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Cable Insulation Scheme to Improve Heat Transfer to
Superfluid Helium in Nb-Ti Accelerator Magnets

Marco La China and Davide Tommasini

Abstract—In superconducting magnets operating at high heat
loads as the ones for interaction region of particle colliders or for
fast cycling synchrotrons, the limited heat transfer capability of
state-of-the-art electrical insulation may constitute a heavy limita-
tion to performance. In the LHC main magnets, Nb-Ti epoxy-free
insulation, composed of polyimide tapes, has proved to be perme-
able to superfluid helium, however the heat flux is rather limited.

After a review of the standard insulation scheme for Nb-Ti and
of the associated heat transfer mechanisms, we show the existence
of a large margin available to improve insulation permeability. We
propose a possible way to profit of such a margin in order to in-
crease significantly the maximum heat flux drainable from an all
polyimide insulated Nb-Ti coil, as it is used in modern accelerator
magnets.

Index Terms—Cable insulation, epoxy resin insulation, insula-
tion thermal factors, polyimide films, superconducting accelerator
magnets.

1. INTRODUCTION

HE main barrier to heat extraction from superconducting
T cables is represented by electrical insulation. Every turn of
the coil is in fact dielectrically insulated from the adjacent turns
as well as from the metallic components of the magnet.

The current state-of-the-art insulation scheme, used in the
main LHC superconducting Nb-Ti dipoles, is composed of heli-
coidally wounded polyimide tapes that allow superfluid helium
penetrating inside the coil.

We review the standard insulation scheme for Nb-Ti magnets
(Section II) and we present an analytical heat transfer model
(Section IIT). We then propose a new insulation scheme (Sec-
tion I'V) that greatly enhances permeability to superfluid helium
and we compare it to the state-of-the-art insulation (Section V).
We report the first experimental results on the new insulation
schemes (Section VI) and we draw conclusions (Section VII).

II. STATE-OF-THE-ART ALL-POLYIMIDE INSULATION

The cable insulation developed for the LHC magnets [1], [2]
and shown in Fig. 1, is the result of work started in the early 70’s
for the ISR [3], passing through SSC [4], HERA [5] and RHIC
[6]. It consists of polyimide tapes arranged in layers helically
wound around the cable.

The first, inner, layer has the function to dielectrically insulate
adjacent turns. The inter-turn voltage that arises in case of a
quench is around 100 V and the current can make its way across
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Fig. 1. State-of-the-art all-polyimide insulation developed for LHC main
dipoles.

+T e

N

He Il inlernal bath

@ R, Insulation

Kapton
—_— Q
|E| R, Kapitza

Cu-He Il

qo b:Superﬂuid Conduct.

R, Kapitza
Kapt.-He Il

1.9

He II channels

5:Solid Conduction

R, He Il
Channels

Cable, T =T, AT

He Il bath, T}

Kapton

Fig. 2. Schematization of heat transfer path through porous insulation.

the insulation in case of material defects (punch-through), or
along the insulation surface. To reduce the punch-through risk
and to provide a sufficiently long surface path, the first layer is
composed by two 50% overlapped tapes.

The second, outer, layer is intended to protect the first layer
and provide cohesion between coil turns. To fulfill all these re-
quirements, the second layer consists of a single, thicker poly-
imide tape with, on the outer face, a thin coat of polyimide ad-
hesive activated by thermal treatment; the tape is wounded with
spacing to create gaps for helium to reach the inner layer.

III. HEAT TRANSFER MODEL

In a permeable insulation helium can enter and fill mean-
ders between strands forming an internal bath (Fig. 2); such an
internal bath is connected to the external bath through a net-
work of micro-channels between insulation wraps. Heat from
the strands to the external bath can thus follow two parallel
paths: one formed by helium channels (superfluid conduction
path for LHC); the other path being the solid conduction through
insulation material. In Fig. 2 we show a representation of the two
parallel paths in terms of equivalent thermal resistances.

