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Abstract

The SIS 100 will be the world’s second fast ramped synchrotron for heavy ion
research using superconducting magnets. In this report we summarise shortly the
main results obtained on Nuclotron model magnets during the R&D period. We
present the design choices made for the main dipole as well as its expected perfor-
mance predicted on models verified by the measurement data obtained on the first
full size dipole.

The main design components of the magnet are outlined. Special attention is
given to demonstrate the intensive effort made to clarify the following crucial top-
ics for safe and effective operation of the magnets: mechanical stability of the coil
windings, magnetic steel, field design, temperature field, AC losses and the vacuum
chamber. The complexity of the topic can not be given here in all detail due to the
limited volume of the report. Full details are available in the referenced papers.

We conclude that the present dipole design is consolidated and near to series
production. It will be finalised after building and testing the curved single layer
dipole described here.
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Chapter 1

Introduction

SIS100 started of as an “back of the envelope” idea of: “adapting an existing su-
perconducting machine” to the needs of the “Zukunftsprojekt” now known as the
FAIR project. SIS100, as the work horse, could start on the rich developments, ac-
quired during the Nuclotron project, and seemed to be just a copy, requiring only
with small minor modifications. The different beam dynamics requirements (in-
creased aperture, improved field quality) as well lattice layout (increased magnet
length) soon showed that it was not a copy but rather a fully fledged new magnet
development project. Sound R&D, not neglecting available options, showed that
the required dipole can be designed and built, if one lets oneself lead by the ideas
behind the original design choices, which let to the Nuclotron dipole, then by the
chosen solutions.

Design principles

These design principles were:

• a simple magnet design

• a coil cooled by a two phase forced helium flow with low enough hydraulic
resistance to provide sufficient cooling power for the superconducting coil as
well as a sufficient temperature margin

• a straightforward robust magnet yoke design, but not neglecting the available
options to minimise the AC loss.

The R&D started in 2000 with a hand-waiving analysis of the existing Nuclotron
magnet design, followed by a model magnet built and measurement campaign of
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about ten model modifications, next to qualifying commercially available programs
and mathematical studies for calculating the expected magnetic field next to the AC
losses [1, 2, 3]. Here fast progress was made changing the carbon steel brackets and
end plates with stain less steel ones, followed by slits and minimising the coil end
loop reducing the eddy current effects in the yoke laminations of the magnet end.

Considering the obvious hydraulic limits, even of the new wire and coil design,
an improved high current cable was built next to a single layer dipole [4, 5]. How-
ever the author’s design choice was not accepted in the first approach, leading to
ready full size magnets, not able to provide the machine cycles required to satisfy
the experimentalist demands of fast ramped cycles with an repetition rate of above
0.5 Hz up to the maximum field.

Nevertheless the built and tested full size model magnet allowed to verify the
predictions (field strength, field quality, AC losses, temperature field, mechanical
stability) and the excellent performance, which can be obtained for these superferric
magnets [6, 7, 8, 9, 10]. In parallel the potential advantages of a magnet design based
on a high current cable and on a single layer coil were continuously worked out and
partially tested since March 2002 as summarised in chapter 8 (page 86).

After all this work the authors present the design of the dipole with all its fea-
tures, its expected performance and show that this magnet is able to satisfy the re-
quirements for SIS100.

Requirements

The requirements for the main bending magnets were:

• a field strength curvature of Bρ = 100 Tm. (The particles in a synchrotron
have to circulate. This product Bρ depends on the particle momentum and is
a constant).

• good field region: an ellipse with a = 57.5 mm b = 30 mm,

The required operation cycles are given in Table 1.1 and are depicted in Fig. 1.1 [11].
In addition, any other cycle with 4 T/s should be possible

As high charge state ions (Uranium up to U28+) will be transported in these
machines, the vacuum has to be better than 10−12 mbar [12]. So the vacuum chamber
has to provide the following functionality:

1. a cold surface to work as an cryogenic adsorption pump to reach a vacuum
pressure better than 10−12 mbar operating over 20 years, infinitely refreshable
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Table 1.1: The main demanded operation cycles. /\ . . . triangular cycle, t f . . . flat top time,
tc . . . cycle period

cycle Bmax [T] t f [s] tc [s]

1 1.2 0.1 1.4
2a 1.2 0.1 1.4
2b 0.5 0.1 1.0
2c 1.9 0.1 1.735
3a 1.2 1.3 2.6
3b 0.5 1.0 1.9
3c 1.9 1.7 3.4
4 1.9 0.1 5.0
5 1.9 0.1 5.0
/\ 1.9 0. 0.835

0 1 2 3 4 5
t [s]

0.0

0.5

1.0

1.5

2.0

B 
[T

]

/\ 2c, 4, 5

4, 5

3c

1
2a

3a

2b 3b

3a 3c2c

Figure 1.1: The cycles illustrated. The magnetic induction of the dipole is given versus the
time.

2. minimise the eddy currents induced by the ramped field to an acceptable level
so that the field distortion and the dissipated power are tolerable (by geomet-
rical design and material choice)
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3. be sufficiently mechanical stable to sustain a pressure of 1 bar so that a break
of the vacuum pressure will not damage the whole machine

4. provide a return path for the beam image current

5. shield the beam from the outside (skin depth)

The vacuum chamber design was based on [13].



Chapter 2

Main magnet components

The principal design elements of a main magnet are: the coil with its end loops, the
laminated yoke, the mechanical support structure consisting of the brackets and the
yoke the helium headers and the beam pipe (see Fig. 2.1). Superferric accelerator
magnets are built of a coil with its cooling channels, the field forming iron yoke, the

Figure 2.1: Components of a magnet illustrated on an ANSYS model. 1 – yoke end plate, 2
– brackets, 3 – coil end loop, 4 – beam pipe, 7 – laminated yoke
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b

d

a

c

e

f
g

h

Figure 2.2: The structure of the Nuclotron cable (inset top left) and the main features of
the magnet design of the first full size dipole. 1 – cooling tube, 2 – superconducting wire
(multiflament NbTi/Cu), 3 - Nichrome wire, 4 – Kapton tape, 5 – adhesive Kapton tape, a –
cryostat vessel, b – cable and half coil (2 · 4 windings), c – yoke cooling pipes, d – LHe lines,
e – suspension rods, f – soft iron yoke, g – bus bars, h – thermal shield

mechanical reinforcement structure consisting of the brackets and the end plates.
Finally a beam pipe is inserted. The three bus bars for the quadrupoles as well as the
one for the dipole are mounted on the magnet as these are built of superconducting
cable as well (see Fig. 2.2).
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2.1 Curved single layer dipole

The SIS100 main dipole is a curved magnet with a single layer coil with 8 coil turns
(CSLD). Its main properties are listed in table 2.1. The cable is made of a Nuclotron
type cable [14] (see table 2.2, inset in Fig. 2.2 and Fig. 2.3), i.e. a CuNi tube, cooled
by a forced two phase helium flow, with superconducting wires wrapped around.
The NiCr wire tightly fixes them to the tube. Layers of Kapton insulate the wire
from the coil pack and the other turns. For SIS100 the coil windings (see Fig.2.4)
are reinforced in a coil pack made of machined glass fibre epoxy. It is machined
precisely so that it is well clamped by the wedge formed by the end of the pole

Table 2.1: The main parameters of the SIS100 main dipole

number of magnets 108 + 1 reference magnet
design window-frame, laminated cold iron yoke, lamination

thickness 1mm, one layer with 8 turns

max. field Bmax 1.9 T
min. field Bmin 0.23 T

bending angle 3 1/3 Deg.
edge angles (entrance / exit) 1.665 / -1.665 Deg.
orbit curvature radius, R 52.632 m
effective magnetic length, L 3.062 m

coil aperture 165 · 68 mm2

useable aperture 120 · 60 mm2

good field region 115 · 60 mm2

field quality target 600 ppm

current at max. field 12745 A
inductance 0.55 mH
ramp rate 4 T/s

cycle 2c
cycle length 1.735 s
high field flat top duration 0.1 s
low field flat top duration 0.8 s
Total AC loss per @ 4.2K per magnet
(cycle 2c) 50 ± 5 W

overall magnet length (slot length) 3.3 m
overall width (cryostat) 1.0 m
overall height (cryostat) 1.0 m
overall weight 1850 kg
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Figure 2.3: The high current cable for the curved single layer dipole.

Figure 2.4: Zoom of the aperture of the magnet. The individual coil turns (8 in a single layer)
are visible next to the G11 reinforcement structure and the shape of the yoke firmly holding
it in place.
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Table 2.2: Main parameters of the dipole cable

strands
number of strands 23
transposition pitch 50 mm
critical current @ 2.1 T, 4.2 K 19840 A

cooling tube
material CuNi
outher diameter 5.7 mm
wall thickness 0.5 mm

insulation
1th insulating layer with epoxy impregnation
material Kapton tape 2 layers
thickness / layer 50 µm
2nd insulating layer with epoxy impregnation
material Kapton tape 2 layers
thickness / layer 70 µm

wire
strand diameter 0.8 mm
filament diameter ≈ 3 µm
number of filaments 32831
filament twist pitch 6 mm

superconducting material NbTi
matrix Cu/CuMn
matrix to superconductor ratio 1.4
linear wire resistance TL = 10K 2.05 mΩ/m
linear wire resistance TL = 293K 69 mΩ/m

fixation of the strands
material CrNi wire
diameter 0.3 mm
transposition length 0.6 mm
coating epoxy compound

critical current density Jc @ 5 T, 4.2 K 2550 A/mm2

critical current density Jc @ 2 T, 4.2 K 4600 A/mm2

(see Fig. 2.4). A 3D view of the coil support structure is shown in Fig. 2.5 and in
Fig. 2.6 the coil within the support structure. The coil ends will be supported by a
G11 reinforcement as well (similar to [1, 15, 16]).
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Figure 2.5: 3D view of the coil support structure

Figure 2.6: 3D view of the coil support structure with the coil inside

The 2D lamella is given with all its details in Fig. 2.7. The lamellae in the end of
the yoke are slitted to reduce the AC losses (see Fig. 2.8). The expected 2D and 3D
field strength and quality are described in chapter 5 page 55 (see also Figs. 5.1 to 5.3
page 58). The AC losses are described in section 6.4.2.

The cross section in the middle is given in Fig. 2.9 and the whole magnet is
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sketched in Fig. 2.10.
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Figure 2.8: The end block design of the single layer dipole. The silts reduce the eddy
currents in the end block significantly.
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Figure 2.9: The cross section of the curved single layer dipole CSLD.
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Figure 2.10: 3D sketches of the curved single layer dipole including the vacuum chamber
(inset as seen form the front).
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2.2 First full size dipole

Several small but interesting items are not yet designed in full details as these have
to be done by the manufacturer. Therefore these items are presented as designed
and fabricated for the first full size magnet.

