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ABSTRACT

Thales Cryogenics has an extensive background limedie@g linear and rotary coolers for military,vdi and space
programs. During the last years several technicgirovements have increased the lifetime of all @hatoolers
resulting in significantly higher Mean Time To ka@é (MTTF) figures. In this paper not only updatdTF values for
most of the products in our portfolio will be prassd but also the methodology used to come to thedisdility figures
will be explained. The differences between rotamy éinear coolers will be highlighted including tdéferent failure
modes influencing the lifetime under operationaiditions. These updated reliability figures aredubsn extensive test
results for both rotary and linear coolers as vesllWeibull analysis, failure mode identificationsyrious types of
lifetime testing and field results of operationabters. The impact of the cooler selection for ¢gbiapplications will be
outlined.

This updated reliability approach will enable arproved tradeoff for cooler selection in applicaomhere MTTF and
a correct reliability assessment is key. Improvimgcooler selection and an increased insight iHecaliability will
result in a higher uptime and operability of equgnty less risk on unexpected failures and lowetsoafsownership.
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1. INTRODUCTION - LACK OF A MTTF STANDARD

MTTF figures as presented by the manufactures gbganic coolers are often difficult to compare heea no
internationally agreed standard exists today. Deffé test and analysis methods are used meaningnthalear
comparison can be made between the different MTigirds. But even with a standardization to pretiease values
the transformation to different operational prcdile not always clear for users of cryogenic caoler

In this paper an approach towards cooler relighbiditpresented which is valid for different coolgpes. Although these
cooler types have different failure mechanismsraroon approach can still be used.

Figure 1: Thales rotary monobloc coolers (RM, lafiyl contact bearing linear cooler (UP, right)



Figure 2: Thales long life pulse tube coolers (LET) and long life flexure bearing coolers (LSight)

The portfolio of Thales Cryogenics consists of a@ewariety of Cryogenic coolers. The rotary monoltoolers (RM)
are being developed and manufactured at Thalesgénjos France (TCSAS). The development and manufagtof
all linear coolers being the standard close tolegatontact seal linear coolers (UP series), lofegflexure bearing
coolers (LSF) and long life linear pulse tube comig.PT) takes place at Thales Cryogenics in thiné&ltands (TCBV).
These different cooler types are all depicted enttio figures above.

2. LIFE TIME TESTING HERITAGE

At the test facilities of both TCBV and TCSAS a stamtial amount of life tests on several hundrefdeoolers have
been performed and are still ongoing in order t@bés continuous improvement of our products. Figighows one of

the test setups at TCBV at which linear coolersogrerated continuously at input powers of arourfb 6@ its maximum
until failure.
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Figure 3: Lifetime test setup linear coolers

Below an overview of recent life test results oftb®CBV and TCSAS are presented.



Table 1: Recent lifetime test results summary wétlary coolers (left) and linear cooler (right)

Cooler i Running Description Running
type Description cooler - Status Cooler type o TS Status
4.192 Failed Flexure Bearing coolers
6.059 Failed LSF9088 Moving coil 81.669 Still running
RM1 A20 accelerated test - Still running.
6.843 Failed LSF9188 89.840 Worn out displacer replaced
5.587 Failed at 69.000 hours.
574 Still runnin 10 mm Stopped. Displacer worn out
T running LSF9188 | stiling 48741  |around 30.000 hours:
574 Still running coldfinger restarted new cold finger
1.100 Still running LSF9188 30.150 Stopped, displacer wear
1.582 Still running LSF9188 47.328 Stopped, displacer wear
. ; 1.586 Still running
RM2 New configuration, A20 LSF9180 5 mm Stirling 44.325 Stopped, displacer wear
accelerated test 2.181 Still running e
m . h
2.192 Still running LPTO110 Pulse tube 85.222 Still running
2.197 Still running ; ;
50.113 Still rlénnllng. beari
2.479 Still running LSF9320 (704781) New 'ISp acer bearing
20 mm material after 20.000 hours
2.578 Still running Stirling cold
1.324 Failed finger 49.478 Still ru_nning. )
LSF9320 65 082" New displacer bearing
RM3 A20 accelerated test 2.875 Failed (65. ) material after 15.000 hours
5166 | Failed LSF9330 68.909 Still running
9.041 Failed 20 mm - -
o p— LSF9330 Stirling cold 70.098 Still running
. ill runni " i
New configuration, A20 : LSF9330 flnge_r with flex 54.062 2
RM4 ' 9.560 Still running bearings Still running
accelerated test LSF9330 54.270
11.300 Still running
- - LSF9597 19.196 Still running
11.341 Still running
LSF9597 19.225 Still running
LSF9597 11.939 Still running
Y4" IDCA
LSF9597 22.951 Still running
LSF9997 2.518 Still running
LSF9997 10.425 Still running
Close tolerance contact seals
UP 7080 12.955 Stopped, worn out
Stopped. At 29.000 at 50% of
UP 7080 40.322 initial performance.
UP 7080 35.229 Stopped, worn out
Moving coil 5
UP 7080 mm Stirling cold 32.738 Stopped, worn out
finger Stopped early for research
UP 7080 14.346 project, still within spec.
UP 7080 28.353 Stopped, worn out
UP 7080 32131 Stopped early fo_r rgsearch
project, cooler within spec
uP8497 2.466 Still running

