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Abstract. The Stirling type pulse tube cryocooler (SPTC) eliminates moving parts
at the cold end and is driven by a linear compressor at the hot end, thus offering
the advantages of low vibration at both ends, high reliability, and long service life,
which makes it attractive for various special fields, such as the space field.In
practice, there is an increasing interest in providing cooling power at different
temperature levels. This paper presents an experimental investigation of a
thermal-coupled two-stage pulse tube cryocooler with multi-bypass structures.
The experiments investigated the effects of the second-stage operating frequency,
charging pressure, and input power on performance. Building upon this, the
study explored the interaction between the first-stage temperature, multi-bypass
temperature, and second-stage temperature, alongside experimental testing of
cooling performance. The experimental results show that through the thermal
coupling pre-cooling and the design of multi-bypass structure, the second-stage
cold finger can realize the lowest temperature of 5.2 K and the cryocooler can
provide 54 mW cooling capacity at 8 K while providing 50 mW cooling capacity
at 35 K with the 1st-stage providing 1.5 W of cooling capacity.

1.Introduction

As important wireless electronic components, terahertz detectors are widely used in many fields
such as communication, imaging, and astronomical observation[1,2]. Meanwhile, the pulse tube
cryocooler has become a key device for realizing the low-temperature operating environment of
terahertz detectors[2–4]. The core components of the indium antimonide hot electron bolometers
need to operate at temperatures below 10 K. Single-stage pulse-tube cryocoolers are primarily
focused on applications in the 80 K[5,6], 60 K[7], and 40 K[8–10] temperature ranges. Currently, they
cannot achieve operation in the 8 K temperature range, leading to increasing research efforts
directed toward two-stage pulse-tube cryocoolers[11–16]. Most existing studies on two-stage PTCs
focus on providing cooling in the liquid hydrogen temperature region[13,15], it remains
challenging to reach temperatures below 10 K. For example, Yang et.al (2008) developed a
thermally-coupled two stage pulse tube cooler with double inlet orifice as the phase shifter and
a no load temperature of 12.8 K was obtained[17]; Qiu et al. (2012) reported a two-stage
thermally coupled with pre-cooling pulse tube type cryocooler, which achieved a no-load
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temperature of 15.87 K[18]; Pang et al. (2017) designed and optimized a thermally-coupled two-
stage pulse tube with a target of cooling power 1.0 W at 10 K[19]; Wu et al. (2021) developed a
two-stage PTC with Er-plated screens as regenerator material, achieving a minimum
temperature of 14.95 K at the second stage[12]; Even fewer studies have reported two-stage
PTCs capable of reaching temperatures below 8 K, which is critical for high-performance THz
detectors[2].

Yang et al. (2025) recently proposed a thermal-coupled two-stage high-frequency PTC with
hybrid Er3Ni/stainless steel screen regenerative material, achieving a minimum second-stage
temperature of 9.1 K[11]. While this represented progress, it still fell short of the sub-8 K
requirement for advanced InSb-based THz detectors. To address this, we experimentally
investigate a thermally-coupled two-stage pulse tube cryocooler with a multi-bypass structure
for 8 K operation. The study optimizes second-stage parameters, examines interstage thermal
interactions, and evaluates simultaneous cooling performance at multiple temperatures,
demonstrating the potential of this PTC to meet the cryogenic demands of THz detectors.

2. Experimental Apparatus

Figure 1 shows a schematic diagram of a two-stage thermal-coupled cold finger structure with a
multi-bypass. The cold finger is driven by two proprietary dual-piston opposed compressors
(Model: first stage is CP300, second stage is THz500). The first stage pre-cools the second stage
via thermal bridges, with both stages using a coaxial layout for compactness. Phase shifters
comprise room-temperature components (inertance tube + 400 cc reservoir) for the first stage
and cold components (inertance tube + 230 cc reservoir, mounted on the bridge) for the second.
A multi-bypass assembly provides additional phase adjustment on the second stage.

A copper water cooling disk is attached to the flange at the room temperature end to
provide 10℃ cooling water through a water chiller, and the compressor is cooled using air

CP1:compressor of 1st-stage; CP2:compressor of 2nd-stage; TT:transfer tube; REG1:1st-stage
regenerator; PT1:1st-stage pulse tube; CHX1:1st-stage cold end heat exchanger; IT1:1st-stage
inertance tube; GR1:1st-stage gas reservoir; GR2:2nd-stage gas reservoir;REG21:pre-regenerator;
REG22:2nd-stage regenerator(first section); PT22:2nd-stage pulse tube(first section); REG23:2nd-
stage regenerator(second section); PT23:2nd-stage pulse tube(second section); CHX2:2nd-stage
cold end heat exchanger; MB:Multi-Bypass; DI:double-inlet; WF:hot end flange; TB:thermal bridge.

Figure 1.Schematic diagram of two-stage thermal-coupled cold finger structure with multi-bypass.
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cooling. A photograph of the two-stage thermal-coupled cold finger with multi-bypass is shown
in Figure 2. To isolate external radiative heat transfer, the cold finger is wrapped in
approximately 15 layers of aluminum foil (as shown in Figure 2). This assembly is then housed
within a vacuum chamber (maintained below 10-5Pa) to minimize convective heat transfer,
ensuring efficient cooling.

Figure 2. A photograph of the two-stage thermal-coupled cold finger with multi-bypass.

The regenerator REG23 is filled with a mixture of HoCu2 particles and Er3Ni particles, and
the rest of the regenerator are filled with stainless steel screen (SSS) of different mesh sizes. The
filling method and filling material parameters for the REG23 are shown in Table 1.

