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ABSTRACT: Helium sorption cooler technology is a key means to realize highly reliable low-vibration very low-
temperature environments, which have important applications in fields such as quantum computing and space
exploration. The laboratory designed a superfluid suppression small hole and a multi-ribbed condenser, developed a
reliable-performance helium sorption cooler (HSC), and conducted experimental studies. Experimental results show
that the prototype can achieve the lowest cooling temperature of 873 mK without load by filling 6 MPa helium at room
temperature. The low-temperature hold time is 26 h, and the temperature fluctuation is within 0.8 mK. The cooling
power of the helium sorption cooler is 1 mW @ 0.98 K @ 3.5 h. Experimental results indicate that when the charging
pressure is reduced to 4 MPa, the minimum temperature decreases to 836 mK, and the hold time shortens to 16 h. When
the pre-cooling temperature increases from 3.9 to 4.9 K, the hold time is reduced to 3 h.

KEYWORDS: Helium sorption cooler; low temperature; condenser; superfluid suppression; hold time; temperature
fluctuation; experimental study

1 Introduction
In recent years, due to the rapid development of quantum computing, superconductivity technology,

deep space exploration [1,2] and other fields, the demand for extremely low temperature environments has
been increasing [3]. For example, in quantum computing, to keep the quantum state of a quantum bit stable
for a long time, the thermal noise, thermal excitation and mechanical vibration should be minimized, which
requires an extremely low temperature environment with high stability and less vibration [4]. Currently, the
commonly used refrigeration methods that can reach below 1 K include Dilution Refrigeration (DR) [5],
Adiabatic Demagnetization Refrigeration (ADR) [6] and Helium Sorption Cooler (HSC) [7]. Helium
Sorption Cooler is a good choice for creating an extremely low temperature environment with high stability
and low vibration due to its lack of moving parts [8,9], simple structure and high reliability [10,11]. HSC with
4He as workgas can reach temperatures of 800 mK and are generally used as pre-cooling stages for lower
temperatures [12,13].

Due to the different saturation vapor pressures of 3He and 4He, Helium Sorption Cooler reach different
minimum temperatures with these two different workpieces. The study of helium sorption coolers with 3He
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as the work material has been going on since 1985, when Torre et al. first reported a closed single-cycle helium
adsorption chiller for the cooling of detectors in operation [14]. In 2004, Devlin et al. used a Helium Sorption
Cooler with 4He as the working fluid, capable of reaching a minimum temperature of 700 mK, as a pre-
cooling stage, allowing the 3He Helium Sorption Cooler to achieve a minimum temperature of 286 mK [15].
In 2008, Duband et al. developed HSC for the SPIRE and PACS instruments on board the Herschel satellite,
using a 2367 L superfluid helium tank as a pre-cooler to bring the minimum temperature below 300 mK [16].

For HSC with 4He as the working fluid, in 1994, Bock et al. used a liquid helium cryostat as the precooling
stage, charging helium gas at 10.6 MPa at room temperature. With a precooling temperature of 4.2 K, the
system achieved a minimum temperature of 1.1 K with a hold time of 6 h [17]. In 2004, Devlin et al. developed
a two-stage HSC using a pulse tube cryocooler as the precooling stage. When operating independently, the
first-stage HSC, using 4He as the working fluid, achieved a minimum temperature of 700 mK with a hold
time of 26.4 h under a charging pressure of 3.45 MPa and a precooling temperature of 2.7 K [15]. In 2006,
Lau et al. proposed a simple model for gas, heat flow, and thin-film behavior in an HSC. They optimized
the low-temperature performance by considering the effect of a throttling orifice in suppressing superfluid
helium film flow. Under the conditions of a 508 μm orifice, a charging pressure of 5.17 MPa, and a precooling
temperature of 2.9 K, the HSC achieved a minimum temperature of 0.61 K with a hold time of 98 h [18].
In 2019, Andrew et al. introduced a simple and efficient membrane-breaking method and developed an
HSC based on this technique. With a charging pressure of 7 MPa, a precooling temperature of 2.9 K, and
a load of 0.7 mW, the system reached a minimum temperature of 850 mK with a hold time of 24 h [19]. In
2020, Duband et al. developed a sub-Kelvin cooler for the BICEP experiment. The 4He-based HSC reached a
minimum temperature of 1.01 K with a hold time of 48 h under a charging pressure of 8 MPa and a precooling
temperature of 2.8 K [20]. In 2024, Li et al. measured the isothermal adsorption curves of three types of
carbon on 4He and established a cooling capacity prediction model to develop an HSC. Their system achieved
a minimum temperature of 923 mK with a hold time of 8.47 h under a charging pressure of 7 MPa and a
precooling temperature of 3.5 K [21]. Also in 2024, Lei et al. analyzed the relationship between the working
fluid amount and cooling performance based on adsorption refrigeration principles and designed an HSC.
With 0.54 mol of helium gas and a precooling temperature of 3.3 K, the HSC reached a minimum temperature
of 773 mK with a hold time of 9.4 h [22].

