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Abstract:

An international collaboration at DESY is currently studying the possibilities of a new type of particle
accelerator: the superconducting linear collider [1]. Developed under the project name TESLA, which
stands for TeV Energy Superconducting Linear Accelerator, the facility would be placed in a 33 km long
tunnel and would work at the energy range of 0.5 to 0.8 TeV. TESLA opens up new horizons not only as
a particle accelerator because it can be also used to generate laser-type X-ray beams: the accelerated
electrons would be guided through a refined system of magnetic fields to form a Free Electron Laser
(FEL).

This study is about one of the components of the accelerator: the magnet package. A technical design of
this device and a cost estimate of the series production have been performed. The present report should be
understood as a Spanish contribution to the TESLA project. The study has been lead by CIEMAT (Centro
de Investigaciones Energéticas, Medioambientales y Tecnológicas) [2], and several Spanish companies
have also been involved: ANTEC, JEMA and INGOVI. Special thanks are given to the Oficina de Ciencia
y Tecnología, which has granted this work.
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Resumen:

Una colaboración internacional estudia actualmente en DESY la viabilidad de un nuevo tipo de acelerador
de partículas: el acelerador lineal superconductor [1]. Dicho proyecto se denomina TESLA, que significa
Acelerador Lineal Superconductor en el rango de energía de TeV, y la instalación se alojaría en un túnel de
33 km. de longitud, y trabajaría con energías entre 0.5 y 0.8 TeV. TESLA abre nuevos horizontes no sólo
como acelerador, puesto que también puede ser usado como generador de rayos X de tipo láser: los
electrones serían acelerados a través de un sofisticado sistema de campos magnéticos para formar un
Láser de Electrones Libres (FEL).
Este documento estudia uno de los componentes del acelerador: los imanes y sus dispositivos asociados. Se
ha realizado el diseño técnico y la estimación de costes para la producción en serie. El presente informe
debe entenderse como una contribución de España al proyecto TESLA. El estudio ha sido dirigido por el
CIEMAT (Centro de Investigaciones Energéticas, Medioambientales y Tecnológicas) [2], y han colabora-
do varias industrias españolas: ANTEC, JEMA and INGOVI. Un agradecimiento especial va dirigido a la
Oficina de Ciencia y Tecnología, que ha financiado este trabajo.
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1.- Introduction

An international collaboration at DESY is currently studying the possibilities of a new type of particle
accelerator: the superconducting linear collider [1], Developed under the project name TESLA, which
stands for TeV Energy Superconducting Linear Accelerator, the facility would be placed in a 33 km
long tunnel and would work at the energy range of 0.5 to 0.8 TeV. TESLA opens up new horizons not
only as a particle accelerator because it can be also used to generate laser-type X-ray beams: the
accelerated electrons would be guided through a refined system of magnetic fields to form a Free
Electron Laser (FEL).
This study is about one of the components of the accelerator: the magnet package. A technical design
of this device and a cost estimate of the series production have been performed. The present report
should be understood as a Spanish contribution to the TESLA project. The study has been lead by
CIEMAT (Centro de Investigaciones Energéticas, Medioambientales y Tecnológicas) [2], and several
Spanish companies have also been involved: ANTEC, JEMA and INGOVI. Special thanks are given to
the Oficina de Ciencia y Tecnología, which has granted this work.

2.- Scope of the Work.

The magnet package consists of the superconducting magnets, the current leads to feed these
magnets, the beam position monitor (BPM), the helium vessel and the power supplies [3], This study is
about the design of each component, with a detailed description of the calculations, and also about the
methods of fabrication and the cost estimate for the series production. A total of 801 magnet packages
would be necessary for the accelerator: 370 long quadrupoles with a dipole, 370 long quadrupoles
with two dipoles, 30 short quadrupole doublets with one dipole, and 31 short quadrupole doublets with
two dipoles.
The working temperature is 2 K, using superfluid helium as coolant. This report reviews the magnetic
and mechanical calculations to provide a solution, after carefully study of several possibilities. Some
draft drawings are also included. The cost estimate and the method of fabrication of the industrial
series is explained later on.
The beam position monitor is devoted to measure the transverse position in x and y directions of the
beam. It is directly soldered in one of the cap ends of the magnet. The helium vessel will contain all
the previous devices, with special care taken in the alignment and the vacuum tight closure.
The current leads are superconducting, using high temperature superconductors (HTC) as interface
between the copper leads and the superconducting magnets. A total of 4006 units would be necessary
to feed all the coils. Detailed analytical and numerical computations has been realised to optimise the
heat leaks, and the reliability of this device. Special care has been taken to make a cheap and easy to
fabricate design. The cost estimate is at the end of that chapter.
Finally, the power supplies to feed the different coils nested in the magnets are presented as a
modular design. This supplies are easy to replace, scalable, very reliable and stands for high doses of
radiation, besides hard working conditions inside the tunnel. Further information is provided on the
proposed design, with schematics and calculations. Afterwards, the cost estimate for the series is also
included.
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3.- The Superconducting Magnets.

About 800 superconducting magnet packages will be distributed over the whole length of the
collider. Each package contains a superconducting quadrupole of at least 60 T/m field gradient for
beam focusing, a superconducting correction dipole coil for vertical beam steering and an additional
superconducting correction dipole coil for horizontal beam steering in every second magnet package.

On the other side, 70 magnet packages will consist of quadrupole doublets for beam focusing
and de-focusing of 200 mm magnetic length each, separated by 114 mm.

The following Table shows the main parameters of these coils (figures for doublets in
brackets):

Coil
Nominal current

Working temperature
Main field

Higher multipoles
Magnetic length

Max. peak field at conductor
Inductance

Max. working point on load line
Bore diameter

Alignment error
Iron yoke outer diameter

Quadrupole
100
2

>60
<10-J (aaO-IO"4)

520 (2*200)
3.6
3
50
90
0.5
121

Dipole (vert & horiz)
40
2

0.074
<W

520 (2*200)
3

0.03
50
130
0.5
121

Units
A
K

T/m - T
units
mm
T
H
%

mm
mrad rms

mm

Table 3.1. Main parameters of the superconducting coils.

The purpose of this study is to define the main dimensions of the magnets to achieve a certain
requirement in magnetic field. Of course, this problem has infinite solutions and some initial constrains
must be considered in order to reach a feasible result. Some of these constrains arise from the side of
the dimensions (as the inner bore of the magnet or the operational current) and other are given by
technological reasons (as the winding procedure, for example).

Two different arrangements have been considered for the fabrication of the magnet package,
both with the same overall length and integrated field:

s A nested magnet, with one quadrupole and two dipoles combined, and

v Two independent magnets: one quadrupole with higher gradient, and two nested dipoles.

The former is the most compact design, although it is quite risky to fabricate. The easiest way
to make the assembly seems to be to wind each coil independently, and to mount them on the same
mandrel with some reference pins, wrapping around a prepreg glass fiber tube, and turning it to the
final dimension after curing in an oven. This process is dangerous, since some mistake with one of the
last coils (or connections) would spoil the whole magnet.

On the other hand, one must take into account the cross-talk, and the background field for the
quench performance of the external dipoles. For instance, the training of the combined sextupole-
dipole MSCB prototypes for the LHC was usually quite long, and finally they have decided to split it in
two independent magnets. It is a difficult choice, and maybe the last word belongs to the test results of
a prototype.

On the following paragraphs, the reader can found detailed calculations on these coils. First,
the long quadrupoles, afterwards, the short but stronger quads, and finally, the dipoles.
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3.1.-The Main Quadrupoles: General Considerations.

The key point for the design of this magnet is the low nomina! current although it is a
superconducting coil. Its aim is to decrease as much as possible the heat leaks. However, it leads to
quadrupole coils with a high number of turns, that is, a high inductance, and low quench propagation
velocity.

First of all, it is necessary to define the winding procedure, "the philosophy" of this magnet. In
order to evaluate the different methods to wind the coils, one takes into account the size of the wire,
the number of turns and connections, and the difficulty of the process.

A rough estimate of the wire cross section is possible from specifications. As the nominal
gradient is 60 T/m and the bore diameter is 90 mm, the maximum field at the conductor will be about 3
T. The maximum allowed working point on the load line is 50%, and the nominal current is 100 A, so
the necessary superconducting cross section is approximately 0.1 mm2. Assuming a copper to
superconductor ratio about 2, the bare cross section area will be about 0.3 mm2, and 0.36 mm2 if
insulated. A high number of turns (about 800) will be necessary to get the nominal gradient in a 90 mm
diameter bore with such a low current.

There are four different methods to wind this type of coils:

Regular winding with one single wire.

Regular winding with one ribbon made of several wires glued together.

Regular winding with a round cable made of several wires glued together.

Double pancake winding with a round cable or a ribbon.

For magnets with many turns the use of ribbons becomes mandatory, otherwise the winding
process becomes very tedious. The ribbon of glued wires can be made from round or flat cables. The
former are glued stronger, since the amount of resin between wires is greater, but the quench
propagation velocity is lower, due to the low heat conduction through the epoxy resin. Besides, it is
easier to trigger a quench, above all if wet impregnation is used, because of the many air bubbles and
tiny grooves present in the resin as a potential crack starter. At last, the positioning of the wires in
layers is more difficult due to the softness of the epoxy, and wires tend to nest between the ones
placed in the previous layer.

However, some problems can still arise at the coil ends. One usually designs a constant
perimeter central post. As the number of turns is quite high, and the ribbon is flat, the constant
perimeter shape is changed during the winding process. In the final turns, the tendency of the ribbon is
to jump out from the mandrel, and the wire will be probably de-bond due to internal stresses. The
simplest way to overcome this problem is by means of several end-spacers. Besides, the central post
cannot have constant perimeter, in order to reach the constant perimeter after some turns.

Round wires also suffer from a lower quench propagation speed, which makes the magnet
more critical from the point of view of hot spot temperature.

Once we have decided to use flat wire, we have to choose the most appropriate aspect ratio,
at least from the point of view of the winding procedure. A square wire has more available surface to
be glued in a ribbon than a rectangular one. The number of turns would be lower, therefore the lack of
the constant perimeter at the end is less significant, and the winding time should be lower as well. The
advantages of the rectangular wire are to decrease the number of connections and to have a bigger
surface for soldering. The last disadvantage of the square wire is that it is very easy to be twisted
during the pre-gluing, and special care must be taken to de-wrap it from the reels. After considering all
these points, we have decided to use square wire in our design as the best choice.

Table 3.2 shows in short the advantages and disadvantages of each winding method:
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Method
One single wire

Ribbon of flat wires

Round cable

Double pancake

Advantages
No connections, no
glued ribbon
Easy clamping, fast
winding process
Automatic winding
process
Easy clamping, fast
winding

Drawbacks
Very expensive and painful winding process,
complicate clamping, bad positioning
Aspect ratio of the ribbon, layer jump, connections,
pre-glued ribbon, non-constant perimeter coil ends
Big amount of resin between wires (poor filling
factor), connections, pre-glued ribbon
Connections (half than using a ribbon), pre-glued
ribbon

Table 3.2. Comparison between the different winding methods.

3.1.1.- Magnetic Calculations

At this first stage of the design of the magnets, one should decide the wire to use, the
geometry of the coils, and the quality of the magnetic field, besides the peak values.

3.1.1.1.- The Superconducting Wire

As the wire is superconducting, it is necessary to know its critical current density as a function
of the operating field and temperatures. After some rough calculations, it can be proved that the wire
cross section must be around 0.25 mm2. A round wire has higher critical current density than a flat one
for a given cross section. But we will use flat wire due to the reasons pointed out above.

Another important parameter to determine is the copper to superconductor ratio. It has been
chosen equal to 2, thanks to a mechanical criteria based on the minimum energy enough to develop a
quench. Additional simulations of the quench propagation have been made to check if the protection
of the magnet is feasible with such a ratio. Later on, the reader can find a detailed description of the
method.

There are some commercial wires with similar dimensions and composition. Most of them are
round, and they can be rolled to square shape, but losing 15% of their given critical current density.
Some commercial wires with similar cross section are shown in Table 3.3:

Wire
Bare diameter
Insulation width
Cu/Sc
Filament diameter
Jc @ 4.2K, 5T
AJc/AB @4.2K, 5T

Outokumpu
0.574
0.025

2.0
5.3

3165
690

GEC Alsthom
0.65
0.025

1.8
6

2570
465

VAC
0.73x0.42

0.02
1.8
53

2000
411

Units
mm
mm

|j.m

A/mm2

A-mm^T1

Table 3.3. Main parameters of some commercial wires

Outokumpu wire values are measured in a sample, while the others are nominal values. The
assumed numbers for our calculations are 2500 A/mm2 as the critical current density at 4.2K and 5T,
and 500 A-mm"2-T1 as its derivative at that point. These values are on the average, and even on the
safe side, because the expected peak field is below 4T, and the slope of the critical current density
curve as a function of the magnetic field is higher at low fields.

3.1.1.2.- Analytical Approach

There are a number of methods which were developed to calculate and design
superconducting magnets in the times when numerical solutions were not so straightforward. Although
results given by these approaches cannot compete in accuracy with numerical solutions, they have
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the great advantage of being simple and intuitive as they allow to predict the influence of the designing
variables in the final results, helping to find closer initial solutions when using numerical methods.

For our analysis, we will consider that the quadrupole is wound in two blocks with rectangular
cross section wire. These considerations automatically discard other possibilities as the winding in two
layers or the single block solution. Some arguments to take this decision are the following:

1) One block solution is unable to reduce harmonic content to the required values.

2) Two layers solution is difficult to wind for magnets with many turns and always requires two
winding steps and two different mandrels together with a more complicate assembly and positioning.

A.The Field Generated by a Two Block Quadrupole

For a single block as the one shown in Fig. 3.1 with the shape of a circular sector, there are
expressions for the field at a certain point in terms of multipolar components [4, 5, 6]. These formulae
also include the presence of an iron yoke which is also shown.

Figure 3.1.- Sector block with iron screen and quadrupole symmetry

For a point located at position r and cp, radial and azimutal components of the field are given
as:

B =-
7U

(a,,+bjr"+lsin(n<p)
(3.1)

where J is the current density through the block, Ci and c2 are the inner and outer radii of the
block, R the iron screen radius and an and bn are two coefficients given as:

an = \/2Ln(c2/c{)sm{n<d), n = 2

an=(\/n)

b = (l/n

- sin(«9), n
2-n 2-n

c2 ~ c i

2-n
2+n _ 2+;i

2 '-^-si^nB), for every«

(3.2)

n)R2

The use of two symmetric blocks allows the cancellation of three multipoles, n=6, 10 and 14.

Figure 3.2.- Two Blocks in Terms of Three Individual Blocks
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To find the values of the angles for which these harmonics cancel out (angles of the upper
corner defining each block) we can refer to fig. 3.2 which shows the two blocks and how they can be
treated in terms of a sum of three individual blocks.

The cancellation implies that an+bn must be null for n=6, 10 and 14, which is equivalent to
state the following set of equations:

(3.3)

sin(6(p, ) - sin(6<p2 ) + sin(6cp3 ) = 0

sin(l0cpl)-sin(l0(p2) + sin(l0cp3) = 0

sin(l4(p, ) - sin(l4cp2) + sin(l4(p3) = 0

Whose solutions are ep,= 21.59°, y>2= 26.08° and <p3= 33.60°.

