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Abstract: We describaechniquedor testingandcharacterisingemiconductobolo-
meters,usingthe bolometemrmodelpresentedn Sudiwalaet. al. [1]. The procedures
areillustratedwith resultsfrom a prototypebolometerfor the high frequeng instru-
ment(HFI) in the PlanckSurweyor cosmicmicrowave backgroundmission. This is
a bolometerusing spiderweb geometryand a neutrontransmutationrdoped(NTD)
germaniumthermistor designedfor operationat 100 mK. Details are given of the
laboratoryfacility usedto take dataattemperaturefrom 70 mK to 350mK. Thisem-
ploys an adiabaticdemagnetisationefrigeratorto cool the detectorand optics. The
spatialandspectrabropertieof theopticalsystemarecontrolledusingfeedhornsand
edgefilters. To characteris¢he bolometer blanked andoptically loadedload curves
weremeasureaver arangeof temperatureandtheresponse¢o modulatedradiation
was measuredas a function of modulationfrequeng, temperatureandbias current.
Resultsfor the prototypebolometershaw thatits behaiour is well representethy an
idealthermaldetectordown to a temperaturef approximatelyl00 mK. Below this,
non-thermaleffects suchas electron-phonordecouplingor electricfield dependent
resistanceppeato leadto departurfrom ideal behaiour. The performancevasin
goodagreementvith thedesigngoalsfor thebolometer
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1 Intr oduction

Today bolometersarethe bestchoicefor directdetectionof radiationat wavelengths
betweern200 um and3 mm (e.g.reference$2, 3]), andcanbe competitive for wave-
lengthsbetweenl00 um and2 mm. Currently state-of-the-artletectorsonsistof a
germaniumsemiconductothermistorbondedo a metallisedsilicon nitride absorber
cooledto temperaturebetween100 and 300 mK [4]. Neutrontransmutatiordoped
(NTD) germaniunt5, 6] is normallyused sinceotherdopingmethodscannotprovide


alw
International Journal of Infrared and Millimeter Waves, 23(4):575-595, 2002


a sufficiently uniform level of doping. Idealbolometertheory[1, 2, 7] canbe usedto
accuratelycharacteris¢éhe noiseandthermalpropertieof NTD bolometers.

Optimisinga bolometerrequiresa goodunderstandingndcontrol of the key pa-
rameters:ithe temperaturelependencef the thermistorresistancethe heatcapacity
of thethermistorandabsorberandthethermalconductanceetweertheabsorbeand
the heatsink. A detailedtheoryfor modelling suchparameterss presentedn ref-
erence[l], hereinafterPaperl. In this paperwe discussthe experimentaldetails of
makingthe measurementequiredto usesucha model.

Thesemethodsareillustratedwith resultsfrom testsonaprototypel00mK bolome-
ter for HFI; the high frequeng instrument[8] in the Planck Surveyor cosmic mi-
crowave backgroundmagingsatellite[9]. This missionaimsto measurenisotropies
in thecosmicmicrowave backgroundadiationoverthewholesky, to asensitvity of a
few partspermillion. Thisrequireshemostsensitve bolometersavailable,with very
goodcontrolof thespatialrespons®f thefeedoptics,sincestrongsourcesuchasthe
sunandthe eartharemuchbrighterthanthe anisotropieso be measuredThe design
goalsof the bolometerare,at 100 mK, a staticthermalconductancef 110 pWK1!,
a heatcapacityof 0.2 pJK~!, atime constantelon 5.8 ms, andan electricalNEP
of 1.5 x 10~7 WHz %% or better We presentresultsfor the thermalparameters
andresponsiity of the prototypedetector Noise measurementsn similar devices
have shavn thatNTD spiderwebbolometersxhibit negligible excessnoisedown to
frequenciesslow as100mHz[10].

The structureof the paperis asfollows. In section2, we describeour bolometer
testfacility; in section3, detailsof thebolometerandoptical systemusedfor the mea-
surementslescribedherearegiven. Sectiond describegharacterisationf bolometers
in generaljllustratedby measurementsf the systemdescribedn section3.

2 Bolometertestfacility

2.1 Requirements

From the thermalmodel presentedn Paperl, it canbe seenthat thereare various
requirement$or abolometercharacterisatiofacility.

