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ABSTRACT

Cryogenic refrigerators represent a significantéing technology for Earth and Space science erisgp Many of the
space instruments require cryogenic refrigeratmmenable the use of advanced detectors to explaviele range of
phenomena from space.

RICOR refrigerators involved in various space naissiare overviewed in this paper, starting in198# tClementine”
Moon mission, till the latest ExoMars mission labed in 2016. RICOR tactical rotary refrigeratorsvénebeen
incorporated in many space instruments, after pgsgualification, life time, thermal managementtites and flight
acceptance.

The tactical to space customization framework idekian extensive characterization and qualificatésh program to
validate reliability, the design of thermal interiiag with a detector, vibration export control,igfnt heat dissipation in
a vacuum environment, robustness, mounting desigmpliance with outgassing requirements and spcformance
screening.

Current RICOR development is focused on dedicatied-long-life, highly reliable, space cryogenidrigerator based
on a Pulse Tube design
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1. INTRODUCTION

Cryogenic refrigerators represent a significantoding technology for Earth and Space science engag Many of the
space instruments require cryogenic refrigeratmmenable the use of advanced detectors to explavile range of
phenomena from space. For more than 20 years RIG&3Rbeen involved in supplying cryogenic refrigeratfor a
range of space applications. For most of the prograhe K508 Stirling-cycle rotary integral refrigior was typically
selected by system developers, to allow completidnspecific missions within a spacecraft. Tacti&tirling
refrigerators are widely used in ground militarydaacivil applications. Usually they are required poovide high
reliability, cost effectiveness, moderate life tingeod maintainability, and to withstand harsh emwinental conditions.
For some of the space missions these requiremantbecalso acceptable, after the refrigerator hasqul certain design
customization and comprehensive screening processabkling its flight approval for specific missimguirements.

The tactical to space customization framework idekian extensive characterization and qualificatiésh program to
validate reliability, design of thermal interfacingth detector, vibration export control, efficieheat dissipation in
vacuum environment, robustness, mounting desigmptiance with outgassing requirements and stricfopmance
screening. During this activity, the RICOR standietical product was flight approved by NASA a8/

The very first RICOR refrigerator K506B model wasihched in 1994 for the “Clementine” lunar missidhe last one
was the K508 model launched in March 2016 onbolaedTrace Gas Orbiter (TGO) spacecraft, under ESé&Mzaxs

2016 Mission. In the interim period, RICOR’s taetiStirling rotary refrigerators were involved innamber of other
space programs, after passing thorough design roisition and comprehensive testing of qualificatitife time,

thermal management, and flight acceptance. CURHEDOR development is focused on dedicated ultrgHiife, highly

reliable, space cryogenic refrigerator model K57,1fased on a Pulse Tube cold head which is driyem‘sontactless”
ultra-long life dual opposed linear compressor.



2. SCREENING AND CUSTOMIZATION FOR SPACE APPLICATIONS

The purpose of the screening and testing processassure that all refrigerators supplied meesioisrequirements as
far as possible, and to extend their life expegtaagmuch as possible within the time constraifthe mission. First,
after system definition and specification completian ensemble of the “best” refrigerators is chosem standard
production line tests. Then this ensemble is hrough a series of specific tests to determine\tkey best” of a few
refrigerators, which are then customized and sedph a customer as flight units.

The “best” units are defined as those that willeed a specified cooling power, for the longest nemrdf mission

operational hours, under the required environmeeaalditions. However, there is no completely pecmethod to
predict the reliability for a single refrigeratayen if the exact operating conditions are knomsoAthere is no exact
data determining what parameters are governing,vamat are the possible failure modes for each d¢mmjiso the

selection and testing process is one on a “besttsffbasis only.

