR

1 2 3

Fig.l VENUS Detector System Fig.2 Completed VENUS Magnet
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A 30 GeV e e collider TRISTAN is now under
construction at KEK. A large superconducting
solenoid magnet is used for general purpose
detector VENUS in Fuji experimental hall of
TRISTAN. The total arrangement of the detector
is shown in Fig.l. The magnet consisting of a
superconducting coil and a cryostat is surrounded
by a 700 ton iron yoke.

The VENUS magnet is the largest thin
solenoid magnet at present. It has a warm bore
diameter of 3.4 m, an outer diameter of the
cryostat of 3.8 m, and a total length of the
cryostat of 5.6 m.

The completed VENUS magnet is shown in Fig.2
[1]. The obtained main characteristics are
listed in Table 1 [2].

Table 1 Main Values obtained at the Rated
Operation of the VENDS Magnet

Operation current
Central field
Leakage field
Stored energy
Heat load

3978 A
0.75 T
33 G
12 MJ
35 ^ 40 W

(3) A "unified jointing" method of the
conductor [1] was developed to improve field
homogeneity. Iron was used as material of the
end flanges of the cryostat to reduce leakage
field.

(4) For the mechanical safety, the
electro-magnetic forces due to the axial and
radial off-centers were obtained by model tests
as well as calculations.

CONDUCTOR

The coil is made of a superconductor which
contains a NbTi-Cu multifilamentary supercon-
ducting composite in a pure aluminum stabilizer.
The cross section of the conductor is shown in
Fig.5. Due to the low resistivity of the pure
aluminum, no sophisticated energy extraction
system is necessary for this magnet to survive
through quenches. The measured RRR of the pure
aluminum was 1855 in the cooldown test of the
magnet.

DESIGN PRINCIPLES

Design principles of the VENUS magnet are
summarized in the following features.

(1) The radiation thickness of the magnet
is quite thin even compared with other thin
solenoid magnets as shown in Fig.3. The magnet
configuration used to reduce the material
thickness is shown in Fig.4. As a result the
radiation thickness of 0.52 was obtained.

(2) In order to perform safer operation,
the cooling of the coil-case by two-phase-helium
in itself, the expansion pressure adhesion
between the coil-case and the winding, and the
helium shielding inside the coil were adopted.
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Fig.4 Cross Section of the VENUS Magnet
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COIL FABRICATION

It la very important for the fabrication of
thin bobbin-less solenoid magnet to make sure
thermal contact between the winding and. the
coil-case. Therefore stable adhesion as well as
residual pressure between the winding and the
coil-case are required. Since it is difficult to
keep high accuracy at the surface of the winding
or the inner surface of the coil-case without
machining, a new technique of obtaining high
pressure between the winding and the coil-case
during the cure of epoxy had to be developed.
The coil fabrication procedure is as follows;

(1) Winding on the mandrel.
(2) Cure of the turn-to-turn insulation

under compression of 130 kg/cm2.
(3) Coil-case mounting.
(4) Tightening the coil-case and reduction

of winding radius by 4 ran.
The tightening force was given by
both mechanical and thermal
contraction of the coil-case.

(5) Coil-case welding.
A technique of water cooled welding
was developed not to damage the coil
during the welding.

(6) Cure of the ground insulation between
the winding and the coil-case under
expansion pressure.

(7) Removal of the mandrel.

The creeping of • pure aluminum (Fig.6)
affects seriously the mechanical design and
fabrication of the coil. It happens In a short
period and is extremely quick when heated for the
cure of epoxy. Actually, the pressure decreased
due to the stress relaxation of pure aluminum by
the heating in the procedure (6). Figure 7 shows
that the mean stress of the winding changes from
point A to B during the heating. The final
pressure calculated from coil-case stress Is
0.8 kg/cm2 . Such high pressure to ensure the
thermal contact between the winding and the coll-

10
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Fig.7 Stress-strain curve of the winding

case can only be made through this procedure.
The real sized model solenoid was

constructed to check the fabrication procedure,
especially the pressure and adhesion between the
winding and the coil-case. The conductor used in
the model is CP wire (steel wire plated, with
copper) covered with pure aluminum, but a
superconductor of 800 m length was included in
the winding. The use of matted preimpregnated
Kapton with improved wetness was found to be very
useful for the ground insulation. The shear
•stresses were analyzed, which became large at the
.boundary between the coil-case and1 the ground
insulation due to the cooldown and axial
electro-magnetic force. As a result of the
analysis, 25 ̂ irn thick Kapton was used with half
lapping for turn-to-turn insulation to reduce the
difference of shrinkage from- 300 K to 4.2 K
between the winding and the coil-case.
Furthermore, to relax the shear stresses, axial
pre-compression to the winding and, axial
pre-tension to the coil-case were applied at the
final stage of the coil fabrication.

The end view of the model solenoid before
the assembly is shown in Fig.8.

In the cooling test at KEK, the average
temperatures on the helium inlet, the coil-case
and the winding were measured to be 4.6 K, 4.636
K and 4.638 K, respectively. These test results

Fig.6 Creeping of pure aluminum (99.999Z) Fig.8 End View of the Real Sized Model
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verified a very good contact between the
coil-case and the winding.

COOLING

The flow rate in the beginning of the
cooling was 4 g/s at 6 atm for the cooling path
of about 600 m. The refrigeration system of the
magnet was a 500 W turbine machine equipped with
a cold ejector and a fully computerized control
system.

The cooldown curve of the magnet is shown in
Fig.9. The pressure head to have 3.9 g/s two
phase flow was only 0.13 kg/cm2 as calculated.
Since the cooling path of the magnet was
horizontally arranged, there was no 'garden hose'
oscilation during the cooldown. No helium leak
was found through the cooldown despite the magnet
has many aluminum weldings. The outgas from CFRP
did not cause any difficulty in the pump down of
the insulation vacuum and it was found that 24
hours of pumping was practically enough to start
the cooldown.

The helium flow rate in the magnet was
reduced after getting to the steady state to find
out the heat load of the magnet. The heat load
measurement was also made from the temperature
rise when the flow was stopped. Both
measurements gave the same result of 35 ^ 40 W as
the total heat load of the magnet. This heat
load includes the radiation loss onto 118 m2

surface area of the helium region, and the losses
through the current leads and the supports.

EXCITATION

In the test at KEK the magnet was excited up
to 2000 A and a quench was forced by firing the
heater mounted on the inner surface of the coil.
Heater quenches were made also at 3000 A and 3978
A, where the designed field of 7.5 kG was
achieved.

The maximum current tested was 4000 A. The
magnetic field was measured by NMR and Hall
probes. Figure 10 shows the field distribution
on z-axis. The field was quitt uniform within
the accuracy of 0.5% in the central drift chamber
region. The ramp rate in the above excitations
was 1 A/s, but the ramp rate was gradually
increased up to 4 A/s without quench. Quick
sweep down of the current was tested at 7 A/s
without quench. The other test for emergency
like power failure and water failure was
performed with no damage. The electro-magnetic
forces acting on the coil were measured by strain
gauges. Azimuthal tension in the coil-case due
to the hoop stress was 2.37 kg/mm2 as designed.
The stress in the supports due to the asymmetric
potitioning of the coil was 194 kg in radial
direction and. 3750 kg in axial direction. These
off-centering forces correspond to the off-center
of 1.9 mm and 3.4 mm in radial and axial
directions, respectively.

CONCLUSION

The VENUS magnet was successfully
constructed and excited to the designed current
with no quench. The forced quenches were made to
confirm the safety of operation. Construction of
larger magnets with thin structure became
possible by this success.
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Abstract. - The Universities Research Associ-
ation through its Central Design Group is
currently conducting research and development
for the Department of Energy on a superconduc-
ting super collider (SSC). The proposed SSC
is a device in which protons would be accele-
rated around a ring approximately 50 miles in
circumference. The protons would be kept in
their path by means o£ thousands of powerful
superconducting magnets. Two such rings of
magnets would be housed in a common under-
ground tunnel, allowing groups of protons to
be accelerated in opposite directions and
collided, in order to study the fundamental
nature of matter and energy. The magnet sys-
tem is a major element of the SSC in terms of
technical requirements, quantity of components
and cost.

In order to meet technical and production
requirements imposed by this system early
participation of industry is necessary. The
program plans were developed with the objec-
tive to involve industry in the early stages
of research and development of superconducting
magnets, leading to cost effective processes
of potential mass production of high quality
accelerator magnets by industry. While a
decision has not been made by the Department
of Energy on whether or not to request con-
struction of the SSC project, if such a
request Is made and the project is authorized
and funded, it would lead to Industrial manu-
facture of a large quantity of superconducting
magnets.

INTRODUCTION

The most important R&D for a superconduc-
ting super collider (SSC) is that for super-
conducting magnets which guide the protons in
their circular paths. While a decision has
not been made by the Department of Energy on
whether or not to request construction of the
SSC [1], If such a request is made and the
project is authorized and funded, it would be
necessary to have Industrial capability for
manufacture of a -large quantity of super-
conducting magnets. The objective of the

*SSC-71
Operated by Universities Research Association
for the Department of Energy.

Industrial Accelerator Magnet Program is to
involve industry In the early stages of
research and development of superconducting
magnets, leading to cost effective processes
for potential mass production of high field,
high quality accelerator magnets by industry.
This program will aid in providing a base of
potential Industrial magnet vendors in the
event of SSC project approval.

PROGRAM STRATEGY

The program strategy is to Involve Indus-
try in three phases: (A) technology transfer
and short (1 to 2 meters) model assembly,
(B) planning and long (17 meters) model fabri-
cation, and (C) production fabrication. Phase
A would be conducted under a technology trans-
fer agreement and would be open to all highly
qualified firms. The purpose is to transfer
technology between the laboratories and Indus-
try. It is also expected that phase A will
broaden industrial capability in superconduc-
ting magnet technology, which will facilitate
the subsequent phasec of the magnet program;
however, while providing experience which will
be of benefit in subsequent phases, partici-
pation in phase A would not be a prerequisite
for participation in phase B of the program.
Phase B would be awarded on a competitive
basis; however, relevant experience will be an
important factor in selection of phase B par-
ticipants.

It Is the Intent of the Central Design
Group to begin the technology transfer and
short model assembly process during FY 1986.
C.-ntingent upon DOE approval and the availabi-
lity of funding, the Phase B planning and long
model fabrication would be conducted during FY
1987. If the project were to be authorized
for FY 1988, the phase C contracts could be
let in mid FY 1988 with production tooling
design and fabrication being done during late
FY 1988 and FY 1989. Also during this period,
pre-production prototypes would be fabricated
and tested prior to production approval. Full
production could then begin in early FY 1990
and last through mid FY 1994, with peak, pro-
duction rate of 600 dipole magnets (shown in
Figs. 1 and 2) per quarter and a total produc-
tion of about 7680 magnets. In view of the
possible similarities between the quadrupole
and dipole magnet design, the option would be
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Figure 1. Perspective drawing of the inner
(magnetic) components of the SSC dipole mag-
net. The iron yoke is 0.264 m (10.4 in.) in
diameter.

Figure 2. Cross section of the SSC dipole
magnet assembly at a support post. The magne-
tic components are in a stainless steel helium
containment vessel, surrounded by helium
liquid and gas tubes, an insulating layer, a
liquid nitrogen region, more insulation, and
finally an outer vacuum shell of steel. The
outer shell is approximately 0.61 meter (24
in.) in diameter.

maintained for also contracting the production
of about 1600 quadrupole magnets with vendors
developed during this process.

LABORATORY INVOLVEMENT

Laboratory involvement of Brookhaven
National Laboratory (BNL), Fermi National
Accelerator Laboratory (FNAL), and Lawrence
Berkeley Laboratory (LBL): For the objective
of this program to be realized, it is
extremely important that substantial involve-
ment and support by the laboratories which
have carried out the R&D be provided to the
participating firms throughout the program
period. These laboratories' expert personnel

and facilities are needed during the indus-
trial program to help accomplish all phases of
the program. During the technology transfer
and short model assembly phase A, current
fabrication procedures, processes, specifi-
cation and quality control experience would be
required. Also components for the short model
assemblies would be provided by the labora-
tories to the industrial participants. During
the remaining phases of the program, it will
be important for the laboratories to provide
review, consultation, inspection, and testing
of industrial designs, procedures, systems and
components including final magnet production.
This involvement will be concurrent with the
laboratories' research and development of
quadrupole and special magnets needed for the
SSC. The interaction between the laboratories
and industry participants will be necessary on
a continuing basis during the total program to
accomplish the technology transfer process as
new and unusual problems occur and are
solved. The laboratory R/D magnet assembly
facilities will be required through pre-pro-
duction to provide magnets for system testing
and for comparison with industrial proto-
types. Laboratory fabrication capability will
also be required during the production phase
to analyze production problems as they arise,
provide consultation and to provide assistance
for inspection and acceptance of the produc-
tion magnets.

IMPLEMENTATION PROCESS

To provide an equal opportunity to all
potentially qualified vendors, a CBD announce-
ment will be issued in July 1986 notifying
industry of the technology transfer and short
model assembly program. The CBD announcement
will solicit submittals of interest and quali-
fications from interested parties. Highly
qualified organizations (including teaming/
joint ventures) will be invited t > participate
in the technology transfer and short model
assembly program. During technology transfer
up to five individuals from each selected
industrial organization would be invited to
BNL, FNAL, and LBL to observe and discuss
superconducting magnet model fabrication. The
participants will assemble one short model
(which will consist of the cold mass only) at
the participants' facilities with components
supplied by the CDG through the laboratories.
Based on this experience, the participants
will supply the CDG with a critique of the
magnet design. The costs "-o the laboratories
associated with this technology transfer and
short model assembly materials and activities
will be funded by the CDG. The costs to the
industrial participants will be borne by the
individual firms.

At the completion of the technology trans-
fer and short model assembly phase a solici-
tation will be issued for the design, planning
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and long model fabrication phase B. The soli-
citation would not be limited to the phase A
participants; however, the experience gained
by. the phase A participants would be valuable
in developing a response to the solicitation
since relevent experience would be an impor-
tant factor in selection. Deliverables for
phase B would be preliminary production design
for SSC dipoles, a preliminary manufacturing
plan, a preliminary tooling design, a prelimi-
nary quality assurance and reliability plan,
preliminary test plan and three long dipoie
models of current design which includes the
entire assembly with cryostat, Critical
material and subassemblies for the three
models would be supplied to the selected
industrial vendors. The proposals should
contain plans for producing the deliverables
and should include manufacturing, tooling and
quality control plans for assembly of the
models. The proposals would be evaluated by
the CDG. It is the intent of CDG to select
several of the "lost qualified proposers ior
the model fabrication phase B.

At the completion of model magnet fabrica-
tion phase B, a solicitation would be issued
for magnet fabrication This solicitation may
be issued by CDG, DOE directly, or by another
DOE contractor, and would be limited to those
firms which participated successfully in long
model fabrication of phase B. Evaluation
would include long model fabrication perfor-
mance, n>odel magnet conformance to specifi-
cation, tuoling design understanding, fabri-
cation cost and schedule. The extent of
participation in phase C magnet production
would be based upon an evaluation of the
response to the solicitation for production
fabrication. The selected contractors would
be required to fabricate several pre-produc-
tion magnets each prior to approval to begin
full production. The contractors would be
responsible for tooling design ard fabrica-
tion, assembly and initial testing.

The industrial participants will not be
reimbursed their costs in phase A. During
phase B, each cost reimbursable contract would
contain a ceiling of approximately
$1,000,000. The total procurement for phase
C, the production phase, may be in the
J600-J800 million range. The specific con-
tractual arrangements will be determined prior
to issuance of each solication.
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Abstract. - The quadrupole and sestupole correc-
tion coils of the HERA proton ring are mounted on
the cold beam pipe inside the main dipole mag-
nets. Superferric dipole magnets for orbit
correction are located adjacent to the main
quadrupole magnets in a common cryostat which
also contains the beam monitor.

The design, manufacture and performance of
both types of correction elements will be descri-
bed.

INTRODUCTION

Figure 1 shows the layout of a HERA proton
cell. It consists of a focusing and a defocusing
1.9 m long quadrupole and four 9 m long dipole
magnets. The main dipole and quadrupole magnets
are connected in series, so it is impossible to
change the working point. A AQ shift of ±2
seems rather desirable to allow for different
optics during injection and colliding beam oper-
ation and to compensate for differences between
measured and calculated optics. This requires
jB2ds = 0.47 T*m (at r = 2.5 cm and E =
820 GeV) per cell for both horizontal focusing
and defocusing quadrupoles [1]. (A suggestion
has recently been made to provide additional
excitation of the main quadrupoles in a "piggy
back" scheme, thereby relieving the requirements
on the correction quadrupoles).

Chromaticity correction requires sextupole
correction coils of jBsds = 0.35 T«m (at r
- 2.5 cm and at E = 820 GeV) for both sextupole
polarities per cell [2]. The persistent current
sextupole at injection energy (40 GeV) requires a
correction jBads = 0.015 T*m (at r =
2.5 cm) per cell using the same correction coils.

Quadrupole and sextupole correction coils of
this strength are generated by two single layer

47.0 U m

Fig. 1 Corrections coils of the HERA proton
ring. D main dipole; Qp horizontally
focusing main quadrupole, QQ horizont-
ally defocusing main quadrupole;
dp.qf.Sf correction dipoles, quadru-
poles and sextupoles for correction in the
horizontal plane; d[,(qp,sp correc-
tion ceils for corrections in the vertical
plane.

coils on the beam pipe in the main dipole mag-
nets. Two correction coil layers of 6 m length
each are placed as closely as possible to the
corresponding main quadrupole magnets (see
Fig. 1).

Misalignment of the main quadrupoles and a
tilt of the main dipoles (£ 1 mrad) will be the
major source of closed orbit distortions. Ona
horizontally and one vertically deflecting corr-
ection dipole per cell with {Bids = 0.68 Tm
(at E = 820 SeV) are needed for orbit correc-
tion. The dipole is a window frame superferric
magnet mounted is a common cryostat with the main
quadrupole.

In total 208 dipole correction magnets and
416 quadrupole/sextupole correction coils are
needed for the arcs of the HERA proton ring.
Additional dipole correction magnets will be
placed in the straight sections. Separate super-
ferric quadrupole correction magnets for the
straight sections are being developed at DESY.

- 217 -



Fig. 2 Layout of the superferric dipole correction magnet.

DIPOLE CORRECTION MAGNET

Figure 2 shows the layout of the superferric
dipole magnet. It consists of two saddle coils
in an iron yoke of 610 mm length and a gap of
75 mm. The coils are wound from 0.6 mm diameter
superconducting wire coated with a polyesterimide
varnish insulation. The nominal field of 1.4 T
is reached at a current of 45 A. The iron yoke
is split in two halves, which are assembled from
5 mm thick precision stamped soft steel lamina-
tions. The laminations are held together by 8 mm
thick stainless steel rods. These rods determine
the longitudinal shrinkage during cooldown from
room temperature to liquid helium temperature.
When cooled down the soft steel shrinks by 0.2%
whereas the stainless steel rods and the super-
conducting coils contract by 0.3%. The stacking
of the laminations is sufficiently loose to allow
for a 0.3% shrinkage of the magnet.

The field quality requires a straightness of
the yokes of better than 0.2 mm, a twist angle of
less than 3 mrad, and a parallelism of the pole
faces of better than 0.5 mm. The coils have a
height and width tolerance of 0.03 mm and 0.1 mm,
respectively. These requirements are achieved
using precision tooling.

The two superconducting coils have
1000 turns each and are wound in a flat, race
track-like binding mould. They are impregnated
with an epoxy (Epikote 215 and Versamid 140,
ratio 1:1) which remains flexible at cryogenic
temperatures. The long straight sections and the
bends of the coil are constrained by compression
bars to the required dimensions. The centre of
the short straight sections is clamped in a
fibre-glass bracket which at one side also
contains slots for the fixation of the current
leads. The uncotistrained part of the short
straight sections on each side of the fibre-glass
brackets allow e nntural bending of the coil into
the required saddle shape before curing of the
epoxy. This novel technique of producing saddle
shape coils of thin wire, down to 0.6 mm diam-
eter, has shown to be very reliable. After
bending the coil is baked in an oven at 150°C.

The coils are insulated by a 125 um Kapton
foil and clamped in the yoke by means of bronze
angles. Between the insulated coil and the yoke
a 0.15 mm stainless steel foil is planed to avoid
friction between the coil and the laminated yoke
during cooldown.

The first prototype correctior dipole magnet
has been made with a solid iron yoke to test the
performances of the coils before the steel lamin-
ations and the stacking fixture were available.

B in
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Fig. 3 Excitation curve of the dipole correction
magnet.

Figure 3 shows the excitation curve of the
magnet. The nominal field of 1.15 T is obtained
at 37 A. The magnet reached a field of 3 T at
140 A after four quenches which were probably due
to motion of the coils in the yoke. Polarity
changes from +140 A to -140 A caused no addition-
al training. The ramp rate was 40 A/min. The
remanent field is 3.6»10-*T.
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By far the largest higher multipole is the
normal sextupole. Up to 50 A the coefficient
b3 is less than 2»10~3. Above 50 A a
steep rise in bs is observed caused by satur-
ation of the iron. However, compared to the
field integral of the main dipoles over a HERA
cell (fBids = 163 Tm) , all multipole coeffic-
ients are far below the allowed tolerances for
fields up to 2.5 T.

The orbit correction requires individual ex-
citation of the correction dipoles. A low oper-
ating current seems favourable to reduce the
power consumption in the copper cables in the
ring tunnel between the power supplies and the
magnets and to minimise the helium consumption in
the current leads. A compromise had to be made,
however, with the inductivity of the coils and
the viability of the winding method. A wire
diameter of 0.6 mm was found to be a safe lower
limit for the production of the saddle coils.

QUADRUPOLE/SEXTUPOLE CORRECTION COILS

The main characteristics of these coils are
described iu ref.[3]. Figure 4 shows the cross-
section and an unwrapped view of the quadru-
pole/sextupole correction coils which are mounted
on the 9582 mm long beam pipe with outer (inner)
diameter of 60.3 (55.3) mm of the main dipole
magnet. They cover a length of about 6 m and are
placed as close as possible to the corresponding
quadrupole magnet (see Fig. 1).

and spacers cover angles of 20° each. The three
subcoils are electrically connected in series.
This has the advantage that in case of a quench
of the main dipole magnet the inducted voltage
cancels over the terminals. The largest inducted
voltage in any subcoil is less than 75 V and does
not create an insulation problem.

The coils are wound from a single strand
conductor with Cu/SC ratio 1.8:1 and NbTi fila-
ment diameter of 15 um. The specified critical
current is 250 A at 5.5 T and 4.6°K. The super-
conductor is insulated with a 50 um Kapton
layer and i 0.1 mm glass silk insulation impreg-
nated with B-stage epoiy. After compression in
the baking mould, the insulated wire diameter is
1.03 mm. The sextupole subcoils have 21 windings
each.

The sextupole layer is covered by two layers
of glass fibre and one layer of glass tape for
electrical insulation between the sextupole and
quadrupole layer. The quadrupole coils consti-
tute the second correction layer. They consist
of two subcoils of 33 windings each of the same
superconducting wire as for the sextupole coils.
Each subcoil has a length of 5830 mm and subtends
150°, core and spacers cover 30° each. The two
subcoils are connected in series electrically.
Again the inducted voltage cancels over the ter-
minals if the main dipole magnet quenches. The
induced voltage per sjbcoil will be less than
100 V.

Fig. 4 Lairout of the quadrupole/sextupole correction cells.

The beam pipe is insulated with two layers
of glass-Kapton-glass tapes (25 mm wide, 0.15 mm
thick) . The sextupole coils form the first
correction layer. It consists of three subcoils,
which are precisely positioned by G-ll cores and
spacers. Each subcoil has a length of 5900 mm
and subtends an azimuthal ungle of 100°, cores

Finally the quadrupole layer is surrounded
by a compression wrapping which prevents motion
of the coils and slippage of the layers on the
beam pipe. An annular slit of about 4 mm is left
for the single phase helium flo«f between the out-
side of the correction coil assembly and the in-
side of the main dipole coils.
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The nominal sextupole field of 0.030 T at r
= 2.5 ran is reached for a current of 65 A, and
tljfî nominal quadrupole field of 0.045 T at ir =
2.5 mm is reached for a current of 85 A.

The field quality requires a precision in
azimuthal angular width of the coils of ±0.3°
and an accuracy in positioning of the coils on
the beam pipe of ±0.2° over the total length.

The three sextupole and the tva quadrupole
subcoils are wound on a cylindrical mandrel of
about 6 m length, JI precise steel key at the top
of the mandrel serves as a core for the subcoil
during winding and baking. After finishing the
winding of a subcoil (21 turns in the sextupole,
33 in the quadrupole) the wires are fixed each
half meter with Kapton tape and wetted with epoxy
(Epikote 215 and Versamid 140 in the ratio 1:1).
Then the mandrel is covered with a top mould. In
the gap between the top mould and the mandrel the
long sides of the subcoil are compressed by
rulers which determine the lateral dimension.
The compression is maintained during the bake-out
at 150°C.

The 9.6 m long beam pipe is put into a rota-
ting fixture on a machined table which is used as
reference for the subsequent operations.

Two layers of glass-Kapton-glass tape are
glued over 9.2 m onto the beam pipe for electri-
cal insulation using the rotating mechanism. By
means of precise alignment the Gil spacers for
the sextupole coils are accurately glued onto
the surface of the insulation. The three sextu-
pole subcoils are put into position between the
spacers and the Gil-cores between the subcoils
are inserted. The coils are fixed temporarily
with Kapton tape until a glass fibre of 800 tex
(800 g per 1000 m length) is wrapped over the
coils with a force of about 250 N and a pitch of
25 mm using the rotating feature. This wrapping
fixes the subcoils temporarily and still allows
an adjustment of the azimuthal position of the
coils. The exposed surface is again wetted with
epoxy and a continuous layer of fibre is wound on
with a force of 250 N and a pitch of 2.5 mm
followed by one layer of glass tape and thermo-
shrinking mylar tape. The entire assembly is
cured at 150°C after which the mylar is removed
and the surface is roughened for putting on the
quadrupole layer. Special attention is given
that the coil heads are tightly glued.

The Gil-spacers of the quadrupole layer and
the quadrupole subcoils are now glued accurately
into position with respect to the sextupole coils
following the same procedure. The quadrupole
layer is covered with a wrapping of 2 layers of
glass fibre (pitch 2.5 mm, force 250 N) and a
final layer of glass tape for protection of the
fibres. A theraoshrinking mylar tape, which is
removed after curing at 150°C, finishes the pro-
cedure .

A first 1 m prototype with a different coil
configuration performed well as reported in
ref.[4]. The coils showed no training effect?.

The observed quench current depended almost line-
arly on the external magnetic field and on the
temperature indicating that the coils probably
reached the short sample current. This showed
that the basic design was correct.

This prototype and a number of others were
made with an aramide fibre compression wrapping.
In laboratory tests it was shown, however, that
aramide fibres like Kevlar and Twaron exhibit
creep effects under load and expand slightly
during cooldown whereas the stainless steel beam
pipe shrinks by 3'10~3. In addition the
elastic modules of the aramide fibre almost
doubles after _ooldown. Thereby most prestress
is lost. Fibres of R-glass shrink, though much
less than stainless steel, and keep most of the
prestress.

300

250

200

150

6SOl.T = 4

4.0 5.0 6.0 Bo IT]

Fig. 5 Quench current vs strength of external di-
pole field at various temperatures for the
6 m quadrupcle/sextupole correction coils.

Figure 5 shows the quench current as func-
tion of the external dipole field at various
temperatures for a number of the full size proto-
types which were wound from superconductors with
lower critical current than quoted above. The
coils show essentially no training and reach the
critical current of the wire used. The coils
labeled "6SQ1" to "6SQ4" have been wound on 6 m
long beam pipes with 2 mm wall thickness and have
an araiiide fibre compression wrapping. In these
coils we discovered quenches at lower current
values when both sextupole and quadrupole coils
were ex:ited simultaneously. This can be attri-
buted to a mechanical deformation of the beam
pipe due to the Lorentz forces. The first
"development" magnet "9SQ1" on a 9.6m long pipe
with 2.5 mm wall thickness and glass fibre com-
pression wrapping has shown a great improvement.
The observed quench current in one coil layer is
unaffected by the current in the other layer.
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A. potential source for quenches is continu-
ous or sudden heating of the coils due to image
currents in the beam pipe or proton beam losses.
By means of a radiation heater placed in the
centre of the evacuated beam pipe it was establi-
shed that the coils could be operated at a con-
tinuous heat loss of up to 0.5 W/m. This is a
factor of 10 higher than the ohmic heat produced
by image currents of the bunched beam in the
copper-plated beam pipe. The effect of a sudden
localized beam loss is still under investigation.

Table I
Field Harmonics of the Quadrupole/Sextupole
Correction Coils of 6SQ2 at 0.S A Excitation

Cn(quadrupoli;) Cn(sextupole)

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

1.89-10-2

1.0

4.35-10-a

5.72»10-a

5.05

1.05

3.81

5.17

2.66

7.02

6.03

3.16

3.72

3.21

1.16

10-3

10-3

10-3

10~3

10"'

10"4

10"4

K T 3

1O~3

-10"3

-10-3

5.14>10~3

5.83»10-2

1.0

1.47-10"2

8.37-10-3

6.97-10"3

2.65-10-2

2.06'HT3

2.65-10-3

2.24•10"3

1.11-10-3

1.39-10"3

3.25«10~3

4.69'10~3

1.56-10-2

2.98-10"3

A warm field measurement was made to deter-
mine the field harmonics. Table I shows, ihe
result for the coils "6SQ2" at an excitation of
0.5 A. All unwanted multipoles (at r = 2.5 cm)
are less than 2-10"* of the field integral
of the main dipole field over a full HERA cell.
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PASSIVE CORRECTION OF PERSISTENT CURRENT MULTIPOLES IN SUPERCONDUCTING ACCELERATOR DIPOLES*
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Abstract. - Correction of the magnetization
sextupole and decapole fields with strips of
superconductor placed just inside tha coil winding
is discussed. Calculations have been carried out
for such a scheme, and tests have been conducted
on a 1 on aperture magnet. The calculated
sextupole correction at the injection excitation
of 330 A, 5% of full field, was expected to be 77?
effective, while the measured correction is 83%,
thus suggesting the scheme may be useful for
future accelerators such as SSC and LHC.

INTRODUCTION

The persistent currents in superconducting
filaments generate unwanted multipole fields in
accelerator magnets. These fields, typically a
few gauss at the reference radius, present a
challenge to the accelerator builder since such
fields must be corrected if the accelerator is to
operate over a large range, such as injection at
5% of the top energy. These fields may be
corrected with full length correction coils inside
the dipoles, or it may be possible, wif.i very
small diameter filaments, to correct these
hysteretic fields with correction elements located
at one place in each half cell of the lattice.
Full length correction coils that are driven with
external power supplies or that are shorted and
driven by unwanted flux have been discussed.112

The device described here is different in that no
power supply is required and no coil of exacting
dimensions is used.

NNER IRON BOUNDARY

[— lem—j

The theory of induced magnetization by
persistent currents is discussed in papers by
C. P. Bean3 and M. A. Green. •* The positive and
negative current density induced in a single
filament, due to the flux change caused by ramping
the magnet, creates a source of magnetic dipoles
that persist as long as the magnet is
superconducting. Because of the coil winding
geometry, these persistent current dipoles
generate geometrically allowed macroscopic fields:
dipole, sextupole, decapole,, etc. Prown and Fisk
have described a way to harmonically correct the
persistent current fields with longitudinal strips
of superconductor located inside the coil where
harmonically the field is primarily dipole.5 This
paper describee a test of a 4 cm aperture 1 meter
long SSC desigi. D dipole outfitted with a
corrector that employs 32 strips of approximately
1.2 mm square cross section copper and
superconductor.

PRE-CORRECTION MAGNET TEST

A sketch of the first quadrant of the dipole
winding cross section and its magnetic field are
shown in Figure i. The two layer coil design has
2 (1) wedges in the inner (outer) layer to improve
field quality. To calculate the persistent
current sextupole the induced magnetizatior of the
cable must be known as well as the local field
inside the winding. Figure 2 shows cable
magnetization as a function of external magnetic
field6 for the inner layer design D cable that is
made from 23 strands of .808 mm wire with 23.8 um
filaments and the outer cable that is made from 30
strands of .618 mm wire with 16.ilp.m filaments.

Figure 1. Sketch of the first quadrant of the
SSC des.ign D 4 cm aperture dipole
cross section showing conductor
blocks and magnetic field lines.

0.50 1.00
MAGNETIC FIELD (TESLA)

Work supported by the U. S. Department of Energy

Figure 2. Measured cable magnetization. The
solid (dashed) line refers to cable
used in the inner (outer) layer.
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The multipole expansion for the principal
component, B , of the magnetic field in polar
coordinates \r ,0) is

(-J (t>n cos ne - an sin n0)
y " vp

n=o

b0 = 1.0
an = 0.0

where B is the magnitude of the dipole field; p is
the reference radius, here equal to 1 cm; and b
and a are the normal and skew multipole moments,
respectively. The pole number is 2n + 2, i . e . ,
the normal sextupole moment is b2. I t is customary
to report b and a in "units" obtained by
suppressing a factor of 10-'*. The multipole fields
B1 due to persistent currents can be calculated
from an integral over the coil cross section:

3(n+1)u0
Bn - B b n

M(B) cos [(n+2)Qc-aJ dA

where the magnetization M(B) is obtained by direct
measurement. Here (r , 0 ) are polar coordinates
for the point of integration in the winding, dA =
rcdr da , g is the ratio of the total coil area to
metal area, and the angle a 13 the direction of
the induced dipoles relative to the main dipole
direction. The moments b' add to the moments
generated by the excitation current to give the
total moments b .

The theory cited above relates M to other
cable properties by

i.
3TT

C/S "
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< 0
(/I
(n

o
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Here E is the penetration factor, J is the
critical current density, and D the°filament
diameter. The quantity C/S is the area ratio of
copper to superconductor. Figure 3 shows the
calculated contributions to the sextupole field
fcr inner and outer layers as a function of 0 at
injection, where the central dipole field is about
0.3 T.

Multipole data are obtained from voltage
induced in a Morgan coil rotating at 6Hz inside a
warm finger located in the cold magnet bore. The
voltages are transferred via slip-rings to either
a BNL style magnetometer7 or a lock-in amplifier
measuring system. For the magnetometer analysis,
square wave gates are generated that can be used
to multiply the Morgan coil induced signals which
are then sampled and digitized. The measured
dipole field is obtained by gating the dipole
Morgan coil with a synchronous signal that is
positive for the first half cycle of rotation and
negative for the second half; i .e . a 6Hz square
uave (10 gate). Sextupole fields are obtained
with an 18HZ square wave (30 gate) applied to the
output of the sextupole Morgan coil. Other
multipoles such as quadrupole, octupole, decapole,
etc. are obtained by using the proper gate/coil

Figure 3- Angular dependence of the persistent
current contributions to the
sextupole field for both the inner
and outer layers of the coil.

combination. Both normal and skew moments can be
determined by use of orthogonal square wave
( i . e . the sine-like and cosine-like) gates. The
lock-in amplifier measuring technique is similar
except that the square wave gating signals serve
as references to the lock-in. Both measuring
systems work well and results that are
independently processed agree. The magnetometer
is faster in that readout may be obtained as
frequently as every 0.5 seconds. For very small
signals, especially those that result from low
current in the magnet, the lock-in system is more
accurate.