Thebasicmeasuremeris the bolometewoltageasa functionof biascurrent(load
curwe). To allow accuratederivation of the main bolometerparametersthe facility
mustallow load curvesto be madeover a rangeof currentswith the bolometerheat
sink heldatarangeof accuratelyneasuredemperaturedown to atleasttheintended
operatingemperature.

Goodcontrolisrequiredovertheopticalpowerincidentonthebolometer “Blanked”
measurementare requiredwith this power effectively zero. In practise this means
thatthe effect of absorbegower onthe bolometetemperaturenustbe negligible.

Measurementarealsorequiredwith the bolometerexposedio a well definedop-
tical power over awell definedspectraband. This power shouldbe representatie of
the expectedbackgroundyower on the bolometerin use,andit shouldbe possibleto
modulateit onatimescalefasterthanthe bolometerspeedf response.



2.2 The facility

Theresultspresentedherewereall obtainedusinganadiabatiadlemagnetisatiorefrig-
erator(ADR). This enablegemperaturedelon 100 mK to be achieved, andis well
suitedfor detectorcharacterisatiorsinceit allows rapid and controlledtemperature
changes.

Thecryostat,shavn in Figure 1, containsan 11 litre nitrogenbathusedto reduce
boil-off from theheliumbath,aswell asto maintainfilters atapproximately77K. The
helium bathhasa capacityof 6 litres, andcanbe cooledto atemperaturef approx-
imately 1.6 K by pumpingon the vapourabove the helium bathusinga rotary pump.
Furthercoolingis provided by a chromiumpotassiumalum (CPA) demagnetisation
stage(hereinafterreferredto asthe ‘stage’) in the bore of a 6 T superconducting
magnet. This provides cooling andtemperatureadjustmento temperaturedelow
70 mK. The stagetemperaturés not automaticallyregulated,but drifts upwardsat a
rateof up to approximately70 uK/minute. The stageandsaltpill aresupportedising
Kevlar cordsin tension[11], to minimisethe thermalconductionto the heliumbath.
The magneticfield at the bolometeris compensatedo thatin normaloperationthe
bolometerexperiences field which we estimateto belessthan3 mT. The hold time
at 100 mK is approximatelyl2 hours,the limiting factorbeingthe capacityof the
pumpedheliumbath.

A mechanicaheatswitchis usedto make andbreakthermalcontactbetweernthe
helium bathandthe saltpill. To make contact,a solenoidis usedto pressa tongue
protrudingfrom the salt pill supportbetweena moveableplungerandan arvil. All
componentén thermalcontactaremadefrom gold-platedcopper The solenoidis an
off-the-shelfitem, with themagneteplacedvith a samariuncobaltmagnetlt latches
in boththe openandclosedposition,with currentonly beingrequiredduringopening
or closing.

Temperatured the cryostatare monitoredwith two typesof thermometer The
temperaturef the stages measuredisinga neutrontransmutatiordoped(NTD) ger
manium(Haller-Beemartype#12[6]) thermometerreadout usingan AVS-47 cryo-
genicresistancéoridge’. This thermometehasbeencalibratedagainstgermanium
secondangstandardhermometerdasedon the ITS-90temperaturescalé. Tempera-
turesat otherpointsin thecryostataredeterminedisingBCY71transistorsMeasure-
mentof the forward voltagedrop acrossthe base-collectojunction provides useful
thermometnyfor temperaturefrom 1 K up to roomtemperature.

The bolometeris mountedon the stage which during characterisatioms usually
maintainedat a temperaturebetween70 and 350 mK. An importantconsideration
in the constructionof the cryostatis the protectionof the bolometerfrom unwanted
radiation. This comesmainly from two sources:blackbodyradiationfrom compo-
nentswithin the dewar thatarewarmerthanthe detector andstraylightreachingthe
detectorfrom outsidethe cryostat. For ‘blanked’ tests,the stageis surroundedy a

1AmericanMagneticsinc, OakRidge, Tenessee
2RV-ElektroniikkaOy, VantaaFinland
3Lake ShoreCryotronicsinc, Westerville,Ohio, modelGR-200A-30
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surementslescribedere.



radiationshieldmaintainedat the helium bathtemperature Careful attentionis paid
to theintegrity of this shield,especiallyaroundwiring feedthroughsThereareaddi-
tional shieldsat heliumandnitrogenbathtemperatureyothwrappedwith multilayer
superinsulation.Theseshieldsare also protectedagainstthe entry of light, asis the
outershell of the cryostatatroomtemperature.