The cable for the first full size dipole was fabricated with the cable machine
newly installed at BNG (see Fig. 2.11). This machine features

• active and adjustable back rotation of the SC wire supply coils for all strands,
avoiding torsion for all individual wires and for the cable,

• active control of the winding force (including emergency stop) for all strands
to avoid wire break and to keep winding force constant,

• constant and adjustable torque (during operation) of CrNi wire spinning de-
vice to keep winding force of CrNi wire constant,

• insulation with polyimide tape (up to 8 layers, with to different pitches) online,

• flexible adjustment to different designs (number and size of strands, size of
cooling tube, . . . ),

Figure 2.11: The cabling machine at Babcoeck Noell GmbH
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• all actual machine values for winding forces, torques, speeds, and pitches can
be recoded for the quality documentation.

The 2D lamella is given in Fig. 2.12 [17, 18].
The fabricated coil reinforcement is presented in Fig. 2.14. The coil end design is

presented in Fig. 2.15 and Fig. 2.16. The coil ends during fabrication are given in
Fig. 2.17. And the final magnet in its cryostat are given in Fig. 2.18.
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Figure 2.13: Photo of the cross section of the BNG magnet.

Figure 2.14: One of the combs forming the coil reinforcement.
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(a) layout of the coil end windings

(b) reinforcement structure

Figure 2.15: The reinforcement structure of the coil end. CAD View. The individual windings
are given on top while the associated pieces of the reinforcement structure are given at the
bottom. Courtesy of Babcock Noell GmbH.



26 Main magnet components

Figure
2.16:

C
oilend

supportstructure
draw

ing.



2.2 First full size dipole 27

Figure 2.17: The coil ends during fabrication. One can see the coil winding (copper red) and
its bend in the tooling. On top one can see the G11 structure (green) behind the winding.
Courtesy of Babcock Noell GmbH.
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Figure 2.18: Photos of the first full size dipole magnet. Courtesy of Babcock Noell GmbH.
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2.3 Built full size magnets: technological variations

3 Dipoles and 1 Quadrupole magnet have been built for SIS100. The first dipole
was built by Babcock Noell GmbH (BNG, Würzburg). It is a straight dipole with a
double layer coil. The isotropic steel M700-100 was used for the yoke (lamination
thickness 1 mm).

A second straight dipole with the same dimensions as the one built by BNG was
manufactured by the Joint Institute for Nuclear Research (JINR, Dubna). The yoke
was fabricated using the anisotropic steel ET3414 with a lamination thickness of
0.5 mm.

The third dipole was fabricated by the Budker Institute for Nuclear Physics
(BINP, Novosibirsk). The dipole yoke is curved and fabricated using the anisotropic
steel ET3414 with a lamination thickness of 0.5 mm.

Further a quadrupole was manufactured by JINR using the the anisotropic steel
ET3414 with a lamination thickness of 0.5 mm.



Chapter 3

Mechanical stability of the coil
windings

3.1 Investigation of the cable mechanics

The following measurements were conducted:

1. fatigue crack growth rate of the CuNi-material.

2. thermal expansion coefficients

3. tensile strength at 4K and 300K

4. leak test after mechanical load

5. G11 material of the coil support structure modulus in different directions

6. stress-strain curves before and after 2 million cycles

7. leak test before and after 3 million cycles

8. thermal expansion coefficients and leak test before and after thermal cycles

The material presented here was published in [16, 19, 20].

Paris law

Paris law relates the stress intensity factor range to sub-critical crack growth under
a fatigue stress regime. Some material is loaded periodically. Then one defines the

∆K = Kmax − Kmin (3.1)
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(a) pre-cracking stage (b) crack growth

Figure 3.1: Measurements on the fatigue crack growth at 7K. The left shows the obtained
crack growth readings as red plots during the pre-cracking stage. On the right the obtained
crack growth is shown as as red plots during the crack propagation stage of the measure-
ment.

as the range of the stress intensity factor (i.e. the difference between the stress in-
tensity factor at maximum and minimum loading) with Kmax and Kmin are the max-
imum and minimum stress factor. Further one defines the initial crack length ai and
the critical crack length ac at which fracture occurs.

These factors are related by Paris law

da
dN

= C∆Km . (3.2)

with da = ac − ai, N the number of load cycles, and C and m, material constants.

3.1.1 Fatigue test of CuNi material

This investigation is performed using an ASTM proportional compact tension spec-
imen with the size 45 mm · 43 mm · 4 mm and a starting a/W (a is the crack length
and W is the width of compact tension specimen, which is 36 mm here) ratio of 0.33.
Figure 3.1(a) shows the pre-cracking of the electro discharge notched specimen at 7
K. From the obtained plots of Fig. 3.1 the fatigue crack growth rate of the material
CuNi can be computed using a special software to determine the crack length/cycle
versus cycle number performance. The results of this computation are shown in
Fig. 3.2. The determined pre-exponential constant C with 9.28 · 10−12 (mm/cycle)
and the exponent m = 4.5 are the so-called Paris constants describing the stage II
linear portion of the curve in double logarithmic diagram.

The load ratio (∆Kmin/∆Kmax) was held constant with 0.1 during the entire test
procedure. The structural analysis following the determined results with the Paris
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Figure 3.2: da/dN versus ∆ K diagram of the CuNi material at 7 K.

coefficients can be ready applied to the tube enclosed inside the winding pack using
the given boundary conditions as follows:

The life of a tube under cyclic loading is estimated by Paris law as given by ASM
page 28

a f =
1
π

(
KIC

∆σYS

)2

(3.3)

with the input data C = m/cycles = 9.28 · 10−15, Y the geometry factor which 1.2 for
surface cracks and S the safety factor set to 2. As initial crack length d is assumed to
0.2 mm. The “half size crack” is then a0 = d/2 = 0.1 mm. For the fracture toughness
KIC a value of 50 MPa·m1/2 is assumed as a worst case approximation. The number
of cycles N f is given by Paris Laws

N f =
∫ a f

a0

1
C
(
YS∆σ

√
πa
)m da ≈ 250 · 106 , (3.4)

with ∆σ to 50 MPa which is 5 times the nominal pressure. So the tube will sustain
more than 250 million cycles under the given conditions These computations show
that a crack growth through the wall thickness of the tube during the lifetime of the
magnet is more than unlike according to the present findings.

3.1.2 Thermomechanical tests

The stress strain measurements were done on samples (see Fig. 3.3), treated differ-
ently. The first (Kt) was annealed in Argon gas, the second (Kc) was measured after
100 rapid thermal cycles (80 to 300 K) and the third one was measured after anneal-
ing and 100 thermal cycles (Kv) (see Fig. 3.4 and Table 3.1). One can see that the
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Figure 3.3: Test setup for the stress-strain measurement of the CuNi Tube

(a) at 4.2 K (b) at room temperature

Figure 3.4: Stress strain measurements on the CuNi Tube

Table 3.1: Stress Strain parameters for the different measurements. E-modul . . . Youngs
modulus, YS . . . yield strength, UTS . . . ultimate tensile strength, EU . . . uniform elongation,
ET . . . total elongation,

Measurement
Sample T [K] E-modul [GPa] YS [MPa] UTS [MPa] EU [%] ET [%]

Kt 4.2 163 414 792 32.1 33.1
Kt RT 165 250 451 18.6 23.1
Kc 4.2 156 385 751 28.8 31.6
Kc RT 154 274 471 21.8 29.9
Kv 4.2 161 379 743 21.0 21.9
Kv RT 155 300 498 19.7 32.2
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(a) sample holder

(b) setup

Figure 3.5: Setup of the leak tests.

Table 3.2: leak rate test for cycling with Fmax = 800 N and T < 7 K

sample 1 2 3 4 5 6
before cycling 1.3 1.7 92 1.5 3.3 2.8 [10−9 mbar l / s]
after cycling 1.2 2.1 2.8 1.5 6 3.2 [10−9 mbar l / s]

stress and strains increase at cold and provides a significant large strength even if
mistreated.

3.1.3 Leak rate measurements

The leak rate of the helium tube was tested before cycling it with Fmax = 800 N,
characteristic for the expected Lorentz forces, at T < 7 K before and after 2.6 · 106

cycles (see Fig. 3.5 and table 3.2). At a level of 10−9 mbar · l/s no impact of the
cycling on the leak rate was found for the NiCu-tube of the cable.

3.1.4 Fatigue calculations

As the magnet can not be tested on its 2 · 108 cycles, calculations were started to
investigate the impact of the load cycles on the coil pack. The cable in its compound
has been modelled in ANSYS in 2D. The results show that the tube will survive 20
years of operation [21]. For further analysis of the thermo-mechanical properties
and physical accurate modelling 3D-ANSYS models of the cable were built to study
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Figure 3.6: The FEM model of the Nuclotron type cable as used for the curved single layer
dipole. On the top right the 2D design of the cable is shown. The full model is shown in the
middle and on the left bottom a zoom of the model start.

in detail its structural integrity, and first trial calculations were started. We hope to
report soon on the mechanical stability of the cable and the stresses and strains it
will be exposed to [22, 3, 23].

3.2 Mechanical tests on the dipole coil

During the R&D phase the coil design was optimised for industrial cable produc-
tion and higher coil stability [24, 25, 15]. A coil support structure made of G11 was
introduced into the coil package to reduce the ”line” forces between the individ-
ual cable turns as well as to position them precisely. The mechanical properties of
G11 specimens were measured along with the tests on mockups and test coils (see
Fig. 3.7(b) and Fig. 3.8). Several tests were performed on samples extracted from
a cable package. These tests are: thermal expansion in all three directions (x, y, z)
on the cable package itself and on G11 material extracted from the test coil. This
test coil was thermocycled before (room temperature→ 4K→ room temperature).
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(a) design (b) test coil

Figure 3.7: The cable support structure. The left shows the design and the right shows a
sample of the half coil ready for mechanical measurements after a first cool down.

Figure 3.8: Test of the support structure material.

Table 3.3: Compression modulus CM and maximum Stress Smax of the coil pack

direction CM [GPA] Smax [MPA]

x 35.2 699
y 20.9 1047
z 30.3 587

Fig. 3.9 presents the thermal expansion results.

Compression tests were performed on G11 material in all three directions. The
compression modulus for G11 is given in Table 3.3. The Inter Laminar Shear Stress
(ILSS) was investigated for the G11 material too (Fig. 3.10, and table 3.4). The stress
strain behaviour was measured in x-direction of the cable package (see Fig. 3.7). A
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Figure 3.9: Measurement results of the thermal expansion for the coil pack.

