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Abstract

Over 20 Stirling-type non-magnetic and non-metallic pulse tube cryocoolers (NNPTCs), intended to achieve portable low-noise cryogen-free cooling systems for continuous high-Tc SQUIDs operation, have been constructed and tested in CL/TIPC/CAS. All cooler components in the vicinity of SQUIDs pick-up loops are made of non-magnetic and non-metallic materials to eliminate cooler-generated interference and realize direct couple with SQUIDs. The system designs are described, and the positive and negative effects of the use of nonmetallic materials on the cooler performance are analyzed. A set of experiments on 24 Stirling-type NNPTCs, which focus on the optimization of the cooler geometry and working parameters, and the investigation of the working principle of the coolers, have been carried out. Preliminary results are considerable satisfactory, and the analysis and evaluation of the cooling performance and interference characteristics of the new-type pulse tube coolers are presented.

Introduction

Superconducting Quantum Interference Devices (SQUIDs) are the most sensitive magnetic flux-to-voltage sensors known so far and have developed a wide variety of applications, such as biomagnetic research, geophysical survey, nondestructive evaluation (NDE), and SQUID-based instrumentation for advanced scientific research [1,2]. For more than a decade since they appeared, liquid helium filled cryostats had been the only cooling option. In 1970’s, the concept of supplying a cryogen-free mechanical cooling system for low-Tc SQUIDs were proposed and reduced to practice soon afterwards [3], but progress was slow and extensive applications were not realized. The advent of high-Tc SQUIDs in the late 1980’s relaxed the cooling requirements and thus made the situation less severe. And from then on many attempts have been made to cool high-Tc SQUIDs by various types of cryocoolers. 

Compared with cryogens filled cryostats, the cryogen-free cryocoolers are mobile, user-friendly systems. They can realize turnkey operation and there exists the possibility of operating the system in all directions. Moreover, the flexible operating temperature could give a potentially better SQUID performance (Unlike the cryogens, whose operating temperatures are nearly fixed). Unfortunately, they introduce much more complicated interference than cryogens do. The intensities of the disturbances generated by commercially available cryocoolers are often hundreds of times the intrinsic noise level of the sensors so that the outputs of SQUIDs become meaningless, provided that no special measure is employed. In fact, providing an appropriate low-noise mechanical refrigeration system for SQUIDs has been an enormous challenge since they appeared.
GM and Stirling cryocoolers were ever the workhorse for cooling high Tc SQUIDs. But the moving displacers introduce distinct, sometimes severe, mechanical vibrations and electro-magnetic interference (EMI) signals, which are often fatal for the SQUID operation, so that the coolers have to be separated from the sensors in time or space, which is named as time-separation or space-separation method accordingly. In the time-separation concept [4], the cooler is turned off during the SQUIDs operation while a latent cold reservoir is used to keep the temperature stable, which results in the non-continuous operation of SQUIDs. Moreover, the frequent switching on and off aggravates the wear of the coolers. The mechanism of the space-separation method [5] is to substantially reduce the interference by increasing the distance between the cooler and the SQUIDs, which can realize the non-interrupted operation. However, it usually significantly adds to the incompactness and complexity of the system, and requires more additional cooling powers. For these reasons, the cooling systems based on the two conventional regenerative cryocoolers are disadvantageous for high Tc SQUIDs operation and would greatly hinder their wider acceptance.

Pulse tube cryocoolers (PTCs) are attractive candidates for high Tc SQUIDs cooling because of the absence of moving parts at low temperatures. The feature has the potential for introducing much less vibrations and EMI. For example, acceleration measurements [6] showed that the vibrations of the PTCs are one order of magnitude smaller than that of GM and Stirling coolers. And there exists the possibility of continuous operation of SQUID sensors when they are near or even attached directly to the coolers. Therefore, there has been a surge of interest in attempting to cool high Tc SQUIDs by PTCs since the mid 1990’s, when PTCs became mature and commercial products were available [7].
Stirling-type NNPTCs

