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Abstract

The possible heat sources in the superconducting cable are
evaluated and result in a temperature margin of this cable. The
electric insulation of the cables plays an important role as
heat barrier between the cable and the superfluid helium bath.
Numerical and experimental models are presented. Different
insulation systems are proposed.

1. INTRODUCTION

The Large Hadron Collider (LHC) [1] to be built at CERN
in an existing tunnel requires high field superconducting mag-
nets. Fields in the range of 8 to 10T can be reached using a
standard NbTi superconducting cable in a helium bath at a re-
duced temperature of 1.9K. The helium is then superfluid and
has the advantages of a low viscosity and a high thermal con-
ductivity leading to high heat wransfer coefficients. If the he-
lium is in close contact with the cable, its high specific heat
could compensate for the lower enthalpy of the metallic parts
at the reduced temperature.

During the operation of the collider, heat is deposited in
the cable, either by beam losses or by electrical losses at
ramping. This heat has to flow from the cable to the cold
source through the electrical insulation of the cable such that
the cable temperature never exceeds the critical temperature of
the superconductor at the operational field.

This paper gives estimates of beam losses, ramping effects
and lemperature margin. Measurements of the temperature in-
crease in a thermal model of the dipole coils are reported for
various electrical insulations.

2. TEMPERATURE MARGIN AND LOSSES

2.1 Temperature margin

The coils made of two layers of conductors and the me-
chanical structure are bathed in the subcooled superfluid he-
lium filling the volume between the cold bore and the helium
vessel (Fig. 1). A superconducting cable consisting typically
of 28 NbTi strands ©1.065 mm remains in the superconduct-
ing state as long as the temperature, the magnetic field or the
current density stay below their critical value. At a fixed cur-
rent and fixed field, the temperature margin is defined as the
difference between the critical temperature and the bath tem-
perature. For the inner layer of a LHC dipole at 8.65T in a
1.9K helium bath, the temperature margin is 1.2K.

2.2 Ramping losses

At ramping and discharge of the current in the dipole mag-
net, losses occur in the superconducting cables. They are due
to hysteresis in the NbTi filaments, interfilament coupling

through the Copper matrix and currents circulating between
the strands through their contact resistance. The interstrand
coupling losses depend on the final resistivity of the copper,
the coating of the strands and the compression of the cables.
They occur mainly in the winding blocks of the inner layer
located near the median plane of the dipole coils where the
magnetic field is perpendicular to the cable broad face. For an
LHC charging time of 1200 s, the specific power dissipation
in these cables is 0.14 mW/cm3, the total losses have been
calculated to be 325 mW per meter length of magnet equiva-
lent 1o an energy of 400 J/m going into the helium bath. The
characteristic time constant associated with the interstrand
coupling currents is in the range of 2 to 6 seconds.

2.3 Beam losses

In steady state operation, beam losses occur through pro-
ton-proton collisions at each interaction point, as well as
through beam-gas scattering all around the machine. Non-lin-
ear dynamic effects such as beam-beam interactions and mul-
tipolar errors in the magnet field produce an increase of the
beam particle oscillation amplitudes, leading to the possible
loss of particles on the beam pipe. At LHC nominal opera-
tion parameters, 7 TeV and 2835 bunches of 1 x 10!! pro-
tons/s, spaced 25 ns, losses of 2 x 10° protons/s per becam
have been estimated outside the experimental areas. Even with
a highly efficient collimation system, local losses of ~
107 protons/s could be expected in the dipole coils [2].

The distribution of the energy deposit per incident proton
inside a LHC dipole has been calculated [3]. Assuming the
impact point in the mid-plane of the inner layer, the maxi-
mum energy density deposited in the two most exposed cables
is approximately 109 J/cm3 for an incident proton at 7 TeV.
This maximum occurs about 50 cm downstream of the im-
pact point and the two neighbouring cables on both sides of
the most exposed cables receive 66%, and the next two cables
respectively 25% and 15% of the maximum energy deposit.