3. Experimental results and analysis

Experiments focused on optimizing the second-stage performance by varying its operating
frequency, charging pressure, and input power. Interactions among the first-stage, bypass, and
second-stage temperatures were also examined, followed by an evaluation of simultaneous
cooling capability at multiple temperature zones. Based on prior optimization, the first-stage
operating frequency and charging pressure were fixed at 42 Hz and 4.0 MPa, respectively.

3.1 Influence of 2nd-stage operating frequency on cooling performance
The cooling performance of the second stage improved with decreasing operating

frequency, as shown in Figure 3. Reducing the frequency from 20 Hz to 16 Hz increased the
cooling capacity at 8 K from 37 mW to 62 mW. The lowest feasible frequency was 15.5 Hz due to
power supply limitations; thus, 16 Hz was selected as the optimal operating frequency. This

Table 1. REG23 filling method and filling material parameters.

Regenerator Regenerator filling method Material parameters

REG23 25%#250-300 HoCu2+25%#200-250
Er3Ni+50%#150-200 Er3Ni

Sphere diameter (μm):
#250-300 HoCu2:55
#200-250 Er3Ni:75
#150-200 Er3Ni:154
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trend is attributed to the improved thermodynamic efficiency at lower frequencies. A slower
cycle enhances heat transfer within the regenerator and allows the inertance tube to more
effectively shift the phase between the pressure wave and the mass flow, which is critical for
performance at cryogenic temperatures.

3.2 Influence of 2nd-stage charging pressure and input power on cooling performance
The cooling performance of the second stage under different charging pressures and input
powers is shown in Figure 4. The cooling capacity at 8 K increases with higher input power due
to enhanced enthalpy flow. However, increasing the charging pressure beyond 2.0 MPa reduces

Figure 4. Influence of 2nd-stage charging pressure and input power on cooling performance.

Figure 3. Influence of 2nd-stage operating frequency on cooling performance.
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cooling performance due to increased regenerator pressure losses. Optimal performance was
achieved at 2.0 MPa charging pressure with 220 W input power. This non-monotonic behavior
results from a competition between two effects: higher pressure increases the gas density and
thus the cooling power, but it also leads to disproportionately larger pressure drop losses in the
regenerator. The optimum pressure represents the balance point where the net cooling power is
maximized.

3.3 Interaction between 1st-stage, multi-bypass and 2nd-stage temperatures
In order to investigate the interaction law of interstage temperatures, an experimental study
was conducted to investigate the interaction between the 1st-stage temperature, multi-bypass
temperature and the 2nd-stage temperature. (Note: Results are specific to the compressor
model used. Performance may vary with other compressors due to differing phase and
impedance characteristics. All temperature data represent steady-state averages, recorded when
fluctuations remained within ±0.1 K (2nd stage) and ±0.5 K (1st stage and bypass) for 30
minutes. Data points were collected at 5-minute intervals and averaged.)

Figure 5 shows the effect of the first-stage temperature on the multi-bypass and second-
stage temperatures. The first-stage temperature was varied by adjusting a heater attached to its
cold head. Both the multi-bypass and second-stage temperatures showed low sensitivity to
changes in the first-stage temperature, with rates of change of approximately 0.08 K/K and
0.015 K/K, respectively, indicating that fluctuations in the first-stage temperature have minimal
impact.

As shown in Figure 6, temperature variations at the multi-bypass had limited influence on
both the first and second stage temperatures. The temperature sensitivity coefficients were
measured at 0.08 K/K for the first stage and 0.047 K/K for the second stage, demonstrating
minimal thermal interaction between the multi-bypass and the main cooling stages.

Figure 5. Effect of the 1st-stage temperature on the multi-bypass temperature and the 2nd-stage
temperature.
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3.4 Cooling performance that provides cooling at different temperatures simultaneously
The second-stage cold head cools electronic chips, while the multi-bypass cools connecting
wires to minimize heat transfer from warmer regions. The first-stage heating load simulates
cold screen heat leakage.

Figure 7 shows the cooling performance for providing cooling at different temperatures
simultaneously. To ensure thermal balance and data reliability, temperature and power data for
each load point are recorded only after the temperature has stabilized and remained constant
for 2 hours. The system was tested with and without first-stage heating loads. Applied heat
loads affected multi-bypass and second-stage performance through thermal coupling. After

Figure 6. Effect of the multi-bypass temperature on the 1st-stage temperature and the 2nd-stage
temperature.

Figure 7. Cooling performance for providing cooling at different temperatures simultaneously.
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optimization, the cryocooler simultaneously provided 54 mW at 8 K, 50 mW at 35 K, and 1.5 W
at the first stage.

3.5 Measurement uncertainty
The uncertainties of the measured parameters are based on the accuracies of the instruments
listed in Table 2. The combined standard uncertainty for the cooling capacity measurements is
estimated to be within ±5%.

4. Conclusions

An experimental study was conducted on a two-stage thermally-coupled pulse tube cryocooler
with multi-bypass. Optimal performance was achieved at second-stage conditions of 2.0 MPa
charging pressure, 16 Hz operating frequency, and 220 W input power. Thermal interactions
between stages showed minimal sensitivity, with first-stage variations having negligible impact
on multi-bypass and second-stage temperatures. The system demonstrated simultaneous
cooling capacity of 54 mW at 8 K, 50 mW at 35 K, and 1.5 W at the first stage, reaching a
minimum temperature of 5.2 K at the second stage.
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