Figure H shows the normal measured sextupole
moment of the magnet without corrector as a
function of excitation current and the expected
behavior calculated using the magnetization data
shown in Figure 2. The data were obtained for two
different ramp rates, 2A/s and 12A/s, with the
magnetometer system. Although the agreement
between the measured data and theory shows some
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systematic differences, the agreement at the
injection current of 33OA is quite good. The only
known effect not taken into account is the
distortion that transport current may impose on
the persistent currents. This effect is expected
to be only a few percent at ths field levels
encountered near injection.

At 330 A the sextupole is 26 units below the
value of -21 unita due to transport current only.
This big persistent current sextupole moment is
due to the large diameter of the filaments used in
this early SSC model magnet. Smaller filaments,
somewhere between 2 and 8pm, are anticipated for
the final SSC magnets.
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Figure 4. Measured and predicted normal
sextupole moment for the uncorrected
magnet vs. excitation current. Data
were taken wi th ramp rates of 2A/s
and 12A/s.

PASSIVE CORRECTOR

A photograph of the passive corrector is
shown in Figure 5 along with the magnet cross
section. The kQ placement of the passive strips
is designed to correct the sextupole moment b2 at
low fields without biasing b2 at high field.
Rectangular wire with *J5pm filaments was readily
available for use in the passive corrector. If
time and cost were not factors, the ideal choice
of corrector filament diameter would probably fall
in the 30ym region since the full penetration of
filaments occurs over a smaller range of
excitation current. More plainly, the corrector
would be more effective at lower magnet
excitation.

Figure 5. Photograph of the passive corrector
and the design D coil cross section.

The corrector, diagramatically shown in
Figure 6, was made by machining 32 grooves in an
aluminum pipe of inner and outer diameters 1.375"
and 1.555", respectively. The grooves were .051"
wide by .051" deep such that the rectangular wires
could be pressed into them. The strips of passive
corrector occupy the region ±22.50° about the x
and y axes. The corrector wires are closely
packed leaving about 0.022" of aluminum .between
each strip. There is no insulation on the
superconducting' wire and the aluminum pipe is
perforated with holes to allow liquid He to freely
circulate. The aluminum tube with corrector wire
is azimuthally positioned by use of guide keys
that f i t into machined grooves at the top and
bottom of the corrector. There are mating guide
slots in the stainless steel collar poles that
engage the guide keys. The corrector assembly is
estimated to be positioned correctly in angle to
about +7mr.

The dimensions of the aluminum tube were
chosen to allow the insertion of the multipole
measuring apparatus including i ts warm finger.
The aluminum tube itself was not intended to
simulate the accelerator beam tube, but was merely
a convenient choice from the machining point of
view.

The corrector outside diameter is nominally
0.010" smaller than the inside diameter of the
coil. This space is filled with kapton insulation
wrapped around the corrector. After the 1 m
magnet DAI002 had i ts field measured without
correction the corrector was inserted. This
turned out to be a fairly elaborate procedure
because the magnet was wound on the expanding
mandrel at Fermilab and collared without using
epoxy. Insertion of the corrector required the
collars to be undamped and in the process the
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placement of the conductors in the winding changed
enough to give a slightly different transport
current aextupole moment.

TEST RESULTS AND PREDICTIONS

Figure 7 shows the sextupole moment of DA1002
with the corrector installed as a function of
current for three different rarp rates: 12A/s,
6A/s, and dc. Here dc means the excitation
current was held constant long enough for the
lock-in system to report a stable signal,
typically 30 seconds. The data show a
demonstrated ramp rate dependence for the
sextupole field. This may be due to eddy currents
induced in the aluminum pipe that supports the
corrector strips. The proposed SSC ramp rate is
6A/s so that data may be compared directly to the
dc data to estimate what improvement would be
gained with no ramp rate effects.

Figure 6. Diagram of the locations of the
passive corrector strips as press
fitted to the aluminum pipe.

The measured sextupole moment for the dc case
and two predictions are shown in Figure 8 along
with the uncorrected magnet data. Both
predictions use the magnetization for the
corrector strips that is shown in Figure 9.6 In
Figure 8 the curve labeled (a) uses the measured
hysteresis sextupole field for the magnet alone
plus the predicted corrector sextupole field while
curve (b) results from adding the calculated
sextupole for both the magnet coil and the
corrector. Curve (a) is expected to agree with
the data better than (b) since less prediction is
required. This seems to be the case although
there is again a systematic difference between the
prediction and observation. If one assumes curves
(a) or (b) the anticipated reduction in the
sextupole moment at 330 A is in the range 67% to
77%. The measured result is a reduction of 83?.
Although a slightly better result could be
obtained with a different passive conductor
arrangement, this is already a big improvement
over the uncompensated fiejd and adequately
demonstrates the passive corrector principle.

r\j
250 500 750

CURRENT (AMPERES)

1000

Figure 7. Measured sextupole moment for the
passively corrected dipole DAI 002.
Three sets of data are shown: 12A/S,
6A/s and dc.
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Figure 8. Comparison of the measured and
predicted sextupole field. See the
text for an explanation of the
predictions.
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Although it is possible to build a corrector
that is effective in simultaneously correcting
both sextupole and decapole hysteresis, the
corrector described here is expected to have no
effect on the decapole, and within errors the
measurements so confirm.

COST

The monetary cost of making a correction this
way is of interest. For the example discussed
here the NbTi in the magnet cross section is 148
mm2 per quadrant while the passive corrector's
NbTi is 6.1 mm2. Thus, the corrector
supe. conductor cost is about 4.1$ of the magnet
superconductor. Given that the conductor for the
dipoles will cost $300M the corrector
superconductor cost would be in the neighborhood
of $12 to $15M if the area ratios could be kept to
the 4 to 5% range. The cost of attaching the
passive corrector to the beam tube is probably not
more expensive than the cost of attaching the
present multiwires and the placement is probably
not as cr i t ical . There would also be cost savings
relative to power supplies, cables, control
circuitry and driving software.

(5) machine operators can't get confused - or at
least they can't forget to turn on/off or
send wrong current settings to the corrector;

(6) the decapole field can be corrected
simultaneously with the sextupole field
(additional superconductor would be needed);

(7) cost might be reduced significantly.

There are also some disadvantages:

(1) no tuning is possible;
(2) lumped correctors are s t i l l required;
(3) there will be slightly higher superconductor

hysteresis losses (a few percent);
(4) a slightly greater amount of radial space may

be required for the corrector wire
arrangement.

FUTURE PROGRAM

There are s t i l l a few t e s t s to do with the
present model, DAI 002 and i t s compensator. The
temperature independence must be checked and ramp
ra te dependence needs fur ther i n v e s t i g a t i o n . If a
new magnet i s a v a i l a b l e a s imi lar co r r ec to r could
be fabr ica ted on a d i f fe ren t support p ipe ,
e . g . G-10 or s t a i n l e s s s t e e l .

When there i s new small f i lament conductor
ava i lab le there w i l l need to be new ca l cu l a t i ons
and new rec tangu la r wire with proper f i lament
diameter wil l need to be procured. This fu ture
t e s t should include an attempt to nu l l t he
decapole as well as the sextupole .
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INTRODUCTION

Trim or corrector coils to correct main mag-
net field errors and provide higher multipole
fields for beam optics purposes are a standard fea-
ture of superconducting magnet accelerator
systems. This paper describes some of the design
and construction features of powered internal trim
coils and a sampling of the test results obtained.

DESIGN CRITERIA

The coils under discussion are directly driven by
an external power supply. Coils can also be
constructed which are excited by the field of the
main magnet.1 The externally powered coils have
the advantages of flexibility (the level of
excitation can be changed as needed after construc-
tion and installation) and that only moderate
accuracies (-1% in field quality) are needed in
construction. They have the following
disadvantages:

1. Jnless one is willing to power each one
separately, there is no way to compensate
for magnet-to-magnet variations.

2. The connecting leads are lengthy (10's of
km for SSC), and complex (thousands of
connections) with the attendant problem
of reliability.

3. The power supplies and controls are com-
plex and expensive. In particular, it is
difficult to confirm that the field being
generated is accurately tracking the exci-
tation of the main magnets.

The coils being discussed are contained
within the bore of the main magnets. The advan-
tages of this construction are:

1. Field perturbations are corrected lo-
cally. This is particularly important
for non-linear effects.

2. The space between the bore tube and the
inside of the main coil is to some extent
"free." It is attractive to use this
space rather than requiring additional
straight sections in the lattice.

3. The length available is often 70+ % of
the total length of a cell. Thus the
coils need to generate only very small
fields (usually a few gauss). It is at-
tractive to contemplate coils of wire <1
mm in diameter carrying currents of a few
amps. At first it would seem this ought

to be orders of magnitude easier than the
construction of the main coils.

One must pay for this "free" space with
the following draw-backs:

1. Added Complexity — the main magnet and
the trim coil(s) are now one unit and if
the "trivial" trim coil fails the whole
unit is jeopardized. For positioning,
the trim coil must fit tightly within the
main coil. Unfortuntely, during assembly
and prestressing, the main coil changes
dimensions and shape.

2. Main Coil-Trim Coil Interactions — at
low fields, the trim coils can introduce
magnetization effects in the main coil.
This topic will be discussed at some
length below. At high fields, the main
field limits the current carrying capac-
ity of the trim conductors; in addition,
the Lorentz forces upon these conductors
can cause deflections of the entire bore
tube or shearing within the trim struc-
ture. Because of the very large torques
generated it is generally impractical to
place a skew multipole within a main coil
of the same multipolarity. The trim
coils often have approximately the same
number of turns as the main coils. Thus
the electromagnetic coupling to the very
strong main field can produce significant
voltages within the trim.

3. For the SSC, the bore tube may be heated
by the synchrotron radiation. In this
case the trim coils would operate at a
temperature higher than the bath
temperature.

In summary the design constraints are:

1. Very limited radial space <l-3 mm.

2. At low field, current limited by cryogenic
load of leads (<100 A), and maximum cur-
rent density in stabilizing copper (<1-
2 kA/mm2).

3. At high field current limited by main mag-
net field.

4. Field Quality — usually the trim coils
will be required to supply 10-100 times
the rms tolerance of a particular
multipole. With this level of excita-
tion, an accuracy of J'l?* of the trim
field is usually acceptable.

Work performed under the auspices of the U.S.
Department of Energy.
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CBA Trims

High field strength internal trims were
constructed for the CBA project.2 After extensive
experimentation, preproduction prototypes were
manufactured. Because these coils were required to
supply the sextupole for chromaticity correction
in addition to compensating for a rather large sat-
uration swing they were much more powerful than
the coils currently being proposed. The coils
consisted of one layer which generated both
sextupole (36) and decapole (59) and a second
layer generating octupole (49). The short sample
limit of the wire used was 275 A in the 5.2 T main
dipole field. The final prototypes reached this
current without training. This current corre-
sponds to 0.18 T at the trim coil; a figure of
merit is tha product of the main field and the
trim coil field — for this case this product was
0.9 T2. Figure 1 shows a cross section of this de-
sign. The following mechanical properties were
found to be essential to the proper operation of
this coil: a good bond between the trim substrate
and the bore tube, the Kevlar layers to add rigid-
ity to the structure, and support of the coil to
minimize distortions.

The field of the trim coil penetrates the
main coil windings and induces magnetization in
the main coil. An example of this is shown in Fig-
ure 2. The fields generated are quoted in gauss
at the trim coil radius (60 mm). (Notation used
is C(n) for the coefficient of the n6 multipole.)
The interaction between the trim coil harmonic
(49) and the main coil winding produces signifi-
cant induced fields of (28, 46, 66). The strength
of these induced fields for 29 and 69 is plotted
in gauss. If the trim strength is Bn for the n-
th harmonic, one would expect the induced harmonic
b m to be given by:

CBA TRIM COIL CROSS SECTION

—Inner Radius 56.8 mm

Stainless Steel Cold
o — Bore Tube

(2.8 mm wall)

Kapton Insulation,

OCTUPOLE (48) WINDING

= r = . - - ^ r ^ • <—Fiberglass Wrapping

JA>- - T = \ <—Kevlar and Fiberglass
• Wrapping

Inner Superconducting
Layer

^ Outer Superconducting
Layer

- <—Kevlar and Fiberglass
Wrapping

G-10 Supports (8 places)
<—and Coolant Passage

Main Coil
<—Inner Radius 65.7 mm

-500,0
OCTUPOLE GAUSS AT 60 MM

Figure 2. Magnetization produced in CBA main dipole
coil by excitation of octupole trim coil.

The units are gauss measured at the trim
coil radius of 60 mm. The central dipole
field was at the injection value of 0.4
T.

b m = Knj, x B n x (r/R)
(n+m^, where r = trim

coil radius, R = main coil radius. The results
for an octupole trim are presented in the table
below.

Results for N = 4 @ Bn = 0.4 T

m

2
3
4
5
6

bm/Bn

1%
1%
3%
0%
1%

i^nm

2%
3%
12%
0%
5%

(r/R)n+m

0.40
0.34
0.29
0.25
0.21

As can be seen, careless operation of an in-
ternal trim coil can produce significant
magnetization effects. These can be cleared by
cycling the main coil to high field and back or
reduced by cycling the trim coil.

SSC TRIM COILS

A research program is being carried out by BNL
and LBL to develop internal trim coils for the SSC
main magnets. The preliminary specifications were!

1. Harmonic(s) — 39, (59,79).

Figure 1. Cross section of CBA trim coil assem-
bly.

2. Maximum strength at 10
75 gauss at coil,

— 26 gauss
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B(trim) x B = 0.05 T

3. Very limited space <0.5 mm for wires.

4. Plan fot large production, 8000+ 16 meter
units.

The coils built and tested to date were designed
to these specifications. (Recently the specifica-
tions have been revised, but the results obtained
are still relevant.) The strength required is
Eiuch less than that for the CBA, but because of
the smaller dimensions, the absolute accuracies
required in construction and assembly are higher.

CONSTRUCTION TECHNIQUES

The original technique was to wind the coil
on a flat mandrel, cure the epoxy (which has a
flexibilizer added) and bend the completed coil
around the bore tube. With a coil radius of 17 mm
instead of 60 mm this appeared to be impractical.
A technique was developed at LBL for supporting
the wires around the bore tube and carefully
pushing them onto the tube. At BNL this was
adapted for coil? up to 4.5 meters in length. For
production of 16 meter coils it seemed that this
method was too labor intensive and the possible
problems with 100 fine 16 meter long wires
suspended on a jig were daunting. We were unable
to find a feasible technique to use photo-etching
for superconductor. During the investigation, it
was found that Multiwlre^ '..ad developed a tech-
nique for applying fine wires to a substrate. The
method consists of a numerically controlled head
which ultrasonically embeds wires in a special ad-
hesive. The device can lay down wire at approxi-
mately 10 meters/min with an accuracy of 0.025 mm.
Collaboration between this corporation and BNL
verified that this would work for superconducting
wire up to 0.2 ran in diameter and that the adhe-
sive held at cryogenic temperatures. The
substrate is prepared with accurately cut slots;
the wire is applied relative to these slots and
then the completed assembly is located over keys
affixed to the bore tube. Figure 3 shows the con-
struction of this coil. The inner layer of Kapton
is bonded to the bore tube with a heat curing
Teflon. The Kevlar wrap on the outside is secured
with a conventional epoxy resin. The tables below
give the results from the testing of seven 4.5
ineter coils built to these specifications.

Results for SSC Sextupole Trim

SSC TRIM COIL CROSS SECTION
LOCATING KEY

BUMPER

Number Built
Wire
Turns
C3/I (G/A@10 mm)

(3 B

I quench
Iq wire
C3 quench
C3 required

Handwound

3
0.21"
10
3.56

= 6.5 Tesla

37 A
100 A
133 G

26 G

Multiwire

4
0
17
5.

14
14
78

.008/6"

.57±0.08

A
A
G

BORE TUBE

KA'TON

I S , ,TRATE 17.53 m'n,

L

Figure 3. Cross section of SSC trim coil assembly.

As can be seen, the coils exceeded the required
field strengths by at least a factor of 3. Be-
cause of the long history of poor performance of
internal trim coils, a factor of 3 is a reasonable
design margin. The next table shows the measured
harmonics of these coils. For the machine wound
coils there are two entries, the technique for
mounting the completed coil on the bore tube was
improved for the last coil tester'. The results
for this coil are listed in the second line.
Using 1% as a guide for the field quality, we see
that for the last coil built, all spurious har-
monics except C4 are below this level. Further,
the only ones which approach this level, C2, A3,
and C4 are those induced by 2iis-posiiioning and
misalignment of the trim coil with respect to the
main dipole. This is generally true for internal
trim coils. The field errors induced by displace-
ment of the coil as a whole dominate those
produced by the coil construction. The winding
layout of this coil is just a single block of
turns positioned so that C9 J1 0. The next allowed
harmonic is C15, which falls off so rapidly with
radius that it may be ignored.

HARMONICS Fpa SSC WORST CASE

For the current SSC specifications, the
biggest field erors produced by the sextupole trim
occuc at injection field. The table below summa-
rizes this case using the coefficients measured
for the last multiwire coil. These are all small
compared to the rms tolerance of the main dipole.
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SSC Sextupole Trim Coil Results
Harmonics (Gauss @ 10 mm)

3. Multiwire Division, Kollmorgen Corp., Gle
Cove, NY.

Bo

C2

C3

A3

C4

C9

Bo/C3

C2/C3

A3/C3

C4/C3

C9/C3

offset (mm)

rotation
(mradian)

Handwound

0.25
7%

0.04

1.1%

3.56

0.24

6.7%

0
0
0.008
0.2%

0.13

24

SSC Sextupole '

Worst Case

b 2 =

THEN:

Harmonics

Gauss @ ]

= Injection,

Hultiwire

-

-
0.
0.
3.
0.

5.

0.
0.
10.
0.
0.
6.
0.
0.

0.
0.
39
12

rrim

Bo = 0

-5 (magnetization)

C3 = 1.7G
I = 0.3 A

[0 mm

C2 0.009 G = 3
C3 1.65
A3 0.10
C4 0.10
C9 0.01

G = 1.
G = 3 0
G = 3 1
G = 0.

CONCLUSIONS

Cn/B @
O

x 10-6

—

—
2
03
5%
6%

57

61
34
,9%
,6%
.35
,3%
.005
.1%

.45

.08

.33 T

10 mm

000 (sextupole)
x ID"6

x 10~6

4 x 10"6

The quench problems of internal trim coils
can be 3olved with conservative electrical and me-
chanical design, and careful construction. For
the SSC coil dimensions, positioning accuracies of
0.04 mm result in field errors of less than the rms
tolerances. The Multiwire process is capable of
mass producing coils which meet all of the current
SSC specifications.
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Power Schemes and Quench Protection



REQUIREMENTS OF ELECTRICAL AND QUENCH PROTECTION SYSTEMS ON MAGNET DESIGN

Karl Koepka
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Abstract. - The electrical circuits of a
superconducting accelerator's magnet system
consist of the superconducting magnet3, the magnet
power supply system and the magnet quench
protection system, and all three must be optimized
together in order to aoiutv" the accelerator's
design energy, system reliability and cost
effectiveness. This paper describes how the
design of the superconducting magnets and their
electric support systems are coupled; the magnet
systems which are currently operational or in the
planning stage; and their advantages or
disadvantages from the perspective of electrical
simplicity and reliability.

INTRODUCTION

The increasing size of accelerators, e.g.,
the proposed Superconducting Super Collider (SSC)
has approximately 9200 magnets distributed in an
83 km tunnel [1], makes the cost effectiveness of
the accelerator magnet system increasingly
Important. The coat of such a system Includes not
only the cost of the initial installation, but
also the cost of commissioning and operation over
the anticipated useful life of the machine. Given
the large number of mechanical, electric and
cryognenic components that constitute such an
accelerator, even a small failure rate per
component will rapidly reduce the operational time
of the accelerator.

Malfunctions in the magnet system are usually
due to magnet quenches, equipment failure, false
quench indications In the quench detection system,
and the time required to maintain and adjust the
system. Should the quench protection system fail
during a quench, the magnet will have to be
replaced, which at best takes several days. A
simple repair of the quench protection electronics
can take hours, especially if the electronics are
located in the tunnel. False quench indications
are costly in colliding machines that require
several hours to reestablish beam.

Except for magnet quenches, these failures
are electronic in nature and can be minimized by
reducing the electronic component count, or if one
can be devised, by using an electronic system
which appears intrinsically more reliable arid
e.asier to install, maintain, and operate.
Spontaneous quenches can be minimized with magnet
designs that require little or no training to
reach the accelerator's operating field. Quenches
caused by beam loss or malfunction of the
cryogenic system are minimized by operating the
magnets well below their short sample limit.

"Operated by Universities Research Assoc, Inc.,
under contract with the U.S. Department of Energy

Several techniques have been used to protect
single superconducting magnets [2], but long
strings of superconducting accelerator magnets are
constrained to a power circuit similar to the
Tevatron power circuit [3]. The magnets are
powered in series to simplify magnet current
regulation. All the designs contain one or more
resistive dump circuits which when inserted into
the magnet power bus absorb the circuit's magnetic
energy, and all segment the inductive magnet load
into quench bypass units. The systems differ
mainly in their quench detection circuits, in the
number of magnet? per quench bypass unit, In the
type of quench bypass switch, and in the use or
absence of quench heaters.

Fig. 1 Basic Power Circuit for Superconducting
Accelerator Magnets

BASIC MAGNET POWER CIRCUIT

The basic power circuit for a string of
superconducting magnets is shown In Figure ! .
Dipole and quadrupole magnets are assumed to be
connected to a common power supply bus.
Adjustments in the magnetic lattice, i.e.,
alignment errors, tune and chromaticity
adjustments, etc., are accomplished with triir
coils, either concentric to the dipole bore tubes
or combined into a correction coil package located
at the quadrupole locations. With proper
correction circuit segmentation, the loss of any
single correction magnet frequently results in
only a short interruption of beam while the
remaining circuits are readjusted to compensate
for the failed element. The Tevatron, HERA [1],
and the SSC magnet are examples of this type. An
example of a more complicated power circuit design
is the TAC superferric magnet. This magnet needs
three independently powered windings for the
dipole magnets and an additional bus for the
quadrupole magnets [5].
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Typically, only one current regulating power
supply is required co maintain the dc current in
the superconducting magnet string. However,
additional voltage controlled power supplies may
be necessary during the current rise and fall of
the magnet cycle depending on the total circuit
inductance and the rate at which the magnet,
current is to be cycled. Separate supplies
distribute the power supply voltages along the
magnet circuit. Accelerator superconducting
magnet coils are very compact and usually do not
withstand voltages in excess of a few kilovolta
because of their helium environment.

The SSC power circuit is so long that it has
been divided into ten separate sectors. Each
sector has its own power supply, quench protection
circuits and refrigerator,. The required dl/I
current regulation of 10 J is accomplished by
designating the middle sector current as the
master current. The power supply circuits of the
remaining sectors minimize the sector current
differences that are measured with differential
current transductor3 at the sector boundaries.
Transmission line propagation and transients in
the magnet circuit are damped with shunt resistors
at every quench protection unit.

Dump resistors are inserted in the magnet
power circuit to allow rapid deexcitation of the
circuit without the use of high voltage power
supplies, that can be disabled by a power failure.
The circuit decay time constant is chosen to
minimize the size of the quench bypass unit
components (switches, cable, and helium
penetrations) and to prevent damage to the helium
cooled power leads if cooling is lost. The
maximum current decay rate during a dump should
not exceed the current rate at which the magnets
quench spontaneously. As with the circuit power
supplies, the dump resistance needs to be
distributed throughout the circuit to prevent
voltage breakdown in the magnet3 next to the
dumps. The Tevatron dump resistor voltage was
limited to 1 kV. The SSC is expected to tolerate
twice this voltage as its coils are cooled with
helium at roughly twice the Tevatron helium
pressure.

The inductive load of the superconducting
magnets is divided into individual quench bypass
unics which are shunted by a dedicated quench
bypass switch, ft quench bypass unit may contain
one magnet, several magnets, or only part of a
magnet coil in which case the quench bypass units
that protect a magnet are magnetically coupled.
Quench monitors compare the potentials of voltage
taps distributed along the magnets to determine if
a quench has occurred. Once a quench is detected,
the circuit power supply voltage is reduced to
zero and the dump resistors are switched into '.he
circuit. Simultaneously, the current in the
quenching magnet transfers to the bypass switch.
The quench bypass time is typically less than a
second to protect the superconducting cable of the
magnets whereas the dump time constant is
typically 10 to 30 sec.

BASIC QUENCH BYPASS CIRCUIT

Quench damage to superconducting cable can
result from overheating and/or overvoltage. As
the cable switches from superconducting to normal
state, the current in the cable transfers from the
superconductor to the copper substrate and the
cable temperature rises due to ohmic heating. The
localized resistance also results in a resistive
voltage which together with the inductive voltage
of the rapid current decay in the magnet, stresses
the winding insulation. Both the magnet and the
quench bypass circuit have to be designed to
prevent damage due to these mechanisms. Quench
protection systems are designed to keep the
maximum quench temperature below 150 K, the
melting temperature of soft solder used to splice
cables. Kapton insulation starts to degrade at
600 K; the NbTi cable degrades even If momentarily
subjected to a temperature of 800 K; and copper
melts at 1200 K. The voltage stand-off capacity
of the coils depends on many factors but is
typically less than a few kilovolts.

Fig. 2 Basic Quench Bypass Unit

The basic quench bypass circuit is shown in
Figure 2 . A superconducting coil of inductance L
is shown conducting a current I . The shunting
switch S can be either a warm diode, a diode at
cryogenic temperature, .or a thyristor. The
remaining magnet power circuit has been
approximated by a current source because of the
large series inductance of the magnet power
circuit. When the switch S is closed, the magnet
current transfers to the switch. The bypass
current i(t) has the form

+ (I-i)Rq(t) = 1 Rb (1)

where Rq(t) and Rb are the quench and bypass
resistances (Including the switch resistance)
respectively. This equation can be solved
numerically if the longitudinal and transverse
velocities of the quench zone, and the functional
dependance of resistance on current and time are
known.

In principle, the cable temperature T (and
therefore the cable resistance) and the rate at
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which the resistive zone grows after the onset of
a quench can be calculated by solving the
diffusion equation [6,7]

f
where u, C, k, A, p are the density, specific
heat, thermal conductivity, area, and resistivity
of the composite conductor; h is the cable
perimeter coefficient of heat transfer; P the
cooled perimeter; and TQ is the initial
temperature. In practice, the presence of helium
and the nonlinear character of the coefficients in
Equation 2 makes the solution difficult.

An approximate solution [8] for the normal
zone propagation velocity along a conductor can
be obtained by assuming no current sharing at the
quench front and constant coefficients. This
approximation yields the following velocity
relation for quench propagation along the cable

,1/2

_ -T .
c o

(3)

where Tc is the critical temperature. The
transverse velocity can be approximated by
replacing the thermal conductivity of the
conductor in Equation 3 with the thermal
conductivity of the insulation.

An estimate of the conductor temperature is
obtained by ignoring the surface heat flux through
the conductor boundaries. This assumption yields
the maximum possible quench temperature and is
approximately correct during the rapid heating
experienced in superconducting cable that is
quenched near the peak field of a magnet.
Equation 2 then reduces to:

max

P
dT = | rdt

o

(4)

Equation 1 relates a current integral (usually
evaluated in units of million A sec, also
referred to as Hiits) to a function of Tmax, the
adiabatic quench temperature. The cable
resistance is obtained from an independent cable
resistance versus cable temperature measurement.

These equations, although only an
approximation, allow magnet designs to be
evaluated for quench 3afety, either through direct
calculation or by scaling the quencn behavior of
existing magnets of similar design [9]. More
accurate results can be obtained by measuring the
quench velocities in short prototype magnets and
using the experimental quench data to calculate
the quench behavior of full scale magnets. [10]

EFFECT OF COIL PARAMETERS ON QUENCH PROTECTION

The maximum length of a quench bypass unit la
probably that length which can be conveniently
recooled after a quench by the cryognic system.
Shorter quench protection units than this length
may be required by the magnet design or the quench
bypass design.

In general, the use of quench heaters allows
any magnet length to be protected with a single
bypass unit. Such & heater system can be designed
by identifying the maximum magnet length which
sustains no quench damage if its terminals are
shorted. Once the size of the passive or self-
protecting quench bypass unit for a particular
magnet Is known, the quench bypass unit can be
enlarged indefinitely by adding quench heaters in
increments of the aelf-protecting size. This
technique requires prompt quench detection to
minimize the heater induced quench delay.

The length of a self-protecting quench bypass
unit can be increased through magnet designs which
have minimum inductance per unit length, large
quench velocities to distribute the quench ever a
large fraction of the magnet colls, and cable
cross sectional areas which are large and have a
large copper to superconductor ratio. The first
two conditions decrease the effective current
bypass time constant and the remaining conditions
increase the Milt capacity of the cable.

A magnet's inductance can be decreased by
reducing its length, reducing its physical
aperture, and by reducing the number of magnet
turns in favor of fewer turns with corresponding
larger areas and unchanged current densities.
Fewer turns of larger area reduce the quench
temperature without changing the aperture, field
or length of the magnet, as the inductance varies
as the square of the turns, the cable Mi it
capacity varies inversely as the square of the
turns, and the quench velocities remain unchanged
as they are a function of the cable current
density.

The use of magnetic iron yields a more
efficient magnet as the desired bore field and
aperture can be obtained with fewer turns of
cable. However, iron magnet peak fields are
limited by Iron saturation.

High current density superconductors allow
the use of a higher copper to superconductor ratio
In the cable without increasing the cable size.
More copper and copper with a higher resistivity
ratio increase the Milt capacity of a quenched
cable.

Minimum coil insulation increases the
magnet's coll efficiency and also results in high
transverse quench propagation. Electrical
insulation should be just sufficient to prevent
electrical breakdown.

Cable splices should be long enough that the
splice resistance does not cause the adjacent
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cable to quench. Although quenches can start In a
splice, the splice itself generally does not fail
because of its higher Miit cs.pacit;'.

Coil spacers, which are added to compensate
for inadequate cable keystonjng and to cancel
unwanted field harmonics also act as partial
quench stoppers in the t••_ 1. The spacers should
be of minimum thicknes.3, high thermal conductivity
and laminated to reduce longitudinal heat
conduction. A minimum number of coil spacers
should be used and they should not thermally
isolate a small fraction of a coil whose quench
resistance is then inadequate to prctect the
magnet.

The quench resistance of quenches that start
in magnet interconnection cables or magnet end
turns usually grows very slowly and :.s therefore
harder to detect and to protect. Interconnection
cables should be completely stabilized with
copper. Magnet end turnu should be of minimum
length to allo1.: the quench to enter t.hf> body of
the magnet without delay.

TEVATRON QUENCH BYPASS CIRCUIT

The Tevatron was designed to operate as a
fixed target accelerator and as a collider. Its
superconducting dipoles and quadrupoles are
connected in serle.3 on a common bus and twelve 1
kV power supplies enable the magnets to be ramped
at rates up to 300 A/s. Steering and higher order
field corrections are performed by correction coll
clusters located at every quadrupole location.

DPOLE QUAKSUFOLF

HEATER 1RIQQE11

T"* R
T I1TFAIITFA11 TMGOCR "JoRtTOR

(O« or TW01 TAP

Fig. 3 Tevatron Quench Protection Circuit

A Tevatron quench protection circuit (Figure
3) protects a full cell of m.ignets (eight dipoles
and two quadrupoles) with dual quench bypass
units. Each quench bypass switch consists of a
pair of parallel connected thyristors at room
temperature. The parallel connection provides
switch redundancy In case a -.hyrlstor falls to

functlcn. Cold or warm diode switches were not
considered because the magnet current rate and the
dipole inductance (.015 H) would have required
excessive coil segmentation.

The size of the bypass unit was chosen to
minimize quench recovery and to minimize the
number of safety leads. The sa/ety leads connect
the warm thyristors to the cold magnet bus. The
large inductance contained in a bypass unit
required the use of quench heaters to enhance and
distribute the quench resistance. The quench
heaters also protect the superconducting magnet
interconnection leads and the integral magnet bus
which would otherwise be insufficiently copper
stabilized.

Quenches are detected by means of voltage
taps located at the cold end of every safety lead.
The voltage tap signals are routed above ground
via coaxial cable to the nearest service building
where a microprocessor determines the presence and
location of the quench. The microprocessor
triggers the quench heater supplies in the
quenching cell, communicates the presence of a
quench to the rest of the quench protection system
and stores the quench voltage and current in a
circular buffer for later analysis.

The microprocessor basea quench detection
system has proved to be very reliable. Noise
immunity Is achieved by averaging the quench
signal over a 60 Hz period. Another advan age of
this system is that it can be totally checked at
low current prior to fully energizing the magnet
circuit. During operation. It continues to
monitor itself. The whole system is fail safe in
that it usea either redundant circuits or
automatically indicates a quench when it
malfunctions.

Fig. U HERA Quench Protection Circuit
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HERA QUENCH PROTECTION SYSTEM SSC QUENCH PROTECTION SYSTEM

Figure 4 shows a segment of the
superconducting HERA power circuit which will be
installed at DESY in Hamburg, Germany. The HERA
dipole and quadrupole magnets /are on a common
power bus. They have fully stabilized magnet
interconnecting Iead3 and power return buses, and
operate at a ramp rate sufficiently low to allow
the use of cold diodes as bypass switches.
Computer simulations of the HERA bypass circuit
and bench tests at helium temperature of the
bypass diode (BBC diode DSA 1508-11A(B)) indicate
.that the peak temperature reached in the magnet
and the diodes during a quench bypass cycle are
well within safety limits. Quench heaters have
been installed in the magnets but appear to be
unnecessary. The concern of radiation damage to
the diodes has been overcome by mounting the
diodes on removable brackets and adding an access
port to the cryostat for diode testing and
removal.

Each magnet has a dedicated magnetic
amplifier for quench detection. Redundant quench
detection is obtained with additional magnetic
amplifiers which monitor the magnet circuit
voltage in three magnet increments. Each magnetic
amplifier has a test winding to verify its
operation. The magnetic amplifiers are at room
temperature and are located in the tunnel next to
the magnets. The amplified quench signal is sent
above ground via cable to voltage sensing
electronics located in one of the four accelerator
halls.