We use such a schematization to model heat transfer across
Nb-Ti insulation under the following assumptions:

* longitudinal heat transfer plays a role only in the estimate

of the equivalent channel size,

* heat is evacuated through the cable small face (Fig. 2),
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Fig. 3. Heat transfer curves for SSC and LHC insulations (measured [11]), and
for enhanced insulation (estimated), all data refer to He II.

» network of channels can be treated as a single channel with

equivalent cross section,

¢ strands, internal bath and external bath are isothermal,

* the two parallel paths are decoupled,

 thermal boundary resistance at the strand-insulation inter-

face is negligible [7].

Thanks to the very high thermal conductivity of helium, su-
perfluid conduction path is characterized by very low thermal
impedance. However heat transport through superfluid helium
channels is limited by the lambda transition (He II turns into
He 1) at the channel inlet [8]: the much poorer thermal conduc-
tivity of He I causes in fact a drastic reduction of heat transport
through the channel that is thus considered saturated.

Thermal impedance and saturation level depend on channel
geometries (cross-section, length) and bath temperature [9] but
the topology of porous insulation does not allow a direct esti-
mate or measurement of channel dimensions. However exper-
imental evaluation of heat transfer can be found in literature
[10], [11], and, even if the data cannot be directly compared be-
tween each other, being based on different experimental set-up,
they confirm the remarkable efficiency of a porous insulation for
small increase of cable temperature.

As an example we report data published by C. Meuris [11]
during the development of the LHC main dipole insulation. Heat
transfer across insulation was evaluated by measuring the tem-
perature rise of a solid cable mock-up made of steel, heated by
joule-effect, immersed in a superfluid helium bath and insulated
using different insulation schemes.

Solid curves in Fig. 3 represent mock-up temperature increase
versus heat flux for two types of all-polyimide insulation with
two distinct levels of permeability to helium: SSC dipole type
and LHC dipole type. SSC dipole insulation scheme was de-
signed to operate in supercritical helium at 4.2 K disregarding
permeability criteria whereas LHC dipole insulation is perme-
able to helium thanks to the tape spacing in the outer layer. We
also report, as dashed line, the estimated heat transfer achiev-
able with the enhanced insulation detailed in Section IV.

The very small permeability of SSC dipole type insulation
is remarked by the linear temperature heat relation featured by
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Fig. 4. Equivalent thermal resistances of insulation components in a 1.9 K he-
lium bath.

the corresponding curve; its constant slope is in fact related to
conduction through solid. The LHC curve, instead, is strongly
non-linear: temperature rise is very small for small heat loads
and grows fast for higher loads. For example a temperature in-
crease of 10 mK permits the evacuation of 34 W/ m” for LHC
versus only 2 W /m” for SSC.

To compare the weight, from a thermal point of view, of the
different coil components with typical dimensions, we plot, in
Fig. 4, the equivalent thermal resistances versus heat flux in a
1.9 K isothermal bath of helium.

Conductivity of polyimide (Kapton) has been measured by
Lawrence [12], boundary resistance at the Cu-He II interface is
taken from [13] and at the polyimide-He II interface from [14].

The resistance through the bulk material is computed consid-
ering a polyimide thickness of 0.1 mm. The resistance of helium
channels is given for two different levels of permeability: corre-
sponding to the LHC type insulation and to the enhanced insu-
lation scheme described later (Section IV). It can be noticed that
solid conduction is the most limiting factor for heat transfer in
the region of interest and that helium channels offer a very small
thermal resistance that grows fast with heat flux until saturation
is reached.

IV. ENHANCED INSULATION DETAILS

In state-of-the-art insulation schemes for Nb-Ti, the main lim-
itation to heat transfer is due to the overlapped wrapping of the
tapes in the first layer. As shown in Fig. 1 in fact, the tapes are
overlapped leaving in principle no space for cooling channels.
However the first layer always features a limited degree of per-
meability because helium, thanks to its very low viscosity, can
filter between the tapes.