Overall, HSC are attracting a large number of space applications and other applications requiring high
stability and vibration-free operation due to their obvious advantages [23]. In this study, we systematically
optimized and designed a prototype HSC, which achieved a minimum temperature of 873 mK and a hold
time of 26 h, demonstrating excellent performance and serving as a reliable platform for experimental
research. Based on this platform, experimental studies and analyses of the HSC were carried out.

2 HSC Structure and Experimental Set-Up

2.1 Principle of HSC
HSC consists of an adsorption pump, condenser, evaporator, and interconnected pump tubes [24]. Its

working principle is decompression evaporation refrigeration, which is controlled by using the activated
carbon’s strong or weak ability to absorb helium at different temperatures [25]. The workflow of the
HSC is shown in Fig. 1 and is divided into the condensation (desorption) process and the evaporation
(sorption) process [26]. The condenser is connected to the 4 K-stage cold platform, and the adsorption
pump is connected to and switched off from the 4 K-stage cold platform through a heat switch. During
the condensation process, the heat switch is switched off, the adsorption pump is heated, and the helium
is desorbed from the activated carbon and condensed into liquid helium through the condenser and into
the evaporator. During evaporation, the heating of the adsorption pump is stopped, the heat switch is
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turned on, the pressure in the evaporator is lowered, and the helium vapor evaporates along the saturation
curve [27]. During the condensation process, the condenser directly affects the condensation rate, and it is
crucial to ensure that the condenser has sufficient heat exchange capacity [28]. In the evaporation process,
the temperature will decrease below λ point (2.172 K), and liquid helium will transition into the superfluid
state [29]. The presence of superfluid helium significantly reduces the performance and efficiency of HSC,
making the limitation of superfluid helium one of the key areas of research in HSC development.

Figure 1: Principle of operation of HSC

2.2 Analysis and Design of Key Components
In HSC, the main task of the condenser is to condense the helium desorbed from the adsorption

pump into liquid helium. The design of the condenser determines whether the helium can be condensed
quickly [30] and efficiently, contributing to the efficient operation of the subsequent evaporation process [31].
At the same time, the structure of the condenser affects the flow state of the helium. To improve the heat
exchange capacity of the condenser, optimize the condensation temperature and the helium flow state, we
have optimized the design of a condenser for an HSC, which is shown in the three-dimensional schematic
diagram in Fig. 2. The condenser is in the form of a multi-ribbed sheet with a diameter of 10 mm [32], a
height of 30 mm and a round inlet tube with a diameter of 6 mm at the top. Inside, there are 36 slit channels,
each with a width of 0.02 mm.
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Figure 2: Condenser 3D model

To verify the pre-cooling performance of the condenser, a three-dimensional flow simulation analysis
was conducted using the commercial simulation software FLUENT to study the multiphase flow inside the
condenser [33]. Given that the VOF (Volume of Fluid) model can effectively track the phase interface, it was
selected as the multiphase flow model. The k-ε turbulence model was chosen to enhance thermal effects and
curvature correction. The simulated model was validated for grid-independence. Since the condensed liquid
helium from the condenser flows into the evaporator, the condensation state and cooling rate of helium
were evaluated by observing the temperature changes within the condenser [34]. The comparison between
simulation and experimental results is shown in Fig. 3. Both the simulation and experiment show a rapid
temperature drop starting from 5.16 K. The cooling rate in the experiment closely matches the simulated
results. After 166 s, the simulated temperature stabilizes at 3.35 K, whereas the experimental temperature
reaches 3.35 K in 161 s. The simulation results align well with the experimental data, demonstrating that
the condenser can efficiently condense helium gas into liquid helium, which then stably accumulates at the
bottom of the evaporator.