The magnetic amplifier detection system and
the cold diode bypass switch are simple,
inexpensive and potentially very reliable. The
magnetic amplifiers are essentially immune to
radiation damage. Noise immunity can be obtained
through signal filtering as prompt quench
detection is somewhat less critical in systems
that do not require quench heaters. The long term
survivability of cold diodes in an accelerator
environment is yet to be established.

The magnet circuit is segmented into cells
nominally 200 m long which contain ten dipoles and
two quadrupoles as shown in Figure 5. Each cell
is protected by four quench bypass units which
utilize two series connected warm diodes for a
bypass switch, A redundant set of quench heaters
is used to enhance and distribute the quench as in
the Tevatron system.

A cold diode system similar to the HERA
system could be adopted for the SSC if quench
tests with prototype magnets are successful and if
a diode can be found that is likely to survive the
SSC radiation environment over the life of the
machine. The SSC tunnel is an order of magnitude
larger than HERA and the periodic replacement of
cold diodes is therefore more difficult.

The size of the quench bypass unit was
determined by the desire to minimize the amount of
tunnel cabling. A quench detection system similar
to the Tevatron system has been adopted. A quench
detection microprocessor will be located at all
alternate quadrupole locations within a radiation
shielded enclosure in the tunnel ceiling. All
voltage tap leads and quench heater leads will be
internal to the magnet cryostat and will exit only
at the quadrupole locations next to the detection
electronics. Communication with the rest of the
quench protection system and the accelerator
control system is via a serial link.

A disadvantage of this system is thai, tne
electronics are located in the tunnel which
reduces access for maintenance. However, the
experience of the Tevatron indicates that the
required maintenance is small and the system can
be mads reliable. The shielded enclosure for
electronics is also used for the beam position
monitors, the beam loss monitors, and the vacuum
system. Alternative solutions which require large
amounts of cable and many service buildings with
penetrations to the tunnel are not as cost
effective.

/ ? r"
VOLTAGE TAPS

D D O D D D 0

Fig. 5 SSC Quench Protection Circuit Fig. 6 Superferric Magnet Power Circuit
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SUPERFERRIC MAGNET SYSTEM

The power and quench bypass system for this
magnet design are shown in Figure 6. This magnet
has an iron core of conventional appearance and
needs three Independently powered buses for the
dipole magnets and an additional bus for the
quadrupole magnets in order to obtain adequate
field quality over its operating range of 3 T. The
independent current buses are adjusted to
eliminate the sextupole and decapole harmonics
which result from iron saturation. The dipoles
are fabricated in increments of 35 m and assembled
in lengths up to 1 MO m long in a single cryostat.
The use of iron and few turns per coil results in
a dipole magnet with very low inductance per unit
length ( approximately t 10~ H/m). The
superconducting cable is stabilized with an
additional copper core, which allows quench bypass
units for individual coils up to the full length
of the magnet. The trim coil quench bypass unit
requires two diodes as its current is bipolar.
Ten cold diodes are required to protect a cell of
magnets (two dipoles and two quadrupoles).
Magnet current regulation during normal operation
and the quench bypass unit current during a quench
are more complicated to analyze than in the above
magnet circuits because the three dipole current
buses are magnetically coupled. The proposed
quench detection system uses voltage taps fed
directly into optically coupled differential
amplifiers.

SUMMARY

Accelerator designs with small physical
magnet aperture place large demands on the field
quality and current regulation of the magnet
lattice. Therefore, magnet designs which allow
series connection of dipoles and quadrupoles on a
common bus are desirable as this simplifies the
problem of current regulation. A single high
current magnet bus may also be more economical as
the circuit power supplies, dump circuits and
quench protection electronics need not be
duplicated.

Long strings of superconducting magnets are
most conveniently protected against quench damage
with dump circuits and a series of quench bypass
units. The length of a passive quench bypass unit
can be increased with magnet designs that minimize
magnet inductance and have sufficient copper in
the cable to prevent thermal damage during the
current bypass time. The use of a properly
designed quench heater system allows the length of
a quench bypass unit to be extended for nost
magnet designs. Quench heaters also result in a
more uniform quench resistance voltage which
decreases the likelihood of voltage breakdown
during current bypass. Coil regions such as
magnet connection leads, magnet ends, magnet
spacers, magnet through buses and splices need
special attention to assure that trapped quench
areas are not present.

A diode quench bypass unit without quench
heaters is the simplest type of bypass system and
probably should be implemented if the magnets can

be shown to be safe under all quench conditions,
if the required number of diodes is not excessive,
and if a diode can be found that can reliably
withstand the radiation environment and numerous
thermal cycles. Cold diode reliability is more
critical as they are more difficult to replace.

The overall reliability cf a .magnet power-
system and its quench protection system is a
function of its component count and the care taken
in the design, manufacture and installation of the
system. Magnet quality control is critical as a
quench protection system does not prevent the
failure of defective magnets. The number Oi
required high power components, i.e., power
supplies and dump circuits, are small and can
therefore be designed conservatively or have
redundancy. Quench bypass switches should be used
in redundant parallel pairs or have a demonstrated
failure rate that is tolerable over the life of
the accelerator. The quench detection system
should be extremely reliable as the remaining
components of the quench protection system depend
on its proper operation.
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STUDY OF QUENCH PROCESSES IN UNK MAGNETS

G.M.Antonichev, M. I.Glinskiy, V.I.Gridasov, B.V.Kaz'min,
K.P.Myznikov, V.V.Sytnik, L.M.Vasillev, N.N.Yarygin, A.N.Yerokhin

Institute for High Energy Physics, Serpukhov, USSR

Abstract - This work describes the anticipated
quench protection system for UNK magnets and pre-
sents the results on experimental study of quench
behaviour on short and full-scale dipole models.

Presently IHEP is studying the quench protecti-
on system similar to the one used at Tevatron' ' .
This system is based on shunting a group of magnets
(quench protection units) with thyristor commuta-
tors at room temperature and removing the current
from thesi magnets through safety leads. In this
case, whenever a quench occurs, all the magnets
of the quench protection unit are made to go nor-
mal. This allows to distribute the stored energy
uniformly among all the magnets and thus to avoid
overheating of the originally quenched magnet.

The quench protection unit (QPU) of UNK (fig.l)
consists of 12 dipoles and 2 quads. QPU's are
separated with quench stoppers containing safety
leads. The unit status is monitored with the Quench
Protection Monitor (QPM). Whenever a quench detec-
tor (QD) discovers a quenched magnet, the QPM per-
forms the following functions:

- singles out the QPU with the quenched magnet;
- releases commands to switch off the power

supply, to switch on the dump resistor and quench
bypass thyristors;

- activates the heater firing units of the sing-
led out unit.

As a result, the current of the QPU magnets
falls with a time constant of about 1 sec and the
full current of the string drops with a time cons-
tant of about 10 sec (fig. 2) because the dump
resistor is on.

Figure 1. .Schematic of quench protection unit:
D1-D12 - dipoles, Q1-Q2 - quadrupoles,
QS - Quench Stopper.

The maximum coil temperature during a quench
i-- heavily dependent on the quench load, i.e. the
integral fi^dt calculated with account of the
moment of quench occured, to. This integral can
be broken into three parts:

/*32 V t r o rilz> ri]9J i'2dt= J i2dt+ J iddt^ J i<\Jt (1)

tt

.Figure 2. Time dependence of: current in a string
(a), current in the quench protection
unit (b), and current in the thyristor
switch (c); to - instant of time when
a quench occurred,t^ - instant of quench
detector activation, t_ - instant of
switching the thyristor, t3 - instant
of current fall finish in the quench
protection unit.

The value of the 1st item in (1) is dependent on
the activation threshold (sensitivity) of the
quench detector, the value of the 2nd one is deter-
mined by the process of heat transfer from the hea-
ters to the superconducting coil and that of the
3d item depends on the rate of the coil resistance
growth which determines the time constant of cur-
rent drop in the magnets.

The values of the last two items and, consequ-
ently, of the whole integral, are very sensitive
to the operational efficiency of heaters, i.e. on
i.he amount of the superconductor made to go normal
and quench propagation speed.

Heater-induced quench processes have been inves-
tigated on short models/^/ and the performance of
the heaters is being studied at IHEP on full-scale
dipole models. The critical current of short mo-
dels/4/ was 7.000-7.200" A, the maximum coil field
was 7 T and the stored energy was 140 kj.

Heaters are 0.1 mm thick by 31 mm wide stain-
less steel strips clamped by the bandage to the
upper layers of half-shells along the whole dipole.
Each heater has two such strips placed on either
half-shell and covering 17 out of the 23 turns of
the 2nd layer. The heater resistance is about
0.25 Ohm at 4.2 K. To initiate a magnet quench, an
exponential current pulse was forced into a heater
from a 8-10"2 F capacitor. The tests were perfor-
med in the pooling"mode in a 4.25 K liquid helium
bath. A trigger from the quench detector stopped
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supplying power to the magnet and shunted it thro-
ugh a thyristor switch.

because this helps simplify the design of heater
firing units.

0,3

0.2

0,1

w min

Figure 3. The threshold curves of heaters for
three short models.

Figure 3 presents the threshold curves, i.e. the
minimum values of specific energy to be suplied
into a heater in order to make go normal a suffi-
ciently long section of the magnet for the quench
detector to be activated, versus the magnet cur-
rent. Curves 1 and 2 correspond to the heaters of
two magnets manufactured from the superconducting
cable having different types of insulation. The
cable of the 1st magnet (curve 1) was insulated
with two layers of 20- ju m Kapton tape and a layer
of 100- jU m fiberglass wound with spaces. The cable
of the 2nd magnet (curve 2) was insulated with
Kapton only: instead of the fiberglass a 40-̂ g m
layer of Kapton was used. In this case the outer
surface of the 2nd shell of the coil was much smo-
other after curing. This resulted in a decrease
of the amount of helium left between the coil and
heater as well as in a reduction of the threshold
energy.

A 80-ju m Kapton tape placed between the heater
and coil was used as the heater insulation. Curve 3
corresponds to the magnet with purely Kapton insu-
lation, but in this case there was a thin layer
of vacuum silicon grease between the coil and in-
sulating Kapton tape which smoothed the surfaces
of the coil turns to replace the excessive helium
between the coil and heater. As seen from the fi-
gure, this reduces the value of the threshold ener-
gy. The same effect is achieved by using a Teflon
film instead. This material is very fluid; there-
fore after the coil is bandaged it can easily per-
form the same function as the grease. A decrease
in the amount of energy to be supplied into the
heater is of an essential practical importance
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Figure 4, The time delay between the instants of
firing the heater and activation of the
quench detector (a) and the total quench
load (b) versus the specific energy sup-
plied into the heater.

Figure 4 shows the time delay between the ins-
tants of firing the heater and activation of the
quench detector (a) and the quench load versus
specific energy (b). As follows from the figure,
in order to reduce these values the power sup-
plied into the heater should be 2-3 times as large
as the threshold one. With this delay shortened,
the interval tg-t., (fig. 2) and corresponding con-
tribution into the quench load will be decreased.

Removal of helium from under the heaters also
increases the rate of the coil resistance growth
which effects the value of the 3d item in (1).
Figure 5 shows the coil resistance after firing
the heater versus time for the two cases: pure
Kapton insulation (a) and grease-coated Kapton
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insulation (10. As seen, resistance grows much
faster in the latter case, especially at smell
currents.

1.5

10 -

0.5

Figure 5 The coil resistance after firing the
heaters versus time for pure Kapton in-
sulation (a) and grease-coated Kapton
insulation (b).

The influence of the quench detector sensiti-
vity on the totRl quench load is illustrated in
fig. 6 which presents its values for the thres-
holds 0,5, 1 and 5 V. The attainable value of the
quench detector threshold is determined by the
level of noise causing false triggers of the mo-
nitor and is subject to specific conditions.

Figure 7 shows the total quench loads of two
short models versus their dipole currents when a
quench was initiated by heaters. It also presents
the maximum coil temperature calculated in an adi-
abatic approximation. The dashed line corresponds
to the temperature measured with a thermometer
inside the coil. Its value is lower as compared
with the calculated one because the quench propa-
gation conditions are not adiabatic.

The quench propagation velocity was studied
with the help of two spot heaters and a few vol-
tage taps soldered to the cable at a certain dis-
tance from them' ' . T'ne heaters were placed on
the nearest to the bandage key turn going from
the 1st to the 2nd shell. The velocity of longi-
tudinal quench propagation was calculated from
the instant of time when a quench occurred in
this point. The results are given in fig. 8.Curve 1
corresponds to the velocity of quench propagation
along the turn of the 1st shell and curve 2 cor-
responds to this velocity along the turn of the
2nd one, where the field is much less.

6

Figure 6. The quench load versus coil current for
various values of the quench detector:
o - U Q D = 0 . 5 V, Q - U Q D = 1 V, A- U Q D =

= o v:
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Figure 7. The quench load and maximum coil tempe-
rature versus coil current for two short
models.
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Two full-scale dipole models have been tested
in both pooling and force-circulating modes with
a view to study heater-induced quench processes.
Their heaters are of the same design as in short
models. Figure 9a presents the threshold curves
of heaters for three cooling modes. As seen, the
single-phase helium circulating in the.channels
betweeu the coil shells increases essentially the
minimum energy required for an intentional quench
of the coil by making the cooling of the 2nd shell
more efficient. The obtained experimental values
of the quench load (fig. 9b, curve 1) do not ex-
ceed 9-106 A 2 sec and the corresponding maximum
coil temperature calculated in the adiabatic ap-
proximation appears to be below 200 K which is
less than the tolerable value.

%

20

to

I. KJI

Figure 8. The quench propagation velocity versus
coil current of the turn of the 1st shell
(1) and of the 2nd shell (2).

To simulate the operating conditions of super-
conducting dipoles in a string, experiments on in-
ducing a quench with spot heaters with subsequent
switching on the heater from the quench detector,
have been carried out. Figure 9b presents for this
case the value of the quench load (curve 2) and
that of the calculated one from the instant of
quench detector activation (curve 3). The first
curve corresponds to the magnet where a quench oc-
curred for some reasons, the second one corres-
ponds to the remaining magnets of the quench pro-
tection unit. The large value of the total quench
load is explained by a prolonged time delay between
the instants of firing the heater and activation
of the quench detector. This in its turn is expla-
ined by a low efficiency of the spot heater which
is positioned in a very low field, where the cable
leaves the 2nd coil shell.

w

03

0.1
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Figure 9. a) - the threshold curves of the hea-
ters of a full-scale dipole for various
cooling modes: 1 - force-circulating
cooling, 1# He, 2 - force-circulating
cooling, 2^ He, 3 - pooling mode;
b) - the quench load versus dipole cur-
rent for the heater (1) and the spot
heater and heater switched on simultane-
ously (2 and 3).
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Experiments on the study of quench propagation
processes and protection of superconducting mag-
nets will be carried on with the help of a string
consisting of four full-scale dipole models.
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Hagnet Design and Construction Methods

R. Perin
CERN, 121.1 Geneva 23, Switzerland

The sessions on Magnet Design and Construc-
tion methods started in the most appropriate way
with a bright presentation by an accelerator
pL/sicist of tfte basic requirements in aperture
ant field quality. As "magnet men" we have par-
ticularly appreciated the clarity of that talk
given in a language accessible to the "laymen"
we are. It was followed by very interesting
presentations by industry on their experience in
the fabrication of superconducting magnets and
by laboratories on their plans for large scale
industrial production. Then field correction
methods, powering schemes and magnet protection
were traated. The discussion which took place
after a very busy day, was nevertheless lively
and interesting.

Magnetic design

The first point addressed in the discussion
was magnetic design. Inputs are : required aper-
ture and field quality together with electrical,
thermal, geometrical and mechanical characteris-
tics of conductors. Outputs are : coil geometry,
conductor shape and positioning tolerances, iron
dimensions, etc. One of the problems in small
aperture high field magnets is that the cable
conductors cannot be made with the large keys-
toning angle that would allow to perfectly fit
them as circular sectors around the bore circum-
ference. The large squeezing of the cable thin
edge would produce unacceptable degradation of
the conductor properties. To make up for the
angle, spacers are inserted (which may help in
achieving a correct field pattern) but useful
ampere-turn space is lost in this way without
much profit. Instead of lumped spacers, distri-
buted spacers could be used in the form of thin
suitably shaped strips of normal conductive
material (copper, aluminium) soldered to or
co-extruded with the s.c. cable, thus adding
stability and protection. We learned that stu-
dies and developments on this line have been
started in Japan and in USA, one idea being of
inserting a smaller cable inside a larger keys-
toned Rutherford type cable. Test productions
and measurements are necessary to know eddy
current/magnetization effects and mechanical
properties of such cables.

The final required systematic field unifor-
mity in the "useful aperture" of accelerator
dipoles is flB/Bo - 1CT

5 i 10"6. Such a field qua-
lity can be achieved in 50 * 60 % of the coil
aperture by extremely careful design and
construction, and the use of corrections for the
first two higher' order multipcles (6-pole and
10-pole). Errors caused by iron saturation can
be, of course, limited by optimizing coil-yoke
distance and yoke thickness, but it was shown
that iron shaping can also be beneficial
especially when the coil-yoke distance is kept
small in order to economize conductor.

The two-dimensional computer programs used
for the calculation of magnetic field in the
magnet cross-section are adequate in precision,
provided the true positions of the conductors in
working conditions (under prectress and e.m.
forces) are exactly known and correctly intro-
duced. The three-dimensional programs for the
study of magnet ends give in general answers
with a 5 to 10 % precision : this seems to be
sufficient for long magnets as those presently
used or planned for accelerators.

Mechanical design
The mechanical structure is well understood

for magnets made with HbTi conductor. All high
field (> 5 T) designs adopt the "Roman erch"
collared coil structure and cold iron yoke. It
is thought that this basic structure type can be
used, in small aperture dipoles, up to ~ 10 T
field with the presently achievable current den-
sity in the superconductors, the limit being
imposed by mechanical strength of insulation and
copper. Grading of current density helps in this
respect as it tends to transfer ampere-turns and
consequently electro-magnetic forces from the
inner to the outer coil shells.

For A-15 conductors much R & D is necessary
on insulation systems for the "wind and react"
route, on coil fabrication tooling for the
"react and wind" route and on the mechanical
support structure for both routes.

The computational tools (2D and 3D) appear
to be sufficiently reliable and precise for
predicting stresses and deformations, but a
better integration of the computer programs for
magnetic field calculation with those for struc-
tural analysis would save time and reduce
mistakes.

The question of how much liquid helium
should be in direct contact with the conductor
was also debated. Obviously there is no general
rule. Coil porosity is necessary for pulsed (or
a.c.) magnets but could, at the limit, be
counter-productive for quasi d.c. magnets, since
porous coils are mechanically less strong than
compact ones. Keliurc is beneficial for stability
but could be detrimental from the point of view
of protection, as it may slow down quench propa-
gation. The optimum porosity has to be deter-
mined case by case, but there is a general
consensus on the merit of having seme helium,
percolating under the insulation, in direct
contact with the cable strands and on the need
to keep resin out of the cables.

Protection
Cold diodes are foreseen for by-passing the

quenching magnet(s) in the accelerator/colliders
that are being built or planned at present. It
is proposed to install them in positions of easy
access for quick replacement and to continuously
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monitor, at least those placed in high radiation
areas, to detect their degradation at an early
stage before failure.

For fast and safe quench propagation, active
heater systems are almost universally adopted
for long magnets. Concerning the computer pro-
grams for modelling of the quench process and
the calculation of voltages, temperatures and
stresses in the coils, it is felt that the pre-
sent fodes need to be improved by the introduc-
tion and the treatment of additional parameters
which could more adequately describe the coil
interna' geometry and its thermal, electrical
and mechanical properties.

Construction methods
With the exception of the super-ferric

magnets developed at the Texas Accelerator
Center, all superconducting main dipole magnets
tor present and future accelerator projects are
similar in basic design and construction methods.

Concerning the fabrication style, there is a
progressively increasing involvement of indus-
try, from the Fermilab Tevatron for which the
magnets wer-2 entirely manufactured in the
Laboratory, to HERA and SSC, for which the
machine magnets will be completely built in
industry. HEHA prototypes have been built partly
in laboratories and partly in industry and for
the SSC it is planned to start soon technology
transfer to industrial firms. For the LHC,
industry is participating already from the
beginning in the design and construction of the
first models. We trust that a closer collabo-
ration between research laboratories and the
industrial world will lead to large scale cost
effective production of accelerator quality high
field magnets. The highest possible degree of
automation is recommended, not only for lowering
cost, but also for better accuracy and repro-
ducibility.
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EXPERIENCE KITH OPERATING THE TEVATRON CRYOGENIC SYSTEM

C.H. Rode
Continuous Electron Beam Accelerator Facility (CEBAF)*

and

B. Ferry, W.B. Fowler, J. Makara,
B. Narris, T. Pisterson, J. Th«il«ck«r, »nd R. Wafkor
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Abstract

This report is based on the 13 years of exper-
ience on R ft D and operation of the 27 kW Fermi lab
Tevatron Cryogenic System.

Introduction
The start up of any large system can be broken

into three phases: 1) component debug, 2) com-
missioning and 3) operations. The component debug
phase consists of getting the rotating machinery
working reliably as well as getting major subsys-
tems operational such as coldboxes. In addition,
for computer controlled systems, one must get the
control software and a significant fraction of
the application diagnostics operational. It is
often argued that with a "turn key" plant one can
skip the component debug phase. Due to the small
quantities of rotating machinery produced for
cryogenics and the lack of manufacturers' full
scale helium testing capabilities for design "im-
provements" or even "fixes1, rotating machinery
must be debugged. In the case of the Tevatron,
the only quazi "turn key" component was the cen-
tral helium liquefier cold box. We had a ten year
R ft D program; during the later half of this per-
iod a significant effort was put into improving
the M.T.B.F. of the rotating machinery. In the
case of the ring screw compressors this was so
successful that they never affected the commis-
sioning.

The commissioning phase consists of getting
all of the subsystems functioning together, fol-
lowed by a lengthy process of finding the system
weaknesses, followed by component modifications or
system redesign (1-2 years). In the case of the
Tevatron during the latter half of this phase the
high energy physics program was in progress.

CENTRAL
HELIUM

HELIQUEFIEH 154Z/HR PER
SATELLITE

3696J/HR
TOTAL)

SATELLITE
REFRIGERATOR

SATELLITE RETURN
F| OW I29//HH

' GREOTER THAN '
SUPPLY

RETURN

SUB-COOLED
LIQUID

966 WATT
25 / /HR

MAGNET
STRINGS

LEAD FLOW
25 1/HR

Figure 1

•Operated by Southeastern Universit ies Research
Association, Inc. under contract wi th f i e U.S.
Department of Energy.
+0perated by University Research Association under
contract with the U.S. Department of Energy

The f i n a l phase, operations,, continues to
require a s i g n i f i c a n t e f f o r t in improving the
M.T.B.F. The problems of contamination and helium
leakage are s t i l l s ign i f i can t , but a new problem
of qua l i t y control fo r maintenance and repa i r
parts becomes signi f icant.

For the Tevatron Cryogenic System the dates
for the various phases are shown in Table I .

Phase
5J~RlD
1) Comp.Debug
2) Commissioning
3) Operation

Dates
1973-1982
Feb 76 - June 82
Dec 82 - July 84
Oct 84 - Oct 85

The primary installation period was June 1982
through May 1983; the commissioning started when
one third of the ring was installed. In previous
years R ft D and component debug runs were made on
1/24 through 1/8 of the ring (A-sector run).

System Description

The Tevatron magnet;) are cooled by a hybrid
system which consists of a 5000 l/hr central heli-
um liquefier (CHL) coupled with a sma11-diameter

CENTRAL HELIUM LIQUEFIER

20 ATM.
3" He HEADER

3 ATM. LHe TRANSFER LINE

INVENTORY CONTROL

SATELLITE REFRIGERATORS
AT SERVICE BUILDINGS

( 4 PER SECTOR )
COMPRESSORS

Figure 2
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l iquid transfer l i r e connecting twenty-four satel -
l i t e re f r igera tors ( F i g . l ) . The t ransfer l i ne
supplies l i q u i d helium fo r both the s a t e l l i t e
refrigerators and the magnet lead flows as well as
l iquid nitrogen for the msignet shields. The sa-
t e l l i t e s act as ampl i f iers wi th a f low gain of
twelve by us inn the enthalpy of the helium sup-
plied by the central l iquefier as l iquid, convert-
ing i t to 4.5K refr igerat ion, and returning i t as
300K gas.

This arrangement was driven by the choice of
warm i ron magnets wi th t h e i r extremely small
passages ( i . e . high pressure drops). I t combines
advantages of a single central f a c i l i t y with those
of individual stand-alone units stationed around
the r i ng . The central l i q u e f i e r has the high
efficiency associated with large components, but
requirements for distr ibut ion of cryogenic liquids
and e lec t r i c power to the service buildings are
reduced. The likelihood of continued operation in
the event of equipment f a i l u r e is also s i g n i f i -
cantly improved.

Research and Development

The conceptual test ing s tar ted in 1973 with
the 400 f t He pump loop runs; they tested the
concepts of pumping l iquid He and the effects of
long l ines. In May 1975 we s tar ted up our B12
test f a c i l i t y , and or ig ina l ly using only one CTI
1400 refrigerator sent an extracted beam through a
.8 m long prototype superconducting magnet.

Component Debug

This phase started with the construction of
the prototype sate l l i te coldbox and expander; the
calorimeter runs started in February 1976. Wo
then modified a series of reciprocating compres-
sors for helium service; the last of these was
retired from service in June 19B2.

In December 1977 we moved the prototype r e f r i -
gerator »nd the •wcond prototype rec ip rocat ing
compressor to t»» r ing mt the Al service bui lding.
We continued component tes t ing but a lso gained
operating experience with long magnet s t r i n g s .
The testing of our Mycom screw compressors started
in 1978. Since the compressor is the f i r s t
component required and in many ways the most
c r i t i c a l from an upset standpoint, i t received a
great deal of a t tent ion to mako i t r e l i ab le . At
the sama time we continued testing and f inal ized a
highly rel iable o i l removal system; on many occa-
sions we had pumped o i l and/or charcoal into one
of our coldboxes.

CHL started running their compressors in Janu-
ary 1980, and af ter some i n i t i a l turbine trouble
produced over 3500 l/hr in March, 1981.

On January 3, 1982 we started the "A-sector
test* to gain general operating experience as well
as to study subsystem interactions. We ran two of
our six compressor buildings (AfJ and B0) to supply
f ive of the twenty-four refr igerators (Al through
Bl) . The A l , A2, and A3 re f r igera tors each had
two 125 m msgnet s t r ings to cool , whi le the A4
refrigerator was connected to the transfer l ine es
a l iquefier replacement for the CHL. The f i f t h
r e f r i g e r a t o r B l , r unn ing as a s t a n d - a l o n e
refrigerator, cooled a single 125 m magnet s t r ing
in our above ground B12 f a c i l i t y .

We were t o t a l l y unsuccessful in s t a b i l i z i n g
the transfer I ine-A4 re f r i ge ra to r system, and
after two weeks th is was abandoned. We attempted
to cool the magnet s t r ings in stand-alone mode;
with one exception th i s also f a i l ed . On February
1 , we started up CHL using the brute fo rce ap-
proach of 250 l /hr helium consumption per bu i l d -
ing. We f i l l e d the magnets in three days. Subse-
quent tests showed that we could operate in stand-
alone mode easi ly but could not cooldown. No

Cryogenic Downtim Major Problems

Component Debug
1. Contamination
CHL:NONE
SAT:H20,N2, Particulates

2. Expander
Valve Leaks
Mechanical

3. Controls
Reboots
Link

4. Expander Loads
Trips
Regulation

5. Transfer Line
Stability

6. Ha in Power Lead
Warm end seal

7. Lack Of Software

Co—tissioni rm
Contain i nation
CHL:AL 0 rLO, N CO-
SAT:N2f Parttcjlates

 Z

Ramp Permit
Stability

Main Power Leads
StabiIity

Magnet Quench Reliefs
Particulates

Magnet Vacuum Leeks
Air and N-

Hycom Motor Failures
Field Ground Shorts

Lock Of Software

Operation
Contamination
CHL:N NE (or H ), CO,"
SAT:N§ (or H2)

 2 2

Contamination
H20 Leak

Electronics
Component Failure
Transducer Failure

ControIs
Software Errors

Ramp Permit & Leads
Stab iIi ty
Noise

Expander
Defective Parts

Human Error

TABLE 2
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progress was made on the transfer l ine s t a b i l i t y
un t i l tha second ha l f of the run when we len-
gthened i t to 3 km and spent a month studying the
osci l lat ions. The systems operating d i f f i c u l t i e s
in order of severity are l isted in Table 2.

Extensive power test ing was performed during
the A-sector run. The 0.75 km st r ing of magnets
was powered from a s ingle supply to a level of
4200 amperes (950 GeV equivalent). Tasting asso-
ciated with the magnet ramping included:

1. Quench protection system tests.
2. Magnet and quench header pressure studies.
3. Power leads studies.
4. Magnet heat load measurement.
5. Quench recovery.

On June 10, 1982 the "A-sector t e s t " ended
together with the conventional 400 GeV High Energy
Physics Program. The tunnel i n s t a l l a t i o n crews
started ins ta l l i ng the rest of the Tevatron r ing
on a two sh i f t basis.

Commissioning

The commissioning started on December 3, 1982
with the s tar t of the cooldown of E and F sector
which were the f i r s t two of the s ix sectors f i -
nished. CHL had started up in November and cooled
down the 6 km transfer l ine; the l iqu id nitrogen
for E and F sector as well as nitrogen for dehy-
dration was taken from the t ransfer l i n e . In
February 1983, the l i qu id helium valves between
the transfer line and sa te l l i t e ref r igerator were
opened, connecting CHL to the r i ng . As addi-
tional sectors were finished they were decontami-
nated and also cooled down; the f u l l r ing was cold
and operating on May 29, 1983.

The E and F sector run was successful in cool-
ijig the magnets in stand-alone mode. The most
important dif ference from the A-sector tes t was
that we did a much better job in i n i t i a l decontam-
ination (1 to 3 ppm) and maintained a cleaner
system. The clean helium, some expander design
improvements, and a program of closely monitoring
and carefully maintaining the expanders resulted
in much improved expander e f f i c ienc ies and much
lass expander downtime than in the A-sector test.
Also, we learned for various operating conditions
to keep expander speeds below those at which per-
formance drops o f f , thus optimizing performance
and minimizing wear.

The major problem during the f i r s t par t of
this run was magnet vacuum leaks. Two major leaks
and several small ones were repaired. The second
most severe problem was microprocessor reboots
which crashed the refr igerators. The cause of the
more than t h i r t y se l f reboots over a s i x week
period wa3 never found, but a ' ter s ix weeks the
reboots stopped. This problem was compounded by
the absence of an alarm system to noti fy the oper-
ator when a microprocessor rebooted or an expander
tripped off .

In June, warm component ins ta l la t ion was com-
pleted and a number of problems repaired. On July
3, 1983 beam was accelerated to 512 GeV. In Sep-
tember 400 GeV beam was being del ivered to the
experimental areas; the energy was increased to
800 GeV in March 1984. Figure 3 shows the down-
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times during th is period for CHL, sa te l l i t es , and
quench recovery.

The system operating d i f f i c u l t i e s in order of
severity were:

1. Contamination/wet expander efficiency: Twice
during the ins ta l la t ion the r ing was crashed due
to nitrogen leaking through a closed valve into
the helium system. In general during the commis-
sioning phase, contamination was less of a problem
in the r ing; the major contaminants being nitrogen
and participates. The CHL had major problems with
contamination; a mixture of aluminum oxide, water,
and nitrogen would plug the 40K turbine i n l e t
f i l t e r . The aluminum oxide was a by-product of
the brazing of the p la te - f in exchanger; the water
was a 0.7 ppm leak in one of the compressors. The
nitrogen primari ly came from the r ing , where i t
circulated at 1.0 ppm through the magnets in the
l i qu id . An addi t ional contaminant t e n t a t i v e l y
identi f ied as CO- would plug the pur i f ier coldbox.

The contamination in the ring was kept under
control by a series of about 20 three-hour ind iv i -
dual exchanger derimes on accelerator maintenance
days, and by one f u l l r ing warm-up to 80K during
the three week February 1984 magnet ins ta l la t ion
shutdown. The wet expander eff iciency was in ter -
mi t tent ly affected by contamination (p r imar i l y
nitrogen and participates) causing valve leakage,
necessitating expander derimes. The exchanger and
expander derimes were concentrated in one half of
the r ing . During the la t te r part of the run ex-
changer derimes were not needed and the number of
expander derimes decreased s igni f icant ly .

2. Ramp Permit/Control S tab i l i t y : We require
the ent i re 6 km ring to be subcooled in order to
turn on the main power supp ly . The system
breathes about 1000 I when the ramp is turned on
due to a lack of heat transfer between the inner
and outer single-phase flows in the dipoles. This
liquid in turn freezes out the refr igerator caus-
ing i t to cut back to minimum capacity for 20 min.
instead of doubling i t s 'Opacity to compensate for
the AC heat load. When he ramp is then turned
off or t r i ps of f , the magnets demand 1000 I extra
in a period of four minutes. This in turn over-
loads the CHL transfer l ine system since the CHL
dewar system was not operat ional . Two or three
ramp t r ips in a short period would make the system
o s c i l l a t e badly causing more ramp t r i p s and
several hours of downtime.

3. Main Power Leads: Af ter the February 1984
shutdow.: we switched to 800 GeV; previously we had
been ramping from 150 to 400 GeV. Inadequate lead
cooling and flow osci l la t ion accounted for a large
fraction of the April downV-ime.

4. Magnet Quench Rel iefs: Access to the tunnel
to change magnet ral i ef va ives occurred on many
occasions. About half of those were due to broken
valve bellows. The other valves were stuck open
due to magnet superconductor lead clamps loosening
and becoming caught in the va've poppet.

5. Magnet Vacuum Leaks: Th« helium leaks, other
than causing an' mcrsacad hea .̂ loud, are no pro-
blem since they can he controlled by the 48 perma-
nently insta l led turbo-pumps plus a half dozen

mobile ones f o r the large leaks. The growing
problem was the increasing quantity of cryo-pumped
air and/or nitrogen which can cause a vacuum ava-
lanche fol lowing a quench or re f r igerator crash.
This problem was control led by speeding up and
ful ly automating quench recovery.

Operations

After a summer of c i v i l construction, the ring
was restarted in October 1984 with CHL start ing up
in mid November. The s ta r t -up went extremely
well. Two problems were quickly obvious: 1) Our
ef for t to reduce He leakage had f a i l e d ; 2) Our
expander l i fe t ime had dropped by almost an order
of magnitude.

He Leakage/Contamination: During the summer
shutdown we had redesigned and replaced every warm
high pressure valve stem in the r i ng . While the
re-design was completely successful , our f i r s t
indication that we had not improved the overal l
helium leakage was that we measured 2 ppm nitrogen
circulating ir. the ring helium. During the previ-
ous running period we started with 0.8 ppm which
increased to 2.0 during the run. At these levels
nitrogen is not removed by the r ing coldboxes but
only by the CHL coldbox turbine f i l t e r s .

