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Abstract. Within the goals of the High-Field Magnet (HFM) program at CERN, ongoing
research focuses on achieving magnetic flux densities of up to 16 T using superconducting
coils. Understanding the thermal properties of composite materials used as impregnation
resins or insulation layers in superconducting magnets is crucial for the design of effective
cooling methods. To this end, a new test stand was built at CERN in the Cryogenic
Laboratory, to extend the investigation of thermal properties to a lower temperature
range compared to the conventional cryocooler-based set-ups stopping at around 3 K, by
linking a closed He II circuit to this system. This circuit enables to pre-cool helium gas,
then gets it condensed by expansion through a Joule-Thomson valve before it gets pumped
continuously via a roots pump, allowing to extend the measurement capabilities down to
1.8 K. The He II circuit is coupled to the cryocooler’s cold head via a gas-gap heat switch,
enabling the He circuit to be thermally decoupled from the warmer cryocooler head for
measurements at the lowest temperature. By varying base temperatures of the
experimental platform, providing the cooling power either by the cryocooler or by the He
circuit, a steady-state heat flux measurements can be ensured from 1.8 K up to 50 K. This
work details the design and construction of this new enhanced test stand for thermal
conductivity measurements ata lower temperature range, and its validation by measuring
a reference sample.
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1. Introduction

Understanding thermal properties at cryogenic level is crucial for numerous scientific and
technological applications. Knowledge of thermal conductivity, heat capacity, and thermal
expansion at low temperatures is essential for designing and optimizing superconducting
magnets. Investigating and comprehending thermal properties supports the development of next-
generation superconducting magnets. Currently, conventional off-the-shelf cryocooler set-ups for
thermal properties investigation stop at around 3 K, whereas specific magnet designs are required
to function in the He-cooled regime down to 1.8K. Therefore, a new test stand was constructed at
CERN's Cryogenic Laboratory to expand the exploration of thermal properties into lower
temperature ranges, achieved by integrating a closed He Il circuit into the set-up.
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2. Thermal conductivity set-up

2.1 Experimental set-up
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Figure 1. Picture & schematic of the experimental platform for thermal conductivity composed of:
helium supply bottle, buffer bottle, pulse tube cryocooler (PTC), vacuum pump, roots pump, purge
pump, and data acquisition rack.

Figure 1 displays the different components of the experimental set-up. Figure 2 illustrates the
internal components of the cryostat. To enable the study of thermal properties at lower
temperatures, the set-up incorporates a closed He II circuit, with a copper pot for helium storage,
positioned between the gas gap heat switch (GGHS) and the sample. The He circuit is engineered
to generate lower temperatures beyond what the cryocooler can achieve, necessitating the use of
the GGHS to thermally insulate the experimental platform with its He pot and the sample from the
cryocooler’s second stage [1].

A GGHS is a device used in cryogenic applications to control thermal conduction between
components or systems. It functions by manipulating the gas density, usually helium, in a narrow
gap [2], [3]. The narrower the gap, the more effective it is. This arrangement facilitates an
increased conductance in the ON state. Franco et al. [3] highlight the necessity of maintaining a
very low gas pressure, approximately 10-2 mbar, to achieve optimal thermal insulation in the OFF
state. Removing the gas, often through a cryopump, effectively minimizes heat transfer and
insulates the components from each other.

When operating the He circuit, the GGHS is switched OFF. The pot is linked to both an inlet helium
capillary line and a pumping line. Initially, helium gas enters from the warm side via the capillary
tube and undergoes precooling at the first and second stages where the capillaries are wound
around the copper flanges. The helium gets precooled with the return flow in the pumping line,
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facilitated by a counterflow heat exchanger. Inside the pumping line is fitted a compressed copper
mesh to improve the exchange process. Following this, the gas passes through a Joule-Thomson
valve where it expands and reaches saturation conditions inside the pot. This pot acts as an

experimental platform for the sample.
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Figure 2. Image of test stand components showing sample integration for thermal conductivity
measurements [1].