Metal surfacesn thecryostatatheliumbathtemperaturandbelow aregold plated
to provide goodthermalcontactandlow emissvity.

2.3 Optical design

For testsin which the bolometetis exposedo aradiationsourceoutsidethe cryostat,
anoptical pathis openedup throughthe radiationshields.Radiationentersthe dewar
througha rigid polyethylenewindow, which hasa transmittanceof approximately
90% over thewavelengthrangeused.

Low (frequeng) pasoopticalfiltersareusedonall theradiationshields.Thesepro-
vide rejectionof blackbodyradiationfrom highertemperaturesieducingthe thermal
load on the helium bath and stage,aswell as controlling the wavelengthsreaching
the bolometer Most of the blackbodyradiationreachinglower temperaturegrom
roomtemperatures absorbedy the nitrogenbath,which hasa muchlargercooling
capacitythanthe heliumbathandthedemagnetisatiostage.

With the exceptionof a Fluorogoldfilter onthe 77 K shield,reflectve metalmesh
capacitatie grid filters areusedfor thelow passelementg12]. Theseaddlessblack-
bodyradiationto the beamthanabsorptiorfilters. Not only do they have lower emis-
sivity, but they remainat lower temperaturesince most of the unwantedradiation
is reflected(ratherthanbeingabsorbed)andtheir thermalconductancés relatively
high. They alsohave the advantage®f a sharpcut-off, high pass-bandransmission,
andhigh stop-bandejection.

In addition, a neutraldensityfilter is usedto reducethe detectorpower loading
from anexternalsourceto therequiredevel. Thetemperaturesf thefiltersonthehe-
lium andnitrogenbathshieldsare monitoredby thermometersnountedon the shield
attheedgeof thefilter. Knowledgeof thesetemperaturess importantsincetheblack-
body radiationfrom thesefilters canbe a significantcomponenbf the overall power
incidenton the bolometer

2.4 Electrical configuration

Theelectricalconfiguratiorusedfor thebolometebiasandreadouis shovnin Figure
2. A biasvoltageis appliedto two 60 M{2 load resistorsin serieswith the bolome-
ter, providing anapproximatelyconstancurrentat a givenbiasvoltage. To minimise
Johnsomoisefrom the load resistors they are mountedon the stage. The voltage
acrossthe bolometeris measuredy a matchedpair of IFN146 silicon JFET source
followers, coupledto a low noiseexternalamplifier To reducesensitvity to micro-
phonicsandpick-up,adifferentialconfiguratioris used.In addition,thewiring length
from the detectorsgs madeasshortaspossibleby mountingthe JFETson the helium
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bath. The JFETshave anoiseminimumatatemperaturef 110-120K, andarethere-
fore mountedon a weak thermallink, and heatedto the requiredtemperatureoy a
metalfilm resistor A light-tight shield preventsthermalradiationfrom this tempera-

turefrom contaminatingheinsideof the 1.6 K shield.

All signallines enteringthe cryostatinclude capacitatie filters to reduceelectro-
magnetidnterference FurtherRC filtering is usedon the biaslineswherethey enter
the 100 mK enclosure.The readoutlines are not filtered at this point, sincethis can
significantlyaltertheelectricatime constantandthusthemeasuredpeedf response
of thebolometer To reducethe effect of microphonicswiring in the dewaris formed

of twistedpairs,heldin placewith GE 7031varnish.



3 Bolometerand feedoptics design

The measurementdescribedn this paperwerecarriedout on a prototypel43 GHz
bolometerfor PlanckHFI. The optical system,shavn in Figure 3, wassetup to re-
semblethe plannedliayoutfor HFI, exceptthatin HFI a corrugatedeedhornwill be
usedat 100mK. This schemas describedn moredetailin referencq13].

Beyond the nitrogenshieldfilter, the optical systemincorporatesectionsheld at
differenttemperaturesndseparatethy smallvacuumgaps.Theoutersectionis ther
mally linkedto the 1.6K stage but incidentradiationheatst to approximately8 K. A
profiled, flared, corrugatedeedhorn followed by a lengthof waveguide,determines
theillumination patternandthelow frequeny edgeof the pass-bandA seconccorru-
gatedfeedhornfollowedby a polypropylenelensandafilter, recollimateshe beam.
After a smallvacuumgap,it thenpasseshrougha stackof filters on theinner1.6 K
radiationshield.