Maximum quadrupolar field and gradient created by this arrangement of blocks is given as:

(sin(2(Pl ) + sin(2(p3 ) - sin(2cp2

G =
n

sin(2cp3) - sin(2<p2))

Ln (c2/c,)

hn(c2/c,) +

4 4
l - C i

4i?4

C2 -C

AR"

(3.4a)

(3.4b)

Substitution of the solutions of system (3.3) in (3.4) allows to find the expression of the
maximum field at the winding if higher order harmonics are neglected.

=ß6.5314-10-'/Cl/fC2j,with/fc2j = hn(c2/cx)
C2 ~ C 1

AR4
(3.5)

The factor ß is an empirical coefficient that takes into account the fact that real maximum field
is about 15% higher than pure maximum quadrupolar field as it can be experimentally observed when
using numerical calculations. We shall consider then that ß is 1.15 from previous experiences in the
calculation of other quadrupoles.

B. The Current-Sheet Approach

A very useful approach for magnetic and mechanical calculations is to consider the
winding as a current sheet distribution along a circumference of radius Ci. For the case of a
quadrupole this distribution is given as [7]:

(3.6)

For a magnet with an iron screen located at R, a virtual current sheet will appear at Ci*, where
c1-c-i*=R2. The amplitude of this new sheet is ga^ /ci*.

Beth's theorem provides a very simple expression to find the field inside the magnet aperture.
For a point at the mid plane located at the radius c-,, the field is given as:

1+ - (3.7)

The amplitude of the current sheet can be determined from the total current in the pole:

2 /Jg2 cos(29)c,<¿e = /, and g2 = (3.8)

So finally, expressions for the maximum quadrupolar field and the gradient are:
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1+p-

G = I + £ L
U.

(3.9a)

(3.9b)

The current sheet approach is also very useful to calculate the total self-inductance of a
magnet. This calculation is also based on Beth's formulae for the field of a current sheet. Differential
flux across an elementary surface area is given as:

d\\i = Rea\¡Bdz]

where B=By+iBx ; z=Cie'9 and dz.= Ci¡e'ed9

The flux across an elementary turn placed at a position a is given by:

(3.10)

cos(2a) (3.11)

Finally, the total flux across the full distribution (per pole) will be:

U.
And the self inductance of the magnet (per meter depth and four poles):

. 4 "

(3.12)

L =
4 H>,

1 + P- (3.13)

C - Design Procedure

Previous paragraphs have developed the tools to afford a preliminary design of the magnet,
which shall be based on the following assumptions:

s Square wire should be used in the form of ribbons.

s A two-block approach shall be used.

•f Required gradient, G, is known.

s Operational current for the wire (I) is fixed.

s Working point in the load line is given (w).

s The ratio between bare and insulated wire (y) is known.

s The inner radius of the blocks is known (ci)

s The radius for the iron screen (R) is located 5 mm away from the outer winding radius (C2).

Output variables of the design will be then:

s Outer radius of the winding.

o Number of turns.

e Copper to superconductor ratio.

o Wire dimensions.
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vending

Figure 3.3. Design procedure

The design procedure can be explained in a graphical way, according to figure 3.3, which
shows the critical current density for the winding and the magnet load line. Intersection point will
provide the maximum current density which has to be w times the operational current density
(according to the working point) which induces the maximum allowed field Bmx.

Critical current density in the winding can be computed from critical current densities in the
superconductor. If we define the parameter a as the ratio between the superconductor to the insulated
wire, critical current density for the full winding has been taken as:

- 2 429 • 10~9

B = — J

D

a
-2.429-10

10.086@4.2K

-9
(3.14)

- / +13.086 (2)2.0 K
a

If we design the magnet at 2 K, the previous graphical procedure can be expressed in terms of
the two simultaneous equations:

-2.429-10

a

,-9

G = 6.5314 -10

7^+13.086 = 7.511-:
(3.15)

w
/(c2)

Which have been directly established from (3.4b), (3.5) and (3.14).

The main difficulty now is to choose the parameter a. If we call y the ratio of the bare wire to
the insulated wire and X the copper to superconductor ratio we can write:

ot =
Y

l + X
(3.16)

While y can be well defined from wire manufacturers data, X is not so easy to define as it has a
significance importance on quench behaviour. Our approach to the selection of X will lean on
mechanical considerations, and it will be described later on. For the moment, let us assume its value is
2.

As an example let us use this design procedure to calculate a magnet with the following input
variables:

1=100 A G=60Tm"1 Working point=50% (w=2)

C!=45 mm y=0.85 X=2 ; a=0.283

Solution of (3.15) provides a value for Jmx of 802-106Am"2 while c2 is 52.32 mm. Once the
operational current density in the winding is known, we can calculate the wire side (lw) according to the
simple equation:
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/ , =100,4 =
w

-I2 (3.17)

Achieving a value of 0.5mm for the insulated wire. Finally, the number of turns for each block
(in radial and azimuthal position) can be computed once the defining angles for each block are known
((Pi= 21.59°, cp2= 26.08° and cp3= 33.60°). Thus we have:

Nm= 0.3768
21.

= 36 (3.18)

N =
21,.

that makes a total of 672 turns. Application of (3.13) provides the self-inductance of the magnet with a
value of 1.97 H. Table 3.4 shows the main parameters provided by this design method.

PARAMETER
Inner radius Ci
Outer radius c2

Yoke radius R
Gradient G
Current I

VALUE
45.00 mm
52.32 mm
57.32 mm
60 Tm"1

100 A

PARAMETER
Max. Field Bmx

Block 1 N° turns
Block 2 N° turns
Wire dim. ins. lw
Self-Inductance

VALUE
3.11 T
504(14x36)
168(14x12)
0.5x0.5 mm¿

1.97 H

Table 3.4.- Parameters of the Superconducting Quadrupole

3.1.1.3.- Numerical Approach

The analytical methods cannot consider the exact positioning of the wires, neither the non-
linearities of the problem, such as the saturation of the iron. The study of the coil ends is significant,
since they play an important role compared to the magnetic length of the straight cross section. Only
numerical methods allow an easy approach to the three-dimensional calculation of the magnetic field.

Two computational tools have been used to reach these aims:

1. X-Roxie [8]: its name stands for X-Routine for the Optimization of magnet X-sections,
Inverse field computation and coil End design. It is a code developed at CERN, and it is
based on a numerical integration of the Biot-Savart law. Each conductor is replaced by a
current line. It also includes a finite element method (FEM) based on the reduced vector
magnetic potential, which is able to take into account the iron saturation (2-D problems),
and a boundary element method, specially suited for 3-D non-linear problems.

2. Quickfield: it is a commercial software which uses the FEM to solve 2-D models.

First of all, let us review some considerations about the winding process which are important
for the field calculations:

•/ Our experience has proved that the angle of the shim between two coils must be above 10
degrees, in order to make possible the right positioning of the wires closer to the central
post, and to avoid rich filled resin volumes.

s This angle constraint also helps to decrease the difference between the outer radius of the
turns closer to the central post and the ones far away. If these radii are quite different, the
mould cannot be round to get the right dimensions of the coils.

s A fiber glass sheet of 0.2 mm width is placed in the inner radius of the coils to protect the
wires from any damage with the mandrel or the vacuum tube. It is necessary to check if it
disturbs the cooling of the coil.
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•f The minimum width of the glass fiber bandage is set to 1.4 mm. It could be slightly thinner,
but it would make difficult the instrumentation of the coils of a prototype. Besides, the
turning of the bandage is less dangerous.

We have considered three different possibilities for the quadrupole coils as shown in the
following table, together with their dimensions, quality field and electrical parameters.

40

40 SO

Designation Single block Two blocks Two layers
Nominal current 100 100 100
Magn. length 520 520 520 mm
Gradient 60.8 63.5 60.65 T/m
b6/b2 negligible 0.38 0.8 units
b10/b2 36 -0.5 -4.25 units
b14/b2 1.8 -4.55 1.6
Bare conductor 0.5x0.5 0.5x0.5 0.5x0.5 mm
Insulated conductor 0.55x0.55 0.55x0.55 0.55x0.55 mm
# conductors 43x18 35x20+9x20 50x12+22x12
Inductance 2.23 2.53 2.50 H
Peak field 3.16 3.22
Working point 43.5 43.8 42.2
Yoke inner radius 60.9 62 66.4 mm

Table 3.5. Main parameters of the different possibilities to wind the long quadrupole coils.

These are some conclusions regarding these designs:

The simplest configuration, one single block, does not allow to decrease b10 to 10 units as
required in the specifications. If particle physicists cannot deal with that figure, we must forget
about this possibility.

The best quality of the magnetic field is achieved with two blocks, but wedges are necessary, and
the end spacers are difficult to machine, and above all, quite expensive for a series production
since a five axis CNC machine is needed. However, some types of resins are commercially
available to make them mould-injected, and have been tested at CERN at this moment.

An acceptable field quality is possible with two coils overlapped, but the number of coils is
doubled, what makes the fabrication slower, as far as an additional bandage is also needed.

The highest ribbon to wind these coils would be made of 20 conductors, which has already been
used to wound some one meter long LHC dipoles, so it is feasible.

As the mandrel diameter is between 90 and 100 mm, depending on the coils, and the coil ends
must be smooth, about 100 mm will be needed to make the bending, and its effect cannot be
neglected compared to the 520 mm long straight section. Maybe additional spacers are needed to
keep the constant perimeter in the ends, since the number of turns is quite high.

It is suggested in the specifications to cover the coil ends with nonmagnetic material, but some
problems arise from a mechanical point of view. As the overall magnet length is about 620 mm,
just two aluminium shrinking cylinders are needed. If two different materials are used for the
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laminations, more cylinders are needed, in order to make the right pre-compression in the coil
ends, the most critical area to start a quench.

It is well-known that the peak field is higher in the ends than in the straight section, but it is
worth to compute if the difference is really significant. Besides, there are some degrees of freedom to
optimise the design, such as the end inclination, and the end spacers.

At last, this is the summary table for the main features of these coils:

40

40

Designation Single block Two blocks Two layers
Field quality Problems with b10 b14 a bit high No problems
Winding method Counter rotating

conventional
or Conventional Counter rotating

conventional
or

Easiness of winding Possible problems in
coil ends and inner
wires

Easy, but wedges Easy

Connections Half the number
double pancake

with Many connections:
complicated. Initial jump.

Easy

Conductor Pre-glued ribbon
width or half width

full Pre-glued
width

ribbon full Pre-glued ribbon half
width or a quarter width

Constraints Coil end shape, shim
angle, even number of
layers if counter
rotating, layer jump

Shim angle Coil end shape, shim
angle, even number of
layers if counter
rotating, layer jump

Winding tooling Very simple Simple Simple, although
mandrels

two

Impregnation tooling Simple Simple Two moulds

Table 3.6. Advantages and drawbacks of the different designs of the long quadrupole coils.

It seems sensible to choose the two block design as the most suitable option, and this is the
one we continue working on through the rest of this chapter.

Another parameter to determine is the minimum width of the iron yoke to avoid saturation. The
cross section of the iron has been modelled in Xroxie, which is able to provide the multipoles of the
magnetic field with high accuracy by means of a FEM based on a reduced vector potential method.
The B-H curve of the iron has been assumed to be ARMCO iron. Table 3.7 contains the field
harmonics for different dimensions of the outer iron yoke.

Outer iron yoke
g
b6/b2
b10/b2
b14/b2
Cond. peak field

81
57.2320

-30.70491
-0.7798
-5.0313
2.966

91
61.3067
-10.0099
-0.8309
-4.7362
3.130

101
62.893
1.3580
-0.5546
-4.6195
3.189

111
63.0927
2.9537
-0.5118
-4.6049
3.197

121
63.1617
2.1273
-0.4711
-4.6003
3.201

mm
T/m
units
units
units

T

Table 3.7. Magnetic field variation depending on the outer iron yoke radius.
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The magnet cross section is a bit different now. A hole for the flow of cooling liquid helium has
been drilled in the iron to check its effect on the magnetic field. Its diameter is 20 mm, but the
multipole variation is negligible since its centre is on a zero flux line.

Design
g
b6/b2
b10/b2
b14/b2
Cond. peak field

No holes
63.0927
2.9537
-0.5118
-4.6049
3.197

Holes
63.1363
2.3872
-0.5393
-4.5421
3.199

A
T/m
units
units
units

T

Table 3.8. Magnetic field variation if holes are drilled in the iron yoke for cooling.

On the other hand, one has to compute the multipole variation for different working points on
the load line. Table 3.9 shows the harmonics at low current (10% nominal) and at nominal values. The
magnet cross section includes iron holes, and the geometry of the coils has been changed a little bit to
make easier the winding, and to have a wider central post than in the previous design. The price to
pay is the increase of the field multipoles. Figure 3.4 depicts the field map for nominal current.

Current
g
b6/b2
b10/b2
b14/b2

10
6.3717
4.0527
-2.3697
-2.9513

100
63.5273
6.4975
-2.4430
-2.9585

A
T/m
units
units
units

Table 3.9. Magnetic field variation for different working points on the load line.

ué qusampoia TS3W503 2 blocv. coil design Z7I10JO0 12.23

Figure 3.4. Magnetic field map at nominal current.

After all these computations, the main conclusions are the following:

s DESIGN: two-block coil is the most adequate option.

s WIRE: a ribbon made from flat wire. In the computations, a square wire (0.55mm x
0.55mm insulated) has been selected, but it is also feasible to use a 1.8 aspect ratio wire.
Final decision should be make by means of the manufacturing criteria. A ribbon with 20
wires would be used during the winding.

•/ WINDING MACHINE: it should be wound in a conventional winding machine with a
rocking mandrel. Double pancake winding is not well suited for this magnet, due to the
existence of wedges and spacers.

s IMPREGNATION: vacuum impregnation is the most sensible choice, but it is very
expensive, both in time and money. A vacuum-tight mould is very difficult to close
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properly. Wet impregnation should be tried at a prototype. The main difficulty to be
overcome is the short pot life of the resin. At this moment, the existence of air bubbles in
the resin could be neglected.

Finally, a 3-D study has been performed with X-Roxie. The coil end shapes are not optimized
to minimize the integrated harmonics. This computation yields a very heavy CPU load, since the
number of conductors is very high. Figure 3.5 shows an artistic view of the coil ends and the magnetic
field both on the narrow and broad side of the ribbon.

combined quadmpole icSLASDQZ block aoil design 28/101Q0 03.27

• • / • ' '

J

1 ; u 2 j.ec

[ Z"-27 -

5 «w .

1 Z7¿ - I. ITC

«¿ra • i=» ROXÍE7.0

Figure 3.5. Left: an artistic view of the coil ends. Right: magnetic field in the coil ends.

3.1.2.- Mechanical Calculations

As a first approach, we shall compute the stress distribution in the coil through an analytical
method, and an estimate of the necessary pre-compression to avoid tensile stresses in the
superconductor assuming that all the materials are perfectly elastic. Afterwards, we will determine the
optimal copper to superconductor ratio by comparison between the minimum necessary energy to
trigger a quench and the stored mechanical energy. Finally, the cross section of the magnet will be
modelled using a FEM method including the sliding of the iron on the bandage and the anisotropic
properties of the materials.