After the monthly He usage data confirmed that
the usage had not changed, we i n i t i a t e d another
major leak hunting ef for t We also carefully kept
l is ts of leaks that needed to be f ixed on mainte-
nance days or during shutdowns. The improvement
was f i r s t seen in early February when the contami-
nation in the bulk of the r ing dropped to below
0.5 ppm. The usage in late February and early
March of 1000 I per day is the best we have been
able to achieve. The bulk of th is is steady state
leakage, but the usage for maintenance and decon-
tamination is s igni f icant .

A major problem is detecting stuck open re-
l ie fs after quenches. Because the Tevatron Mag-
nets ara low pressure rated components, we have
100 suction r e l i e f s . Since the system breathes
1000 I when ramp is turned on, we of ten do not
know that a re l ie f is leaking for several days.

Liquid Expander: For the running period from
June 1983, through July 1984, the mean time be-
tween major maintenance for l iqu id engines ( i . e . ,
warmup) increased from about 3000 hours to about
4200 hours, and l iqu id engine e f f ic ienc ies aver-
aged 7155.

From December 1984, through October 1985,
l iquid engines have averaged 77!? e f f i c i e n t . The
mean time between major maintenance is dominated
by the piston 0-r ing l i f e t ime . Like the Model
1400 expander, a I I of Fermi lab's l iqu id recipro-
cating expanders have a phenolic plunger-type
piston with warm, lubricated 0-r ings as piston
seals at the top (warm) end. We experimented with
several types of 0-rings, T-rings, and lubricants.
From January 1984, through July, 1984, we used
primarily teflon-coated 0-rings and the standard
grease-impregnated fe l t s supplied by Koch Process
Systems.

During the shutdown from July 1984, through
October 1984, a l l the expanders were overhauled
and new f e l t s and teflon-coated 0-rings were in -
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stalled. From the startup through February,
1985, our piston 0-rings lasted an average of
about 1300 hours, with some failing after only a
itm hundred hours. After a typical failure the
0-rings looked dry and worn and the felts and
grease were partially gone.

In January, after it was apparent that we had
an 0-ring problem, we began installing high-quali-
ty Nitrile (70 durometer, uncoated) 0-rings and
carefully selected firm, fresh fejts. Also we
were very careful to keep everything clean and
follow a good procedure. Almost all the engines
that had not yet received the new 0-rings and firm
felts were overhauled during planned maintenance
periods in February. After the overhaul several
engines reached in excess of 6000 hrs; only one
engine failed (after 3500 hours).

The high energy physics run started again on
.'auary 3, 1985. Figure 3 shows the downtime dur-
ing the run. Downtime is defined as the number of
hours of scheduled high energy physics which were
interrupted due to a subsystem problem. Scheduled
preventive maintenance is not included. Typically

the Tevatron system has one day of scheduled main-
tenance every two weeks.

Problems resulting in downtime for the Cryoge-
nic System in order of severity include:

1. CHL-Water Contamination in Helium: During
April"] the CHL system had to be shutdown for a
system derime due to water contamination. Water
from the compressor cylinder cooling jacket leaked
into the cylinder. The leak was at an oil injec-
tor which passed through the water jacket. Nine
days were required to dehydrate the charcoal ad-
sorber bed, coldbox, and bring the system back on
line. All of this time is not reflected in the
April downtime since part of it coincided with a
scheduled one week installation shutdown.

2. CHL-Unknown Contaminants in Helium: During
January and March the CHL suffered reduced capaci-
ty due to contamination in the helium stream re-
sulting in partial coldbox plug;!. During the
previous runs all the plugging had been in the 40
turbine inlet fiIters;therefore during the summer
shutdown a pair of large parallel switchable fil-
ters were added upstream of the existing one.
During January a plug appeared in the 25K piping;
after several partial warmups, CHL was completely
warmed-up to room temperature.

The March plugging appeared in several loca-
tions in the 5 and 10K piping. It appears to have
been at least two different contaminants; one with
the freezing point near CO-" and the other either
Neon or Hydrogen. Several partial warm-ups to
125K and 300K extended the running by several
weeks (most on maintenance days) but finally we
did a complete warmup of CHL. The Neon or Hydro-
gen has also caused six "instantaneous" plugs in
the 5K piping of the satellite system; because of
the smaller -omponent size and modularity of the
system these usually can be removed in less than
an hour.

3. Wet Expanders: The previously discussed 0-
ring problem accounted for almost half the satel-
lite downtime in January.

4. Leads: The lead overheating and oscillations
problem which caused the April 1984 downtime re-
appeared in January. This was cured by reducing
the minimum, flow during maintenance, and increas-
ing the r.iinimum flow and lowering the regulation
set point during operation.

5. Ramp Permit: The ramp permit problems of the
past year continued especially when CHL was run-
ning at reduced capacity. In order to reduce the
problem we raised the maximum temperature limit
from 4.9 to 5.OK. As we were preparing for colli-
ding beam operation we changed to a permit that
did not dump the machine but only inhibited fur-
ther ramps. In a collider with good quench recov-
ery (<30 min), a quench is no more severe than a
dump.

6. Controls: As the ring satellite operation
stabiIized to an average of less than 10 hours per
month downtime in February, control component
failures started to become significant. In addi-
tion one microprocessor location gave us a great
deal cf trouble for a few weeks; the second total
replacement got the problem under control.

7. Human Error: Human error can always be count-
ed on for a few hours of downtime per month",this
includes: Forgetting procedures, omitting a step
in written procedures, forgetting to close a valve
after opening it manually, etc.

Conclusions

1. The most significant problem, by far, is
contamination detection, prevention, and shifting.
Commercial on-line process contamination detection
equipment is only now becoming available at the
0.1 ppm level. We therefore have invested a large
amount of effort into sensitive detectors capable
of being continuously data logged by the central
computer. Our large helium usage adds contamina-
tion in two ways: First by reverse diffusion
though the leak and secondly contamination in the
makeup helium.

2. With a proper component debug period, one can
get the rotating machinery reliable bsfor* the
commissioning.

3. One suc-.essful year-fong running period of a
component does not guarantee another. Constant
vigilance is required to be sure that replacement
parts and maintenance procedures are indeed those
that have proven successful. This is especially
true when routine maintenance is done during a
shutdown period since the feedback is delayed
regarding the performance of the equipment after
maintenance.

4. For large projects, in order to have stable
systems, one must have a very tightly coupled
integrated load (magnet or cavity) and cryogenic
design effort followed by a vigorous string test
program, starting early with one unit growing to
the relevant system test.
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SSC Dipole Long Magnet Model Cryostat Design and Ini t ia l Production Experience*
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Abstract. - The SSC dipole magnet development
program includes the design and construction of
full length magnet models for heat leak and
magnetic measurements and for the evaluation of
the performance of strings of magnets. The design
of the model magnet cryostat Is presented and the
production experiences for the in i t i a l long magnet
model, a heat leak measurement device, are
related.

CRYOSTAT DESIGN

The cryostat must facil i tate proper magnetic
functioning of the magnet assembly housed within
i t , provide low refrigeration loads, be highly
reliable and he mas3 produceable at low cost.
Conditions that control and affect the cryostat
design include magnet assembly; transportation and
installation; and transient, steady-state and
upset operating conditions. Component design
considerations include fluid flow, material
performance, structural integrity, positional
stability and thermal performance. Functional
design tradeoffs are used to optimize the
effectiveness of each component as i t relates to
the overall, long-term performance of the
integrated magnet system.1

General Arrangement

The general cryostat arrangement is shown in
Figures 1 and 2. The major elements are the
cryogenic piping, cold mass assembly, thermal
shields, suspension system, insulation, vacuum
vessel and interconnections.

Cryogenic Piping

The cryostat assembly contains all piping
that interconnects the magnet refrigeration system
throughout the circumference of the ring. A
system consisting of five pipes was select.pd for
cryogenic and magnet safety reasons. The pipes
are the cold mass helium containment assembly, the
4.35K helium fluid return and recooler supply
pipe, the i).35K helium gas return pipe, the 20K
helium thermal shield cooling pipe and the 80K LN2

thermal shield cooling pipe.

Cold Mass Assembly

The cold mass assembly consists of the beam
tube, collared coils, stacked iron yoke
laminations and outer helium containment shell,
joined together to provide a leak-tight and
structurally rigid welded assembly. The helium
containment shell is the principal structural
element of the cold mass assembly and provides the
required flexural rigidity between suspension
points.

C0U3 MASS ASSEMBLY (PIPE I I

IACUUU VES5EL

Figure 1. Cross section of the dipole magnet
assembly at a support location.
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Figure 2. Sxte-nal details of the dipole magnet
assembly. The cold mass is supported
at five points relative to the vacuum
vessel which is the principal
flexural element of the assembly.

Supercritical helium at 1.5K and '4 atm is
passed through the cold mass assembly to remove
heat and to maintain the coil temperature at or
below 'I.SK. The static heat load from conduction
and radiation is estimated to be 0.02 W/m and that
due to synchrotron radiation is 0.12 W/m. The
synchrotron radiation load is seen by the helium
between the beam tube and the inner coil. The
annular aperture for this helium flow is small;
however, the load is transferred radially by the 1
g/s flow that passes through the region to the
main coils and subsequently to the main helium
flow. Approximately 100 g/s total flow is
required to limit the temperature increase to less
than 0.2K between recoolers spaced every 200 m.
Thi3 larger flow passes through the four holes in
the yoke laminations.
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Thermal Shields

Thermal shields, maintained independently at
20K and 80K, surround the cold mass assembly.
They absorb the radiant heat flux and provide heat
sink stations for the suspension system
intercepts. The shields are constructed of
aluminum. The shields are supported by, and are
thermally anchored to, the cold mass assembly
supports. The liquid and gaseous helium return
pipes are supported from the cold mass assembly by
hangers.

Suspension System

The cold mass assembly and thermal shields
with their distributed static and dynamic loads
are supported relative LO the vacuum vessel by the
suspension system.2 The system functions under
conditions thai, include assembly, transportation
and installation, magnet cooldown and warmup, and
magnet steady-state and transient conditions. The
cold mass and shields are supported at five points
along their lengths. The number and location of
the support points were determined by the 0.5mm
cold mass assembly beam deflection limit and by
the need to minimize the number of support points
for reasons of fabrication and heat leak.

After consideration of tension member,
compression member, elliptical arch and post type
suspensior systems; a reentrant post support was
selected. The support's insulating sections are
fiber reinforced plastic (FRP) tubing having
metallic connections and heat intercepts. The
junctions between the FRP tubing and metallic
connections which must be able to effectively
transmit tension, compression, bending and
torsional loads, are made by shrink fitting.
Control of internal axial and radial thermal
radiation is achieved by the use of multilayer
insulation.

Proper design of the thermal connections
between the 20K and 80K intercepts of the supports
and the thermal shields is essential to control
the heat leak. A 5K temperature rise at 80K and a
1K temperature rise at 20K are budgeted. The
details of the thermal connections are shown in
Figure 3.

The support post is fixed at its 300K end and
incorporates a slide at the cold end to
accommodate the axial differential contraction
between the mid-spar anchored cold mass assembly
and the vacuum vessel. Analysis of transient
conditions indicates that significant transient
bowing of the cold mass assembly is not expected.
The 20K and 80K shields will undergo transient
bowing, so the shield-post interfaces are designed
to allow for relative motion.

In order to permit the support to withstand
the lateral handling loads without incurring a
severe operational heat leak penalty, the design
incorporates an integral, coaxial, removable
shipping restraint. The restraint is installed at
the time of magnet assembly and is removed at the
site. The details are shown in Figure t.

MR tC*l 5KKITXP!

Figure 3. Heat intercept linkage between
support post and thermal shields.
Large area cables with welded
connections provide a low AT across
the connection.

Figure Support post with integral shipping
and handling restraint installed.
The restraint resists lateral loads.

The cryostat incorporates a similarly
removable axial shipping restraint. This
restraint provides a strong axial connection
between the cold mass assembly and the vacuum
vessel shell. It is installed during magnet
assembly and is removed before cryogenic
operation.

Insulation

Insulation is installed on the 80K and 20K
surfaces. The insulation system consists of flat,
reflective radiation shields of aluminized Mylar
film with randomly oriented fiberglass mat spacers
and is prefabricated in blankets of 13 Mylar and
12 fiberglass layers. Four blankets are installed
on the 80K surface and one is installed on the 20K
surface.

- 255 -



Vacuum Vessel

The vacuum vessel provides the insulating
vacuum space as well as the connection for the
support system of the magnet to the tunnel floor.
Since the vessel has no magnetic requirements,
candidate materials were carbon steel, stainless
steel, 9% nickel steel and aluminum. Carbon steel
was selected for reasons of cost.

Interconnections

Mechanical and electrical interconnections
are required at the magnet ends. It is essential
that the connections be straightforward to
assemble and disassemble, compact, reliable and
low cost. The mechanical connections are beam
tube vacuum, cold mass assembly helium
containment, helium lines, shield lines,
insulating vacuum, thermal radiation shield
bridges and insulation. The electrical
connections are magnet current bus, quench bypass
bus, quench protection diodes, instrumentation
leads, quench detection voltage taps, correction
coil leads, etc.

The interconnection design stresses the
assembly and disassembly operations in the SSC
tunnel. The resulting geometry permits the use cf
automated welding and cutting equipment that is
essential for installation efficiency and
interconnection reliability.

Heat Leak

The estimated heat leak totals for the
installed cryostat are 27 watts to 80K, 3.3 watts
to 20K and 0.32 watts to 1.35K. Other
contributions to the total heat leak at 1.35K
include 0.1 watt/dipole due to conductor splice
ohmic heating and 2.3'i watt/dipole due to
synchrotron radiation.

LONG MAGNET MODEL PRODUCTION

The long (16.6m magnetic length) magnet model
program is intended to evaluate the functional
nature and produceabi]ity of the conceptual
design, to evaluate production methods and
procedures, to add to the production cost and time
data base and to produce test articles for the
continued experimental evaluations of the magnet
design. The present program includes a heat leak
model and H to 6 magnetic models for magnetic
measurements and string tests.

Internal Assembly ;

As the initial operation of magnet assembly,
the cold mass assembly is located on an assembly
station. Suspension system slide cradles with the
associated support subassembly and alignment
fiducials are installed on the cold rwass assembly
is shown by Figure 5.

At the next assembly station, the axial
.anchor subassembly and helium return lines are
attached as shown in Figure 6. The support heat
intercepts are attached and the 2C•'. and 80K

shields are installed in sections as shown in
Figure 7. The insulation blankfts are installed
followed by heat conduction straps. The complete
internal assembly is ready for insertion into the
vacuum vessel.

Figure 5. Installation of support assembly on
cold mass assembly. Cables provide
the thermal linkage between the
shields and the support post heat
intercept stations.

Figure 6. Midspan support point with support
post and anchor assemblies. Helium
return piping is in the background.

Vacuum Vessel Assembly

The vacuum vessel is fabricated from steel
pipe with precision mounting feet attached as
shown in Figure 8. The machined surfaces of the
feet are perpendicular and parallel to surfaces of
the supports. This arrangement provides the
alignment of the center of the cold mass beam tube
with respect to the vacuum vessel shell. End
rings to hold shipping restraints and reinforcing
segments at the support points are attached. The
assembly is then transferred to the final assembly
station where the alignment and cold mass
subassembly insertion track is installed.
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Insertion

The internal assembly and the vacuum vessel
assembly are aligned and a slide and pulley system
is used to draw the cold mass into the vacuum
vessel as shown in Figure 9.

The initial long magnet model, an assembly
intended for the measurement of cryostat heat
leak,3 is shown in Figure 10 and has been
assembled by the abovementloned procedures. The
model is identical to a magnet model with the
exception of a simulated collared coil assembly
and the addition of instrumentation for the
measurement of temperature, force ana
acceleration.

Figure 7. Installation of thermal shields and
insulation. The 20K shield is
installed and insulated with a single
MLI blanket. The lower portion of
the 80K shield is being installed.
The cold mass assembly is for heat
leak measurements.

Figure 9. Internal assembly (foreground) and
vacuum vessel assembly (background)
at the beginning of insertion.

Figure 8. Completed vacuum vessel assembly.
The vacuum vessel with aligned
support feet has been welded, leak
checked and is ready for the
insertion of the internal assembly.

Precision fixture points, together with the
precise location of the support feet, locate the
internal assembly relative to the vacuum vessel.
A system of optical fiducials is checked to assure
the correct alignment. The assembly is clamped
and welded together. All external vacuum vessel
alignment fiducials are set. The magnet is then
inspected and shipping restraints installed.

Figure 10. The completed center section of the
dipole heat model being loaded for
shipment to the test facility.
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The assembly of the heat leak model
progressed smoothly using the as designed
components, tooling and procedures. The assembly
experience resulted in an improved understanding
of the production process. The major conclusions
resulting from the initial production experience
are as follow:

The design can be improved, in a
straightforward manner, with regard to
function and produceabilty.

The design lends itself to mas3 production:
- Components from a variety of sources
- Subsystem preassembly and inspection
- Subsystem transfer between work stations
- Assembly, alignment and inspection with

specialized tooling

High quality can be achieved with as procured
components, production assembly procedures and
tooling and production travelers.

The "slide in" assembly method works well.

Cryostats are recyclable.
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Abstract
The cryogenic system for the conceptual design of the

SSC is described. The collider consists of two rings of
superconducting magnets some 85 km in circumference. The
principal design issues of the SSC cryogenic system are the
production of the refrigeration needed for the operational loads,
the transport of the refrigeration to all parts of the system, the
provision for redundancy and reparability leading to high
availability of the system, and the provision for non-steady
state operation such as cool down and quench recovery in a
way that provides a suitable operating schedule for the whole
facility.

Introduction
The. Superconducting Supercollider is a logical

extension of the technology developed in the TeVatron applied
to the current problems of high energy physics. An overall
description of this program together with an outline of magnet
develpment and a description of the cryostat design and
production are given in other articles in these proceedings [1].
The layout of the ring is illustrated in the first of these articles
and the dipole cryostat in the second.

The design of the collider has proceeded through a
series of reference designs [2] and a magnet style selection to
the completion of a conceptual design [3] for the facility.
During these stages the cryogenic system for the collider has
undergone optimization through the efforts of many people
[4]. In the following paragraphs an outline is given of the SSC
cryogenic system as it appears in the conceptual design.

System Concept
The SSC is a pair of 20 TeV superconducting proton

storage rings. Both are in a single tunnel about 85 km in
circumference. The machine is divided into ten approxiamtely
equal sectors, eight of which are arranged in two arcs and
consist entirely of regular machine lattice, and two of which
contain eight utility and interaction regions. These two
interaction region clusters are on opposite sides of the rinp
separating the arcs. All of the ten sectors have more or less
equal cryogenic load. Each sector has connected to it at the
midpoint a refrigeration plant complete with helium storage,
purification and other auxiliaries to make a stand alone system.

These individual systems are interconnected at the
sector boundaries in such a way that the various refrigera.it
flows can be passed from one sector to the next. This in the
case of plant failure aL'ows the refrigeration load of one sector
to be shifted and distributed among the others. The capacity of . - T
each refrigeration plant is chosen at 150% of the nominal heat / ".T.V.3 (un-
load taad shiftmg between sectors can deliver this
redundancy wherever in the ring that it is needed, and studies
of this model using data from the operating history of the
central helium liquifier of the TeVatron show that a system
availability of greater than 97% can be achieved in this wat [5].
Sending inventory and refrigeration around the ring is likely to
be a common operation of the SSC cryogenic system, done
regularly even when all plants are running. In order to maintain

schedule and run reliably, the system must have some
immunity from the plague of low-grade problems always
encountered in any complex operation, problems such as
contamination, local poor cryostat vacuum, and so on. Load
shifting is a primary way of providing this immunity for the
SSC.

In addition to the ten sectors of the main rings, the
injector high ener^ booster ring is an eleventh interconnected
cryogenic unit with a similar refrigeration station. During the
fast ramping two hour injection period the booster has a heat
load about three times the refrigerator nominal capacity in
excess of the heat leak. This requires a peak-shaving storage
tank to be added to this refrigeration plant

The basic concept of magnet cooling and refrigeration
distribution is illustrated in Fig. 1. In this figure a refrigeration
plant is on the left, providing and accepting flow. Single-phase
helium at 4.15 K and 4 atmospheres is forced out into the
magnet string of each ring upstream and downstream from the
refrigerator for a distance of 4 km. It flows through the
magnets in series and is re-cooled periodically to maintain the
superconducting windings at or below the specified 4.35 K. At
the end of the 4 km string, the flow is returned toward the
refrigerator. This fluid is flowing at a pressure above its critical
pressure, so in all parts of the circuit only a single phase is
possible. Along this line small flows are withdrawn and
expanded into pool-boiling re-coolers spaced at intervals of one
cell, 192 meters. The saturated gas from the recoolers is
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Figure I. A conceptual rej. ntation of the SSC collider
rings cryogenic system. In.. , of the two rings the magnets
are cooled in series by a flow •; ingle-phase helium. This
stream is recooled at cell inter ... by heat exchange with
boiling helium. The cryostat of each ring has cooled shields at
84 K and 20 K.
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Connection to
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Figure 2. Block diagram of the major components of a cryogenic sector of the collider ring. The refrigerator at center cools
four strings of magnets, one in each ring in either direction from the refrigerator. Each string is divided into four sections by
means of U-tube disconnects. Connections to the cryogenic system of the adjacent sectors are made through vaive boxes at each
end of the sector. A cryogenic sector includes the magnets if l/10of the circumference of each ring

collected and returned to the refrigerator in a third line.
These low-temperature parts of each ring are enclosed

in separate vacuum, insulated cryostats containing shields at 20
K and at 84 K with multilayer insulation. The helium gas flow
cooling the 20 K shield passes out from the local refrigerator in
one ring and is returned in the other ring. Heat is removed
from the 84 K shield by subcooled liquid nitrogen that is
produced at two centra! air separation plants. It is passed
around the accelerator ring through the shield piping, and
subcooled and circulated by pumps and heat exchangers at each
refrigerator location. Except for a warm header for the
collection of power lead cooling flow, all of the system piping
is contained within the magnet cryostats

The cryogenic system of the collider must be capable of
many different modes of operation. Warmup and cooldown,
both of entire sectors or of individual sections, must be
upported. Steady operation for injection, ramping, and for

full-energy colliding is needed, and recovery from transients
such as magnet quench musi be rapid. In addition, the system
must run on a schedule, set by the use of the beam and a
schedule consistent with the high beam availability that is
necessary to the sucess of the collider facility as a whole.

Arc regions
A block diagram of a typical arc sector is shown in Fig.

2. In this figure only the single phase helium circulation is
shown. The refrigeration plant is centrally located in the sector
and feeds two strings, one for each ring, in either direction.
The strings each consist of 21 machine cells and so are 21 x
192 = 4032 m long. The overall length of a sector is thus
8.064 km. Each string is divided into four sections by U-tube
disconnects. In a typical string there are three sections of five
cells and one section of six cells. The section, consisting of
five or six cells and of length 960 or 1152 meters, is the
minimum length of the machine that can be isolated and
wanned up for service. At each end of each arc there are
strings of 20 cells rather than the standard 21. Thus the total
length of an arc is 166 x 192 = 31.<S72 km.

Table I gives the heat load budget for the arc sector.
Note that the total heat load for the arc refrigerator includes
contributions from both rings. Also in this table is a listing of
the total load expressed as ideal isothermal power. This allows
comparison of the different parts of the load, and it is
immediately apparent that the synchrotron radiation is a very
important fraction. The heat leak at all temperatures is only half
of the total load. This is due to the 20 K intercept. A
refrigerated intercept at this lower temperature in addition to the
usual nitrogen shield is made economical by the scale of the
system, and its use is responsible for the good performance of

the cryostats. Other steady operating parameters of the system
are shown in Table n.

Table I: Heat Loads for an Arc Cryogenic Sector

Dipole
Infrared
Support...
Conn. & inst.
(Synch. Radiation)
Total static

4 Km String (in one ring)
210dipoles
42 quadrupoles
piping and valving
6.6 KA leads (4)
other leads (224)
splices
Sub total

synch, radiation
other beam loss
Totals

LHe
(g/s)

1.58
1.26

2.34

2.84
(g/s)

4.15 K

0.05
0.12
0.15

(2.34)
0.32

67.2
15.2
48.6
31.7
25.3
30.0

218.0

492.0
75.0
785

20 K

2.16
0.82
0.32

3.30

693
91

351
2

1137

1137

Heat Loads per refrigerator (includes both rings)
.4 strings
distribution & other
Totals

11.36
0.64

12.00
(g/s)

3140
20

3160

4548
252

4800

84 K
(watts)

17.7
7.2
2.1

27.0

5670
574

2254
6

8504

8504
(watts)

34016
4784

38800
(watts)

Total Load Expressed as Ideal Isothermal power at 300 K
Helium Refrigeration

Static loss & shielding
20 K 67200 (14%)
4.15 K 62160 (13%)
Subtotal Static 129360 (27%)

Current Leads
S/R & beam loss
Misc.

Helium Refrigeration Total

LN Refrigeration

78110
161680

9045
378200 watts

(16%)
(33%)
(2%)
(78%)

106700 watts (22%)
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Table II: System Steady State Operating Parameters

4.15 K Circuit Parameters
h Synchrotron rtd'dtion W/m 2x0.142
2. Synchrotron radifction W 2x9,100
3. Beam microwave load W 2x1000
4. Beam-gas loss load W 2x.5OO
5. IR beam loss load W 800
6. Heat Leak, average W/m 2x0.057
7. Total load for 2 rings kW 31.5
8. Heat Load per refrigerator W 3150
9. Refrigerator capacity W 4700
10. Rcfr. liq. helium cap. g/s 20.67
11. Number of refrigerators 10
12. Liquid He volume million liters 2.1
13. Total lead flow g/sec 129
14. 1 phase He flow rate g/s 2 x 100
15. 1 phase He flow pressure atm 4.5 - 4.15
16. 1 phase return line ID inches 1.53
17. 1 phase return line pressure atm 4.15-3.83
18. Temperature rise between rccoolcrs K 0.090
19. Number of recoolers 836
20. Distance between recoolers m 192
21. Rccoolerduty W 32
22. Maximum He temperature at the coil K 4.35
23. Highest temperature i phase (last cell) K 4.295
24. Lowest temperature 2 phase (first cell) K 4.175
25. Cold mass kg/m 2 x 373

20 K Circuit Parameters
26. Heat leak W/m 2 x 0.29
27. Total for 2 rings kW 48.2
28. Shield flow rate g/sec 100
29. Temperature in K 17
30. Temperature out K 21.4
31. Circuit flow pressure atm 3.0 - 2.12
32. Cold mass kg/m 2 x 12.1
33. Surface area sq-ft/m 2 x 12.0
34. Trace pipe size (ID) inches 3.0

84 K Circuit Parameters
35. Heat leak W/m 2 x 2.2
36. Total for system kW 365
37. Huid for shield cooling LN
38. Flow rate g/sec 500 -1000
39. Temperature in K 77.5
40. Temperature out K 89
41. Circuit flow pressure atm 6-4 .68
42. Cold mass kg/m 2 X 14.3
43. Surface area sq-ft/m 2 x 14.6
44. Trace pipe Size (ID) inches 2.50
45. Number of LN Plants 2
46. LN plant capacity tons/day 200

At the half-cell interval in the spool (the multi-purpose
section of the system between the qcci and the next half-cell
dipole) mere are several things of particular cryogenic
importance. First, there is a pair of safely leads with their
quench stoppers, and there is a quench relief valve. This valve
connects the single-phase space with the 20 K shield header.
The valve is opened by the quench detection electronics to vent
the helium inventory and to provide for recooling of the
quenched half-cell. Second, there is a vacuum barrier in the
insulating vacuum. Thus each half-cell is separate for leak
checking and is evacuated separately with a portable pump
station. There is no permanent pumping installed for the
insulating vacuum.

In addition to the eight arc sectors, approximately 50%

of the two IR sectors consist of the regular cell itructure
described here. Thus tome 90% of the circumference of the
collider is made up of these cells with their cryogenic system.

IR Regions
In the IR regions the cryogenic system is considerably

more complicated in layout than in the uniform arc regions.
Double cryostats are needed to contain the insertion region
magnets in which the beam separation is 35 cm. There are
approximately 1600 meters of these 2-in-l cryostats in the four
IRs. In addition there are magnets common to both rings in the
IRs. These cryostats must be able to operate from the flows of
either ring, and some of them may need to operate at a different
temperature from the ring by means of satellite refrigeration. In
addition, cryostats nearest to the interaction point intercept
especially heavy beam-loss heating. There is a pair of such
cryostats in each of the IRs.

In addition, the interaction and utility regions must be
bypassed by transfer lines carrying the cryogenic flows.
Because it is often the case that elements on opposite sides of
the interaction region must operate at the same current, these
transfer lines carry superconducting bus work with its quench
protection as well. There are 8320 meters of these lines in the
two clusters, over 40% of the total cluster length. Because of
the cost in power supply, cryostat leads, and system
complexity in dealing with the 2-in-l and the common
elements, maintaining the two rings functionally separate in the
IR clusters as is done in the arc regions of the collider is
impractical.

In the different IR configurations the various elements
are assembled in whatever way is suitable to provide for the
operation of the magnets of each ring. This is done by means
of U-tube disconnects which provide the flexibility needed to
meet the changing needs of the experimental program.

The utility regions have very much tlie same cryogenic
arrangement as the IR regions, except that there are no 2-in-l
sections or common elements. Instead, there are quadrupole
pairs in each ring. As has already been mentioned, more man
half of an IR cluster consists of cells of dipoles, quads and
spools that are the same cryogenically as those in the arcs.
From an operating point of view the two types of regions, arcs
and clusters, are very much the same, and the same sequences
are used for cool-down, warm-up, and quench recovery.

Refrigeration Stations
Each of the ten refrigeration stations around the collider

ring is shown in Fig. 2 to consist of a compressor-cold box
system connected to the ring cryogenics, a helium management
and storage system, and a liquid nitrogen circulator and sub-
cooler with liquid nitrogen storage. Not shown on this figure
are the two air separation plants that supply the liquid nitrogen
around the ring.

The capacities of the helium refrigeration and the air
separation plants proposed for the SSC are listed in Table HI.
The 150% value allows for the currently planned redundancy.
This may be increased to the 200% values listed. The ten
helium plants provide refrigeration at 4.15 K, at 20 K, and
liquefication at the single-phase circulation conditions for lead
cooling. In the table also are given estimates of the power
consumption for the cryogenic system and a breakdown by
load type. It should be noticed that the synchrotron radiation
and other beam-loss loads are 31% of the total. The cost of
operating the current leads shows up clearly, also. The
importance of the 20 K shield in the system is shown by these
figures. If the 20 K load were taken at 4.15 K, the operating
power would need to be increased by 15 MW.

There are several requirements on the SSC refrigeration
plant that need to be specifically addressed as the design
proceeds. These are four in particular:
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• Capacity adjustment: The load varies from about 0.3 to 1.5
of nominal capacity. Part of this can be absorbed by ballasting,
but for economical operation of the collider facility, the
refrigeration plant must be capable of easy and efficient
adjustment to the load conditions.
• Single-phase flow capacity: The single phase flow of 400 g/s
in each sector must be adjustable independent of the refrigerator
operating conditions. This flexibility is needed for a number of
reasons: The large inventory of helium must be able to be
moved in and out of storage conveniently. In addition, quench
recovery and possibly the need for high temperature stability at
injection make the ability to temporarily increase the flow very
desirable.
• Quench tolerance: The refrigeration plant and system must
tolerate the quench of single and multiple half-ceils, and it must
support rapid quench recovery.
• Contamination tolerance: There are 16 km of magnet coils
and laminations connected to each plant It is unreasonable to
expect to clean up such a system to a high degree of purity. In
addition, the extended and complex nature of the operations
make contamination sensitivity very undesirable.

Specification of a plant to meet the requirements of the
various modes of collider operation is one of the earliest tasks
of the engineering design phase of the SSC.

To give a perspective on the size of the individual SSC
refrigeration plant, a comparison on the basis of ideal
isothermal power can be made with similar plants recently

Table III: Refrigeration Plant Capacity
and Power Requirements

Helium Refrigeration Plant Capacity:
Each of ten (150%)
4.15 K: 4700 watts
20 K: 7200 watts
LHe: 20.67 g/s

Power: 1

Compressor: (90% pf)
Auxiliaries:(70% pf)

Nominal Load
(100%)
2.2 MW
0.5 MW

Air Separation Plant Capacity:
Each of two 200 Tons/day

Power:
Compressor: (90% pf)
Auxiliaries: (70% pf)

5.6 MW
1.0 MW

Total Cryogenic System Power:
Nominal Load

f 1 nnw \
10 Helium Plants
Air Separation Plants
Total

Power Breakdown by use:
Static loss & shielding

84 K
20 K
4.15 K
Subtotal Static

Current Leads
S/R & beam loss
Misc.
Nominal Power Total

\l\J\J /O)
27.0 MW
6.6 MW
33.6 MW

4.95
4.99
4.80
14.74

6.53
11.66
0.67

33.60 MW

(200%)
6300 watts
9600 watts
27.6 g/s

Installed
(150%)
3.5 MW
0.5 MW

(2100 g/s)

Installed

40 MW
13 MW
53 MW

(15%)
(15%)
(14%)
(44%)

(19%)
(35%)
(2%)

sucessfully completed. The SSC plant capacity is equivalent to
0.57 ideal megawatts. This about 0.77 of the size of the CVI
plant for the MFTF-B at Lawrence Livermore National
Laboratory. It is 0.26 the size of the large refrigerator at'
Brookhaven National Laboratory and 0.63 of the central helium
liquefier at Fermilab. Among refrigerators now under
construction, particular mention should be made of the three
plants for the storage ring HERA at DESY. Each of these is
1.2 the size needed for the SSC and are noteworthy fcr being
designed for the high efficiency of 24% of CamoL The
important points in these comparisons are not only that the size
of the SSC is plant within current industrial practice, but that an
adequate basis of experience exists for specifying and acquiring
such systems in a timely and efficient way.

Liquid Nitrogen Supply
Liquid nitrogen in the SSC cryogenic system is used for

several requirements. First, it is used in cooldown of the large
cold-iron mass of the ring dipoles, and second, as has been
mentioned before, sub-cooled liquid nitrogen is used as the heat
transport medium for the 84 K cryostat shields. Third, the
latent heat of the nitrogen prqvides the 84 K shield
refrigeration, and last, the sensible heat is used in the
refrigeration process. The choice of nitrogen for the first two
purposes is dicatated by technical necessity. Liquid nitrogen
can be stored and marshalled for rapid cooldown, and for the
purposes of heat transport, it is the most practical choice.
Stored liquid nitrogen also is important for control of the heat
leak and helium inventory loss in the case of utility failure.

