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Abstract: Superconducting magnets in the SIS100 particle accelerator require the supply
of liquid helium and electric current. Both are transported with by-pass lines designed at
Wroctaw University of Technology. Bus-bars used to transfer an electric current between
the sections of the accelerator will be encased in a steel shell. Eddy currents are expected
to appear in the shell during fast-ramp operation of magnets. Heat generation, which
should be limited in any cryogenic system, will appear in the shell. In this work the
amount of heat generated is assessed depending on the geometry of an assembly of the
bus-bars and the shell. Numerical and analytical calculations are described. It was found
that heat generation in the shell is relatively small when compared to other sources
present in the accelerator and its value strongly depends on the geometry of the shell. The
distribution of eddy currents and generated heat for different geometrical options are
presented. Based on the results of the calculations the optimal design is proposed.

Key words: superconductors, eddy currents, electromagnetic heat generation, particle ac-
celerators

1. Introduction

Modern particle accelerators require high magnetic fields to bend and shape particle
beams. Therefore they need to be reliably supplied with large electrical currents. Power for the
SIS100 accelerator, currently under construction at GSI, Darmstadt, Germany, is going to be
transmitted by superconducting bus-bars [1]. The bus-bars together with helium transfer lines
form by-pass lines. They are the part of Polish in-kind contribution to the FAIR project. The
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effort is coordinated by Jagiellonian University of Krakow. Bypass lines are designed, manu-
factured and commissioned by Wroctaw University of Technology [2]. In the bus-bars Nuclo-
tron-type cables will be used, with NbTi serving as a material for superconducting filaments
[3, 4]. Critical temperature of this material at zero magnetic field is approximately 9.2 K and it
is going to be cooled with forced two-phase liquid helium flow. High temperature supercon-
ductors also are going to be applied at SIS100, as the part of current leads [5].

Due to large cooling power requirements and the risk of quench, the margin of the heat
budget of the entire accelerator and its subsystems is extremely low. For example, the ex-
pected heat load of Super-FRS (separating device) is 1770 W at 4 K, including a design factor
of 1.5 [6]. Cooling capacity of the entire cryogenic system of accelerator is approximately
34.9 kW at 4 K [7]. Given that, any heat generation that might appear should be assessed,
quantified and limited. Additional heat loads must be removed, thus more cooling power is
needed. It can also be dangerous due to the increased risk of quench. Additional challenge is
the fact that an electric current and liquid helium will be transported in a single assembly.

SIS100 magnets are going to operate under several regimes [8]. AC losses occurring in
superconducting magnets were calculated analytically [9] and measured experimentally
[10, 11]. They were found to be major heat input for both SIS100 [12] and its planned ex-
tension, SIS300 [13]. Magnet design was significantly affected by thermal issues [14]. A pro-
per cooling system will be introduced [15].

Bus-bars will be the part of a by-pass line. Some sources of heat are expected to be present
there. The first is a bus-bar itself, with AC losses occurring [16]. Eddy currents induced in
non-superconducting parts of the accelerator by fast-ramping currents in magnets and bus-bars
are the additional sources of heat. Eddy currents power in the support structure of the magnet
was calculated previously and was found to be relatively high, when compared to heat bud-
get [17].

In by-pass lines analysed in this paper the pairs of bus-bar lines will be encased in a steel
tube to provide thermal and electrical shielding [18]. This work presents the results of ana-
Iytical and numerical results of the calculation of heat generation by eddy currents occurring
in a shell of bus-bars. The major goal of this work was to assess the heat generation and to
find the optimal shape of the bus-bars and shell assembly, which would lead to the minimi-
sation of heat generation. In the future by-pass lines will be tested experimentally along with
the superconducting magnets [19].

