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Abstract

A newly developed numerical model is presented that enables to compute twodimensional heat transfer and temperature distributions over the cross-section of
superconducting accelerator magnets. The entire thermal path from strand-incable to heat sink, including helium channels is considered. Superfluid helium
properties are combined with temperature- and field-dependent non-linear solid
material properties. Interfacial interactions are also taken into account. The model
is applied to the cross-section of an inner triplet quadrupole magnet featuring a
new concept for the ground insulation. Beam loss profiles are implemented as
main heat source. It is concluded that operational margins can be considerably
increased by opening additional thermal paths, improving the cooling conditions.
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INTRODUCTION
In the Large Hadron Collider at CERN, the final beam focus in the collider’s interaction regions
is provided by ―inner triplet‖ superconducting quadrupole magnets located at either side of the
detectors. With the future luminosity upgrade of the LHC, the inner triplet will be replaced [1].
These magnets have to accept much higher levels of energy deposition by beam loss radiation
than ever before. The main thermal design issue is the effective heat removal from the
superconducting coil. Present magnets subjected to increased steady-state beam loss have a
strongly reduced stability margin and are therefore more prone to quenching. Heat transfer must
be drastically enhanced to guarantee a limited temperature rise and stable magnet operation. This
asks for a new, improved design featuring optimized static and transient heat removal.
Development of an advanced numerical model able to describe the thermal behavior of
superconducting magnets in much more detail is needed. The model, once validated using
existing experimental data, will be used as a tool to optimize the thermal design of new magnets,
especially the inner triplet quadrupole upgrades using either Nb-Ti or Nb3Sn. Maximum heat
removal is requested while satisfying mechanical and electromagnetic constraints [1]. Cable
insulation and ground insulation layers are mandatory to avoid electrical shorts, but are also the
main thermal resistances and thus primary for improvement. The focus here is to explain the new
thermal model and to apply it to a new conceptual ground insulation, which can considerably
enhance the heat removal.
NEW THERMAL MODEL
The model will be explained using the practical layout of an (MQXC) inner triplet quadrupole
magnet as pictured in Figure 1, but is applicable to superconducting accelerator magnets in
general. The entire thermal path from hot spot to heat sink in the cross-section of
superconducting accelerator magnets is considered.The superconductors are located immediately
around the beam pipe. Therefore the beam pipe —and after that the conductors— exhibit the
highest volumetric heat load caused by beam loss. The windings are supported by a stainless
steel collar, which is surrounded by an iron yoke. This structure is enclosed by a welded cylinder
and filled with superfluid helium at 1.8 to 2.0 K and 1.3 bar. The yoke has four longitudinal
holes, one containing a heat exchanger, which cools the magnet cold mass and shows a 0.2 K
temperature gradient across the magnet length. Using 2D cross-sectional analyses, the heat
exchanger is treated as a heat sink at the fixed worst case temperature of 2.0 K.
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In the design of new magnets, beam pipe diameter and magnetic field (gradient) are fixed at an
early stage. Next the position of the Rutherford type cables and shape of the iron yoke are
specified (e.g. using the ROXIE code [2]) and used as an input for the thermal model. The
magnetic field distribution over the magnet’s cross-section is known and temperature – and
magnetic field dependent material properties are implemented. Small changes in the geometry
can be introduced to improve the thermal behavior, without interfering with the magnetic design.
When thermal design requires more space, the magnetic design may be altered with an extra
iteration. Convective heat transfer and black body radiation to the cold mass are not considered
in this analysis. For inner triplet quadrupole magnets in nominal operation, steady-state energy
deposition by beam loss and debris from collisions are the main heat sources. The amount and
spatial distribution of beam loss are calculated using the FLUKA code [3]. To avoid three
dimensional analyses, the by FLUKA given volumetric heat load is averaged over the length of
the magnet. A worst case value of 45 Wm-1 over the complete cross-sectional surface is obtained.
The beam pipe, with a relatively small total volume, has a heat load of 10 Wm-1. The inner layer
due to its larger total volume gets 13 Wm-1 and the outer layer 5 Wm-1. Two dimensional
analyses are justified since the magnet is long and the heat sources are simplified to be
homogeneous along the magnet. Figure 2 shows schematically all the mentioned input for the
thermal model. The thermal analyses are performed using the COMSOL multiphysics FEM
code. With this code it is possible to implement the geometry, material properties and heat
sources in a straightforward way. Conductive heat transfer is used as the governing equation to
model the heat transport in the solid materials (see equation 1). Similar models applying the
same equation using different codes already exist [4-10]. However modeling the entire thermal
path in combination with the implementation of superfluid helium properties, solid material
properties which are temperature and magnetic field dependent and the physical behavior at their
interfaces in one overall model is new. The heat transport properties of superfluid helium are
obtained from the Gorter-Mellink equation for turbulent heat transport in the two-fluid model
(see equation 2) and implemented through an effective thermal conductivity [11]. This implies
that the effective thermal conductivity, indicated by the term in brackets (see equation. 3a) is
heat flux dependent. The numerical values for the superfluid helium heat conductivity function,
f(T) at 1.3 bar are specified beforehand by the HEPAK code [12].