Figure 3.10: Measurement of the interlaminary shear stress
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Table 3.4: Flexural modulus and shear stiffness

sample T [K] Stiffnees [MPa] E-modul [GPa] Fmax [N] ILSS [MPa]

sample 1 7 162.8 32.9 1.515 57.8
sample 2 7 163.9 33.1 1.559 59.1

Figure 3.11: Measurement setup for measuring the flexural modulus

Table 3.5: The stiffness of the coil pack measured for two samples at room temperature and
at cold. Pmax = 2 MPa equals 9.3 kN for the sample area of 4650 mm2.

temperature stiffness @ Pmax CuNi Tube @Pmax
[K] [kN/mm] [µm / kN]

WP2SRT 295 561 0.238
WP2SRT 295 509 0.235
WP-ST1 7 453 0.209
WP-S4-7K 7 440 0.285
WP-S5-7K 7 493 0.261

second sample was fatigue tested, examining the He-leak before and after thermal
and mechanical cycling. The flexural modules was tested as well (see Fig. 3.11 and
table 3.4). The method is described in [26].

3.3 Coil pack test

The thermal expansion of the coil pack was measured (see Fig. 3.12 for the setup)
at room temperature (marked with “S2RT” and “S3RT” ), at cold before cycling
(marked with “ST1”) and after cycling (“S4-7K” and “S5-7K”) (see Fig. 3.13). The
measured stiffness is summarised in table 3.5. The leak rate before fatique test
was 2 · 10−10 to 4 · 10−10 mbar l/s and increased modestly to 5 · 10−10 to 8 · 10−10

mbar l/s. The stiffness of the coil pack is a bit lower at low temperature. The coil
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(a) thermal expansion

(b) fatique test

Figure 3.12: Thermal expansion and stress-strain measurements on the coil pack.

pack was stress-strain cycled for ≈ 106 cycles for an force of up to 2 MPa (Lorentz
force) and afterwards destructively tested. For the cycling a compression modulus
of 5.8 GPa was found while for the destructive test a compression modulus of 4.8
GPa was found. This gives a movement of less than 5 µm of the coil windings in the
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(a) room temperature

(b) 7 K

Figure 3.13: Measurement of the coil pack stiffness at room temperature and at 7 K. Kom-
plettes Kabepaket . . . complete coil pack.
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Figure 3.14: The first SIS100 dipole magnet within its cryostat
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Figure 3.15: Movement of the coil end as measured on the magnet delivered by BNG during
cool down and cycling.

magnet at maximum field.

3.4 Integral test results for the first prototype dipole

magnet

The integral verification of the coil design was tested during measurements on our
first BNG prototype dipole at GSI (see Fig. 3.14) [6, 8]. The movement of the coil ends
versus the yoke was measured during cool down (see Fig. 3.15), as well as while
cycling the magnet. The contraction factors of the coil pack (2.7‰) and the yoke
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Figure 3.16: DC Quench training next to the maximum cycle of the magnet (insert).

(2.41‰) differ significantly, thus a effect during cool down is expected (≈ 0.8mm).
One can see that the coil end moves only little versus the yoke < 0.1 mm, which
shows that the coil pack is hold firmly by the yoke and it does not move at all.
This is safely in the elastic regime (which would allow a relative strain of tens of
millimetre). The end movement of 20 µm during cycling is also very small.

The magnet had shown an excellent short training behaviour of the coil, high
critical current (near to short sample limit), as well as its weak ramp rate depen-
dence. These results are clear experimental proofs that the actual technology for
cable and coil manufacturing is sound and ready for serial production.

3.5 Quench training and cycling

The magnet training curve is given in Fig. 3.16 with the first training quench above
the nominal current. The ramp rate dependent training showed no significant de-
crease in the magnet performance. During the test campaign the magnet was 7 times
thermocycled (room temperature→ 4.5 K→ room temperature) and was exposed
to more than half a million power cycles. These results demonstrate experimentally
that the new ”dry” technology for cable manufacturing is sound and ready for serial
production.
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Magnetic steel

4.1 The main magnetic properties

Two parameters control the magnetic properties of steel at different parts of the B-H
curve:

• Hc — before the knee, depends on the structure (Carbon and Si, annealing,
heat treatment – temperature and duration, stress, strain, tension)

• Ms — after the knee (saturation); structure independent, only on the chemical
content

Additionally the AC losses depend on Wh, the specific hysteresis losses, and on the
specific electric resistivity ρ. For the symbols, used in this chapter, see table 4.1. This
chapter is based on [27].

4.1.1 Simple mathematical models

Hysteresis and eddy-current create heat in the iron yoke. This heat is often also
called “AC loss”.

Table 4.1: Used Symbols

parameter

ρd density of steel
Hc coercive force
µmax maximum permeability
Ms magnetisation saturation
Wh specific hysteresis losses
ρ electric resistivity
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Hysteresis losses

Hysteresis occurs due to non-linearities and differences in the magnetisation and
demagnetisation of all ferromagnetic materials. When the magnetisation curve is
taken through a complete loop the B-H envelope represents the hysteresis energy
loss per unit volume that is dissipated as heat in the material per cycle time tc

Wh =
∫

tc
H dB (4.1)

This formula shows that hysteresis losses are proportional to the area of the hystere-
sis loop of the B-H curve. In general, the hysteresis losses are proportional to Bn

max

for a definite iron material, where Bmax is the maximum value of magnetic induc-
tion for a given cycle [28]. The index n is purely empirical and has no theoretical
basis. It has been found by later experiments that this index varies between 1.5 -
2.5, depending on the quality of the iron material and on the value of the magnetic
induction.

Experimental results of measurements of steels, used in the UNK magnets, give
n = 2 in all range of induction with satisfactory accuracy. Thus the hysteresis loss in
a unit volume of material is given by

Wh = ch B2
max = kh HC︸ ︷︷ ︸

ch

B2
max . (4.2)

ch is a constant for a given iron type, and depends on Bmax and Hc, the coercive force.
The constant kh depends on the chosen units system and is in first approximation
proportional to the steel’s coercive force, which is sufficient to estimate losses of this
type. So the AC loss power is proportional to the field amplitude and the field ramp
rate dB/dt:

Ph =
1
2

kh HC Bmax
dB
dt

. (4.3)

The previous two equations (4.2) and (4.3) show that it is necessary to reduce the
coercive force HC in order to decrease hysteresis losses.

Eddy-current losses.

Eddy-current losses are induced in iron by a varying magnetic field. The resulting
B-H curve loop will be larger due to the eddy current effects. The eddy currents
dissipate heat, which depends on the specific resistance of the material ρ. The dis-
sipated power per unit volume of iron sheet with thickness d is expressed by [29]
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PC =
1

12 ρ
d2
(

dB
dt

)2

. (4.4)

The eddy-current losses per cycle with maximum induction Bmax and field ramp
rate dB/dt are

Wc =
1

6 ρ
d2 Bmax

dB
dt

. (4.5)

There are two available parameters: thickness sheet d and specific resistance ρ,
which can be used to reduce the eddy-current losses.

Therefore the following steps are required to reduce the loss created by the two
effects

1. decrease the coercive field Hc,

2. increase the specific resistance ρ,

3. decease the iron sheet lamination thickness d.

4.1.2 Criterions of steel selection for superconducting magnets

Different steel is appropriate for AC and DC magnets. The magnetic properties of
steels depend on their chemical composition, melting procedure, hardening process
and heat treatment. The soft magnetic alloys must combine as many as possible of
the following characteristics at moderate cost:

1. low hysteresis losses,

2. low eddy current losses,

3. high permeability at low field strength,

4. high saturation magnetisation MS about 2.1 T,

5. no aging effects.

Some of these requirements are conflicting due to the nature of the steel and thus
the optimum compromise must be found. Factors that influence the properties of
soft magnetic materials are as follows:

1. alloying elements,

2. mechanical stresses, elastic and plastic strains.
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Table 4.2: Dependence of main parameters on Si content (in percent)

.

parameter approximation function unit

saturation magnetisation Ms = 2.16− 0.048 · Si T
coercive force Hc = 120− 30 · Si A/m
resistivity ρ = 0.1 + 0.12 · Si µΩ ·m
density ρd = 7.865− 0.065 · Si kg · dm−3

3. magnetic annealing and heat treatment.

4. operating temperature

5. nuclear radiation.

4.2 Dependence of steel properties on the Si content

4.2.1 Effect on magnetic characteristics

Simplified (linearised) dependencies of density, Hc, Ms and resistivity are sum-
marised in table 4.2 [30] (symbols are listed in table 4.1) The effect of the Si content
on the characteristic parameters is presented in Fig. 4.1 [31] and in Fig. 4.2 for the
B-H curves [32].

4.2.2 Effect of the Si content on AC losses

An increase of the Si content decreases Hc, which controls the magnetic properties
up to the knee, (typically in the range 1.4-1.6 T), increases µmax and reduces the
hysteresis losses, but decreases the saturation magnetisation Ms, which controls the
magnetic properties after the knee. Further the Si content increase results in an
increased resistivity ρ, which decreases the eddy current losses, and increases µmax

of the dynamic B-H curve (B-H curve higher in B).
The SIS100 dipole models, fabricated in JINR (Dubna) with a design similar to

the Nuclotron dipoles, used the anisotropic steels 3413 and 3414 with a Si content in
the range 2.8-3.8 % in accordance with Russian Standard (GOST 21427.1-83). These
are available with a maximum thickness of 0.5 mm.

The R&D model of GSI001 for SIS200 firstly used isotropic steels fast cy-
cling superconducting magnets, isotropic cold rolled steel M250-50A coated with
STABOLIT70. The Si content is 3.3% as in the certificate, the density 7.60 gcm−3 and
the resistivity 0.6 µΩm (calculated).
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Figure 4.1: The dependence of the characteristic values of steel on the Si content on H A/m.

 

Figure 4.2: Effect of Si content on B-H curves
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Table 4.3: Coercive force Hc measured in linear cycles with a frequency of 0.01 Hz. These
data were measured with an Epstein frame.

rolling direction transverse direction mixed

ET3413, Bmax = 1.64 T 16 48 28
ET3414, Bmax = 1.64 T 26 41 32
Stabocor M250-50A, Bmax = 1.67 T 30 50 39

Table 4.4: Coercive force Hc at Bmax = 1.5 T for turned rings.