After anothervacuumgap,the beampasseshrougha secondilter/lenscombina-
tion, followed by a smooth-valled conicalfeedhorn. This concentrateshe radiation
onto the bolometey which is containedwithin an integrating cavity in a light-tight
module.Thesecomponentareall thermallyanchoredo the stage.

Thepassbandf radiationreachinghebolometeiis definedby thewaveguidesec-
tion attheendof thefirst feedhornanda low-passdfilter in front of thefinal feedhorn.
The systemis single-modedandthe throughputshouldthereforebe A2, where is
theradiationwavelength.

Otherlow-passfilters at stagetemperaturel.6 K and8 K block radiationwhich
would otherwisebe admittedthroughharmonicleaks[12], andreducethe amountof
thermalradiationpenetratingo lowertemperaturesA germaniuncoatedmnylar0.9%
neutraldensityfilter at 1.6 K reduceghe radiationfrom aroomtemperaturexternal
load to approximatelythe designvalue for the bolometer The filtering schemeis
shawvn in Tablel, while measuredransmissiomprofilesfor thefilters from the helium
bathinwardsareshown in Figure4.

The bolometeris a composite*spiderweb” device [4], containedin anintegrat-
ing cavity within a light-tight module. The absorberconsistsof a 3.4 mm diameter
free-standinggold metallisedsilicon nitride meshwith 425 um grid spacing. The
temperaturesensoris a 25 x 300 x 100 um NTD germanium(Halle-Beemar#19
[2]) chip, indium bump bondedto the centreof the mesh. Electrical contactto the
thermistoris madeby extendingthe metallisationalongtwo of the absorbesupports.
Thesdeadsalsodominatethethermalconductancéo theabsorber

4 Characterisation of bolometers

4.1 Blankedload curves

To characteris@ bolometey varioussetsof measurementare carriedout. First, the
bolometeris measuredn the “blanked” configuration,so thatit is exposedto negli-
gible externalradiation. Load curvesare obtainedat a rangeof stagetemperatures,
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Temperature Filter

Transmission

300K polyethylene 0.90
85K 1.2 mm thick Fluorogoldfilter 0.97
8K polypropylenelens 0.90
Feedhorns4.3cm™! cut-off 0.90

7.5cm™! low-pasdilter 0.91

1.6K 14cm! low-pasdfilter 0.92
18cm! low-pasdfilter 0.89
Neutraldensityfilter 0.009

100mK 5.8cm ! low-pasdilter 0.65
43cm! low-pasdilter 0.92
polypropylenelens 0.90
Feedhorn4.1cm™! cut-off 0.50

Tablel: Thefiltering scheme.Measuredransmissiorvaluesare usedfor thefilters;
valuesfor othercomponentsreestimates.
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Figure4: Measuredransmissiorprofilesfor the edgefilters at helium bathtemper
atureandbelow (thin lines), alongwith the total transmissiorobtainedby multiply-
ing eachprofile (thick line). (Notethatthe 14 cm~! filter wasonly measuredip to
10cm™1).
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Figure5: Zerobiasresistance temperatureelationshipfor the bolometerthermistor
from blanked measurementilled circles)alongwith alinearfit (straightline). The
insertshavsthefit residuals.

in this examplefrom 70 to 350 mK, by steppingthe biascurrentthroughthe device,
and measuringhe resultingvoltageacrossit. The zerobiasresistanceRy, at each
temperaturdi.e. the resistancen the absencef self-heating)s thendeterminedby
extrapolationof the low-currentportionsof the load curves. This enableghe resis-
tancevs temperatureharacteristiceof the thermometeelementin the bolometerto
becalculated.

ThethermistorresistanceR, is expectedo vary with temperature]’, as(Paperl)

* TQ "
R=R exp<T> , (1)
whereR* andT, areconstantslependingon thethermistordopingand,for R*, onits
dimensionsThecoeficientn is usuallytakento be0.5. Our measurementarefound
to correspondextremelywell to this relationship,with n = 0.5 - seeFigure5. The
lack of significantsystematidehaiour in thefit residualsshows thatthe choiceof n
producesa goodfit*. This alsoshaws that, asintended the absorbedptical power
is negligible (Paperl). We find valuesof T, = 13.3 £ 0.1 K andR* = 143+ 4 Q.
Thevalueof T, shoulddependonly on thetype of material;for the sametype, other
groupshave foundvaluesof 21.2 K [15], 16.0 K [16] and14.7 K [17].