Therefore, a local loss of 107 protons/s dissipates a power
density up to 10 mW/cm? in the most exposed part of the ca-
ble, corresponding to 0.4W per meter length of cable. Even if
the radial energy deposit is not uniform, it is assumed that the
temperature is uniform inside the cable cross section as the
transverse thermal time constant inside the cable is of the or-
der of 0.2 ms.

3. MODELISATION OF THE THERMAL BEHAVIOUR
OF THE CONDUCTOR
3.1 Numerical modelisation

The temperature rise in the cable due to an internal and
steady dissipation of power is determined by the thermal link
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between the conductor and the cold source of helium, The
thermal resistance is given firstly by the electrical insulation
of the cable and secondly by the thermal path in the superfluid
helium bath. This thermal path goes through the annular
space of 2 mm between coils and cold bore, the space be-
tween the collar plates and the channels in the steel lamina-
tions before reaching the heat exchanger tube filled with two
phase saturated helium acting as the cold source (Fig. 1).

For a heat dissipation corresponding to a continuous loss
of 107 protons/s, the temperature rise has been calculated
(Table 1). The maximum temperature differences in the he-
lium II bath are negligible compared to those caused by the
thermal resistance of the insulation, assumed non porous to
helium. The temperature rise of 2.3 K in the most exposed
cable calculated with no helium in the insulation is higher
than the temperature margin of the cable. But a real insulation
has helium porosities, and a better understanding of heat
transfer requires an experimental approach.

3.2 Experimental modelisation

The aim of the models was firstly to qualify the thermal
performance of different insulation systems used in supercon-
ducting magnets and to understand the mechanism of thermal
transfer in this insulation and helium 1I environment.

Classically, the insulation is a composite made up of a
first wrap, a foil wound around the cable for electric insula-
tion, and a second outer wrap protecting mechanically the in-
ner wrap, creating helium channels and gluing to the next
conductor to keep the coil in shape. In the tests described,
Kapton® foils were used for the first wrap. For the second
wrap, glass fibre prepregs, adhesive Kapton® and, combined
with them, dry glass-Kevlar® mixed tapes were employed.

The cables are simulated by stainless steel bars 2.5 x 17 x
150 mm. The low thermal conductivity of the stainless steel
helps to suppress the end effects of thermal conduction in the
longitudinal direction and the high electrical resistivity allows
easy heating of samples. To simulate the strands of the real
cable, the surface of the bars are machined over a length of
about 120 mm only, to avoid Helium leaks in the longitudi-
nal direction, the ends are not machined. A sample is made of
five insulated bars, cured under the same pressure and tempera-
ture conditions as the real magnet cable.

It is then mounted in a press jig allowing to maintain the
sample under pressure (= 60 MPa) during the tests performed
in a helium II cryostat. The three inner conductors are equip-
ped with Allen-Bradley-type temperature sensors (10 2/mK
or 30 uV/mK at 1.9 K) glued into the stainless steel conduc-
tor with epoxy resin.

3.3 Experimental procedure

The temperature reading is made after attaining the station-
ary temperature of the conductors heated by passing currents
up to 10 A. The temperature outside the conductor, i.e. in the
helium bath, is regulated and held constant for the whole run
over the range of different power dissipation values. The tem-
perature difference between the conductors and the bath is thus
measured versus the dissipated power. This curve characterises

the total thermal resistance between the conductor and the cold
source (bath temperature T). It has to be stressed that the
measurements have not been corrected for the non-uniform
temperature of the stainless steel bars.

4. RESULTS AND CONCLUSIONS

Only some selected results are presented here (Fig. 3).
They permit the comparison of different insulation types
(Table 2) (4, 5]

The non-linear variation of temperature differences between
the conductor and the helium bath as a function of the power
put into the conductor, as well as the sudden change of slope
as the conductor temperature reaches 2.16 K, the T; tempera-
ture, indicate a significant participation of the helium II in the
heat transport. The dashed line in Fig.3 representing the heat
transport characteristics in presence of helium I has been ob-
tained by extrapolation of measurements made between 2.5
and 4 K. The comparison of the different results show that
working in a helium II bath gives a reduction of at least a fac-
tor 5 in the temperature increase for heat loads such that the
warmest conductor remains in superfluid regime
(T < T,).This minimum gain is obtained for the thermally
worst performing sample, A16, with a quasi helium-tight in-
sulation.

