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ABSTRACT

Lockheed Martin’s Advanced Technology Center has developed a series of Microcryocoolers for a

range of applications including avionics and space sensors and instruments. We report the development

and initial testing of the recently developed first-article, single-stage, compact, coaxial, Fast Cooldown

Pulse Tube Microcryocooler (FC-PTM). The new cryocooler supports cooling requirements for emerg-

ing large, high operating temperature (105-150K) infrared focal plane array sensors with nominal cooling

loads of ~300 mW at105K at 293K ambient. This is a sequel development that builds on our inline and

coaxial pulse tube Microcryocoolers reported at CEC 2013
7
, ICC 18

8,9
, and CEC 2015.

10
  The new FC-

PTM and the prior units all share our long life space technology attributes, which typically have 10 year life

requirements.
1

The new prototype Microcryocooler builds on the previous development by incorporating cold head

design improvements in two key areas:  1) reduced cool-down time, and 2) novel repackaging that greatly

reduces envelope. The new coldhead and dewar were significantly redesigned from the earlier versions in

order to achieve a cooldown time of 2-3 minutes— a projected requirement for tactical applications. A

design approach was devised to reduce the cold head length from 115mm to 55mm, while at the same time

reducing cooldown time. We present new FC-PTM performance test measurements with comparisons to

our previous pulse-tube Microcryocooler measurements and design predictions. The FC-PTM exhibits

attractive small size, volume, weight, power and cost (SWaP-C) features with sufficient cooling capacity

over required ambient conditions that apply to an increasing variety of space and tactical applications.

This paper presents performance characteristics and qualification status of the various

Microcryocoolers.

INTRODUCTION

Background and Motivation

A primary driver for smaller size, weight, and power (SWaP) cryocoolers is the application area of

infrared (IR) cameras and other sensors. IR cameras are integral to portable ground tactical reconnais-

sance systems that perform many functions useful to the warfighter. Reducing size, weight, and power

requirements while maintaining or improving imaging performance is perpetually desired. IR cameras are
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2increasingly demanded for installation within very small payloads, such as inside a 6-12 inch diameter ball

turrets for tactical unmanned airborne systems (UAS). A need for lightweight, on-gimbal cryocooling also

exists. Scientific instruments on small CubeSat class space payloads and outer planetary missions often

require cryogenic cooling. Examples include imaging spectrometers, interferometers and IR sensors. Re-

duced size, weight and power, coupled with high reliability and long life are critical needs for space appli-

cations. Reduced power requirements can lead to smaller, lower weight power systems and batteries. The

examples cited are of direct current interest and are difficult to meet with available existing capabilities. For

some systems, such as the one described here, fast cool down is a critical requirement in order to provide

quality imagery as quickly as possible.

Reduced SWaP-C includes reduced cost. A cryocooler is a large part of the cost of a cryogenic

sensor subsystem. Reducing the cost in any subsystem component is an important overarching need today.

For tactical systems, the unit cost can be reduced over the analogous space applications by increased

demand and production. Modularizing subsystems and reusing designs and components also lead to cost

benefits. Life-cycle costs include cooler replacements due to failure or precaution as projected lifetimes

are approached. In many cases, cooler replacement may be impossible (e.g., deep space) or very expen-

sive (e.g., aircraft refurbishment, on-orbit satellites, etc.). Overall costs for both science applications and

military systems are under increasing scrutiny, and costs must decrease where possible so that the experi-

ment or system is affordable. A key goal of this effort is to reduce the cool down time of the system to

several minutes while retaining the low weight, excellent reliability and low cost potential. This is achieved

by utilization of our present compressor design and a completely redesigned cold head to provide fast

cooling and efficient power usage.

