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ABSTRACT


A prototype of an adiabatic demagnetization refrigerator (ADR) designed for space applications, operating between 2 K and 10 K, has been built and tested. The refrigerant for the ADR consists of thick slices of single-crystal Gadolinium Gallium Garnet (GGG) that are sandwiched together with strips of high-purity copper. The copper strips are to transfer heat between the GGG and the 2 K He II-gap and the 10 K helium gas-gap heat switches. In a typical test when the ADR is cycled from 9.6 K to 1.8 K it provides 30 mW of cooling for 150 s. The cycle period is 690 s and the peak field is 6.5 T. The figure of merit for this cycle is 25 %. Methods for improving the performance of the ADR are discussed.

INTRODUCTION 


Some future astrophysics missions planned by NASA require 2 K cooling. An adiabatic demagnetization refrigerator (ADR) operating between 2 K and 10 K is being developed at Ames Research Center as the last stage of a multi-stage cooler to achieve 2 K. The magnetic refrigerant selected for operating in the 2 - 10 K temperature range is Gadolinium Gallium Garnet (GGG). During the ADR cycle, thermal contact has to be made between the GGG and a 2 K heat source or between the GGG and a 10 K heat sink. Liquid- and gas-gap heat switches are employed to eliminate the need for moving parts, thus increasing reliability.


The heat switches are configured as two matching surfaces which are separated by a narrow gap. A switch is on when its gap is filled with helium and is off when the gap is emptied. This is accomplished by an activated carbon pump (ACP). The carbon adsorbs helium when cooled and desorbs it when heated. The 2 K heat switch is a liquid-gap heat switch to reduce the required heat transfer surface area, taking advantage of the high thermal conductivity of superfluid helium. The 10 K heat switch is a gas-gap heat switch since the thermal conductivity of gaseous helium is sufficiently high at 10 K.


The heat switches are thermally coupled to the GGG by strips of high purity copper. The copper strips are sandwiched between thick slices of GGG. To enhance thermal conductance high purity indium foil is placed at the interfaces between the copper and the GGG.


A prototype of the ADR described above has been built and tested.1 The ADR consists of three main components; namely, the Cu/GGG sandwich, the 10 K heat switch, and the 2 K heat switch. The two heat switches are described elsewhere2,3 and are briefly described here. This is followed by a description of the ADR. Finally, results of tests performed on the ADR are presented.

10 K GAS-GAP HEAT SWITCH

The 10 K heat switch consists of two finned copper cylinders, as shown schematically in Fig. 1. The fin patterns on the two cylinders are a mirror image of one another. When put together the fins are separated by a gap of width 0.010 cm. A 0.012 cm-wall SS support tube holds the two pieces together and seals the gap volume. The fins are 2.54 cm long and 0.142 cm thick. The diameter of the heat switch is 2.45 cm. The effective heat transfer area of the heat switch is approximately 82 cm2.


The ACP for the 10 K heat switch has an internal volume of 4.5 cm3 and contains 0.02 g of activated carbon. It is charged to 5.3 kPa at room temperature with helium gas. For the switch to fully turn on the ACP temperature is raised to 20 K. To turn the switch off a copper wire links the ACP to the heat sink.
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Figure 1. Schematic of the 10 K heat switch.



The temperature gradient across the heat switch as a function of applied power is shown in Fig. 2 for both the on- and the off-mode. The on- to off-conductance ratio of the heat switch at an input power of 7 mW is 8000. The turn-on time of the switch is on the order of 30 s; whereas, its turn-off time is nearly one minute.
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  Figure 2. Temperature gradient across 10 K heat switch vs. input power.

2 K LIQUID-GAP HEAT SWITCH

The 2 K liquid-gap heat switch consists of two high purity copper cylinders that are positioned end to end separated by a 0.010 cm-wide gap. The copper cylinders are annealed after machining and their RRR is estimated to be 800. The two cylinders are held together by a SS support tube which has a wall-thickness of 0.012 cm and is 2.5 cm long. The seal between copper and SS is made by Stycast 2850 epoxy. An annular gap, 0.16 cm in width, is maintained between the SS tube and the longer cylinder as shown in Fig. 3. The diameter of the gap between the two copper cylinders is 1.27 cm providing a heat transfer area of 1.27 cm2.


The ACP for the 2 K heat switch has a volume of 11.3 cm3 and contains 0.63 g of activated carbon. It is charged to 4 atm with 4He gas at room temperature. This amount of gas is sufficient to fill the gap between the two copper cylinders with He II. For the switch to fully turn on at 2 K the ACP temperature is raised to 40 K. The switch is turned off when its ACP is cooled via a thermal link connecting it to the heat sink.


In Fig. 4, the temperature gradient across the heat switch is plotted as a function of the input power for both the on- and the off-mode of the heat switch. The on- to off-conductance ratio of the heat switch  for an applied power of 10 mW is 6900. The turn-on time of the heat switch is less than 40 s. However, for the switch to fully turn off it takes over three minutes.
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   Figure 3. Schematic of the 2 K liquid-gap heat switch.
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    Figure 4. Temperature gradient across 2 K heat switch vs. power input.

THE PROTOTYPE ADR

The prototype ADR, shown schematically in Fig. 5, consists of the Cu/GGG sandwich and the two heat switches. Five slices of single crystal GGG are sandwiched together with four strips of high purity copper. Indium foil is used at interfaces between GGG and Cu to improve thermal conductance .4 The GGG slices are 2.5 cm wide and have an overall thickness of 1.9 cm. The total volume of the GGG is approximately 46 cm3. The copper strips have a RRR of 800. They are 2.5 cm wide and 2 mm thick. The sandwich is held under compression by Kevlar strands which are tensioned by a SS draw-bar mechanism.