The first stage of the PTC is used to minimize heat load from all incoming instrumentation wires
to the second stage while actively cooling the outer thermal shield to approximately 35 K. Both
thermal shields are made of copper cylinder structures and are insulated with a single blanket
comprising 10 layers of superinsulation. Heat intercepts are mounted to both the first and second
stages of the PTC to thermally stabilize instrumentation wires made of manganin, arranged in a
twisted pair configuration. The wire of the electrical heater, which is placed on the bottom end of
the sample, are designed with optimized cross-sections of copper or bronze to minimize heat
leakage in consideration of the expected thermal conductivity properties of the sample. This
design aims to provide the necessary heating power to achieve a temperature gradient of 0.2 K to
0.3 K across the probed sample distance. The objective is to balance the effects of self-heating and
thermal conductance of the current-carrying wires, ensuring that the temperature difference
between the sample heater and the experimental platform remains less than 0.5 K [4].
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In order to validate the set-up, measurements were made using a standard material. The sample

was machined from a commercial block of Aluminium alloy 6061 (Al 97.5/Mg 1/Si 0.6/Fe 0.5/Cu
0.4) [5]- The overall length is 70 mm with a cross-sectional area of 50.8 mma2.

2.2 Thermal conductivity and error calculations

The process for conducting steady-state measurements of a single data point begins with cooling
the system to the minimum achievable temperature. A PID controller then regulates the heating
power to maintain a constant setpoint temperature, elevating both the platform and the sample
to this temperature. During this initial heating phase, no additional heat is applied to the sample
by the sample heater (SHT). Following a stabilization period, another PID controls a steady
heating power of the SHT located at the bottom of the sample. This creates a temperature gradient
across the sample AT,y, which is recorded after a specified interval. The sample heater is then
deactivated, allowing the sample to cool to the experimental platform temperature. The
temperature difference between the two sensors, ATprr; & ATorp2, is monitored over a specific
duration following a period of stabilization before and after the SHT is turned on. Ideally, AT,y
should be 150 mK to 250 mK greater than ATy, which can be regulated by adjusting the heating
power of the electric heater. To reduce potential errors from temperature calibration or parasitic

heat loads, the absolute temperature gradient AT used to determine thermal conductivity is

calculated as AT = ATy — ATopp, where ATopr = ATorr1*ATorrz [6]

2

This arrangement requires the averaging of the SHT to maintain the constant required
temperature. Figure 3 illustrates a heating step undertaken for the measurements of thermal
conductivity.
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Figure 3. Heating step for the measurements of thermal conductivity.
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Using the measured temperature difference AT between the two sensors placed on the sample,
and the heat load Q applied on the bottom of the sample, the thermal conductivity A is calculated
as follows:
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where L is the distance between the two sensors and A is the cross-sectional area of the sample,
as shown in Figure 2.

Measurement accuracy estimation covers the precision of the data acquisition of the current
sources, the voltmeter, the heater current source, and the sample dimensions uncertainties:
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A=+ <6QAQ> +(aLAL> +(6AAA) +<aQA(AT)> (2)

The relative error for thermal conductivity is AA= +3 %. The absolute error for temperature
measurements is estimated at AT= 4 mK.

3. Measurement results & discussion

Measurements were performed on a 70 mm Aluminium alloy 6061 sample across temperatures
ranging from 3.5 K to 11.8 K. Subsequently, these results were compared with existing literature
data to validate the setup. Figure 4 shows the measured thermal conductivity. It consistently
increases as the temperature rises, maintaining a monotonous upward trend.
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Figure 4. Plot of the thermal conductivity measurement as a function of temperature. Compared to
CROYOCOMP [7], NIST [8], Barucci [9], Woodcraft [10] values.

Figure 4 shows also a comparison between the measured thermal conductivity of the aluminum
alloy 6061, the NIST [8] database, the Cryocomp [7] engineering database, the empirically
calculated values by M. Barucci [9], and the A.L. Woodcraft [10] model values. These measurement
values validate the experimental set-up. The data points for the measured thermal conductivity
of Aluminum alloy 6061 are positioned between the extrapolated models at lower temperatures.
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Specifically, the measurements align above the NIST [8] model, which represents the lower
conductivity values, and below the A.L. Woodcraft [10], Cryocomp [7], and M. Barucci [9], which
suggest higher conductivity values at these temperatures.

4. Conclusion & perspectives

The experimental platform for measuring thermal conductivity has been designed and
constructed at CERN's Central Cryogenic Laboratory. As the set-up continues to undergo
commissioning and optimization, efforts are focused on achieving the lowest possible
temperatures. Initial testing and validation using a reference sample have yielded promising
results, indicating the platform's potential for lower temperature applications. This set-up is well-
equipped to enable a detailed exploration of thermal properties of a variety of materials at lower
temperatures.
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