The choice of nitrogen provided by air separation for
the third and the last use mentioned above is mainly an
economic one. The primary choice is between refrigeration
produced by a helium cycle integral with each of the ten
refrigeration plants, and the use of nitrogen latent heat A
secondary choice exists between air separation and
reliquefication if nitrogsn is used. It is lower in capital cost to
produce the nitrogen and distribute it than to produce the
refrigeration with helium. In addition, if the sensible heat can
be used, as it can here, operating cost is lower as well. The use
of nitrogen provides an important opportunity for industrial
participation in the SSC program. The nature of this
participation, whether it takes the form of supplying nitrogen
from existing facilities or constructing and operating nitrogen
plants for the collider, will depend on the site location.

In the conceptual design, liquid nitrogen is supplied to
the SSC site from two 200 ton/day (2100 g/s) air separation
plants located near the IR clusters. The ring requirement for
LN is about 2000 g/s so there is redundancy. However, the
total site usage, including the injector ring and experimental
areas is larger than half of this capacity. Located at each air
plant are two 55,000 gal (168,000 kg) storage tank and at each
of the other eight refrigerator stations a 20,000 gal tank. The
total storage capacity is sufficient for six days consumption. In
normal operation both plants run at partial capacity, using the
storage for electric power load leveling or to take advantage of-
time-of-day power pricing. The liquid nitrogen is delivered
around the ring through the shield piping by unbalancing the
flowt in the two shield lines. When the ring can not be used
for transport of the nitrogen, trucking can be used. Each
station has storage and can be supplied by road. The
consumption of the system as a whole is equivalent to ten
truckloads a day.

The cold gas from the circulator-subcooler at eac h
station is used in the refrigeration process and exhausted at
room temperature.
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Conclusion
The refrigeration requirement for the SSC, though large

in aggregate, is well within the scope of current technology.
Machinery and techniques that are part of current cryogenic
practice are adequate to support SSC operation, and the
individual plants proposed for its use are smaller than ones now
in service. The experience gained in the operation of the
Tevatron, particularly the system experience, gives confidence
that the SSC cryogenics will meet expectations for performance
and availability. Where new ground is broken is in the extent
of the system, and in the low levels of heat leak for which it is
designed.
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CENTRAL REFRIGERATION SYSTEM FOR THE
HERA PROTON MAGNET RING
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Abstract: - The refrigeration system for the
superconducting HERA magnet ring is presently being
installed at DESY. It consists of three refrigera-
tors and three corresponding compressor groups as
well as redundant compres-ors, oil and water
removal systems, cryogenic purifiers, liquid helium
deiwars and 4000 m of room temperature helium
storage capacity. We describe the refrigeration
plant which is located in a central refrigerator
building and the helium distribution system around
the 6336 m long ringtunnel of HERA to supply
the superconducting magnets. The total capacity
of the system is 20.3 kW refrigeration and
61.5 g/s current lead cooling gas rate at
4.3 K as well as 60 kW for the cooling of ra-
diation shields between 40 K and 80 K. The operat-
ion of the system will be controlled and automated
by a control computer system.

INTRODUCTION

The HERA colliding beam facility presently un-
der construction will consist of a 30 GeV nor-
mal conducting electron ring and an 820 GeV
superconducting proton magnet ring [1,2] . Both
are housed in a 6336 m long ring tunnel of 5.20 m
cross sectional diameter. The high energy proton
ring requires superconducting dipole and quadru-
pole magnets with a nominal magnetic induction
of 4.6 T and a gradient of 90 T/m respective-
ly [3,4]. In addition there are superconducting
quadrupole and sextupole windings in the dipoles
and superconducting superferric correction di-
poles in the quadrupule cryostats [5]. The
accelerator magnets,as well as up to four
superconducting detector magnets in the four
experimental halls, have to be supplied with
supercritical single-phase helium at about 4.3 K
and with helium at 4U K for shield cooling
purposes.

THE CRYOGENIC SYSTEM

The components of the cryogenic system of
the HERA ring [6] are listed in Table I.

The smallest cooling loop in the magnet ring
..s represented by one octant of HERA (Fig. 1).
It has a length of ~ 680 m and is subdivided into
26 half cells of 23.5 m. A normal half cell con-
sists of 2 dipoles and 1 quadrupole.

f ig. 1 - Central Refrigeration of HERA

The octants are connected to the central refri-
geration system by means of a vacuum insulated
5-fold transferline (Fig. 2) installed around the
tunnel [7]. This transfer line is supplied from
the refrigerator center with supercritical helium
of 4.5 K and with helium gas of 40 K for the shield
cooling circuits. The corresponding return gas
tubes are also contained in the transferline as
well as a cold bypass line for cool down and warm
up operations [8]. In each octant a precooler
(Fig. 1) installed in a feed box assures an inlet
temperature for the supercritical helium which is
indecendent of the transfer heat loads. Further-
more these feedboxes contain gas-cooled current
leads, valves and transfer connections, necessary
both for operating the octants and for cooling of
detector magnets.

TABLE I - Cryogenic components in the HERA Ring

Quantity

422

224

8

4

3

- 6500 m

~ 1UU0 m

~ 6500 m

several

T y p e

Dipoles (cryostat length 9.77 m)

Quadrupoles (cryostat length 3.98 m)

Feedboxes for ring and detector magnet supply including subcoolers

Middleboxes between two octants

Valveboxes in the transferline

5-fold vacuum insulated transferline for feedbox supply

3-fold vacjurn insulated trar.sferline for magnet supply

Quench gas collection line

w&rm helium lines
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Fig. 2 - The HERA cryogenic transfer line

The supercritical one-phase helium passing
through the magnet string is expanded in a Joule
Thomson valve at the end of an octant and returns
as two-phase helium through the magnets back to
the precooler and from there into the vapour re-
turn tube of the transferline. Within the magnet
string a continuous recooling of the one-phase
helium is performed by heat exchange between the
two-phase and one-phase helium.

In the middle of a quadrant two adjacent oc-
tants are cryogenically seperated by a value box.
This middle box contains also a pair of gas
cooled current leads.

In addition to the cold helium lines there are
two warm high-presaurp helium lines in the HERA
tunnel, one for warm-up operations and one for
control-pressure supply. A large size (0.4 m dia-

meter) quench gas header going all around the tun-
nel collects the ev/apourated helium in case of a
quench and serves as collection tube for the cooling
gas of the current leads. The cryogenic system
is designed for a maximum pressure of 20 bar.

THE HERA HEAT LOADS

Under maximum possible heat load conditions the
highest magnet conductor temperature must not ex-
ceed 4.6 K. The expected heat loads and the re-
quired lead cooling gas rates which are listed in
Table II were the basis for the specification of
the refrigerator capacities.

Starting with the dipole and quadrupole heat
loads at a temperature level of 4.4 K and at 40
to 80 K and including the heat loads of the feed-
boxes, precoolers and middle boxes we end up with
the expected heat loads for an octant. In addition
we have considered the cooling gas rates for the
main current leads and for the current leads of
the correction coils. As indicated in Table II
we have included a safety margin of 50% at 4.4 K,
10S at 60 K and a factor of 2.5 for the current
lead cooling gas rate.

THE CENTRAL CRYOGENIC PLANT

The total refrigeration capacity is concentra-
ted in a central cooling station (Fig. 3,4). The
main components of the cryogenic plant are listed
in Table III.

fig. 5 shows the flow diagram of the whole cryo-
geni-n plant. There are three cold boxes, each served
by two stages of compressors with oil removal sys-
tems. Since the total cooling power needed for
the HERA magnet ring (Table II) is generated by
two coldboxes, where each one will supply a HERA
half ring, the third coldbox together with its

TABLE II - Expected heat loads at HERA and specified refrigeration capacities

Component

Dipole

Quadrupole

OCTANT

8 Octants

4 Detectors

Ring transfer line

TOTAL LOAD expected

TOTAL REFRIG. specified

TOTAL REFRIG. ordered:
3 cold boxes each giving

Heat Load at 4.4 K

(W)

3.7

8.0

907 *)

7256

2000

1100

10356

13550

6775

•) safety factor
1.5 included

Cooling gas rate
at 4.4 K

(g/s)

0.024

3.31 **)

26.5

4.4

30.9

41.0

20.5

»*) safety factor
2.5 included

Heat load at 40 to
80 K

(W)

21.4

38.0

2760 ***)

22080

6000

11300

39380

40000

20000

**•) safety factor
1.1 included
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Fig. 3 - Layout, of the Central Compressor /
Refrigerator Bj i ld ing

HEUUM KALTEANLAGE
HERA

CRKJGENIC PLANT

Fig- 4 - The HERA Cryogenic Plant

compressors serves as a redundant unit. In addition
there is a redundant first stage compressor and a
redundant second stage compressor which has its
own oil removal system. Each of these redundant
compressors can replace any of the other ones of
the same stage in case of failure or maintenance.
Moreover there are interconnections between the

TABLE I I I - Main components of the HERA cryogenic plant

Component

> Coldboxes

3 1st staije compressor groups (LP.HP)

3 2nd stage compressors (HP)

2 redundant compressors

3 sets of o i l seperaturs

U sets of o i l removal systems

7 gas coolers

A sets of f i na l o i l and water
removal f i l t e r s

1 pair of interchangeable
cryogenic pur i f i e rs

2 l i q u i d helium dewars 10.000 1 each

1 l i q u i d nitrogen dewar 15.000 l

1 d i s t r l b u t i i n valve bo*

2 Helium warmers

J qroups of 5 uartr, qas stotaqe
tanks (267 m each)

& sets of a i r operated o i l coolers

Designation in f i g s . 3,5

CB 41-43

11-13 (K 1-3)

21-23 K 1

10 K 1, 20 K 1

11-13 S 1

20-23 5 1

11-13 E 1, 20-23 E 1

30-33 D 1

T" 35

51, 53

VB 50

Fig. rj - Flow Diagram uf the whole Cryogenic
Plant of HERA



three compressor systems so that a coldbox
can run on different compressors.

Before the cold helium leaves Hie cryogenics
building it passes through a distribution valve
box. In this box, the output of each coldbox can
be switched to either of the outgoing transfer
lines. A third transfer line will be used to
supply a magnet test hall. The distribution valve
box also links two liquid helium dewars to the
system as storage and control facilities (Fig.6).

Fig. 6

Cold boxes
and distri-
but ion box
for the HERA
cooling
system

M
The layout of the cryogenic hall is shown in

Fig. 4. The compressors and oil removal systems
are grouped to the south half ot the building.
All the piping is below pn intermediate level
c-oncrete floor. In addition the engines are housed
in noise protection cabines. The low pressure (tP)
suction lines enter from the west wall into the
compressor area, the high pressure (HP) lines
leave at the east wall. The north half of the
building is mainly reserved for the cryogenic
components like cold boxes, dewars, cryogenic
purifiers and the distribution valve box.

Outside the hall three groups of 5 helium ,
gas storage tanks with a total volume of 4005 m
are linked to the system. About 12800 kg of
the helium inventory (15000 kg in total) can
be stored at 300 K and at a pressure of 20
bar in the storage tanks. The rest can remain
as liquid helium in the two 10000 1 helium
dewars.

During operation of the ring, two of the tank
groups are emptied to 1 bar. In case of a quench
of several magnets, the quench gas is collected
in these groups by means of the 0.4 m-diameter
quench gas header before being reliquified.

COLD BOXES

A simplified flow diagram of the three identical
cold boxes is shown in Fig. 7. A total of 14 heat
exchangers and 7 turbines are used to build up an
arrangement of BraytDn cycles partially in series,
partially in parallel [9].

y 1 * i * .

Fig. 7 - The HERA cold box

The 18 bar high pressure helium inlet splits
up into two seperate helium streams: The medium
pressure turbine flow operates at about 2 bar and
splits up into two precooling cycles with 3 and
2 turbines in series respectively. On the other
hand the Joule Thomson flow which finally enters
into the magnet system parses through two parallel
turbines working at different temperature levels.
This kind of turbine arrangement is a result of
optimization especially of the cold end of the
refrigerator [10,11].

Whereas the J.T. return flow is kept constant
at 1.02 bar because it. defines the equilibrium
vapour pressure of the two-phase helium in the
magnets and thus the magnet temperature, the pres-
sure of the turbine return flow can vary according
to the turbine power required. Correspondingly
the first stage compression of the J.T. flow is
seperated from the first stage compression of the
turbine flow.

Fig. 8 shows the
temperature/entropy
diagram of the HERA
refrigeration cycles.
The temperature levels
of the 14 heat ex-
changers are also in-
dicated. After heat
exchanger # 7 a high
pressure helium stream
can be extracted at
40 K and will be used
for shield cooling
purposes. It returns
with a maximum pressure
difference of 1 bar
and with a temperature
of about 80 K and is
fed back into the in-
let of turbine 4
(Fig. 7).

T/s diagram
S

Fig. 8 - HERA refrigerator

A bypass line can be used to extract or feed
back cold helium at different temperature levels
during cool down or warm up operations of the HERA
ring. Another heat exchanger which is liquid nitro-
gen cooled can be used for fast cool down opera-
tions or LN^-precooiing of the refrigerator.
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The main properties and operating parameters
of the cold boxes are listed in Table IV.

Table IV

Main properties of the HERA refrigerators

Coolinq capacities

isothermal at t ~
return vapour

overheating at T -.
lead cooling

gas rate at I ~
shield cooling at 40 <

He mass flow rates

JT-circuit
turbine circuit
total

Liquefaction rates

without LN2 precooling
with LN2 precooling

Flow rates for cool down
(warm gas return only)

T ~ 80 K, LN2 cooling,
T ~ 40 K, LN2 cooling,

Turbines

number of turbines

design
fabricator

stage number type

1 TGL 45
2 TGL 45
3 TGt 45

4 TGL 32
5 TGL 45

6 TGL 32
7 TGL 32

Efficiencies (guaranteed

cold box
compressors
whole system
Carnot (T = 310 K, T

4.3

4.4

4.3
T <

K

i/

K
80 K

turb ines
turb ines

7

dynamic
Sulzer

power

18.0
17.84
16.3

14
9

4
2

= 4

specific power consumption

.4

.43

.13

.42

6500

275

20.5
2000

461
410
871

45
90

off
on

W

w

g/s
W

g/s
q/s
g/s

g/s
q/s

1000 g/s
120 g/s

gas bearings

kW
kW
kW

kW
kW

kU
kW

.3 K)

efficiency

0.7
0.7
0.75

0
0

0
0

.78

.81

.72

.71

0.512
0.494
0.253
0.0141

281 WM4.3K)

COMPRESSORS

In total there aie 14 compressors installed
in the cryogenic plant. All compressors are oil
lubricated screw compressors. The two types
of compressors used differ only in the screw
length. The two types are used in parallel
for the first stage compression of the J.I. flow
(Fig.9). After bulk oil seperationTi,the outlet of
the first stage compressors is recooled and
enters at about 4.4 bar into the second stage

Fig. 9 - The HERA compressor system

stage compressor which compresses up to 18 bar.
A very elaborate oil and water removal system
together with a helium purification and filter
system designed to reach a maximum impurity of
10" ppm oil and 1 ppm (weight) of air and water.
Table V summarizes the most important compressor
data, especially the mass flow rates and the power
consumption.

Table V - Most important compressor data

Numbe r

Design

Fiibrid

Stage

of compressors

..or

JT-low pressure
JT-low pressure
turbine medium
high pressure

total

1
2

press.

per coldbox 4

o i l lubricated screw compressors,
slide ualue controlled

type

VMY

VMY

VMY

VMY

536
536
536
536

H
H
H
H

Aerzen

nominal mass
flow

264 g/s
197 g/s
410 g/s
871 g/s

e lec t r i ca l
input power

492 kW
366 kU
397 kW

1590 kU

2845 kW

A detailed analysis on the basis of exergy
flow of the whole compressor/refrigerator system
was made in Ref. [11]. The result is shown in
Fig. 10 with a measured value for the compressors
indicated.

I5O.3V, 1o coldtoi

19 2% refrigeration
before JT

Fig. 10 - Exergy flow of the HERA
refrigerator
(Ref. 11)
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SUMMARY

We have described the central refrigeration and
helium distribution system of the HERA supercon-
ducting magnet ring. The whole system will be con-
trolled by a distributed process control computer
system which itself will be redundant for the most
important components like compressors and coldboxes.
The presently ongoing installation of the cryogenic
plant will be finished in summer of this year. We
expect the first liquid helium delivered in fall of
19B6 (Fig. 11). Also the installation of the cryo-
genic distribution system mill start in 1986 and
continues with the installation of magnets in the
ring tunnel up to 1988.

Fig. 11 - Time schedule
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Abstract• - This paper reports on a preliminary
study to assess the feasibility of a large hadron
collider with dipoles cooled at He II temperature
in the LEP tunnel at CERN. 10 T NbTi dipoles have
to be cooled near 1.8 K taking info account the
constraints and the boundary conditions of an
existing tunnel (tunnel size,access pits,etc).This
first approach gives an estimation of the heat
load and energy consumption. Possible solutions
and associated circuitry are analysed and discus-
sed in the case of the main operating modes resul-
ting from the collider operation.

INTRODUCTION

The installation of a Large Hadron Collider
(LHC) in the LEP tunnel is being considered at
present. With a given average diameter of the col-
lider, the only possibility for increasing the
energy of the accelerated hadrons is given by the
use of superconducting dipoles producing high ma-
gnetic field. To obtain field in the range of 8 to
10 T, either Nb3Sn at 4.5 K or Nb-Ti at lower tem-
perature (typically 1.8 K) can be used. The high
current capacity of Nb-Ti at 1.8 K combined with
the peculiar properties of superfluid helium (in
particular its very high thermal conductivity)
makes clear the interest of studying a magnet sys-
tem operated at 1.8 K. Whilst it is believed that
the manufacturing of magnets using Nb-Ti is some-
what simpler than in the case of Nb^Sn, the feasi-
bility of a cryogenic system for the LHC at 1.8 K
needs to be assessed. This is precisely the pur-
pose of this preliminary study. In this paper we
will assume the same constraints and the same ge-
neral boundary conditions (e.g. tunnel size and
slope, distance between access pits, etc) as used
in the 4.5 K study1). We will point out the main
differences between the 1.8 K and 4.5 K cryogenic
systems and we will try to give the first elements
to make possible a comparative evaluation of the
two solutions.

CRYOSTAT DESCRIPTION AND MAIN OPTIONS

Figure 1 gives a schematic view of the cryos-
tat in which 2 dipoles are introduced in a cold
iron structure. The mass to be cooled at He II
temperature is about 16 T for a 10 m long dipole.
Shielding at 4.5 K is considered both in the sup-
ports and inside the beam pipe.

VACUUM VTSSU

UG-C0O.CD 5*1.0
I-MCI

Figure 1. Schematic view of the cryostat with
2-rin-l and cold iron structure.

The choice of the 4.5 K temperature level to
cool the beam shield and the heat intercepts of
the cryostat does not correspond to the thermody-
namical optimum. From this point of view a higher
temperature (in the range of 10 to 20 K) would be
preferable. However, t>e 4.5 K level has been cho-
sen because (a) this low temperature is very use-
ful for the initial cooling down,or the recooling
after a quench, before the 1.8 K refrigeration is
started (b) lenses ard correction magnet could
probably be operated at 4.5 K. In the beam pipe,
circulating hadron beams, which produce synchro-
tron radiation in the UV range (critical energy
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of the spectrum is 71 eV at peak beam energy),
induce electrical image currents in the conducting
walls of the beam channel and lose energetic par-
ticles by interactions with the residual gas or
with the beams themselves. The first two processes
have been estimated to dissipate up to a maximum
of 0.3 W.m~l 1'2, which can easily be intercep-
ted by a metallic shield located inside the mag-
net aperture, at the cost of a slight reduction
in useful aperture. For a beam pipe of 50 mm ex-
ternal diameter the useful aperture was estimated
to be about 39 mm. Around the cold iron struc-
ture, an external shield near SO K is used to
reduce both radiation and supports losses.

H^AT REMOVAL IN STEADY STATE OPERATION

The detailed breakdown of steady operation
heat loads (without contingency factor) appears
in Table 1, and calls for the following comments:

1. It has been assumed to have three temperature
levels in the system, namely 90 K, 4.5 K and
1.8 K. The 4.5 K temperature, which may not cor-
respond to the thermodynamic optimum, has been
chosen for practical reasons.

2. The heat load at 1.8 K can be kept down to
about 0.2 W.m~l a value low enough not to pena-
lize the 1.8 K solution with respect to 4.5 K
cryogenics.

3. The heat loads at 90 K and 4.5 K are comparable
to those of the conventional cryogenic system.

4. A more refined heat load analysis can only be
made atthe component design stage, and will be
quite sensitive to constructional details.Further-
more, additional work should be done in order to
as.sess the externally imposed heat loads, in parti-
cular the effects of the circulating hadron beams
which, in the present design, justify the pre-
sence of the beam shield.

Table I
Calculated steady operation heat loads

(No contingency)

BEAT LOAD PEH
I'KIT LENGTH (W m" )

Radiation

Conduction ctiroueh
residual -as

Conduction slotlf
supports

Valves and oipinc;

5UPEHFLUID HELIUM
CRY0CE1TC SYSTEM

90 K

5.0

0 . 1

l.J

O. i

3eaia induced lasses \

R.S1,c«« j.Urs

Current f«dthr.u,h

local

-

7

0.02

0.01

0.15

0.16

1 . 8 •/.

o.oa

0.01

0.01

0.01

0.29 Jo.01

-

0 .7

0.05

0 .2

COtlrENTIOMl HH-I'JH
CHYOGEIilC SYSTEM

90 K

5.0

0 .1

1.3

O.i

-

-

-

4 .5 K

0 . 1

0.02

0 . 1

0.16

0 . 3

0.15

0 .9

The properties of superfluid helium can be
used to cool elements located at some distance
from the cold source simply by heat conduction
through a static column of helium^. Basically the
refrigeration by conduction is schematized in
figure 2. The cold sources C are connected to the
magnets through pipes containing static superfluid
helium. Since the thermal conduction of superfluid
helium is large but finite, the system can be used
in practice only to cool magnet strings of a few
ten-metre lengths, i.e. half or at the most, one
machine cell (79 m). E.g. assuming a power input
of 0.2 W.m~^, a cold source temperature of 1.8 K
and a string length of 80 m, a column diameter of
at least 60 mm is required to maintain the tempe-
rature of the warmest point of the string below 2K.

, Magnet

n, n n n .n n n
ILT LJ u

r =2K
max

u LT LT
60 (He I I . 1 a tin

6 dipoles = 80 m

I.8 K cold source

Figure 2. Cooling of a 80 m magnet string by
stagnant He II.

Heat removal by forced flow of He II could be
considered in a more advanced design to increase
the distance between two cold sources or to reduce
the heat pipe diameter. The cold sources indicated
in figure 2 -:an be either distributed small refri-
gerators or heat exchangers transferring to the
short strings of magnets a fraction of the cooling
power produced by larger plants concentrated at
the eight access points. Magnetic refrigerators
(which, however, up to now have been developed
only as laboratory prototypes) could be used in
the first case^.

OTHER DUTIES

Initial cool-down

The cooling down time from room temperature
to 4.5 K will be at parity of other conditions
exactly the same as in the case already discussed
for 4.5 K solution in ref.1, i.e. approximately
400 h. The cooling down time from 4.5 to 1.8 K
will essentially depend on the installed refrige-
ration power and on the amount of helium contained
in the magnet cryostat and in the connecting
piping. The mass of the magnet is of secondary
importance and it can be shown that very little or
no time could be gained by a solution where the
magnet iron yoke is kept at a temperature higher
than the coil. Assuming a constant cooling power
of 0.5 W.nT1 in the range 4.5 to 1.8 K and a
helium content of 5 l.m~l (including piping), the
cooling down time from 4.5 to 1.8 will be about
6 hours.
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Re-cooling after a magnet quench

The time required for the initial cool-down
is not critical since it is assumed that the ma-
chine will normally be kept cold : warming-up and
recooling down of the entire machine should occur
only during major shutdowns. It is much more im-
portant to minimize the time required to bring the
accelerator back into operating condition after a
quench (and subsequent warming up) of one (or of
a small number) of machine magnets. It is expected
that these quenches can occur frequently. From the
point of view of the machine operation a recovery
time, after a quench, of the order of one hour
would be desirable. With the helium content of
about 5 l.m"1- a cooling power of 2 W.m"1 is needed
between 4.2 K to 2 K. From this point of view a
solution with concentrated refrigerators is prefe-
rable to a distributed refrigerator.In the latter,
refrigeration power of 2 W.m"^ is needed all
around the machine. With concentrated refrigerator
the power margin of each refrigerator is available
to recool few quenched magnets everywhere within
an octant of the machine.

REFERENCE DESIGN

In this paragraph a so-called reference
design of a superfluid helium refrigeration sys-
tem for the Large Hadron Collider is presented.
The words "reference design" should not be under-
stood as "optimised solution" but rather as a
possible scheme which has been stuaied in some
detail and to which the characteristics and per-
formance figures quoted below refer. The boundary
conditions used to establish this scheme are
identical to those of'-. In particular, the size
and general layout of the tunnel, as well as
the structure and periodicity of the accelerator,
are conserved. Moreover, the dipole magnets are
assumed to be identical in design and size to
those ofl (two-in-one, cold iron structure). The
scheme presented here has been designed to pro-
vide normal operation of the magnets and to cope
with cool-down, warm-up and quench recovery. It
also features some redundancy, in the form of
over-capacity and the possibility of distributing
it where needed in case of failure or unavaila-
bility of some components.

System description

The elementary block of the refrigeration
distribution system, which corresponds to a half
cell of the accelerator lattice (39.5 m) is
shown in figure 3. The magnet coils are immer-
sed in static superfluid heliuir. at temperatures
of 1.8 to 2.0 K and atmospheric pressure,through
which heat is transported by conduction to local
refrigeration stations, spaced by 39.5 m. Each
refrigeration station consists of a cryostat
where subcooled liquid helium at 2.2 K, fed from
line g , is expanded down to 16 mbar, i.e. the
saturation pressure at 1.8 K. The heat conducted
by the static pressurized superfluid helium is
absorbed in Lhe refrigeration station by vapou-
risation of saturated supe^fluid helium, the
level of which is maintained constant by expan-
sion valve LCV. The cold helium vapour produced

by the expansion process and the refrigeration
load is returned to the octant refrigerator via
the low pressure line a • Monophase helium at
4.5 K, 3 bar, tapped from line 6 through valve
TCV, is expanded through the cooling channels of
the inner radiation shields installed in the beam
pipes to intercept synchrotron radiation and
other beam-induced heating. The same helium flow
intercepts the heat conducted along the magnet
supports before returning to the octant refrige-
rator via line y . Line y , which is maintained
cold during operation of the system, is also used
to recover helium discharged from the magnet
cryostats in case of quench, through the relief
valves SRV. Quench propagation from one magnet
string (3 magnets) to the adjacent ones is very
difficult because the 1.8 K cooling systems of
magnet strings are not hydraulically connected
and thermally buffered by the local refrigeration
station. Cool-down and warm-up of a magnet string
are achieved by forced circulation of gaseous
helium, tapped from line 6 through valve CDV and
returned to the octant refrigerator through valves
SRV and line y . The general refrigeration flow
sheet in one octant is schematized in figure 4.
The octant refrigerator normally serves the two
adjacent half-octants. It could be sized for 50%
overcapacity providing redundancy in case of fai-
lure of an adjacent octant refrigerator, the load
of which could then be shifted to the neighbou-
ring plants thanks to the octant sector valves.
The cold end of the octant refrigerator appears
in figure 4. A remarkable feature is the array of
cold rotary compressors raising the pressure of
the return helium vapour to about 100 mbar before
entering the refrigerator main exchange line as
previously choosen for the 300 W 1.8 K Tore Supra
refrigerator^. One can notice on figure 4, the
choice for fluid distribution around the tunnel,
to use only simple phase fluids such as supercri-
tical, gaseous or subcooled liquid.
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Figure 3. He I and He II circuits in a 40 m module.
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Figure 4. He flow sheet for one octant of the machine
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Calculated performance

Refrigeration performance of the reference
design is illustrated in table 2 for several
modes of operation.

Table II
Calculated refrigeration performance

of reference design

Table III
Estimated electrical power consumption

MODE

Heat load (« 3~ :)

i e f r . power per
sta t ion («)

3»fr. power per
iialf-octant (V)

He flow per
half-octant ( g . l " )

yjm. i e r r . ' '
s tat ion test:. (K)

SIEAl'Y
OFEKATIGS

c :

7.9

300

15

1 30

FIKAL : :

C00LD0UN

0.5

19.3

750

37.5

1.32

S£COOLD)G .'.FTES
QUENCH OF HALF CELL

2.0 ! )

43.5

370

IB.5

'..37

i l^J. 3 a . - , a . • }

' ' Assuaing 15 ioiz sue .ion pressure at csid can^ressor and ; aK.V
tneraal resistance a: re i r i tera tor sr.ar.ion

"' Corresponding ca CAJ taun icscalled power

' Liaiiec by conducei' TI in sianic superfluid hplira

In steady operation,with a specific heat load
of 0.2 W.nT1, 300 W of refrigeration at 1.8 K are
produced by pumping a vapour flow of 15 g.s~^ per
half-octant. The corresponding pressure and tem-
perature drops result in a maximum magnet tempe-
rature of 1.81 K. In these conditions, the static
superfluid helium ducts are sufficient to conduct
the steady operation heat load over twice the nor-
mal distance, i.e. 39.5 m, in order to cope with
the failure or unavailability of one local refri-
geration station out of two. The total installed
refriger.-.ticn power at 1.8 K has been taken as
750 W p<ir half-octant, in order to absorb
0.5 W.m"1 and thus permit machine cooldown from
4.5 K to 1.8 K in about 6 hours. Again, the limi-
ting factor is the installed power, and not the
conduction through the static superfluid helium.
However, the latter is exploited integrally lor
recooling a three-magnet string after a quench;
a maximum of 2 W.m"1 can then be extracted from
the quenched magnet string, which yields a re-
cooling time of about 1 hour between 4.5 K and
1.8 K.

The electrical power consumption is given in
table III from which one can compare the He II
and He I solutions.

heat load (W m"1 )

Heat load per
occanc (W)

» . t r . erf ic 6 7 8 9

Equivalent grid
paver (MK)

pouer per octant (HU)

Installed power
per octant <MU)

Superfluid heliua

9C K

7

23300

0 20

0.47

4.5 SC

0 .7

2330
* 6 , , -1

600

1.76

1 .51 :

0 .2

600

1500

0.90

3 .1

7 .8

cryogenic sysr.es]

90 /.

7

23300

2u

o.;7

4.5 K

0 . 9

3000
• 6 gs ' 1

600

2.16

2.6

6 .5

With the He II solution, power consumption
in steady operation as well as installed power
are increased by about 207. with respect to He I
solution.

Possible variants

The reference scheme presented above can
accommodate several variants, among which (a)
the suppression of the beam shields and (b) a lar-
ger spacing of the local refrigeration stations,
briefly described in the following. In order
to allow initial cooling down of the magnets,
the installed refrigeration power at 1.8 K of
0.5 W.m"1 significantly exceeds the calculated
steady-operation heat load of 0.2 W.m~ 1 ; it
would then be technically possible to suppress
the beam shields and absorb up to 0.3 W.m"1 of
beam-induced losses at the 1.8 K level at the
cost of increased electrical power consumption.
The exact economics of such an issue would depend
upon precise budgeting of beam induced losses
and operation scheduling of the LHC. In particu-
lar, this variant would be particularly attrac-
tive in the case of a single-channel collider
operating with only one strong hadron beam (pp
or ep options). Another variant to the reference
design scheme is the doubling of refrigeration
station spacing ; they would be installed every
LHC cell (79 m) instead of every half-cell. The
refrigeration performance of the modified scheme
would be about the same in steady operation and
initial cooling down of the machine. However,
limited conduction in static superfluid helium
would then be insufficient to permit fast quench
recovery. Still, recooling times from 4.5 K to
1.8 K well below 1 hour could be achieved by
circulating saturated superfluid helium overflo-
wing from an adjacent refrigeration station along
the quenched magnet string, where it would
recool at close intervals the static helium ; in
this fashion, quench recovery would no longer be
limited by conduction in static superfluid he-
lium, but only by installed refrigeration power.
Finally, a further increase of refrigeration sta-
tion spacing could be gained from forced flow
He II cooling which requires large scale experi-
ments to assess design paramecers.
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CONCLUSIONS REFERENCES

From this very preliminary study a cryogenic
system for the LHC at 1.8 K appears to be possi-
ble. The need to distribute refrigeration in a
long sloping tunnel is not a source of problems
which cannot be solved by the experience gained
in already built fairly large helium II installa-
tions. However, undoubtedly, the system will be
more complex than the corresponding 4.5 K option.
The "price" which has to be paid for a cryogenic
system at 1.8 K is :

(a) The overall electrical power required for the
refrigeration will be increased by about 20%.

(b) The free diameter available for the circula-
ting beam will be reduced by reason of the ther-
mal shield.

(c) Re-cooling down time, after a magnet quench,
will be somewhat longer than in the correspon-
ding 4.5 K option. However, the extra time needed
can be limited (less than one hour) by an appro-
priate refrigeration scheme.

(d) The magnet cryostat and, in general, the en-
tire cryogenic system will be more complex. In
practice a beam shield and additional pipes are
required in the magnet cryostat. The refrigera-
tors shall have an extra stage to supply a frac-
tion of the cooling power at 1.8 K. It is diffi-
cult to evaluate quantitatively the consequences
of this increase complexity without a detailed
construction design of the system.

The "gain" of a 1.8 K system is probably to
be found in an easier magnet manufacturing, in
the fact that Nb-Ti superconductor is r̂ p-JIIy
available and of lower cost and, finally, in the
better magnet stability possibly given by the
use of superfluid helium. A correct evaluation
of this "gain" would certainly require additional
design and experimental work.
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Abstract - Work on the design and simulation of
the cryogenic system for UNK is presently being
carried on. A project of such a system specifying
the cooling capacity, basic layout and components
of the equipment has been drafted for warm iron
superconducting magnets''1''. This paper presents
more precise information on the cryogenic system
for UNK to be used for cold iron magnets.

CRYOGENIC SYSTEM FOR UNK

The values of heat leaks and releases of a cold
iron magnet are presented in'2/. The total heat
load on the helium cryostat of a superconducting
dipole is 8 W.

All the UNK magnets are broken into 24 strings,
each having 110 magnets. Table 1 presents heat
load on a magnet string calculated under the con-
dition that the heat load on a quadrupole with its
correction coils and safety leads is about the
same as that on a dipole.

Table 1

Heat Load per Magnet String and the Whole Ring

String magnets
Connections of magnets,
straight sections
Valves and other units
Total per string

Total per SC magnets
(24 strings)

T

1

24

Heat

= 4.5

880

40
80

.000

.000

Load

K

, W

T =

3.

3.

90.

80 K

450

300

7 50

00

The basic parameters of the cryogenic system
for UNK are presented in Table 2. The temperature
of boiling helium in the refrigerator container
is chosen to be 4.4 K. For this temparature, the
maximum coo 7 ing capacity of the cryogenic system
is 50 kW. The system provides regulation of its
cooling capacity with constant specific energy
consumption (economic regulation) within the 20.
~50 kW range.