Hc A / m @ 300 K 77 K 4.2 K

ET3413 21.3 20.8 21
ET3414 20.3 19.5 19.5
Stabocor M250-50A 31.5 30.5 30.9

4.3 Comparison of high grade oriented and non ori-

ented Si steels

4.3.1 Comparison Hc and B-H curves of different steels

In Table 4.3 the coercive force of these strips are presented (300K) [33]. One can see
that Hc of mixed samples is approximately equal to the average value of the coercive
forces of strips along the rolling direction (RD) and normal to the rolling direction
(TD). Coercive forces, obtained on small turned rings at different temperatures, are
presented in Table 4.4.

B-H curves of anisotropic steels 3413 and 3414

The dependences of B(H) obtained on small turned rings for steels 3413 and 3414 are
presented in Fig. 4.3(a) [34, 35]. The difference is small at B < 1.0 T, the ET3414 has
higher permeability at B < 1.0 T in accordance with the lower Hc (20.3 A/m versus
21.3 A/m of ET3413), the difference is small at B < 1.0 T and the curves coincide
practically at B > 1 T.

B-H curves of isotropic steel M250-50 and anisotropic steel 3413

The dependences of B (H), obtained on small turned rings for steels M250-50A and
3413 are presented in Fig. 4.3(b). It should be noted that the B-H curve of isotropic
steel with higher Hc lie above the B-H curve of anisotropic steel with lower inte-
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Figure 4.3: B-H curves of the anisotropic ET3413 and ET3414 steels as well as a compari-
son of the B-H anisotropic ET3413 to the isotropic M250-50A
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Table 4.5: Hysteresis and coercive force of selected isotropic steels

Steel ET3413 M250-50 M600-100 M700-100

Ms [T] 2.055 2.035 2.035 2.1
Hc [A/m] 20 - 30 30 - 33 30 - 33 35 - 40
Si content % 3.3 3.0 2.4 2.8

grated Hc. But above 1.6 T, when the saturation magnetisation determines the mag-
netic properties, both curves differ only by a small value.

4.3.2 Comparison of hysteresis losses of different steels

The hysteresis losses, measured in non-oriented steels (M250-50A and 2412) and ori-
ented steels 3413 and 3414 in unipolar cycles at 4.2 K are shown in Fig. 4.4. The three
steels M250-50A, ET3413 and ET3414 have similar losses up to 1.5 T, with different
but small enough coercive forces (31.5 A/m, 21.3 A/m and 20.3 A/m respectively),
measured on the small turned rings. Contrary the steel ET2412, with Hc = 42 A/m
(may be due to higher carbon content and lower Si content than M250-50A) will
produce larger losses. But above 1.5 T the curves are close and even intersect, with
a value spread of approximately 10% (35 mJ/kg). It means that these steels will pro-
duces equivalent hysteresis losses in magnets, where the maximum fields in the iron
will be in the region of 1.5-2.2 T. This applies also for the iron yoke of Nuclotron type
magnets, made up to now, where the magnetic flux vector continuously changes its
orientation with respect to rolling direction.

4.3.3 Isotropic steels

The performance of the isotropic steel M250-50A is similar to the performance of
anisotropic steels. Next to this also M600-100 was considered, given that its hys-
teresis losses are similar at room temperature (see Table 4.5). The static B-H curves
and coercive forces are presented in Fig. 4.5. One can see that ET3413, M250-50 and
M600-100 are comparable. The steel M700-100 provides a slightly higher saturation
magnetisation Ms but its coercive force Hc is considerably larger.

4.3.4 Material – components – device

Rings, made by the same technology from isotropic M250-50A and anisotropic
ET3413, have different coercive forces (31 A/m and 21 A/m), but close hysteresis
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Figure 4.4: Hysteresis losses in unipolar cycles 0-Bmax. unipolar cycles at 4.2 K in steels

losses for cycles with Bmax > 1.5 T especially at Bmax near 2 T. It confirms the fact,
that the coercive force is good for primary estimations. The eddy current losses
are close to each other for M250-50A and ET3413 and negligible small due to the
lamination thickness and the low frequency.

The original properties of the steel lamination sheets are influenced by the tech-



52 Magnetic steel

100 1000 1E4

0,0

0,5

1,0

1,5

2,0

B
, 
T

H, A/m

 Hc = 52.0 A/m

 Hc = 48.7 A/m

 Hc = 46.3 A/m

 Hc = 44.9 A/m

M700-100 (GSI meas, Dec.2007)

 
Figure 4.5: The B-H curve of the isotropic steel M700-100. Measurement data courtesy of
F. Klos

nological effects, design of the real magnet yoke and operation conditions: lami-
nated compound, manufacturing technology and field parameters (maximum field,
cycle frequency, field direction within the steel).

It should be noted that the B-H curve of isotropic steel with higher Hc are above
the B-H curve of anisotropic steel with lower averaged Hc. But for B > 1.6 T, when
the saturation magnetisation determines the magnetic properties, the curves differ
only by a small value (The low induction part and the approach to saturation in the
anisotropic steel in the ring sample differ from the ones for isotropic steel).

1. There are large uncertainties in magnetic properties of steels and one should
be very careful when optimising the 2D cross section:

(a) measurement method (strip, rings, static (low frequencies) or 50 Hz);

(b) anisotropy;

(c) technology (production, stamping, turning);

(d) operating temperature;

(e) tension.

2. An approved agreement about correct use is required by users of the B-H data
and its recalculation for different cases.
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3. Accurate test measurements and detailed recalculations are required to obtain
a high resolution magnetic field description.

4.4 Selecting the steel

The choice of the electrical steel, best appropriate for the operation parameters of
the main SIS100 magnets, is crucial for an optimal adjustment of the requirements to
achieve high field quality, minimum AC losses in the yoke and a safe, reproducible
production technology.

The search for this was made in both principle possible directions, i.e. analysing
the intrinsic properties of the Si-donated Fe system as well as the available commer-
cial steel. In the latter case also the impact of the technological and real application
effects was discussed.

The conclusions are the following:

1. The development of new steel, outperforming the existing commercial ones is
extremely time consuming and costly, i.e. could be reasonable if at all only for
very large projects. Moreover, the probability to develop a new modification
significant better than the existing commercial steels is quite low, due to the
principal physical properties of the Fe-Si system and negative technological
consequences (lower Bs, brittleness, long time instability etc.).

2. The application of the more expensive anisotropic (grain oriented) steel is not
an advantage compared to the available isotropic steel because the field direc-
tion rotates within the transversal lamination planes of the accelerator magnet.
Its preferred magnetic properties are effective only in a narrow spectrum of the
local field vectors.

3. The detailed R&D had shown that the magnetic and AC loss properties of
isotropic and anisotropic steels with 3% Si are close under the given design
conditions.

4. The best choice for 0.5 mm lamination thickness will be M250-50A (or the
equivalent ET2414 or the anisotropic ET3414, as their hysteresis losses are sim-
ilar). Utilising the technological advantages of thicker lamination, the 1.0 mm
thick sheets of M600-100A should be used with similar properties at low AC
frequencies around 1Hz.
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5. At the time, the first full size dipole was manufactured, steel was hard to get.
The steel M700-100A, readily available at the time of manufacturing, was used
for the full scale magnet. The other two existing full size dipoles are manufac-
tured using the anisotropic steel ET3414 with a lamination thickness of 0.5 mm.
Their measured field quality and AC loss will provide important information
for the final steel selection.

6. The finally used steel will also depend on the requirements of the series pro-
duction, e.g. well controlled material properties.



Chapter 5

Magnetic field design

5.1 Field representation

5.1.1 Coordinate system

The axis y points upwards. z points along the magnet and x is used such that one
forms a right hand x, y, z coordinate system.

Calculations in three dimensions produce a lot of data, thus a reduction is neces-
sary to represent the main issues. The field on a elliptical cylinder with appropriate
diameters was extracted from the grid and then elliptical multipoles were calculated
[36, 37, 38, 39, 40, 41]. Out of these data circular multipoles with a reference radius
of 40 mm were calculated.

5.1.2 Circular multipoles

The classical circular multipoles

B(s) =
∞

∑
n=1

Cn

(
s

RRe f

)n−1

(5.1)

are used and appropriate to describe the magnetic field in the area of interest. Here
B(s) = B (x + iy) = By + iBx with x and y the Cartesian 2D coordinates and RRe f

the reference radius. The higher order harmonics cn = bn + ian are given by

cn =
Cn

Cm
104 (5.2)

with m the main multipole (m = 1 for the dipole).
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5.1.3 Elliptic multipoles

The field within the elliptic beam aperture is described using elliptic multipoles for
elliptic coordinates of the type

x = e cosh η cos ψ y = e sinh η sin ψ (5.3)

0 ≤ η ≤ η0 < ∞ −π ≤ ψ ≤ π (5.4)

with x and y the Cartesian coordinates and η and ψ the elliptic coordinates. The
field B := By + iBx can be described within the whole ellipse using

B(η, ψ) =
M

∑
q=0

Eq
cosh[q(η + iψ)]

cosh(qη0)
, (5.5)

with η0 = tanh−1(b/a) the reference ellipse and a and b its half axes [39, 41] (here
a = 45 mm and b = 17 mm). These Eq can be recalculated to circular multipoles
using an analytic linear transformation [41].

5.1.4 Toroidal multipoles

In the gap of a curved magnet a torus segment (−ϕ0 ≤ ϕ ≤ ϕ0) is used as reference
volume. Dimensionless local toroidal coordinates ρ, ϑ, ϕ are defined by

X + iY = Rc h eiϕ, Z = RRe f sin ϑ, h = 1 + ερ cos ϑ, (5.6)

with RRe f (Rc) the minor (major) radii of the torus and ε := RRe f /Rc < 1 the inverse
aspect ratio describing the magnitude of the curvature effects. The centre of the
fundamental Cartesian system (X, Y, Z) coincides with that of the torus, Z is normal
to the equatorial plane. The quasi-radius ρ · RRe f , 0 ≤ ρ ≤ 1, is the normal distance
of the field point from the centre circle Z = 0,

√
X2 + Y2 = Rc; the poloidal angle

−π ≤ ϑ ≤ π, is around the centre circle; the toroidal angle −π ≤ ϕ ≤ π agrees
with the common azimuth. Only toroidally uniform fields are considered; their
field components Bx, By are confined to the planes ϕ = const. and are independent
of ϕ. (x, y) are local Cartesian coordinates in these planes; the x−, (y−) axes are
parallel to the X−, (Z−) axes. The potential equation for toroidally uniform fields



5.2 2D design 57

is (neglecting a constant factor)[
∂2

∂ρ2 + 1
ρ

∂
∂ρ + 1

ρ2
∂2

∂ϑ2 + ε
h

(
cos ϑ ∂

∂ρ −
sin ϑ

ρ
∂

∂ϑ

)]
Φ

= h−1/2
[

∂2

∂ρ2 + 1
ρ

∂
∂ρ + 1

ρ2
∂2

∂ϑ2 + ε2

h2

] (
h1/2 Φ

)
= 0, (5.7)

with the first three terms in the square brackets the Laplacian in plane polar coordi-
nates ρ, ϑ. The last term, due to the curvature, introduces contributions which may
be represented as a power series in the inverse aspect ratio ε. Approximate toroidal
multipoles accurate to order ε can be obtained by (see second line of (5.7)):

Φm(ρ, ϑ) = h−1/2 ρ|m| eimϑ + O(ε2), (5.8)

≈ ρ|m| eimϑ − ε
4 ρ|m|+1(ei(m+1)ϑ + ei(m−1)ϑ

)
.