The Lockheed Martin Microcryocooler development exploits a long history of excellent space cooler

development and products by the Advanced Technology Center (ATC) spanning 40 years.
1
  Over the last

20 years, the development of closed-cycle mechanical pulse tube coolers has been very successfully

accomplished and has mostly supplanted earlier stored cryogen space coolers.
6
  A hallmark of a success-

ful space cooler development then and today is superior lifetime and reliability. The Microcryocooler

development program leveraged this expertise to design, develop, and manufacture an advanced pulse

tube Microcryocooler (PTM) suitable for both tactical and space applications. The expected PTM lifetime

is comparable to high cost, low volume space coolers. This is projected to result in an order of magnitude

improvement in tactical cryocooler lifetime. Tactical cryocoolers typically have mean time to failure (MTTF)

of less than 25,000 hours. The projected tactical PTM MTTF goal is currently 100,000 hours, and this

value is predicted to increase as the PTM development and test program proceeds. Another feature of the

PTM is reduced costs because of improved assembly, manufacturing, and test methods. The labor asso-

ciated with component alignment and assembly has been reduced by leveraging ATC’s experience, lead-

ing to an efficient mechanical design with creative assembly methods that minimize integration time. This

translates to direct and potential cost savings per manufactured unit.

Advanced Infrared Camera Applications

High performance Infrared (IR) camera focal plane arrays (FPAs) demand cooling to cryogenic

temperatures to overcome background noise effects.
2
  Typical tactical IR cameras using proven materials

for long-wave and mid-wave IR applications (LWIR: 8-14 μm and MWIR: 3-5 μm) are cooled to ~70-

80 K for terrestrial tactical applications. Advances during the last five years include the commercial advent

of new photonic semiconductor materials using advanced barrier detector device architectures (e.g., nBn

detectors using new alloys and/or strained layer superlattice (SLS) structures that reduce dark current, and

thus reduce noise).
3,4

  Emerging MWIR FPAs using nBn material, such as Lockheed Martin Santa Bar-

bara Focalplane’s WhispIR® technology, permit high operating temperature (HOT) FPAs approaching

150 K while retaining high camera performance operation comparable to classical InSb FPAs.
5
  Further-

more, typical LWIR materials like Mercury Cadmium Telluride (MCT) can be used at temperatures up to

120 K when operating at MWIR. Thus, cooler requirements for IR cameras now span the 70-150 K

temperature range, potentially with lower net cooling requirements. The required cooling power depends

heavily on the cold-side electronics power, but operating at higher temperatures clearly translates to higher

cooler efficiency and less parasitic heat load. Typical net cooling lift/power requirements are 100–1000 mW
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3depending on image size and data/framing rates. A net cooling lift of 300 mW is sufficient for many ad-

vanced cameras with a well-designed Integrated Detector Dewar MicroCryocooler Assembly (IDDMCA).

The initial Lockheed Martin PTM development was for cooling HOT MWIR materials, particularly

the Lockheed Martin Santa Barbara Focalplane HOT nBn MWIR FPAs with the associated integral

digital read-out-integrated circuits (ROICs) and new collaborative IDDMCA development.
7,9

  The initial

operating goal was 125-150 K with a corresponding net cooling power of 400-600 mW and a nominal

10 W electrical drive power. These do not necessarily target the smallest camera configurations, but pro-

vide a baseline system that is configurable or adaptable to a wide range of diverse existing and future

applications. This paradigm is one way to reduce subsystem costs in accordance with a number of emerg-

ing commercial and DoD initiatives designed to exploit the modular use of subcomponents for future

systems.

Advanced Microcompressor Development

Key to the Microcryocooler development, current configuration, and future configurations is the PTM’s

Microcompressor. The design and development of the miniaturized mechanical system is a hallmark of the

effort and has been the priority interest to date. The early test data used a prototype in-line pulse tube

coldhead optimized for cooling at 150 K, followed by a “standard” coaxial pulse tube Microcooler opti-

mized at 125K.
7,8,9

   Recent testing (reported herein) uses a new fast cool-down compact coaxial pulse

tube Microcooler also optimized at 125 K. The fast cool coaxial pulse tube and Microcompressor are in

the initial stages of microcryocooler integration, followed by integration with the ruggedized IDDMCA

also under development. A new first-article fast cool-down compact pulse tube microcryocooler with a

high definition (HD) 1280x1024 12μm pitch HOT nBn MWIR FPA and the SBF207 ROIC integrated

MWIR camera is planned for completion by the end of 2016.