The cryogenic system for UNK (fig. 1) consists
of the central liquefying station (CIS) L, twelve
refrigeration stations R, three compressor stati-
ons C, an air separation station and pipes connec-
ting the stations inf one system.

The central liquefying station L is designed to
supply liquid helium to satellite refrigerators R.
It consists of six 2.400 1/h liquefiers and a
240 m 3 liquid helium storage (fig. 2). During he-
lium accumulation and cooldown of the SC magnets

Table 2

Basic Parameters of the UNK Cryogenic System

Maximum cooling capacity at
T=4.4 K, kW 50
Range of economic regulation of cooling
capacity at T=4.4 K, kW 20-50
Cooling capacity at T=80 K, kW 110
Number of magnet strings 24
Consumption of LHe for current leads,
g/sec 30
S p e c i f i c e n e r g y c o n s u m p t i o n a t 4 . 4 K,
W/W 400

-Figure 1. The helium part of the cryogenic system
for UNK: L - central liquefying station,
R - refrigeration station, C - compres-
sor station.

all the liquefiers are in operation, during cool-
ing at 50 kW only four liquefiers are running.
With the load on the system decreased, the unne-
cessary liquefiers are cut off. The liquid helium
storage is utilized to quickly cool down a magnet
string after repairs, to regulate the cryogenic
system cooling capacity economically. Besides, it
ensures a continuous operation of the system even
with all the liquefiers of the central liquefying
station not running during 24-48 hours.

Each liquefier is manufactured according to the
scheme incorporating precooling by liquid nitrogen,
two turbine expanders and a wet engine.
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Figure 2. Central liquefying station.

The satellite refrigeration station R is de-
signed for cooling two magnet strings. It consists
of a precooling block and two satellite refrigera-
tors, each connected to one magnet string (fig. 3).
Such a scheme of the refrigeration station has
been chosen proceeding from the transportation con-
ditions and equipment layout in the underground
experimental nail. In addition, it allows to warm
up and cool down one string during repair period
with others being cooled.

Figure 4 presents the values of specific energy
consumption and cooling capacity q versus the re-
lative addition y=*ne/

Gp» where GHe is the amount
of liquid helium added into the refrigerator con-
tainer and G is the flow rate of compressed he-
lium. This figure suggests that the minimum spe-
cific energy consumption corresponds to the value
y=O.12-tO.]4 and is about 400 W/W.

To compress helium, 36 oil-flooded screw comp-
ressor units, each having a throughput of 240g/sec,
:re used. They are positioned in three compressor
stations C (see fig. 1).

The components of the helium cryogenic system
are connected together with the help of collec-
tors put in the UNK tunnel. The flow rate of li-
quid helium of the collector, p=2 atm, T=4.4 K,
is chosen to be somewhat larger than is required
for refrigerator installations. This surplus amount
is throttled into the helium collector shield,
p=1.2 atm, T=4.4 K (fig. 1), and returned into
the central liquefying station in the form of two-

PRECOOLtNQ
BLOCK

STRING OFSUPERCONDUCTING MAGNETS

Figure 3. Satellite refrigeration station.
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Figure 4.Specific cooling capacity q and specific
energy consumption N of a satellite ref-
rigerator versus a relative addition of
liquid helium; the thermodynamic perfor-
mance of the refrigerators is n =18%.

phase helium to pass heat leaks into the liquid
helium collector.

The shields of superconducting magnets will be
cooled by liquid nitrogen. The liquid nitrogen
collector (not seen in fig. 1) is the shield for
the liquid helium collector. To produce liquid
nitrogen, air separation plants, having the to-
tal capacity of ll.ooo kg/h, are used.

TEMPERATURE REGIME OF MAGNET STRING

As stressed above, each string has a refrigera-
tor to serve it. In the cooling mode, the inlet
single-phase flow l^is split into two. One of
them passing over a magnet coil and removing its
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heat gets warm. Another one flows outside the coil
exchanging the heat with a <:older two-phase helium.
On leaving the magnet the two flows get mixed,
therefore the temperature of the single-phase he-
lium going into the next magnet coil is lower than
that leaving the previous one.

Leaving the last magnet of the string (fig. 3)
single-phase flow passing through the J-T valve is
turned into two-phase flow. It consecutively pas-
ses throujli all the cryostats of the dipole string,
cools the single-phase flow and then goes into the
refrigerator.

Figure 5 shows the plots of temperature varia-
tion for single- and two-phase helium flows in a
string having 110 magnets. They have been ob-
tained for the following conditions: the inlet tem-
perature of two-phase helium flow into the refri-
gerator container is 4.4 K, the pressure differen-
tial in the two-phase helium stream is 0.05 atm,
*>*e specific cooling capacity of the plant is
17 kj/kg, heat leaks and releases correspond to
the data presented in/2/. As accepted, heat ex-
change between single- and two-phase flows does
not take place in the superconducting quads. As
seen from fig. 5, the maximum temperature of sin-
gle-phase helium passing over the SC coil, 4.6 K,
will be reached in the end of the string.

K

<*,6

4,5

4,4

6:0000000 0000060 __

20

20 40 60 80 640 660 580™

Figure 5. Temperature variation of single- and
two-phase helium flows in a magnet
string.

Presently, the method of about double increase
of the consumption of the cooling flow through a
magnet witn the help of mechanical or jet liquid
helium pumps is being elaborated. When realized,
it will allow to reduce the maximum temperature
of single-phase helium up to 4.53 K.

4. C00ID0WN AND WARMUP

The weights of the cold iron magnet yokes to
be cooled down to 4.5 K are large (Table 3).

Dipole:
Stainless
Iron yoke

Table

Cold Mass [kg

steel

Superconducting cable
Total per
Total per
Total per

dinolo
string
ring

3

r] at 4.4

4.

5.
554
13.3

K

920

010
100

030

10
10

3

6

The cryogenic system for UNK envisages two cool-
down and warmup periods: the scheduled period for
cooldown (warmup) of all the magnets and the repa-
ir period within which only the string with a fa-
ulty magnet is first warmed-up and then cooled-
down. Figure 6 shows the scheme of a string which
allows to realize the scheduled and repair periods
of cooldown and warmup.

P=1.,m T=2 9OK

J I
P B LN, B2

H :H

BS ! B6

-I L
\ P«...T,«4K

STRING OF SUPERCONDUCTING MAGNETS

Figure 6. Magnet string for ways of realizing
cooldown and warmup modes; precooling
block (PB), satellite refrigerator
(SR).

During the lot period, all the 24 strings are
cooled-down in 2 stages:from 300K to 80K and from
80 K to 4.5 K.At the first stage, helium cooled to
80 K In the precooling block (PB) is supplied from
refrigerator SR (fig. 6) into the string of warm
magnets. The heated helium is ejected from this
string into the collector, p=l atm, T=290 K,through
the valves (not shown in the figure) positioned
on the quadrupoles. As the string is getting cool-
ed, the relevant valves of quadrupoles will be
closed. At the second stage, liquid helium is sup-
plied from the collector, p=2 atm, T=4.4 K,through
valva Bl into the string, passes it through, and
is delivered into the refrigerator SR. On liquid
helium appearing in the refrigerator container,
the string is put into the cooling mode. The rated
time of the scheduled cooldown is about 8 days.

The scheduled warmup period takes place in two
stages as well: wanuup to 80 K and to 300 K. The
rated time of the scheduled warmup is comparable
with that of cooldown.

During the repair period, only the string with
a faulty magnet is warmed-up (cooled-down). In
the remaining strings, cooling mode is maintained
in which the system refrigeration is consumed just
to compensate for the ambient heat leaks. A sur-
plus of compressed and liquid helium produced by
the system is used to warm-up (cool-down) the
string with a faulty magnet.

During the repair period of warmup, the helium
is supplied from the collector at p=25 atm, T=
=290 K into the cold magnets through the valves
B2 and B3 (fig. 6). In heaters H it is warmed to
T=310 K. This raises the warmup efficiency for
magnet temperatures approaching T=273 K. Then the
helium is ejected from the magnet string into the
collector, p=l atm, T=293 K, through valves B4,
B5, B6. With the 660 g/sec liquid helium flow rate
in the string, the warmup process takes about
40 hours.
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On repair work being carried out, the string
is put into the cooldown mode. Liquid helium is
supplied into the magnets from the collector, p=
=2 atm, T=4.4 K, through valves Bl and B7 and is
ejected out of the string through the quadrupole
valves and valve 5. The flow rate is in this case
about 280 g/sec, the colldown time being about
50 hours.

As seen from the calculations, during cooldown
and warmup periods it is expedient to use single-
phase helium channels of magnets only, because if
two-phase helium channels are used, the time taken
by these procedures increases due to the following
reasons:

- the cross section of two-phase flow is much
larger than that of single-phase one; for the same
gas flow rate this leads to a decrease in the flow
speed and, consequently, to a reduction of the heat
transfer ratio;

- if the two-phase channel is used, basically
the whole amount of helium will pass through it
and the helium flow rate in the single-phase chan-
nel will therefore be very small; this will cause
an increase in the thermal resistance between the
two-phase helium channel and yoke.

Figure 7 shows the temperature profiles for one-
second of a magnet string calculated during the
repair cooldown period and figure 8 shows these
for warmup period and calculated for one-fourth
of a string.
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Figure 7. Temperature variation in one-second of
a magnet string in the cooldown mode
for the repair period of UNK; the he-
lium consumption rate is 140 g/sec at
T=4.5 K.

The comparison of the two figures suggests that
the temperature wave length is shorter in the
cooldown mode than in the warmup one. This is re-
lated to the characteristic property of the de-
pendence of the yoke heat capacity on temperature.
With the other conditions being equal, this pheno-
menon brings an increase in the warmup time. In
order to decrease it, the magnet string is broken
into 4 sectionsduring this mode: B4-B2, B2-B5,
B5-B3, and B3-B6 (fig. 6). In the cooldown mode,
it is broken into 2 sections only: B4-B5 and B5-B6.

So, with the magnet string broken into separate
sections, this ensures the tolerable warraup and
cooldown times for the repair period of UNK.

10 hours\20hour8 X 3 0 hours

100"

1/4 s t r i n g
100

l e n g t h
170

Figure 8. Temperature variation in one-fourth of
a magnet string in the warmup mode for
the repair period of UNK; the helium
consumption rate is 165 g/sec at T=
=310 K.
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L'Air Liquide's role in the large-scale refrigeration systems

required for the next generation of accelerators

G. H. Gist.au E. G. White

L'Air Liquide DTA
BP 15 33360 Sassenage

France

Abstract

The main components of any refrigeration systen

are:

- compressors
- exchangers
- expansion devices
- control systems
- and in certain cases ccld compressor:;

Compressors and exchangers are easily available
from a number of recognised suppliers. However.,
expansion turbines, cold compressors and dedicat-
ed, automatic refrigerator control systems are
less readily available, and it is in these areas
that L'Air Liquids has specialised.

1. L'Air Li guide expansion turbines

1.1 Curret t technology

One of trie main characteristics of L'Air
Liquids expansion turbines is that they use stat-
ic gas bearings; these offer several important
advantages over other bearing technologies:

. Gas bearings avoid a\l risks of polluting the
process gas.

. The strength and resilience of a static gas
bearing is independent of turbine speed.
This has several useful consequences:

- the turbine inlet valve can be closed
instantaneously, should the need arise,

- tr.e turbine can resist major pressure
fluctuations, both up-stream and down-
stream. This is most important in the
case of a quench, vihen the low pressure
side of the turbi/e can see a very rapid
increase in pressure. For instance, a
turbine expanding gas from 1? bar to 1.2
bar ''.in a single stage) can easily with-
stand a sudden increase to 4.2 bar in the
low pressure, line, without damage.

- the .-.trerigt'r, of the bearing helps to red-
uce :he energy losses due to turbulence
up-s":ream of the turbine wheel should the

turbine be operated in transient conditions
(eg after a quench when the temperature of
the main exchanger lines can fall very
rapidly due to the high gas flow).

. Static gas bearings allow large amounts of
energy to be transferred along the machine
axis, so extracting considerable power from
the process gas (more than lOOkW).

. The very small gas flow required for the
bearings comes from the main compressor. The
reliability of the entire system is not red-
uced by the addition of other components, as
is the case with oil-lubricated turbines.

By us:- >j shrcuded wheels L'Air Liquide can offer
expansion turbines which have both high efficiency
and which can also operate at high expansion
ratios (up tc 2C to 1).

1.2 Tu- references

L'Air Liquide has manufactured a large number
oi static gas bearing turbines. Table 1 shows
those turbines manufactured to date with an ex-
tracted power of more than 1C,000 watts.

1.3 Examples of turbines for large-scale
refrigeration

As an example of the type of turbine thai
could be used for large-scale refrigeration plant
we have performed a series of initial design cal-
culations based on the available cycle data for
CEBAF. Table 2 shows the expected performance of
these turbines.

2. L'Air Liquide cold compressors

2.I Current technology

To date two cold compressors have been built.
Both use magnetic bearings which are cooled to 80K
and both are used on the Tors Supra refrigerator,
which produces 3C0 W at 1.75K.

Magnetic bearings offer the following advantages:

. iio pollution of the process gas.
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. Operation is possible, no matter what the
pressure of the compressed gas.

. The heat load on the machine is reduced
because the bearings operate at 80 K.

Results obtained

In order to reduce the temperature in the
Tore Supra refrigerator to 1.75 K, it is necess-
ary to pump on a 1300 Pa helium bath. Due to
various pressure drops the inlet pressure to the
cold compressor is 1150 Pa. The helium flow
equivalent to 300 W is relatively low, 15 g/s.
In spite of these somewhat difficult operating
conditions, we have been able to perform a
series of tests under representative conditions
and have measured an isentropic efficiency of
0.57, with a compression ratio of 4.1 to 1.

2.3 Examples of cold compressors for large
refrigerators

We have performed initial design calculat-
ions for the cold compressors needed for the
5000 W at 2 K refrigerator for CEBAF, and for
one of the proposed refrigerators for the SSC.

Certain of these compressors could be built
using currently available technology; others
would require some additional development.

3. Automatic control systems

In 1982 L'Air Liquide developed a small
fully-automatic liquefier, of which several have
now been built.

The current Tore Supra refrigerator includes:

. 4 screw compressors

. 2 liquid-ring pumps

. 3 expansion turbines

. 1 reciprocating expander

. 2 cold compressors

. 12 heat exchangers

. 43 control valves

. 27 automatic valves

. 50 pressure sensors

. 67 temperature sensors
and it is operated in 15 different nr-des.

The experience L'Air Liquide has acquired from
both the development of its small machine, and
from Tore Supra, could easily be applied to
larger machines, where the control problems are
often simpler.

4. Conclusion

Considerable experience in the field of
helium refrigeration, together with state of the
art technology,make L'Air Liquide the ideal
partner for the large-scale refrigeration plant
required for \he next generav.on of accelerators.
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Tabls 1 L'Air Liquide Cryogenic Expansion Turbines lOkW Reference List

Name of
plant

RHF

AL H2/LIQ

IWATANI
7501/h H2/LIQ

M tl II II

SHELL FRANCE

SNPE

IWATANI

MrTF.B

MFTF.B

SHRIRAM

TORE SUPRA

iOT/JH2/LIQ

it it it

it ti it

Turbine
type

C6.OOD

C6.00H

C6.200V,

C6.2OOW1

Cfa.3OQX

C6.500AQ

C6.200AI

C6.500AK

C5.500AL1

C5.500AJ,

CB.SOOAU^^

Ce.SOOBB^^

C6.5OOBC

C5.5OOBD

No.

2

2

1

2

1

1

1

1

1

1

1

2

2

Fluids

He

H2

He

tt

H2

CO

He

He

He

H2

He

H2

»

ti

Refrig,
power (kW)

8.9

14

29

38

38

23

23

24

12

10

17

60

27

54

Mass
flow (g/s)

180

80

125

275

215

549

330

226

245

170

110

686

170

455

Outlc-t
Temp (K)

18C

30

80

20

80

140

20

30

16

100

78

60

40

30

In service
since

1972

1975

1979

rift

1979

1984

1983

1985

1935

1985

1986

1987

lit!

Ittl

Total
Running
time (h)

80,000

20,000

50,000

ii ii

1+0,000

20,000

20,000

2,000

2,000

10,000

(1)

(2)

(2)

(2)

(1) In starting-up procedure

(2) Under construction

- 282 -



Table 2 CEBAF's Project L'Air Liquide Expansion Turbines

Fluid

Mass flow (g/s)

Inlet pressure (abs. atm.)

Inlet temp. (K)

Outlet pressure (abs. atm.)

Turbine size

Mix expected efficiency

Max refrigeration power (watt

Nominal rotation speed (rpm)

Expander no. 1

He

253

20

60

3.5

C6

0.76

31294

76400

Expander no. 2

He

848

20

20

3.0

C6

0.80

35783

53036

Expander no. 3

He

612

20

9.0

2.8

C5

0.80

r
7429

39363
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SOME ASPECTS OF THE HERA HELIUM REFRIGERATOR

H. Quack

Sulzer Brothers Ltd., CH-8401 Winterthur, Switzerland

Large scale helium refrigerators are nowadays needed for
experimental setups in high energy physics and controlled nuclear
fusion. They are used to cool superconducting magnets and cavities
as well as panels for large scale cryoRumping. The refrigerators
can take advantage of the same components as developed for the bulk
heliuin liquefiers in connection with the separation of helium from
natural gas.

THE HERA REFRIGERATION SYSTEM

The largest helium refrigeration system
presently under construction is the one for
the HERA storage ring at the DESY laboratory
in Hamburg. Its duty is to cool a 6 4 km
long ring of superconducting magnets, housed
in a circular tunnel 20 m below ground.
Fig. 1 shows schematically the cooling
scheme. The ring has been divided into eight
octants which are fed with liquid helium
from four distribution stations. These
stations receive the coolant from a central
refrigeration building via vacuum insulated
transfer lines.

The refrigeration system consists of three
identical refrigerators, each of which is
able to cool one half of the ring. The third
refrigerator is there to replace one of the
two others in case of maintenance or
malfunction. But it also can be used to
increase to total refrigeration output in
times of peak demand.

Each of the 3 refrigerators is specified for
the following performance:

6.5 kW at 4.3 K to cover the heat leak
into the magnets and transfer
lines.

plus 20.5 g/s (i.e. about 600 1/h)
liquid helium to cool the
electric current leads of the
magnets

plus 20 kW between 40 and 80 K to
cool the radiation shields of
magnets and transfer lines.

If one adds up these duties, one may say
that each plant is equivalent to a 10 kW at
4.3 K refrigerator or a 3000 1/h helium
liquefier.

To build such plants, one can take advantage
of technologies developed step by step
during the lasc 80 years. Fig. 2 shows now
the capacity of helium liquefiers has grown
since the first liquefaction of helium by
Kammerlingh Onnes in 1908.

THE REFRIGERATION PROCESS

All large helium refrigeration and
liquefaction plants work with the so cal"°d
Brayton cycle, whose flow scheme and
temperature entropy diagram is shown in
Fig. 3. The important elements are the
compression of helium gas at room
temperature, the countercurrent heat
exchangers and the production of the cold by
mechanical work extraction, e.g. in an
expansion turbine.

The refrigeration process of the HERA
refrigerator, shown in Fig. 4,is basically a
number of Brayton cycles arranged in series
and in parallel.

A speciality of the HERA process are the two
low pressure streams. One is on the 2 bar
level and contains the gas from turbines 1
to 5. The second LF stream is the
Joule-Thomson stream which operates close to
atmospheric pressure.
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COLD END TURBINE ARRANGEMENT

The HERA flow diagram (Fig. 4) shows a
turbine arrangement in the low temperature
region which has not yet been used before,
i.e. two turbines in parallel. This
arrangement ensures that in all the heat
exchangers HX 10 through 14 a small, but of
course positive temperature difference
between high pressure and low pressure
streams is maintained (Fig. 5).
If one chooses such a new arrangement, one
should also try to predict its dynamic
behavior. For this purpose a mathematical
model of the low temperature end was made

(Fig. 6) and the cooldown of this part of
the plant from a uniform temperature of 2CK
was simulated. Fig. 7 shows the mass flow
and temperatures in a timespan of 10
minutes. Obviuusly the cooldowa of the
Joule-Thomson system of this refrigerator is
much faster than one is used from other
plants.

THE COMPRESSOR ARRANGEMENT

Each of the 3 refrigerators needs 4
compressors: Two for the JT-stream, one for
the turbine stream and one for the second
stage.

In addition there are two redundant
compressors. The LP redundant compressors
can be piped into the position of the 9 LP
compressors, whereas the HP redundant
compressors can take over the duty of any of
the three second stage compressors. The
relative size of the compressors is shown in
Fig. 8. The 536 M type nas a nominal flow
rate of 290 g/s (i.e. for 1 bar suction and
5 bar exhaust); the 536 H is somewhat
smaller, i.e.,it delivers 220 g/s.

OIL REMOVAL ADSORBER

After the first stage of compression there
is only a very crude oil removal, but after
the second stage it is very elaborate
(Fig. 9). In the upper part of the oil
container there is a mechanical separation
by centrifugal forces and wire screens
followed by a first "warm" glasfibre
coalescer. Downstream of the aftercooler
there are two more stages of coalescers. The
final stage is an adsorber. The oil content
after the last coalescer stage is generally
in the order of 0.1 ppm, i.e. 100 ppb. So

one expects from the adsorber to remove this
residual amount of oil. But there is some
disagreement about the useful 1 ness of this
adsorber in the literature, since in some
plants one has found oil downstream of it.

To clarify this question, systematic
measurements were made, whose results are
shown in Fig. 10. First the effectiveness of
a classical adsorber was measured for the
separation of 100 ppb oil droplets out of a
gaseous helium stream. The results confirmed
the existing doubts. Very soon (i.e. after a
few hours after startup), one could detect
oil downstream of the adsorber! When the
adsorber was dismantled, it was found that
the core of the adsorber was absolutely dry.
Oil was found only close to the inlet filter
and - surprisingly-close to the outlet
filter. This indicated that a separation of
oil drop-lets from the c^s stream took only
place close to the transition between two
layers with different physical properties,
in this case between filter material and
adsorber material.

The consequence from this result was to
build an adsorber which consists mainly of
transitions, i.e. a layered adsorber built
up from thin layers of adsorbens pellets and
cotton filters. As shown in part B of
Fig. 10, the measurement results confirm the
expectations: The layered adsorber is
extremely effective for the removal cf
residual oil droplets and the holding time
of the adsorber until breakthrough can be
easily predicted. For HERA the adsorbers
have been dimensioned for 16000 hours
operation.

Since this purification is of great
importance also for other sizes of helium
refrigerators, especially for very small
ones with small capillaries, the layered
adsorber has been filed for patent.
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THE CEBAF CRYOGENIC SYSTEM DESIGN
Claus Rode and Paul Brindza

Continuous Electron Beam Accelerator F a c i l i t y
12070 Jefferson Avenue
Newport Mews. VA 23606

INTRODUCTION

The Con t i nuous E l e c t r o n Beam A c c e l e r a t o r
F a c i l i t y ( C E B A F ) i s a s t a n d i n g w a v e
superconducting l inear acce lera tor w i th a maximum
energy c-, 4 GeV and., 200 /lA beam c u r r e n t . The 418
"Corns I I /CEBAF"^ ' s u p e r c o n d u c t i n g n i o b i u m
accelerat ing c a v i t i e s are arranged in two 0.5 GeV
l inacs * i t h magnetic r e c i r c u l a t i n g arcs a t each
end. There is one r e c i r c u l a t i n g arc (F ig . 1) f o r
each energy beam tha t is c i r c u l a t i n g and any three
of the four cor re la ted energies may be supplied to
any o f t h e t h r e e E x p e r i m e n t a l h a l l s . The
r e c i r c u l g t i n g a rcs are low f i e l d conven t iona l
d i p o l e s and quad rupo les . The c a v i t y resonan t
frequency is 1.5 GHz, each cav i ty i s dr iven by i t s
own 5kw klystror>oand,the duty fac to r of the en t i re
system is 10055. {Z' W

The f ou r hundred a c c e l e r a t i n g c a v i t i e s are
arranged in p a i r s in a " c r y o u n i t " . The ensemble
of four c ryoun i ts (8 cav i t ies ) together wi th the i r
end caps makes up a complete c r y o s t a t c a l l e d a
cryogen ic module . The f o u r c r y o u n i t he l i um
vessels a re c r o s s connected t o each o ther and
share a common cryogen, supp ly , r a d i a t i o n s h i e l d
and insu la t ing vacuum^ '.

The cryogenics system f o r CEBAF cons is ts of a
5kW c e i t r a I he l ium . e f r i g e r a t o r and a t r a n s f e r
l ine system to supply 2.2 K 2.8 ATM helium to the
cav i ty c r y o s t a t s , 40 K hel ium a t 3.5 ATM to the
rad ia t i on s h i e l d s and 4.5K hel ium a t 2.8 ATM to
the superconducting magnetic spectrometers in the
experimental h a l l s . Both the 2.2K and the 4.5K
helium are expanded by Joule-Thompson (JT) valves
in the ind iv idua l cryostats y i e l d i n g 2.OK a t .031
ATM and 4.4K a t 1.2 ATM respect ive ly . The Central
Helium R e f r i g e r a t o r i s located in the center of
the CEBAF r a c e t r a c k w i t h t h e t r a n s f e r l i n e s
located in the l inac tunnels.

LINAC
0.5 GeV

CRYOGENIC SYSTEM LOADS

There are two types of r as i s t i vo losses in a
supercoconducting RF cav i t y : residual resistance,
and BCS r e s i s t a n c e ( B a r d e e n , C o o p e r , and
Schr ie f fe i ) . The residual resistance is caused by
l o c a l i z e d r e s i s t i v e a reas where d e f e c t s ,
i m p u r i t i e s , or s i r f a c e d i r t d i s t u r b s t h e
superconductive p r o p e r t i e s . The BCS res is tance
increases with increasing frequency, and decreases
as the operat ing temperature decreases. Other
sources of 2K heat i nc l ude s t a t i c heat l eak ,
conduc t i on of hea t d i s s i p a t e d in t h e i n p u t
waveguide, and absorp t ion of h igher-order-mode
power generated by the beam current . For CEBAF,
an operating temperature near 2.OK is an economic
optimum.

The helium re f r i ge ra t i on system at CEBAF mMst
p r o v i d e an adequa te f l o w of 2K h e l i u m Zu
compensate for r e s i s t i v e heat ing in the niobium
and i o r h e a t l e a k s i n t h e c r y o s t a t and
d is t r i bu t i on systeir. i n addi t ion, i t must provide
helium at 40K to keep heat shields in the cryostat
below 50K. Table 1 summarizes the calculated heat
losses f o r CEBAF, assuming an a c c e l e r a t i n g
gradient of 5 MeV/m at, a Q of 3 x 10 .

The CEBAF cryogenics system is designed to
handle 15055 of the ca l cu la ted load a t 2.OK and
15055 at 40K. In add i t ion , superconducting magnets
w i l l be used in the experimental spectrometers.
These magnets wMI r e q u i r e hel ium a t 4.4K 'io
handla a coo l ing load of 154 l i t e r s / h o u r . The

SPF.EADER

50-MeV
INJECTOR

(0 = 0.99995)

RECOMBINER

SPREADER

- RF SEPARATORS FIGURE 1

EXTRACTED BEAM
TO END STATIONS
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option ex is ts to meet t h i s requirement c i ther by
purchasing commercial ly a v a i l a b l e 4.4K helium
r e f r i g e r a t o r f o r the experimental a r e a s , or by
designing the c e n t r a l hel ium r e f r i g e r a t o r t o
han<Ne> t h i s addi t ional load; we have chosen the
la t te r due to i t s lower requirements for operating
manpower. Tab le 2 presents the t o t a l coo l ing
requirements ( including experimental equipment}
for CEBAF's re f r igerat ion plant .

TABLE 1

LINAC HEAT LOAD SUMMARY - 418 CAVITIES

418-RF Heat Loads
RF Residual Losses
BCS Losses
Input Waveguides
HOM Losses
Input Waveguide Joint
Un-AIlocated
Total RF Load

209-CRYOUNIT HEAT LOAD f ine.
Sub Totaf

53-PAIR END CAPS f ine . Set 3
Sub Total

TRANSFER LINES
Sub Total

Total
2.OK

133?
477
171
105

79
231

2455

Two Half
439

U-Tubes)
237

124

Total Sta t ic Heat Load 800

GRAND TOTAL

CAPACITY WATT
X

3200

4800
150*

Watts
50K

1129

IT55

Bridge)
342?

1908

1536

6671

8000

12,000
150%

Table 2

Cooling Requirements

Calcu-
lated Refrig. Pres.
load capacity (%) fatnQ

3200 W 4,800 W (150) 0.031

He
temp fk)

Linac
cavities 2.0

Linac
heat
shields 40.-52. 8000 W 12,000 W (150) 3.0
End Sta.
liquefac. 4.4 154 l/hr 260 l/hr (169) 1.2

OPERATING TEMPERATURE SELECTION

The choice of operating temperature af fects
the BCS component of the cavity Q and, thereby,
the RF heat load, as well as the r e f r i g e r a t i o n
costs (both cap i ta l and o p e r a t i n g ) . The BCS
losses vary inverse ly wi th the c a v i t y H,
approximately doubling every 0.2K. Figure 2 shows
the total heat load as a function of temperature.
The refrigeration costs vary inversely with the
temperature; in addition capital costs increase
with the 0.7 power of heat load, while operating
costs increases to the 0.85 power. The net effect
is shown in Figure 3.

CEBAF has chosen 2.OK as the operat ing
temperature. The BCS losses, while an exponential
function of temperature, are s t i l l a small
fraction of the total heat load at 2.OK. Figure 3
shows that the refrigeration capital cost is f l a t
to 0.5* between 2.0 and 2.2K. Below 2.OK not only
is i t not cost -ef fect ive but i t also becomes
technically d i f f i cu l t due to the very low vapor
pressures (less than 0.031 atm). Above 2.5K (0.1
atm) we could delete one stage of vacuum pumping,
but the BCS losses are so large that i t would not
be economical.

This leaves us with an operating range of 2.0
to 2.5K. We have chosen to size the distribution
system to be optimized for 2K operation with a
flow safety factor of two times the calculated
heat load. Since possible future higher cavity
gradients will tend to sh i f t the optimum toward
lower temperatures, this wil l permit future beam
energy increases without requiring an awkward and
costly replacement of the distribution system.

Two-phase helium becomes a superf luid a t
2.177K. While we do not expect super f lu id
problems (vacuum leaks, increased heat leak, or
o s c i l l a t i o n s } , we plan to commission the
accelerator at a temperature of 2.2 to 2.25K with
a few percent higher operating cost. I t is our
intention to operate at 2.OK after the i n i t i a l
commissioning period.
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TABLE 3

CEBAF Refrigerator Process Calculations
Pressure Temp. Enthalpy Flow

Point (atm) 00 fj/g) fg/sec)

OA
OB
1
1A
IB
2
2A
2B
3
4
4A
4B
5
6

20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0
20.0

300.00
300.00
80.CO
80.00
80.00
60.00
60.00
60.00
38.50
20.00
20.00
20.00
12.50
9.00

1579.0
1579.0
434.4
434.4
434.4
329.0
329.0
329.0
213.8
108.9
108.9
108.9
61.54
38.25

•m
1625
88

1713
1625
88

1713
1460
253
1460
1460
612
848
612
612

CYCLE DESIGN

The CEBAF refrigeration system is shown in
block diagram form in Figure 4 and in schematic
form in Figure S. The primary systems are the
screw compressor system, a standard cold box, the
4.4K dewar system, the distribution system, and

7
7 1/2
7 1/2A
7 1/2B
8
SA
8B
8C
9

2.80
2.80
2.80
2.80
2.80
2.80
2.80
2.80
2.80

5.61
5.50
5.50
4.73
4.50
4.50
4.50
4.50
2.20

26.61
22.53
22.53
12.7.3
11.36
11.36
11.36
11.36
5.10

"675
612
612
0

612
240
368
4

240
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• taiion

load

I

10A
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13
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13B

3.0
3.0
3.0
3.0
3.0
3.0
3.0
3.0

287.50
78.00
57.69
57.72
57.40
37.49
37.49
37.49

1509.0
420.4
314.6
314.8
313.1
209.1
209.1
209.1
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22
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26A
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27 1/2
28
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1.16
1.18
1.20
1.20
1.20
1.20
1.20

******************
34 1.20

287.50
78.00
57.73
37.50
16.11
12.00
5.23
5.23
4.50
4.424
4.424

1508.0
420.0
314.6
209.3
97.31
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36.68
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30.76
29.94
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240

<T42 47.74
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tho cold compressor system. [Table 3, which is
keyed to Figure 5, provides a conservative set of
procuss points.]

We have chosen this configuration because i t
almost completely decouples the standard
refrigerator from the subatmospheric system. This
decoupling of the cycles has several advantages.
From a procurement standpoint i t breaks the
cryogenics into a standard o f f - t h e - s h e l f
refr igerator and a "high tech" subatmospheric
module, which in turn also s i m p l i f i e s the
operation and controls. The requirement for
double seals with a guard vacuum to eliminate air
leakage, therefore, only applies to the subatmos-
pheric module.

Cold Compressors to achieve the 0.031 ATM
operat ing pressure wore chosen for the 2K
refr igerat ion cycle. The warm vacuum pumping
compressor so lu t ion has two major cost end
technological problems:

1. Gigantic Low Pressure Heat Exchangers:
These would be state of the art units and
most likely require multiple cold boxes.

2. One Mega Watt Vacuum System w i t h
Purifiers: Keeping this system leak tight
as well as the periodic maintenance wi l l
make one year running periods very hard to
achieve.

The Cold Compressors, though at the forefront
of Helium Refrigeration Techno logy,,are by far the
most cost e f f e c t i v e s o l u t i o n . ^ ' There is
currently a major world wide effort in this area;
four manufacturers have bu i l t units: Rota-Flow
and Creare in the U.S., and L'Air Liquide and
Sulzer in Europe. In addition, there are efforts
in System Design and Testing at f ive major labs:
BNL, CEBAF, and FERMILAB in the U.S., CERN and SIN
in Europe.

Some additional features worth noting are that
the refrigerator may operate as a conventional
1.2-atmosphere, 4.4K helium refrigerator by simply
turning off the cold compressors and passing the
flow around them. The refrigerator ma/.operate at
reduced capacity i f any of the expanders are off
for repair, or i t can operate at close to f u l l
capacity for up to three days by consuming liquid
from the 30,000 gal. dewar.

