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Abstract—Design of ReBCO HTS magnets requires reliable data
about the tape and insulation thermal conductivities. Material
properties represent one of the largest uncertainties when sim-
ulating the HTS magnet thermal behavior during magnet cool-
ing, operation, and possible quench scenarios. In this study, we
aimed to measure transversal thermal conductivity of insulated
and non-insulated HT'S tape stacks. Measurements were done in the
vacuum of a conduction cooled cryostat. This allows near adiabatic
boundary conditions. The measurement results were compared
with an analytical model based on thermal conductivities from
literature sources. It is noteworthy that the uncertainties associated
with the tape material layer thicknesses already constitute a major
uncertainty in the magnet analysis. Furthermore, we discuss the
challenges, lessons learned and possible future improvements in
the measurement methodology.

Index Terms—ReBCO HTS tapes,
measurement.

thermal conductivity

I. INTRODUCTION

ESIGN of ReBCO High-Temperature Superconductor

(HTS) magnets requires modeling the heat diffusion pro-
cesses in the magnet during its cooling, operation, and possible
quench events [1], [2]. These simulations rely on the input
data about the thermal conductivities and specific heats of the
different materials, and in some cases also the thermal contact
resistances of the material interfaces. The lack of reliable data
about the material properties typically represents one of the
largest uncertainties in simulations. It is possible to find data
about material properties at cryogenic temperatures from lit-
erature, but often measurements are made on “bulk” materials
(copper, Hastelloy, silver, YBCO), which may not necessarily
correspond to the ones in the ReBCO tape that are manufactured
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with different thin layer deposition techniques. Moreover, it
is not easy to determine accurately the exact geometry of all
involved materials such as the thickness of each material layer
in the tape, let alone the interface conditions between tapes,
cables, or external components. Therefore, an understanding
of the reliability of the literature values and different methods
to compute effective thermal conductivity is needed, alongside
with measurements of real tapes in representative conditions.

In the study presented in this paper, we continued our previous
effort to develop accurate ad-hoc measurement methodologies
for small-scale experiments relevant to HTS magnet design and
analysis at Tampere University, Finland.

We aimed to measure the transversal thermal conductivity of
insulated and non-insulated HTS tape stacks and compare the
measurement results with an analytical model based on literature
material properties. The measurements were done in the vacuum
of a conduction cooled cryostat. This allows near adiabatic
boundary conditions and simplifies the measurement set-up.
The uncertainty analysis for the analytical model considers the
thickness variation ranges of the tape material layers, as specified
by the manufacturer. The purpose of this work is to determine
experimentally a model for quick and realistic heat spreading
computation in the solenoid we are going to produce.

The method for measurement of longitudinal thermal con-
ductivity of HTS tape is well described in [30]. Previous works
by others related to HTS tape transversal direction thermal
conductivity measurements can be found in [3], [4], [11]. In the
study by N. Bagrets, et al., thermal conductivity measurement
results for SuperPower YBCO tape are presented. The mea-
surements are done in longitudinal and transversal directions of
the tape and in a wide range of temperatures. The transversal
direction measurements are for soldered tape stacks. In the
study by M. Bonura, et al., REBCO coated conductors (CCs)
from various manufacturers are measured for transversal thermal
conductivity. They found that the measured thermal conductivity
varied strongly between the tapes from different manufacturers.
Partially this can be explained by different substrate and copper
thicknesses. In the study by H. Bai, et al., thermal conductivity
measurements for SuperPower YBCO tape stack are presented.
In between YBCO tapes there were stainless steel tapes. The
sample holder in the study was very similar to the one we
constructed.

In Section II we describe the preparation of the tape stacks
and then in Section III the design and realization of the sample
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Fig. 1. Insulated tape cross-section geometry. Non-insulated tape cross-
section is the same but without the polyimide layer.

TABLE I
SUPEROX HTS TAPE MATERIAL THICKNESSES

Material Thickness
YBCO 2 pm
Hastelloy 63 +3 pm
Silver 2+0.5 um
Copper 20 +4 pm
Polyimide (only in insulated tape) 20+ 4 pm

Fig. 2.  3D-printed mold.

holder and measurement set-up. In Section IV we describe
the used analytical model for effective thermal conductivity
calculation. In Section V we report the measurement results and
their comparison with the analytical model. The findings and
lessons learned are discussed and concluded in the Section VI.