The comparison of A6 to A15 and A19 to A20 shows that
replacing the glass fibre prepreg with Kapton® 140 XRCI-2
for the second wrap of the conductor insulation leads to a
lower temperature rise. The polyimide glue on the Kapon®
foils does apparently not flow during curing, contrary to the
epoxy resin of the prepreg which blocks the helium channels.
Also, its dimensional stability seems superior to that of the
prepreg. These two characteristics might contribute to main-
tain helium II pockets of bigger sections acting favourably on
the thermal transfer.

The substitution of the 2 mm spacing between the glass
fibre prepregs by a dry 10 mm wide glass-Kevlar® tape im-
proved greatly the results, as shown by sample A18. Here, the
critical power (maximum power with conductor temperatures
below T,) is a factor 3 larger than in sample A6 that has a
quasi identical helium volume. The dry tissue seems (o
maintain the helium channels between the conductors so that
the heat is conducted directly along the fibres to the helium
bath on the small side of the conductors (Fig. 2).

Using dry fibre enables the thermal decoupling of adjacent
conductors. Indeed, for A18, A19 and A20, an identical tem-
perature rise for the central conductor has been measured when
the central, three or five conductors are heated. The ideal com-
bination seems to be an alternating dry glass-Kevlar® tissue
with a Kapton® 140 XRCI tape. The excellent heat transfer
of this second wrap allows the increase of the electric insula-
tion thickness for the first wrap from 2 x25um to
2 x25um plus 2 x 12.5 um (sample A20).

* Doctoral fellow CEA-Jeumont Industrie
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Table 1: Temp. rise for 107 protons/s beam losses with
power distributed in magnet components

Magnet components AT [K]
Kapitza resistance cable He IT 0.005
He tight insulation 2.3
Annular space coil cold bore 0
20um spacing of collars 0.0015
Spacing collars steel-yoke 0.017

Table 2: Insulation Systems Characteristics

Sample First wrap Second wrap S t
Number] 50% overlap mm | um
A6 | Kapton 100 HN | Glass fibre prepreg 2 |70
251 x 12 mm 125 x 12 mm
A162 |Kapton 120XCI-1| Kapton 140XRCI-2 | 50% | 105
33p x 9.5 mm 38 x 9.5mm overl.
AlS Kapton 100HN |2 x Kapton 140XRCI-2f 2 |100
25 x 12 mm 2x38ux12mm
Al18 | Kapton 100HN Alternating 0 109
254 x 12 mm glass fibre prepreg
Al9 Kapton 100HN 125 x 12 mm
254 x 12mm dry glass-Kevlar 0 |125
+ 120 x 10 mm
A20 Kapton SOHN Alternating
125 x 12 mm| Kapton 140XRCI-2 0 120
dry glass-Kevlar

1) HERA type insulation system
2) SSC type insulation system

Fig. 1 Cross-Section of dipole quadrant

S = Spacing second wrap
t = Total thickness after curing

Jig

Bath of Hell
thermostable

Instrumented
conductor

™~Somple

b~ Compression jig with semple
for thermal tests

Fig. 2 Test sample

800

LIS B e e B A it o o

- /‘ ]

L T, = 19K / / ]
600 1 ms/ ms/ A19/~

4Q0 - : /

o T, (mK)

T
con
—
T
"

Temperature rise.
[ 5]
o
[+]

LU L s e g gy
0 20 40 60 80
Heating Power {mw¥)

ljj(il(llJlA'llAlAllllllllJIAI‘IAJ]IIIIL‘IJ‘IJ[IlllAIl
0.0 0.1 0.2 0.3 0.4 0.Ss
Heating Power/Length (W/m)
Fig. 3. Thermal qualification of several insulation systems.
Temperature rise of central conductor when three conductors
are heated.
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