Supply
transfer

Ins

FIGURE S

0.031 etm 2 K return

J
13C I 40 K (tiltldt 40 K 3.5 aim supply
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2.2 K 2.8 ilm supply,

THE CRYOGENIC DISTRIBUTION SYSTEM

The distribution system must be sufficiently
f l e x i b l e to allow a wide range of operat ing
c o n d i t i o n s . I t must be ab le to handle
contingencies, such as the replacement* of a
cryomodule while maintaining the system in a
standby condition. We have selected a solution
that provides the required f l e x i b i l i t y and also
minimizes costs; in addi t ion, i t permits the
accelerator to operate while a cryomodule is
either being warmed up or cooled down. The
distribution system operates exclusively with
supercritical supplies and JT expansion valves at
the loads. The return lines are either vacuum or
high pressure gas.

The system depicted in figures 6 and 7 is
based upon using the string of cryomcdules as part
of the supply transfer line, and a transfer line
for the return flow. The cryomodules are series-
connected in an "H" pattern ut i l iz ing U-tubes and
internal flow to distribute 2.2K helium at 2.8
atmospheres and 40K helium at 3.5 atmospheres.
Each cryomodule (Figure 6) is connected to the
return cold vacuum line to maintain i ts 0 .031 -
atmosphere internal pressure, and the shield flow
is returned to the transfer line at four places,
one at the end of each arm of the "H". This
series-parallel system minimizes the cost of the
distribution system.

I f a replacement unit must be removed, the
cryomodule containing i t would be isolated from
the supply by removing the U-tubes at each end of
the module. These U-tubes are replaced by a U-
tube which spans the gap created by the cryomodule
and allows the helium supply to the remaining
modules to be resumed in a short t ime. The
cryomodules in the other three arms of the "H" are
completely unaffected by this operation. Those in
the affected arm must rely upon the large helium
inventory in each module to ma in ta in the
temperature during the very short transition time.
The modules upstream of the isolated module may
s t i l l be supplied with 2K helium, while the
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downstream modules must re ly upon t h e i r helium
inventory of 1500 l i t e r s each to keep cool. The
removal and replacement of the U-tubes w i l l not
take more than 10 or IS minutes, which is much
lass than the several-hour stand-alone capacity of
each cryomodule.

In t h i s system, the t r a n s f e r l ines are a
simple coaxial design, which can be,,mass-produced
easily and economically (Figure 8 ) . * ' The system
w i l l be easy to c o n t r o l , because i t has few
control valves, each with a well-defined function.
A control valve at the end of each branch of the

H" w i l l maintain the shie ld a t a temperature
between 40K at the in le t and no more than 50K at
the out le t . A control valve a t each cryomodule
wi l l maintain the l iquid level in each module in
the f u l l s ta te , while the paral le l connection to
the cold vacuum l ine w i l l keep the pressure in
each module at 0.031 atmosphere for 2K operation.

END STATION CRYOGENIC SYSTEM

The design for the CEBAF end stations includes
s e v e r a l l a r g e s u p e r c o n d u c t i n g d i p o l e s ,
quadrupoles, an 8 coi l t o r o i d . The dipoles and
quadrupoles a r e assumed t o be p o o l - b o i l i n g
magnets. These magnets are very simple to control
cryogenics I l y , as they need only l i q u i d - 1 eve I
control . The magnets w i l l be cryo-stable , with
the exception of the quadrupoles, so that quench
d e t e c t i o n and p r o t e c t i o n i s reduced t o a
manageably simple system. The superconducting
toroid w i l l be forced cooled and wi l l require an
active quench protection system.

The helium system should appear as a u t i l i t y
to the end stat ions, rather than as an overhead
operat ion wi th which they must be i n t i m a t e l y
involved. This concern and the desire to reduce
overal l system costs suggest tha t i t would be
desirable for the central helium refr igerator to
p r o v i d e f o r t h i s magnet c o o l i n g . T h u s ,
supercri t ical cold gas w i l l be delivered to the
end stations and distributed locally via transfer
Iines.

Each magnet would have a l iquid- level control
t h a t would run an i n l e t JT v a l v e . Thus, the
problems associated with d is t r ibu t ion of l iquid
helium and two-phase flow wi l l be eliminated. The
end station area wi l l have a small compressor and
a suction buffer tank to return the warm helium
gas from the magnets through a snaII high-pressure
l ine . The gas w i l l pass through the n i t rogen-
cooled u t i l i t y p u r i f i e r before e n t e r i n g the
central refr igerator.

4, G. B i a l l a n , e t . a l . , The CEBAF C a v i t y
Cryostat, 1986 Stanford Linear Accelerator
Conference.

5, A. P. S c h l a f k e , e t . a l . , Combined Cold
Compressor/Ejector Helium Refrigeration Cycles
Adv. In Cryogenic Eng., Vol. 29, 1983, P. 487.

6, C. Rode, e t . a j . , Fermi lab Tevatron Transfer
Line,Advances in Cryogenic Engineering, Vol .
27, 1981, P. 769.
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Discussion on the Status of Cryogenic Technology
and Future Trends

Discussion Leader
M. S. McAshan

SSC Central Design Group*
co/ Lawrence Berkeley Laboratory

Berkeley, CA 94720

We have heard this morning two exciting presentations
from industry describing first the refrigeration plant for TORE-
SUPRA and the development of cold magnetic bearing
turbocompressors with an induction pressure of 13 mb for this
system. Second was described the refrigeration cycle for the
HERA plants with emphasis on the way the capacity of these
plants may be controlled by adjusting the expander pressure
basis while leaving the pressure ratios fixed. Mention was
made also of computer simulation of the dynamic behavior of
this refrigeration plant It seems that these three topics:
operation of systems below 4.2 K, plant capacity control and
load matching, and system simulation as a tool in design and
specifican'onjare all of great current importance in cryogenic
technology and will provide a good basis of discussion.

These three topics have come up in the conceptual
design of the SSC. Certainly capacity adjustment of the
refrigeration plants in order to match the varying synchrotron
radiation heat load in the collider is an important design
requirement Also system simulation is the first step in
producing a specification for a refrigerator to meet the various
operating requirements of the collider. Simulation of the
transient behavior of the whole interconnected system is
particularly important for the SSC because the inventory and
the system size is greater relative to the refrigeration plant
capacity than any in the current experience.

In any system in which the superconductor is a
significant factor in the cost, operation at lower temperature
may provide cost advantages. In the case of the SSC, where
the superconductor cost is very much greater than the cost of
the whole cryogenic system, such optimizations result in a cost
minimum at a temperature below 3 K. There is a saving, to
first order, of about 12% of the ring circumference per K that
the temperature is lowered. The difficulty with persuing this is
the lack of applicable operating experience with beam in
practical situations at the lower temperatures. If the choice of
1.8 X operation is adopted in the LHC and the program goes
ahead, development will have to be started at once to gain this
experience and to demonstrate feasibility. Otherwise this
experience will come gradually at the TeVatron and other places
in the use of special purpose magnets.

The costs of low temperature operation divide into two
parts: the costs, both capital and operating, of refrigeration at
the lower temperature, and the cost of refrigeration transport.
This second in large systems is the greater. The trade-off of
cryostat piping size against number of refrigeration stations
yields a system with more stations, with the loss of economy of
scale, and with higher costs. This is apparent in the
preliminary studies for the 1.8 K system for the LHC which
was presented'this morning in which eight stations are
proposed. The studies for the 2 K operation of the SSC
reached a similar conclusion. There 24 or 32 stations are
proposed in a ring three times as large. It is likely that a system
employing distributed first stage cold compressors and
relatively fewer refrigeration stations will be closer to the cost

•Operated by the Universities Research Association for the
U. S. Department of Energy

optimum. The development effort in cold turbocompressors
should not, therefore, concentrate on large capacities only.

The following paragraphs summarize some of the
questions that were raised and points made during the
discussion:
• The many applications of cold compressors cover a wide
range of requirements on speed, power, flow, pressure ratio,
and so forth. Is one device being considered here and can this
range be covered by existing and the developing technology?
• Magnetic bearing turbomachines have a very wide range of
applicability. Between room temperature pumping at the low
end of the capacity scale and active magnetic bearing machines
in the larger sizes, the full range of immediately forseeable
requirements is covered.
• At the low end of capacity reciprocating machines should be
considered. The use and the development of reciprocating
expanders that has been giong on at Fermilab has given these
machines a new attractiveness. Expanders with 80% efficiency
operating with a 15:1 pressure ratio and 10,000 hours between
failures are a likelyhood.
• Experience with the old series of 1.8 K, 300 W refrigerators
with warm pumping, the plants at Karlsruhe, CERN, and
Stanford, has shown that air contamination due to inleakage
from sub-atmospheric operation of the warm parts of the
machinery has not been a serious problem. This is due to the
fact that the designers of these machines understood that they
were making a vacuum system and specified accordingly. It is
generally the case that cryogenic systems should be, but seldom
have been, considered in this way. Helium outleakage and air
inleakage rates are associated in whatever kind of system. It
has been observed at the TeVatron that an early indication of
inventory loss is nitrogen in the circulating stream: 2 ppm
means noticable leakage out, 0.25 ppm means leak tight in this
system. The fact is that large cryogenic systems have to be
made vacuum tight in order to operate in a practical and reliable
way wheather they are sub-atmospheric or not.
• The particular trade-off between cold and warm pumping that
was made in the TORE-SUPRA plant was done before the cold
compressor development had produced results. This
development has been so sucessful that if the optimization were
to be done over, a third cold stage would be added. Likewise
for the refrigerator of the LHC conceptual design. Further
consideration of this design might lead to going all the way to 1
atm with cold compressors. This is, in fact, the present plan at
CEBAF.

There are two other topics which were touched on in
discussion: the first had to do with questions of optimization
and efficiency of cold compressor cycles, and the other
concerned magnet cooling schemes other than the use of
supercritical helium.

The comment was made that cold compressors should
be discussed in terms of entropy generation. The entropy
produced by the compressor can be compared to entropy
generation savings realized as a result of its use. At the time it
seemed that this approach could not properly account for the
principal motivation in using cold compressors in systems
producing refrigeration at very low temperatures, namely the
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reduction of heat exchanger surface, of compressor
displacement volume, and the reduction of capital cost, It
seems at first sight that power input at a low temperature
through a cold compressor is bound to increase the process
input power and the operating cost. That this is not necessarily
the case is shown by the studies of Joe Smith and his students.
He shows that a liquifefication cycle with cold compression can
be both lower in capital cost and have higher efficiency than
optimized cycles with no cold compressor [1]. For
refrigeration cycles the situation is not clear. Two studies by
CCI for the SSC [2] are concerned with this. One of these
shows that comparing cycles for refrigeration at 3.6 K both
with and without cold compression with a similar cycle for
refrigeration at 4.6 K the cycles at 4.6 K and at 3.6 K with the
cold compressor have the same efficiency relative to Carnot
while the 3.6 K cycle with the warm pumping has 16% higher
efficiency. This kind of thing is also shown in the second sudy
in which cycles for 4 1 K refrigeration with and without cold
compression are compared. The cycle without the cold
compressor has 13% lower operating power. The capital costs
in these studies are not compared.

This behavior can be understood because the usual
Claude cycle becomes more efficient relative to Carnot as the
temperature of refrigeration goes down. The efficiency relative
to the Camot is given by the ratio of actual to ideal isothermal
power at 300 K associated with the cycle. Actual isothermal
power of the low-pressure, room temperature pump in the
process is m • To • ln(Po/P) where m is a mass flow rate, To is
the temperature of heat rejection, room temperature, and Po is a
reference pressure. P is the vapor pressure associated with the
temperature T of refrigeration. By integrating the Clausius-
Clapeyron equation an expression for ln(P) to first order in T
can be derived: ln(P) = L/T where L is the latent heat Thus the
actual isothermal power has the form (m • To • L/T + terms not
depending on T). The ideal power is, of course given by the
Camot formula Q • (To/T -1). Here Q is the heat removed at
temperature T ana in the Claude cycle is given approximately
by m-L. It can be seen that the ratio of these powers
increases as T decreases to approach 1 as T approaches zero.

Therefore near 4.2 K the use of a cold compressor
makes the cycle efficiency worse, but as the temperature goes
down the fundamental cycle efficiency goes up compensating
for the cold compressor work. The study quoted above seems
to show a crossover at about 3.6 K below which the overall
efficiency can be greater than that at 4.2 K.

It seems that a general study of cold compressor
refrigeration cycles similar to Smith's treatment of liquifier
cycles is called for. Some specific cases have been studied [3],
but a general understanding of the efficiency implications of
cold compressor use in refrigeration cycles is lacking.

Another topic that was mentioned above is the use of
other magnet cooling schemes. There was a time in the early
days of the TeVatron when all of the magnet tests were
conducted under pool boiling conditions and magnet
performance in single-phase or supercritical helium was
uncertain. The opposite situation now obtains where all of the
operating experience is with magnets in single-phase systems

and the uncertainty concerns performance under other
conditions. The main disadvantage of the single-phase cooling
is the large inventory that is implied and the large amount of
helium that must be handled in quench. Would some two-
phase or gas cooling system be a cheaper and simpler
alternative? The discussion included the following points:
• Lack of space in the TeVatron design was as much
responsible as anything else for the particular cryogenic that
were made.
• Inclined ring requirements for the large colliders now planned
or under construction are an added difficulty in the use of two-
phase cooling systems.
• Some magnets under non ideal cryogenic conditions, notably
the TAG long superferric magnet, have worked to the design
conditions with gas cooling.
• The ESCAR cooling system - a two-phase, pool boiling
scheme - was studied for a superfluid SSC. The quench
behavior of this system is very good. The pressure rise is low
due to the small inventory and the large volume of the magnet
• The helium serves in a superconducting magnet not only as
the coolant but also as an electrical insulator. Gas cooled
magnets may not be a good idea.

It is clear that our field is in good condition, with new
ideas, new development, and new demands on the technology.
An area that has only been mentioned here, but in which there
is considerable activity, is the development of devices and
machines based on superconducting microwave cavities. In
this case for pure niobium cavities the optimum temperature for
operation is below 4 K and in many cases below 2 K. These
devices are fundamentally dissipative, so that large capacities
are often required. This has been known for many years, of
course, and provided the initial impetus to develop refrigeration
at these very low temperatures. This application now provides
a significant part of the motivation for the development of cold
turbocompressors.

Just as the past decade has been the decade of the screw
compressor - it was during this period that the oil flooded
screw machine was integrated into cryogenic technology - the
next decade may be predicted to be the decade of the cold
compressor. When this group gathers again in 1996, we will
see if this is true.

References

[1] M. Minta ar.d J. L. Smith, Jr., Advances in Cryogenic
Engineering Vol. 27, page 603 (1982). See also by the same
authors, Advances in Cryogenic Engineering Vol. 29, pages
469 and479( 1984)

[2] CCI, Inc report No. 593-107 prepared for Fermi National
Accelerator Laboratory and No. CDG-2 prepared for
SSC/CDG

[3] In addition to the above see for example, A. P. Schlafke, D.
P. Brown and K. C. Wu, Advances in Cryogenic Engineering
Vol. 29, page 487 (1984)

- 294 -



Magnet Measurements



FUNDAMENTALS OF MAGNETIC MEASUREMENTS
WITH ILLUSTRATIONS FROM FERMILAB EXPERIENCE

B.C. Brown „
Fermi National Accelerator Laboratory

P. 0. Box 500
Batavia, II. 60510

Abatract. - Techniques for measurement of
magnets used in accelerators and beams are
discussed with emphasis on principles and
limitation." of the various techniques. Selection
of parameters to measure, mechanical, electronic
and data collection issues will be discussed.
Illustrations will primarily be selected from the
experience in measuring more than 1200
superconducting and more than 600 conventional
magnets for the Tevatron at Fermilab.1,2

TECHNIQUES AND PARAMETERS FOR MEASUREMENT

For typical high energy physics spectrometer
work, as for many other efforts, the analysis of
trajectories requires a detailed point map of the
magnetic field through a large volume. For
synchrotrons, storage rings and beam lines, the
mathematical description which is employed
involves a paraxial approximation in which the
useful information is a measurement of the
strength of the bending and focusing fields along
a design trajectory plus a measure of the
non-uniformity in nearby regions. Descriptions
which provide the most insight into accelerator
properties employ a harmonic description of the
magnetic field errors integrated through an
element. In most applications, an element which
is conveniently built in a factory is suitably
described by the integrated harmonic expansion of
the deviations from a thin lens or point bending
approximation. We have found that the end field
measurements of representative magnets (at most)
is sufficient to supplement the detailed
integrated measurements on every magnet in the
Fermilab Tevatron.

Existing magnet measuring systems employ
three types of magnetic field sensors. Nuclear
Magnetic Resonance provides a very high accuracy
point measurement. Detecting the resonance
requires care to avoid noise from power supply
ripple and to acquire sufficient spacial
uniformity and dynamic range. The absolute
accuracy is sufficient that it is often used as a
calibration point for other techniques. The Hall
Effect is a less demanding point measurement
technique when moderate accuracy and large
dynamic range are required. However, to achieve
high accuracy with this technique requires very
careful attention to thermal and other effects
which modify the fundamental response of the
detector. The most general and widely used
technique employs Faraday's Law applied to loops
of wire construct^ to measure the desired

Integrated field properties. These probes can
measure change in magnet flux when rotated or
translated in a static magnetic field or flux
changes can be recorded with the probe stationary
while the exciting current changes the magnetic
field. To obtain integrated field properties
from measurements of point maps implies accuracy
requirements on the measurements of position in
three dimensions. Properly evaluating field
shape in this manner involves simultaneous
accuracy in all three dimensions. Since the
desired information is typically an integrated
field strength, point measurements are typically
used only for specialized measurements.

A SET OF PRODUCTION MEASUREMENT PARAMETERS

We give in Table I a list of measurements
which are typically required for accelerator
magnets. The accuracies shown are characteristic
best cases for some existing systems. The actual
requirements will depend upon particle type and
energy as well as lattice design. Some
additional properties 3uch as the longitudinal
bend center are critical to accelerator operation
but for most magnets are uniform enough to not
require measurement. Field angles and centers in
iron magnets may not require magnetic measurement
when iron location is well correlated to field
location and angle. In superconducting magnets,
these parameters must be measured and related to
external survey points.

Table I

Magnetic Field Properties to Measure

Quantity Accuracy
Dipole Quad

Units

"Operated by Universities Research Association,
Inc., under contract with U.S. Department of
Energy.

Integrated Strength 1/10,000 5/10,000 Rel.
Integrated Shape 3/100,000 3/100,000 Rel.
Field Angle .00015 .00015 Rad.
Trans/erse Center .1 mm.

SYSTEM DESIGN GOALS

A magnet test facility must be more than a
magnetic field testing facility. Especially for
superconducting magnets, thia facility may be the
only location prior to ring installation in which
the magnets can be tested under operating
conditions. Measurements of electrical
insulation (HiPot) properties, maximum current
(Quench), AC loss mechanisms such as eddy
currents and hysteresis loss must be made along
with the magnetic field measurements.
Successfully cooling and powering a
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superoonduoting magnet provides a powerful teat
of its suitability for use.

If the first use of a magnet test facility
is to see that a magnet has been powered, the
only purpose of magnetic measurements is to put
data in a form for evaluation and use by magnet
and accelerator designers. Prototype
measurements carried out to evaluate magnet
designs also provide a basis for limiting
production measurements to essential parameters
(design dependent). Production quality control
requires a well defined set of measurements which
must be reproducibly made and evaluated with
consistent data collection and calibration
techniques. The uses of this data run along
several lines: reject unacceptable magnets,
correct deficient magnets when suitable
modifications are identified, evaluate magnets
for placement in the accelerator to minimize the
collective effects of field errors (shuffling)
and finally, record field errors for analysis of
accelerator performance. Additional specialized
measurements may be needed at any phase of
accelerator design or operation. Each data use
requires rapid feedback of information to design
personnel.

A HARMONIC REPRESENTATION OF 2-D FIELDS

Examination of Maxwell's Equations for
magnetostatics in two dimensions reveals that a
harmonic representation can exactly describe the
field in any region free of sources. We choose
the algebraic simplification of representing a
2-D vector by a complex variable. This paper
will follow the work of Halbach.3 MKS units will
be used. In a region with no sources of magnetic
field we may define a scalar potential U. With
current sources parallel to the z axis we have a
vector potential A with only a z component such
that the following equations relate potentials
and fields.

§

B

-uovu
3A

§ - V x t
3U n 3A 3U

-of j
3x

If we define a complex space variable w « x + i y
- r e we may define a complex potential F and
field B

F(w) - A + iyQU

such that B - iF'(w)

B iBy

where the * indicates a complex conjugate and F'
is the complex derivative. In this notation the
complex field B is not an analytic function of w.
For an expansion we choose

F (w) - - I £• wJ i

We also define a polar representation of the
field B - Br • iB0 flnd fin£j

e - I c j e iXj

The properties of the harmonic expansion are
manifest in this representation. The vector B
has a magnitude which is constant on the circle
of radius r and a direction which rotates J times
as Q increases from 0 to 2n. C, is identified as
the 2J-pole component of the magnetic field.
This leads naturally to characterizing shape
imperfections of the field by comparisons of
field at some reference radius a. We define
normalized harmonic coefficients by

J-N
U . a i: _ r

°j - -i
„ N-1

C j a
J

- J

where N identifies the dominant harmonic
component. Some symmetry properties are most
easily revealed by separating into cartesian form
by defining

cj c o s - e, sin X j

where b terms are "normal" and a terms are "skew"
components. Changing the reference radius
results in the transformation

If the co-ordinate transformation w'-ew+Y is
applied with |e|-1 (a rotation) then letting
prime values indicate the values in the new frame

Cje
i*I (1-1)! I-J

I-J U-1)KW)1

To make this more concrete we calculate
first few terms for bj with e-1, Y»x

the

>J—
J+1 a uJ+2 J

We speak of harmonic components, resulting
from "feed down" of higher components as
expressed in other reference frames. We seek to
understand magnets by expressing their harmonics
referenced to magnet center defined magnetically
by demanding that terms of harmonic N-1 be zero
(the dominant N terms must not feed down to the
next lower term).

SIGNAL DETECTED BY ROTATING A SIMPLE LOOP

Measurements based on Faraday's Law of
induction begin with the relations

B* (w) " I
J-1

J-1)

Where A is the magnetic flux. We begin with the
simple radial loop probe shown in Figure 1a. We
assume that the probe has rotated through an
angle 0 from its starting angle 6. If it is
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located in a magnetic field characterized by
harmonic components Cj referenced to the probe
axis, we find

* J
A » Im { I iCT -~ e

where
parameters

the
are

J
coil
as

has
shown

measure the voltage V, as a function of
will

length L and
on the figure.

0

other
If we
in a

it be sinusoidal with an2N-pole magnet
amplitude

v* - V*" I '
For example, rotation of a 1 cm radius by 1m long
coil in a 2 Tesla dipole field with a rotation
once every 1 seconds give a voltage amplitude of
31 mvolts. A measurement system which records
flux (in Volt-Sec. or lesla-Meters ) will
observe an amplitude of CNLa /N-20mV-Sec

If we re-express the flux in terms of
normalized harmonic coefficients with a
normalization radius equal to the probe radius,
we have

A - I m i C N U N ! i
J

giving a flux for the 2J-pole which is a fraction
NCj/J of the dominant multipols field. Thus, for
a sextupole distortion of the above 2 tesla field
which is a part in 10000 at a probe radius, we
have a voltage of 1 microvolt. Clearly, more
sensitivity will be needed to measure fields of
tOO gauss which might characterize the injection
field of a conventional ring such as the Fermilab
main ring. A limitation of this simple design is
the effect of extraneous probe motions. A
distortion of the probe motion by a part in 1000
of the probe radius (10 microns in the example
given) will dominate field errors which are of
the size we generally wish to explore. Some
compensation for this effect must be found.

MEASUREMENT COILS WITH COMPENSATION

Some of the variety of measurement systems
in use are shown in Table II. Where the accuracy
is sufficient, the single loop coil is utilized.
To achieve high accuracy, both the problems of
large dynamic range and of compensation for
motion errors make alternative designs of
interest. The Morgan coil1* achieves its

suppression of unwanted multipoles by symmetry in
angle, A Morgan coil with 2M-pole symmetry has
2M wires at angles of 360 / 2H degrees, with
adjacent wires connected in opposite sense. The
sextupole case is illustrated in Figure 1b. To
measure the shape of a quadrupole magnet, a coll
with quadrupole symmetry is used to measure the
strength. Then the sextupole distortion is
measured with a sextupole coil, etc. until all
important distortions are measured. The flux
Intercepted by a Morgan coil of symmetry 2M is
given by

A - I m { I iC NLA
Nfj 2 M e ^^*J^j)}

J-1 J
for J - M(2u+1) u - 0,1,2,. . . with terms as
defined above for the single loop. A » 0 for*
other values of J. A sextupole Morgan coil will
suppress all except sextupole, 18-pole, 30-pole,
etc. response. A real Morgan coil can be
described through superposition as an ideal coll
plus a collection of error loops. The
sensitivity of the error loops to the dominant
field limits the dynamic range and motional error
suppression of the Morgan coil. Fermilab
experience covering coils with diameters from 3
to 15 cm has typically observed suppressions of
200 to 800 in the dominant response. A recent 7
cm coil has achieved a suppression of quadrupole
approaching 5000. Further compensation is
obtained by analog addition of a fraction of
signal from an orthogonal pair of coils for the
dominant field. A typical quadrupole measuring
probe might have a pair of dipole and a pair of
quadrupole colls plus 6-P, 8-P, 10-P, 12-P and
20-P while a dipole probe would consist of two
dipole, two quadupole, 6-P, 8-P, 10-P, 14-P and
18-P. The number of high order coils is limited
by the available space for grooves and the cost.

The mechanical advantages of placing all
wires on the surface of a cylinder can be
maintained while improving the sensitivity of the
Morgan coil with the design shown in Figure 1c.5

This design is sensitive to the variations in the
radial component of the field. This tangential
coil can be fabricated with many turns to provide
high sensitivity. The. "belly-band" coil is used
to provide dipole cancelation. This Fermilab
design is used to allow analog summation of the
tangential and dipole coils by choice of the
turns ratio and angles. Both the dynamic range
and motional cancelation are directly provided.

©
a b c d e

Figure I End Projection of Coil Forms For Harmonic Measurements, a) Simple Radial Loop
b) Morgan Sextupole Coil" c) Tangential Coil With NT turns in tangential coil & ND Dipole Turns
d) Tevatron Dipole Coil1 e)Tevatron Quad Coil1
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The flux intercepted by this coll in a multipole
field is given by

A - I
J-1

x[2NTaln

x cos (J0 + J« +

J) cos

~ n/2)

with terms fis defined above or in Figure 1b.
The choice of a wider tangential angle results in
a greater sensitivity to lower order harmonics at
the expense of a small span of harmonics which
are measured before the sensitivity null.

The high field measurements of the
superconducting magnets for the Fermilab Tevatron
were made with coils which measure the azimuthal
variation of the magnetic field. They are
illustrated in Figure 1d and Figure 1e for
dipoles and quadrupoles respectively. These
coils achieve cancelation of the dominant fields
with coils at smaller radii than the main sensing
coils.

Much work is needed to relate mechanical
errors in harmonic probes to errors in magnetic
fields. If the field is so uniform that the main
requirement is sensitivity, the problems with
errors are minimized. In the case of the
Fermilab Tevatron superconducting magnets, the
horizonal aperture was improved at the expense of
vertical aperture in a field which has suitable
cancelation between normal components of 11-P,
18-P and 22-P fields. Determination of the skew
component of the 18-P field was limited by probe
fabrication and probe motion effects. A probe
which sags along its length will have the effect
of a different center of rotation at various
points. This will mix multipole fields as shown
in the formulas above. Again, if the higher
order fields are small, there will be no
"feed-down" effect. However, this is frequently
not the case. Achieving machining accuracies of
.001" (.025 mm) has required great care at all
stages of the probe fabrication process including
straightness of tubing, selection of cutting
techniques and use of digital tooling for angle
measurement. All error effects grow in
importance as the probe diameter gets smaller.
The angular errors for given machining tolerance
grow linearly larger. Sag effects become more
difficult at a higher rate forcing one to shorter
probe lengths. Coil error terms will provide
challenging problems for the 1 cm reference radii
required for measurements of Superconducting
Super Collider magnets.

ALTERNATIVES TO ROTATING COILS

Alternative coil geometries allow several
types of specialized measurement. Precision
absolute field measurements require geometrically
precise probes. Fabricating probes with
stretched tungsten wires held against precision
crystal surfaces1 (quartz or saphire) provides a

geometry which oan be precise to 10 microns.
Achievable measurement accuracy la limited by
wire motion and other problems. Measurement of
field angle can be carried out by setting the
loop in a very precisely vertical plane and
measuring the flux induced into it while ramping
magnet current. At the other limit, high
sensitivity coils can be fabricated with many
loops of wire on a form or from pairs of such
coils in a gradient pair configuration. A
variety of such systems are utilized for strength
and shape measurements. NMR measurements provide
high precision field shape information which is
useful in examining fabrication details.

Some

Coil Type

Loop
Morgan
Morgan
Morgan
Morgan
Radial
Morgan
Tangential
Radial
Tangential

Table II

Systems for Harmonic Measurements

Motion
Speed

High
AC(11Hz)
High
High
Interm
Low
Low
Low
Low
Interm

Readout

DVM
Lock-In
V/f
Lock-In
ADC
V/f
Int/ADC
Int/ADC
Int/ADC
DVM

Record
Data

A
A
B
A
A
A
A
A
A
C

Location

SLAC
FNAL
BNL/FNAL
FNAL
FNAL
LBL
FNAL
FNAL
FNAL
BNL

A«Computer B-Gated Scalars C»Instrument Memory

SIGNAL PROCESSING ELECTRONICS

Measurement of the voltages induced by flux
changes is carried out in a variety of ways in
existing magnet measurement systems. Traditional
integrator systems based on operational
amplifiers provide high sensitivity, especially
if followed by a high quality amplifier.
Digitizing the resulting signal in coordination
to position changes provides a straightforward
signal processing system. 12 bit ADC's have been
used to provide rapid conversions. Alternative
signal processing has been carried out with a low
noise amplifier followed by a voltage to
frequency converter. The integration of flux
changes is carried out with a sealer. Data
recording by using a latching sealer provides the
same pattern of information provided by the
integrator/ADC system. Harmonic information can

by providing a suitable
with inverting and

signals based on signals
With modest optimization

in computing, direct integration of the voltage
signal can be carried out with traditional
amplifier/ADC combinations or the data can be
recorded at speeds limited by DVM conversion
times directly in memory associated with selected
digital volt meters. Finally, lock-in amplifier
techniques can be used to provide high
sensitivity for measurements by generating
suitable locking signals from angle encoders.

be obtained directly
system of sealers
non-inverting gating
from the angle encoder.
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For iron free magnets, look-in teohniques oan
also be used with AC magnet exaltation.

DATA HANDLING TECHNIQUES

Although the data collection requirements of
a magnet measurement system are far removed from
the megabaud data transfers required for modern
particle physics experiments, the useful data
which can and must be collected will easily
overwhelm techniques with logbook and pencil.
Modern software engineering techniques and
available data management tools are readily
applicable to the magnet measurement problem.
Most important to the successful management of
the results is a consistent database system for
both hardware calibration and configuration
information together with unprocessed and fully
processed measurement data. Monitoring and
analyzing data with these tools can be very
effective. Some hardware calibration drifts can
be tolerated if monitoring of effects is
straightforward. Modern tools for screen
management, graphics and database management are
cost effective additions to the basic programming
environment.

FUNDAMENTAL PROBLEMS

To provide precise and accurate magnetic
field measurements, the mathematical model of the
probe and its motion must closely match the
mechanical implementation. Tolerances in coil
fabrication are only one of the limits.
Asymmetries and non-uniformities of sag or
deflection properties demand that these effects
must be kept small. In similar fashion, the
problem of relating the position of a rotating
probe to the center (suitably defined) of a
magnet is made difficult by the ratio of length
to diameter of typical accelerator magnets and by
the encumbrances of beam pipes and other items
fabricated with finite tolerances. The magnitude
of field errors which will need to be measured
and the accuracy with which they need be measured
will have a major impact on the needed coils and
electronics. If only "good" magnets need to be
evaluated, many problems associated with coupling
signals from large harmonic error terms into the
nearby small terms need not be considered. As in
all measurement systems, the full dynamic range
which must be measured sets a scale for the
difficulty of the problems.

SPECIAL CONSIDERATIONS
Current control deserves special attention.

The current regulation, day to day
reproducibility and ripple reduction are less
critical than for accelerators, however, the
hysteretic effects, particularly the effects on
field shape are frequently important and small
current overshoot in achieving a new current
setting can have devastating effects on
measurements. For superconducting magnets,
quench detection/ protection/recording during all
phases of a measurement cycle is highly'
desirable. As in any complex QC problem, it is

very Important to provide aa often aa possible
for redundancy of measurements. Redundancy
allows problems to be spotted as they occur and
the oorrect hardware cause identified. The
problem of providing rigid quality assurance
testing software in the same package with
flexible prototype and study software is a knotty
one. The rewards for solving it are a consistent
feedback from each to the other for better
quality in each. By facing the need in the
design stage of the software, suitable choices
can allow this to be the cost effective solution.

FUTURE OPTIONS

The only radical new technology for which I
see immediate applications to the problem of
magnet measurement is NMR imaging. The
developers of resonance imaging systems are
developing magnet field mapping systems for large
volume systems. The possibility of applying such
systems to accelerator type magnets should be
explored. The general problem of providing
systems whose, geometry can be mathematically
modeled with sufficient accuracy may remain the
dominant problem. The rapidly maturing
technology of SQUIDS provide an extremely
sensitive teihnique to sense fields.
Unfortunately, the sensitivity of these devices
imply systems with extremely high dynamic range
if the simplest concepts of using SQUIDS are to
be applied. Modern developments in electronics
and software continue to provide convenient tools
to develop traditional magnet measurement
systems.
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PRODUCTION TECHNIQUES FOR MEASURING SSC ACCELERATOR MAGNETS

P. Wanderer
Brookhaven National Laboratory

Upton, N.Y. 11973

Abstract

This paper reviews plans for the formidable
task of measuring SSC accelerator magnets. The
focus is on measurements of the dipoles for the
two collider rings. The magnitude of the job is
summarized. The required accuracy of the measure-
ments is discussed in terms of SSC accelerator re-
quirements and expected magnet production
tolerances. The measurinq system which will be
used for the first 16.6 m SSC dipoles is
described.

Introduction

It is expected that magnetic measurements
will serve two main functions: certifying the mag-
nets as acceptable for the SSC and providing rapid
feedback to the magnet factory so that production
errors can be quickly corrected.

This paper presents plans for accomplishing
this. For simplicity, it focusses on the dipoles
for the collider rings. The number and required
accuracy of the measurements are summarized. The
accuracy is discussed in terras of SSC accelerator
requirements and magnet production tolerances. A
measuring system suitable for these requirements
is described. The system employs digital bucking
of the dipole signal in the harmonic analysis.
The rotating coil which will be used to measure
the first 16.6 m SSC dipoles is also described.