4This doesnot appeato awaysbethe casefor NTD germaniuni14]
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Oncetheseparameterfiave beendeterminedthe thermalmodeldescribedn Pa-
perl is usedto fit eachload curve. Thetwo free parameterin themodel,Gso ands,
describethe conductancef thethermallink betweerthe bolometerabsorbeandthe
stagewith G gq representinghe(static)thermalconductancatthestageemperature,
Ty, and g giving the power-law coeficient for the temperaturevariationof Ggo over
therangeof absorber temperaturegvolved (Paperl). Theincidentpower, @, is set
to zero.

For eachload curve taken at stagetemperaturelp, the parameterss(7,) and
Gso(Ty) aredetermined. As can be seenfrom Figure 6, apartfrom small depar
turesbelow 100 mK, thethermalmodelproducesxcellentfits to our measurements
for the completefamily of load curves,usingthe samevaluesfor R* andTj, for all
temperaturesMoreover, the derived valuesof 3 andG s, areself-consistenticross
the whole setof load curves. For anideal bolometer(i.e. onewhich obeys the as-
sumptiongnadein deriving thebolometemmodel),eachloadcurve will havethesame
valueof 3, while G 5o canbecalculated for ary stagetemperaturgiventhe valueat
sometemperaturdy:

B
Go(Ti) = GsalT) () @)
0

Figure7 shavs 8 asafunctionof stagetemperaturelt canbe seenthatthevalues
of 3 above 150 mK areapproximatelyconstant.Thevalueof 5 canalsobe obtained
from thetemperaturevariationof G o (T), usingequation?. Thisis shavnin Figure
8. Notetheexcellentagreemenbetweerthe blankedandunblanleddata- the system
wasthermallycycled betweenthesesetsof data. Thefigureincludesa power law fit
to theconductanceéataabose 150mK. Theresultingcoeficient = 0.99 £0.01isin
goodagreementvith theindividual valuesfor 3 shavn in Figure7; thedifferentload
curvesarethusself-consistentSincethe conductancés expectedo bedominatedoy
themetallisedeads,avaluecloseto g = 1, dueto electronicthermalconductvity, is
expected18].

Below 150 mK, the temperaturesariationof the conductancéecomedarger, as
seerbothby the10%increasen 3 belov 150mK in Figure7 andtheincreasen slope
belov 150mK in Figure8. In fact, atthesetemperatureshe derived valueof 3 for
a given stage temperaturelependon the rangeof bolometer temperaturesisedfor
fitting. This suggestshatthe ideal bolometermodelhasbrokendown, andthe con-
ductivity cannotberepresentetdy a singlepower-law. A likely causds anadditional
thermalimpedancalueto electron-phonorecouplingwithin thethermistor{19, 20,
althoughelectricfield effects[20] could producesimilar effects.

However, above 100 mK, the changen g is at worstaround10%, andthe entire
datasetanstill berepresentedvell by just four parametersT,, R*, § and,for some
temperaturd, G'so(Ty). Taking3 andG'so(Ty) fromthefit to Figure8 andapplying
the thermalmodel producesa family of load curves which agreewith the datato

51t shouldbe notedthatthis expressioris only truefor the (static)conductancevhenthe bolometeiis at
thestagetemperaturéG sg). It doesnotgive the conductancatanarbitrarybolometetemperatur¢Gs),
sinceit doesnotallow for thevariationof conductvity with temperatur@crosshethermallink (Paperl).
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betterthan2%, exceptat extremelylow biases.It is thereforepossibleto predictthe

behaviour of thebolometeraccuratelyfor temperatureatwhichit wasnotmeasured.
The conductancealueobtainedis G 50(100 mK)=150pWK~!. Additional mea-

surement®n anominallyidenticalbolometergave similar resultsto thefirst bolome-
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ter, with valuesof 4=1.18andGs0(100mK)=132pWK~!. Thesevaluesof Gsq are
bothcloseto thedesignvalueof 110pWK~1.