3.1.2.1.-Analytical Calculations

The current-sheet model allows to evaluate the magnetic force density in the winding, which is
given as follows:

/ e ~~ ' in(40)sin (3.19)

f = I [l + cos (4e)]
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according to the sign criteria in figure 3.6. These expressions correspond to a force density, the
Lorentz force acting per unit length in the winding.

F(x)

Figure 3.6 Force density components

5W 5(x+dx)

Figure 3.7 Winding slice

Equations 3.19 allows to compute stresses in the pole when some simplifications are made.
The most important one is that the iron screen is so stiff that no bending moments are induced in the
winding, which is working under pure traction or compression. Let us consider an slice of the winding
(see Figure 3.7) developed along a one-dimension axis (x), for which we can write:

S[G(X + dx)- a(x)] = F(x) (3.20)

On the other hand, we have:

a(x) = Ee(x)

s(x) = -~iii
dx

(3.21)

In previous equations £ and S are, respectively, the Young modulus and the cross section
area of the coil. Finally, we can write the following equilibrium condition as a function of the coil
thickness t

Et
dè(x)

= fQdx
dx dx

Which leads to the following differential equation:

Ax
sin —

dx2

Whose solution is in the form:

(3.22)

(3.23)

Et 64
sin\

4x
Klx + K2 (3.24)

Boundary conditions in 8=0 and 9=7i/4 establish that S(x)=0, so that the final solution for
stresses in terms of the total current in the pole and the coordinate 0 is given as:

4c, U. COS1(49) (3.25)

Absolute maximum stresses are then located at 8=0 (compression) and 9=K/4 (traction) with a
magnitude of:

4c, U (3.26)

which yields a peak stress of 6.28 MPa for the given geometry of the 2-block design in Table 3.4.
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3.1.2.2. Determination of the Copper to Superconductor Ratio

This parameter, called X, plays a main role in the quench propagation. One would like to
decrease it as much as possible, in order to make the magnet smaller while keeping constant the
gradient. On the other hand, if there is a quench, the superconductor becomes resistive, and the
current goes through the copper, whose resistivity is much lower. But there is a minimum necessary
energy to develop a quench, since the existing cooling can be enough to cool down the heat
dissipated in the copper, and the superconductor recovers its superconducting state. As a
consequence, if X is high, the stability of the wire is improved. However, the quench propagation
velocity decreases because the developed electrical resistivity is lower, and the heat dissipated
decreases as well. If the quench propagation is slower, the hot spot temperature rises and the voltage
peak can damage the insulation.

In short, there are opposite criteria to choose X, and one should achieve an equilibrium within
those constraints. Our approach to the selection of X will lean on mechanical considerations.

The basic idea is as follows: from equation (3.9b) we can see that for a given gradient G, and
bore radius c-i, the overall current in the winding (NI) will not depend on its thickness, while from
equation (3.26) we see that stresses are inversely dependent on winding thickness. On the other
hand, maximum final stress in the coils will be located in the mid-plane (0=0) and will be given by the
compression ring to avoid tensile forces at the symmetry plane. This compressive stress should be
exactly twice the value given by (3.26).

If we increase X, we decrease the stresses and hence the strain energy thus reducing the risk
of a quench as it is always necessary to have a certain amount of energy density to develop the
quench [9]. Figure 3.8 shows the results from this calculation when no simplifications are made (i.e.
considering the influence of the thickness in the gradient). In the x-axis it is represented the copper to
superconductor ratio, while in the y-axis it is represented the factor to nominal current for which strain
energy density is able to trigger a quench. For X=3, for instance, at 1.65 times nominal current the
magnet is able to develop a quench. From this figure, we conclude that a value for X of 2 is a good
compromise between safety margin and winding size. Afterwards, we will study if this value is
compatible with the peak voltage and hot spot temperature during the quench.

Figure 3.8.- Cu/Sc Ratio versus Quench Triggering Current

3.1.2.3. Numerical Calculations

As it has been pointed out, analytical methods show important limitations to include the non-
linear characteristics of the materials. A commercial software application, ANSYS, has been used to
model a cross section of the magnet. It is based on the finite element method. The anisotropic
properties of the materials, and the sliding contact between the iron laminations and the shrinking
cylinder and the bandage have been considered. Lorentz forces are imported from the magnetic
calculations, and the thermal conditions are also given.

A very simplified model has been used. Therefore, just an octant of the magnet is considered
due to the present symmetries. This assumption is not completely true. As the laminations are half-
rings, a quadrant should be modelled, but also two laminations should be included since they are
turned around 90 degrees. The width of the laminations is assumed to be half of its real width, trying to
approximate that effect. A thin groove will remain at room temperature in the middle of two half rings in
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the same layer, which should disappear at cold conditions. The radii of the contact surfaces are also
slightly different, because the materials have different contraction factor, and they must fit at cold. The
outer radius is a bit eccentric (0.1 mm) to help the laminations to slide during the cooling-down, and to
avoid to be gripped with the aluminium. The eccentricity also allows to be sure of the azimuthal
position where we are applying the external pressure. Results obtained are expected to be quite fine
to provide a rough estimate of the necessary interference fit.

The following figures depict the radial and azimuthal stresses, and the radial displacements of
the magnet for a radial interference of 0.07 mm at room temperature. The width of the aluminium
cylinder is 10 mm. The tensile stresses in the aluminium are between 64 and 95 MPa. On the other
hand, the superconducting wires work only under compression stresses between 13 and 84MPa.

Another parameter to be set is the width of the iron laminations. There will not be ramping
during the accelerator operation, so the induced currents in the iron do not play a relevant role. From a
mechanical point of view, the aim of these laminations is to transfer the external pressure made by the
aluminium to the coils, and it works fine with different widths while the rigidity of the laminations is
enough. Therefore, the criteria to make a decision are economical, just to consider the different cost
factors: the material, the punching, the surface treatment and the assembly process.

It is a bit complicate to model with accuracy the non-linear behaviour of the glass fiber
bandage, because its properties depend on the amount and type of resin, the curing process and the
pre-stress during the curing. Therefore, further information should be obtained from the prototype
tests.
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3.1.3.- Quench Analysis.

The determination of the quench propagation velocity and the voltage and temperature peaks
is fundamental for the design of the magnet package. The simulation of the quench is a very
complicate problem, since electrical magnitudes, heat transfer, and material properties strongly
dependent on temperature are present. An exact formulation of the problem produces non-linear
differential equations which can only be solved numerically. Several approaches are shown in the
following paragraphs, both analytical and numerical.

The first assumption is not to take into account the cooling by the helium bath, as these
magnets are fully impregnated, and the quench propagation will be quite independent of the cooling of
the outer wires of the coil. Heat transfer equations in adiabatic conditions are much more simple,
because one avoids the determination of the convection coefficients, which are strongly dependent on
the temperature and state of the helium, on the conductor surface and geometry.

The sharp variation of the magnetic field due to the fast decrease of the current during a
quench provokes important eddy currents between the strands of the wire, and the magnetization of
the strands to avoid that the field penetrates the filament. The former are much more important, and its
effect is not negligible at all. This process is so-called quench back. Its contribution helps the magnet
to survive. At principle, we are not going to include the quench back, and if the quench simulation
shows that the magnet can be damaged, we will include this feature.

No quench heaters or damping resistors are included at this moment. They will be included if
these calculations show that the magnet cannot stand alone for the peak temperature and voltage.

3.1.3.1.-Wilson's Formulas

Wilson [9] deduces the adiabatic propagation velocity as:

J Ln

e-
(3.27)

where J is the current density, L0=2.45-10"8 WQK"2 is the Lorentz number, / i s the density, C is the
specific heat, 8S is a mean temperature between the bath temperature 90 and the temperature where
the superconductor starts the power generation.

Let us assume 9% as the current-sharing temperature #cs, which can be computed through the
expression [4]:

(3.28)

with the critical temperature decreasing while the field increases:

-10.59

(3.29)

This formula can be used only as a first approximation because all the properties are assumed
to be constant through the temperature, but it is very useful for an easy estimate. The accuracy can be
improved somewhat by taking the mean specific heat over the temperature range of the transition:

(3.30)

where Xn is the proportion of the nth component in the winding cross section, yn is its density, and COn

is its specific heat at the bath temperature.
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This is the propagation velocity along the conductor, but the transition also spreads to the
neighbour conductors. The velocities ratio a is the square root of the thermal conductivities ratio, since
the other parameters remain unchanged. In many cases of adiabatic propagation, the heat does not
diffuse appreciably into the insulation during the longitudinal travelling of the transition, so the
velocities ratio should be slightly different:

Vlong Wean \kl)

where k/k¡ is the transverse to longitudinal thermal conductivity ratio, and it can be proved that it
yields:

£ — ' c_£ — '"sulat'°" ' copper ,„ „ „ ,

"7 copper insulation

Wilson makes some additional assumptions before calculating the maximum temperature rise
in the magnet:

</ The current density remains constant until all the energy stored in the magnet has been
dissipated, and then it falls sharply to zero.

s Temperature rises are given by the MIITS expression \J2dT = U\6) ana

•/ Resistivity increases linearly with temperature.

The characteristic time TQ for the magnet energy to be dissipated in the developing resistance
may be found from the expression:

í 90LU¡A* VT U } (333)

where L is the inductance, and A is the cross section area of one conductor. This is the fundamental
quenching parameter for a simple magnet, although in most practical cases, the decay time of the
current will be greater due to boundary effects. The maximum temperature rise can be calculated as
follows:

r4 f2

£4 (3.34)

At last, Wilson derives an expression for the internal voltage, ignoring the mutual inductance
term, which will yield to a safe estimate:

t6

^L hkel (3.35)
dT TQ

which has an approximated maximum value:

V m a x ^ (3-36)

Wilson also develops some expressions to calculate the induced resistance bounded in one,
two or three dimensions. We will use the formulae for the normal zone bounded in two dimensions,
that is, the limits of the cross section of the coil. Besides, the quench usually starts in the conductors
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closer to the central post, on the inner radius of the coil, as they see the higher field. So, a good
approximation for the developing resistive ellipsoid would be to consider just one quarter, instead the
whole volume.

We have used the test data of a superconducting sextupole so-called SC-1 to check this
model. The characteristics of this magnet are shown in Table 3.10:

Nominal current
Critical current
Magnetic length
Bore diameter
Bare conductor
Insulated conductor
Inductance

389
767
150
56

0.61x1.13
0.73x1.25

13

A
A

mm
mm

mm x mm
mm x mm

mH

Table 3.10. Main parameters of the sextupole prototype SC-1

From Wilson's expressions, one can obtain the following quenching parameters:

Quench current
Longit. prop, velocity
Transverse prop, velocity
Peak temperature
Peak voltage
MUTS

410
19.36
0.86
86

122.64
16247

600
41.59
1.86
91

217.29
16681

735
108.71
4.88
67

336.14
14357

A
m/s
m/s
K
V

A's

Table 3.11. Quench parameters of the sextupole obtained using Wilson's expressions

While results recorded in the performed tests are:

Quench current
Peak temperature
MI ITS

410
85

18890

600
75

17123

735
60

11475

A
K

A's

Table 3.12. Quench test results of the SC-1 sextupole

Therefore, temperatures predicted by Wilson's method are quite similar to measured values.
The computed peak values for our draft design of the quadrupole are shown here:

Quench current
Longit. prop, velocity
Transverse prop, velocity
Peak temperature
Peak voltage
MI ITS

100
9.42
0.54
185

1776.68
2614

150
18.09
1.03
137

4437.32
2253

190
47.73
2.72
112

7162.85
2030

A
m/s
m/s
K
V

A's

Table 3.13. Calculated quench values for the draft design of the TESLA 500 quadrupole

3.1.3.2.-lterative Method

This paragraph is an extension of the preceding computations based on Wilson's theory. The
coils of these magnets are quite long compared with their transverse dimensions. We assume as
quench propagation velocities those predicted by Wilson. According to those values, one can compute
the necessary time for the quench to spread the normal state to the whole coil, and one assumption
on the safe side can be stated: the current trough the coil remains unchanged until the whole coil is
resistive. As the quadrupole has a high self-inductance, this assumption is quite feasible. During the
first instants of a quench, the magnet will become normal if propagation velocity is high enough.
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Figure 3.10. Current evolution during a quench.

From the electrical point of view, the circuit consists of a resistance and an inductance (the
power supply is switched off when the quench is detected, before the whole coil has become
resistive). Therefore, the current I through the magnet is predicted by the following differential
equation:

(3.37)

After the whole magnet is normal, the resistance of the coil can be computed as a function of
the temperature:

(3.38)

where T is the predicted coil temperature. Once the current is known, MIITS dissipated in the
coil can be computed, and for a given wire, it yields a new value of the temperature. If it is different
from the predicted one, an iterative numerical method is followed until the difference between both
values is below a given tolerance.

During the first period (QD, see Figure 3.10), the developed MIIT's can be calculated as Pqtq,
and tq computed from the propagation speed; during the second one (RL) the MIIT's can be computed
according to the following expression:

. 2

- ^ CL
2R

(3.39)

For the sextupole used to validate the model, one can obtain the following quenching
parameters:

Quench current
Longit. prop, velocity
Transverse prop, velocity
Peak temperature
MIITS

410
19.36
0.86
81.07
16767

600
41.59
1.86

116.02
21359

735
108.71
4.88

149.35
24580

A
m/s
m/s
K

A's

Table 3.14. Quench parameters of the sextupole using iterative methods

Results are similar to those from the previous model for low quench currents, but they are
quite pessimistic for values close to critical current. Compared to the test results, they remain on the
safe side.

And the predicted quench parameters for the proposed quadrupole are:
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Quench current
Longit. prop, velocity
Transverse prop, velocity
Peak temperature
MI ITS

100
9.42
0.54

85.68
2199

150
18.09
1.03

121.26
2947

190
47.73
2.72

153.72
3458
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A
m/s
m/s
K

A's

Table 3.15. Calculated quench values for the draft design of the TESLA 500 quadrupole

3.1.3.3.-Finite-difference Method

The heat balance equation which predicts the quench propagation can be stated for a unit
volume as:

^generated " stored ^conduction (3.40)

which means that the deposition of energy made by Joule effect when the superconductor transits, is
stored in the material increasing its temperature according to its heat capacity, and it is evacuated to
the nearby material by conduction, as we are neglecting convection cooling, considering it as an
adiabatic process.

Each term of that equation can be calculated per unit volume as follows:

^generated

^stored

d9

dt
(3.41)

It is a difficult calculation, since it requires the solution of a three-dimensional differential
equation, with the complexity of the geometry of the magnet, which is an anisotropic medium whose
properties depend non-linearly on the temperature. It is only possible to solve with numerical methods.
One of the most widely used is the finite difference method.