' Total operational hours of the compressor against two cold fingers

? Test setup temporarily stopped for maintenance




For rotary coolers life tests are often performedear accelerated test conditions. As will be desdilater, all test
results presented will be used as input for theutation of the cooler reliability. New RM3 cooldseing manufactured
incorporate all lessons learned from the RM2 anddRNEew life tests on the most updated configuratibRM3 will be
initiated in the beginning of 2012. Because ofgmilarities between the cooler types it is expédhtat the reliability of
the latest RM3 configuration will be equal to @&dt that of the RM2 and probably equal to thahefRM4 cooler.

3. WEAR MECHANISMES AND DEFINITION OF A FAILED COOLER

Wear of a cryogenic cooler depends on the coolee tyith its characteristic failure mechanisms angerational

conditions. Two fundamentally different failure ggcan be identified. The first is the occurrenta mechanical or
electrical failure resulting in an immediate logsfunctionality of the cooler. Such a failure is fimstance failure of a
bearing, spring or coil wire. The second failurpeys the cooler not being able anymore of produthie required heat
lift leading to a gradual increase of the tempemBet point. In that case the moment of declattiegcooler as being
failed depends on application specific consideratisuch as cool down time or image quality.

Linear and rotary monobloc coolers behave quitéedifitly over time with respect to the differenpag of failure
modes. Rotary monobloc (RM) coolers show a verystaont cooling power and consequently input powehéocooler
over time. Indications of wear of this cooler type a gradual increase in acoustic noise and dlorétvels until the
cooler eventually completely fails. Thales’ lineatirling coolers on the other hand show a very gahénd controlled
reduction in cooling power over time. The slopethuif reduction depends on the linear cooler tygandard linear
coolers have contact bearings in both the comprems® cold finger. In the LSF long life coolerstpis wear in the
compressor has been completely eliminated usingiféebearings which suspend the compression pistdres positive
effect of this on the cooling power degradationlésarly visible in the next figure.

Typical development of cooling power behaviour

100%

85%f - - =S ----o---= =
80%

! ;\<\
! \ ! J\ Detector temperature and
! ' / consequently Image quality still
60% ! sufficient
i | }
H === SF long life flexue bearing cooler
i

1 = UP contact bearing cooler

40%

% of initial cooling power

LPT long life linear pulse tube cooler

20% ———RM rotary cooler

0%

0 10,000 20,000 30,000 40,000 50,000 60,000 70,000 80,000 90,000
Operating hours

Figure 4: Typical behaviour of cooling power ovieng of Thales’ coolers

Figure 4 shows the typical development of coolingver behavior for the different Thales’ cooler figs. The cooling
power slopes for the UP and LSF cooler familiesehbeen based on actual life test results and caedsrded as
representative. The impact of the flexure bearimgmressor on both the gradual decrease of coobmgepand the end
of life moment of the cooler is clearly shown whasmparing the LSF line with that of the UP cooBoth the RM

cooler and the pulse tube cooler (LPT) show noesy Vimited degradation of cooling power over tingeally from a

reliability standpoint of view the cooler and apglion should be matched in such a way that attitkof life of the
cooler the required heat lift for the maximum alkmivdetector temperature can still generated.



4. APPROACH TOWARDS MTTF

4.1 Overall approach

The approach towards determining the reliabilityaofooler is shown in the next figure. All manutagig and test
processes at Thales Cryogenics are aimed at refubin probability of infant failures by performingf various
intermediate production tests and by implementatiboorrect burn-in procedures of all coolers. Wtlese controlled
manufacturing processes this means the relialitiglysis can focus on the operational life of thelers.