Logistical Requirements

There will be 7,680 dipoles in the two SSC
collider rings.^ The production plan calls for
peak production of 10 magnets per day for about
four years. In order to keep the cost of testing
to a minimum, nlans call for cryogenic testing of
only a fraction (10%) of the magnets. It is
expected that magnet production can be made
sufficiently reliable that measurements of the
dipole field and the low-order multipoles, plus
short-sample data, will predict the field of the
magnet in operation. Also, tests made at room tem-
perature can be made sooner than cryogenic tests
and can be made at several stages of production so
that errors common to a series of magnets can be
quickly corrected. This plan also assumes that
tests will be made at the magnet factory rather
than, for example, at the SSC site. (In the cur-
rent schedule, the magnet factory will be started
before site selection is complete.) Testing will
involve the main dipole coil as well as sextupole
and decapole trim coils in the same assembly. (In
addition to the collider dipoles, the most numer-
ous uypii of magnet, there will be more than 4000
other SSC magnets to test.)

The first magnetic measurements will be made
on the collared coil, before the iron yoke is
added. The transfer function (B/I) and the two

lowest-order harmonics will be measured at 150 G
in a test stand which isolates the coilt from
stray fields. If the quadrupole is large, the n
surement will be used to calculate shims to offe
the collared coil in the yoke to cancel the
built-in term. A similar measurement wull be ma
after the addition of the iron yoke. Every tent
magnet will be run through cryogenic tests which
mimic its operation in the SSC: quenching and
multipoles to high order at all excitations for
the dipole and the sextupol< and decapole trim
coils, as well as quench-propagation heaters. I
all, there will be 21 assemblies or magnets to m
sure each day. The estimated total cost of thes
tests is $8 million.

Measurement Accuracy

During the last year there has been much di
cussion of the interrelated topics of measurenen
accuracy, random and systematic magnet construc-
tion errors, and accelerator requirements. The
expected construction errors and the accelerator
requirements which arise from a nominal require-
ment on the tune shift are listed in Table I. T
magnet construction errors are the predictions o
models which use data from the Tevatron and CBA
magnets and are consistent with data from the
first short SSC models.2 Limitations which aris
from a limit on the tune shift are listed as re-
presentative of SSC requirements.^ Consideratio:
such as the width of resonances also impose requ
merits on the multipoles.^

Table I. Representative List of Requirements
Related to Magnet-to-Magnet rms
Measurement Errors for SSC Dipoles

Manu fac tur ing
Errors (est.)

Limits from tune
shift at injection

( 3d ) / Bd
dipole angle

quadrupole*
sextupole
octupole
decapole
dodecapole
14-pole
16-pole
18-pole
20-pole
22-pole

3 x
0 . 6

skew

0.7
0 .6
0 .7
0 . 2
0.2
0.03
0.2
0.05

-
-

10 "
mrad

normal

0.7
2 .0
0 . 3
0 .7
0.1
0.2
0.2
0.1

-
-

systematic

0.0076
-

0.018
-

0.040
-

0.089
-

0.19

randoi

0.2S
0.4i
0.71
l.Oi
1.64
2.5
3.7
5.4
8.2

12

*Multipoles are stated in "units" as defined in
Ref. 5.
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Experience with BNL Maturing ayatms
(diacuated in «or« detail below) indicatea that
the low-order wiltipolea can be measured to an ac-
curacy of 40.1 "units."-" With the current aeries
of aix 4.5 at SSC R&D magnets, a sigma of 0.01
unite in the 18-pole term has been achieved. By
wa> »f illustration we compare this to two of the
entries in Table I. First, one can see that the
measurement error is small compared to either SSC
requirements or magnet production errors for the
18-pole term; indeed, the achieved production'
error is much less than the estimate of 0.1 units.
For the sextupolei the situation is reversed: the
needed accuracy, 0.0076 units, is hopelessly
smaller than the measuring error, 0.1 units. In
this case, the plan is to use the behavior of the
beam in the storage rings to tune the sextupole
trim coil which is nested in the dipole. A simi-
lar situation holds for the decapole.

Much additional work remains to be done to un-
derstand measuring errors to the level needed.
Both absolute and 3hort-term measuring errors need
to be understood as a function of ntultipole num-
ber. The correlation between warm and cold mea-
surements also needs to be well understood. This
requires that residual fields due to the iron yoke
be taken account of.

With a measuring program extending, from
first to last, over the better part of a decade,
reproducibility is an important issue. Most of
the elements of the BNL measuring system developed
for CBA would b«> needed in the SSC magnet factory.
The single most useful item is the reference
dipole field. Two AGS bending magnets, each about
2 m long, have beon placed end-on-end and run in
series for calibrating the 4.9 m rotating coils
used to measure the 4.5 m SSC R&D magnets. The
high purity of the dipole field is used to
normalize new measuring coils and also helps us
check that the rotation of the coil is uniform
enough for high quality data. Also, iron bars
which produce a quadrupole field of sufficient
strength to check the relative polarities of the
windings can be installed in the end region of one
of the magnets.

There are three other reference magnets. The
first is a conventional AGS quadrupole about 1.5
m long. The second is an arrangement of conduc-
tors which can produce different multipoles. It
has been made precisely and free of iron so that
the multipoles can be accurately calculated. The
third is actually a collection of magnets, each
made by mounting permanent magnets in a disk of
lucite in the correct arrangement for the ten
lowest-order multipoles. This collection,
referred to as the "paper" magnet, allows us to
check that the signs of the multipoles have been
correctly coded in the analysis program. As is
discussed below, we have compared the results of
measurements on the same magnet with two entirely
different measuring systems and found them to be
in good agreement.

For absolute calibration of the field, an NMR
probe is the obvious choice. Magnet currents are
read by a Hazemeyer transducer. Short-term

reproducibility hao been checked by running two
f-.ramducesrs in aeriea and if at the level of a few
parts in 100,000 to a part in 10,000. Absolute
current calibrations can be arranged through the
National Bureau of Standards.

Harmonic Analysis

The present BNL measuring system was designed
to be used in a production setting. An important
aspect of that was the realization that the sensi-
tivity of commercial voltmeters had improved to
the stage that the dipole field could be bucked
out during the analysis of the data. This allowed
the error-prone step of arranging the bucking by
hand to be eliminated — an important step in set-
ting up a 24-hour measuring operation. In this sec-
tion the main focus will be on the digital bucking.

A cross section of a typical rotating coil is
shown in the top psrf of Fig. 1, along with infor-
mation about the three windings. The bottom half
of Fig. 1 depicts the analysis procedure.6 Sig-
nals from the windings are Fourier-analyzed sepa-
rately. The three dipole amplitudes and phases
are used to determine constants which remove the
dipole term from the weighted sum of the signals,
the bucked voltage. Finally, the bucked voltage
itself is Fourier-analyzed.

High accuracy in bucking is achieved by the
use of high-impedance voltmeters which have 6-1/2
digit accuracy and sensitivity at the 1 microvolt
level. Other important steps taker to achieve the
needed accuracy include 64-bit arithmetic in the
Fourier analysis, integration over exactly one AC
cycle, taking 128 points per revolution, and
averaging data from three revolutions before thu
Fourier analysis. Typical coils rotate at 0.25
Hz.

Results from this digital bucking are shown
in Figs. 2 and 3. The integral field from a 4.5
m magnet a't 2 T is shown in Fig. 2. The top trace
shows the voltage from the tangential winding. The
voltages from the bucking winding are quite simi-
lar and are not shown. The lower trace shows the
bucked voltage, which is at the few-millivolt
level. The bucked signal is very clean and shows
clearly the sextupole and 18-pole terms expected
in this magnet. (The-sextupole, due to the ends,
will be much reduced in future magnets. The 18-
pole, also to be reduced in future magnets, ap-
pears at the calculated level of 0.8 units.)

A greater challenge to the measuring system
is warm measurements when the central field is
only 150 G. The second 16.6 m SSC dipole was
measured at 150 G last week, and data obtained by
inserting a 4.9 m coil iiiLO one end of the magnet
are shown in Fig. 3. Here, the signal from the
tangential coil is 4 millivolts (top) and the
bucked signal is at the 50 microvolt level
(bottom). No noise is seen in the bucked voltage,
which displays the same harmonics as Fig. 2. The
18-pole, again a useful benchmark, is as expected.

As a check on the digital technique, results
were compared with data from the existing Morgan
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Fig. 2. Voltage as a function of rotation angle
for tangential winding in a 4.5 m SSC
dipole (SLN013) at 2 T (top). Bucked
voltage versus angle for the same measure-
ment (bottom). The vertical scale is in
volts and the horizontal scale is in
degrees. Measurement is with a 4.9 m
coil.

coil system when the digital bucking was first
introduced. Representative plots from measure-
ments of a 4.5 m CBA dipole are shown in Fig. 4.
Good agreement is seen both for a low-order,
unallowed harmonic, the skew quadrupole, and for
the sextupole, which varied 60 units over the exci-
tation range of the magnet. Comparing the six
lowest-order normal and skew multipoles, differ-
ences between the two measurements were at most
0.2 units. (The comparison was made at a field
where the sextupole was small, as it will be in
the SSC. Measurements of the sextupole agree
within 4Z in the region where the sextupole is
large, -25 units). In all, the agreement between
the two systems was quite satisfactory.

ft, Keasuring Coil for 16.6 m Dipoles

Prior to the 16.6 m magnets, coils have been
powered by drive systems external to the magnet
bore. The SSC dipoles, however, are so long that
this is no longer possible. A development effort
has been under way for about two years to develop
a coil which carries its own motor and which is
also capable of determining the direction of grav-
ity. At this time, the measuring system, called

0.00000

Fig. 3. Measurement of 16.6 m SSC dipole (LN002)
at 150 G, with a 4.9 m coil. Voltage (V)
as a function of angle (degrees) for the
tangential winding (top) and for the
bucked signal (bottom).

"the mole," has been developed to the point that
it will be used to measure the first 16.6 m magnets.
This is the result of a considerable effort to locate
small components, to eliminate magnetic parts, and
to keep metals and friction to a minimum. At present,
work continutes to improve reliability and accuracy.

A schematic drawing of the mole is shown in
Fig. 5. The coil is powered by an air motor that
rotates at 7500 revolutions per minute. Following
a speed reducer, the ceil rotates at 0.28 Hz. A
feedback system, keyed to signals from the
encoder, varies the air pressure to obtain a
uniform rotational speed. The system is capable
of holding the speed constant within ±3%. Modest
increases in air pressure compensate for the ef-
fects of eddy currents, allowing the mole to oper-
ate at least up to 6 T.

The gravity sensor system contains coarse res-
olution indicators so that the orientation can be
determined anywhere within 360 degrees and
redundant fine resolution indicators which cover
a ±2 degree range. A stepping motor rotates the
mole if it turns beyond the range of the high reso-
lution gravity indicators. Currently, the gravity
sensing system achieves an accuracy of about ±1/2
mr and is independent of magnetic field up to 2 T.
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Fig. 4. Comparison of results from measurement
of CBA dipole (LM0017) with two different
measuring systems: Morgan coil (squares)
and tangential with digital bucking (+).

The tangential coil voltage and the bucked voltage
from a measurement by the mole of the first 16.6
m SSC magnet excited to 150 G at room temperature

are shown in Fig. 6, The sextupole and I8-pole
terms are seen at the expected level. The DC
offset evident in the plot will be eliminated by
auto-zeroing the DVM. Note the mall amount of
noise on this scale, 12 microvolts per division.
Some results of measurements made as the mole was
pulled down and back through the reference dipole
are shown in Fig. 7, The measurements are correct
(the dipole field is very pure, except for small
end effects) and reproduce. More studies of this
sort are underway.
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ABSTRACT

It is proposed that accelerator magnet field quality mea-
surements be performed by the well-developed techniques
of magnetic resonance imaging (MRI), which have a high
degree of resolution both spatially and in detectable inho-
mogeneity. The absolute and high accuracy of nuclear mag-
netic resonance (NMR) is an attractive feature that has only
been utilized in point measurements. MRI expands NMR
measurements to volumes and can cover long accelerator di-
poles piecewise.

INTRODUCTION

There are two traditional techniques for accelerator mag-
net field quality measurements [1]. These correspond to
point and extended volume measurements. Currently,
NMR and Hall probes are used to obtain point data. How-
ever, even though NMR is intrinsically very accurate, the
difficulty in obtaining 3D information by means of discrete
points makes this method incomplete in the sense of har-
monic content of field, which is essential information re-
quired in accelerator beam closed orbit design [2], Hall
probe intrinsic accuracies of 0.1% practically require their
usage exclusively in magnet ends, where the longitudinal in-
tegral effects are small compared to the whole magnet in-
tegral field strength. Flux (wireloop) integrators can provide
nonlocal information [3] (harmonic content, integral field
strength, and orientation — whether by probe rotation or
field change), but data acquisition resolution and stability
suffer at the level of 1 in 104, which is the required range
for design.

In recent years, the development of techniques in MRI
have demonstrated remarkable progress. Spacial resolution
of the field of view (FOV) can be obtained at a leve) of 1 in
256. Accuracies and stability of well beyond 1 part per mil-
lion (ppm) are intrinsic to the resonant techniques. Based
on the measurement of the magnetic field on a 2D axisym-
metric surface (longitudinal integral), the interior harmonic
content can be reconstructed. If the magnet longitudinal
dependence is desired, MRI can lend itself also to such
selectivity, one fine slice at a time. A review of some basic
NMR physics concepts is presented, followed by discussions
of current MRI technology, data handling, and application to
accelerator magnet measurement.

REVIEW OF NMR PHYSICS CONCEPTS

The simplest view of NMR is that of a nuclear spin sys-
tem selectively excited \>y an RF source which is part of a
resonant circuit whose effective loading varies with driving
frequency [4,5,6]. The quality factor, Q, of the circuit
changes rapidly as one sweeps through the Larmor frequen-
cy, 0>o

<u0 - - y Ho

where Ho is the DC field. The change in Q is due to the
change in the transition probability between spin states per
unit time and its Lorentzian shape factor, as obtained by
perturbation theory. The transition probability is approxi-
mately equal to

W - J f(a>)

with

IT l+(a>-a>o)2r2

where 7", is a spin-lattice relaxation time, a>i - —yH\, with
H\ the RF transverse field amplitude and y the gyromagnet-
ic ratio. A system driven from equilibrium (longitudinal)
magnetization will return with an exponential time constant
7V In water this constant is about 3 seconds, but it can be
much reduced by doping with paramagnetic impurities. Re-
laxation aside, the motion is one of free precession, much
as the classical concept of a longitudinal component (along
HQ) and a transverse component rotating at the Larmor fre-
quency M - y M x H.

In add'tion to the spin-lattice relaxation there is a spin-
spin interaction which causes the transverse magnetization
to decay with relaxation time constant T2. The concepts of
precession and relaxation are unified in a superposition
sense by the classical phenomenological Bloch equations and
subsequently validated by quantum mechanical treatment.
The Bloch equations

M - y M x H - Mil T2 - (Ml - Mg)/ 7",

where Mo. and Mil are the transverse and longitudinal mag-
netization components, respectively, admit solutions for in-
homogeneous fields of a Lorentzran distribution (not unlike
most real fields encountered experimentally), which give
rise to a transverse time constant, T2, which relates to the
field inhomogeneity Lorentzian half width ybH and T2 as

~r2 " 1 7 + vikH

in the perturbation approximation. It is essential to note
that ybH is primarily not a dissipative process; it merely is a
measure of a dephasing rate; T\ and T2 relaxations are, how-
ever, nonreversible, truly dissipative, and proceeding to-
wards equilibrium, but the coherent transverse magnetiza-
tion state can be recovered for durations comparable to T2,
by the important method of spin echoes [7].

Transformation of the Bloch equations to a rotating
frame (at frequency a>) leaves the relations unmodified ex-
cept for the meaning of the transverse magnetization and an
effective magnetic field

(/',*' — defined in rotating frame). It then is evident in the
rotating frame that, when <u - <o0 vanishes, the motion is
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dominated by effects of Hu whose modulation frequency is
conveniently chosen to match that of the rotating frame.
Ignoring slow effects of r\ and 7j relaxation, the total mag-
netization in the rotating frame is driven linearly with time,
producing a UK around the H\ vector and no effect on the
amplitude. This result can be understood to some extent
from the perturbation theory transition probability, at least
in its longitudinal effects. There is, then, a simple method
for tilting the magnetization vector by any desired angle
simply by a limited exposure to RF field H\. Two important
state transitions obtain: 90° pulses and 180° pulses.

For the narrow Lorentzian resonance width (~ 0.1 Hz in
water), there exists a method of uniform exposure of all
spins to the local resonant frequency by adiabatic fast pas-
sage. While the RF source is maintained at fixed frequency,
the main field is swept at rate HB through the resonance re-
gion. Provided the sweep rate is much smaller than a>^Hu

complete spin reversal can be attained. On the other hand,
the condition Hi/H0 « T2 must also be satisfied for the
fast passage to retain sizable magnetization after the transi-
tion through resonance, allowing subsequent detection.
This is the basic technique employed by most point-
measurement NMR instruments.

Returning to spin echoes, it now becomes clear that mul-
tiple coherent transverse magnetization states can be caused
to reccur by the following simple prescription: (a) 90°-pulse,
followed by delay T and (b) 180°-pulse, followed by delay T,
with subsequent detection. Free induction decay (FID) is
the effect of the rapidly rotating local magnetization vectors
(in the laboratory frame) inducing an RF emf in such detec-
tion loops as dipole antennae. At time r, when the local
transverse magnetization vectors will have dephased with
respect to y' due to local inhomogeneities and spin-spin cou-
plings, the magnetization vectors are flipped around x' (Hi),
thus inverting the relative phases of the fast and slow vec-
tors. An additional delay of T is allowed for rephasing. The
slowly dissipative T2 relaxation allows for 2T multiple
periods of dephase-rephase with an 180° interior pulse [8].
The rephased spins in any of these cycles make for a strong
detection signal with self-evident symmetry in time.

The RF pulse applied for both 90° and 180° pulses must
be sufficiently broadband to allow for the range of inhomo-
geneity, y&H, to perform resonant absorption. This effect
is achieved by modulating a very narrow band RF source by
a truncated (in time) sine type envelope whose frequency
domain transform is approximately a square shape.

MRI TECHNOLOGY

The construction and operation of a very compact system
for MRI purposes is described in [9J. The apparatus con-
sists of mostly commercially available components, except-
ing for the single side band transmitter, quadrature re-
ceivers, and gradient coils. The quadrature feature is impor-
tant both for signal-to-noise ratio (SNR) and phase orienta-
tion reasons: i.e., it resolves the sign ambiguity of the en-
coding gradient. A fair amount of effort can render a high
Q (~ 500) RF antenna of modest size (typical dimension of
30 cm) with reasonable volumetric field uniformity, and one
gains in SNR with decrease in size. Longitudinal field
transverse and longitudinal gradient coils must be designed
sufficiently accurately to render linear and maximal their
effective FOV. Finally, it is inevitable that a central

processor-driven pulse sequencing operation is desirable if
not mandatory.

There is a wide range of techniques for MRI operation,
These can be classified in two ways; sensitive and selec-
tive [10]. The sensitive methods do either single-point or
line detection. By a simultaneous operation of three in-
dependent frequency alternating current gradients, it is pos-
sible, in effect, to maintain a single point in space at con-
stant field and primarily receive a coherent FID signal from
this point. The point is movable in space by combined gra-
dient amplitude and RF frequency changes. The sensitive
line method is achieved by phased rotation of two gradients.
The length of the line is encoded by a third gradient, large
enough to render monotonic the inhomogeneity along the
line. This linearization creates a direct correspondence be-
tween sample space and FID resonant frequency, and is a
fundamental tool of MRI.

The selective techniques can encompass operations of
points, lines, planes, and whole volumes. The main thrust
is to do selective excitation by matching RF frequency and
gradient field and to do reselective readout, usually by
means of spin echoes. It is advantageous for SNR to work
with a large selected sample size because electronic noise is
independent of operation mode. In selective methods the
various levels of selection are generally attained by first a
90° pulse and subsequently 180° pulses. It is also useful to
end sequences with another 90°- (or 270°-) pulse that re-
turns the magnetization close to equilibrium.

Selective line irradiation is straightforward. A 90°-pulse
is coupled with a plane perpendicular to the first gradient.
At time T an 180°-pulse flips the spins in a plane perpendic-
ular to the second gradient. Then around time 2T, when the
spin echo maximum is expected from the line of intersec-
tion of the two planes, the third orthogonal gradient is ap-
plied. The FFT of the signal represents the spin density
along the line. The first two gradients and the RF frequency
can select any parallel line within the volume. (This
method, for reasons of simplicity, seems to be most ap-
propriate for accelerator magnet measurement).

In planar zeugmatography selective plane excitation is
followed by a cycle of slice projections, defined by means of
the complementary gradients. The multiple projections are
sufficient to obtain a 2D inhomogeneity description of the
slice [11]. An equivalent procedure has also been worked
out in 3D.

Planar, or 2D, FFT follows selective plane irradiation by
a constant gradient in one direction in the plane and a series
of incremental gradients in the complementary direction.
The latter gradient therefore produces a phase differen-
tiation for each frequency channel definition of the constant
gradient, during the spin echo readout, which is indicative
of the distribution along the incremental gradient direction.
Again, 3D equivalents can in principle be defined for this
method.

In accelerator magnet dipole fields, where the longitudi-
nal dependence of the field (not longitudinal field of previ-
ous nomenclature) is in principle nil and is not especially
desirable in practice, the slice selection can also be formed
longitudinally. Either ID or 2D FFT can most appropriately
be used for readout.

- 310 -



An alternative scheme for accelerator dipole magnets is
to render information only along the boundary of a polygo-
nal cell (i.e., square, hexagonal, or octagonal cross-section
pTisths) and extract the desired harmonics in the inscribed
volume by a least-squares process (rather than a 2D FFT),
This method gains in SNR in that it measures only the sur-
face where the SNR is larger than in bulk. As extra
enhancement of SNR can be attained by operating on a
number of equal polygons with incremental axial rotation, in
effect building up to a radial differential cross-section field
description as a function of azymuthal angle.

In the MRI technique it is necessary to properly super-
pose the RF and quasi-DC longitudinal gradient fields, re-
sulting ultimately in a local field description throughout the
FOV. A technique usually employed in spectroscopic stud-
ies [5] can, however, be an effective alternative to the ela-
borate MRI procedures indicated. Essentially it is an adia-
batic fast passage performed continuously while iterating the
currents on a large number of correction coils whose main
function is to optimally homogenize the total FOV. It
should be understood that the correction coils are terms of
an harmonic series expansion of the longitudinal magnetic
field.

This scheme is very simple in principle in that some sort
of optimization technique (Simplex, steepest descent, etc.)
can be run to convergence, and the result is the set of cur-
rents on the correction coils — in effect the harmonic terms.
Two modestly coupled cautionary comments need be stated
here. First, the set of currents represents a least-squares fit
of the available harmonic terms (for the global inhomo-
geneity) and not a truncation of an "infinite" harmonic ex-
pansion and, therefore, can differ in the range of harmonics
of interest (bn, an:n « 1 to 8). Unless a number (harmonic
content dependent) of higher order correction coil terms are
included, the fleid representation can be misleading - in-
cluding below eighth order. Second, even for a set of 16
correction coils the iterative process to convergence can be
very slow (the Simplex rule for the author's own algorithm
in this range of number of variables is about 100 n2 itera*;

tions to very strict convergence and perhaps 10 times faster
for loose convergence). It is almost imperative to employ
an "online" steepest descent algorithm whose convergence
can be as rapid as a few times the number of variables,
reducing the convergence process to ihe scale of seconds. It
may be fruitful to initially use a smaller cross-section sample
in order to eliminate the effects of higher order harmonics
and keep a low number of variables. Longitudinal magnet
field dependence can be very effectively measured because
piecewise longitudinal measurements should have a quasi-
converged solution for starting (except for the first set of
current measurements).

CONCLUSIONS

It has been pointed out that two different methods can
be employed to obtain harmonic content information on ac-
celerator magnet fields. First, the elaborate procedural ap-
proach of MRI with a relatively modest number of " D C "
field gradients (two if only the azymuthal dependence is
desired, three if a magnet longitudinal fluctuation is of in-
terest) provides sufficient spatial and spectral resolution for
a field harmonic decomposition. Second, the method of field

homogenization in FOV by adiabatic fast passage and correc-
tion coil iteration reduces the measurement problem to one
of "in-place" expansion into harmonic content.

From the point of view of harmonics, the advantages are
many over traditional methods of field measurement,
These include: accuracy, speed, available longitudinal depen-
dences, nonmechanical/nonmoving (for each piecewise lon-
gitudinal measurement), intrinsically calibrated. Naturally,
the methods are extensible to elaborate measurements in
other than accelerator dipole magnets, such as collision re-
gion solenoids.

A relevant experimental point is worth mentioning here.
It is that for MRI techniques to proceed accurately power
supply noise must essentially be eliminated. One very direct
means is to effect (as much as possible) a persistent mode
of operation for a superconducting dipole. This can be done
by operating a two-state (normal-superconducting) shunt
between the power supply and the magnet.

A number of disadvantages' can also be assertained.
These include: narrow-band operation (requiring multiple
ranges of instrumentation, especially for the MRI tech-
niques), utilization of less than full mechanical aperture for
field description (the rest being used by RF and " D C "
coils), lack of magnet end measurement facility, large data-
processing requirements (array processors for FFT), and
complex apparatus and control. While these disadvantages
are not insurmountable, they will give rise to a different
style of accelerator dipole magnet measurement.
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ACCELERATOR MAGNETIC MEASUREMENTS*
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The three papers presented in this session
covered the fundamentals of magnetic measurements,
the Tevatron measurement experience, measurement
techniques for SSC magnets and the measurement
program for the HERA superconducting dipoles.
These papers have touched on all important
measurement issues and in particular on problems
related to quality control of the production of
large numbers of magnets in industry. The
precision required and the precision possible in
the measurement of the new smaller (<5 cm)
aperture accelerator magnets are crucial
considerations in planning machines 'like SSC and
LHC.

In the early stages of accelerator magnet
design, magnetic measurements are used to verify
the magnetic design. Although magnetic field
codes are reasonably accurate for two dimensional
calculation of the static fields in the body of
the magnet, end fields, time dependent effects and
mechanical integrity of the magnet/cryostat
assembly must be studied by actual measurement.
Such tests are usually carried out by experts in
the controlled environment of the laboratory,
usually on short models.

Once in production, magnetic measurements
assume a quality control function. Measurements
of the coil at room temperature with a few amps of
current in the magnet can detect defective coils,
but more importantly, can be used to control
systematic drifts in field quality due to tooling
wear, etc. When the coil is assembled into the
cryostat the completed magnet can be measured at
cryogenic temperature and operating field. The
data base obtained in these measurement operations
is important beyond magnet acceptance. At
installation time magnets can be shuffled to
reduce the effects of random variations in the
field multipoles. Measurement of the field
orientation is used for magnet alignment in the
tunnel. Finally the field data used with machine
simulation can be used to understand the operation
of the machine.

The physical aperture and length of the
superconducting magnets proposed for SSC and LHC
pose special problems for magnet measurements.
Cost considerations have forced small apertures.
The good field region must include as much as
possible of the aperture. The granularity of the
coil structure relative to aperture size makes
field quality at large radius particularly
difficult to obtain. The requirements of the
field quality of such magnets are just at the

* Work supported by the U. S. Department of Energy

limit of what can now be practically measured with
available techniques. The problem is further
compounded by the trend to build longer magnets in
order to reduce end costs. Full length probes
become impractical because of sag and angular
distortion during rotation. Incremental
measurements must be made with short (about one
meter) probes and the results pieced together.
The probe rotation is driven by a shaft from the
outside or by an on-board motor. The Brookhaven
MOLE described by Wanderer is an elegant solution
to measurements of SSC magnets.

During the production of Tevatron magnets
warm measurements were made'on the coils just
after collaring. Adjustments to coil fabrication
could therefore be made a few days after eoil
winding. Cold measurements provided a check on
the warm measurements and centering of the coil in
the iron yoke. These measurements were carried in
close concert With production and were under
constant scrutiny by several physicists. We are
now entering an era, however, where laboratory
production and measurement of superconducting
magnets is no longer possible. In addition to
more precision, the measurements must be carried
o'ut in a highly reliable, automated way at the
magnet manufacturer. Meinke has shown how a
standardized warm measurement system will be used
at the several widely scattered sites where
dipoles, quadrupoles, and correction- coils will be
made for HERA. The data returns to a data base at
DESY Via a' ̂ computer network. Commercial data base
software is used to access the measurements. Cold
measurements of all magnets will be done at DESY.

FIELD UNIFORMITY REQUIREMENTS AND MEASUREMENT
PRECISION

It is important to know what absolute
accuracy is required in the measurement of
magnetic multipoles. In the SSC in particular the
requirement on the size of the harmonics is quite
stringent. (See Session A1 paper on SSC by
Tigner.) The specified values of the leading
random multipoles bx (quadrupole) - 0.7, b2 - 2.0,
a, - 0.7, a2 - 0.6 are about" a factor of five less
than those required for the Tevatron. Alex Chao
of the SSC/CDG indicated that these multipoles
should be known to ten percent with somewhat less
precision required for octupole and decapole terms
(-20J). The current limit on the measurement
accuracy see<ns to be about 0.1 units (ABn/Bo-10-5

at 1 cm radius).

It has been proposad that for the SSC warm
measurements be done on .ill magnets but cold
measurements on only 10J. It is necessary to make
a reliable correlation from the warm measurement
to the field at operating temperature. It was
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pointed out by Gilbert that warm and cold
measurements are difficult to correlate because of
mechanical changes during oool down and powering.
In the Tevatron a warm/cold correlation within
&bout ±1/2 unit was observed. It appears that
the measurement precision now attainable including
cold/warm correlation and errors introduced in
using remote measurement probes under production
conditions may yield a precision of a half unit.

Will this be sufficiently good to control
production errors, sort magnets and predict the
performance of the SSC? Clearly it is important
to work on the precision of measurements, which
must ultimately include survey and alignment
errors, end effects, lead fields, etc. Once the
practical limit is determined, tables of
measurement accuracies of random and systematic
errors (Ab vs. n) can be prepared for use by the
accelerator theorists.

The question arose as to what tolerance would
be acceptable in magnet twist. At this workshop
we have seen that the first HERA dipole has
variations in field angle of nearly ± 2mr. This
azimuthal variation results in multipole feed down
problems. Although the numbers need to be studied
Talman's feeling was that as long as the average
vertical field was known there may not be a
problem.

MEASUREMENT TECHNIQUES

The choice of probe is based on application
and the type of signal processing used. Morgan,
Radial and Tangential coils have all produced
errors <10-1*. The accuracies suggested by Chao
with the small aperture of SSC or LHC magnets will
demand both high sensitivity and geometric
precision. Advantages in one of the probe
geometries may become apparent as limitations on
reaching these accuracies are understood,
particularly if feed down of adjacent harmonics is
an issue.

Up to now probes are self-compensating (the
Morgan coil) or two or more coils are used to buck
out the primary field. Errors are introduced in
the balancing and in integrator drift. BNL has
introduced the use of high precision digital
voltmeters which measure the harmonic coil signal
and the bucking signal and extract the signal
digitally. They have compared measurements made
using the digital method with analog processing
and get good agreement. A disadvantage in
multiple stand production measurement is the high
cost of the electronics.

The BNL MOLE is an innovative solution to the
problem of measuring long small bore magnets such
as the SSC. While warm measurements are straight
forward, cold measurements require a warm "bore
tube" within the beam pipe in which the MOLE can
travel. The already small aperture must
accommodate the warm bore and still have a sense
coil of large enough radius to adequately measure
the field. Is it possible to measure magnets with

a cold MOLE? Although most of the coil drive
mechanism could be made to operate cold the
existing gravity sensor would be a problem.

Recently time dependent chromaticity changes
over tens of seconds corresponding to sextupole
changes of nearly a unit have been observed in the
Tevatron. The phenomena which is under study and
as yet not understood has been verified by
magnetic measurements. This experience points up
the need for measurement systems that are
sensitive to short time variations of the field.
In this case the BNL/FNAL magnetometer voltage to
frequency system with a Morgan coil was used.1

STANDARDIZATION OF MEASUREMENTS AND REPORTING
OF RESULTS

Standardization is, of course, desirable for
universal understanding of results. This is
particularly important for quality control in
geographically disparate manufacturing sites as in
tne case of the HERA magnets. DESY has solved
this problem by supplying identical measuring
equipment to each site and forcing the data into a
common format in computer data base network.

Understanding results using different probes
and signal processing systems will require a
detailed specification of equipment and procedure.
A suggestion was made that a round robin magnet be
used to correlate results between laboratories.
Given the awkwardness of such an arrangement a
counter suggestion was made that a round robin
probe might be better.

A continuing irritation in presenting
harmonics is the definition of the multipole
number n. There seems to be a rough separation
into European and American camps. In the European
notation the pole number is 2n while in the
American notation the pole number is 2n + 2.
Given the nearly religious adherence as to the two
notations it is probably not worthwhile trying to
settle the issue. About the best that can be done
is to urge that magnet measurement results
indicate clearly which notation is being used.

MAGNETIC MEASUREMENTS FOR QUALITY CONTROL
IN PRODUCTION

Warm measurements seem to be an effective way
to control the quality of the magnets in the
production line as shown by the Tevatron
experience. Interfacing the measurement system
with industry and imposing the quality control
system for superconducting magnets has yet to be
tried. HERA has a plan for this process and will
learn its effectiveness in the near future. SSC
planners are agonizing over the quality control
program.

Perhaps of more concern to SSC is whether it
is possible to have good quality control with lOOJ
warm measurements but only 10% cold measurements.
Clearly 100% cold measurements need to be made
dv.ring production start up and continue until
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there la a complete understanding of properties of
the magnet. At the same time ongoing accelerated
life testa of strings of magnets will help '
identify weaknesses that oan be deteoted during
individual cold measurements.

In the production of LEP magnets it was
initially assumed that only 5% of the magnets
(conventional) would need to be measured. It is
now necessary to measure all of them. Although
the particular reasons for measurement of every
magnet are not relevant to the SSC, it is clear
that unforeseen difficulties can make 100<
measurement the only option.

TRENDS IN MAGNETIC MEASUREMENTS

The need for more measurement precision in
increasingly smaller aperture magnets requires
effort to obtain better resolution and
sensitivity. Better mechanical precision and
improved electronics will help. An order of
magnitude of improvement in precision, however,
will require innovation.

One possibility is to try to take advantage
of the enormous investment made in developing NMR
medical imaging. Dan Gross who worked on magnetic
measurements of Fermilab and has since worked on
NMR imaging at General Electric presented a paper
with some intriguing possibilities for higher
precision measurements.

SUMMARY

New requirements of measurement precision by
robot measurers working in a highly reliable way
in an industrial environment presents a
considerable challenge to magnet measurers. The
success of these measurement systems are
essential, however, to the success of the new
generation of superconducting accelerators.

REFERENCES

[1] C. H. Holbrow, An Introduction to the
Isabelle Harmonic Coil Magnetometer, Isabelle
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