The second layer is wound with spacing to form channels to
let helium easily reach the first insulation layer. In the LHC main
magnets these channels have also the role of allowing a radial
helium path from the inner layer coil to the outer layer coil. Yet,
the efficiency of spacing in the second layer can be reduced or
cancelled by other factors as epoxy glue or polyimide glue flow
[15], [16].
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Fig. 5. Enhanced all-polyimide insulation layout. Overlap is present between
first and third layer.

TABLE I
LAYER TOPOLOGIES AND FUNCTIONS IN STATE-OF-THE-ART (LHC TYPE) AND
ENHANCED INSULATION SCHEMES

1t layer 20d [ayer 31 Jayer
S 2o ool
the-art (DP) (HCMC)
1 tape with 4 tapes with 1 tape with
Enhanced spacing spacing spacing
(DP, HC) (HC) (DP,HC,MC)
Function legend:DP = Dieclectric Protection,

MC = Mechanical protection and Cohesion,
HC = Helium Channels

For what concerns the compression once the coil is in oper-
ation, its effect on permeability should be remarkable only be-
tween 0 and 10 MPa where most of positioning of polyimide be-
tween cable strands takes place. Above 10 MPa the LHC coils
show a relatively high elastic modulus, of the order of 10 GPa,
which indicates that the morphology of the insulation wraps re-
mains relatively stable.

The baseline concept to enhance insulation permeability is to
create channels connecting internal and external helium baths.
In the proposed scheme, the two overlapped tapes, originally
belonging to the first layer, are split and separated by a series of
polyimide strips wound counter-wise, as shown in Fig. 5.

In such a configuration three distinct layers, all wound with
spacing, can be identified and tape overlap exists between tapes
of the first and third layer (“spaced overlap™). Such solution is
significantly innovative: in all insulations up to date the overlap
is between tapes of the same, inner, layer. The third layer tape,
thicker and coated with adhesive on the external side, provides
mechanical protection, dielectric protection and cohesion be-
tween turns. Characteristics of state-of-the-art and enhanced in-
sulation can be compared in Table I.

In the next section we will compare the expected heat transfer
achievable with LHC, SSC and enhanced insulations.

V. HEAT TRANSFER COMPARISON

To estimate heat transfer in operating conditions it is neces-
sary to combine the thermal properties of the insulation with the
superconducting properties of the cable. The maximum AT ex-
ploitable for heat transfer is in fact the temperature margin of
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Fig. 6. Maximum heat flux versus critical current density (normalized to crit-
ical one). Cable field 9 T, bath temperature 1.9 K.

the cable (Tcritical — Thatn) that is function of magnetic field
and of current density.

In Fig. 6 we plot, for three insulations with different levels of
permeability, the maximum allowed heat flux Q. transferred
from a Nb-Ti coil immersed in a 1.9 K, 1 bar helium bath, at a
magnetic field of 9 T, versus the ratio J /J _. J is the cable current
density and J. is the critical current density at 1.9 Kand 9 T.

Two of the three insulations considered are the ones presented
in Section III (SSC and LHC) whereas the third is the enhanced
insulation presented in Section IV. We also plot the heat transfer
in case of insulation with infinite permeability (bare cable); this
is an asymptotic limit computed by taking into account a cylin-
drical conductor immersed in a 1.9 K helium bath.

In the non-permeable insulation (SSC) the maximum heat
flux is linearly related to temperature margin. In permeable insu-
lations, instead, the strongly non-linear AT — Q relation (shown
in Fig. 3) allows a larger heat transfer at small temperature
margin; this explains the steep initial slope of the LHC and En-
hanced curves.