PTCs are divided into “Stirling-type” and “G-M type” according to their drivers and operating frequencies. So far, nearly all PTCs developed for cooling high Tc SQUIDs are G-M type ones, whose structure features greatly narrow the potential applications of the high Tc SQUIDs. For example, nowadays the practical applications of high Tc SQUIDs are nearly confined to biomagnetic measurement and diagnostics due to the clumsiness of the cooling system. Moreover, the mechanical vibrations introduced by the rotary valves are still so severe that sometimes the time-separation or space-separation method still has to be employed [7,8,9]. Stirling-type PTCs have many advantages over their G-M type counterparts, in terms of compactness, flexibility, portability due to much smaller volume and much lighter weight (a reduction in volume or weight by a factor of above 5-10). These merits greatly widen their applications, especially in some special domains such as space and military, where SQUIDs are beginning to play an important role. Moreover, the vibrations are damped further due to the absence of rotary valves, which adds the possibility of coupling the SQUID sensors directly with the cold head. Therefore, we attempt to develop a better cooling system based on Stirling type PTCs.

To realize the direct couple of high Tc SQUIDs with the PTCs, another troublesome problem has to be solved in advance. Nowadays nearly all components of the conventional PTCs are made of metallic materials or materials that exhibit marked remnant magnetization, such as OFHC copper cold heads, stainless steel tubes, stainless steel or copper regenerator matrix and flanges, etc. The magnetic components could generate direct magnetic interferences, and the metallic ones in the vicinity of the SQUID pick-up loops could also induce EMI because they generate Johnson noise and then cause distortion of environmental fields. To solve the intractable problem in a simple and advisable way, we decide to fabricate all key components of the PTCs by non-magnetic, non-metallic and electrically insulating materials, which are then named as NNPTCs for short [10].

The selection of the materials for the Stirling-type NNPTCs is important and arduous work. Based on a series of systematical experiments, we chose a special machinable ceramic for the cold heads, and stacked Nylon screens for the regenerator matrix. We fabricate the regenerator tube by a special glassfilled epoxy resin and the pulse tube by a kind of Nylon plastics. The vacuum chambers and connecting flanges are made of acrylic glass, and all straighteners of polytetrafluoroethylene plastic. All of the materials can be regarded as nonmagnetic, nonmetallic, and electrically insulating, and their mechanical, thermal, and cryogenic properties meet the corresponding requirements, respectively. More details could be found in other literatures [10, 11, 12].

The characteristics of the Stirling-type NNPTCs indicate that they may construct a portable cryogen-free cooling system with very low vibrations, and they have the potential to supply a continuous low noise cooling for high Tc SQUIDs, even the sensors are attached directly to the cold head.  
System description
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Figure 1. The schematic diagram of the system designed for high Tc SQUIDs.  1 - cold head; 2 - vacuum chamber; 3 - flow straightener; 4 - hot end flange; 5 - double inlet; 6 - orifice valve; 7 - gas buffer; 8 - frequency converter; 9 - transformer; 10 - compressor; 11 - flexible tube; 12 - matrix; 13 - pulse tube; 14 - regenerator tube; 15 - flow straightener.
The schematic diagram of the system specially designed for cooling the high Tc SQUIDs is shown in Fig.1. The NNPTC is of single stage and coaxial type. A special synthetic epoxy resin adhesive is used to realize the connection of tubes to the cold head and flanges, which make the system more compact. The double-inlet configuration is adopted to get better performance, and the phase shifts are realized by adjusting the needle valves at the hot end of the pulse tube.
The compressor system consists of a frequency converter, a transformer, and a linear compressor. The transformer protects the compressor, and the frequency converter adjusts the operating frequency. To reduce the vibrations generated by the compressor, the connection of it and the NNPTC is realized by a flexible small-diameter tube. 

Four pressure transducers are used to measure the pressure drops through the orifice and double-inlet valves, and the pressure change in the gas buffer. A Pt-100 resistant thermometer is used to measure the cold-end temperature, and several other Pt-100 thermometers are placed along the external wall of the regenerator to monitor the temperature profile. A Wattmeter is placed behind the flexible tube to measure the output electric power of the compressor, and another Wattmeter is used to measure the cooling power of the cooler.