Thethermalmodelcanalsobe usedto predictthe opticalresponsiity (dV/dQ, for
changen voltageV asaresponséo achangean power @), andNEP (Paperl) for the
bolometerin the blanked configuration. Theseare shown, for the plannedoperating
temperaturef 100 mK, in Figures9 and10. It canbe seenthatthe goal of an NEP
underl.5 x 1077 WHz %5 is easilymet.

4.2 Static optical load tests

After characterisatiom theblankedconfigurationthebolometeiis thenopenedo ra-
diationfrom outsidethe cryostat.Our opticalload consistof EccosorbAN72° either
atroomtemperaturer soaledin liquid nitrogen,placedsothatit fills thebeam.Load
curvesaretaken at the sametemperaturess before, allowing straightforvard com-
parisonwith datafrom the blanked configuration.The thermalmodelis thenapplied
again, this time allowing the loading parametei) to vary. For our measurements,
valuesfor 8 andG sg almostidenticalto thosefrom the blanked measurementaere
found (seeFigures7 & 8). It shouldbe notedthatthe derived valuesof g andGgg
do notdependon thevalueusedfor the stagetemperaturéexceptthatG g is defined
with respecto thechosernvalue).If anincorrectstagetemperaturés used adifferent
(incorrect)valuefor theabsorbegower, @, will be producedput the valuesof 5 and
G so Will beunchangedPaperl).

Figure11 showsthe derivedvaluesfor the absorbegower underaroomtemper
atureload, with a meanvalueof 0.34pW (takenfrom measurementselov 200 mK,
wherethe scatteris small). This valueshouldnot dependon the bolometetempera-
ture,althoughasthetemperaturéncreasesindthe bolometetbecomedesssensitve,
themeasuremergrrorsbecomdarger.

It is alsopossibleto derive theabsorbegbower directly from the zero-biasolome-
ter temperaturgPaperl). Suchvaluesare also shovn in Figure11. As would be
expected pothmethodgproducesimilar results.

The optical efficiengy of the systemcanbe calculatedoy comparingthe absorbed
power with a predictedvaluefor theincidentpower. In orderto canceloutary excess
power on the bolometerthe differencein power betweena pair of load curvesunder
different(roomtemperatur@andliquid nitrogen)opticalloadsis used.For abolometer
which canbeaccuratelydescribedy thethermalmodel,this methodalsocancelsout
theeffectof ary errorin the stagetemperaturesincesuchanerrorproducesaneffect
identicalto excesspower (Paperl). It is thusonly necessaryo ensurethatthe stage
temperatureas the samefor both load curves; knowledgeof the absolute¢emperature
is notrequired.

Excesgpower cancomefrom straylightandthermalemissiorfrom componentsn
thefield of view of the bolometemwithin the cryostat. In particular thefilters in the
beamare a sourceof thermalradiation. However, the filter temperaturelependson

8EmersorandCumingMicrowave Products)nc., 28 York Avenue RandolphMA 02368,USA
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thethermalload,andthe excesspower is therefordoad dependentMeasurementef
thevariationin excesspower with filter temperaturshow thatfailing to take thisinto
accountwould causea systematierrorof around25%in our measurements.o min-
imise the problem,measurementaeretakenimmediatelybeforeandafter changing
theload, sothatthefilters did not have time to changeemperaturesignificantly

The power difference AQ, canbe determinedrom the absorbegower for each
loadcurvefrom thethermalmodelffits. Alternatively, thedifferencen electricalpower
asa functionof bolometertemperaturgor equivalently, resistancefanbe calculated
directly from a pair of load curves.Sincethetotal power ata givenbolometeitemper
aturemustbethe samethis differenceis equalto the differencein absorbegower.

At 100 mK, the incidentpower differencecalculatedfrom the thermalmodelis
0.18pW (comparedo valuesof 0.16to 0.20 pW, dependingon bolometertempera-
ture,takendirectly from theload curves).Usingmeasuredaluesfor thetransmission
of thefilters androomtemperaturavindow (seeFigurel), this givesan efficiency of
19%for the feedoptics(i.e. the feedhornsandlenses)andthe bolometeritself. The
efficiency of thefeedhornss lesswell known thanthefilters. Usingapproximateval-
ues(seeTablel) for the feedhornandlenstransmissiorgivesa value of 50% for the
efficiengy of the bolometeritself. The useof a corrugatedhorn at 100 mK should
significantlyimprove the efficiency of thefeedoptics[21].