2.1 System definition stage

At a very initial stage of a dedicated space imatrnt, a design of the selected candidate refrigeiatusually examined
at RICOR in order to qualify it as a potentiallypappriate choice for further progress towards thighf units. In

parallel, a design of the future space instrumeanpleying a refrigerator is considered by a custort@eprovide

acceptable environmental conditions for this refraggor, which can operate within certain limitagoanly. These
limitations are typically apply to body temperatwaed vibration. Therefore a system design haske tato account
sufficient heat sinking, preventing overheating ammdiercooling, vibration isolation during launchiregc. Relying on
the system requirements and design adaptation fliigerator limitations, customization to be done arcandidate
refrigerator is defined. This process may includtereded and thorough negotiations between RICORaaodstomer
using mutual iterative filling in of Matrix Of Contipnce (MOC) containing all aspects of environmégtanditions,

performance, reliability and life time. Moreovernsples of the candidate refrigerator model may lgough pre-
examination of design during performance pre-qigalifon testing series, such as harsh vibratiotreee thermal
shocks, blast withstanding, etc. After completesagrent of both sides on the final MOC, the despgtiications are
generated for both the customer system and the RI@&®igerator candidate. Once this stage is cotapRICOR will

be authorized to commence the phase of requirédrdeastomization and selection of specific cantidaits from the
production line.

2.2 Engineering Model units selection

The first step in the selection process is the RRGBandard screening process of all productiorspynibre than 1000
per month. Since the primary failure mode of rptarachines is a piston rod bearing, or crankshedtring, RICOR's

first task is to define the lowest He pressure dnich adequate cooling power can be obtained. dJgQ bar is

available, but sometimes 30 bar is expected toigeos sufficient cooling power margin for the migsiIn addition, the

Helium leak rate must be compatible with the misdength, and therefore should be commensuratengitimore than a
5% Helium loss over a 10-year period after manuf&ctEach refrigerator, consisting of a standardpressor, standard
motor stator, and standard cold finger, is pregsdrio a selected He pressure. Then a simulatimardacket is placed
around the cold finger that contains a temperatliode to measure the cold-finger tip temperaturé amesistor to

provide a heat load. The refrigerator is then ojeera open loop for 48 hours, during this time fibléowing parameters
are measured: lowest cold finger temperature exhcaiverage input current, acoustic noise, andivelanechanical

vibrations (determined by measuring the accelendgoel of an accelerometer on the refrigerator @miparing it to a

specific value). The next choice is to choose gefidtors that are expected to have the lowest gwerperating speed
during the mission. It is expected that refrigerateoaving the lowest values of cold finger tempaetand input current
would have the lowest average operating speedttarsg having the lowest noise and vibration lewasild cause the
least amount of wear on the bearings. RICOR exmatsct refrigerators having a high probabilityni@et mission

specifications and measure their cooling power utftespecified conditions, as well as perform e leak test.



%&
( P+++ , $
/01 o
" 2 1 $
" 5

! $
3
' 4 %  4%$

0
5%
5/1 5%1 $
7 |
#$

89 N $

8
n 3%

3%
% Ll
7 3%
(
< 2 :
= 3%
! 3%

Figure 1. Flowchart of the screening process apgpteRICOR refrigerators delivered for space appliceti




This means refrigerators selected as candidatdshaile an overall performance (combination of lomidcfinger
temperature, input current, cool-down time, acausbise, mechanical vibration, and He leak rate laigth cooling
power) attained by only 2-3% of the refrigeratorsduced each month, on an average.

Since cooling power is typically a primary perfommea selection parameter, once a refrigerator istiiied as a
potential candidate, its cooling power at room terafure is measured. If the measured cooling pasvess than a
certain threshold, the refrigerator is rejectedol®gy power is not normally measured during thengéad production-
line test series, but this procedure ensures glmbability that a refrigerator will be rejectededto low cooling power
in the final selection process.

Each candidate refrigerator is then placed inmaté chamber for performance testing at variousiemhbemperatures.
The following parameters are measured: lowest fiolger temperature reached at a certain heat Ipadk power
consumption during cool-down, average input curegrdteady state for 77K cold finger temperatuoe)-clown time to
77K, and many other parameters. The refrigeratdr tven be run at closed loop and tested for staigeration,
monitoring cold finger and compressor temperatumegut power, motor current and speed. This tegueece is
repeated twice for each candidate refrigerator hEamndidate refrigerator then goes through andtedium leak test
and test bench checkout. This constitutes the cetiopl of the standard RICOR screening process. Gitic¢ghe
refrigerators are selected, RICOR notifies a custowith the full record of test results from theemming process for
the selected refrigerator. The best candidatégegfitors selected by this screening are processean accelerated
schedule as the Engineering Model (EM) and thetoauiged and shipped to a customer. RICOR expadsse a pool
of the “best” refrigerators from a batch manufaetlpver a 3-month period, for further testing aekbction as Flight
Model (FM) units.