THE EFFECT OF USE OF NONMETALLIC MATERIALS ON PERFORMANCE

The Positive Effect

It is interesting that the use of nonmetallic materials for tubes and regenerator matrix results in a beneficial byproduct, that is, the axial thermal conduction losses are reduced greatly due to the much lower thermal conductivities. For example, for a sample coaxial NNPTC, no.6, whose dimensional parameters are shown in Table 1, the sum of axial conductions loss through the tubes, stacked screens and the working gas (helium) is only about 9.2% that of a PTC with the same dimensions but whose tubes and matrix are made of stainless steel [12]. It should be pointed out that the walls of the regenerator tubes in common metallic PTCs are seldom so thick as those of the nonmetallic tubes, so the actual decrease of the axial conduction loss would not be so astonishing.

The Negative Effects of Use of the Selected Nonmetallic Matrix

For a given regenerator housing, there are two important factors that influence the performance of regenerators. They are the volumetric heat capacity of matrix materials, cm, and the thermal penetration depths in solid matrix,
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. The volumetric heat capacity indicates how much heat per volume can be stored. According to the calculations, we have gotten the variations of cm of stainless steel and three nonmetallic materials, Nylon, Kapton, and Teflon, with the temperature [11,12]. We find that cm of Nylon is the highest one in the three nonmetallic materials, but is only about 0.38~0.55 times that of stainless steel at temperature ranges of 60 K~300 K, which indicates a poorer regenerator performance compared with those of the metallic counterparts.

Based on thermoacoustics theory [13], the thermal penetration depth in the solid should not be smaller than the characteristic matrix dimension, which refers to wire diameter of stacked screens, to avoid no contributing to the effective heat capacity. For high-frequency miniature PTCs working at liquid nitrogen temperature ranges, when using 300-400 mesh stainless steel stacked screens matrix, all of the wires will contribute toward the effective heat capacity and we 
Table 1. The dimensional parameters of No.6 NNPTC
	Regenerator tube
	Pulse tube
	Regenerator matrix

	Inner diameter
	Wall thickness
	Length
	Inner diameter
	Wall thickness
	Length
	Mesh

	(mm)
	(mm)
	(mm)
	(mm)
	(mm)
	(mm)
	

	11
	1.25
	60
	5
	0.75
	74
	400


needn’t consider the effect of the thermal penetration depth [12,14]. But the situation is different for the Nylon matrix. The thermal penetration depths of Nylon are only 21.5~28.5% those of stainless steel at the same frequency [12], and when the frequencies are between 30~80 Hz and the temperatures between 60~300 K, the thermal penetrations of Nylon are of the same order of magnitude of the wire diameter of 400-mesh screens, or even smaller than it, which can not make sure that all of the wires will contribute toward the effective heat capacity. In order to weaken the negative effect, either lower operating frequency or larger mesh of screens should be adopted. It is difficult to produce the nonmetallic screens with too large mesh (we use 400-mesh Nylon screens in the experiments), so the lower operating frequency becomes inevitable.

According to the calculation [12], between 60 K and 300 K, if we guarantee the same thermal penetration depths, the frequency of the NNPTC should be 0.045～0.090 times that of the PTC with stainless steel screens, provided that the same dimensions are adopted. Because the optimal frequencies of the conventional Stirling-type PTCs are usually in the range of 35~65 Hz, the frequencies of the NNPTCs with Nylon matrix should be between 1.575 Hz and 5.85 Hz, which is impossible and meaningless for Stirling-type PTCs. So the poor performance of the NNPTCs can be expected, and the optimization of the coolers becomes important.
Experimental INVESTIGATION OF THE STIRLING-TYPE NNPTCs

During the last four years, 24 Stirling-type co-axial NNPTCs have been fabricated and tested systematically in the Cryogenic laboratory of the Technical Institute of Physics and Chemistry, Chinese Academy of Sciences (CL/TIPC/CAS). The experiments focus on the investigations of the effect of the cooler geometry and working parameters on the cooling performance. The optimum parameters have been obtained and the preliminary satisfactory cooling capacities achieved.
Experimental Optimization of the Cooler Geometry 
A theoretical model based on the analyses of thermodynamic and hydrodynamic behaviors of gas parcels in the oscillating flow regenerators has been developed, and the preliminary rough scope of optimum dimensions been obtained [12]. Then a series of experiments have been performed for the practical design and optimization.