The multipoles are orthogonal to order ε w.r.t. the scalar product

(
Φm, Φk

)
:=
∫ π

−π
Φ∗m(1, ϑ)Φk(1, ϑ) h dϑ = 2π δmk.

h = 1 + ε cos ϑ. The expansion coefficients τm of a given potential

Φ(ρ, ϑ) =
∞

∑
m=−∞

τm Φm(ρ, ϑ) (5.9)

are defined by values given along the reference circle ρ = 1:

τm =
(
Φm(1, ϑ), Φ(1, ϑ)

)
/(2π) (5.10)

This theory can be extended to vector fields (required e.g. to interpret rotating coil
measurements in a curved magnet) [42].

5.2 2D design

The AC losses (in the order of 80 – 100 W for the triangular cycle) as well as the
required cooling power demanded a single layer coil for the dipole [43, 44, 45]. A
magnet design with the minimal required magnet aperture also allows reducing the
required yoke size and was thus favoured in the beginning. The magnet design
was made [46] and the field deterioration analysed. The sextupole of the “minimal
design” is much larger at even medium fields than for the double layer version [46].
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Figure 5.1: The high current cable for the single layer dipole

Thus the free aperture in the coil was increased from 130 to 140 mm (option “CSLD”)
to obtain a sextupole and a decapole (b3 = 240 ppm, b5 = −100 ppm) comparable
to the curved double layer dipole (b3 = 280 ppm, b5 = 20 ppm). This design also
provides space for the vacuum chamber ribs as well as an space margin for the
beam cross section.

The designed lamella is presented in Fig. 2.7 page 18. The load line and critical
current is given in Fig. 5.1 and the first allowed harmonics (2D Field) in Fig. 5.2 for
RRe f = 40 mm.

5.3 3D design

The magnet was modelled together with its coil in TOSCA and the field was cal-
culated and an appropriate Rogowsky end was designed. Calculations were also
performed for an rectangular end as well. This calculation revealed (see Fig. 5.3)
that the integral transfer function t f = C1/I decreases much more than the length.
Therefore the integral strength linearity is not much improved using a Rogowsky
profile. The obtained magnetic field characteristics are given in Fig. 5.3(c) (b3) and
in Fig. 5.3(d) (b5). We found that the integral magnetic field strength varies by 4%
while the effective length varies only by 1% and the Rogowsky profile improves the
length variation only by 0.5 %. So the integral transfer function t f i =

∫ ∞
−∞ B(l)dl/I
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Figure 5.2: The static 2D field harmonics: sextupole b3 . . . blue, b5 . . . green, b7 . . . red.

non linearty is created mainly by the iron steel non linearity. So the impact of an
rectangular end (i. e. the changed field quality) on the beam will be studied care-
fully as this option simplifies the magnet and reduces the AC losses [10] (see also
section 6.4.2 page 74).

5.4 Calculation quality and measurement results

The curved single layer dipole has not yet been built; so all data presented above
are based on calculations. But the first dipole, built by BNG [15], was measured
thoroughly including the magnetic field [7, 3, 9, 10] using a mole [47, 48] as well as
a mapper with a 3D hall probe. The multipoles were calculated as presented in [41].

The measured and calculated field strength and quality are given in Fig. 5.4 and
Fig. 5.5. One can see that the measured and calculated multipoles match nicely and
thus prove that the methodical work is correct and the above presented calculations
reliable [48, 41].



60 Magnetic field design

0.0 0.5 1.0 1.5 2.0
By [T]

143

144

145

146

147

148

149
t f

[m
T
/
k
A

]

(a) transfer function

0.0 0.5 1.0 1.5 2.0
By [T]

3045

3050

3055

3060

3065

3070

3075

3080

l e
ff

[m
m

]

(b) length

0.0 0.5 1.0 1.5 2.0
B1 [T]

2

4

6

8

10

12

14

b 3
 [u

ni
ts

]

(c) b3

0.0 0.5 1.0 1.5 2.0
B1 [T]

0

1

2

3

4

5

b 5
 [u

ni
ts

]

(d) b5

Figure 5.3: Calculated characteristics of the CSLD. The transfer function is given for the
centre (x ) and for the integral divided by a fixed length of 3054 mm (x . . . central field, +
. . . Rogowsky profile · . . . rectangular end) as well as the magnetic length. The sextupole
and dekapole are given as well (solid line . . . Rogowsky profile, dashed line . . . rectangular
ends, ◦ . . . transient Elektra calculations for the Rogowsky profile)
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Figure 5.4: The measured and calculated transfer function and the b2 and b3. centre: black
line . . . measured, yellow line . . . TOSCA, green circles . . . TOSCA rectangular end, green
line . . . ANSYS; end: connection side: blue line . . . measured, cyan line . . . TOSCA, non
connection side: red line . . . measured, mangenta line . . . TOSCA,
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Figure 5.5: The measured and calculated b5 (dekapole) and b7. centre: black line
. . . measured, yellow line . . . TOSCA, green circles . . . TOSCA rectangular end, green line
. . . ANSYS; end: connection side: blue line . . . measured, cyan line . . . TOSCA, non connec-
tion side: red line . . . measured, mangenta line . . . TOSCA,



Chapter 6

Losses and hydraulic limits

6.1 R&D on model magnets

At the original Nuclotron magnets large AC losses occur during continuously cy-
cling with a ramp rate up to 4 T/s and Bmax = 2 T in the iron yoke, in the structural
elements and in the cable with 70 % coming from the cold yoke and 30 % from
the coil. Further heat is created by the eddy currents in the beam pipe. To reduce
the load on the cryogenic supply system and the operational costs of SIS100 all the
significant heat sources were identified and reduced to the technological minimum
[49]. The brackets and the end plates holding the lamination together were replaced
with stainless steel (SS) ones and the laminations near the yoke ends were slit to
suppress the eddy current generation by the longitudinal field component dBz/dt
(see Fig. 2.8 page 19). The coil ends were modified to fit the beam pipe as closely as
possible to reduce the field spreading into the yoke. A Nuclotron-type cable based
on wire with a filament size of 4.1 µm (”EAS” wire [50]) reduced the losses even
further.

6.2 Operation cycles and cooling limits

The practical test of the cooling conditions on the full size magnets is an important
research goal defining the main operation parameters of the SIS100. The cooling
limit of the magnets, given by the two phase helium cooling, has to be adjusted
with the heat loads of the various operation cycles and with the hydraulic resistance
of the coil to guaranty a stable two-phase helium flow and a sufficient temperature
margin for the superconductor. But the hydraulic resistance of the coil should not be
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reduced too much, otherwise the energy efficiency for cooling the low loss modes
would degrade.

6.2.1 Estimation of the cooling limits for the straight dipole

The actual proposed SIS100 cycles [11] are given for the straight dipole version in
table 1.1 page 10 (see also Fig. 1.1 page. 10). The injection requires a field of 0.24
T over 0.8 seconds. Then the magnets are ramped up with 4 T/s to the maximum
field Bmax, followed by a flat top time of t f . The expected dynamic loss per cycle and
the average loss power values Qd, Pd are extrapolated from measurements on short
model dipoles.

More then 80% of the AC loss at 4.5 K, created in the magnet, are coming from
the iron yoke due to the large cross section. Qq and Pq are the respective parameters
for the quadrupole. Hydraulic calculations had shown that the most intensive cycle
2c should be close to the upper cooling limit [51]. In addition also the low loss
limit should be considered in more detail to provide a stable forced flow cooling for
all requested operation cycles. The correctness of these estimations were verified
testing the first full size magnets [6, 8, 10].

6.2.2 Operation test on an equivalent dipole system

A full length equivalent dipole system was tested to estimate the limits for the cy-
cles. This model dipole consisted of a serial combination of the standard Nuclotron
dipole and an optimised short model magnet, both individually tested before. The
sum of the AC loss of both 1.4 m long models was close to the total loss expected
for the 2.8 m straight dipole. The cooling scheme of the tests is given in Fig. 6.1.
The coils of the magnets were connected in series with respect to the helium flow
and the supply current. For these measurements the cryostat and the power supply
system were redesigned at the JINR magnet test facility.

In these measurements the mass flow rate was adjusted for x6 ≈ 1, i.e. the mass
vapour content at T6 was always close to the critical line of the two-phase helium
region. The loss data are in adequate agreement with the values obtained for the
individual magnets [52] and confirm our estimations of the cooling limits for the full
length dipole. The quench current of the system reached 7916A without preliminary
training. The genuine cycle 2c could not be realized, the pause between the ramping
had to be increased at least to a cycle period of 2.2s (cycle 2c’). The results are
summarised in Fig. 6.2. The measured helium pressure drop ∆P dependence on
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Figure 6.1: Cooling schema of the equivalent dipole model: T1, T2,. . . T6 - temperature
measurement points, F4 - measured helium flow. The two-phase helium flow enters the
laminated yoke after cooling the two short coils all connected in series.

the corresponding time averaged heat loss Qa in the model dipole is plotted for the
cycles given in Table II. A two parameter fit for

∆P = c0 ·Qn
a (6.1)

defines n = 1.733 and c0. The parameter n = 1.75 is the well know mass flow rate
exponent describing the pressure rise due to friction, so c0 = 0.00153 is the only
adjusted coefficient. The results for cycle 2c’ had shown, that under the given cool-
ing conditions and ramp rates the upper limit for stable cycle operation is defined
by QaL+ = 35 W. Using this characteristic value and introducing the maximum
pressure drop ∆P0 we obtain

∆P = ∆P0

(
Qa

QaL+

)1.75

(6.2)

with ∆P0 = 0.77 bar, the microscopic description of these parameters is given in
detail in [53]. For the stable cycle 2b (∆P = 0.15 bar) and the unstable cycle 3b (∆P
=0.10 bar) the loss values could not been measured and was calculated using the fit
line. The experimentally obtained stability limit was closer to cycle 3b so we can
estimate it as Pmin = 0.12 bar or QaL− = 12W ≈ 1/3QaL+.