Figure2. Candidate refrigerators before selection testing for space application.



2.3 Flight Model units selection

The selected pool of candidate refrigerators ishirtested in a climate chamber to measure tlefiopnance more
precisely over the full range of ambient tempeedurso as to differentiate them and select thet™ifight-quality
refrigerators. Continuous time histories of thenpoessor and cold-finger tip temperatures, refatmrinput power,
voltage, current and heat load for each unit unelsr(UUT) are measured and recorded,. Motor sjzealso measured
for each candidate refrigerator for specific sétparameter values that are the same for eaclyeetior. Temperatures
are measured to an absolute accuracy of 1K orrpette all other parameters are measured to adussacuracy of
1% or better. The temperature time profile is thmea for each refrigerator within 1K, the temperatsetpoint for each
cold finger is the same within 1K, and the heatl@athe same within 2%. In order to maintain thaseuracies, special
simulation dewars are used for each refrigerator.

A benchmark set of measurements is made to norenthlez climate chamber data for each refrigeratbis & done on a
benchtop setup at room ambient temperature, megsasch refrigerator in turn with the same contrplinotor stator
and set of sensors. As an option, this benchmadré&fsaeasurements can be made inside a climate lvaat different
ambient temperatures.

After the benchmark measurements, climate chanemeperature profiles begin. First, each candidafrégerator is run

through a customer ATP test sequence, howeveeifitfiove benchmark set of measurements was perfansiele a

climate chamber at variable ambient temperatuhéstest sequence is skipped. Each candidate egditioy is then fitted
with customized modules (motor, controller, etcading to customer requirements. The refrigeragothen run

through a sequence of ambient temperature and togeofiles defined by a customer. This test ssme is repeated
twice. The sequence purpose is to identify repdiiabf refrigerator performance as one of the orant selection
criteria, allowing higher confidence level of op@va stability onboard a spacecraft.

After this, induced force vibrations along all thraxes and acoustic noise are measured for eagperafor at a
recorded set of parameters. Finally, another costadefined test sequence is performed. The totileesequence of
tests since the initial manufacture covers a femdned operating hours for each refrigerator.

When this measurement sequence is completed faaatidate refrigerators, RICOR experts thorougiiiglyze the
data and prepare a comprehensive report recomngendiich refrigerators a customer should selecthas“best”.
RICOR can send this report to a customer along a&litlata on all candidate refrigerators, to aigl ¢hstomer in making
the final selection of which refrigerators to proeas Flight Model units.

2.4 Customization and final testing

The refrigerators selected as Engineering Model Elight Model units are customized to a customeitdeto-order
specifications for certain parts, such as motaiostaontroller, cold finger, etc. For example, @dfrigerator tests are
performed using RICOR standard motor stators, exeepghe burn-in tests, which are conducted usiglified stators.
RICOR inspects and tests each stator and seleetsfispstators for “best” performance. A customeaynspecify
components to be customized, such as capacit@sstaes, etc. In that case these flight-screenadpoments are
carefully installed by a RICOR trained technicidme reason for conducting the burn-in tests isrsuee that each
chosen flight-quality refrigerator gets a burnedyéw electronic component. To improve heat disgpgtom the motor
module, a specially designed motor housing withharrmhal interface can be provided (Figure 3c). Afbaing
customized, each selected refrigerator is intedrdte a special dewar designed by RICOR and is tezteto
specifications before delivery to a customer.

RICOR can also provide the option of supplyingigefrators without a controller unit, allowing a tirmer to develop a
controller module embedded in his system electsynising space-qualified materials and compondwishiave been
proven in terms of withstanding radiation levelsl ather space conditions. In that case RICOR @lrits experts do
support this activity providing essential infornmatiabout the controller functionality and design.