Permeability of SSC and LHC insulations has been experi-
mentally evaluated [11] whereas permeability of the enhanced
insulation has been computed. The enhanced insulation, thanks
to its “spaced overlap” topology, allows estimating a priori the
size of helium channels. Heat transfer was computed assuming
a fully developed Gorter-Mellink [17] regime in the channels;
the effect of coil compression was implemented in the model as
a reduction of channel dimensions. As shown in Fig. 6 at 9 T,
85% J. (dot-dash vertical line) there is a factor of ten between
the maximum heat transfer achievable with state-of-the-art and
with enhanced insulation.

VI. FIRST EXPERIMENTAL RESULTS

We report the first outcomes of the program of tests conceived
to progressively validate all the different aspects of the enhanced
insulation design.

The development of a purposely conceived porosity meter de-
vice allowed us to compare different insulation schemes applied
to Rutherford cables. The porosity meter uses air at ambient
temperature instead of superfluid helium: in this way the exper-
imental set-up complexity is drastically reduced. The baseline
concept is that both air mass flow and helium heat flow increase
with channel cross areas.

The porosity meter is a mould designed to force a flow
through a 12 cm long cable stack, shown in Fig. 7, along two
alternative paths: longitudinal and radial. In the longitudinal
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Fig. 7. Cured stack of insulated cables. Radial and longitudinal flow paths are
shown.
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Fig. 8. Radial flow in cables with vertical compression of 10 MPa (left plot).
Radial flow in cables with enhanced insulation, vertical compression of: 10, 16
and 50 MPa (right plot).

path, air crosses the cable stack from end to end (flow in A,
flow out C, Fig. 7), without passing through the insulation.

In the radial path, instead, air enters the stack from one end
and exits laterally, at half way, thus crossing the insulation (flow
in A, flow out B, Fig. 7). Insulation porosity is estimated from
the comparison between radial and longitudinal flows.

We tested cables of LHC Main Dipole Inner Layer type, ar-
ranged in 6 units-stacks, manufactured following the standard
bonding cycle of the LHC coils, in particular maximum pres-
sure of 80 MPa and temperature of 190°C. For each tested insu-
lation we measured the air mass flow along longitudinal and ra-
dial paths induced by inlet pressures ranging from 1.2 to 5.0 bar
with the outlet at atmospheric pressure (1 bar). In Fig. 8, left, we
plot the measured air mass flows versus relative pressure, that is
the difference between inlet and outlet pressure.

The three curves refer to the radial flow across a stack of
cable with no insulation, LHC insulation and enhanced insula-
tion; all stacks are vertically compressed at 10 MPa. The slope
of each curve is a direct index of porosity to air: enhanced insu-
lation shows a degree of porosity at least one order of magnitude
bigger than LHC insulation and one smaller than the bare cable.
In Fig. 8, right, we show the influence of vertical compression
on the new insulation porosity. The three practically identical
curves refer to radial porosity under 10, 16 and 50 MPa. It can
be seen that the porosity measured at 10 MPa is confirmed at
16 and at 50 MPa meaning that the network of channels be-
tween insulation wraps in the “spaced overlap” configuration is
still effective. In the second part of the experimental program
we will verify the dielectric insulation, the resistance to small

radius bends and the actual heat transfer in superfluid helium at
1.9 K, 1 bar.

VII. CONCLUSIONS

We presented a new all-polyimide insulation scheme de-
signed to increase heat transfer in Nb-Ti magnets. Such
insulation features a remarkable permeability to helium thanks
to the newly introduced “spaced overlap” concept. Model-based
comparison with state-of-the-art insulation shows, at 9 T, 85%
J¢, a factor of ten improvement in heat transfer when compared
to the LHC type scheme.

We tested the permeability to air and we measured a factor
ten improvement with respect to state-of-the-art insulation, un-
changed for vertical compressions in the 10 to 50 MPa range. If
He II heat transfer tests on coil block will confirm such a perfor-
mance, and if electrical tests in actual conditions will prove its
robustness, new opportunities and flexibility will be offered to
designers for the implementation of new generation interaction
region for the LHC and for fast cycled superconducting mag-
nets.
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