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ABSTRACT

The world growth in research and development ofhHperating Temperature (HOT) IR detectors impelgetbpment
and optimization of suitable cryocoolers. The cotmdevelopments at RICOR are focused on the SWAdh®&d design
process, meaning small Size, low Weight and low&awnsumption, providing proper cryocoolers fdufe hand held
thermal imagers.

This paper shows the progress made during develapie “HOT” cryocooler prototypes, and engineeripge-
production series cryocoolers working at the FP#gerature range of 130 - 200K. Three different cogler models
based on rotary & linear design concepts are ptedebpelow. The progress with development of eledtr@ontrol
modules providing minimized regulated power constiompis also shown.

The progress in development of cryocoolers relighi also reported in the paper.
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1. INTRODUCTION

Analysis of the cooled IR detectors market reve@kst during recent years significant progress in d&ectors
technology has been achieved, and as a result,dperating temperature has increased above 156#r&the recent
technological advances in detectors, the typicahddrd operation temperature for an IR detector Was, and
sometimes even lower. In order to support suchReW temperatures, a required cryocooler neededawde higher
cooling capacity, hence affecting size, weight podrer consumption. Therefore increase of the FPdptrature up to
the HOT range improves cryocooler thermodynamiiciefficy dramatically and also reduces thermal lssedetector
assembly. These are the potential benefits alloveingryocooler's Size, Weight and Power consumpf{®WaP)
reduction. Furthermore, this development is focusedhe “SWaP3" approach meaning small Size, lowighte low
Power consumption, improved Performance and lowePj2]. In addition to these parameters, a HOT aopter is
required to provide low acoustic noise, short amlvn time, and highly accurate temperature stgbiBased on the
characteristics mentioned, a HOT cryocooler foiirdrared thermal imager should provide a clear atage over an
uncooled microbolometer detector in terms of poe@mrsumption and the smaller optic size requiredthéamore, the
cooled detectors are superior to their uncooledpsiimg technology in terms of working ranges, rasoh and ability
to detect/track fast moving objects in dynamicanéd scenes [3, 4]. The discussed HOT cryocootersgatimized for
input power below 2W DC, and for fast cooling dowsing a digital controller with a tunable booster.order to
provide a variety of products selection appropri@miea wider range of customer requirements, RICORurrently
developing two cryocooler concepts: an IntegralaRotand a Split Linear. In addition, a third deystent was
accomplished by improving an existing Integral Rpteryocooler K562SI as a short-term alternativesign aspects
and performance of the cryocoolers, including twamligital controllers, are described in this adetic

2. THE MAIN DEVELOPMENT GOALS

The main development goals planned at the R&D puogwvere as follows:



e Optimization of the regulated power consumptiortigfocoolers down to 2W DC at an FPA temperatdre o
150K, at room ambient temperature

e Development and implementation of a DTC (Desig@tst) process
o Development of an electronic controller able toctiom at a wide operation voltage
e Optimization of an electronic controller to 90%iegncy

e Development of a uniform low-loss cold finger fogsigned cryocoolers, in order to allow integratigith a
uniform detector assembly

3. THE CRYOCOOLER MODELS

The following three cryocooler models that haverbdeveloped for HOT applications are discusseckiait] including
different design and performance aspects.

K562SI - SHORT IMPROVED - Integral Rotary Cryocooler

The K562SI is an integral rotary cryocooler thaswigsigned for HOT detectors, which is an improvediel based on
the K562. The improvements made in this model deoto adapt it as a cryocooler optimized for H@Tedtors are (i)
a new motor with higher efficiency and improvedfpemance and (ii) a thinner and shorter cold fintet will reduce
the self-heat loads and shorten the optical axigtle The cooler also went through technological emanufacturing
enhancements of thermodynamic efficiency and riitigbThe outcomes of all these improvements are

e power consumption below 2.5W DC at 140K at 190mV#ltbeat load
e cool down time less than 3:30 minutes (typical)

e gross cooling capacity of 500 mW at 150K at 71°C

e weight less than 185 grams

The improvements of the cooler efficiency were aebd as a result of the thermodynamic aspects sgktfeusing
SAGE Stirling cycle simulation software. During thast year the K562SI reached the engineeringssstégge and was
examined in a large number of tests in order toobmeca qualified product. As of today, The K562Shisgjualified
product and is already supplied to a number ofacusts around the world. In addition, the K5628tarting a life test
and presumably, by comparison, it will be able twrksthe same number of hours as the regular KS888.K562SlI is
provided with the K562S digital controller possags80% efficiency. Figure 1 and Figure 2 illustrtie cooler exterior
an outline respectively.