Firstly, two teams of experiments have been carried out for the dimension optimization of the regenerators, in which the same pulse tube is used and the regenerator geometry is allowed to vary between test items in the same test team. For team 1, the pulse tube measures 5 mm in inner diameter and 70 mm in length and a wall thickness of 0.75 mm. The seven regenerators define a set of constant volume, variable aspect ratio (the ratio of the length to the inner diameter). The operating conditions are held constant at a mean pressure of 3.5 Mpa and a frequency of 40 Hz. The input electric power is maintained at 72 W and the swept volume of the compressor specially designed can be varied from 0 to 1.66 cm3. The team 2 has the same experimental parameters except that the pulse tube measures 5.5 mm in inner diameter and 76 mm in length. Fig. 2 shows the variations of the no-load temperatures of the cold heads with the aspect ratio of the regenerators. The optimum aspect ratio of the regenerator is 5~6. 

Secondly, another two teams of experiments have been conducted for the pulse tube optimization. For team 3, the regenerator measures 11 mm in inner diameter and 57 mm in length and a wall thickness of 1.25 mm. The seven pulse tubes define a set of constant volume, variable aspect ratio. The charge pressure, operating frequency and the compressor are as same as those used in team1 and team 2, but the input electric power is maintained at 70 W. The team 4 uses another regenerator, which measures 11 mm in inner diameter and 60 mm in length. Fig. 3 shows the variations of the no-load temperatures of the cold heads with the aspect ratio of the pulse tubes. The optimum aspect ratio of the pulse tube is 13~16. It should be noted that the temperature fluctuations are not so severe as those in the experiments of regenerators.

The similar experiments have been performed about the ratio of the volume of pulse tube to the void volume of the regenerator. And the optimum value is between 0.5 and 0.6 [12].
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Figure 2. Variations of the no-load temperatures with the aspect ratio of the regenerators.
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Figure 3. Variations of the no-load temperatures with the aspect ratio of the pulse tubes.
Experimental Optimization of the Working Parameters
Based on the above geometry optimizations, several NNPTCs have been fabricated and tested systematically for the optimization of the working parameters, which include the operating frequency, charge pressure, input power, temperature of the hot end, opening of the valves, direction of asymmetric double-inlet valve, orientation of the cold head, etc. As an example, we herein choose some coolers and present the experimental results of some working parameters.

Fig.4 shows the frequency dependence of the no-load temperature of the cold head for the coolers. Their optimum operating frequencies are between 36 and 40 Hz. With the same geometry and working parameters, the optimum frequencies of the conventional metallic PTCs developed in the same laboratory are usually around 50 Hz. The lower optimum operating frequencies attribute to the smaller heat penetration depth discussed previously [12].

Fig.5 shows the variations of the no-load temperature of the cold head with the temperature of the hot end for two coolers. The no-load temperatures rise sharply with the increase of the 
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Figure 4. Frequency dependence of the no-load temperature of the cold head
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Figure 5. Variations of the no-load temperature with the temperature of the hot end.

temperatures of the hot ends. The cooling of the hot end is significant for the NNPTCs optimization because the lower thermal conductivities of the materials.
The DC flow occurring around the loop formed by the regenerator, pulse tube, and double-inlet is a well-known problem, and asymmetric resistance components are usually employed to reduce or cancel it. In the experiments, asymmetric double-inlet valves are used, and they are defined as in the positive direction when the needle points toward the warm end of the pulse tube; the opposite orientation is defined as in the negative direction. Fig. 6 shows the cooling-down curves of the cold head of the no.5 cooler for the two directions. When in the positive direction, the no-load temperature is 10.6 K lower than that in the negative direction. We conclude that the direction of the intrinsic DC flow in the no.5 cooler is from the inlet of the regenerator to the hot end of the pulse tube via the double-inlet valve. We also observe that the cooling-down curve when the double-inlet valve is in the negative direction is not as smooth as that in the positive direction, which can attribute to the impact of a larger DC flow. 
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Figure 6. The cooling-down curves for different directions of double-inlet valves
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Figure 7. Temperature dependence of the net cooling power of the NNPTC
Typical Performance of the Stirling-type NNPTCs