[ TCBV: linear coolers } { TCSAS: rotary coolers }
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Figure 5: Thales approach cooler reliability

In this figure it is shown that for determining trediability of all Thales’ coolers life test daimbeing used. With these
data the reliability of the cooler, which is calldwe baseline reliability or MT T, is then determined for continuous
operation under typical 23 °C ambient conditionsréHit is assumed that the cooler and applicatienraatched in such
a way that there is sufficient margin between mnegliand produced heat lift. Typically a maximunv6#6 of the cooler
maximum input power under worst case condition, thmosl °C ambient, is used as a guideline. Witls thaseline
figure the reliability or MTTE, of the cooler can now be determined for a spedifieration profile which includes
operating temperature, mechanical environment, mundf cool down cycles and specific operational ammh-
operational hours of the cooler. Finally, the tality of the cooler can be expressed in the nundfeperational hours
of the application itself. This is called the MTIPedicated calculation models are available aléh&ryogenics in
order to assess the reliability of all coolers urgkveral possible operational profiles. ClearBtedmining the reliability
of a cryogenic cooler needs to be tailored topisliaation.

4.2 Baseline MTTF

For all coolers life test results are used in otdedetermine the baseline MTTF or MTgEE Using life test data as input
a Weibull plot can be constructed using the follagvequation that describes the probability density:

B(xY "
f(x,ﬁ,n):[j g i’ (1)
n\n



In this equatiorf is the shape factor amglis called the scale factor or characteristic lifee shape factor determines the
failure evolution. Iffi<1, then the failure probability reduces with tinfigy, instance when there is a high rate of “infant
mortality”. If B>1, then the failure rate increases with time, ifstance due to an aging processp#fl, the failure
probability is constant, which means that failuoesur purely random. Typically, Stirling coolersvhaa3 > 1 as they
contain components that are subjected to slow wédawever, pulse tube coolers and flexure bearirndirgt coolers
with flexure support on both compressor and colijdr are subjected to random failures only and tegated
consequently as having3a= 1 within a reasonable life interval of the caole

With life test as shown in tables 1 and 2 and cororally available statistical software Weibull @dbor different types
of coolers can be constructed. Software tools usedhales for this analysis are Wes Fultons Supéh®mand a
specialized software suit ‘La boite a outil du flate’. The resulting characteristic life @rfrom these Weibull plots
represent the amount of hours at which 63% of thgufation has failed. In the analysis as shownhia paper the
nominal value fom is always given. However in all calculations a fidence interval of 80% is typically used. For
simplicity reasons the upper and lower levels amé presented in this paper. When performing spedtistomer
application reliability calculations, the confidenmterval can always be taken into account demendn the required
calculation accuracy.

The characteristic life off determined using this method is now defined asvi@F of the cooler and is the reliability
of the cooler as being operated during the lifé tesr linear coolers this reliability number ishsequently used as the
baseline reliability despite the fact that the tiést coolers are being operated at a steadyisfatepower of 70% of its
maximum. Thus well beyond the steady state inpwgooat 23°C which is typically between 30 and 40%athe
maximum. This is however done to simplify laterccdditions when tailoring the wear-out slope of éineoolers to a
specific application. In order to determine thedbage MTTF for RM coolers the MTTF resulting fronet life test data
analysis is corrected for differences in motor spketween the accelerated life tests (such as A&0) and the typical
baseline conditions being a standard operating éeatpre of 77K and an ambient temperature of 20 °C.

4.3 MTTF 4pp

The operating conditions of almost every applicatioill differ from both the life test conditions drthe baseline
MTTF. This means that the MTTFbase will need tatia@slated into a MTTF of the final application fwia specific
operating profile. This specific MTTFapp can beedetined using the following relation:

MTTFpp =~ ()

MTTFqq  MTTFqz ' MTTFgn

with y being the amount of hours in a profile (8.760 kour 1 year)an = amount of hours for a specific part of the
profile and the MTTE, is the base MTTF including correction for the sfieqorofile environment. The different
segments of the profile include both operating aod-operating parts. The calculation of the MTTBusses the shape
parameter to remain the same. The correction therelpplies only to the characteristic life parane¢sulting from the
life tests. The MTTH,, indicates the cooler reliability expressed in ndlr time expired. Non-operating conditions are
regarded as standard storage (warehouse) conditibith are corrected for the environment for thagcific storage.
For the uncorrected storage conditions for linesolers an average calculation of the allowed preskss over time
has been made. In these calculations a maximumrhédiak rate of 6*10-9 Pama3/s is used and an atlgevessure loss
of 1 bar over time. Depending on the cooler typé gas volume of these cooler types this then resalain allowed
uncorrected minimum storage period between 30 @ngkérs. In reality however the leak rate is musher than 6*10-

9 Pam3/s so the leak rate does not limit the riéitialof the cooler.

For the rotary coolers a storage period of mininB0ryears is used which is based on analysis oBhctolers being
stored.