Collaboration on the Microcryocooler and HOT MWIR Camera Development

This work began as collaboration of Lockheed Martin Santa Barbara Focalplane (SBF) – a devel-

oper and manufacturer of advanced IR FPAs (primarily for tactical camera systems) and Lockheed Mar-

tin Advanced Technology Center (ATC) – a producer of space qualified cryogenic coolers. The emer-

gence of HOT IR materials, increasing interest in improved SWaP cameras, and a desire for longer-life

tactical cryocoolers motivated the development of this Microcryocooler subsystem. It was recognized that

by leveraging ATC’s space-related experience, much smaller and more efficient cryocoolers are possible

for tactical applications with significant improvement in device lifetime. Lower cost is also a predicted

benefit. The U.S. Army Aviation and Missile Research, Development, and Engineering Center (AMRDEC)

has requirements for lower SWaP-C IR cameras as an integral part of ground tactical systems, and has

partnered since 2010 with Lockheed Martin SBF and ATC to enhance and test devices leading to this

goal under its Advanced Technology for Next Generation IR Sensors and Seekers R&D project. Internal

R&D at SBF and ATC, coupled with AMRDEC development, integration and test support, were critical

for funding this development effort. The Pulse Tube Microcryocooler developments, their integration into

high performance HOT MWIR demonstration cameras, and Microcooler performance comparisons form

the overall goals for completion of the AMRDEC project.

MICROCRYOCOOLER OVERALL REQUIRMENTS

In order to be broadly useful for a variety of current and future mission needs, many different cryocooler

characteristics had to be considered when designing the Microcryocooler. The cryocooler must have

sufficient cooling power and good power efficiency. It must be able to meet mission requirements at a

variety of heat rejection temperatures, and must be able to effectively reject its waste heat. The cryocooler

mass, size, and ease of packaging and integration with the sensor are also critically important. Very long

cryocooler lifetime is a major motivation for this development program, but reducing unit, quantity and life-

cycle costs is also important. It was desirable to have a low-vibration compressor which can also survive

operation in a high-vibration environment such as on a military aircraft.

The desired characteristics of the Microcryocooler often conflict with each other. For example, mak-

ing parts as lightweight as possible often leads to additional machining steps, with higher cost. Conse-
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Figure 2. Prototype microcompressor, with a

mass of 190 grams and a length of 90 mm.

Figure 1. Coaxial pulse tube micro-

cryocooler layout (split configuration).

Table 1. Initial design goals for the Lockheed Martin Pulse Tube Microcryocooler.
7,9

quently, Lockheed Martin ATC and SBF technical personnel worked closely with AMRDEC to develop

goals for the Microcryocooler, which derive from broader goals for the integrated IR camera system.

These design goals are summarized in Table 1.

MICROCRYOCOOLER SPECIFICATIONS

The pulse tube Microcryocooler, as designed, is shown schematically in Figure 1.
7,9

  The first

Microcompressor was built in 2012, and is shown in Figure 2. The compressor consists of two compres-

sor modules, each with a piston and motor, which are mounted together in a central hub. The compressor

motors utilize ATC’s standard moving magnet configuration that is favored because it places the motor coil

outside the gas space. This eliminates the need for moving electrical leads and places the coil potting

organics outside the working gas, thus reducing the risk of gas contamination. The motor modules utilize

the long-life “Oxford-style” clearance seal and flexure bearing design, which has proven to have lifetimes

on orbit in excess of 10 years.

Visible at the top of the compressor hub is the port for the transfer line to the pulse tube coldhead. This

port uses a metal c-seal to prevent gas leakage. Also visible on the hub is one of the mechanical mounting

screws. One of the Microcompressor motor modules is shown in Figure 3. The external Hall Effect posi-

tion sensor is shown at the end of the module. Also visible are the electrical leads coming from the motor

coil. The electrical connector was not yet installed when the photo was taken.

The compressor length is 90 mm, somewhat smaller than the design goal shown in Table 1. This length

includes the position sensors, which sit flush with the compressor dome and do not affect the overall length.

The compressor diameter is 32 mm. The measured mass of the compressor with no electrical connector is

190 g, slightly lower than the goal shown in Table 1. The compressor was designed to survive 1500 PSI
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Figure 3. Microcompressor motor module

containing piston and linear moving

magnet motor.

Figure 4. Pulse tube coaxial coldhead. The

coldhead mass as shown is 120 grams.

and operate at 1000 psi pressure, but the maximum proof pressure tested to date was 1200 psi for opera-

tion at 750 psi. The compressor operating frequency is 90-140 Hz, depending on model.