II. TAPE-STACK SAMPLES

The considered tape stacks consist of ten SuperOx HTS tapes
[5] glued on top of each other. Each tape includes Hastelloy layer
as a substrate, the buffer layer, about 2 pm thick YBCO layer,
and the protective silver and copper layers all around the tape [6],
[7]. The insulated and non-insulated tapes are otherwise similar,
but the insulated one has a polyimide insulation around it [5], [7],
[8]. The cross-section of the insulated tape is shown in Fig. 1.
Table I summarizes the layer thicknesses and manufacturing
tolerances provided by the producer. The glue used between
tapes was Stycast 2850FT epoxy [9], [10].

A 3D-printed PLA mold and stair-tools were used to assist in
the accurate assembly of the stacks, see Fig. 2. A 24-mm-long
piece of HT'S tape was inserted into the groove of the mold. Then
a layer of glue was spread on top of the HTS tape piece. Then,
the next piece of HTS tape was placed on top of the glue layer.
After placing the tenth HTS tape piece, the stack was pressed
together with a weight of 0.75 kg. The aim was to let the epoxy
glue between the tapes overflow out and end up with a HTS tape
stack where all glue layers have similar thickness. The bottom
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Fig. 3. Photo during the stack construction.
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Fig. 4. HTS tape stacks. The top stack contains non-insulated tapes. The
bottom stack contains insulated tapes.

TABLE 1T
HTS TAPE STACK PHYSICAL DIMENSIONS

Insulated stack Non-insulated stack

Length (mm) 242+0.6 23.5+1.5
Width (mm) 4.50=0.05 4.60 = 0.05
Thickness (mm) 1.80 £ 0.05 1.35+0.05

and the top surfaces of the stack were covered with masking
tape to prevent the glue from spreading there. After the epoxy
dried, the stack was trimmed from the excess overflown glue. A
photo of the construction phase of the HTS tape stack is shown
in Fig. 3, and the final stacks in Fig. 4. The physical dimensions
of the samples were measured with a caliper and are shown in
Table II. One tape piece in the middle of the stack was left longer.
The longer tape piece allowed a temperature sensor placement
in the middle of the stack.

This assembly with Stycast-glued tapes corresponds to a
small, impregnated solenoid currently under study at TAU.
Transversal thermal conductivity of our tape stack samples is
expected to be much lower compared to stacks built without
stycast, for example in [3], [4].

III. MEASUREMENT SETUP IN CONDUCTION-COOLED
CRYOSTAT

The sample holder was designed to measure two identical
tape stack samples at the same time, as in [11]. However, in
this work it was used only for one sample due to limitations
in the electronics related to the temperature sensor readings. In
the measurement the other sample location was filled with an
insulating block.
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Fig.5. Thermal conductivity measurement setup principle. The sample holder
was designed to measure two identical samples simultaneously. In this work only

one sample was measured, and the other was replaced by an insulating block
(G10).

Cryocooler cold end
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)
.

HTS tape stack sample

Fig. 6. Measurement setup.

A. Sample Holder

The principle of the sample holder is to allow placing the
tape stack between two copper volumes, and to control the
temperature of the copper blocks with heaters and the GM type
cryocooler, Cryomech GB04. Temperature sensors are placed
in the copper pieces and to stack to allow the measurement of
temperature gradients. A schematic diagram of the system is
shown in Fig. 5. A photo of the system in Fig. 6.

The sample holder consists of a u-shaped copper piece, two
small copper cuboids, stainless steel bolt and nuts, a short G10
tube (to replace the missing HTS sample), and a copper radiation
shield. The u-shaped copper piece is in direct contact with the
cold end of the cryocooler. The copper cuboids and a bolt and
nuts are in the middle of the sample holder. A sample and the
G10 tube are compressed against the u-shaped copper piece
by tightening the nuts. Two surfaces of the sample are now in
contact with two copper mediums.

The copper pieces were prepared by machining a 25 mm thick
Luvata OFE-OK copper block [12]. The radiation shield was
made from 4 mm thick cryocopper sheet. The RRR value of the
copper in the radiation shield is about 150, and the OFE-OK
copper parts have a guaranteed RRR-value of over 400. The
high RRR-value of the copper causes it to have a high thermal
conductivity at cryogenic temperature. This allows the copper
parts to remain more uniformly at a certain temperature.