First, we will find out the equivalent electrical network for this heat flow problem. The coil will
be split up in elemental volumes, dividing each wire longitudinally in a given number of parts, such a
kind of slices (see Figure 3.11). Each element has a single node. The temperature is represented by
the voltage, and the heat flow by the current through the circuit. The equivalent electrical circuit of
each element is sketched in Figure 3.12:

Fig.3.11. Coil modelling: each element
is represented by one node. Fig.3.12. Electrical equivalent of the thermal problem

where Rtí and Rct represents the electrical equivalence to the longitudinal heat conduction through the
wire, and the transverse one to the nearby conductors, respectively. The capacitor C shows the stored
energy in the element by means of the specific heat, and Q is the dissipated power due to Joule effect,
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if that elemental volume has transited to the normal state. These parameters have the following values
as a function of the thermal properties of the coil:

Ki =
LI m

k,(0,B)A
Lim

"~kt{e,B)A
C = C(ë)A(L/m)

(3.42)

-r-
A

where m is the number of slices made in the coil, L is the length of one turn, ß is the magnetic field,
and A is the cross section of the wire.

The properties of the materials strongly depends on the temperature, so they are recomputed
each time step. A detailed description of the sources of the data is given in Appendix A.

The quench origin is simulated by assuming the critical temperature in one element, usually in
a wire close to the central post, where tfie field and the tensile stresses are higher, and the quench
start is more likely.

The electrical connections are also included in this model, since the double pancake winding
is quite different from the conventional one.

Another advantage of this model is that it is able to compute the voltage curves, and maximum
voltage at the coils is predicted.

Thanks to the finite difference method, a differential equation system with non-constant
coefficients yields a linear equation system for an iterative calculation. The number of nodes is very
high in this problem, because there are around 800 turns, and the length of each turn is around 1.3 m,
which means that at least 20 slices are modelled, leading to about 16000 nodes. The coefficient matrix
would be a 16000x16000 square matrix. It is not possible to compute its inverse to solve this linear
equation system. Fortunately, this matrix is a sparse matrix, and the solution techniques for this type of
linear systems are fast and efficient.

For the sextupole used to validate the different models, one can obtain the following
quenching parameters:

Quench current
Peak voltage
Peak temperature
MUTS

410
38.43
66.38
20079

600
97.54
81.52
22386

735
161.13
82.85
21406

A
V
K

A's

Table 3.16. Quench parameters of the sextupole using finite difference method

And the predicted quench parameters for the proposed quadrupole are:

Quench current
Peak voltage
Peak temperature
MI ITS

100
624

88.53
2199

150
1898
115.2
3916

190
3540
129.8
4167

A
V
K

A's

Table 3.17. Calculated quench values for the draft design of theTESLA 500 quadrupole

The following graphs show the voltage at each pole, the total inductive voltage in the magnet,
and the temperature and current evolution.
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Fig.3.13. Quench simulation by finite difference method: Up left: overall inductive voltage across the
magnet. Up right: voltage across each pole. Down left: hot spot temperature. Down right: current

evolution.

3.2.- The Independent Quadrupoles: General Considerations.

There is a nice alternative to the previous proposal. It is also possible to make two
independent magnets: one quadrupole and one combined dipole. In fact, just one half of the dipoles
would be combined, and the other half would be single magnets. The assembly and testing of these
magnets would be much easier than the monolithic solution, but the alignment would be more
complicated. The cost estimate for both designs is similar. The space used for connections and the
spare distance between both magnets mean that the available space for the dipoles will be very small.
We will review the. way to overcome this problem later on, in the chapter devoted to the dipoles. This
combination of magnets cannot be used for the doublets.

The maximum length for the magnets is 626 mm. Let us keep 20 mm between them, and at
least 100 mm for the dipole. Therefore, the length of the quadrupole must be less than 506 mm. The
integrated field keeps constant, so the gradient will be higher, what means more ampere-turns,
although its increment has not the same ratio than the gradient, because the iron is closer to the coil,
as there are no dipoies.

In Table 3.18, a feasible design is depicted. The effect of the iron saturation is not included. It
will be more significant than in the combined magnet, because the iron is closer to the coils and the
peak field in the conductors is nearly 20% higher.
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Nominal current

Main multipole

2na multipole

3ra multipole
m multipole

Magnetic length

Overall length

Peak field

Inductance

Working point

Bare conductor

Insulated conductor

# conductors

Yoke inner radius

40

100

73.7

6.6895

-0.3933

-1.2260

425

505

3.72

1.66

47.7

0.5x0.5

0.55x0.55

32x22+11x22

59.3

T/m - T

units

units

units

mm

mm

T

H

mnvmm

mm-mm

mm

Table 3.18. Short quadrupole parameters.

3.3.- The Dipoles: General Considerations.

Concerning the two different possibilities that we have presented, the design of the dipoles will
be completely different. In the former option, the dipoles must be cos-6 type wrapped around the
quadrupole coils. The latter allows to consider several points of view: a superferric dipole, or a cos-6
type.

3.3.1.- Nested Cos-0 Dipoles.

The dipole field is very low, 0.074 T. Its nominal current is 40 A, which leads to use a very tiny
superconducting wire, if possible round wire, as it is very difficult to make a rectangular wire with such
a small cross section. We suggest using a round wire, 0.4 mm bare diameter, wound in a single layer,
just to cover 60 degrees in order to eliminate b3. The inner dipole will have 135 turns, and the outer
140. The field in the bore would be about 0.11 T, 50% over specifications. The working point on the
load line is about 40% with the background quadrupole field. The wire could be greater, in order to
decrease the ampere-turns, but we understand that it is more interesting to have the possibility to
increase the dipole field above nominal, while still keeping a low working point.

The magnetic calculation of these dipoles is not very easy to perform with X-Roxie, because it
cannot model automatically round cables, although one can introduce its position manually. As the
higher-order harmonics are not very important at this stage of the project, and the peak field is
determined by the backfield, we have no made that computation. As it is a very thin coil, current-sheet
theorem by Beth will also provide good results for field and inductance.
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These dipole coils seem to be adequate for plain winding with wet impregnation, which is
easier and faster. This winding could be made in a conventional machine, without any special tooling
except a round mandrel. One should bend the coil to the final curvature before curing without
problems, but it must be done to be sure that the stresses do not damage the wire. Anyway, if winding
is finally performed on a mandrel, it will be fast, as only one layer of round wire is needed. In both
options, the central post could be made from a fiber glass foil, which is easily bent to the mandrel
diameter.

3.3.2.- Superferric Dipoles.

We have made an attempt to design a superferric dipole due to its economical and fast
fabrication, while keeping a high field quality, guaranteed by the shape of the iron poles, not by the
positioning of the wires like in a cos-8 magnet.

In fact, a superferric dipole means important advantages from the technical and economical
point of view, but one should remember a drawback: the fringe field can be significant if the air-gap is
long, as the present case (90 mm). It can disturb the instrumentation and also provoke a significant
cross-talk with the nearby magnets. Two independent magnets would be needed, as there cannot be
nested coils in a superferric design.

The required integrated dipolar field according to the specifications is:

£>„, =B2-Ln,= 0.0747 • 0.52m = 0.03857m (3.43)

To design a highly efficient superferric dipole, the iron magnetic field must be close to
saturation, that is, about 1.5 T. From Ampere's law one can deduce the necessary ampere-turns to get
that field with a nominal current of 40 A:

JH-dJ = NI

M - sap -
i v — —

1.5-0.09
7 - 4 0

s 2686 turns
(3.44)

Fig.3.14 Different proposals for a superferric dipole, and their magnetic field maps.
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But the magnet must be placed inside the helium vessel, whose outer diameter is 290 mm.
Several arrangements have been studied to find an optimal design. The finite element method has
been used to draw the field map. The saturation of the iron is neglected at this point.

In the left design, the stray field is negligible, and the iron field efficiency is optimal, but the
homogeneity of the field in the bore is very low, as one can deduce from the multipoies shown in Table
3.19, although the column is kept so far away as possible from the vacuum tube. In the central figures,
the coil is placed in the column, trying a different configuration, but the multipoies are still greater,
while the fringe field is very high. The different shapes of the iron try to make difficult for the magnetic
lines to close on the air, but it does not work fine.

In the right column, the field map is optimal, but the stray field is about one half of the overall
field created by the coils. Notice that the ampere-turns should be enough to create a field in the air
gap about 0.8 T, and it is below 0.4 T. Such a high stray field can create disturbances for the
instrumentation and for the surrounding magnets. Fig. 3.15 shows the magnetic field distribution taking
into account the saturation of the iron. The multipoies are still low, and not very different from the ones
in the linear simulation. A nice superferric dipole could be designed if the available space inside the
helium vessel would be greater, or the air gap smaller, but it is not possible with the present
constraints.

Dipole field
b3/b1
b5/b1
b7/b1
b9/b1

LEFT
0.5724
-288.5
-95.26
-8.42
0.8

CENTER
0.3744

483
132

-1.50
-3.76

RIGHT
0.3868

2.53
0.22

6.56E-4
-27.5E-4

RIGHT SAT.
0.3873

1.24
0.12

0.5E-4
-24.8E-4

T
units1

units
units
units

Table 3.19. Multipoies content of the proposed designs in a reference radius of 30 mm.

Flux Density
B(T)

S 1.560
1.404
1.248
1.092

i 0 936
i 0.780

0.624
!— 0.468
i 0.312
I— 0.156
I 0,000

• • > - • • • ' '

Fig. 3.15. Magnetic field map of the final design
taking into account the iron saturation.

Figure 3.16. Artistic view of the outer dipole.

3.3.3.- Independent CosB Dipoles.

The latter possibility is a cos-8 nested dipoie. Just one half of the magnets would have two
dipoles, and the other half would have just a dipole. The maximum length of this magnet is 100 mm.
That means that, in fact, we have two coil-ends glued together, and a 3-D study would be necessary
to state the right dimensions. In Table 3, the results of a 2-D analysis are depicted. We propose to use
a ribbon with ten wires.

1 unit = 10"4 relative to the main multipole
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A 3-D study has been also done, and the number of necessary turns is 55 and 65, instead of
81 and 98, respectively. The integrated field of the coil ends is very important, and the number of turns
decreases in a significant way. We have no optimized the shape of the ends, that is, the values of the
ellipse axis, but as a first attempt, there would be no straight section, in order to make the curvature as
smooth as possible. Figure 3.16 shows an artistic view of the outer dipole.

In Table 3.20, the results of the 2-d analysis are depicted.

Nominal current

Main multipole

2na multipole

3ra multipole

4tn multipole

Magnetic length

Overall length

Peak field

Inductance

Working point

Bare conductor

Insulated conductor

# conductors

Yoke inner radius

INNER DIPOLE

S3 33 -3 *"

40

0.75

-1.1003

-318.61

24.0407

52

102

-3.5

0.24

-40

0.5x0.5

0.55x0.55

81x10

59.2

OUTER DIPOLE

%

• " . ;

• ' i

40

0.87

6.8023

-90.036

15.3458

52

102

-3.5

0.3825

-40

0.5x0.5

0.55x0.55

98X10

59.2

A

T/m - T

units

units

units

mm

mm

T

H

%

mm-mm

mnvmm

mm

Table 3.20. Results of a 2-D analysis for a nested cos-9 dipole.

3.4.- Magnet Design.

It is time to sum up. Along this report, two different possibilities have been considered: a triple-
nested magnet, and a set with a stand-alone quadrupole and a nested double dipole. Taking into
account the advantages and drawbacks that we have pointed out, we think that the more sensitive
choice is the former. The main drawbacks for the latter are the lack of space, the difficulty of the
alignment and the extremely short dipoles, with a high number of additional connections.

Table 3.21 contains the main magnetic parameters of the proposed solution, and the following
one, the main geometric characteristics.
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Nominal current
Magn. length
Gradient/field
b6/b2
b10/b2
b14/b2
Bare conductor

Insulated conductor
# conductors
Inductance
Peak field
Working point

30 40 50

QUADRUPOLE
100
520
63.5
0.38
-0.5
-4.55

0.5x0.5
0.55x0.55

35x20+9x20
2.53
3.22
43.8

INNER DIPOLE

40
520
0.11

00.4
00.45

135

=40

OUTER DIPOLE

40
520
0.11

00.4
00.45

140

»3

«40

A
mm

T/m - T
units
units
units
mm11

mm2

H
T
%

Table 3 .21 . Main magnetic parameters of the proposed solution.

Bore diameter

Inner yoke diameter

Outer yoke diameter

Outer magnet diameter

Approximate weight

Overall length

Number of magnets

90

124

242

262

180

626

770

mm

mm

mm

mm

Kg

mm

Table 3.22. Main geometric parameters of the proposed solution

Regarding the doublets (70 units), their straight section length is 200 mm, and 312 mm is their
overall length. Their cross section is basically the same than the long version, but some slight changes
could be necessary to compensate the harmonics coming from the coi l-ends.

The fol lowing picture depicts a cross section of the magnet and a top view of a quadrupole
coil.

Figure 3.17. Top view of a quadrupole coil.
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Figure 3.18. Cross section of the magnet.

In the following paragraphs, let us review the fabrication process and the estimated costs for
the series production of these magnets.

3.5.- Magnet Fabrication: General Considerations

1) RIBBON: First of all, we need to fabricate the ribbons. A special purpose machine must
be designed. A draft design is depicted in Figure 3.19. The wires are stored in several reels. They are
carefully joined and placed before being impregnated with epoxy resin. Afterwards, they are rolled to
take out the excess of resin. A high accuracy is necessary in the rollers and the grooves to place the
wires, because the tolerances for the final ribbon are very tight. Finally, a linear oven cures the resin.
A motor at the end of the line draws the ribbon at constant speed (about one meter per minute).

Figure 3.19. Machine to manufacture the ribbon.

2) WINDING: Next step is the winding process. Let us talk first about the quadrupole coils.
The winding machine is not a special type. A rotating mandrel with a cradle movement is enough for
these coils, while the ribbon is stored in a fixed reel. Special care to avoid a short-circuit must be taken
in the first turn, as the ribbon must be twisted from the upper face of the main post to the inner side.

The central post must be done from a glass fiber (G-11 type) tube. Glass fiber is the most
suitable material as it successfully stands for the radiation, the low working temperature and high
stresses. The strands must be in the same plane than the central post. The tube must be split to
release internal stresses, and glued again with a wedge to fill out the groove. Afterwards, it can be
machined to the final dimensions. Also the end spacers must be done in that way. A five-axis CNC
machine is needed to machine these pieces, because their sides have constant perimeter, and do not
correspond with a simple surface, such an sphere, a cylinder, or so on.

A very thin glass fiber foil is suggested to be placed in the inner diameter of the coil. It protects
the wires during the winding, and what it is even more important, in the moment that the assembly
mandrel is pulled out. We come back on this point later on.

The winding mandrel must be done in a very hard material (annealed steel), as the central
post is fixed with dowel pins, and the holes must not be damaged with the use.
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Concerning the dipole coils, the easier way to wind them is to make a plain coil, and bend it
before curing. A very simple winding machine, just with a rotating mandrel is enough (no cradle
movement is necessary). It must be checked if the stresses due to the bending damage the coil. If
true, the coils must be wound on a round mandrel, with a similar winding machine to that of the
quadrupoles.

3) IMPREGNATION: In principle, vacuum impregnation is foreseen for the quadrupole coils.
A vacuum-tight mould is necessary, although if we place it in a vacuum chamber, just a liquid-tight
mould is enough. As everybody knows, it is very difficult to seal properly a winding mould without
wasting a long time. Wet impregnation could be used, at least in a prototype, if the winding time is
reduced up to two hours. The length of the coil and the stresses in working conditions are not critical.
Therefore, it would be worth to work on this item, since the saving of time and money in the series
production would be great.