2. Methods

2.1. General assumptions

Bus-bar assembly contains two superconducting Nuclotron-type cables surrounded by
a steel shell. The cables are cooled by liquid helium flowing in a pipe around which a super-
conductor is wound. The cross-section of the line with dimensions marked is shown in
Figure 1. R denotes the internal radius of the shell which, in the case of considered line, is
equal to 14 mm. AR is the thickness of the shell equal to 1 mm, r is the external radius of
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a superconducting cable equal to 3.75 mm, r’ is the internal radius of the cable, assumed as
2.6 mm.

The effect of variation of some geometric parameters on the size of heat generation was
considered during the calculations. The first parameter is ¢, defined with Equation (1).

g
==, 1
g R @
& is here the distance between the axes of the shell and the cable. The shell can be either
solid or split along its length in two halves. Numerical calculations are performed for both
solid and split shell, while analytical only for a solid shell. In the case of split shell an addi-
tional varied parameter was [ — the angle between the split and a line connecting axes of the

cables.

Fig. 1. Geometrical dimensions
of the considered line
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The accelerator will be supplied with power in several different modes. The highest heat
generation in the shell is expected during the operation under a fast-ramp regime. In this
regime the current is going to be varied between 0 and 14 KA in triangular cycles, which are
going to be executed with a frequency of 1 Hz [8], giving a local increase speed of the current
of approximately 28~kA/s. Electrical conductivity ¢ of the shell is assumed to be constant and
equal to 1.54-10% S/m at a temperature of 300 K. At an operation temperature of 4 K it is
expected to be approximately 30% higher [20]. 2D and 3D numerical models of a bus-bar and
shell assembly were created and an analytical solution for solid shell was used to validate
them.

2.2. Analytical

The section of the solid shell with uniform conditions is considered. Effects appearing at
the ends of the shell and non-straight sections are therefore neglected. Local volumetric power
density of eddy currents dP is calculated using Formula (2).
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dv
ap=1 @
c

where j is the local density of eddy currents, V is the volume. In order to obtain total energy
dissipation integration should be performed over angular direction 8, length | and in the radial
direction. Several simplifications can be applied. Variation in radial direction can be assessed
based on skin depth d. Applying Fourier series expansion to the triangular function yields only
odd non-zero harmonics, with amplitude decreasing with the square of their number. The
amplitude of the ninth harmonic is only 1.2% of the amplitude of the first harmonic. Skin

depth is calculated with Equation (3).
5= 2 ®
GOl g

where o is the pulsation of a given harmonic, po is the magnetic permeability of vacuum. Skin
depth for the ninth harmonic is approximately 135 mm. For a base harmonic of 1 Hz it is more
than 405 mm. Skin depth at the given power regime is much larger than the thickness of the
shell and neglecting radial variation of current density will lead to errors of less than 1%.
Since uniform conditions over the length of the shell are assumed this term can also be neg-
lected. | is assumed as 1~m to obtain the value of heat generation per meter length. Therefore,
only integration over 0 is needed, yielding Formula (4).

27
RARI j i2(0)do
0

P= 4

()

Angular distribution of eddy current density has to be found. Since the rate of change of
the current in the bus-bars is linear for the majority of the time it can be assumed that the rate
of change is constant and the distribution of currents does not change in time. The current has
only component in direction I, therefore it is sufficient to calculate the derivative of magnetic
flux through a shell wall over time t in the region symmetrical with respect to the line of zero
current. The value of electric field E at the edges of the integration region is found applying
Faraday’s law (Formula (5)).

do 1
T ©)

Eddy current density is calculated using Ohm’s law (6), thus giving all parameters needed

in Formula (4).

j=oE. (6)

2.3. Numerical models

Numerical models of the considered system were developed using the AC/DC package of
commercial software Comsol. The base equation for the model is Ampére’s law. Initially a 2D
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model of the transfer line with a solid shell was created and validated against the analytical
solution. A 3D model of a transfer line with the solid shell was created. After the validation of
this model the dependence of heat generation on § was calculated for a half of the shell.