The sample holder consists of copper, stainless steel and
G10 pieces. All these materials have similar thermal expansion
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properties. When the sample holder is cooled down, all the
different materials are expected to shrink at shared rate, so the
sample holder setting will not tighten or loosen. [13]

The purpose of the G10 tube is to insulate the other end of
the sample holder. The goal is that all heat from the heater flows
towards the sample. Since the G10 tube doesn’t have perfect
thermal resistivity, it will leak some of the produced heat. The
aim was to minimize this heat leakage.

The sample holder is covered with a radiation shield. The
radiation shield is in contact with the cold end of the cryocooler.
The radiation shield removes most of the radiation heat transfer.
The built sample holder radiation shield couldn’t completely
cover the sample holder. The remaining gaps were covered with
reflective tape.

Thermal conductivity between contacts was improved with
Apiezon N grease [14]. For example, the contact between
the radiation shield and the cold end, and the contact between the
sample holder and the cold end. The grease was also used for the
contacts of the sample and copper pieces. However, the purpose
is different. By applying a layer of grease to the contact of two
surfaces, the thermal resistance of the contact can be approxi-
mated by using literature. If the contact is under mild pressure,
the thermal resistance of the contact can be estimated from [15].
Estimation of the contact resistances helps in understanding
the thermal conductivity measurement results. The temperature
difference measured across the sample will be caused by the tape
stack and additionally by the contact resistances. If the thermal
conductivity of the tape stack is calculated based on the whole
temperature difference, the resulting thermal conductivity value
will be too low by default. The effect of contact resistances is
removed during measurement analysis.

If the sample holder was used for two tape stacks, as it was
originally intended, then the G10 tube would be replaced with
another identical tape stack. Both copper cuboids would have
a heater element to produce equal amount of heat flow towards
both tape stacks. Then the temperature difference between the
two stacks would be measured and analyzed. One benefit for
this kind of setup would be the absence of leakage route for
produced heat. Now the only possible leakage route would be
the instrumentation wires. However, there are also risks in this
kind of setup. Building two identical tape stacks could prove to
be difficult. If the tape stacks thermal resistances are significantly
different, then the heat flow through each stack could be hard to
determine, and the thermal conductivity could not be calculated.

B. Temperature Sensors

Four temperature sensors were placed to the measurement
setup. Fig. 7. illustrates the sensor locations. Sensors A and B
are the most important for the analysis. Sensor A was placed
to the copper piece that was connected to the cryocooler 2nd
stage, and it measures the colder temperature, T.1q. Sensor B
was placed to the copper cuboid on the other side of the sample,
and it measures the higher temperature, Ty,.¢. The copper pieces
have a very high thermal conductivity, so their temperature is
assumed to be constant. The temperature difference between
the sensors A and B will express approximately the temperature
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Fig. 7. Temperature sensor locations.

difference between the two ends of the sample. Sensor C was
placed on the middle (the 5th) tape of the tape stack, which was
left longer for this purpose. The temperature measurement of
sensor C can be used to examine the thermal conductivity for
half of the tape stack.

Sensor D was placed to the point where the heater wires were
anchored. The point D was selected from the bottom of the
sample holder’s radiation shield. A single 390 € resistor was
attached to control the temperature of this point. The temperature
of the heater wire anchor point is important to keep close to the
temperature of sensor B point. Lower temperature difference
between these points will result in a lower leakage heat flow
through the heater wires. Temperature sensor wiring has the
same problem, but the issue is much less significant. Therefore,
all temperature sensor wiring was just anchored to the second
stage of the cryocooler without any further modifications.

The temperature sensors were attached to the measurement
points in two different ways. Sensor A, B, and D were attached
to appropriately sized holes. Sensor C was placed inside a
copper cylinder. The copper cylinder was soldered to the desired
measurement point. Regardless of the method of attachment,
Apiezon N grease was applied to the contacts of the temperature
sensor and measurement point.

All temperature sensors are Cernox cryogenic temperature
sensors by Lake Shore Cryotronics Inc [16]. The sensors are
type CX-1070, with calibration data ranging from 4.00 K to
325 K. Using the calibration data, temperature of the sensor can
be obtained by measuring the resistance of the sensor. Certain
resistance of the sensor corresponds to a certain temperature.
We used three high precision multimeters (2 of HP3458A and
1 of HP34420A) to measure the resistances of three Cernox
temperature sensors [17], [18].