The dipole coils will be made with wet impregnation. The mould is necessary just to keep the
right positioning of the wires.

Afterwards, the coils must be cured. As an example, the resin used with the LHC corrector
sextupoles needs 22 hours to be completely cured. Two methods are possible: to use an oven, or to
pass current through the coil. We prefer the latter, as it is very easy to control the real temperature of
the wire (by resistance measuring), and heating from the inside is more efficient and faster.

4) COIL ASSEMBLY: The four quadrupole coils are placed on a mandrel with high accuracy.
This mandrel will define the final position of the coils, so it must be carefully machined. It must be done
with a hard material (steel or anodized aluminium) as it must be used with a lot of magnets. Thin glass
fiber foils must be glued between the coils to fill out the grooves. Then, a prepreg cloth must be
wrapped around the coils with a winding tension to provide some pre-stress. This tube protects the
coils from a direct contact with iron. That pre-preg must be cured in an oven (depending on the stuff,
from 6 to 15 hours). A thermo-retractable ribbon is wrapped around to help to get out the remaining
resin. Afterwards, the tube must be turned to the nominal outer diameter with high accuracy. The end
plate for the connections must be glued to the tube with the bandage, keeping a very good alignment
with the quadrupole axis because it contains the pins to define the magnetic axis.

An alternative method would be to slip a glass fiber tube around the coils, glued with a fast-
curing charged epoxy resin. Then it is cured as recommended. It is very important to avoid the
existence of any resin drop without charge, because it will crack at low temperatures, depositing
energy enough to develop a quench. Therefore, if some space needs to be filled with resin, it must be
mixed up with pure glass fiber.

Now the dipole coils must be situated on the tube. They must be referenced to the quadrupole
coils with a high accuracy. The problem is that the dipole wires are just on the holes for the reference
pins of the quadrupoles. Two methods are available to overcome this difficulty. On one hand, to use
additional reference holes drilled in the end spacers of the quadrupoles, which must be drilled after the
curing of the bandage with a special tooling. Or, on the other hand, to use a special tooling to keep in
place the coils. The latter can be more accurate, but the curing must be done in two stages, that is,
twice the time. The curing process and the turning is made in the same way that the previous one.

Finally, if the magnet needs an additional dipole, it would be placed following the same
indications than the inner. If not, the pre-preg bandage would be a little wider, in order to keep all the
magnets with the same outer diameter, to use the same iron laminations with all of them.

The final step is the extracting of the assembly mandrel. After three bandages, the pressure
on the mandrel will be quite high, and besides it will be glued to the quadrupole wires. A retractable
mandrel is a very expensive option for a series production. If the mandrel is not retractable, the only
way to extract the mandrel is to drag from one of the ends. The mandrel is a hollow tube, and it can be
cooled down with liquid nitrogen while heating the coils to make easier the extracting.

There is a high risk to damage the wires while dragging, which would spoil the whole
assembly. To avoid this risk is strongly recommended to glue a thin G-11 sheet in the inner diameter,
although the cooling of the wires is less efficient, and the minimum quench energy decreases. If not, a
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teflon foil can be glued on the mandrel. The problem is that teflon is very soft, and it must be glued
and turned to nominal dimensions with each assembly, which is a very expensive procedure. There
are also de-moulding sprays, but they are less efficient than a teflon foil. Anyway, additional tests are
necessary to fix this stage.

5) MAGNET ASSEMBLY: First of all, we have to make the connections. The main
disadvantage of using a ribbon with so many wires is the high number of connections. For the
quadrupole, four coils with a 20-wire ribbon mean 79 connections. The dipoles are wound with a single
wire, so we can forget about them.

Figure 3.20.Connection plate. See detailed view on the right.

The connection plate will have small slots for each connection, sharing a common rail before
splitting from the ribbon, as it is depicted in Fig. 3.20. With so many connections, to eliminate the
insulation is a very heavy task, above all if it is made with a cutter by hand. An acid bath is faster, but
one should take care to avoid that the acid penetrates the wire. Ultrasonic welding provides a very low
contact resistance, but it is not very easy to do with such a tiny wire. As the nominal current is quite
low, it seems more sensitive to use soft soldering. A thin copper tube or a long copper piece must be
soldered to the joint to improve the thermal stability. It is very important to avoid any mistake at this
stage of the assembly, such as a sharp bending of a wire, since it can spoil the whole magnet.

Next step is the stacking of the iron laminations. These half rings should be made of annealed
low carbon steel or non-oriented low-silicon steel or the equivalent. The cheapest manufacturing
method is fine blanking, as a high accuracy is needed in the machining of the diameters, which yields
the interference fit with the shrinking cylinder.

Each layer consists of two half-rings, with a little groove between them at room temperature,
which disappears in cold conditions. The laminations of the nearby layers are turned by 90 degrees, to
improve the stiffness of the assembly and to avoid problems with the reluctance of the air gap, if the
contact is not perfect.

Finally, a shrink cylinder will provide the necessary pre-stress due to the interference fit. It is
usually made of anodized aluminium. Two cylinders about 300 mm long will be used. Due to the tight
tolerances (in the range of ±0.01 mm), it is impossible to machine longer cylinders. After heating up to
200°C, the cylinder slides on a teflon tool to fit around the laminations. When it cools down, it exerts a
radial pressure on the coils by means of the laminations, which plays a key role to avoid premature
quenches.

6) TESTING: Warm magnetic measurements by stretched wire method [10] must be
realised at a current of 2 A to position the magnetic axis and field orientation, and by harmonic coil
device to check the magnetic field quality. A training test is necessary as well. The individual magnets
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are energised up to 1.2 times the nominal current with both polarities, with and without the full
background field. No training is allowed up to this current.

The cheapest method to perform this test series is to fabricate a special cryostat, which holds
four magnets at the same time. Each magnet has its own current leads. Other arrangements are
possible, with a higher number of magnets, or common current leads, and some cryo-switches. We
have chosen the first one because the weight of the support structure with four magnets is about 650
kg, which seems reasonable to be handled without problems, and the input currents are very low, so
the current leads will not mean an important heat leak. Figure 3.21 shows a sketch of the proposed
cryostat.

Cold magnetic measurements are not possible with this type of cryostat as a warm bore is
needed, which makes it much more expensive. Some tricks may allow an important save of money
with the coolants, such as to use the remaining liquid helium to cool down the next set of magnets
(two support structures would be necessary).

Figure 3.21. Sketch of the cryostat. Four magnets are tested at the same time.

3.5.1.- Cost Estimate

Now it is time to plan the manufacturing of the complete magnet series for the collider. The
estimated period to fabricate the magnets is three years. The accelerator will need the following
magnets:

s 770 long magnets which consists of 770 long quadrupoles, 770 long inner dipoles and 385
long outer dipoles.

•/ 140 short magnets made with 140 short quadrupoles, 140 short inner dipoles and 70 short
outer dipoles.

That is, there are 910 quadrupoles to manufacture, what means 3640 coils, five coils per day
during three years. We are assuming that the necessary time to make a short coil is very similar to a
long one. This assumption is not far away from real life, as the only differences are the winding time
and the method of impregnation, if it is proven that wet impregnation is valid for short coils. For the
time being, let us say that they need a similar fabrication time. In the same way, there are 910 inner
dipoles, what yields two and a half coils daily, and 455 outer dipoles, what means 1.25 coils per day.
There will be necessary two shifts, eight hours each.
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Table 3.21 depicts the production scheduling with the estimated in hours times at each step.
Figures in brackets belong to activities related to the outer dipole, which is not necessary in all the
magnets.

PROCESS

Ribbon machine (1 m/min)

Winding
Closing the mould and impregnation
Curing
De-moulding, cleaning and testing
Quadrupole assembly
Glass fiber pre-preg gluing
Pre-preg curing
Bandage machining
Connections
L, R measurements
Inner dipole assembly
Glass fiber pre-preg gluing
Pre-preg curing
Bandage machining
Connections
Outer dipole assembly
Glass fiber pre-preg gluing
Pre-preg curing
Bandage machining
Connections
L, R measurements
Mandrel extraction
Iron laminations packing
Shrink cylinder fit

QUADRUPOLES
s Long: 240m -> 4

s Short: 130m -> 2.2
5.5
4.8
24
3
2
1
15
2
10
1

DlPOLES

2.5
0.5
1
1

3
1
15
2
10
(3)
(1)

(15)
(2)
1
1

2
2
1

Table 3.23. Detailed time scheduling for magnet production.

Let us sum up in the following Table the manufacturing number of hours for each magnet:

MAGNET

Long quadrupole + 2 dipoles

Long quadrupole + inner dipole

Short quadrupole + 2 dipoles

Short quadrupole + inner dipole

MANPOWER

108.2

93.2

106.4

91.4

OVEN

45

30

45

30

Table 3.24. Summary of the scheduling for magnet production

It is also necessary an engineer to plan and follow the production during three years and
another engineer during a year to help to design the tooling and to start up the facility. The average
price for this study of an engineer is 54.1 euros per hour, and 22.3 for a technician.

Table 3.25 contains the necessary tooling and the estimated price, which includes design,
drawings and manufacturing.
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TOOLING UNITS TOTAL PRICE (EUROS)

- • • _ • • QUADRUPOLE

Ribbon machine

Winding machine

Winding tooling and impregnation mould

Vacuum system for impregnation

Coil curing system (by current through the coils)

1

2

10

1

1

30000

75000

60100

22600

11300

DIPOLES

Winding machine

Windina toolina and imDreanation mould

1

5

37600

30000

MAGNETS

Assembly mandrel

Turning machine

Oven

Laminations stacking and shrink fit (long)

Laminations stacking and shrink fit (short)

Fine blanking

Cryostat

TOTAL

28

1

1

2

1

1

1

209200

75000

6000

3000

1000

45000

75000

680.800

Table 3.25. Estimated prices for the tooling of the production lines.

Table 3.24 contains the estimated prices for the materials and stuff to be used in each
magnet.
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MATERIALS LONG MAGNET

Quadrupole (4 coils)

Central post and spacers

Ribbon: wire and resin

Resin for impregnation

995

4305

58

Inner dipole (2 coils)

Central post and spacers

Ribbon: wire and resin

Resin for impregnation

68

163

7

Outer dipole (2 coils)

Central post and spacers

Ribbon: wire and resin

Resin for impregnation

70

172

10

SHORT MAGNET

910

2333

31

•

26

91

6

25

97

5

Assembly

Pre-preg cloth (if no outer dipole)

Thermo-retractable ribbon

Connection plate

Iron Stuff

Machining

Shrink cylinders Stuff

Machining

Others

111 (120)

5

425

275

329

268

258

94

43 (46)

3

425

106

128

106

136

59

Quadrupoie + 2 dipoies

Quadrupole + 1 dipole

Price per unit

7.6Í3 "" ~

7.370

Total price for the accelerator

Quadrupole + 2 dipoies

Quadrupole + 1 dipole

2.931.005

2.837.450

TOTAL PRICE FOR THE MAGNETS

i

~ 4.530

4.406

317.100

308.420

6.393.975

Table 3.26. Estimated prices for the materials of the series production

Next Table shows the expected costs for the training tests. Please notice that four magnets
are tested at the same time. Cold magnetic measurements are not included. As it can be deduced
from Table 3.26, tests mean 15% of the overall magnet cost. If an individual magnet test is performed
for the cold magnetic measurements, this ratio would be even greater. Further information is
necessary to make a decision on this point. A room temperature magnetic measurement facility will be
provided by the Contractor. Manpower costs are included with cold test ones.
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Long magnet
Short magnet

LIQUID

N 2 (L)

512
400

N2COST

326
255

LIQUID

HE (L)2

240
160

HE COST

1349
900

MANPOWER

(HOURS)

8
8

MANPOWER
COST

178
178

TOTAL COST

1.853
1.333

Table 3.27. Estimated prices of the training tests.

The following Table depicts the sum-up of the estimated costs for the series magnet
production. LQ+2D stands for "long quadrupole with inner and outer dipole", SQ+1D for "short
quadrupole and inner dipole", and so on.

MAGNET

LQ+2D
LQ+1D
SQ+2D
SQ+1D

ENGINEERING

416
416
416
416

MANPOWER

2.413
2.079
2.373
2.039

*

MATERIALS

7.613
7.370
4.530
4.406
TOTAL

TOOLING

749
749
749
749

TESTS

1.853
1.853
1.333
1.333

PRICE P.U.

13.044
12.467
9.401
8.943

UNITS

385
385
70
70

TOTAL

5.021.940
4.799.795

658.070
626.010

11.105.815

Table 3.28. Summary table of the cost of the magnet series.
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Appendix A: Material properties

Conductor Properties

Throughout this report, the specific heat per unit volume, the thermal conductivity, and the
resistivity in the normal state of the conductor are calculated as [11]:

(3.45)
rCuS 1 + rCuS

rCuS

where rCus is the copper to superconductor ratio.

Copper Properties

The copper specific heat and the copper resistivity are computed as follows:

CCu ( r ) = 10501-2 + 2.403-4 for 1 < d < 20K

8920

+ 0.7637(log^)4

pCu{RRR,Ô,B) = (l + r)pCu(RRR,8,B = 0) for2 < 9 < 900K where

_ 15.53-10'9

Po~ RRR

Pi ~ 1 +

1.171 • 10"176>449

4.498• 1O- 7 0 3 J 5 exp( -

Ao = 0.4531^2^
Po + Pi

logr = -2.662 + 0.3168logs+ 0.6229(logs)2-0.1839(logs)3+0.01827(logs)4

s =
15.53-10"95

pCu{RRR,Û,B = 0) (3.46)

where RRR is the residual resistivity ratio. The copper thermal conductivity is computed
according to the Wiedeman-Franz law, and assuming that the Lorentz constant is independent of the
magnetic field.
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Superconductor Properties

The heat capacity per unit volume of a composite Cu-NbTi conductor can be parametrized [4]
for low temperatures.

C = [(6.8/-Cl(J + 43.8)#3 + (97.4 + 69. IrCuS (3.48)

Experimental data for the heat capacity of the NbTi is hardly found in the literature, therefore
Nb and Ti data are considered (see Figure 3.22) [12], and averaged according to their weight ratio in
the alloy.

3.0E+06

5" 2.5E+06 —

E 2.0E+06 - •

S 1.5E+06 -— -
o
a
a 1.0E+06 :
o

§ 5.0E+05 i-~

Nb and Ti heat capacity

0.0E+00

200 400
Temperature (K)

600 800!

Figure 3.22. Niobium (blue) and titanium (red) heat capacity.

Experimental data about the NbTi thermal conductivity for the whole range of temperature
from liquid helium to room temperature are scarce. We have assumed the following approximation:

kNbT¡ = 0.00757

¿»677=30

CT-1-85 if T < 90K

if T > 90K
(3.49)
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4. The helium vessel: general considerations

The aim of the Helium Vessel is to house the superconducting magnets which must be cooled
to a working temperature of 2K, completely embedded in superfluid liquid helium, as well as the Beam
Position Monitor (BPM), that must be carefully referenced to the magnetic axis of the package.