Suchmeasurementsndertwo differentopticalloadscanalsobe usedto calculate
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Figure12: Large-signaloptical responseeferredto absorbedgower, from measure-
mentswith 300K and 77 K load (filled circles),comparedo the predictionsof the
thermalmodel(solid lines)

the large-signaloptical response.Figure 12 shaws the responsewith respecto ab-
sorbedpower. Thisis obtainedby calculatingthe voltagedifferencebetweenpoints
at the samebias currentfrom eachpair of load curves. This is thendivided by the
differencein absorbegower takendirectly from the load curvesasdescribedabore.
This is not equivalentto the small scaleresponsiity predictedin Figure 9, because
the power differenceis too large. However, thethermalmodelfits to eachpair of load
curvescanbe usedto predictthe appropriateesponse this is alsoshawvn in Figure
12.

4.3 Choppedoptical load tests

As well asmeasurementsith staticloads,the detectorresponsés measuredisinga
choppemwhich switchesheloadfrom roomtemperatureccosorhio areflective load.
In our tests,for variousstagetemperaturesindbiascurrents the chopperfrequengy
wasincreasedrom 1.5Hz to 250Hz, while measuringheresponsérom the detector
usinga phasesensitve detectorlockedto the chopperfrequeng.

The datacanbe extrapolatedto zerofrequeng to obtainthe variationof DC re-
sponseasa functionof stagetemperatur@andbias. Theseresultsareshavn in Figure
13, andcomparedo the responsiity predictedfrom the thermalmodel,for a 300K
opticalload. For thechoppedoads,the magnitudeof the modulatedoower is difficult
to calculate. The results,in arbitrary units, have thereforeall beenmultiplied by a
commonnormalisatiorfactorto provide the bestagreementvith thetheoreticaldata.
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Figure 13: Optical responseeferredto absorbedgower, from measurementssinga
choppedoad(filled circles),comparedo opticalresponsiity predictedrom thermal
modelfits to load curvesundera 300K load (solid lines). The experimentaldataare
normalisedo thetheoreticalvalues(seetext).

The resultsfrom the choppedoad measurementare also usedto calculatethe
detectottime constant.Theresultsof measurementat variousstageemperatureand
biasesare shavn in Figure 14. Eachmeasurementould be well representedby a
singletime constant. The resultsare well within the designgoal of a time constant
under6 ms. The consisteng of this datasetcan be seenif the time constantsare
corvertedto heatcapacity This is obtainedby multiplying the time constantsby
the effective thermalconductancé€Paperl), andis shovn in Figure15. Thethermal
conductancés takenfrom thethermalmodelresults,usingthefit to thedatain Figure
8. A power law fit to the heatcapacitydatagivesa valueof 2.9(T/1K)!-?2 pJK—1,
usingdatafrom 120 mK upwards. This corresponds$o a 100 mK valueof 0.21 pJ
K—1, comparedvith thedesignvalueof 0.2 pJK ~!. Sincethe heatcapacityis dueto
a mixture of metallicandnon-metalliccomponentsa power-law coeficient between
1 and3 would be expected.

The datafor bolometertemperaturedelonv 120 mK do not fall onto thefit line.
Again, this could be dueto non-thermakffectsin thebolometer

5 Conclusions

We have describednethoddor testingandcharacterisingemiconductobolometers,
using the model presentedn Paperl. Resultsfrom a neutrontransmutatiordoped
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(NTD) germaniurrbolometera prototypefor the PlanckSurveyor mission,wereused
asillustration.

We have demonstratedhat with sucha bolometey and sufliciently good experi-
mentalequipmenandproceduresxcellentagreemenwith theidealbolometemodel
canbe achiesed over a wide rangeof temperaturesWith suchgoodagreementthe
behaviour of abolometercanthenbepredictedaccuratelffor anarbitrarytemperature
andpowerloadingusingjustthe four free parameterin the bolometemodel.

While non ideal effects appearto be significantbelov 100 mK, the behaiour
of the PlanckHFI bolometerwasin excellentagreementvith the bolometermodel
at temperature®f 100 mK and higher The resultswere repeatableafter thermal
cycling. In addition, a secondbolometerwith the samedesignparametershaved
nearlyidenticalproperties.The propertiesverea goodmatchto the designgoalsfor
thebolometers.
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