C. The Heater Element

The heater element consists of two 390 ) resistors in series,
varnish insulation coating, stycast glue coating, and a four-wire
configuration to supply current and measure voltage over the
resistors. The heater is attached to the point B copper cuboid
with stycast coating (see Fig. 5). Two resistors were used to
make the heat flow more uniform towards the sample holder.

The heater element wires generally have higher risk for leak-
age heat in comparison to the temperature sensor wires. When

IEEE TRANSACTIONS ON APPLIED SUPERCONDUCTIVITY, VOL. 34, NO. 3, MAY 2024

heat energy has an option to flow through temperature sensor
wires, there are always significantly more thermally conductive
route options available. In comparison, when heat is produced
in the heater element, the heat conduction routes available are
through the heater element stycast medium towards the rest of
the sample holder or through the heater wires. In this case the
heater wire conduction route is not negligible. To minimize the
heat flow through the heater wires, the length of the wires should
be maximized, the thickness of the wires minimized, and the
heater wires should be anchored to a temperature as close as
possible to the heater temperature.

A DC current source HP6181C was used for supplying power
for the heater element [19]. The supplied power was measured
using a Fluke 45 dual display multimeter for current mea-
surement and a handheld Fluke 177 True-RMS multimeter for
voltage measurement [20], [21].

D. Measurement Procedure

Measurements were performed as follows:

1) 2nd stage temperature T,q1q is kept constant (e.g., 15 K),
and desired power Qpeater 1S applied.

2) System is stabilized to the required temperature range of
0.001 K,

3) Data for temperature difference T.oq—Thot and heater
power Qpeater are collected.

Steps 1-3 were repeated for different Qpeater Values. Then,

measurements were repeated for several temperatures of Teola.

E. Reducing the Environmental Heat Load From the
Measurement Data and Solving the Stack Thermal
Conductivity

Environmental heat load causes temperature difference
ATy, across stack while heater power Qjeqter = 0 mW. Initial
temperature difference is subtracted from the measured temper-
ature difference AT},;. Then the temperature difference due to
heater induced heat flow is ATy eqter = ATt AT eny = Thot
- Tcold - AT&nv

The stack thermal conductivity, k, is solved from:

k= d x Qheater
A X AThezauter

Where Qpeater 1S the heater power through the stack, d and
A are the thickness and the area of the stack, AT},eqter 1S the
temperature difference of copper volumes caused by Opeqter-
The analysis for solving the thermal conductivity is based on
the approach presented in [22]. In (Eq. 1), ATjcqter cONSists
of heater-made temperature difference of the stack and the
contact resistances. Because of this, the resulted stack thermal
conductivity will be too low by default. To exclude the contact
resistance component from the result, A7 cyp4q0¢ 1S Subtracted
from ATpeqter in the analysis phase. The determination of
AT coniact 18 described in section V. B.

ey

FE. Analytical Model for Stack Thermal Conductivity

Effective transversal thermal conductivity of HTS tape stacks
is calculated analytically based on the expected geometry and
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Fig. 8.  Cross-section of SuperOx HTS tape. The analytical effective thermal
conductivity was determined by first solving the effective thermal conductivities
of the different layers, then for the whole tape.
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Fig. 9. Thermal conductivity for stack materials in different temperatures
[23], [24], [25], [26], [27], [28]. Copper RRR is 12 based on our previous
measurements that is very close to value in [29]. The purity of the silver in
the tape is not known. However, the effect of a thin layer of silver on the overall
thermal conductivity is insignificant. A silver RRR of 30 was used in analytical
model.

material properties extracted from literature sources [23], [24],
[25], [26], [27], [28]. Effective thermal conductivity of each
different horizontal layer is first calculated with (Eq. 2). For
the different horizontal layers, the material across the thickness
is constant, but may have different materials in parallel (e.g.,
insulation, copper, and silver). The concept of different layers is
highlighted in Fig. 8.

kf;)?}auel = Z ki fi (2)

Then, the effective thermal conductivity of whole tape is
calculated assuming the different horizontal layers are in series:

1
= =7 (3)
ik
Where k; is effective thermal conductivity of layer 7, and f; is the
percentage of the layer i thickness compared to stack thickness.
The individual material properties obtained from the literature
[23], [24], [25], [26], [27], [28] are shown in Fig 9.