The material properties and thickness of this cylindrical vessel, together with the weldings to
be carried out, have been studied in order to support an inner pressure of 5 bar (expected
overpressure in case of a quench) and the contractions due to the operating temperature. The
dimensions of the chamber are conditioned by the magnet size. The calculations have been realised
following the CERAP (Spanish Code of Pressure Tanks).

The vacuum tube is placed in the axis of the helium vessel. In one end, there is a flange to
connect with other elements in the accelerator circumference and, on the other side, the BPM, close to
a bellow and another interconnection flange.

The described design is showed in Figure 4.1:

Figure 4.1.- General view of the magnet package assembly.

4.1 Helium vessel design

The design of the helium vessel has been conditioned by the manufacturing method, thus the
vessel has been designed according to the following points:

s Main body, which is made from a rolled stainless steel sheet, longitudinally welded and
calibrated.

s End plates, that is, two disks of enough thickness (see Appendix) to avoid deformations
and misalignments at working temperature and pressure. The disk where the BPM is
welded must satisfy not only these constraints, but also it must avoid the deformations due
to the soldering process, as the tolerances of perpendicularity and concentricity are very
tight.

The elements described are shown in Figure 4.2:

Figure 4.2. Artist view of the different components of the helium vessel.
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4.2. Assembly procedure

The assembly procedure must follow these steps:

s Step 1.- Manufacturing of all the components independently and welding between the
beam tube and the end plate where the BPM will be placed (see Figure 4.3).

Figure 4.3. First step in the assembly.

Step 2.- Wrapping and welding of the stainless steel foil to the end plate. Afterwards,
welding of the BPM on the other side of the end plate (see Figure 4.4).

Figure 4.4. Second step in the helium vessel assembly.

•S Step 3.- The superconducting magnet slides to its final position (see Figure 4.5).

Figure 4.5. Third step in the package assembly.

Step 4.- Assembly and welding of the second end plate and assembly of the rest of
elements of the helium vessel: bellows and end flanges (see Figure 4.6).

•H

Figure 4.6. Artist view of the final assembly.
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4.3. Reference marks

The reference marks will consist of two pins located in the connection plate of the magnet,
diametrically opposite at a diameter of 200 mm. For better comprehension, see Figure 4.7. The
magnetic field will be measured with the reference system defined by these pins.

Figure 4.7. Reference marks on the connection plate of the magnet.

4.4. Transference of the reference marks

In the third step of the assembly, when the magnet package slides in the helium vessel, the
reference pins on the connection plate are introduced in two holes carefully machined. With these
holes as a reference, two housings had been machined with high precision on the external side of the
plate, which allows us to determine outwardly the position of the magnet reference marks, as depicted
in Figure 4.8.

4.5. Soldering procedures

All the weldings will be carried out by TIG process(141). If required, the weldings will be
performed with inert gas at the opposite side of the soldering.

Before carrying out any welding, the components must be cleaned according to the procedure
described later on.

A welding guide for the manufacturing must be developed. This welding procedure will
describe each welding with its related WPS.

The weldings to be made are shown in Figure 4.9.
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Figure 4.8. External reference marks on the helium vessel end plate.

Z)\

a!

Figure 4.9. Necessary weldings for the magnet package assembly.

4.6. Cleaning

All the areas to be soldered must be cleaned before the welding is performed, together with all
the elements embedded in vacuum conditions. The handling of these elements will be carried out with
latex gloves and they will be stored in clean areas, free of dust.

The cleaning will be performed according to the following procedure:
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1. Degreasing in vapour phase at 120°C with perchloroethylene or similar.

2. Ultrasonic cleaning with soapy demineralized water.

3. Rinsing by means of demineralized water.

4. Rinsing by immersion in demineralized water.

5. Drying in furnace by hot air at 150°C.

The assembly and welding of all the components will be realised in a clean area type 100 with
an overpressure cabin.

4.7. Leak tests

Finally, a leak test must be performed before validating the fabrication. A global leak test will
be done. In case of this test is faulty, partial tests on each component will be carried out starting with
the sealing areas.

The leak test is made sealing the component to be tested and connecting it to a leak detector
unit (helium mass spectrometer). This detector must be calibrated and have a sensitivity equal or
better than 1x10"10 mbar-l-s'1. The admissible threshold of leaks will be of 1x10'9 mbar-l-s'1.

4.8. Packing and delivery

Each manufactured vessel will be packed individually in a polyethylene bag. The boxes used
for shipping must be made of wood. They will be for one single use and completely closed.

4.9. Cost estimate

The break down of the cost per unit in a series fabrication is depicted in Table 4.1, taking into
account a time scheduling of three years for the production.

Description

Tooling (design and fabrication)

Materials (raw and commercial components)

Manufacturing (machining, assembly and welding)

Assembly of the magnet package

UHV cleaning

Test

Quality assurance provision

Other costs (copper plating, ...)

Packing and shipping

Overall cost

Price (euros)

30

1052

1232

120

45

60

27

61

90

2.717

The cost of the complete series of 811 units, would be 2.203.487 euros, taxes not included.
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ANNEX I

PRESSURE VESSEL CALCULATIONS

A.1 Thickness calculations

A.1.1 Specifications:

- Design Code:

- Material:

- Design Pressure:

- Design Temperature:

- Construction Class:

- Joint Coefficient for welded joins:

- Dimensions:

CERAP (Pressure Vessels Spanish Code).

AISI 304 L.

5 bars.

15° C (according to regulation).

B.

Z = 0.85.

in accordance with the drawing.

A.1.2 Design code

According to the premises established in CERAP 05.02-1, it fulfils the following condition:

D, 284
— 1,V_/X, *«». ! , ,_?

De 290

—» The regulation is applied.

Let us assume room temperature as design temperature.

Overpressure for corrosion is not considered.

A.1.3 Material:

Hot-rolled stainless steel AISI 304 L with the following mechanical properties:

Re (elastic limit at 0,2%) = 1.800 V 2
v ' ' / cm

R (yield strength) = 4.800 Kg/cn¡2

A.1.4 Design stress

Following the guidelines of Chapters 4 and 5 of CERAP 05.01-2, it yields the design stress:

, R 4.800

xl 3

Re 1.800
XL /0.75

= 1.600 V ,/ cm

= 1-350%

= / 2 =1.350% (4.1)
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A.1.S Calculations

s Outer sleeve:

It bears an external pressure of 5 bars with an outer diameter of 290 mm. According to the
chapter 1.1 of CERAP 05.02-1 and assuming a welded joint, the foil thickness can be calculated as:

PxDe

2xfxZ+P
= 0.63 mm (4.2)

A thickness of 3 mm is finally set as design value, to increase the stiffness of the assembly,
and to make easier the machining and welding.

•/ End plates:

Both end plates are joined to the sleeve by angle welding.

According to "05.03.GRF.5" y "05.03.GRF.6", C1 y C2 can be stated from these equations:

P

A

= 0,0037

= 0,010

• -> C\ = 0,46 ->C2 = 0,38 (4.3)

As the sleeve is 3 mm thick:

efondo=C\-Di^\-=1.95mm (4.4)

At this moment, it is important to point out that this is not a simple end plate whereas the joint
welded to the inner sleeve of 84 mm is a significant reinforcement. In consequence, this plate could be
thinner. On the other hand, this plate must assure the stiffness of the full assembly, and what is more
important, a tight tolerance in the parallelism with the BPM and magnet cavities, even after welding
and final assembly. So, a plate of 10 mm thick is fixed for the design.

s Inner Sleeve:

As it bears a external pressure of 5 bars with an outer diameter of 84 mm, and according to
CERAP 06.01-2 chapter 2.1, one can obtain from 06.02.GRF1 and 06.02.GRF9 the following values:

De
= 28>10

L_

De
= 7,512

A = 0,0016 -> B = 85 MPa (4.5)

P
B

allowed 3 De/
/ e

= 4,05 MPa (4.6)

what is well above the nominal overpressure of 5 bars (0.5 MPa).
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5.- The Power Supplies : General Considerations

The superconducting magnets for the TESLA500 project, require a number of power supplies
with specific characteristics which must be defined according to the following relevant issues:

« System reliability
s Environmental radiation level
« High efficiency and low thermal losses
e High precision
o Modularity and interchange capability
« Ability to absorb the stored energy in the magnets
® Good system maintenance

There are four types of magnets to be fed with the power supplies proposed in this report,
according to the following classification:

Table 5.1.- Magnet types for TESLA 500
TYPE OF
MAGNET

Bipolar (Dipole)
Bipolar (Dipole)
Unipolar(Quad.)
Unipolar(Quad.)

NOMINAL
CURRENT (A)

40
20
100
50

MAXIMUM
VOLTAGE (V)

+/-10
+/-10
+10
+10

MAGNET SELF-
INDUCTANCE(H)

0.029
0.029

2.3
2.3

CURRENT
ACCURACY(mA)

4
2
10
5

Present report details functional specifications for the power supplies for the magnets described in
table 5.1.

5.1." General Description of the System

Every Power Supply (PS) will be fed from 400V /50 Hz 3-phase a.c. current, which will be
connected to each cabinet of the converters through a 3-phase protection switchgear.

Inside each cabinet there will be placed three power supplies: one 100 A unipolar unit, a 40 A
bipolar unit and, finally, a 20 A bipolar supply or, alternatively, any other combination of power
supplies with the same number of units.

Grid voltage will be rectified and regulated to achieve a 400 V d.c. stabilised voltage with low
ripple. This conversion will be redundant by means of converters as described in 5.2.1.1. The three
power supplies in each cabinet will be fed from this d.c. current. This d.c. voltage will be galvanically
isolated and regulated with d.c./d.c. converters as described in 5.2.2.1.

Output voltage for every power supply can be regulated in amplitude using a PWM technique
from a reference value given by the control system for each power supply, which will also provide a
low ripple output (less than 200 mV pp) in all the output range. The d.c./d.c. converters can work in
parallel, thus automatically shearing the current.

For the unipolar coils, there will be series connected devices to provide a negative voltage to
discharge the magnets. These devices will consist of a number of diodes also connected in series with
a discharging resistor in parallel with the full arrangement. This will increase the safety of the whole
system. The complete device can be short-circuited by means of relays, so that under nominal
operation they will be short-circuited and when energy absorption is required, the relay will be opened,
thus providing the necessary voltage drop. As a safety conditions these relays will be duplicated.

For bipolar magnets, d.c./d.c. converters will also be used, which will be identical to those for
the unipolar magnets. Along with these converters there will be a further MOSFET H bridge stage to
allow the commutation of the output polarity to provide positive and negative voltages and currents. To
absorb the discharging energy of the magnets, the current flowing path will be established though the
inverse diodes of the H bridge, towards the d.c. side of this stage, which will include a capacitor to
absorb part of the energy increasing its voltage. To control this voltage there will be placed a
discharging resistor with a control MOSFET.



Cferaso* DESIGN AND FABRICATION STUDY ON THE TESLA500
SUPERCONDUCTING MAGNET PACKAGE

Issue 1.0 THE POWER SUPPLIES Page 2/11

This MOSFET can be switched ON or OFF. If the voltage across the capacitor is higher than
the reference value plus a margin (K1), the MOSFET will be switched ON, the resistor is connected
and there will be provided an alternative path to discharge the energy. When the voltage is reduced to
the reference value plus another margin (K2, K2<K1), the MOSFET will be switched OFF and the
discharging energy will increment again the capacitor voltage. This cycle will repeat allowing the
control of the d.c. side voltage during recovery operation.

For safety reasons it will be also included a voltage limiter at 16 V using series connected
diodes and a low value limiting resistor.

Control unit for every power supply will include a DSP and a microprocessor plus the
necessary analogue circuitry. This unit receives the theoretical current reference value from the
Remote Control Centre and establishes the theoretical output voltage for the d.c./d.c. converter of the
PS. Actual value of the output current is measured with a precision shunt and then amplified to the
required levels. To achieve the necessary accuracy, the temperature of the shunt and amplifiers is
kept constant using Peltier cells at 35° C +/- 1°C. The control compares the reference and the actual
values for the current and varies the output voltage to maintain the specified value within the required
accuracy.

Communications between the cabinet and the Remote Control Centre is achieved with a PLC
S-7 placed inside each cabinet. This PLC allows the information transmission about status, actual
current and voltage levels in each of the three magnets fed from each cabinet, regulation parameters,
etc.

5.2.- Description of Each Module

5.2.1.-Cabinet

Dimensions of the cabinets are: Height = 1100 mm, Width = 600 mm, Depth = 800 mm.
Accessibility to the cabinet will be through the frontal side. Every Cabinet will house the following
common elements:

5.2.1.1.- Input Rectifier Stage

Two units in each cabinet so that, even in the case one of them failures, the system will
continue to operate. Main features of these units will be:

« Plug-in connections with appropriate connectors
o Extractable and insertable during operation
e Input voltage: 400 V rms +/- 5%, three phase, 50 Hz +/-1%. Short Circuit Current<= 10 kA
» Output Voltage: 400 V d.c (regulated within 1% accuracy). Output ripple< 0.5%. Current limitation.

Regulation Curve: -IR for parallel operation. Output current limitation.
® Output provided with coupling diodes in both polarities
a Input swithchgear and connection relay with limitation resistor to reduce inrush current
o Steady-State operational current 5 A (2000 W)
o Dimensions per module: Height = 2U(90 mm), Width = 220 mm, Depth = 300 mm. Weight = 2 kg
o Alarms/signals: Module Failure / Module on Service

5.2.1.2.- Central Control System Interface

This interfacing will be performed with PLC S-7 or equivalent, allowing communications of the
PS located in the cabinet and the rest of components with the Control System via optic-fibre.

Signals for communication are:
e a.c./d.c. module status (Failure/Operation).
e Refrigeration status (Failure/Operation).
» Status of each PS located in the cabinet.
e Input Current reference values for each PS located in the cabinet
» Input Regulation parameters for each PS located in the cabinet
© Output of the actual current values for each PS located in the cabinet
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« Output of the output voltage values for each PS located in the cabinet
o Input for commands for each PS located in the cabinet
o Output for quench Status for each PS in the cabinet.

5.2.2.- PS Components for Unipolar Magnets

5.2.2.1.- d.c./d.c. Converter

Depending on the required current each PS will include the necessary number of single modules (see
paragraph 5.4). Each d.c./d.c. module has the following characteristics:

« Input voltage: 400 V from the a.c./d.c. stage
» Input relay with a resistor for inrush current limitation
» Plug-in connection (extractable and insertable in operation)
» Input filter
e MOSFET H-Bridge working at high constant frequency with PWM and double modulation (+V.0-V)
» Output filter to reduce voltage ripple down to 200mV pk-pk
« Output voltage regulation between 0 and 10 V
e Maximum steady-state current 25 A in all the voltage range
e Output voltage ripple less than 200 mV pk-pk
® Input/Output isolation = 1000 V a.c. 50 Hz during 60 s
e Output Freewheeling diode
«> PWM Regulation with output voltage control. Load equalisation for parallel operation (-IR

performance). Current limitation to 27 A and internal failure detection
® Output voltage as a function of the assignated value from the control module
© Output voltage accuracy: better than +/- 0.05 V in steady conditions
o Dimensions: Height = 6U, Width = 12 TE( 7U in 600 mm), Depth =300 mm. Weight = 2.5 K

5.2.2.2.- Negative Voltage Switch (NVS)

This switch allows the straight connection of the d.c/d.c. module and the load, and also the
connection through diodes providing a negative voltage drop and a parallel resistor in parallel with it as
a safety factor.