Special materials and processes can be used ilddulfoutgassing requirements, with a suitablefaee finish ensuring
minimum deterioration and maximum product stahilithey should comply with TML (Total Mass Loss) <% and
Collectable Volatile Condensable Materials (CVCM). X% when subjected to a test conducted at +12B8CLE-6 torr
for 24 hours. For example, to comply with theseumnements, standard O-rings material may be redldgeVITON



which is approved for use in space. Also in theanassemblies, the standard thermal paste useddaontroller heat-
sink may be replaced, and the motor windings ma&g farough a special backing process during 48shour

Some customers may require a cold finger to beoauiged to a thinner tube and a more precise toberanhis tube
customization may provide a few tens of mW addealing power. In that case RICOR provides availabfermation
on allowable forces on the cold finger during ladungbrations, to aid the customer in deciding whatid finger to
employ. Ricor can also select cold fingers to pdevibetter than average alignment to match with eacfpressor and
can precisely measure each cold finger selectethsare best alignment. The purpose of more predigement is to
ensure more cooling power and less wear of pass time. Each cold finger can be outfitted withcddctip adaptor, a
copper braid assembly to interface the cold tippgatato the detector assembly and a flange to fanwacuum interface
(Figure 3a, b). In case there is a need to prat¢iin-walled cold finger from damage under a lduwibration, RICOR
can design, manufacture and install a special pfat@rrangement around the cold finger (Figure 3d)
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Figure 3. Customized design examples: (a) — Coldd¥inutfitted with cold tip adaptor, (b) —vacuurteirface flange with
bellows, (c) — special motor housing with integdatieermal interface, (d) - cold finger launch pobée arrangement

In order to prevent loss of cooling power over tilRECOR minimizes any contamination of the custadirefrigerators
during Helium fills, from the compressor, cold ferg Helium container, and plumbing. RICOR clealigparts as
necessary, using ultra-pure Helium, and runs throaigleast 40 fill/purge cycles. After the first filVpurge cycles,
between purges during the next 20 cycles, eaclyesftor has its motor shaft rotated appropriaselyas to expose new
potentially contaminated surfaces. A liquid-niteagcold trap may be used to trap any contaminaois the He source.
Cold traps or other means can also be used to empsuwged contaminants do not re-enter the systafter the last
purge, the refrigerator is filled with Helium atspecified pressure. This procedure is implementdg im the final
integration of the flight refrigerators to the deated dewars.

After customization, the selected FM refrigeratars tested in a climate chamber at various amhi@nperatures,
before delivery to a customer. RICOR outfits eaold dinger with easily removed but securely attatlaecurately
calibrated temperature diode and heat-load resistcurately measuring the heat loads of the spdeaars and
reporting the values to a customer. Each selecktddfrigerator is then tested as describe@.®. If any refrigerator
does not perform as well as expected, the tespdstaxamined for flaws. If such flaws are foundos elimination
would be expected to improve performance to thecetqul level, these flaws are corrected and the tastrerun. If
performance remains below that expected, or if mchsflaws are found, another refrigerator is selécirom the
candidates pool for customization and final testing



3. SPACE MISSIONS RELYING ON RICOR PRODUCTS

RICOR refrigerators are widely used for many yearsa range of the space instruments launched odbdiffierent
spacecrafts by the space agencies of USA, Eurapésia. The most famous of the missions using RIG@RIucts are
surveyed here; however there are still a significarmber of them remaining beyond this survey, ttusmformation
that is unavailable or not authorized for publicati

3.1 CLEMENTINE — 1994

Clementine was a joint project between the Strat8gifense Initiative Organization and NASA. Theedlive of the
mission was to test sensors and spacecraft comonader extended exposure to the space environaneinto make
scientific observations of the Moon and the neatttEasteroid 1620 Geographos. The observationsaded imaging at

various wavelengths including ultraviolet and inéd, laser ranging altimetry, and charged partisd@surementd].

Clementine was launched on 25 January 1994 at 16T&1(12:34 PM EDT) from Vandenberg AFB aboard &ifillG
rocket. After two Earth flybys, lunar insertion washieved on February Z2]. The RICOR K506B tactical rotary
Stirling refrigerator (the K508 ancestor) was ondothe Clementine spacecratft, in the Near-Infra-lR¢tR) camera
instrument. The refrigerator was driven by a HYB-ddhtroller integrated into the motor stator ufiihe camera was
designed to study the surfaces of the Moon andéae-Earth asteroid 1620 Geographos at six diftesavelengths in
the near-infrared spectrum. This experiment yielded information on the petrology of the surface material on the Moon.