Figure 1. K562SI cooler and controller image
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Figure 2. K562SI| model dimensions

K580 Integral Rotary Cryocooler

The K580 cooler model design was initiated andgreréd “from scratch” especially for HOT detectdtss currently
at the engineering series stage and is alreadyliedpip a number of customers around the world @seaqualified
product. The K580 is an integral rotary type crymeo emphasizing the “SWAP” approach. The coolewgro
consumption at the operating temperature of 150K E80mW heat load is lower than 2W DC. The maxiowaling

capacity at ambient temperature of 7130mW total @150K. The cryocooler will be capablenairking along basic
MTTF >12,000 hours (predicted) at various ambiemtgeratures from -40°C to +71°C. The K580 has dimgolown

rate of 1.2 [J/sec] at an ambient temperature 6€2and will typically cool a detector down withBminutes. The
cryocooler weight is less than 200 gram, it inddess than 10g rms vibrational force, and prodackesv acoustic noise

meeting non-detectability from a distance of 20 eret The K580 cryocooler image and dimensions hoavs in
Figures 3 and Figure 4.



Figure 3. K580 cryocooler and controller image
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Figure 4. K580 cooler model dimensions
K588 Split Linear Cryocooler

The K588 model is a cooler that was also desigspéaally for HOT detectors based on a resonartaposed linear
compressor. The predicted basic MTTF of the K588&l@hdas >30,000 hours, and the ambient temperatamge is
specified from -40°C to +71°C. The maximal totabliog capacity at an ambient temperature of 71°6G8mW @

150K. The K588 shows a cool down rate of 1.2 [J/s¢@n ambient temperature of 23°C, and will taflic cool a

detector down to 150 K within <3 min. The cryocadleermodynamic performance was analysed and gmunusing
the SAGE Stirling cycle simulation software, chasihe maximum efficiency objective. The actuatorsveesigned
using Finite Element Analysis software focusing the maximum efficiency at the cryocooler workingimp and

highest cooling capacity providing a short cool-davme and good performance at elevated ambierpéaeatures. The
first prototypes demonstrate power consumptionweldV DC at 200mW total heat load, at 150K FPA terapee.

The K588 model image is shown in Figure 5 and titéiree dimensions are presented in Figure 6.



Figure 5. K588 cryoooler and controller image
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Figure 6. K588 model dimensions

Controller design

The K588 and the K580 are designed to be drivendwy compact controllers providing high efficiendgw weight,

compact mechanical structure, and uniform encldslaetrical interface [5]. The new electronic coflers were
designed to work within operation voltage rangd¥bC — 15VDC (6V or 12V nominal operation), and weptimized

to a 90% efficiency goal. The new hardware andvsoe approach for controlling motors is based an "toltage

Control Circuit" principle. Namely, the output A®Nage is independent of the input DC voltage, thillswing motor

operation at various speeds (rotary type) or aomidit(linear type) values. The design is based duad PCB structure
in order to reduce the outline dimensions down4aX332 X 15mm, allowing a weight reduction down2bgr. The

controllers were designed to maintain a detectomptrature drift within £0.2K at short-term temperat stability of

+0.1K. In addition to the main characteristics, iiddal functionality was developed and implemengsdollows:

e Reverse-polarity protection without extra heatigaton



Input over-voltage protection without extra heasipation
Sensorless/Sensor Brushless DC motor control
Commutation protocol — RS422

Digital temperature control with flexible zoom pbin

PID parameters per user definition

Control of four set points per user definition

The both “rotary” and “linear” controllers are eoskd into a uniform case, providing electrical iifstee based on
uniform connectors in replace of the traditionatensoldering method. These improvements are intkmnderovide
better flexibility during a system assembly and mance.

Table 1 shows the main specification parameteth@HOT controller, and Figures 7 and 8 illustridie external view
and outline respectively.

Table 1. Main characteristics of the HOT controller

HOT controller -K580 / K588
Digital

Efficiency >90%

Input voltage 4 —15VDC

Control logic PID

Temperature stability +0.1K

Temperature drift +0.2K

Dimensions [mm] 34X32X15.2

Weight [gr] 25

Electrical interface Samte TFM-11C-02-L-DH 20 pir connecta
Communication protocol RS422

Hot Controller Temperature Stability
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Figure 7. Hot controller temperature stability drap



Figure 8. HOT controller image
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Figure 9. HOT controller dimensions

Cold finger design

The K588 and the K580 models are designed to @sadtv uniform cold finger that was optimized imtsrof materials
used, cold finger wall thickness, and manufactugimgcess, chasing reduction of size and parasdiichgat load.
Various materials, including Titanium alloy and 156@lloy, were examined at different cold finger Mthicknesses,
aiming for minimization of self-heat load while k@eg the required rigidity of the cold finger. Figul0 shows the new
uniform cold finger outline adapted to both therafoentioned cryocoolers.