The first pulse tube Microcryocooler built and tested was an in-line coldhead configuration having

dimensions which could be readily converted to a coaxial configuration (i.e., with the same regenerator and

pulse tube lengths). An in-line prototype coldhead was preferred for the initial test because of its lower

cost to build and ease in exchanging individual components. However, the thermodynamically critical

features are similar for both the in-line and coaxial designs.

The completed cold head is shown in Figure 4. This coldhead has an overall length of 115 mm includ-

ing the gas reservoir volume at the end. The reservoir diameter is 42 mm. The coldfinger length from the

mounting flat to the end of the cold tip is 66 mm. The screw holes for the mechanical mounting flange are

also shown. The fill port for the Microcryocooler is a copper pinch-off tube which extends from the

reservoir volume (not shown in Figure 4).

The initial total coldhead mass is 120 grams. Structural analysis of the reservoir volume has shown

that parts of it can be significantly thinned to reduce mass. Furthermore detailed thermal modeling has

shown that the copper material in the warm flange can be replaced with aluminum to further reduce the

coldhead mass. The predicted mass of this lighter-weight coldfinger is only 65 grams.

This coldhead was designed with a thin layer of titanium on the end of the copper coldfinger so that the

FPA will bond directly to the end of the coldfinger with less thermal contraction mismatch. Based on

mission needs, other thermal interfaces are possible. The warm flange was designed for a bolted heat sink.

This heat sink can be finned for air cooling.

OVERVIEW OF PULSE TUBE MICROCRYOCOOLERS AT ATC

The three varieties of Microcryocoolers which have been developed at ATC are shown  in Fig-

ures 5-8.

Figure 5. Standard Micro.
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Figure 6. High Power (HP) Micro.

Figure 8. Comparison of standard and high

power cold heads.

Figure 7. Fast cool-down micro cold head.

The primary design requirements of these units were:

• Standard PTM; design 1 W cooling at 150 K, Cooldown <8 minutes to 150 K,<11 minutes to

125 K (20 W)

• High Power PTM; 2 W at 105 K

• Fast Cool-Down PTM; 0.28 W at 125 K, <10 W Steady State      Cooldown < 3 Minutes to 125

K (<40 W)

MICROCRYOCOOLER PERFORMANCE

Standard and High Power Coaxial Pulse Tube Microcryocooler Performance

The High Power PTM is somewhat heavier and larger than the standard unit and has a power capa-

bility of 60 W, while the standard unit is typically utilized with power inputs in the range of 10-25 W. The

cooling capability for these two units is shown in Figure 9 and 10.
10

Both systems have been qualified to TRL6 through temperature cycling and launch vibration.
8,9,10

 In

addition, the microcompressors have operated at heatsink temperatures as low as 130 K without prob-

lems. This capability allows operation of the systems for deep space and planetary missions, where power

is limited. Operation at these heatsink temperatures greatly improves the specific power input (watts of

power/watts of cooling). In addition, the high power system has undergone continuing life testing and has

accumulated 7200 hours (as of May 2016) with no problems. Also a single motor module has been

operating continuously for over two years, with no problems and continues to accumulate hours.
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Figure 10. Load lines for high power

microcryocooler.
10

Figure 9. Load lines for standard microcooler.
9

 Induced Vibration Considerations

Although our cryocoolers are well balanced by the opposing dual piston motion, and operate at

100 Hz (standard micro) and 140 Hz (high power micro) there is some residual vibration that may require

consideration for some sensitive instruments. These instruments are typically staring instruments, which

require limited amounts of jitter. We have conducted several investigations of this vibration and means to

reduce the levels, and the Jet Propulsion Laboratory has also measured the levels.  Some electronic drives

incorporate vibration cancellation to reduce levels to milliNewton (mN) levels.

The unregulated induced vibration is partly a result of very small differences in moving mass, motor

characteristics and potentially very small misalignment of the drive axes of the two motors. The vibration

from this source can be reduced by matching the motor modules resonant frequencies individually and then

selecting the best matching pair.

When the units are operating at 100-140 Hz, this reduces the amplitude of the vibration and limits the

motions, which reduces the vibration effects.

The Jet Propulsion laboratory has recently operated ou  cooler with an electronic controller which

incorporates vibration cancellation and reduced levels to below 10 mN, and ~0 peak levels for the first

four harmonics on the compressor axis.

