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Problem Statement


Acontinuous system for cooling below one degree kelvin without the use of expendable cryogens is needed for future flight missions.  The stipulations are that the new system have less mass and a longer operating lifespan than the present system.

The ADR and the CADR Concept

An adiabatic demagnetization refrigerator (ADR) is a device that is capable of cooling detectors to temperatures lower than one degree kelvin.  He4 is a standard cryogenic coolant, but it can only be cooled down to temperatures near 1.2 K.  This is not cold enough to maximize detector capability.  Other types of refrigerators are available, such as He3/He4 dilution refrigerators or He3 refrigerators.  Dilution refrigerators use a He3/He4 mixture and rely on the mass difference between the two liquids to extract the heat of mixing from the system by circulating the He3.  This will only work if a sufficient gravitational field is present to drive the separation of the mixture.  He3 evaporation refrigerators are more powerful than dilution refrigerators at temperatures above 400 mK.  However, they lose their effectiveness below this temperature since at the lower pressures required to cool down the helium to sub-400 mK temperatures, larger and larger amounts of He3 must be evaporated to support the cooling load (Van Sciver 1986 p.340).  Additionally, the use of a He3 bath as a heat sink is not viable for space flight missions, as He3 is expensive. It would significantly increase the mass of the cooling system, and due to the evaporative nature of the cooling, would effectively limit the mission lifetime.
The ADR system has two problems; the first being that detection must be interrupted for up to an hour a day for recycling.  The second problem is that the heat sink that is currently used to cool the ADR is a liquid helium bath, which cools evaporatively and eventually runs out after a year or two, effectively ending the detection capability of the space flight mission.  By choosing another ADR as the heat sink instead of a helium bath, both of these problems can be solved simultaneously.  A second ADR acting as the heat sink allows continuous detection.  When the original ADR is saturated, the ADR acting as the heat sink can be brought down just below detection temperatures and used to cool the detector and at the same time regenerate the original ADR stage, which is kept at detector temperature.  When the heat sink stage is not being used for cooling or when it is venting to its heat sink, it can be thermally isolated from the original stage by the use of a thermal switch.

By stringing a number of ADRs in a chain, continuous operation can be achieved and the helium bath can be eliminated in favor of a mechanical cooler.  By replacing the liquid helium bath with a mechanical cooler, the overall mass of the system can be decreased, and the lifetime of the mission can be extended.  The lifetime of a mechanical cooler is based on mechanical fatigue, and is on the order of ten years (Shirron a).

Project Objectives

The overall goal of this project is to assist the Cryogenics group at the Goddard Space Flight Center in optimizing the design, fabrication and testing of a CADR prototype. The specific tasks which are required are:

· Designing heat switches.

The stages cannot be isolated from each other by simply closing a door, as heat will leak through any material that provides it a path to a lower temperature.  Effective thermal switches must be designed which can regulate the heat flow between the ADRs through different temperature regions.

· Optimizing thermal busses.

To transfer heat between the salt crystal and the heat switches, a thermal bus is required.  The thermal bus configuration must be optimized to maximize its heat transfer capability while minimizing the volume of the thermal bus.

· Growth of salt.

After the thermal bus is optimized and manufactured, the salt crystal must be grown onto it.  When growing the salt, a technique must be used that results in a large solid piece of crystal, with no gaps in the salt.  Crystal growth rate is also a concern.

· Writing control code.

During testing and after launch, CADR operation must be automated.  A suite of programs is required that efficiently controls the CADR system.  This suite consists of programs which activate the thermal switches, as well as a program that controls each ADR stage, and a master program that coordinates all of the programs.

· Prototype testing.

Finally, as each component of the CADR is developed and fabricated, it must be tested.  Each stage must be tested for efficiency, and each design must be demonstrated as a practical application.  This is especially true of the CADR principle, which had not been demonstrated upon our arrival at Goddard Space Flight Center.

Project Summary


Upon our arrival at Goddard Space Flight Center, one ADR stage and two heat switches had been fabricated for use in testing.  The ADR stage was composed of Ferric Ammonium Alum (FAA) and had originally been designed for use in the X-Ray Spectrometer satellite (XRS).  The heat switches included a prototype superconducting heat switch using high-purity (99.9%) indium as the switching material, and a helium gas gap switch.  A thermal bus had been machined using the wire Electro-Discharge Machining (EDM) technique, and the next task was to grow Chromium Potassium Alum (CPA) salt crystals onto it.  The CPA was grown by pumping a warm super-saturated solution of CPA past a colder thermal bus, causing crystal nucleation on the thermal bus.  Testing of the CPA salt pill was planned for shortly after the pill was fully grown, but system control programs that ran the system more efficiently were required for testing.  While the CPA salt pill was being grown, the original testing programs were re-written to run the ADR cycle at the maximum allowable rate, while intelligently monitoring the rate of temperature change of the salt pill in an effort to anticipate and prevent an overshoot of the target salt pill temperature.  The control programs were tested using the finished heat switches and the FAA ADR stage, and achieved temperature control accuracy within 50 microkelvin of the target temperature.