RICOR K506B RICOR K506B

(a) (b) (©)
Figure 4. (a) - Clementine spacecraft, (b, c) - Nefta Red instrument with K506B refrigerator.

The camera consisted of a catadioptric lens whiclhided on a K506B-cooled (to a temperature of 7@#per InSb
CCD focal-plane array with a bandpass of 1100--2800and a six-position filter wheel. The image amaas 256 x 256
pixels, and pixel resolution varied from 150--500doring a single orbit mapping run at the Moon. Tlagnera took
twelve images in each 1.3 s image burst, which medu75 times over the 80 minute mapping span dueach five

hour lunar orbi{3].

The mission ended on June 1994 when the power leviebard dropped to a point where the telemetrynfitbe
spacecraft was no longer intelligible. The K506@igerator completed its mission within the Clempatspacecraft
without failures.

3.2 CIMEX - 2001

Another RICOR refrigerator was qualified for theaBitian CIMEX space program, under the Braziliartiblzal Space
Activities Program 1998-2007, where a number ofmsific and technological missions were plannedhinitthe
framework of cooperative agreements with foreigrac®p Agencies. The project CIMEX used a RICOR K508
refrigerator with a Sofradir detector, while th@ject purpose was to test an infrared CCD camespace.
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Figure 5. CIMEX project (in the framework of Brazili#National Space Activities Program) using RICOR K508
refrigerator.

3.3 ROSETTA - 2004

Rosetta was launched on 2 March 2004 and arriv€&batet 67P/Churyumov-Gerasimenko on 6 August 2014 .the

first mission in history to rendezvous with a copescort it as it orbits the Sun, and deploy adand its surfacé4].
The RICOR K508 refrigerator was selected for thission within the VIRTIS instrument (Visible andfiared Thermal
Imaging Spectrometer). The VIRTIS is able to mal@upes of the nucleus in the IR and also searchRospectra of
molecules in the coma. The detection is done byeacty Cadmium Telluride (MCT) array for IR, whighcooled by
K508 units, and with a CCD chip for the visible wtangth range.

Figure 6. Rosetta orbiter under assembly and teseps



RICOR K508
ON/OFF operation (No) >2000 R ADIATOR

Qperatmg e >8,000 RADIATOR SUPPORTS N —
Cooling power (mW) 500@ 77K ——
Input power (W) 14 —
Induced vibration (N rms) 0.1 ]
Mass (kg) 0.45
Volume (mm’*) 71x60x110
Operating temperature (°C) -40 - +72
Non-operating temperature (°C) -56 - +85

(b) (c)

Figure 7. (a) - K508 requirements for Rosetta pnogri) - K508 under vibration screening test, (K508 location in
VIRTIS instrument.

RICOR supplied several K508 refrigerators for thisgram which were thoroughly tested and selectfdré final
delivery to the customer. Citation frof®]: “The small mass, volume and power availablglmmission, along with the
relatively short active operation requirements yaatbout 2000 hours, but after 8 years of cruisthytbernation”), and
considerations of cost saving, have led to theaghof “tactical” miniaturized refrigerators. Suchvites are produced
in series by several companies in the world foedsé applications. After an extensive evaluatiorihenrefrigerators
available on the market, the preliminary choice tbesn the K508 by the Israeli company RICOR”.

Up to date, the K508 refrigerator installed in MKRTIS instrument has started its operation afteye@rs of voyage
through space to the Comet 67P/Churyumov-Gerasimearid is currently functioning as specified.

3.4 MESSENGER - 2004

MESSENGER (a backronym of MErcury Surface, Spacgi®lNment, GEochemistry, and Ranging, and a referda
the Roman mythological messenger, Mercury) was &MNAobotic spacecraft that orbited the planet Merdetween
2011 and 2015. The spacecraft was launched aboBelta Il rocket on 3 August 2004 to study Mercsirghemical
composition, geology, and magnetic field. MESSENGERered orbit around Mercury on 18March 2011, beng the
first spacecraft to do so. It successfully commldts primary mission in 2012. Following two missiextensions, the
MESSENGER spacecraft used the last of its maneuygmiopellant and deorbited as planned, impactmthe surface

of Mercury on April 30, 2018].