At present, a typical cooling power of over 100mW at 80K with 70 W input electrical power for the 24 Stirling-type co-axial NNPTCs has been achieved [11,12]. As an example, we herein present the experimental parameters and results of the no. 6 cooler. Its dimensional parameters are shown in Table 1. The operating frequency changes between 30 and 100 Hz, and the charge pressure varies from 2.0 to 3.6 MPa. Under the optimum working parameters, the no-load temperature of the cold head reaches 76.8 K after 80 minutes, and a cooling power of 130 mW at 80 K is achieved with 72 W input electric power. The cooling capacity meets the basic cooling requirements of most high Tc SQUIDs, which require a cooling power varying from about 100 mW to a few hundreds watts. Fig. 7 shows the temperature dependence of the cooling power of the no.6 cooler between 80 K and 100 K.
The efficiency of the No.6 NNPTC at 80 K is about 0.6% Carnot efficiencies, while the corresponding values of most metallic co-axial Stirling-type PTCs are about 4~11% [15]. The much poorer performance of the NNPTCs confirms the previous analysis, and the main cause is the usage of the nonmetallic regenerator matrix [12].

The remanent magnetic field and Johnson noise in the No.6 NNPTC can be negligible because all the components in the vicinity of the SQUID pick-up loops are made of nonmagnetic and nonmetallic materials. According to the measurements [12], the interference induced by the translation and rotation of the cold head is about 50~60
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, and the maximal temperature fluctuation of the cold head at 80K with 130mW applied heat load in 800 seconds is about 40mK. The results indicate that the cooler can meet the basic noise requirements of most high Tc SQUIDs.
DisCUSSIONS

Successful applications of high Tc SQUIDs are strongly tied to the development of satisfactory refrigeration technology. Pulse tube cryocoolers (PTCs) are promising candidates for providing low noise cryogen-free cooling systems for high Tc SQUIDs operation because of the damped mechanical vibrations and electro-magnetic interferences, and Stirling-type ones are especially suitable for the task due to their compactness, portability, and lower vibrations. Fabricating all of the cooler components in the vicinity of SQUIDs pick-up loops by non-magnetic and non-metallic materials minimizes the cooler-generated EMI and opens the possibility of coupling directly the SQUIDs with the coolers.

The use of nonmetallic materials reduces the axial thermal conduction losses to some extent, but smaller heat capacity per unit volume and thermal penetration depths of the nonmetallic matrices than those of common metallic alternatives weaken the regenerator effectiveness significantly, and higher operating frequencies and smaller dimensions make the situation worse.

Over 20 Stirling-type co-axial NNPTCs have been fabricated and tested systematically to obtain the optimum cooler geometry and working parameters. In the experiments, the optimal aspect ratio of the regenerator and the pulse tube is 5~6 and 13~16, respectively. And the optimal ratio of the volume of pulse tube to the void volume of the regenerator is 0.5~0.6. The optimum operating frequencies of the NNPTCs are a little lower than the ones of their metallic counterparts. The use of the asymmetric double-inlet valves has the marked positive effect to restrain the intrinsic DC flow, which is similar to the situations for the metallic PTCs.

A typical cooling power of 130mW at 80K for 70 W of input power has been achieved. The preliminary results indicate that the system can meet the basic cooling and noise requirements of the high Tc SQUIDs. In practical applications, larger cooling power and lower working temperatures are usually desired. So the performance optimization of the coolers is underway. The more detailed working principle of the new-style PTCs will be summarized, and the practical applications are foreseeable.
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