Both, the series arrangement of diodes as well as the resistor, are designed to absorb all the
energy stored in the corresponding magnet. This is the reason why there are two different types of
these modules (for 100 A and 50 A).

The seven diodes in series álow a voltage drop of 6.4V (0.8V per diode plus the freewheeling
diode). The resistor will have the necessary value for a voltage drop of 100 V at nominal current and
will allow to dissipate all the stored energy in the magnet without heating up to more than 160°C.
When the voltage across this resistor is higher than 16 V, the " diode failure" alarm will be on.

There will be one NVS per unipolar power supply.

5.2.2.3.- Regulation

The regulation module will contain:
» A precision shunt for the measurement of the output actual current.
s Amplification circuitry for the shunt signal.
e Power supply (duplicated).
8 Communication circuits with the S-7 system for cabinet monitoring.
e Current control circuits, commanding the dc/dc stage.
a Temperature control of the current measuring devices with Peltier cells.
o Regulation module receiving the reference output current value from the remote control system

through the PLC S-7 placed in the cabinet.
e It also receives the actual current value through the shunt and associated amplifier.
« It compares both values and establishes the suitable voltage at the dc/dc stages already

described.
e It includes a 22 bit DAC conversion.
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5.2.3.- Bipolar Power Supplies Elements

dc/dc specific components are identical to those described in 5.2.2.1 for the unipolar
magnets. To inverse the polarity in the output current there will also be an H bridge inverter stage
using MOSFET (dc/ac).

This unit allows to switch the magnet current polarity. It is based on a four MOSFET bridge
with the necessary protections. Polarity commutation takes place from the control system as a function
of the reference current polarity (+/-).

Inverse diodes associated to MOSFET will allow the current flow for each sense through the
dc input in that stage, which includes a capacitor to store the energy in the magnet, thus increasing
the voltage across its terminals. To avoid overvoltages, there will also be a Crowbar (CRW) device,
which will be described later on.

The unit will be divided in 20A modules, able to be connected in parallel. It also includes a
relay with an inrush current limitation resistor. These modules will also be able to be plugged and
unplugged during operation.

Module dimensions are: Height 3U, width 12 TE and depth 300 mm. Estimated weight is 2 kg.

5.2.3.2.- Crowbar (CRW)

To absorb the energy stored in the correspondent magnet, avoiding dangerous overvoltages
in the dc side, a crowbar is included as it was already mentioned. It consists of a resistor and a
MOSFET operating as a static switch. The control of this MOSFET is established according to the
reference value given by the voltage control system.

If the actual voltage is higher than the assigned voltage to the MOSFET in a preselected
value K1, the MOSFET will switch to the ON state, the resistor is connected providing a discharging
path for the magnet current. Under these circumstances, dc current will decrease until it achieves
another preselected value K2 (lower than K1) and the MOSFET will switch to the OFF state
disconnecting the resistor.

This operation will repeat the necessary number of times until all the stored energy in the
magnet is absorbed. As an additional safety element a redundant crowbar will be placed in parallel.

This second crowbar will include two diodes with a voltage threshold of 16 V. In series with
this diodes a low value resistor will be connected for limiting considerations.

If this threshold is achieved as a main crowbar failures, the correspondent alarm will be fired.

5.2.3.3.- Regulation

Regulation of this power supply is similar to the one described in 5.2.2.3, being bipolar in this
case.

5.2.4.- Environment

These power supplies must operate in a high radiation environment. For this reason it is
foreseen to use standard electronics with professional quality. To protect the circuits from radiation, a
12 mm thick lead screen will be placed in the lateral sides of the cabinets, which will be located inside
the steel walls of the cabinet. Refrigeration is done by means of forced air circulation with fans.

This offer DO NOT INCLUDE the water-air heat intercooler. An additional air-air refrigeration
system is included as a safety factor.



OÜEMSBO& DESIGN AND FABRICATION STUDY ON THE TESLA500
SUPERCONDUCTING MAGNET PACKAGE

Issue 1.0 THE POWER SUPPLIES Page 5/11

5.3.- Technical Characteristics Summary

Table 5.2.- Technical Characteristics
Partn°

1
1.1
1.2
1.3
1.4
1.5
2

2.1
2.2
2.3
2.4
2.5
2.6
2.7
2.8
2.9
2.10
2.11

3
3.1
3.2
3.3
3.4
3.5
3.6
3.7
3.8
3.9
3.10
3.11
3.12
3.13

4
4.1
4.2
4.3
4.4
4.5
5

5.1
5.2
5.3
5.4
5.5
6

6.1
6.2
6.3

Item
a.c. supply

Phase to phase r.m.s.Voltage
Number of Phases

Frequency
Shortcircuit Current

Power Factor
a.c./d.c. supply

Supply
d.c. Output Voltage

Output Voltage Ripple
Input-Out Isolation
Parallel Coupling

Inrush Current
Output current per Module
Output Current Limitation

Input-Output Isolation
Plug-In

Efficiency
d.c. Converter

Supply
Inrush Current
Output Voltage

Output Voltage Ripple
Output Current per Module

Freewheeling diode
Output Voltage Static Stability

Current Limitation
Type of Commutation

Type of Regulation
Internal Module Failure Detection

Input-Output Isolation
Efficiency

Negative Voltage Switch 100A
Negative Voltage

Number of Diodes in Series
Nominal Current

Energy
Parallel Resistor

Negative Voltage Switch 50 A
Negative Voltage

Number of Diodes in Series
Nominal Current

Energy
Parallel Resistor
d.c./a.c. Inverter

Supply
Maximum Inrush Current

Current per Module

Nominal Val.

400 V
3

50Hz

0.93

See point 1
400 V

NO
YES (-I*R)

5A
YES
NO

YES

See point 2

25 A
YES

YES
Fixed Frequency

PWM
YES
YES

-6.4 V
7

100 A

1 Ohm

-6.4 V
7

50 A

2 Ohm

See point 3

20 A

Maximum Val.

+ 5%

+1%
10 kA

+1%
0.5%

<1.1* I max.nom.
6A

93%

1.1* I max.nom.
10Vdc

200 mV pk-pk
27A

+0.05 V
27 A

Selective

90%

110A
15 kJ
100 V

55 A
4kJ

100 V

1.1*1 max. nom.
22 A

Minimum Val.

-5%

- 1 %

- 1 %

0A

OVdc

0A

-0.05 V

V>,°C,>f,V<
1KV, 50 Hz, 60s

500 W

200 W
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Partn°
6.4
6.5
6.6
6.7
7

7.1
7.2
7.3
7.4
7.5
8

8.1
8.2
8.3
8.4
8.5
9

9.1
9.2
9.3
9.4
9.5
9.6
9.7
9.8
9.9

9.10
9.11
9.12
9.13
9.14
9.15
9.16
9.17
10

10.1
10.2
10.3
10.4
10.5
10.6
10.7
10.8
10.9

10.10
10.11
10.12
10.13
10.14
10.15
10.16
10.17

Item
Output Voltage

Efficiency
d.c. Input Capacitor

Input-Output Isolation
Crowbar 40 A

Current
Discharging Resistor

Threshold connection voltage
Threshold discon. voltage

Safety Threshold
Crowbar 20 A

Current
Discharging Resistor

Threshold connection voltage
Threshold discon. voltage

Safety Threshold
Unipolar Power Supplies 100 A

Voltage
Current

Current reproducibility
Current Accuracy

Current Ripple
Voltage Ripple

Operational Temperature
Preparation Time
Quench Detection
Internal Interlocks

Beam Inhibit Signal
Commands

Main Contact
Actual Current

>° C
Error Message

Inductance
Unipolar Power Supplies 50 A

Voltage
Current

Current reproducibility
Current Accuracy

Current Ripple
Voltage Ripple

Operational Temperature
Preparation Time
Quench Detection
Internal Interlocks

Beam Inhibit Signal
Commands

Main Contact
Actual Current

>° C
Error Message

Inductance

Nominal Val.

15 nF
NO

40 A

20 A

>10V,>dU/dt
>°C; lo ;>Vo

Relays Contacts
Switch
On/Off

YES
Alarm

YES
2.3 H

>10V,>dU/dt
>°C; lo ;>Vo

Relays Contacts
Switch
On/Off

YES
Alarm

YES
2.3 H

Maximum Val.
+10 V

96%
30 V

50 A
0.1 Ohm

+0.3 V(incremental)
+0.1 V (incremental)

16V

25 A
0.1 Ohm

+0.3 V(incremental)
+0.1 V (incremental)

16V

10 V d.c.
100 A

+10 mA
200 mV pk-pk

40° C
1 hour

U-L*di/dt
Quench Detection
Opens 2s in case of

On/Off

10 V d.c.
50 A

+5 mA
200 mV pk-pk

40° C
1 hour

U-L*di/dt
Quench Detection
Opens 2s in case of

On/Off

Minimum Val.
-10 V

100 W

60 W

-6.4V/-100V

5 mA
10 mA

-10 mA

20° C

Failure or Turn off

-6.4V/-100V

2.5 mA
5 mA

-5 mA

20° C

Failure or Turn off
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Partn0

11
11.1
11.2
11.3
11.4
11.5
11.6
11.7
11.8
11.9

11.10
11.11
11.12
11.13
11.14
11.15
11.16
11.17

12
12.1
12.2
12.3
12.4
12.5
12.6
12.7
12.8
12.9

12.10
12.11
12.12
12.13
12.14
12.15
12.16
12.17

Item
Bipolar Power Supplies 40 A

Voltage
Current

Current reproducibility
Current Accuracy

Current Ripple
Voltage Ripple

Operational Temperature
Preparation Time
Quench Detection
Internal Interlocks

Beam Inhibit Signal
Commands

Main Contact
Actual Current

>°c
Error Message

Inductance
Bipolar Power Supplies 20 A

Voltage
Current

Current reproducibility
Current Accuracy

Current Ripple
Voltage Ripple

Operational Temperature
Preparation Time
Quench Detection
Internal Interlocks

Beam Inhibit Signal
Commands

Main Contact
Actual Current

>° c
Error Message

Inductance

Nominal Val.

>10V,>dU/dt
>°C; lo ;>Vo

Relays Contacts
Switch
On/Off

YES
Alarm

YES
29 mH

>10V,>dU/dt
>°C; lo ;>Vo

Relays Contacts
Switch
On/Off

YES
Alarm

YES
29mH

Maximum Val.

+/-10Vd.c.
+/- 40 A

+4 mA
200 mV pk-pk

40° C
1 hour

U-L*di/dt
Quench Detection
Opens 2s in case of

On/Off

+/-10Vd.c.
+/- 20 A

+2 mA
200 mV pk-pk

40° C
1 hour

U-L*di/dt
Quench Detection
Opens 2s in case of

On/Off

Minimum Val.

-6.4V/-100V

2 mA
4 mA

-4 mA

20° C

Failure or Turn off

-6.4V/-100V

1 mA
2 mA

-2 mA

20° C

Failure or Turn off
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5.4.-System Composition

Table 5.3.- System Composition
Cabinet

Configuration

1xPs 100A+10V
1xPs40A+-10V
1xPS20A+-10V

ac/dc5A 400V
Input Module

2

dc/dc 25A
Modules

11

NVS
Modules

1x100A
1x50A

dc/ac 20A
Modules

5

Crowbar

1x40A
1x20A

PLC

1

Regulation
Unipolar
Module
1x100A
1x50A

Regulation
Bipolar
Module
1x40A
1x20A

Configuration
PowerSupply

PS 100A +10V

PS 50A + 10V

PS40A +-10A

PS 20A +-10V

6
3
3
2

1x100A
1x50A

3
2

1x40A
1x20A

1X100A
1x50A

1x40A
1x20A

5.5.- Budget and Price Breakdown

5.5.1.- Series Production

According to the definition of modules established in previous paragraphs, table 5.4 defines
the price breakdown, as well as the overall price for the power supplies, all of them in Euro.

Table 5.4.- Price Breakdown and Overall Price
ITEM

Cabinet with PLC, refrigeration and Lead
Protection:
a Cabinet (with internal cabling)
® Lead Protection
o PLC
s Refrigeration (air/water exchanger excluded)
TOTAL
ac/dc Module 5A
dc/dc Module 25 A
NVS Module 100 A
NVS Module 50 A
dc/ac Module 20 A
Crowbar Module 40 A
Crowbar Module 20 A
Unipolar Control Module
Bipolar Control Module
Communication Software

Unit Price

2255.0
1764.0
1659.4
473.4

6151.8

811.5
455.7
751.4
640.2
354.7
691.3
616.8

2.396.7
2.436.3
42077.5

N° of Units
860

1.720
7.095
430
430
3225
645
645
860
1290

1
TOTAL PRICE

TOTAL PRICE
5.289.548,0

1.395.780,0
3.232.191,5
323.102,0
275.286,0

1.143.907,5
445.888,5
397.836,0

2.061.162,0
3.142.827,0

42.077,5
17.751.606,0
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5.6.-Annex: Electric Diagrams of the Modules

ilimit
-I*R

X I "

! i
-*—o

Figure 5.1.- d.c/d.c. Module 25 A (Input 400 Vdc. Output 0 to +10 V de)

v>

RELAY 1

Figure 5.2 Negative Voltage Switch Module (NVS)
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Figure 5.3.- Module d.c./a.c.
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Figure 5.4.- Crowbar
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Figure 5.5. Input Module a.c./d.c.
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DAC
22 BIT Ic

Vc for
d.c./d.c.
0/10 V
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DAC
8 BIT Q1
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8 BIT Q2

G
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DAC
8BITT
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T

+10V
Mode
ov
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-VMode

Figure 5.6.- Central Control System

a.c./d.c.

a.c/d.c.

UNIPOLAR
REGULATION
(100 A)

BIPOLAR
REGULATION
40 A

BIPOLAR
REGULATION
20 A

Figure 5.7.- On-Line Diagram

d.c./d.c.
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d.c./d.c.
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UNIPOLAR
LOAD
100 A

d.c./a.c.

BIPOLAR
LOAD
40 A

BIPOLAR
LOAD
20 A
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T300K

Resistive part

6.- The HTc Current Leads: General Considerations

The proposed solution, based on the ideas given in [1], is an hybrid current lead, with a normal
resistive part and a superconducting module using BSCCO rods. The resistive part is only refrigerated
through conduction and consists of a normal conducting metal.

Resistive part will take the current from the lead input at
300 K to the connection point to the superconducting part at, about
50 K, while the superconductor will connect this point to the
magnet input at 1.8 K. This interconnection point will be thermally
attached to the so called intercept screen which is helium gas
refrigerated to maintain the temperature at 50 K.

Figure 6.1 depicts a general scheme of the solution and its
main components.

The superconducting module consists of BSCCO 2212
rods which are laser textured. This rods are mechanically
protected with the help of a glass-fibre tube, while electrical
protection against a quench is achieved by means of a stainless
steel shunt.

Technical and construction details of the solution are
presented in point 6.3.