4.4 MTTF 3

The MTTF3 is a slightly different way of expressitige cooler reliability than the MTTER, Whereas the MTTS,
expresses the reliability in calendar time expithé, MTTF3 expresses the reliability in operatirguits of the system
the cooler is integrated into. This reliabilitydalculated according to:
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acoNMTTFq1 acoNMTTFaz  “acoNMTTFsn

Herean = the amount of hours for a specific part of pinefile, «CON = total amount of hours the application will be
operated over the peridthi. As many systems are not operational continuotisl/will always result in the MTT4<
MTTF,p, For an end user of a cooled system the MsIfirBvides a good figure concerning the cooler bdlig over the
operational life (being the amount of years théesyscan be used considering the expected averagatom hours per
year) of the total system.

5. MTTF CALCULATION FOR ROTARY COOLERS

5.1 Determining MTTF pascfor RM coolers

In order to determine the baseline MTTF of a rotagnobloc cooler, two steps need to be performed:
1) Analysis of accelerated life test data.

2) Translation of this life test data into a baseNhETF.

New or modified definitions of rotary monobloc ce are always put into life test. In order to d¥mede these tests
several coolers are being operated at a higherrmspteds than the cooler will typically be operaedrhis accelerated
test, which is called the A20 test, runs at a mafmeed of 3.000 RPM which is well over typical niospeeds and
consequently overstresses critical components asidiearings and piston coatings.

In the figure below the performance of a RM4 coaeliedifferent motor speeds is shown as an example.

RM4 typical performance at 77K
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Figure 6: Typical performance RM4 cooler

It can be seen that at the accelerated motor sfez@D0 RPM the total heat lift of the cooler withip temperature 77K
and an ambient temperature of 20°C is 630 mW. Actlp/.” bore infrared dewar typically requires aahuower heat
lift of approximately 200 to 325 mW at 23°C depearglon the design of the cryostat. Using the uppéwesworst case
heat load will then result in a motor speed of atb@800 RPM which is significantly lower than thetor speed used
during the A20 accelerated life test. For an amiemperature of 55°C the expected cooler motoedpe 2.300 RPM
with a total heat load of 375 mW at 77K.

Thales Cryogenics has performed extensive lifestasorder to correlate the A20 accelerated lifgst¢o continuous
typical operation in a 20°C environment. Somehofke results have been presented in [3].
These studies have resulted in the following refati
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In case cooler life tests have been finalized, nmgathat all coolers put in test have failed, andtad 2-parameter
Weibull analysis is performed in order to deterniine shape factoB) and characteristic lifenj. Life test results from
the last years have showrpaf around 1,5 and 1,8 for rotary cooler types witharying per cooler type. In case life
tests results are still running a Weibayes analigsigerformed. Weibayes is a Weibull analysis vatlgivenp. The
characteristic life parametgrcan then be calculated according to:

=z ©

T

The Weibayes analysis can be used in case the &hapes of the failure mechanisms is expecteetoain unchanged.
The updated results of the still running RM4 lifiedi test (see table 1) show that the valueBfof the cooler is most
likely increased due to the implemented design awements. It is estimated that the acfua¢sulting from the current
life test results will be in the order of magnituafef ~ 3,5. From a reliability standpoint of view amiease of the shape
factor is a positive development as long as theciompanied by an increase in the value for tleatteristic life. An
increase off means failures of various coolers will occur imare limited timespan enabling a more accurateigtied
of the cooler reliability and a lower quantity afrly failures in the operational life.

5.2 Determining MTTF 4, for RM coolers

Before the MTThy, according to equation 2 can be calculated, therdifit values for MTT&n of the various parts of
the profile and the accompanying profile times néede determined. The MTTR is calculated by correcting the
MTTF,.sefor the impact that the ambient temperature hatherinternal mechanics of the cooler and for amtydased
levels of mechanical environment the cooler is scitgid to:

RPM 30

MTTFan = (e

)LSMTTFAZO test weibull Cian (5)

In this equation RPM,, is the motor speed at the ambient temperaturbeo§pecific profile part n. ;, is a correction
factor for the impact of the temperature on therimal cooler components that are not directly eelab the wear
mechanism of the moving parts such as metallicssétll sensors motor coils and glass feedthroughs.