The CPA salt crystals grew slowly, and after several weeks the salt pill was still not completed.  At this time, the growth process was sped up by heating the growing apparatus.  This resulted in faster salt growth, but also caused problems in the growth system, such as clogging of the outflow pipes with salt crystals.  While the salt pill continued to grow, the tasks of conceptually designing several heat switches and optimizing the full CADR system were undertaken.


There were two new heat switch designs considered.  The first switch design was a mechanical switch, actuated by magnetostrictive materials.  Magnetostrictive materials are materials that, when a magnetic field is applied to them, lengthen and decrease in width.  These materials can be used to apply a force.  The switch concept involves the use of several flat sheets of gold protruding from either end of the thermal switch, as seen in figure 1.  When the switch is off, the gold leaves do not contact each other.  To turn the switch on, a magnetic field is applied to the magnetostrictive actuators, lengthening them and pushing the gold sheets into contact.  This switch is designed to have a negligible parasitic heat flow in the off state, and was calculated to have a lifetime of approximately four years.  The second switch being considered was a helium liquid gap heat switch.  The design uses liquid helium to conduct heat through the switch in the on state.  Several ideas were considered to turn the switch off.  By increasing the gap between the faces of the switch, the thermal path through the helium could be broken, interrupting heat flow.  Alternatively, the helium could be removed from the switch entirely by the use of a getter.  The helium would flow preferentially into the getter due to the much larger surface area available in the getter than in the switch.  The helium could be returned to the switch by heating the getter, forcing the helium into the switch because of the much higher vapor pressure in the getter than in the switch.  The refinement of the design of these switches continued until the conclusion of the project.

Figure 1:   The magnetostrictive heat switch concept


The optimization of the full CADR system involved evaluation of every system component.  Heat switches needed to be selected to minimize parasitic heat flow between individual stages.  The operating temperature of each salt pill and the optimal salt material also had to be chosen.  The thermal bus of each individual salt pill had to be configured to allow transfer of the required quantity of heat between ADR stages.  Additionally, the overall mass of the system had to be considered, including the mass of the magnets used to cycle each ADR stage.  For this reason, and also due to the effect of the magnetic field on the salt entropy capacity, the design of the superconducting magnet had to be taken into account.  The associated calculations involved in this overall system optimization are presented in the spreadsheet "System Optimizer" in the Spreadsheets appendix of the report.


Upon completion of the growth of the CPA salt pill, testing of the salt pill as a continuous ADR stage was initiated.  The efficiency of the CPA salt pill was calculated, and was found to be approximately 90%.  This is a high efficiency for a refrigeration system.  While the salt pill was tested, the system was configured in such a way that the CPA salt behaved as a continuous ADR stage, and the FAA salt pill was used as a heat sink for the continuous CPA stage through a connection made using the superconducting heat switch.  The FAA salt pill exhausted stored energy to a helium bath, throught the helium gas gap heat switch.  In this manner, the Continuous ADR principle was demonstrated as a reality for the first time ever.

Future Recommendations


In the future, it is recommended that the Cryogenics and Fluids Branch of Goddard Space Flight Center perform the following tasks.

· Build and demonstrate operation of magnetostrictive and liquid gap heat switches.

The concepts and initial designs of the magnetostrictive and liquid gap heat switches have been worked out, however, the switches have yet to be demonstrated in the laboratory.  Prototypes of the switch designs need to be fabricated and tested in order to verify the viability of these switches for use in the CADR system.

· Research other techniques for salt growth.

The CPA salt was grown onto the thermal bus, with the result of a working continuous stage with a high effieciency as demonstrated in system testing.  The growth process was not optimized, however, and the CPA crystal was not perfect.  It would be advantageous to research methods of salt growth in an effort to improve the CPA salt pill fabrication methods.  Any method resulting in larger single crystals in the CPA salt pill, or faster growth of the crystal would be beneficial.  Also, if a method of crystal growth could be found that would decrease the likelihood of crystal growth trapping pockets of CPA solution in the salt pill, then this too would be beneficial.

· Test CPA salt pill performance at 50mK operating temperature.

Due to various problems in system testing, such as leaks in the helium dewar allowing helium to coat the system thermometry, causing erroneous temperature readings, and also due to the fact that the superconducting heat switch linking the CPA stage with the FAA stage was always in an on state due to a lack of proper shielding from the salt pill magnets, system testing was performed at 300 mK.  This is a much higher temperature than the desired temperature of 50 mK, at which the finished CADR is designed to operate.  It is recommended that the leaks in the helium dewar be located and fixed, and also that the ADR stage magnets are properly shielded to allow testing of the system at the desired operating temperature.

· Merge separate optimization tools for each component into one large optimization tool.

Finally, several optimization tools were written to evaluate designs of the heat switches and the individual ADR stages.  It is recommended that these be combined for easier optimization of the overall CADR design.
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