50 K 'lOK He gas

inferaThermal intercept

Superconducting part

1.8K

Figure 6.1
6.1.- Calculation of the Resistive Part

The calculation of the resistive part is aimed to find out which are its optimum dimensions.
Starting equations for this process are the classical heat conduction equations with convection to the
refrigeration media [2]. As in our case this term is not present, further simplifications can be made.
Variation of the thermal conductivity and electrical resistivity with temperature are also taken into
account.

This set of equations can be written as:

d[À(T)AdTIdx]ldx+p(T)!2 I A - Ph(T-8) = 0

(6.1)

Ph(T-6) = mcpd9/dx

where A(T) and p(T) are thermal conductivity and electrical resistivity, A is the cross section area, P
the refrigeration perimeter, h the convection coefficient and /the current through the lead. Tand 0 are
the lead wall and the refrigeration gas temperature, cp the gas heat capacity and m the gas massic
flow. Making use of the following change of variables:

(6.2)

equations (6.1) are transformed to a single equation:

fincf

I
(6.3)

In this new equation fis the refrigeration efficiency, defined as the ratio between the gas and
the lead wall temperature at a given position x.

As we have no refrigeration gas through the lead, neither at the outside (vacuum atmosphere)
nor at the inside (purely conduction), the second term of (6.3) disappears, so that the equation can be
simplified to:
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d2T I dz2 + L0T = 0 (6.4)

Lo stands for the Lorentz constant whose theoretical value is 2.54-1 CT8, although experimental values
for the specific material used in the leads will be considered.

Solutions to equation (6.4) are given in the form:

T = [Dsin(ßz) + E cos(/fe)l ß = JL0 (6.5)

Boundary conditions to solve the equation, can be stated in the following way:

1) For x=0;z=0 and I=50K
2) For x=L; z=zL and T=300K
3) For x=0, heat flow=g=/d77dz=mimimum

Condition 1) implies that £=50K.
Condition 2) implies that: 300=Dsin(j3zL)+50cosOfeL)
Condition 3) implies that constant D must be minimum (ôD/5zL=0)

Development of the last condition leads to an optimum value of zL, given by the following
expression:

acos(50/300) ,c cs

Z £ = == (D-b)

Substitution of the experimental value found for l_o [3], provides a value for zL of 10318. Once
this value has been found, the next step is to define the optimum cross section of the lead. The
complete procedure to find out the value for A is quite complicated as the following equation must be
solve according to (6.2):

(6.7)

so that X(z) must be numerically computed to evaluate the right-hand side integral in (6.7). As for the
copper that we propose to use in the lead (Phosphorous Deoxidised Copper), thermal conductivity is
rather constant with the temperature, we can take its mean value (265 WK"1m"1) with little error,
leading to:

. IL 100-0.5 2
A = — = = 18.3/nm

Á2L 265-10318

assuming that the length, L, of the lead (starting
data) is 0.5 m.

Once the value for A is known, we can
compute the constant D and hence the temperature
distribution along the lead, which is given as:

7=295.8sin(2.804x)+50cos(2.804x)

Figure 6.2 is a graphical representation of
this distribution along the lead, with zero slope at
the warm side (i.e. no heat input at that side of the
lead).

(6.8)

0.2 0.3

LEAD LENGTH (m)

Figure 6.2
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Heat flow to the thermal intercept is given as:

q = I(dT I dz) = Iß[ü cos ßz - Esinßz\ q , = 0 = IßD (6.9)

so that at full load (/=100A), the overall heat load is 4 W. At no current, thermal load can be computed,
simply as:

A
L

(6.10)

To summarise, table 6.1 shows the main parameters of the resistive part of the current lead

Table 6.1.- Main parameters of the resistive part
PARAMETER

Material
Length
Cross Section Area
Thermal load at full current
Thermal load at zero current

VALUE
PDCopper

0.5 m
18.3 mm'

4.0 W
2.4 W

6.2.- Superconducting Module Design

This module is based on the "revolver"
approach which consists of a number of BSCCO rods
placed on grooves along a glass-fibre tube. Inside the
tube, there is a shunt to protect the rods if a quench
should happen. Figure 6.3 shows a simple scheme of
the solution which will be developed in subsequent
paragraphs.

The module is designed according to the
following procedure:

Lower
End Cup

BSCCO Rod

Upper
End Cup

.Glass Fibre
"Tube

Figure 6.3

1 ) Determination of the number of rods

Critical current (in A) of a single bar, as a function of the radius, R (in m), and the temperature,
T (in K), is given as [4]:

Ic = (942500 -114207)./? (6.11)

Presently, the process of manufacturing rods is optimised for a radius of 0,85 mm, which
means that a single rod is able to carry three times the required current. If we use two bars to increase
the safety factor (in case of failure of one bar), the margin grows up to six times. To conclude, we can
say that although a single bar of about 0.3 mm in radius would be enough to take the specified
current, we propose to use two bars (to increase the safety margin) of 0.85 mm radius (to take profit of
optimised rods).

2) Shunt Calculation

The role of the shunt is to derive the current from the superconductor to a normal metal if a
quench occurs. The lowest the shunt resistance, the more it protects the rods, but thermal losses to
helium increase.

For this reason a compromise arises between the level of protection and the contribution to
the thermal load.
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To calculate the shunt resistance, we have developed a model to compute the current sharing
between the shunt and the superconductor. It starts considering that we have nb superconducting
bars, each having a resistance rb in the normal state, and a shunt of resistance rs as shown in figure
6.4. The following conditions can be stated from that rb
circuit.

= nlb + Is

= Vb or Ibrb = Isrs
(6.12)

Combining both equations we find the
following expressions for the current /b. Is

(6.13) Figure 6.4

The problem now is to compute rb, the resistance of the rod, which varies along the time as
the quench propagates through the superconductor. Let us start analysing the quench propagation in
the rod. Classical theory establishes that propagation velocity is given as [2]:

VAX) = (6.14)

where p is the resistivity , X the thermal conductivity, cev the specific heat, all of them just above critical
temperature, sb the rod cross section and A7(x) the temperature difference between the critical
temperature and the rod temperature at position x, with the origin located at the hottest point. To carry
on this analysis, we will suppose that A7(x) will vary linearly. Equation (6.14) becomes:

vq{x) = J / 2 (6.15)

while quench motion equation establishes that:

vq{x) = dxldt dt-dxlvq{x) (6.16)

leading to:

jl(t)dt = — L3'2
3

(6.17)

where 7 is the time interval since the quench started and L the length of the rod in the normal state.
The normal length after 7 seconds is then:

L =
3a
2

\l(t)dt

2/3

(6.18)

Calculated value for a in this type of material is 2.86-10 . From all these considerations, the
resistance of the rod at a certain instant 7 is given as:

rb(T) =
pL _\ p 3a

2

i

¡W)dt
2/3

(6.19)
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and the current flowing through each rod:

Ib(T) = (6.20)

0

Once we know the current, another important aspect is to compute the temperature increment
in the superconductor after a quench. This calculation will be made according to the miit's approach
that considers the superconductor in adiabatic regime after transition and states that the heat
generated in the rod must be equal to the heat absorbed to increase the temperature, in the following
way:

(6.21)

If we assume a linear dependence of the specific heat (cev{0)) and resistivity (p(0)) with the
temperature 8 (beyond 6U¡cai). the value of /-/(#) can be written as:

H(ßf) (6.22)

In both cases 6b is the initial temperature and 6¡ the final temperature reached by the
superconductor. For our material the values of the constants are:

a=15500; b=1.903-10"8; c=2.207-1CT

From the previous model, a simulation code has been developed to compute the final
temperature and current evolution in the superconductor.

They key parameter to design the shunt is then the time interval for which the current is
flowing before it is turned off. Obviously, if this time is small the resistance of the shunt can be higher
without achieving a high temperature in the superconductor. The criteria to select this interval will be
as follows: we consider that in the event of a quench, the magnet will be discharged until its current is
cancelled. This means that if an opposite polarity is applied to the magnet, the current will decrease
linearly with a slope V/L, where V is the applied voltage and L the self-inductance of the magnet. For
the moment we shall assume that the reverse voltage is 10V and the magnet self-inductance 3H,
which means that the turn-off time for the current will be 30s.

The procedure to design the shunt is the
following: an upper limit temperature in the hot spot
of the superconductor is imposed from our previous
experience from former developments. This is only
a theoretical limit because real temperature was
not measured, but as it is calculated in the same
manner as for these leads, we consider that if that
limit is not achieved, the superconductor will not
degrade. This limit is set in 385K, although for
safety reasons it will be reduced to 330K.
With the simulation code we compute the required
shunt resistance to achieve that limit as a function
of the time interval, considering a linear discharge
of the magnet. Results are shown in figure 6.5.DISCHARGE TIME (s)

Figure 6.5
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As it can be deduce from that figure, a 5 mQ shunt will be suitable to achieve the required
temperature with a discharge time of 30s. Nevertheless we propose to reduce that value to 4.5 mQ to
have a safety margin in case the discharging time is higher. In fact, if it grows to 60 s, the hot spot
temperature will rise to 345 K with that shunt resistance, which is still in the safe side.

Once we know the shunt resistance and the material from which is manufactured (stainless
steel), we can determine the cross section area assuming a certain length, which is imposed by the
BSCCO rods length. For a shunt length of 100 mm and a resistivity of the material at cold of 50-10"8

Qm, the necessary cross section area to achieve 4.5 mQ will be 11.1 mm2.
Another important aspect concerning the shunt calculation is the temperature increment after

a quench. For this calculation we will assume that the current decays linearly for 30 seconds from an
initial value of 100 Amps. We shall also assume an adiabatic regime, which means that all the
developed energy is transformed in caloric energy to increase the temperature of the shunt. The
developed energy is then 450 J, leading to a temperature increment of about 140 K, a very safe value.

Overall Dimensions

The following step is to determine the overall dimensions of the reminding elements. For the
supporting glass fibre tube we will impose that thermal losses arising from this element will be limited
to 5 mW. If we also admit a linear dependence of thermal conductivity with temperature for this
material (Ä(T)=ÄoT), we can express thermal losses Pg¡ as:

* ^ (6-23)
2Lsf

where Agf is the glass fibre cross section area, Lgf the length and Tu the tube upper temperature.
Substitution of values in (6.23) allows to calculate the tube cross section area, obtaining a value of 77
mm2. Assuming a wall thickness of 2 mm (enough for the grooves to house the superconducting rods),
inner and outer radius of the supporting tube are then 5.1 and 7.1 mm, respectively.

Final step is to choose the dimensions of the shunt. In order to achieve a cheap fabrication
process and an easy mounting, we propose the use of commercially available stainless steel tube,
leading to the dimensions shown in table 6.2, which also summarises the dimensions of the remaining
components.

Table 6.2 Summary of Dimensions of the Superconducting Module Elements
BSCCO Rods

Length [Lsc]
Radius [Rsc]
Cross Section Area (per rod) [Asc]

100 mm
0.85 mm

2.27 mm'
Glass Fibre Tube

Length [Lqf]
Inner Radius [Rgfi]
Outer Radius [Rqf0]
Cross Section Area [Aqf]

100 mm
5.1 mm
7.1 mm

77.0 mm'
Shunt

Effective Length [Ls]
Inner Radius [Rsi]
Outer Radius [Rso]
Cross Section Area [As]

91.9 mm
3.0 mm
3.5 mm

10.2 mmz

3) Thermal Load

The complete losses of this module to the helium bath can be calculated from individual losses
for each component making use of table 6.2 in the following manner:
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Superconducting Rods

They can be computed according to the following expression:

2ÀA
Wsc = -—*£. (Tup - T d o w n ) = 3.7mW

Lsc

Glass-Fibre Tube

According to the design criteria they are fixed to 5 mW.

Stainless Steel Shunt

Based on the Wiedeman-Franz law, losses will be given by:

(6.24)

=
2Rr

= (6.25)

where Lo has been taken from experimental measurements equal to 4.5-10"8.
Adding the individual losses of each element, the overall losses are estimated in 21.7 mW.
From all the previous calculations, we can summarise the main parameter of the

superconducting module, according to table 6.3.

Table 6.3 Main Parameters of the Superconducting Module
PARAMETER

Material
Length
Outer Radius
Thermal Load to 1.8K bath
Shunt Resistance

VALUE
2BSCCO2212Rods

0.1 m
10 mm (aprox.)

21.7 mW
4.5 mQ

6.3.- Fabrication of the Resistive Part

Fabrication of the resistive part is very simple. In order to avoid Phosphorous Deoxidised
Copper (PDC) braid which can be more difficult to find, we propose to split the resistive part in two
segments: a long one using PDC commercially available tube and a short copper braid made from
standard copper for electrical applications. Two voltage taps are foreseen to measure voltage drop
across the full resistive part. This measurement should be enough to detect an anomalous
overheating of the lead. On request a temperature sensor could also be included.

6.4.- Fabrication of the Superconducting Module

Fabrication of this module starts with the machining of each individual part (end connectors
and glass-fibre tube) to achieve interfacing between these components as well as the housing of the
superconducting rods. The upper connector is soldered to the copper braid of the resistive part, while
the lower one is soldered to LTc superconducting wires, which connect the lead to the magnet through
ceramic vacuum-tight feedthroughs.

The shunt is a cylinder from standard stainless steel tube cut in two parts which are joined with
a flexible joint to absorb thermal expansion if a quench should happen.

Once all the pieces are manufactured, the connectors are glued to the glass-fiber tube with
epoxy resin, then the shunt is introduced inside that assembly and soldered to the connectors.

When this process is finished, the rods are put in place and soldered to the connectors. Finally
the LTc wires and the copper braid are soldered to the superconducting module. Two voltage taps are
foreseen to be placed between both connectors plus a temperature sensor at the upper one.



Gtesrooi

Issue 1.0

DESIGN AND FABRICATION STUDY ON THE TESLA500
SUPERCONDUCTING MAGNET PACKAGE

THL:. HTc CURRENT LEADS Page8/9

Figure 6.6 shows a general arrangement of the superconducting module, showing every
component and the way they are assembled in the module. (Connections to the magnet and the
resistive part are not shown).

BSCCO Rods

Upper End Cup

Lower End Cup

Glass-Fibre

Shunt

Figure 6.6

6.5.- Costs Estimates

6.5.1.- Series production

To estimate the price of the series production of current leads, the following assumption has
been made: all the superconducting modules of the leads will be identical, no matter their rated
current, while the resistive part will vary with the current to optimise the cross section area of the
PDCopper tube. This hypothesis allows to manufacture all the pieces in the same way without
introducing major losses increment, thus reducing the fabrication costs. All the leads will include two
superconducting BSCCO bars to increase the safety factor. Influence of this requirement in the final
price of the leads is less than 10% but we think it is worthwhile by far as in case of failure of one bar
the lead is able to continue working perfectly avoiding replacement costs which we think are far more
expansive. Table 6.4 shows the price per lead as well as the break down costs and the overall costs,
all of them in Euro.

It should be pointed out that these costs do not include the installation in the magnet system.

Table 6.4 Cost Breakdown for the Current Leads

N° of Units

4066

Engineering

45

Manpower

223

Materials

361

Tests

51

Tooling

20

Unit Price

700

Overall
Price

2,846,200
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