Clon is calculated according to:
Cran = 1,02, (6)

with k = 1, 2....n for each 5 degrees of temperatige with respect to the standard 20 °C ambienp&ature. The
amount of hoursin for each part of the profile are corrected far time required for cooling down the detector amd f
the temperature under which the cooler is not dpgraFor each cool downtime that is being perfatméne time
required for reaching set point temperature isdigird into the operating time for that specifictpaf the profile
according to:

RPM
a, = ((Xon(n) - aCDT(n)) + (acpr T}\;\zo) (7

For rotary coolers no correction for the mechangalironment is applied. Because of the desigrotary coolers only
very low induced forces are exerted internally assalt of for instance random vibrations resultimgery little impact
on the reliability.

6. MTTF CALCULATION FOR LINEAR COOLERS

6.1 Determining MTTF pase foOr linear coolers

As outlined before the MTTs. for linear coolers is determined using life teatadto construct a Weibull curve. In
many applications in which the available coolingveo has sufficient margin to accommodate perforraategradation



the life test results as shown in table 2 are tsatbtermine the characteristic life of a lineaoleo family. These hours
represent the end of life moment of the test csokdr which the cooling power shows a relative rapashlinear
degradation. This is the moment at which the regLiget point temperature no longer can be mairdaane marks the
beginning of image quality deteriorating. This gdimtime is encircled in Figure 4. There are hoereapplications in
which less margin is available meaning that thderos no longer able to maintain the required hi#ain combination
with necessary detector temperature before thebend of life moment of the cooler has been redchhis then marks
an early end of life moment of the cooler desgitefact that the cooler is still operational anddurcing heat lift. This is
also shown in Figure 4 in which an example is shavlere only 15% of cooling power degradation iswald. In this
case a lower value for the MTkLis calculated. This correction for the baselineTéTis done by calculating for each
of the life test coolers the amount of degradatind accompanying life test hours that would benadhb for the specific
application being analyzed. These reduced endf@hiburs of the test coolers are then used as iigpuhe Weibull
analysis. Next the revised baseline MTTF is deteeaiiresulting in a characteristic life and shamtofathat is tailored
to a specific application.

6.2 Determining MTTF ,, for linear coolers

With the MTTHR,senumber known, the translation to an actual apficacan be made. For this the reliability for each
part of the profile MTTn needs to be calculated. For this the followingealation is used:

MTTFy = 1 ibase

(8)
T, is a factor to correct for differences in ambitmhperature with respect to the baseline ambiempéeature of 20 °C.
T, corrects for the amount of cool down cycles theleois subjected to: standard life test coolees @ften being
operated continuously without on/off cycles.corrects for the mechanical environment such adam vibrations the
cooler is subjected to during operation. Finaityjs a correction for differences in cold tip tengtere with respect to
the baseline cold tip temperature of 77K in casecoln tip temperature corrections have already bessumed in
determining the MTThzse

T T2 T3,

The different correction factors have been deteedhiguantitatively and qualitatively using assesgmehinput power
versus piston wear and results from random vibmagiod life test results. Furthermore data fromitiséalled base have
been used in order to correlate the correctiorofadb actual coolers used in applications. Théowuarfactors used are
summarized in the table below.

Table 2: Correction factors linear coolers

UP cooler family

LSF cooler family

L (Tambient)

(Operating)

1+(0101*(Tamb_0ﬁ20))

(Operating)
1+(0:005*(-|::1mb_0520))

Non operating: 1+(2.5E-4*(Tamy_o520))

Operating: 1.0V
T (# cycles) ) .
Non-operating, no correctionty, = 1
h Operating & non-operating: 1 Operating & non-operating: 1 (none),
T (mech) (none), 1,2 (medium), 1,4 (severe| 1,1 (medium), 1,2 (severe)
1/((Teee 77)*0,02+1) 1/((Tee77)*0,01+1)
TG (Te)

Non-operating, no correctionty = 1

For the correction factor used =&t N represents the number of cool down cycles ia wpaar. For the mechanical
environment a differentiation is made between gdofixed (% = 1), medium environmentsy = 1,2 for UP and 1,1 for
LSF coolers) and severe environmemg< 1,4 for UP and 1,2 for LSF coolers). LSF coolars less affected by the
mechanical environment as the flexure bearings igeowadditional radial support for the moving painside the
compressor. Next, knowing the reliability for thé#ferent parts of an operating profile the applicatreliability or
MTTF 4, can be calculated according to equation 8.