Figure 3: Comparison of condensation process simulation and experimental evaporator temperature variation

Below λ point (2.172 K), liquid helium transitions to a superfluid state, exhibiting non-viscosity,
frictionless flow, and high thermal conductivity. This causes it to form a film on contact surfaces and
flow upward to transfer heat. During evaporation, superfluid helium rises into the pump tube, where
it either evaporates or returns as liquid droplets. The high thermal conductivity may disrupt the heat
exchange process, and the return of droplets adds parasitic heat load. Superfluid evaporation increases
internal vapor pressure, limiting the HSC’s minimum temperature. Additionally, mass changes in helium
within the evaporator affect the hold time. Thus, optimizing the superfluid suppression design is crucial for
improving performance.
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The design of the superfluid suppression requires the breaking of the superfluid film in order to reduce
the effect of the superfluid helium on the HSC. The mass transport rate of the film is calculated as follows:

ṁfilm = ρCdvc (1)

where ρ is the superfluid density, kg/m2; C is the minimum perimeter of the streamline, m; d is the film
thickness at the point of minimum perimeter, m; and vc is the critical flow velocity, m/s. The superfluid
film can be confined by reducing one or more of the parameters in the above equation. Since ρ and vc are
functions of temperature, they cannot be changed by human means. Therefore, in most cases, the approach
to limiting film flow is to reduce the minimum perimeter of the channel and decrease the film thickness. The
formula for calculating the film thickness on a particular surface is [35]:

d =
⎡⎢⎢⎢⎢⎢⎣

Γ
kBT ln ( Psv p(T)

P ) − mσ
ρrs

⎤⎥⎥⎥⎥⎥⎦

1/3

(2)

where Γ is the van der Waals coefficient, kB is the Boltzmann constant, m is the mass of helium atom, kg; σ is
the surface tension, N/m; rs is the radius of curvature of the surface, m; Psv p is the saturated vapour pressure
of helium at this temperature, Pa; P is the pressure, Pa. We optimized the design of the superfluid suppression
small hole structure. The curvature radius rs of the channel before and after the small hole is relatively
large, resulting in a reduction in film thickness d. Additionally, if the superfluid suppression small hole is
too small, it will reduce the adsorption efficiency, thereby affecting the overall operational efficiency of the
system. Based on the principle of suppressing superfluid flow while minimizing its impact on refrigeration
performance, we calculated the most reasonable minimum perimeter C. This ensures that the mass transport
rate ṁfilm of the film is minimized [36]. The size of the small hole is 500 μm. The structure is like a throttling
orifice, and the material is made of stainless steel. A prototype HSC was designed from the improvement of
the overcurrent suppression holes and the condenser, as shown in Fig. 4.

Figure 4: HSC prototype
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2.3 HSC Experimental System
Based on the working principle of HSC, the experimental system of HSC was built, and the schematic

diagram of the experimental system is shown in Fig. 5. The experimental system uses a G-M cooler to provide
cooling to the 2-stage cold stage. The flange on the condenser of the HSC used for the experiment facilitates
the fixing and thermal linking of the condenser to the 2-stage cold table, and there are screw holes on the
lower side of the evaporator for fixing the temperature sensor. The adsorption pump and evaporator are
wrapped with multiple layers of insulation to reduce heat radiation from other components to the HSC. The
heat switch uses a gas-gap heat switch, which is fixed at the bottom end to the 2-stage cooler table and is
thermally connected to the adsorption pump using a flexible copper chain on the opposite side. To minimize
the effects of thermal radiation, the system is fitted with copper radiation shielding between the 1-stage and 2-
stage cooling tables of the G-M cooler. In addition, key components of the system are insulated with multiple
layers of thermal insulation, which significantly reduces radiant heat transfer from the external environment.
Ceramic Heaters are installed on the adsorption pumps and on the small adsorption pumps of the gas-gap
heat switch, which are controlled by a precision DC heating power supply.

Figure 5: The HSC experimental system

Four calibrated thermometers were installed to measure temperatures. T1 was used to measure the
adsorption pump, T2 was used for the small adsorption pump on the gas-gap heat switch, T3 was used
for the 2-stage cold table, and T4 was used for the evaporator. The thermometers for T1, T2, and T3 all
used Lake Shore’s Cernox thermometers [35], model CX-1050, which have a measuring range of 1.4 to
420 K. Since the evaporator can reach temperatures below 1 K, the T4 on the evaporator uses a Cernox
thermometer, model CX-1010, with a measuring range of 0.1~420 K. The thermometers and the heating pads
are all screwed in place, and the contact surfaces are coated with heat-conducting adhesive. A Lake Shore
Model 224 temperature monitor was used. At the beginning of the experiment, a vacuum pump was used
to evacuate the whole system, and when the pressure dropped below 1 Pa, the G-M cooler was switched
on and the pre-cooling stage began. After about 40 h, the temperature of the 2-stage cold stage dropped to
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about 4 K or less, and the temperature of the adsorption pump dropped to about 40 K or less. At this stage
it is possible to start controlling the heating power supply to realize the condensation process as well as the
evaporation process.