More intensive cycles require to increase QL+. This can be achieved by changing
the yoke outlet temperature T6 into the vapour area, but assuring x2 < 1 at the outlet
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Fig. 4.  Cryogenic stability range of the 2.8 m long equivalent model dipole. 
The cycle names are plotted near their data points. 
 

More intensive cycles require to increase QL+ . This can be 
achieved by changing the yoke outlet temperature T6 into the 
vapor area, but assuring x2 < 1 at the outlet of the coil. The 
method is demonstrated in figure 5 showing the results 
obtained for the composite dipole, tested this way in a stable 
triangular cycle with a heat load of 50.5 W, i.e. 50% above 
QL+ . In this operation mode the pressure drop spread is 
reduced by a factor of two (the higher values are calculated).  
For a cooling scenario with T6=4.4 K (x6=1) we have ∆P = 
1.39 bar, i.e. an impossible mode, but the high load cycle was 
demonstrated with ∆P=0.627 bar choosing T6=8.45K. The 
same ideas could be applied to extend the SIS100 magnets 
operation to higher intensities, i.e. for continuous triangular 
cycles, not shrinking the main cycle limits defined in figure 4. 
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Fig. 5.  The pressure drop dependence on the yoke outlet temperature at the 
equivalent model dipole tested and calculated for a stable triangular cycle with 
the total heat load of 50.5 W. 
 
This means, that the magnet design should be optimized for 
cycle 2c, the more intensive cycles can be provided as shown 
in this section. Based on a final decision for the main magnet 
parameters and for the complete required cycle spectra, the 
magnet design and the cooling modes should be analyzed 
carefully. The optimal operation scenario will be chosen to 
provide an energy efficient operation of the SIS100.  

V. DESIGN OPTIONS FOR EXTENDED PERFORMANCE 
The performance analysis for the straight model has to be 
compared with the parameters of the curved dipole. In 

Figure 6.2: Cryogenic stability range of the 2.8 m long equivalent model dipole. The cycle
names are plotted near their data points.

of the coil. The method is demonstrated in Fig. 6.3 showing the results obtained for
the composite dipole, tested this way in a stable triangular cycle with a heat load
of 50.5 W, i.e. 50% above QL+ . In this operation mode the pressure drop spread is
reduced by a factor of two (the higher values are calculated). For a cooling scenario
with T6 = 4.4 K (x6 = 1) we have ∆P = 1.39 bar, i.e. an impossible mode, but the high
load cycle was demonstrated with ∆P = 0.627 bar choosing T6 = 8.45 K. The same
ideas could be applied to extend the SIS100 magnets operation to higher intensities,
i.e. for continuous triangular cycles, not shrinking the main cycle limits defined in
Fig. 6.2. This means, that the magnet design should be optimised for cycle 2c, the
more intensive cycles can be provided as shown in this section.
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ramping had to be increased at least to a cycle period of 2.2s 
(cycle 2c´). The results are summarized in figure 4. The 
measured helium pressure drop ∆P dependence on the 
corresponding time averaged heat loss Qa in the model dipole 
is plotted for the cycles given in Table II. A two parameter fit 
for ∆P = c0 · Qa

n  defines n = 1.733 and c0. The parameter n = 
1.75 is the well know mass flow rate exponent describing the 
pressure rise due to friction, so c0 = 0.00153 is the only 
adjusted coefficient. The results for cycle 2c´ had shown, that 
under the given cooling conditions and ramp rates the upper 
limit for stable cycle operation is defined by QaL+ = 35 W. 
Using this characteristic value and introducing the maximum 
pressure drop ∆P0 we obtain ∆P = ∆P0 · (Qa/QaL+)1.75  with ∆P0 
= 0.77 bar, the microscopic description of these parameters is 
given in detail in [13]. For the stable cycle 2b (∆P= 0.15 bar) 
and the unstable cycle 3b (∆P=0.10 bar) the loss values could  

not been measured and was calculated using the fit line. The 
experimentally obtained stability limit was closer to cycle 3b 
so we can estimate it as ∆Pmin= 0.12 bar or QaL-= 12 W ≈ 
⅓·QaL+ 
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Fig. 4.  Cryogenic stability range of the 2.8 m long equivalent model dipole. 
The cycle names are plotted near their data points. 
 

More intensive cycles require to increase QL+ . This can be 
achieved by changing the yoke outlet temperature T6 into the 
vapor area, but assuring x2 < 1 at the outlet of the coil. The 
method is demonstrated in figure 5 showing the results 
obtained for the composite dipole, tested this way in a stable 
triangular cycle with a heat load of 50.5 W, i.e. 50% above 
QL+ . In this operation mode the pressure drop spread is 
reduced by a factor of two (the higher values are calculated).  
For a cooling scenario with T6=4.4 K (x6=1) we have ∆P = 
1.39 bar, i.e. an impossible mode, but the high load cycle was 
demonstrated with ∆P=0.627 bar choosing T6=8.45K. The 
same ideas could be applied to extend the SIS100 magnets 
operation to higher intensities, i.e. for continuous triangular 
cycles, not shrinking the main cycle limits defined in figure 4. 
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Fig. 5.  The pressure drop dependence on the yoke outlet temperature at the 
equivalent model dipole tested and calculated for a stable triangular cycle with 
the total heat load of 50.5 W. 
 
This means, that the magnet design should be optimized for 
cycle 2c, the more intensive cycles can be provided as shown 
in this section. Based on a final decision for the main magnet 
parameters and for the complete required cycle spectra, the 
magnet design and the cooling modes should be analyzed 
carefully. The optimal operation scenario will be chosen to 
provide an energy efficient operation of the SIS100.  

V. DESIGN OPTIONS FOR EXTENDED PERFORMANCE 
The performance analysis for the straight model has to be 
compared with the parameters of the curved dipole. In 

Figure 6.3: The pressure drop versus the yoke outlet temperature at the equivalent model
dipole tested and calculated for a stable triangular cycle with the total heat load of 50.5 W.

6.3 Reducing the hydraulic limit

Currently the cycles generating the biggest heat load are the triangular cycle /\ and
the cycle 2c (see Table 7.1). The wide spread of more or less intensive ramped op-
eration modes requires a clever adjustment of the hydraulic resistance of the coil
with an optimal operation scenario for all the specific cycles. So the magnet design
was optimised for the cycle 2c and the stable operation modes were stretched up
to the triangular cycle to exploit the temperature margin of the iron yoke. Similar
techniques were already tested on Nuclotron magnets for a long time during calori-
metric measurements [54], i.e. the method is very effective for such measurements
for a two phase helium flow without void fraction recording. Fig. 6.4(a) and 6.4(b)
illustrates the T-S diagrams in both situations for the straight dipole. It is clear that,
even cooling the yoke completely gaseous, the magnet would match the instability
area. This estimations include no heat load margin and no cooling of the vacuum
chamber.
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(a) S2LD, 2c (b) S2LD, /\

(c) CSLD, 2c (d) CSLD, /\

Figure 6.4: Temperature versus the entropy of the helium flow through the bus bars I, the
inner II and outer III layer of the coil and the iron yoke IV for the two most demanding cycles:
2c and the triangular cycle /\. The top row represents the state for the straight double layer
dipole (S2LD) described in Table I left column, and the bottom row for the curved single layer
dipole (CSLD).

The heat load on the curved prototype dipole is reduced due to its smaller cross
section, but it is still not operated in a stable regime. To reduce the hydraulic re-
sistance of the coil by a factor of two, the original Nuclotron geometry of the cable
must be changed to a larger inner diameter of the cooling channel from 4 mm to 4.7
mm. The consequences for the overall magnet design were discussed and various
options are investigated considering cooling conditions [43] as well as concerning
field quality arguments [55, 56, 36, 37, 38, 39]. The curved two layer option C2LDa
[45] was designed to fulfil also a stable triangular cycle reducing the aperture size
to a minimum. This ”minimal solution” had to be compared with other design
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Table 6.1: The average power loss measured on the first straight full size dipole. TM08 . . .
coil in the middle of the magnet, on the lower side, TM09 . . . on the yoke, in the middle of
the magnet on the lower side, TM11 . . . on the yoke (moved 200mm off the connection side
end plate), TM12 . . . on yoke surface in the middle of magnet.

dB/dt Bmax td f P̄ Tout dP TM08 TM09 TM11 TM12
[T/s] [T] [s] [Hz] [W] [K] [mbar] [K] [K] [K] [K]

1 2.1 0 0.23 30 6 640 6.5 7.6 6.4 6.1
1.5 1.4 0 0.51 30 5.75 658 6.34 7.5 6.2 5.9
1.5 1.6 0 0.44 33 6.49 667 6.9 7.8 6.8 6.5
1.5 1.9 0 0.31 35 7.12 674 7.4 8.1 7.3 7.0
1.5 2.1 0 0.33 37 7.8 691 7.9 8.4 7.9 7.5
2 1.9 0 0.49 43 9.6 735 9.2 9.4 9.2 8.9
2.5 2.1 0.8 0.37 41 8.9 740 8.8 9.1 8.9 8.5
3 1.9 0.8 0.45 43 9.2 780 9.0 9.3 9.1 8.7
3.5 1.9 0.8 0.49 43 9 775 8.9 9.1 9.0 8.5
4 1.9 1.6 0.37 40 8.4 733 8.3 8.7 8.4 8.0
4 2.1 1.5 0.39 43 8.08 793 8.1 6.9 8.3 7.7

versions providing high enough margins to guaranty save cooling and a high field
quality for all requested operation modes without any doubt.

6.4 Full size dipole test results

The first SIS100 full size dipole, built and delivered by BNG [15], was tested thor-
oughly on the test station at GSI. Different cycles were tested and any continuous
triangular cycle could be run as long as the total dissipated power was less than
≈ 45 W [6, 8] (see also section 6.4.1 and table 6.3).

6.4.1 AC losses

The main goal of the measured AC loss data is to see if the load is acceptable as
well as to provide a parameterised description for predicting the required cryogenic
cooling power based on the cycles planned for SIS100. (The measured AC loss and
temperature are listed in table 6.1)

The location of the temperature sensors(TM) is described in Fig. 6.5.
So the magnet (with and without installed vacuum chamber) was ramped with

continuous triangular cycles with different ramp rates dB/dt = Ḃ as well as for
different maximum fields Bmax. For ramp rates close to the nominal ramp rate
Ḃ = 4 T/s as well as for maximum fields close to the nominal Bmax = 2 T the
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Figure 6.6: AC loss model parameters. dotted line – magnet, dashed line the – vacuum
chamber and solid line – magnet with vacuum chamber.

dissipated power was larger than the maximum cooling power, which is limited by
the maximum pressure of < 2.3 bar for the two phase helium flow and by the hy-
draulic resistance of the magnet’s coil. It was found to be close to 45 W and thus in
good agreement with the predictions [43]. So delays were added for cycles above
this limit (even for the requested originally most intensive cycle “2c” [11]).