To help it measure surface gamma rays from longuaies, MESSENGER used the most sensitive detactilable - a
high-purity germanium semiconductor crystal. WHMESSENGER moved through one of the Solar Systerottest
environments, the crystal had to operate at cryiegemperatures. Instrument designers addressedckizllenge by
suspending the detector on thin Kevlar stringsd@sa high-tech thermos bottle, carrying a smak-sind powerful
RICOR K508 refrigerator, capable of maintaining @ermanium crystal at 90K temperature. This insemniis called
GRNS (Gamma-Ray and Neutron Spectrometer) andasrslin Figure 8b. Its purpose was to measure ganaya-
emissions from the surface of Mercury to deterntime planet's composition by detecting certain etgmé¢oxygen,
silicon, sulphur, iron, hydrogen, potassium, thorjwranium) to a depth of 10 cm.



RICOR K508 RICOR K508

(b) (©)
Figure 8. (a) - MESSENGER spacecraft during intégnaib) - K508 in GRNS instrument, (c) - GRNS pryjm.

3.5 MARS RECONNAISSANCE ORBITER (MRO) - 2005

Mars Reconnaissance Orbiter (MRO) is a multipurgpsececraft designed to conduct reconnaissancexqhalation of
Mars from orbit. The US$720 million spacecraft wasilt by Lockheed Martin under the supervision b tJet
Propulsion Laboratory (JPL). It was launched on ésgidl2, 2005, and attained Martian orbit on Maréh2006. MRO
contains a host of scientific instruments such ameras, spectrometers, and radar, which are usedaiyze the
landforms, stratigraphy, minerals, and ice on Mars.

—

(b)

@)

Figure 9. (a) - Mars Reconnaissance Orbiter undia,b) - CRISM instrument temperature map with adile of three
K508 units, (c) - CRISM instrument photograph, (508 under test before integration into CRISM insteuitn



The RICOR K508 refrigerator was selected for useéhim Compact Reconnaissance Imaging Spectrometevidos
(CRISM) instrument, which is a visible and nearanéd (VNIR) spectrometer designed to produce ketamaps of the
surface mineralogy of Mars. HgCdTe IR detector maltewith a 4050 nm long-wavelength cutoff was used
preference to InSb to provide lower sensitivityinstrument thermal background. It operates from 873920 nm,
measures the spectrum in 544 channels (each 6.5&ide), and has a resolution of 18 m at an altital@00 km.
During more than 10 years after the launch the MBR® RICOR K508 refrigerators onboard are stillteuuing to serve
in the system enabling spectrometric imaging of$vianface.

3.6 VENUS EXPRESS - 2005

Venus Express (VEX) was the first Venus exploratiission of the European Space Agency (ESA). Laedain 9
November 2005, it arrived at Venus in April 200&ddmegan sending back science data from its polait around
Venus continuously. Equipped with seven scientifistruments, the main objective of the mission teeslong term
observation of the Venusian atmosphere. ESA coedulde mission on 16 December 2014.

RICOR K508

Parabolic
Mirror

(b)

Table 6. SOIR integrated detector cooler characteristics.

IR detector material

Covered IR wavelength range
Operating temperature

Pixel configuration

Pixel size
Output level
Linearity (typical)

Gain setting

Responsitivity (measured over
complete wavelength range)

Readout speed

Integration time

Detector mounting

Integrated microcooler model

Steady-state cooling power
(beginning of life)

Pre-cooling power
(beginning of life)

HgCdTe
1.66-4.4 ym (FWHM)
< 110K

2-D array organised as 320 columns by 256 rows
programmable windowing

30 x 30 ym
1.6 (no light) to 4.4 V (full well)

+1% for 256-92% of full well
+2% for 10-98% of full well

0.7 pF or 2.1 pF integration capacitor

typical 76 V/nW per pixel
@ 20 ms integration time and gain setting 0.7 pF

1-6 MHz for single output

Minimum 3 ps; acceptance tested at 20 ms

In dewar with f/4 cold screen

K508, modified for space applications (RICOR, Israel)
4.1 W typical @ 24 V supply voltage (in 20°C air)

9.4 W typical @ 24 V supply voltage (in 20°C air)

(d)

Figure 10. (a)-The layout of the SOIR floor, (bhetSOIR Flight Model (cover removed) with RICOR K508igerator on
top of it, (c) - RICOR K508 refrigerator integratedlwSOFRADIR (France) detector type ID MMO0067, (detettor main
characteristics.