6.3 Estimation of pulse tube cooler reliability

Ross et al. has presented a method for determthangeliability of a flexure bearing space Stirliagcle linear coolers
[1]. This method makes use of the identificationtaf different failure modes in a linear cooler &ad been used before
by Thales [4]. By determining the failure probalyilfor each of the failure modes, the overall codeTTF can be
determined. This is achieved by the correlatioMdfTF = 1/, with A being the summation of the failure rate of all
failure mechanisms. As this methods uses a summafidifferent types of random failures, this apgrio is only valid

in case all failure mechanisms are consideredratora failures and the overall Weibull shows a stfapsor ofp = 1.

In order to assess the reliability of a pulse tabeler consisting of a flexure bearing compressat a pulse tube an
overview of the various possible failure modes lesn created using the initial list as presenteBdns as guideline.

Table 3: Failure mechanisms according to Ross

FAILURE MECHANISM MTTF 1/IVI)LTTF
Structural seal/weld connection failure 578.051 3ED6
Compressor flexure breakage 578.051 1,73E-06
Coil wiring isolation breakdown 578.051 1,73E-0¢
Compressor piston alignment failure / piston seélra 578.051 | 1,73E-06
PT cold finger brazing / welding failure - 1,73E-06
Loss of inertance connection - 2,70E-07
Cold finger - compressor connection failure 578.051,73E-06
Overall MTTF 93.899

In table 3 for each of the possible failure mechans the total amount of accumulated hours in kst without
observing such a failure have been summated. Fap@ssor related hours corrections have been dddélaose cases
where coolers with worn out Stirling cold fingeremns restarted with the same compressor. Two pulse ¢old finger
failure modes that have been identified are arfibf a brazed or welded connection of the pulbe t&and a failure of
the inertancéconnection. For both failure modes the failurebatuility has been estimated. The resulting ovevialliTF

of 93.899 hours is then used as the charactelifgtior n of a Weibull distribution with an assum@d-1. In case future
cooler returns would reveal wear related failuréieraall, the hypothesis df =1 might need adjustment. However
because of the already large amount of accumulaiads of the current installed base this would thievays result in a
high value ofg of possibly > 10.

Next step is to use the accumulated hours of thialled base of Thales Cryogenics’ linear pulse tadiolers as input
for the same analysis. In total several hundredoofers are currently operational with an estimatdal of 23.200.000
hours accumulated with almost no failures reportElde only failures reported have been a loss ofitleetance

connection in two instances. These failures wertmdoto be process errors and can therefore bedegas infant
failures and not as random failures during lifehaf coolers. Nevertheless these failures have taéem into account as
random failures. The resulting value fgr now becomes 1.855.087 hours, also with a valug af1. It should be

emphasized that this is not the actual expectethgedife of a pulse tube cooler but is used &stizdl| parameter to
calculate probability of a cooler failure duringevation.

The inertence in a pulse tube cooler is a phase shifting device consisting of a long tube



7. MTTF BASELINE RESULTS

Using the test results as presented in tables R arderal Weibull curves for the baseline religbian be constructed
as shown in the next figure.

Base survival probability Thales coolers
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Figure 7: Baseline Weibull curves Thales coolers

This figure shows the expected survival probabflitythe different cooler types when operated cargusly at 23 °C at
a typical input power. For the rotary coolers iisthgure the numbers resulting from the acceletéife test are already
corrected according to equation 4. As an examgter aperating a linear flexure bearing Stirlingotar for 20.000
hours, there is a 93% chance that the coolerlisptrational. The differences in shape paramdietaeen the different
cooler types is clearly visible.

For the pulse tube coolers the calculated ressitgguithe method of Ross [1] have been used totpimlines, both with
B = 1. First the reliability is shown using the rigssurom the current life test coolers with= 93.899. Second the
probability line is plotted when using the amouhhours resulting from the installed base of puldee coolers with a
value ofn = 1.855.087. Because of the shape fafter 1 the failure probability slowly decreases otiare. With a
presented failure chance of only 5% after 100.080r$ of operation the pulse tube cooler shows #® keliability of
all cooler types. It should be noted that these bemnare supported not only by the large instaiigsk of coolers with
almost no returned failures, but is also confirrbggulse tube cooler analysis. Life tests of flexbearing compressors
still running today have demonstrated uptimes df axeer 90.000 hours can be met. Moreover, perfarreaanalysis on
several pulse tube coolers being operated in ambepplication have shown no performance degranatould be
measured after 15.000 and 25.000 hours of operation