The copper strips allow heat transfer between the GGG and the heat switches. Two of the strips are connected to the 2 K heat switch; while, the other two are connected to the 10 K heat switch. The overall length of copper strips running to the 2 K heat switch is 14 cm; whereas, the ones attached to the 10 K heat switch are 18 cm long. At both heat switches the strips are clamped down to one end of the heat switch with high purity indium foil placed at the interface.


The ADR is thermally anchored to the cold plate of a helium cryostat. As shown in the schematic, the end of the 10 K heat switch not in thermal contact with the GGG is used for this purpose. A control heater is mounted at this location to maintain the temperature at 10 K with the aid of a temperature controller. This end of the heat switch, referred to as the 10 K heat sink, is where the thermal links from both ACPs are terminated.

[image: image1.wmf]Fig. 5.  Schematic of ADR


A heater is mounted on the end of the 2 K heat switch, not in thermal contact with the GGG, to simulate the 2 K heat source. Thermometers are positioned at several locations on the ADR to determine the temperature drop between the 2 K heat source/10 K heat sink and the GGG.


The magnet used in the tests is a 10 H superconducting magnet that is rated to 7 T at 4 K. The field homogeneity is within 5 % over the entire length of the Cu/GGG sandwich. 

TEST PROCEDURE AND RESULTS

Tests were conducted to characterize the performance of the prototype ADR at two different heat sink temperatures; 8.5 K and 10 K. Figure 6 shows a typical test cycle for the ADR. In the test the heat sink temperature is stabilized at 8.5 K while the power required to maintain this temperature is monitored. The magnet is ramped up to a field of 6.5 T. When the temperature of GGG rises to 6.5 K the 10 K heat switch is turned on. Complete magnetization and thermal equilibrium at 10 K take 160 s after which the switch is turned off. This takes an additional 60 s. Next, the ADR is demagnetized by discharging the magnet energy through five power diodes. Below a GGG temperature of 3 K the 2 K heat switch is turned on. At this time the demagnetization rate is reduced by discharging the magnet current through only one diode. When the temperature of the GGG is below 1.75 K (120 s after demagnetization is initiated), 30 mW is applied at the 2 K heat source. The heat source temperature is maintained at 1.85 K, by regulating the magnetic field discharge, for 210 s until the superfluid helium in the heat switch begins to evaporate. This is marked by an increase in the temperature of the 2 K heat source. Finally, both the 2 K source heater and the 2 K heat switch are turned off. It takes nearly 190 s for the 2 K heat switch to fully turn off.


The temperature difference between the 2 K heat source and the GGG, when the source heater is turned on, is mainly due to: a) the temperature drop across the 2 K heat switch, b) the temperature drop across the clamped joint between the heat switch and the copper strip, and c) the temperature drop across the Cu/GGG interface. With 30 mW applied at the 2 K heat source, these are measured to be 24 mK, 36 mK, and 20 mK, respectively. Thus, a temperature difference of 80 mK is measured between the 2 K source and the GGG. The temperature drop across the GGG slices adds an additional 72 mK to the overall  temperature drop. This contribution to the overall temperature drop can be decreased using a single slice of GGG in the middle of the sandwich.
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Figure 6. Temperature profiles during the prototype ADR cycle.


The figure of merit (FOM) for the ADR is calculated based on the following relation:

FOM = (Qc/Qr)actual   /  (Qc/Qr)theoretical

where Qc is the cooling energy at 2 K and Qr is the heat rejected at 10 K. From the power applied at the heat source and its duration the cooling energy of the prototype ADR is calculated. The heat rejected at 10 K is obtained from the decrease in the power applied to 10 K control heater. These values along with the calculated FOM are listed in Table 1 for two different heat sink temperatures.


When the 2 K heat switch is on heat is conducted from its ACP to the 10 K heat sink through the thermal link, reducing the cycle efficiency. A gas-gap heat switch can be incorporated in the thermal link to isolate the ACP when the switch is on. This also allows for a more conductive thermal link to achieve a faster turn-off time.


An analytical investigation has also been undertaken to model the ADR design presented in this study. Results of the model are compared to the experiment in a separate paper.5
Table 1. Experimental results.

_____________________________________________________________________________

Cycle temperature
1.85 K -  8.5 K
1.81 K -  9.6 K

GGG temperature
1.72 K -  9.0 K
1.70 K -  10.2 K

Cooling energy at 2 K
6.3 J
4.5 J

Heat rejected at 10 K
97.9 J
96.9 J

No load temperature
0.93 K
1.05 K

Cycle period
740 s
690 s

Peak field
6.5 T
6.5 T

FOM
29 %
25 %

_____________________________________________________________________________

CONCLUSIONS


A prototype of an ADR operating between 2 K and 10 K has been built and tested. Test results indicate that the ADR is capable of providing 30 mW of cooling at 1.8 K for 150 s. The total cycle lasts nearly twelve minutes and the peak field is 6.5 T. The figure of merit for this cycle is 25 %. The measured temperature drop between the 2 K heat source and the center of the GGG is 0.15 K.


The efficiency of the system can be improved by the addition of a small gas-gap heat switch in the thermal link of the 2 K heat switch ACP. Further improvement can be made by eliminating the interfaces within the refrigerant.
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