The "SPectroscopy for Investigation of Charact®sstof the Atmosphere of Venus" (SPICAV) is an ifmag
spectrometer that was used for analyzing radiatiothe infrared and ultraviolet wavelengths. Itdisrived from the
SPICAM instrument flown on the Mars Express. Howe®PICAV has an additional channel known as SGBI4r
Occultation at Infrared) that was used to obseneeSun through Venus's atmosphere in the infrddee¢. RICOR K508
refrigerator was selected for this instrument imbation with a customized 2-D HgCdTe ID MMOOG6 #tetztor from

SOFRADIR (France), allowing the detector tempematir 90K to be reached within a few minufég]. The selected
K508 refrigerator had completed his task duringrthigsion successfully, without failures reported.

3.7 CURIOSITY MARS ROVER - 2011

Curiosity is a car-sized robotic rover exploritg tGale Crater on Mars as part of NASA's Mars Ssdrmboratory
mission (MSL). Curiosity was launched from Capen@geral on November 26 2011 aboard the MSL spafteamnd
landed on Aeolis Palus in the Gale Crater on MarsAagust 6 2012. The rover's goals include: ingadibn of the
Martian climate and geology; assessment of whetiherselected field site inside the Gale Crater énaex offered
environmental conditions favorable for microbidle)i including investigation of the role of watemda planetary
habitability studies in preparation for future humexploration.

The Chemistry Mineralogy (CheMin) X-ray powder dif€tion and fluorescence instrument was built fee on the
MSL to make precision measurements of the minevabtituents of Mars rocks and soil. The rover cah shmples
from rocks and the resulting fine powder is pourgd the instrument via a sample inlet tube onttipeof the vehicle. A
beam of X-rays is then directed at the powder aedctystal structure of the minerals deflects itharacteristic angles,
allowing scientists to identify the minerals beimgalyzed, using E2V CCD-224 X-ray sensitive 600X@0&I| imager

having 40 um square pixdis7].
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Figure 11. (a) - The Curiosity Mars rover, (b) - Gt instrument, shown without external housing,{(&ICOR K508
refrigerator mounted to the side plate of the Chedatrument, (d) - RICOR K508 photograph with coldyfin bumper
attached



The instrument uses the RICOR K508 Stirling cyelgogenic refrigerator to maintain the CCD at 178Kntake X-ray
diffraction spectroscopy measurements. In thationsghe K508 was installed with its electronicsbast, with minor
customization; it therefore went through an amp@stihg, extensive characterization and qualificatiest program,
including Flight Acceptance level thermal testsyadidate the refrigerator and its electronics ¢alig to satisfy the
instrument and MSL reliability requirements. TheQ85refrigerator was selected for its small volume anass, high
cooling capacity, cost effectiveness, previoushtligistory, and the fact that no other mechanicaler of its size had
any flight heritagd16]. NASA and RICOR teams conducted a comprehertgist program to qualify the refrigerator for
the MSL mission. The qualification model refrigenatwas subjected to qualification-level random &tion and
gualification-level thermal tests; and two cooleosnpleted the life testing successfully.
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Figure 12. (a) - Hole diameter 1.6 cm drilled iMartian mudstone for materials analysis by CheMstrimment, (b) —
Sample Analysis at Mars (SAM) made by CheMin inseatremploying RICOR K508 refrigerator.

As the paper is written, Curiosity has been onplamet Mars for more than 3.5 years since landim@\ogust 6, 2012.
To date, the RICOR K508 refrigerator is functionamgrequired for CheMin instrument targets.