with T: temperature in K, B: magnetic induction in T, Q: volumetric heat load in Wm-3, k:
thermal conductivity in Wm-1K-1, f(T)-1: superfluid helium heat conductivity function in W3m-5K1
.
For interfaces between solids, negligible thermal contact resistance is assumed. For interfaces
between kapton and superfluid helium, a Kapitza like resistance is used as in equation 4 [13],
which is implemented as a thin resistive layer through equation 5:
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with RK : Kapitza resistance in Km2W-1, kres: thermal conductivity in Wm-1K-1, dres: layer
thickness in m, Td/u: temperature at interface (down/up) in K and n: normal direction to the
interface.
Some magnet thermal models [4, 9] are verified experimentally by correlating quench current to
ramp rate loss heating or quench heater power. This is not a straightforward method as discussed
by Verweij [14]. By calculating precise temperature fields with this new model it is possible to
identify the bottlenecks in the thermal performance of magnets. When the temperature of the
helium exceeds the lambda temperature, the thermal conductivity of helium suddenly drops
orders of magnitude, stopping effective heat removal from the beam pipe and coil.
APPLICATION TO THE MQXC MAGNET
In previous models, relatively small heat loads are implemented. In this new model applied to the
so-called MQXC magnet, beam loss heat loads due to the ultimate LHC luminosity are
implemented. Calculations covering the total cross-section, including the iron yoke show that
there is a negligible temperature drop of less than 1 mK across the yoke when the heat exchanger
is fixed at 2.0 K, therefore the yoke is omitted in further analysis and the outer radius of the
collar is set to 2.0 K. After this simplification the MQXC magnet has octant symmetry, therefore
the FEM model covers only one eighth of the total cross-section of the magnet (Figure 3).

The magnet has a 120 mm bore and a two layer design. It is made of standard LHC Nb-Ti
Rutherford cables, insulated with enhanced cable insulation [15]. The packing factor is chosen
such that the helium between the yoke laminations fills 6% of the total volume, enough to allow
superfluid helium to easily transfer heat to the sink [6]. Because of the laminations an
inhomogeneous thermal path in longitudinal direction is obtained. The collar and yoke
laminations and the helium in between are modelled as parallel thermal resistances in radial
direction. With all the material properties and the packing factors known, average material
properties are calculated and implemented by the volumetric ratio between steel and superfluid
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helium. In the center plot of Figure 3, three different thermal paths to the heat sink are indicated:
A, from the beam pipe; B, from the inner layer and C, from the outer layer. Figure 4 shows
schematically the thermal resistances for each path, wider blocks representing larger resistances
(not scaled). It shows that cable insulation and ground insulation are of major interest. Also the
flap of the ground insulation reaching out into the helium annulus (space between coil and beam
pipe) and blocking the heat flux to the sink is of great importance. Much effort has been made in
improving helium transparency of the cable insulation.

As is clear from Figure 4, the superconductors in the inner layer are cooled through the cable
insulation by the helium annulus and further radially outward to the heat sink through the
superfluid helium in between the collar and yoke laminations. The beam pipe is cooled in a
similar way as the inner layer. In the old LHC design, the heat flow from the outer layer to the
heat exchanger is through the cable insulation and by conduction through the four layers of
kapton ground insulation (0.5 mm total thickness) and the stainless steel protection sheet. The
new concept of ground insulation results in better cooling of the outer layer by introducing open
helium channels (Figure 3 right plot). The four layers of kapton ground insulation normally
sealing the coil from the collar are now opened, but are still overlapping such that the integrity of
the electrical insulation is maintained (Figure 5). In between the kapton layers (grey) and the coil
(dark grey), an extra layer that includes helium channels, called fishbone, is placed (white). The
stainless steel protection sheet (black) is also made transparent for helium by introducing holes,
making it 30% open. It allows heat from the outer layer of the coil to flow radially outward. In
between the two coil layers, a newly designed quench heater is introduced (Figure 6). It has a
wavy shape such that all conductors are still covered and has holes which allow helium to
penetrate easily.

Temperature distributions for the standard and open ground insulation show that the peak
temperature in the inner layer is reduced from 3.16 K to 2.56 K by implementing the modified
open ground insulation. The position of the peak temperature moves from the inner layer to the
beam pipe. In addition, the influence of kapton ground insulation reaching into the annulus is
analyzed. Its effects are annulus blockage and poorer cooling of the inner layer and beam pipe.
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Only with the new ground insulation the outer layer is cooled well. Figure 7 shows temperature
profiles for these four cases and Table 1 summarizes the peak temperatures found in beam pipe,
inner layer and outer layer. An interesting fact is that at zero beam loss the smallest temperature
margin can be found at the most outer conductor. The absolute temperature distribution shows
that the smallest temperature margin is located at the midplane conductor. Using the critical
surface of Nb-Ti (taking into consideration the magnetic field and temperature), it is shown that
the smallest temperature margin can be located at a conductor anywhere in between the midplane
and outer conductor, depending on the exact field – and temperature distribution.

CONCLUSION
The newly developed numerical model runs stably and application to the new concept for the
ground insulation shows that the temperature margin for a typical quadrupole magnet can be
significantly increased. Introducing new helium channels spreads out the heat flux. A lower heat
flux density in the annulus results in a higher thermal conductivity of the superfluid helium. The
inner layer and beam pipe are thus also better cooled when the ground insulation is open.
Removing the flaps of ground insulation can create a more open annulus. These interesting
results ask for experimental validation, which will be provided in the near future. The model will
be extended step-by-step to be able to describe the magnet’s thermal behavior across the entire
operational temperature range of 1.9 to 10 K, including transient calculations, phase transition to
liquid helium and cooling by natural convection of liquid helium. Also phase transition of the
superconductor to the normal phase accompanied by Joule heating will be covered.
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