8. MTTF APPLICATION RESULTS

8.1 Application profile

Using the baseline MTTF numbers for the variousl@soas shown in Figure 7 the translation towandsaetual
application can be made. For this purpose an dpegdtprofile needs to be chosen. As an exampléaadard
temperature profile has been chosen as shown inetktefigure:
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Figure 8: Standard Temperature Profile (STP)

In this profile the cooler is being operated inthoh and off conditions at ambient temperaturez0ofC and 55 °C. For
the example calculations used in this paper no amd@chl environment is used so a ground fixed appitio is assumed.
For the two different temperatures the followinguiged cooler heat lifts are assumed. These redjlissat lifts are

based on assumed worst case heat loads of infleredr at a focal plane array temperature of 77Kaadshown in the
table below.

Table 4: Assumed heatloads for STP

Ambient temperature 20 °C 55°C
Cold finger losses 175 mW 210 mwW
Other conductive and radiation losses 50 MW 65 mWw
FPA dissipation 100 mwW 100 mW
Total heatload estimated 325 mwW| 375 mw

For infrared dewars with a %" dewar bore lower heats will typically be encountered. The requitesht lifts as
presented here are therefore considered as waest ca

8.2 MTTF 4,p and MTTF 3 results for linear and rotary coolers

By applying the environmental correction factors ifotary and linear coolers to the base reliablfiigpares as given in
Figure 7 and combining the different parts of thplaation profile, a new reliability graph for thigfferent cooler types
when subjected to a standard temperature profildbeaconstructed:
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Figure 9: Weibull curves Thales Coolers based ondzt@ Temperature Profile expressed in total calehdurs



This graph shows an increase of the MTTF of allleotypes. On one side the reliability is reducetduse of the
higher ambient temperature condition of 55 °C ibgbart of the profile. On the other side the tality is increased
because the coolers are not in operation contip@asulting in an increase in the overall MTTFshould be noted
that in this graph the amount of hours are totalrdso include the hours that the cooler is turaffd In many
applications cryogenic coolers are operated sicanifily less than the 18 hours as being used istrelard temperature

profile. In those applications the overall MTTFapipthe coolers will become substantially highermtiihose shown in
Figure 9.

Next, using equation (3) the reliability of the iars coolers can be plotted not expressed in cafelmours expired but
in operational hours of the application itself. §tien results in the following plot:
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Figure 10: Weibull curves Thales Coolers based andétrd Temperature Profile expressed in total egipdin hours

In this plot the reliability has been expressed inperating hours of the system itself in which to®ler has been
integrated into instead of calendar hours. Cledhnly reliability curves have changed as a resulthid different
representation. Of course the reliability of tlagious coolers is identical to that as depicteBigure 9.

Both representations provide interesting informatio be used in for instance in the assessmergreice intervals or
the identification of critical components in thestgm.

9. MATCHING LINEAR STIRLING COOLER - APPLICATION

For matching the cooler reliability with the recadrreliability of an application a detailed anadysf the main reliability
parameters of both is required. In Figure 11 ammetie overview is shown.
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Figure 11: Matching of linear cooler with an apption



This figure shows two performance lines. The dotied represents the decrease in cooling power lofear Stirling
cooler over time. The solid line depicts the tdteht lift that the detector/dewar assembly requiFes this example this
means it is assumed that the detector/dewar asgasnable to accommodate a certain increase ircttetéemperature
before being declared as failed. This means that tine a reduction in total heat lift is allowethe moment as of
which this increase in detector temperature isnadtbis indicated by TDD or Time Detector Degraoiatiln relation to
the degradation over time Sofradir has presenteth§2 with the use of HgCdTe based focal planayarian increase in
detector temperature from 80K to 110K with a parféETD lead to 0.5 % of defects being observed Wiscregarded
as still acceptable. This means that the coolexadet assembly is declared as failed when the ci®lgo longer able to
sustain 110K instead of the initial 80K. This iffelient for other materials such as for instancgbldetectors which are
typically less able to operate at temperaturesdrigiian 80K. Nevertheless this demonstrates tpadtthis parameter
can have on the definition of end of life of theedor cooler assembly and consequently reliakdftthe system.