We have achieved levels as low as700 mN by matching of stroke and phase between the two mo-

tors.
10

  More work is required to further minimize and control the induced vibration levels; however we

believe the values demonstrated to date are adequate for the majority of instruments and applications.

Fast Cool-Down Compact Coaxial Pulse Tube Microcryocooler Performance

The primary requirement for the fast cool down system (FC-PTM) was to achieve a coldtip tempera-

ture of 125 K in under 3 minutes. The allowable power input during this time was up to 40 W, and steady

state performance required cooling of 0.28 W at 125 K. The design of this system was a compromise

between fast cool down time and the steady state performance. It was evident from the start that the cold

head should be optimized to achieve the cool down time. Initially our model was validated against cool

down data from our standard Microcryocooler as shown in Figure 11.
9

Excellent correlation between the model and the test data was confirmed with 20 W compressor

power, and the optimization process was started. The effective mass of the FPA assembly was repre-

sented in this test case with 11.5 grams of added copper to the cold tip. Trades were conducted which

compared the cool down time with the power required for steady operation, and a shortened cold finger

assembly was selected. In addition, it was desired to modify the design of the cold head to make it more

compact. The design which evolved from these optimizations is shown in Figure 12.  The resulting design,

which packages the plenum volume around the cold finger reduces the overall length by a factor of two

compared with the regular cold head. This greatly reduces the package volume and also allows the utiliza-

tion of this cooler in a 1U CubeSat.
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Figure 11. Comparison of prediction and test

data for standard pulse tube microcryocooler

cool down.

Figure 12. Configuration of the fast cool-down

cold head (dimensions in mm).

Figure 14.  Steady state load lnes for the Fast Cooldown FC-PTM system.

The results of the initial FC-PTM cool down tests agreed very well with the modeling and are shown

in Figure 13.  An mass of copper of 4.1 grams was added to the cold tip to represent the effective

enthalpy of the FPA. The results are excellent and agree closely with predicted values. Cooling to

150 K was achieved in under 2 minutes, and 2.5 minutes were required to reach 125 K — thus,

meeting project goals.

The recently measured FC-PTM load lines under steady state conditions are presented in Figures 14

and 15.  Figure 14 presents performance with ambient air temperatures of 293 K, while Figure 15 exhibits

load lines for a span of three ambient air temperatures at a constant 15 W microcompressor input power.

All tests were conducted in an environmental chamber with air circulation. It is interesting to note that the

Figure 13.  Cooldown test data for the Fast Cooldown FC-PTM system (4.1 grams copper of simulated

focal plane).
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Figure 15.  Effect of ambient air temperature on cooling performance

for the Fast Cooldown FC-PTM System.

specific power (W/W) of the fast cool down system with the shortened cold finger is very similar to other

units developed without restriction on cool down time or cold finger length.

 FUTURE WORK

Work was started on the first space version of the pulse tube Microcryocooler in the summer of

2013.
7
  Since then, LM-ATC has built and delivered several ground prototype Microcryocoolers. This

includes two systems for LM-SBF IR cameras under AMRDEC funding.
9
   Also, a unit was delivered to

JHU-JPL for MatISSE, which is a spectrometer for planetary missions requiring cooling to 150-170 K.
10,11

We are currently assembling a high power Microcryocooler for a JHU-APL gamma ray instrument. We

are also investigating a Microcryocooler solution designed to operate at 77 K for a different JPL planetary

science instrument.

The small size and input power requirement of the Microcryocooler make it an excellent candidate for

CubeSat and other micro and small satellite missions, and we hope to identify potential cryogenic CubeSat

missions in the near future. In particular, the small length envelope of the fast cool-down cold head is

compatible with packaging on a 1U CubeSat. Candidate space missions include surveillance and Earth

science missions, with possible deployment of constellations of CubeSats for covering the entire globe.

Additional investigations ongoing include the utilization of two-stage cold heads for lower tempera-

tures, and operation with Microcooler temperatures in the 100-150 K range.

There are numerous evolving applications for avionics and vetronics systems which require extended

life times.  However, transition to manufacturing and moderate-to-high volume production runs will be

required to bring cost down to predictable and comparable levels to current commercial minicoolers.
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