series
ke

IV. MEASUREMENT RESULTS AND COMPARISON WITH
ANALYTICAL MODEL

A. Measurement Results

Table IIT summarizes the applied heater powers (Qpeater), the
measured temperature differences across the stack (7¢o1q—Thot)
and the computed thermal conductivities (k). The esimated effect
of contact resistances has been removed when computing the
thermal conductivity k.
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TABLE IIT
MEASUREMENT RESULTS
Insulated stack Non-insulated stack
Qhealer Thol k Qheater Thol k
(mW) ) ( w ) (mW)  (K) ( w )
mx K mx* K
Teoa =15 K
0 15.5908 0 15.1406
5.633 15.8404 0.4188 | 5.650 15.2611 0.7301
12.51 16.1283 0.4336 | 12.55 15.4247 0.6944
22.01 16.5488 0.4269 | 22.06 15.6478 0.6861
Teoa=17.5K
0 18.0203 0 17.6130
5.585 18.2425 0.4608 | 5.600 17.7266 0.7970
12.43 18.5251 0.4532 | 12.46 17.8655 0.7941
21.89 18.9098 0.4538 | 21.95 18.0546 0.7996
Teola =20 K
0 20.4905 0 20.0881
5.540  20.7009 0.4821 | 5.553  20.1956 0.8201
12.35  20.9548 0.4896 | 12.38  20.3281 0.8161
21.79  21.3203 0.4831 | 21.84  20.5094 0.8203
Teoa=22.5K
0 23.0944 0 22.5634
5.500 23.2938 0.5095 | 5.513  22.6523 0.9449
12.27  23.5382 0.5096 | 12.30 22.7706 0.9270
21.68 23.8724 0.5131 | 21.73  22.9453 0.8894
Teoa =25 K
0 25.4348 0 25.0735
5465  25.6157 0.5418 | 5475 25.1628 0.9736
12.21  25.8378 0.5515 | 12.23  25.2722 0.9783
21.58  26.1703 0.5352 | 21.63  25.4257 0.9750

The measurement set-up described here gave reproducible
results, when the same stack was measured twice. The thermal
conductivity of the non-insulated stack was measured a sec-
ond time. The second time measurements were performed at
temperatures ~15 K, ~20 K, and ~25 K. The new thermal
conductivity results were within +14% of the corresponding
results in Table III. The average difference between the new k
result and the k result of Table IIT was 6%.

The sensor C measured the temperature in the middle of
the stack Tyyiqaie all the time. Thermal conductivity of half of
the stack computed using sensor A and C (Tcoiq — Tmiddle)
was consistently 10-15% lower than the thermal conductivity
computed with sensors A and B (T¢o1q — Thot). The sensors A—B
measure the thermal conductivity of 10 tapes and 9 stycast layers.
The sensors A—C measure the thermal conductivity of 5 tapes
and 5 stycast layers. The percentage of stycast in between the
measurement A—C is greater which explains the lower thermal
conductivity.

B. Uncertainties in the Measurement

There were several sources of error in the measurements. Not
all of the heater power passes through the sample because the
insulating piece at the opposite end of the sample holder leaks
some of the heat produced. The heat leakage was estimated for
both sample measurements. In the case of the insulated tape
stack, the heat leakage is less than 5%. For the non-insulated
tape stack, the heat leakage is less than 1%. There may also be
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heat leakage into or out of the heater element through the heater
wires. The heater element wiring is anchored to a slightly higher
temperature than the heater element temperature.

The uncertainty of multimeters and power sources can be
ignored because of their high accuracy. The uncertainty of
CERNOX sensor calibration data is +£9 mK (Calibrated in
2023). However, additional error may occur due to poor sensor
mounting. There is vacuum of Se~> mbar inside the cryostat.
The convection component of the measurement setup can be
ignored.

The total error of thermal conductivity is calculated by “propa-
gation of uncertainty”. The calculation of k was presented earlier
in (Eq. 1). The uncertainty dk is calculated using (Eq. 4).

6 2
ok
E (&m : 5%‘) C))

i=1

0k =

X; is measurements V, I, d, 1, w, and AT. 0x; is measurement
uncertainties dV, 61, dd, 61, ow, and 5(AT). Please note the
different symbols § and O denote the uncertainty and the dif-
ferential derivative, respectively. Also, the heat power Qpeater
from (Eq. 1) is divided into voltage and current, V and I, and
the area A is divided into length and width, 1 and w. The main
factor contributing to the uncertainty in k is the uncertainty of
the temperature difference measurements.

Apiezon N grease was applied to the stack to sample holder
contacts. The grease contact causes a temperature difference
proportional to heat flow Q. across the contact [15]. Q.+ of a
measurement is derived using (Eq. 5).