In Figure 11 the difference between points Q1 a@d<xhe performance margin determined by the casstection at
the start of the lifetime. This moment is marked TS / TAS meaning Time Cooler Start / Time Appiica Start.
After a certain amount of operating hours the tiéadf the cooler has degraded to such a point@) Ehat the detector
temperature starts to increase but still with atadglp impact on detector noise. At Q3 however tstector temperature
has increased to such a point that the detectdeicassembly is eventually considered as faileds ©marked as TAE
or Time Application End. At Q4 the cooler actualBaches its final end of life which is marked byapid decrease in
cooling power. This moment is marked as TCE or Tmoler End. In order to maximize the operationetiof the
detector-cooler assembly this moment should aheayiater in time than TAE.

From the exercise as shown it can be concludedsthadral parameters of both the cooler and foealghrray need to
be considered and matched closely in order to futilize the lifetime of the cooler:

» Definition of margin on cooling power Q1-Q2 at theginning of operation.

* Quantification of the acceptable cooler performdnss over time.

» Specification of the operation profile.

10.INSTALLED COOLER BASE AND SERVICE RETURNS LINEAR CO OLERS

Recently a study has been performed into approeim®.000 linear coolers being fielded from diéfiet types. Any
cooler that is returned to Thales Cryogenics farvise has been categorized with respect to the tfpmilure and
reason for return. The most recent analysis has fecusing on differentiating between normal expgavear (above
or equal to the specified MTTF) and early wearl(fa due to unexpected wear leading to failed asoéarly than
predicted). Historically, for the standard contaeal UP coolers an average of around 4% has b&emed for early
wear. However, for the last 3 years it has beendaonly 0,5% of the population has been returneddasons of early
wear. This improvement is a direct result from ierpénting improved piston coatings and several poo®ovations.
Next, an assessment of the average amount of apgtadurs for each cooler has been made. Underlgasgmptions
have been that a cooler delivered is put on stock6f months before becoming operational and thatcioler is
operational for 60% of its time. This analysis theads to an average of 6.000 operational hoursdoh cooler. When
investigating the STP profile Weibull plot of Figu® for the UP cooler it can be found that theatslity for 6.000
hours has been calculated for 99.6% which is vérgecto the amount of UP coolers being returnedsévice in the
last three years.

With regard to systems based on flexure bearingptessors (LSF and LPT) no early wear returns haes beported.

Based on the amounts of fielded coolers with thisgressor type more than 1.500 systems have acatedua total

well over 25.000.000 running hours without anydedls on wear. The first supplied pulse tube systeave passed the
60.000 running hours. These data also supportsigfiereliability of the coolers using flexure bewgitechnology in the

compressor.



11. SUMMARY AND CONCLUSION

With respect to cooler reliability Thales has chos& analysis method based on the Weibull disiobutOptimizing
cooler reliability is embedded though all of themgany processes by: reducing infant failures usiogler burn-in
procedures, reduce the probability of random fasuin all design processes, focus of design chaageed at
increasing of the characteristic life grof the cooler and maximize the shape fatan order to prevent early cooler
failures. Moreover developments are aimed at efficy improvements in order to reduce cooler steeaseé increase
margin on cooling power in the application.

The reliabilities of the different Thales’ coolgpes can be summarized as follows:

Table 5: Summary reliability figures Thales’ coaler

MTTF life test conditions (Weibull Baseline MTTF MTTF a5
Cooler type calculated) (23 °C) STP MTTF 3 STP
RM1 rotary 6.154 (Accelerated, 3.000 RPM) 21.038310.RPM) 24.530 18.432
RM2 rotary 6.021 (Accelerated, 3000 RPM) 16.156 QLB®M) 25.651 12.508
RM3 upgraded TBC, expecteéjgdgogphl\c/)lurs (Accelerated, TBC, expected 15.000 TBC, g TBC, g
rotary . ) (1800 RPM) expecte expecte
25.000 hours| 12.000 hours
RM4 rotary 11.905 (Accelerated, 3.000 RPM) 25.6180Q RPM) 27.164 20.430
UP linear family 30.349 32.824 24,618
LSF flexure linear 46.928 54.298 40.724
family
LPT flexure_pulse 92.940 (based on life test coolers)
tube family

It is shown that design improvements as demonstratehe RM4 cooler have resulted in an increas¢hefshape
parametep, increasing the cooler reliability significantpuring 2012 it is expected that the same improvdroan and
will be implemented in all rotary coolers.

Not only updated reliability figures but also ardaped approach towards determining the reliabdftyrhales’ coolers
has been presented. Both offer detailed insighthé cooler reliability for continuous operationdanse in actual
applications offering integrators and end usersalale tools for improving equipment uptime and iidg total costs of
ownership.
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