In a first step the equivalent dynamic heat load for a pure triangular cycle P/\

was calculated by scaling the measured average dynamic heat load P̄ as well as its
measurement error ∆P̄ using

P/\ = P̄
τcyc

τ/\
τ/\ = 2Bmax/Ḃ τcyc = τ/\ + td ∆P/\ = ∆P̄

τcyc

τ/\
. (6.3)

with td the used delay, assuming that the measurement is dominated by an absolute
measurement error.

The data were then sorted for the different used ramp rates (0.5 - 4 T/s with 0.5
T steps) and were fitted with the function

P/\ = qh(Bmax) f + qe(Bmax) f 2 f = 1/τ/\ (6.4)

to the data P/\ using 1/∆P/\ as weights (see FIGURE 6.6). We found that the linear
and quadratic qh, qe can be described with sufficient accuracy for all curves with

qh = ha Bmax + hb B2
max qe =

{
0 Bmax < Bth

ea (Bmax − Bth)2 Bmax ≥ Bth
(6.5)
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Figure 6.7: The transfer function of the magnet for the centre (solid line) versus the ends
(dashed line)

Table 6.2: AC loss model coefficients

Component ha hb ea Bth

Magnet 7.6 8.3 15.5 0.95
Vacuum Chamber 3.7 -1.3 8.0 0.2
Total 10.3 8.3 15.5 0.4

with Bth the threshold field (see TABLE 6.2). Bth describes that the eddy currents
are mainly created in the yoke when the ends start to saturate (also visible in the
fall of the transfer functions t = B/I for the ends at around 1.2 T, Fig. 6.7) and thus
a field component perpendicular to the lamination is created [22] asserting that the
lamination thickness does not influence the eddies for the used frequencies. The
average power for an arbitrary cycle can now be calculated with the coefficients by
the following procedure. The Qmax energy is calculated for a ramp from 0 to the
maximum field Bmax as well as the energy Qmin for a ramp from 0 to the minimum
field Bmin for the cycle of interest using the formulae (6.4) - (6.5). The energy of
this cycle Qc = Qmax − Qmin must now only be divided by the cycle time. The
losses for the standard FAIR cycles [11] were estimated (all with Bmin ≈ 0.25 T,
see TABLE 6.3) and compared to the separate measurements of the magnet (P̄VI

electrical and PC calorimetric). The location of the temperature sensors listed in
table 7.1 is shown in Fig. 6.5. The difference is typically only 2-4 W with the model
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(a) slitted lamination and machined end (b) calculated losses

Figure 6.8: The Rogowsky end profile support structure and losses in the supporting nose
of the end plate

estimate offsets comparable to the measurement errors. Cycles with large AC loss
permitted to measure the heat removal inside the coil and inside the yoke separately.
While the coil loss was measured to be approximately 25 W, data scaled from the
measurements of the wire give approximately 15 to 16 W indicating that at this
ramp rate the yoke deposes around 10 W into the coil.

6.4.2 Losses in the end profile

The magnet end was chamfered (see Fig. 6.8(a) and the endplate was machined with
a “nose” to support these end lamella. As the field penetrates this nose perpendic-
ular additional eddy currents are created leading to significant large AC losses of
about 7 W (see Fig. 6.8(b)). So a rectangular end would result in less losses. The
field for the CSLD with an rectangular end design was calculated and it was found
that the integral field strength varies mainly due to the iron non linearity (see sec-
tion 5.3 page 58). Therefore the simpler, cost efficient, energy saving rectangular end
is favoured by the authors.
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6.4.3 Extrapolation to the curved single layer dipole

The following changes are foreseen for the curved single layer dipole:

• The cable will be built of low loss wire [57], which saves ≈ 10 W for the trian-
gular cycle /\.

• The yoke steel will be made of M600-100 instead of M700-100, which saves
around 12 W.

• If the vacuum chamber can be cooled by conduction cooling, the additional
losses occurring in the cooling pipes (see section 7.1.1 page 76) can be saved
resulting in an additional reduction of ≈ 6 W.

Therefore we expect that each single layer dipole requires a cooling power of ≈ 75
± 5 W, if operated continuously in the cycle /\.



Chapter 7

Vacuum chamber and temperature
fields

7.1 Vacuum chamber temperature

Given that the surface temperature of the beam pipe is a major issue for the cryo-
pump performance of the vacuum chamber, first calculations were directed to verify
that the temperature is below 15 K, a temperature which was estimated to be cold
enough to reduce the residual gas pressure to an acceptable limit [58].

7.1.1 Calculated temperature distributions

For the central part of a magnet, the magnetic field and other parameters are typi-
cally calculated using a 2D solver (i. e. the part were the magnet’s field is indepen-
dent from the longitudinal coordinate z and thus Bz = 0). For calculating the field
on the ramp and for the dissipated power the vacuum chamber must be included
into the model. The vacuum chamber is made of an elliptical tube with a thickness
of 0.3 mm. Ribs, 3 mm thick, soldered to the tube, reinforce it, so that it can with-
stand the ambient air pressure. Cooling tubes, soldered to the ribs, cool the vacuum
chamber surface to support cryopumping. Therefore a small 3D slice (see Fig. 7.1)
starting from the middle of a rib to the middle between two ribs was created [59].

The end of the magnet’s pole is chamfered to Rogowsky profile and narrow hor-
izontal slits are cut into the laminations in the end to reduce the eddy currents
induced by the varying Bz component. Due to these many components of small
dimension (compared to the total magnet length of 3m), a short end model was cre-
ated enforcing dBz/dz = 0 as boundary condition, to obtain a model which can be
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(a) total (b) zoom

Figure 7.1: The model of the magnet and the vacuum chamber. The model represents the
2D section of the magnet and one full period of the vacuum chamber.

Figure 7.2: The model of the end section of the dipole magnet and the vacuum chamber.
The vacuum chamber is supported by ribs. The separate cooling tubes of the yoke were not
modelled.

solved within reasonable time (see Fig. 7.2) [22].

The central model was also used to see the impact of the different parts of the
vacuum chamber on the cooling (see Fig. 7.3). The top row shows the magnet and
vacuum temperatures while the bottom row shows the temperature inside the vac-
uum chamber along the ellipse. One can see that the left row (vacuum chamber as
designed and built by BNG) gives the lowest temperatures while the vacuum cham-
ber temperature only increases by a few Kelvin along the chamber. If the ribs are
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(a) as built (b) without tube (c) without rib

(d) as built (e) without tube (f) without rib

Figure 7.3: Calculated temperatures. The model with the magnet and yoke temperature is
shown for the different configurations in the top row. The temperature along the beam pipe
(one quater starting from the top (small axis) to the right is shown in the bottom row.

left out the temperature increases even more, indicating that a considerable cooling
power is provided over the coil pack as well as over the magnet’s yoke, reducing the
cooling power available for cooling the magnet itself. The effect of this heat trans-
fer (see Fig. 7.3(b) and 7.3(e)) gives a temperature profile not significantly increased
with respect to the temperature field including the effect of the cooling tubes. The
power dissipated in the different parts is listed in Table 7.1 with the different cycles
listed in Table 7.2. These results strongly depend on the given model. Here an op-
timal thermal contact between the ribs, yoke and coil via 0.7 mm thick G11 plates
was assumed, negelecting the thermal contact resistance.

7.1.2 Measured temperature distributions

The vacuum chamber was inserted into the magnet and the magnet was operated
in the different possible FAIR cycles [11] and its loss was measured [8]. The vac-
uum chamber was also equipped with temperature sensors on the inlet and outlet
of the helium flow and on different positions on the chamber. All sensors on the
chamber were below the outlet temperature, but close to it and thus only these two
are presented in Table 7.2. The measured temperatures are thus close to the ones
calculated.
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Table 7.1: The calculated average power (in Watts) dissipated in the different components
for the different cycles. H – hysteresis loss, E – eddy loss

cycle 2a 2b 2c /\
H E H E H E H E

magnet central part
yoke 0.6 0.1 3.6 11.8 0.3 23.7 0.6

magnet end part
brackets 0.4 0.7 1.2
endplates 1.1 3.3 3.8 8.0
yoke 0.4 0.8 1.5 2.2 3.0 4.0 5.3

beam pipe central part
pipe 1.7 4.7 6.7 13.9
tubes 0.7 1.9 2.7 5.6
ribs 0.1 0.2 0.3 0.6

beam pipe end part
pipe 0.3 0.7 0.9 1.9

Total
magnet
centre 0.7 3.9 12.2 24.5
end 1.8 6.0 9.7 18.5
coil 6 1 8 16
total 8.5 10.8 29.5 57.0
vacuum chamber

2.8 7.6 10.6 22.2
total load

11.2 18.4 40.5 79.1

Table 7.2: The temperature of the vacuum chambers for the different FAIR cycles at helium
mass flow of 0.1 g/s. Bmin . . . injection field, Bmax . . . maximum field dB/dt ramp rate, t f
. . . flat top time (at Bmax), tp . . . injection time, (at Bmin), tc . . . cycle time

Bmin [T] Bmax [T] dB/dt [T/s] t f [s] tp [s] tc [s] Tin [K] Tout [K]

2a 0.24 1.2 4.0 0.1 0.70 1.408 5.12 15.46
3a 0.24 1.2 4.0 1.3 0.70 2.608 5.09 10.03
3c 0.24 2.0 4.0 1.7 0.68 3.408 5.14 12.66
4 0.24 2.0 4.0 0.1 3.88 5.008 5.09 9.84
2b 0.24 2.0 4.0 0.1 1. 1.4 magnet can not
2c 0.24 2.0 4.0 0.1 0.7 1.82 be operated
/\ 0 2.0 4.0 0 0 1 in these cycles
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7.2 Impact of the vacuum chamber design on the mag-

netic field

7.2.1 FEM calculations

The model presented in 7.1.1 also allows calculating the field within the vacuum
chamber. The calculations showed that the field is significantly distorted by the
eddy currents within the chamber [22]. The distortion is larger than the magnet
distortion itself at the injection field of approximately 0.25 T.