Zn Qnoater,iATeny
? ATheater,i

Qtat = Qenv + thatcr = + thatcr (5)

Where Opeater,i is heater power, AT eqter,; is the temperature
difference caused by the heater. i represents different heater
power used at each temperature point 7,;4. n = 3 for 3 heater
powers used at each temperature point 7,;4.

The contact conductance for the stack to copper grease contact
Gcontact can be determined from fit provided in [15]. The contact
resistance is then solved with (Eq. 6).

Qtot

Gcontact

ACrcontauct = (6)

The stack measurement has two grease contact surfaces.
AT coniact 18 reduced two times from AT}, eqe, during the analy-
sis phase. The reduced AT ypqc¢ Varies from 0.01 K to 0.06 K.
It is worth noting that the effect of contact resistances has been
reduced from the Table III k results. The contact resistance
component reduction is done based on literature conductance
fit presented in [15].

C. Measurements Vs Analytical Model

Measurement results are presented in Figs. 10 and 11. The
horizontal uncertainty of the datapoints represent the temper-
ature range in the measurement. Vertical error bars show the
estimated measurement uncertainties based on (Eq. 4). Upper
and lower limits of analytical thermal conductivities are based
on the tape geometry uncertainties (Table I).
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Fig. 10.  Insulated tape stack thermal conductivity. The upper and lower limits
of the analytical estimation are based on the upper and lower limits given to the

tape geometry.
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Fig. 11. Non-insulated tape stack thermal conductivity. The upper and lower

limits of the analytical estimation are based on the upper and lower limits given
to the tape geometry.

“Measurements” were computed based on data from Table III.
“New Measurements” refers to measurements done with same
stack sample, but after the set-up was improved. The other
unused copper cuboid in the sample holder was replaced with
G10 tube to let the applied heater power leak less and go more
fully through the stack sample. However, if the non-insulated
tape stack would be measured again with the improved set-up,
the change from the original results would be much smaller,
because of its higher thermal conductivity.

The analytical model underestimates the thermal conductivity
in the case of insulated stack and overestimates it in the non-
insulated stack.

V. DISCUSSION

The measurement set-up seemed to produce repeatable mea-
surement data in the conditions that it was used. However,
the measured thermal conductivities significantly deviated from
the expectation based on analytical model: up to +165% for
insulated and up to —45% for non-insulated stack. If all material
properties were correct, and measurement set-up appropriate,
one could expect the measurement to give slightly lower k due
to the presence of thermal resistances at the material interfaces.
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In the case of insulated stack however the measured thermal
conductivity is significantly better than the computed one. One
possible reason could be the that the used literature value for
polyimide thermal conductivity does not correspond to the ma-
terial in the conductor.

Regarding the reliability of the measurement, the designed
sample holder was not used in its optimal configuration, because
it was used for only one sample instead of two. However, the
error related to this was estimated to be less than 5%. Also,
the estimated reading uncertainties in the measurement cannot
explain such large “error” in the measurement. Further inves-
tigation of the experimental uncertainties could include SEM
measurement of the tape stack cross-section and its dimensions,
further analysis of the contact resistances, and measurement of
different lengths of tape stack as well as more careful alignment
of tapes in the stack to reduce the error related to the tape stack
area. Also, the number of the temperature sensors within the
tape stacks could be increased and the number of tapes could be
varied, to get more statistics to the measurement data. Also, the
sample holder could be used for two identical samples simul-
taneously, or the insulation block replacing the other material
could be improved.

However, when considering real magnet design, it is important
to notice that also the analytical model suggests that the tape
stack transversal thermal conductivity can vary up to 100% based
on the manufacturing uncertainties about tape layer thicknesses.
The material property fits from literature have their uncertainties
(10—15%), but in reality, the uncertainty is much larger, because
the measurements have been done for differently manufactured
materials than in the tape.

VI. CONCLUSION

The difference between measured and analytical computa-
tions calls still for more analysis regarding the measurement
set-up accuracy and possible adjustments in the analytical model
assumptions. This result highlights the importance of adding
a sufficient safety margin in the thermal analysis during the
magnet design. Using the thermal conductivities from literature
and the nominal tape geometries may lead to large errors in
the estimated thermal conductivities. Moreover, in case accurate
analysis is needed, it would be useful to be able to characterize
the material properties of the individual tape layers and compare
with the measurement data from bulk materials.
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