Figure 10- The K588 and the K580 cryocoolers witifarm cold finger

4. CRYOCOOLERS TEST RESULTS

K562SI Cryocooler test results

After the manufacturing of the engineering ser&espmprehensive testing was performed on a grogpaérs in order
to obtain representative average results. The moolere tested at ambient temperatures of 23°C74°@, at FPA
temperature of 140K. The total heat loads wereri@at 23°C, and 290 mW at 71 °C, as shown in Table

Table 2. K562SI coolers average tests results

190 mW @ 23°C @ 140K

Regulated power Non-regulated power Minimal Cool down Temperature
consumption [W] consumption[W] temperature [K] time [min] stability [K]
2.57 9.37 71.94 2:56 0.06
290mW @ 71°C @ 140K
Regulated power Non-regulated power Minimal Cool down Temperature
consumption [W] consumption [W] temperature [K] time [min] stability [K]

4.06 10.35 94.65 3:34 0.06



HOT cryocoolers engineering series tests results

The charts shown below in Figures 11 - 20 illustigpical performance of certain units of the eeghing series HOT
cryocooler models discussed above.

K562SI test results at FPA 130K
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Figure 11. K562SI Cryocooler tests results at FPBKL3

K562SI test results at FPA 150K
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Figure 12. K562SI Cryocooler tests results at FPBKL5



K562SI test results at PFA 180K
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Figure 13. K562SI Cryocooler tests results at FPBKLS
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Figure 14. K562SI Cryocooler cool down time tessuhes



K580 test results at FPA 130K
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Figure 15. K580 Cryocooler tests results at FPA 130K

K580 test results at FPA 150K
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Figure 16. K580 Cryocooler tests results at FPA 150K



K580 test results at FPA 180K
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Figure 17. K580 Cryocooler tests results at FPA 180K
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Figure 18. K580 Cryocooler cool down time tests itasu



K588 test results at FPA 180K
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Figure 19. K588 Cryocooler tests results at FPA 180K

K588 test results at PFA 150K
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Figure 20. K588 Cryocooler tests results at FPA 150K

5. RELIABILITY EVALUATION

In recent years RICOR has conducted extensive damyr life tests. Dozens of cryocoolers have alyaatiergone, and
are still undergoing life tests, as a part of toarous improvement approach. The life tests aréopaed under careful
supervision, and the cryocooler's operation datanaonitored throughout the experiment [6]. On Q3&Uive K580
coolers and five K562SI coolers are planned ta $itarlaboratory life tests. Based on the K562S@noMTTF (20,000
running hours), the design improvements made orKB&2SI model allow maintaining at least the samETH. The



estimated K580 cryocooler life time correspondsttte basic MTTF of more than 15,000 hours, while K&88
cryocooler is expected to demonstrate MTTF of al8%€00 hrs.

Figure 21. Ricor's Reliability laboratory image

6. NEXT ACTIONS PLANNED

Development and qualification of the K562S Shorpitaved model has already been completed, and thkerces
available as a qualified off the shelf product.eTife test is planned to be launched during Q28201

Development of the K580 rotary cryocooler, incluglthe controller, is currently at the finishing peaduring which 10
coolers were assembled and are being tested igyaiéfication tests. An additional plan is to Bhithe qualification
tests, then to initiate life demonstration teswvesal units have already been supplied for custeemaluation, while the
ramp-up phase of the serial manufacturing is pldrioethe end of Q3/2015.

The K588 linear cryocooler development has madeifsignt progress over the past year, thus a nurab&boratory
models are currently available for evaluation ahdracterization testing. Moreover, the first prgpitg demonstrates
that the near-specification performance under 2Wédlilated input power at working set-point is aiiyeachievable.

Both the cooler and the controller are plannednitiate qualification testing and ramp-up of senmbduction by
Q1/2016, followed by a life test starting in Q2/801

7. SUMMARY

Significant progress has been made at RICOR with dbvelopment of cryocoolers for HOT IR detectdrhree
cryocooler models have passed the initial developmpbase successfully, and currently are at diffephases prior to
becoming complete new commercial products. Tworotiats were developed in parallel to their crydeos, allowing
them to meet the highly demanding specificatiothefHOT systems. The K562SI| model was re-optimiztying on a
serial product, and is currently suitable for sherm system development programs that are seeldngnmediate



solution for SWaP-sensitive systems. Today it gualified product that is already supplied to a bemof customers
around the world. The K580 model, including the nd@T digital controller, is currently completingettengineering
series phase and will be qualified soon. Meanwhhe, K580 has already been supplied to a numbeausfomers
around the world as a pre-qualified product. TheB&>5including its new controller, is currently coleging the

prototyping phase, and will soon be prepared fgirerering series manufacturing and qualificaticstitey.
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