3.8 TGO (EXOMARS) - 2016

The first mission of the ESA ExoMars program, schied to arrive at Mars in October 2016, consista dfrace Gas
Orbiter (TGO) plus an entry, descent and landingalestrator module, known as Schiaparelli. The @rk8pacecraft is
designed by ESA, while RosCosmos provided the lawedicle, a Proton rocket.

The main objectives of this mission are to seacchef/idence of methane and other trace atmosppases that could
be signatures of active biological or geologicabgasses, and to test key technologies in prepardtip ESA's

contribution to subsequent missions to Mars. Theit®r and Schiaparelli were launched together oMadch 2016 on
a Proton rocket, and will fly to Mars in a compesibnfiguration.

RICOR K508 refrigerator was launched on this spafednside the Nadir and Occultation for MArs Disery
(NOMAD) instrument. NOMAD is a spectrometer suit@ttcan measure the spectrum of sunlight acrosdeanange of
wavelengths (infrared, ultraviolet and visible).iStbroad coverage of the instrument enables thectleh of the
components of the Martian atmosphere, even in lomcentrations. In addition to identifying the congints of the
Martian atmosphere, NOMAD will also map their ldoas. The RICOR refrigerator adapted to the mission
specification was selected for this mission to n@ima required temperature of the space-gradeoveos the standard
Scorpio MW Sofradir (France) detector 640 x 512 HGE MWIR (15 m pitch).

While writing of this paper, the ESA TGO-Schiapéirepacecraft, with RICOR K508 refrigerator onboaisl at the

beginning of its way to Mars. The Scientific pafttwe mission is expected to begin in December 28hd is planned to
run for five years. The Orbiter will perform detd, remote observations of the Martian atmosphezarching for

evidence of gases of possible biological importasoeh as methane and its degradation productsTGlaewill also be

used to relay data for the 2018 rover mission efERoMars program, until the end of 2022.
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Figure 13. (a) - ExoMars TGO during testing, (lYOMAD instrument, (c) — RICOR K508 refrigerator witbf&adir
Scorpio MW detector, (d) - location of the RICOR K5@&igerator+Sofradir detector in the NOMAD instrent

4. RECENT SPACE DEVELOPMENTS AT RICOR

To date, there are a number of future space apiplicaevelopments with different customers, relyimg RICOR
products, which are at different stages of negotiat system definition, design or testing. The ngameration of

Stirling integral rotary refrigerators, such as t#862S and the K508N are considered worthy candgldor the
upcoming missions in space.

(@) (b) (©)
Figure 14. (a) — New RICOR candidates for upcomingespaograms: (a) - K562S, (b) — K508N, (c) - K57lse Tube cold
head (Bread-Board configuration).



Along with the 20-years heritage of delivering Big rotary refrigerators to space systems, RICGdtioues

developments towards future long-term missions. eehanism of the miniature rotary refrigeratob#&sed on ball
bearings that have a limited lifetime, no more tlhafew years. Consequently, a refrigerator is Ugugerated from
time to time just for specific tasks at a certairtydcycle. However there are space missions wtter” continuous

operation of a refrigerator is required for 10 yweand more. Therefore, the new project currenthdooted at RICOR's
R&D is aiming to develop an ultra-long-life Pulsabl refrigerator driven by a flexure-bearings cotiéss compressor.
The new space refrigerator is specified for >90,0@rs lifetime, providing 1.5W cooling capacity &fK, and

weighing <2.2 kg. The current status of the projscat the very early stage of the Engineering Matsign, after

successful completion of the design concept pnasifig Bread-Board configuration. The project isganed financially

by the Israeli Space Agency (ISA) and Israeli Miniof Defense (IMOD).

5. SUMMARY

The RICOR company has accrued a heritage of 2%yaaivering Stirling rotary refrigerators to spayetems, using
proven design, manufacturing and screening prosegagring this period, many RICOR miniature refrafers have
been delivered for different space missions run N&SA, ESA and other space agencies programs. Curren
developments are focused on continuing the spawstupts heritage, along with R&D of a new long-lifighly reliable
product based on the Pulse Tube concept. The spadiied refrigerators are continuously adoptedREEOR as a
platform for development of novel technologies fgnound-based products, in order to improve theliabdity,
performance and lifetime.
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