In the 2D model the entire geometry was recreated, including the shape of bus-bars. In the
case of the analytical calculations only point currents were assumed, while in the 3D models
linear currents were applied. In the 2D model the bus-bars were modelled as uniformly
distributed current density. In the actual system some variation in current density distribution
will appear due to the properties exhibited by superconducting material, especially flux
pinning. However, these variations appear only locally and do not significantly affect the
distribution of a magnetic field at some distance from the cable. They were not modelled in
order for computational power to be saved.
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Fig. 2. Comparison of heat generated by the dissipation of eddy currents in W/m in dependence on
parameter  in the full shell calculated analytically and with numerical models

For every model the region between bus-bars and the shell was assumed to be vacuum
with a relative permeability and permittivity of 1. Electrical conductivity of this region is as-
sumed to be 10 orders of magnitude lower than of the shell. The current in the bus-bars is
assumed to be linearly increasing with a speed of 28 kA/s. In both bus-bars the current is flow-
ing in different directions. In the 3D models the sections with a length of 200 mm were model-
led. The distribution of currents and heat generation density in the middle cross-section of the
shell was analysed to reduce the effect of variations at the ends of the modelled region.

The models were validated against each other and an analytical solution. The variation of
total heat generation depending on parameter { was analysed for both solid and split shells.
For the split shell additionally the dependence on the angle of split location B was found. The
models also yield the distribution of eddy currents and a magnetic field.
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3. Results

The most important results have been shown graphically in the following figures. Inte-
gration of heat generation by eddy current over the surface of a cross-section yields the value
of heat generation per meter length of the transfer line. The results obtained from numerical
models and analytical calculations are compared in Figure 2 in order for their reliability to be
assessed.

Figure 3 shows the example of results of numerical calculations for the full shell per-
formed with the 2D numerical model for the parameter  of 0.35. Distribution of eddy currents
density and resulting heat dissipation are presented. The horizontal line in this figure and in
Figure 4 marks the line connecting the axes of bus-bars.

Figure 4 shows the changes in distribution of eddy currents and resistive heat generation in
the cross-section of half of a split shell depending on angle B. The cables are placed horizon-
tally. Parameter C used during the calculations for the figures was equal to 0.35.

The application of a 3D model allowed to find the shape of eddy currents for different geo-
metries. Figure 5 shows the comparison between streamlines of eddy currents for both a full
shell and split shell. Several angles have been analysed. In the cases when the shell is split,
only half of the shell is shown for greater clarity.

Figure 6 shows the dependence of eddy current heat generation in a split shell on geome-
trical parameters. Heat generation was calculated in a single half of shell for the pairs of B and
C and integrated over the central cross-section.

4. Discussion

The obtained results appear to be reliable. The comparison between the results obtained
from 2D and 3D numerical models of a full shell shows that the differences are almost
negligible. Possible discrepancy can come from lower mesh density of the 3D model or the
effects appearing at the ends. It can be seen in Figure 2 that the heat generation calculated with
numerical models is slightly lower than the one obtained analytically. It is caused by the
simplifications assumed during the analytical calculations, especially the lack of analysis of
radial current distribution. In the face of small difference between the 2D and 3D model the
effect of assumption of point currents seems to be negligible.

Distribution of eddy currents at the full shell, shown in Figures 3 and 4, is symmetric with
respect to two axes — the line connecting two axes of bus-bars and perpendicular one inter-
secting at the axis of the shell. Eddy currents flow in two loops. The maximum current density
and heat generation appear in the region close to the intersection of the line connecting the
axes of bus-bars and walls of the shell. In the case of horizontal bus-bars arrangement zero
current appears directly above and below the axis of the shell. In this region heat generation is
the lowest.

Changes to both the distribution and size of currents can appear when the shell is divided
in two and depend on the angular position of split defined by angle . When the shell is
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Fig. 3. Distribution of eddy currents density j in A/m?: (a) and heat generation caused by them
in W/m3; (b) shown on the cross-section of the shell
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Fig. 4. Distribution of eddy currents density j in A/m?: (a) and heat generation caused by them in W/m3;
(b) shown on the cross-section of the split shell with angle B of (top to bottom) 0°, 45°, 90°
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Fig. 5. Isometric view of streamlines of eddy currents for (top to bottom) full shell,
split shell with angle B of 45°, 0°, 90°
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cut along the line connecting the axes of bus-bars (p = 0°) the distribution of current and the
total size of heat generation remain the same as in an undivided shell, as can be seen in
Figures 4 and 5.The single loop which is observed is basically the half of current distribution
in a full shell. Zero current and the highest heat generation also occur in the same respective
regions.