All calculations in 7.1.1 were presented for the now tested straight dipole mag-
net with a double layer coil (S2LD, see also Fig. 2.2). As this magnet can not provide
the cycles, finally requested for FAIR, the magnet was redesigned to a curved dipole
with a single layer coil (Curved Single Layer Dipole, CSLD) [43, 60]. see Fig. 2.9
page 19). This design was selected as the main dipole for SIS 100 [61]. The same
calculations as done with ANSYS were performed using Electra 2D and 3D for the
CSLD. The 3D model was similar to the ANSYS model. The difference of the mul-
tipoles b3 and b5 for the transient field, calculated with ELEKTRA 3D, to the static
field, calculated with TOSCA 3D, quite match the ones found for the straight dipole
(see Fig. 7.4). In the 2D model the rib was not modelled. The ELEKTRA 2D model
predicts smaller distortions (see Fig. 7.4(c) and 7.4(f)) which is to be expected as
the eddy currents taking the path over the rib are missing in this calculation. This
indicates further that cutting this path can reduce the field distortion considerably.

7.2.2 Analytical model

In the next step towards series production the first single layer magnet for SIS 100
shall be built together with the vacuum chamber [43, 3, 57]. So the authors decided
to invest the time to make a model of the vacuum chamber which can be solved semi
analytically as it is much faster in evaluation and thus easier to handle to optimise
the layout.

The vacuum chamber itself is too complicated to model it in one single formula.
But the eddy currents can be seen as flowing in the following loops

1. the tube itself (see figure 7.5(a))

2. two of the 4 cooling pipes short circuited by the rib (see figure 7.5(b))
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Figure 7.4: The effect of the vacuum chamber on the sextupole and dekapole versus the
main field for static and transient mode. S2LD with ANSYS: blue – static, red – transient
ramp up, CSLD static with TOSCA: blue – 2D, yellow – 3D, CSLD transient with ELEKTRA:
green – 2D ramp up, cyan – 2D ramp down, red – 3D ramp up.

3. one cooling pipe electrically connected to the vacuum chamber over the rib
(see Fig 7.5(c)).

These calculations are based on the following assumptions:

• the external field is a perfect dipole

• the external field is not disturbed by the eddy currents in the loops

• the specific conductivity σ is uniform throughout the vacuum chamber

• the field penetrates the full chamber as the skin depth δ = c/
√

2πσω, ∆ <<

a, b, δ (c . . . speed of light, ω . . . 2 πν ≈ 2π)
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(a) chamber (b) pipe - rib - pipe

(c) chamber - rib - pipe

Figure 7.5: Eddy currents induced in the different loops of the vacuum chamber. These are
induced in the elliptic vacuum chamber itself (a), in the ribs shorted by the cooling pipes and
in the cooling pipe and the vacuum chamber shorted by the ribs.

Table 7.3: Parameters of the vacuum chamber

Parameter Value Dimension

specific conductivity σ 0.5 µΩm

elliptic tube
thickness ∆ 0.3 mm
major half axis a 65 mm
minor half axis b 30 mm

cooling pipes
inner radius ri 2 mm
outer radius ro 3 mm

ribs
thickness b 3 mm
distance l 20 mm
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Table 7.4: Resistance of different components and the losses in the 4 cooling pipes.

Part decay constant τ current resistance losspipes

chamber 22 µs 5 mΩ/m
tubes 5 µs 27 mΩ/m
Loop 1 0.1 A 30 mΩ/m 2 mW/m
Loop 2 2.7 A variable 0.8 W/m
Loop 3 1.7 A 265 mΩ/m 0.3 W/m

7.2.3 Comparison to FEM results

In table 7.4 the eddy current power dissipated in the cooling pipes due to the differ-
ent loops is ≈ 1.1W and roughly 3 W if taking this value for the full magnet length
of 2.756 m. This difference could be attributed to the fact that the ANSYS model
took solder contacting the pipes and the vacuum chamber into account while the
analytical calculations only use the resistance of the cooling pipe.

7.3 Cooling options for the vacuum chamber

The results presented above show that not only the vacuum chamber itself, but in
addition its special cooling tubes create large eddy currents if not properly insulated.
Furthermore these tubes require their own, extra cooling circuit making the complex
cooling scheme of the accelerator more complicated and less reliable.

To avoid these consequences, the vacuum chamber can be cooled indirectly via
heat conduction to the cold mass of the magnet, i. e. the iron yoke and the sc coil.
The FEM investigations presented in 7.1.1 show that such an design is feasible, if the
contact resistance can be neglected using an appropriate technical solution.

First ideas and layouts were presented in [62, 63, 64]. The problems of the
chambers impedance characteristics and manufacturing technology still have to be
solved. In addition the cooling power of the magnet must be sufficient to deal with
the significant heat flow coming from the vacuum chamber too. This is an impor-
tant, qualitative advantage provided by the recently optimised design version CSLD
[45, 43, 60] as the hydraulic resistance of the coil is only a quater of the current mag-
net’s coil for the forced two phase helium flow. An other version of the contact
cooling could be a solution similar to that shown in Fig. 7.6 using the stabilising ribs
as contact springs.

In any case the optimal beam pipe design minimises the thermal contact resis-
tances between the vacuum chamber and the magnet within the aperture near to
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Figure 7.6: The spring rib for contacting the vacuum chamber to the yoke.

the physical limit. The final chamber design must be mechanically stable during the
complete life time of the magnet, which has to be carefully analysed too.

7.4 Summary

The sources of losses are well understood and need only to be known to a precision
of one Watt. The field quality has to be described with an accurcay of ≈ 100 ppm.
Thus further steps are required to backup the calculations.

Taking into account that the field created by the eddy currents induced into the
vacuum chamber is small compared to field, created by the magnet, the following
further steps are being done

1. The field within the magnet’s aperture is measured without the vacuum cham-
ber, which quantifies the accuracy of the calculation.

2. The FEM model is adjusted until it reproduces the measured field with suffi-
cient quality adjusting the BH curve and the measured mechanical properties
of the magnet.

3. The vacuum chamber is placed within a conventional magnet of good field
quality. Then the field is measured within the vacuum chamber which is now
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Figure 7.7: The woodlouse within the vaccuum chamber in the magnet.

easily accessible. The conventional SIS 18 magnet available at GSI provides a
field of appropriate quality and can be ramped faster than SIS 100 and thus
eddy currents with the same strength can be produced thus compensating the
change of resistivity of stainless steel, which is roughly 3 time higher at room
temperature than at cryogenic temperature.

4. At last the vacuum chamber is installed in the magnet and the field is sampled
within the chamber with a “woodlouse” (see Fig. 7.7) at different ramp rates at
cryogenic conditions and the quality of the model prediction asserted. These
final data provide a reliable field information on a geometric extent not reach-
able by magnetic field probes with the equipment available to the authors.

Considerable currents are created within the cooling tubes, which disturb the
magnetic field. These currents have to be compared to the ≈ 8 · 750A, which are
required for the injection field of ≈ 0.22 T. So one gets a ratio between the eddy
currents in the tube and the current in the magnet coil of≈ 7.3 · 10−4. So an influence
is expected and was shown by the FEM calculations.

In a last steps the distortion fields of the different components of the vacuum
chamber have to be calculated and compared to the ones obtained with FEM mod-
els. Then the cooling layout of the vacuum chamber for the single layer dipole has
to be optimized using the analytical formulae and finally crosschecked by a sound
ANSYS model as well as by measurements.



Chapter 8

Milestones towards a curved single
layer dipole

The now to be built curved single layer dipole builds on a long history of design
ideas, calculations and experimental tests. It started with the decision to develop a
high current cable, which should be applied for Nuclotron type magnets with larger
apertures and higher ramp rates, and which should lower the total AC loss [65].

2002 A first design of a high current cable based on the Nuclotron cable was con-
sidered and first test pieces fabricated [66].

2003 Its cooling power was calculated and compared to other proposed cable ver-
sions [67, 53]. Strands of the high current cable were tested [68] and designs
based on these cable for up to 4 T were made [69].

2004 Based on the high current cable design, a dipole magnet with a single layer coil
(thus only half the number of turns), was designed and tested [70, 4, 5]. Further
it was shown that the Nuclotron cable can be also built with the conductor in
direct contact with helium [71].

The high current Nuclotron type cable was also presented at CERN [72].

2005 A magnet design was made for an aperture of 52 mm radius for fields up to
4 T [73]. Besides the cooling concept of SIS100 was reviewed [74].

2006 The required beam aperture was increased and the pure triangular cycle (1 Hz
instead of 0.58 Hz of cycle 2c) was added to the operating cycles.

Calculations of the hydraulic limits showed that the full size magnet will not
be able to provide the requested cycles [51]. This year the first full size mag-
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nets were to be ordered and thus the magnet design to test was discussed
internally. At this occasion the limited cooling capacity of the 2 layer design
was reemphasised and it was stressed that the single layer dipole is a solution
for this problem [75, 76].

2007 A dedicated test was made at JINR/DUBNA, connecting two model magnets
hydraulically in series, which allowed simulating the hydraulic conditions of
a full size dipole for SIS100 [77, 52, 60]. Therefore again the single layer dipole
was presented as the solution to this problem [43, 45, 10] along with a field
design [46, 37], matching the field quality of the 2 layer dipole [78]. Further
a quadrupole design was made based on the high current cable for operating
cycles of up to 10 Hz [79].

A cable machine was produced by BNG already with flexibility in mind (see
also Fig. 2.11 page 21). It can be adapted to the requirements of the high current
cable and other modifications [25].

The development of a new wire for the cable of the curved single layer dipole
was started within the INTAS framework [80].

2008 The status of the SIS100 magnets, its cooling limits and their solutions were
presented at WAMSDO at CERN [1] as well at the Applied Superconductivity
Conference [60, 22].

2009 The first measurement results of the double layer straight dipole confirmed
the predictions that this magnet design can neither be operated in cycle 2c nor
in the triangular cycle [15, 6, 8, 81]. The superconducting wires for the high
current cable and short cable pieces were fabricated and their AC losses were
measured [82, 83].

So it was finally decided that a single layer dipole shall be ordered and tested.

2010 This report is presented to the machine advisory committee.



Chapter 9

Conclusion

The first SIS100 prototype dipole was intensively tested. The magnet training, the
intensive long-term ramping stability, the measured current, the magnetic field char-
acteristics as well as the AC-loss and cooling parameters have proven the prelim-
inary design estimations and show that the applied production technologies are
working well and ready for series production. These tests will be completed on
a second straight dipole, a curved dipole utilising a two layer coil and on a pro-
totype quadrupole with 6 coil per pole. The results obtained on the first prototype
dipole confirm that our methodical design work is correct and the optimised curved
single layer dipole is expected to fulfil all operation requirements for the SIS100 ac-
celerator. This curved single layer dipole, while not yet built, is based on a sound
R&D conducted over several years (see chapter 8 page 86). The next step toward fi-
nal series production of the main magnets will be constructing and testing a curved
dipole with a single layer coil made of high current superconducting cable.
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