Since the experiment involves temperature measurements, the combined error of the experimental
system is calculated from the following:

δ =
√
∑n

i=1(δi)2 (3)

where δi denotes the root mean square error of the measured value.
According to the thermometer manufacturer Lake Shore provided by the calibration test information

can be obtained from the calibration error of the two types of thermometers, the random error is calculated
through the test analysis, Table 1 gives the combined error of the two thermometers at different temperatures.

Table 1: Combined error of two types of thermometers

Temp./K CX-1010 CX-1050
0.85 0.3 mK \
1.4 0.7 mK 1.9 mK
4.2 2.1 mK 2.6 mK
10 4.9 mK 4.1 mK
30 10.2 mK 9.3 mK

3 Experimental Results and Discussion

3.1 Prototype Experiment Results
The prototype of the HSC is shown in Fig. 6. As illustrated in Fig. 6a, the temperature of the adsorption

pump, T1, initially decreases slowly. This is because the outer shell of the adsorption pump and the connecting
pump tube between the adsorption pump and the condenser are made of stainless steel, which has a relatively
high thermal resistance, resulting in a slow temperature drop. Moreover, above 32 K, activated carbon begins
to desorb helium gas, so the adsorption pump maintains a temperature of around 36 K for nearly 4 h. During
this period, the evaporator temperature T4 is nearly the same as the second-stage cold head temperature T3,
indicating that helium has already condensed into liquid and accumulated in the evaporator.

Figure 6: Temperature changes during experiments with the HSC. (a) Temperature change of the whole machine; (b)
Temperature change during evaporation; (c) Temperature fluctuation after 9 h of hold
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After approximately 4 h, the heating power for the small adsorption pump on the gas-gap heat switch
is turned on, causing the temperature T2 to rise. When T2 reaches 21 K, the heat switch transitions to its
conducting state. At this point, the temperature of the adsorption pump T1 begins to decrease rapidly, while
the second-stage cold head temperature T3 slightly increases. When T1 drops to 24 K, the evaporator enters
the evaporation process, and the evaporator temperature T4 begins to decrease rapidly. After about one hour
of cooling, T4 reaches its minimum temperature and enters a stable state. At this point, the temperature of
the adsorption pump is maintained at 7 K, and the second-stage cold head temperature T3 remains stable at
3.8 K.

Fig. 6b illustrates the temperature profile of the evaporator during the evaporation process. The
evaporator reached its lowest temperature of 875 mK at 5.5 h, and the temperature remained below 0.9 K
for a duration of 26 h. At 31.5 h, the evaporator temperature rapidly increased as the liquid helium
evaporation process was completed. As shown in Fig. 6a, the evaporator temperature sharply rose and
reached approximately 5.5 K. The evaporator temperature is higher than the temperature of the second-stage
cold head (T3) at 3.8 K because the evaporator temperature rises to match the temperature inside the second-
stage radiation shield. Due to factors such as radiative heat leakage, the temperature inside the second-stage
shield is slightly higher than that of the cold head (T3). Fig. 6c demonstrates that the temperature fluctuation
of the evaporator was minimal, remaining within 1 mK after 9 h of steady operation. The experiment
measured the cooling capacity of the helium sorption cooler to be 1 mW @ 0.98 K @ 3.5 h.

3.2 Comparison of Cooling Performance at Different Charging Pressures
The experimental test was continued after charging the HSC with 4 MPa of helium at room temperature