When 3 = 45° a single loop is still observed. However, it has a different shape. Location
with zero current is displaced and the highest current is observed on the edge of the half of
shell further from the intersection with the line connecting the axes of bus-bars. The distri-
bution of currents and heat generation is not symmetrical. The current is more extensively
distributed in the section of the shell close to the horizontal line. Total heat generation is
approximately 41% lower than in the case of a full shell.

When the split of the shell is positioned perpendicularly to the line connecting the bus-bars
(B =90°) currents flow in two symmetrical loops separated in the central part of the half of the
shell. Currents are strongest there and at the edges of the shell. Zero current is observed
approximately at 22.5° from the horizontal line, halfway between the edges and the center of
the half of the shell. Eddy currents are much weaker than in the case of the full shell and the
total heat generation is approximately 79% lower. The difference decreases slightly with the
increase of parameter C.

Figure 6 shows that the total eddy current heat generation occurring in a split shell
decrease with the increase of angle  and the decrease of geometrical parameter {. The value is
strongly dependent on angle B. For given { heat generation is between 4.82 and 4.63 times
higher when 3 is 0° compared to value when (3 is 90°. The dependence of heat generation on ¢
is weaker and decreases with the increase of B. For given B they are between 1.51 to 1.57
times higher when ¢ is varied between 0.285 and 0.35. The highest value of the total heat
generation in an analysed range is 9.78:10* W/m, observed for { = 0.35 and B = 0°. The lowest
value is 1.34-10* W/m, almost 7.3 times less than the maximum, occurring at the other side of
the analysed range for { = 0.285 and § = 90°.

Angle of split fi (°)

0.29 0.3 0.31 0.32 033 0.34 035
Geometrical parameter {

Fig. 6. Dependence of eddy current heat generation in W/m on ( and angle 8
for split shell given in W/m based on 3D numerical model

The calculated eddy current heat generation occurring in the shell is very small when com-
pared to other heat inputs to the cryogenic system. There are going to be 6 by-pass lines with
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a length of approximately 45 m connecting sections of the SIS100 accelerator [2]. The total
heat generation according to the worst case scenario of analytical calculations will be appro-
ximately 0.29 W. In the best case scenario heat generation will be much lower, approximately
0.036 W. Expected heat leaks to cryogenic transfer lines of the SIS-300 accelerator are at
a level of 165 W, for SIS-100 they are expected to be slightly lower [13]. The total heat load at
4.5 K is 4289 W. Therefore, in optimal conditions, the contribution of heat load from eddy
currents in the shell of bus-bar is almost negligible.

The application of a split tube and its proper placement allows to significantly reduce heat
generation. From manufacturing point of view, the split is actually a more favourable option,
as it allows for easier assembly. By placing it at a proper angle with respect to the position of
bus-bars some savings of heat load can be obtained. As shown, the radial position of bus-bars
inside the shell is less important and other issues, such as mechanical strength of separators,
avoidance of cross-talks or the risk of discharge can be prioritised.

5. Conclusion

The amount of heat generated by eddy currents in the shell of a bus-bar was found to be in
the range of 0.29-0.036 W. Both this values are small when related to other heat sources
present in the accelerator system. From a manufacturing and thermal point of view it is better
to apply a split shell. The generation of heat in a full shell is the same as in the worst case of
a split shell. Amount of heat generated in the split shell is strongly affected by geometric con-
ditions, especially by the angle between the split and bus-bar assembly. The optimal place-
ment of split for which the heat generation is the smallest was found to be perpendicular to the
line connecting the bus-bars.
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