and the temperature variation obtained is shown in Fig. 7. At a charging pressure of 4 MPa, the evaporator
starts the evaporation process with a rapid cooling down from 4 K. After 1 h, the temperature gradually
stabilizes and continues to decrease slowly. 5 h later the temperature reaches a minimum of 837 mK. 13 h
later the temperature rises slowly, with a maximum increase above 1 K. The temperature of the evaporator
increases to a maximum of 1.1 K. At 22 h, the temperature rises sharply, and the liquid helium evaporation
is completed. The hold time of the HSC below 1 K at 4 MPa charging pressure is 16 h, and the time of
liquid helium evaporation is 20 h. Comparison with the charging pressure of 6 MPa shows that the charging
pressure of the helium at room temperature has a great influence on the minimum temperature, the hold
time, and the temperature stability of HSC. As the charging pressure decreases, the pressure at each stage
of the system also decreases accordingly. The system pressure during the evaporation phase will also drop.
Since the HSC operates based on evaporation under reduced pressure, the saturation temperature of helium
decreases with decreasing pressure. Therefore, lowering the charging pressure results in a lower minimum
temperature of the HSC. However, a lower charging pressure also reduces the amount of helium charged
into the system, which leads to a smaller amount of liquid helium during the evaporation phase and thus
significantly shortens the hold time. Moreover, with the decrease in charging pressure, the temperature
stability of the HSC becomes poorer.
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Figure 7: Comparison of temperature changes during evaporation in the evaporator of the HSC at different pressures

3.3 Comparison of Cooling Performance at Different Pre-Cooling Temperatures
Experimental tests were conducted by changing the pre-cooling temperature of the condenser con-

densation process, and the resulting temperature variations are shown in Fig. 8. During the evaporation
stage, due to the constant charging pressure, the system pressures at pre-cooling temperatures of 4.9 and
3.9 K are similar, leading to the same minimum temperature of 837 mK. However, the HSC with a pre-
cooling temperature of 4.9 K has a hold time of only 3 h. An increase in the pre-cooling temperature leads to
insufficient liquid helium condensation during the condensation process, significantly reducing the mass of
liquid helium and greatly shortening the hold time. The cooling rate of the evaporator is more closely related
to the temperature of the adsorption pump, and the effect of the pre-cooling temperature is relatively small.
Therefore, when the temperature of the adsorption pump is not changed, the cooling rate of the evaporator
is the same at different pre-cooling temperatures.

Figure 8: Variation of evaporator temperature of HSC at different pre-cooling temperatures

3.4 The HSC Performance Comparison
Table 2 summarizes this study and several typical HSCs. It can be observed that the charging pressure

and precooling temperature have significant effects on the performance of HSCs. Previous studies have
mainly focused on overall system performance, superfluid helium suppression, and activated carbon adsorp-
tion characteristics. In this study, we developed an HSC with a minimum temperature of 875 mK and a
hold time of 26 h. Additionally, we conducted experimental research on different charging pressures and
precooling temperatures, analyzing their impact on the performance of the HSC. This study provides valuable
guidance for the future development of HSCs.
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Table 2: A typical HSC using 4He as the working fluid

Year Reference Charging pressure Precooling
temperature

Minimum
temperature

Hold time

1994 [17] 10.6 MPa 4.2 K 1100 mK 6 h
2004 [15] 3.45 MPa 2.7 K 700 mK 26.4 h
2006 [18] 5.17 MPa 2.9 K 610 mK 98 h
2019 [19] 7 MPa 2.9 K 850 mK (0.7 mW) 24 h (0.7 mW)
2020 [20] 8 MPa 2.8 K 1010 mK 48 h
2024 [21] 7 MPa 3.5 K 923 mK 8.47 h
2024 [22] 0.54 mol 4He 3.3 K 773 mK 9.4 h

This work / 6 MPa 3.8 K 873 mK 26 h

4 Conclusion
The helium sorption cooler (HSC), with its advantages of no moving parts, high reliability, and simple

structure, has attracted significant attention in the field of ultra-low temperatures. By optimizing the design
of the multi-ribbed condenser and improving the small-hole structure for superfluid suppression, our
laboratory has designed and developed a prototype HSC and established a complete experimental system for
its performance testing. When charged with 6 MPa of helium at room temperature, the prototype achieved
a minimum temperature of 875 mK and a hold time of 26 h, with a temperature fluctuation of only 0.8 mK
during the hold time. The cooling power of the HSC reached 1 mW @ 0.98 K @ 3.5 h, making it a reliable
platform for experimental research.

We conducted experimental studies under different charging pressures and pre-cooling temperatures.
The results show that when the charging pressure was reduced from 6 to 4 MPa, the minimum temperature
dropped from 875 to 836 mK, but the hold time was shortened to 16 h. When the pre-cooling temperature
increased from 3.9 to 4.9 K, the minimum temperature remained unchanged, but the hold time was further
reduced to 3 h. These experimental studies provide valuable guidance for the future development and
optimization design of HSC systems
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