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Abstract: We describetechniquesfor testingandcharacterisingsemiconductorbolo-
meters,usingthebolometermodelpresentedin Sudiwalaet. al. [1]. Theprocedures
areillustratedwith resultsfrom a prototypebolometerfor thehigh frequency instru-
ment(HFI) in the PlanckSurveyor cosmicmicrowave backgroundmission. This is
a bolometerusing spider-web geometryand a neutrontransmutationdoped(NTD)
germaniumthermistor, designedfor operationat 100 mK. Details are given of the
laboratoryfacility usedto takedataat temperaturesfrom 70mK to 350mK. Thisem-
ploys an adiabaticdemagnetisationrefrigeratorto cool the detectorandoptics. The
spatialandspectralpropertiesof theopticalsystemarecontrolledusingfeedhornsand
edgefilters. To characterisethebolometer, blankedandoptically loadedloadcurves
weremeasuredovera rangeof temperatures,andtheresponseto modulatedradiation
wasmeasuredasa function of modulationfrequency, temperatureandbiascurrent.
Resultsfor theprototypebolometershow thatits behaviour is well representedby an
ideal thermaldetectordown to a temperatureof approximately100mK. Below this,
non-thermaleffects suchas electron-phonondecouplingor electricfield dependent
resistanceappearto leadto departurefrom idealbehaviour. Theperformancewasin
goodagreementwith thedesigngoalsfor thebolometer.
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1 Intr oduction

Today, bolometersarethebestchoicefor directdetectionof radiationat wavelengths
between200 � m and3 mm (e.g.references[2, 3]), andcanbecompetitive for wave-
lengthsbetween100 � m and2 mm. Currently, state-of-the-artdetectorsconsistof a
germaniumsemiconductorthermistorbondedto a metallisedsilicon nitride absorber,
cooledto temperaturesbetween100and300 mK [4]. Neutrontransmutationdoped
(NTD) germanium[5, 6] is normallyused,sinceotherdopingmethodscannotprovide
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a sufficiently uniform level of doping.Idealbolometertheory[1, 2, 7] canbeusedto
accuratelycharacterisethenoiseandthermalpropertiesof NTD bolometers.

Optimisinga bolometerrequiresa goodunderstandingandcontrolof thekey pa-
rameters:the temperaturedependenceof the thermistorresistance,the heatcapacity
of thethermistorandabsorber, andthethermalconductancebetweentheabsorberand
the heatsink. A detailedtheory for modellingsuchparametersis presentedin ref-
erence[1], hereinafterPaperI. In this paperwe discussthe experimentaldetailsof
makingthemeasurementsrequiredto usesuchamodel.

Thesemethodsareillustratedwith resultsfromtestsonaprototype100mK bolome-
ter for HFI; the high frequency instrument[8] in the PlanckSurveyor cosmicmi-
crowavebackgroundimagingsatellite[9]. Thismissionaimsto measureanisotropies
in thecosmicmicrowavebackgroundradiationoverthewholesky, to asensitivity of a
few partspermillion. This requiresthemostsensitivebolometersavailable,with very
goodcontrolof thespatialresponseof thefeedoptics,sincestrongsourcessuchasthe
sunandtheeartharemuchbrighterthantheanisotropiesto bemeasured.Thedesign
goalsof thebolometerare,at 100mK, a staticthermalconductanceof 110pWK � � ,
a heatcapacityof 0.2 pJ K � � , a time constantbelow 5.8 ms,andan electricalNEP
of ���
	��
����� ��� WHz ����� � or better. We presentresultsfor the thermalparameters
andresponsivity of the prototypedetector. Noisemeasurementson similar devices
haveshown thatNTD spider-webbolometersexhibit negligible excessnoisedown to
frequenciesaslow as100mHz [10].

Thestructureof thepaperis asfollows. In section2, we describeour bolometer
testfacility; in section3, detailsof thebolometerandopticalsystemusedfor themea-
surementsdescribedherearegiven.Section4 describescharacterisationof bolometers
in general,illustratedby measurementsof thesystemdescribedin section3.

2 Bolometer test facility

2.1 Requirements

From the thermalmodel presentedin PaperI, it canbe seenthat therearevarious
requirementsfor abolometercharacterisationfacility.

Thebasicmeasurementis thebolometervoltageasafunctionof biascurrent(load
curve). To allow accuratederivation of the main bolometerparameters,the facility
mustallow loadcurvesto bemadeover a rangeof currents,with thebolometerheat
sinkheldatarangeof accuratelymeasuredtemperaturesdown to at leasttheintended
operatingtemperature.

Goodcontrolis requiredovertheopticalpowerincidentonthebolometer. “Blanked”
measurementsarerequiredwith this power effectively zero. In practise,this means
thattheeffectof absorbedpoweron thebolometertemperaturemustbenegligible.

Measurementsarealsorequiredwith thebolometerexposedto a well definedop-
tical powerovera well definedspectralband.This powershouldberepresentativeof
theexpectedbackgroundpower on thebolometerin use,andit shouldbepossibleto
modulateit ona timescalefasterthanthebolometerspeedof response.
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2.2 The facility

Theresultspresentedherewereall obtainedusinganadiabaticdemagnetisationrefrig-
erator(ADR). This enablestemperaturesbelow 100mK to be achieved,andis well
suitedfor detectorcharacterisationsinceit allows rapid andcontrolledtemperature
changes.

Thecryostat,shown in Figure1, containsan11 litre nitrogenbathusedto reduce
boil-off from theheliumbath,aswell asto maintainfiltersatapproximately77K. The
heliumbathhasa capacityof 6 litres, andcanbecooledto a temperatureof approx-
imately1.6K by pumpingon thevapourabove theheliumbathusinga rotarypump.
Furthercooling is providedby a chromiumpotassiumalum (CPA) demagnetisation
stage(hereinafterreferredto as the ‘stage’) in the bore of a 6 T superconducting
magnet1. This providescooling andtemperatureadjustmentto temperaturesbelow
70 mK. Thestagetemperatureis not automaticallyregulated,but drifts upwardsat a
rateof up to approximately70 � K/minute.Thestageandsaltpill aresupportedusing
Kevlar cordsin tension[11], to minimisethethermalconductionto theheliumbath.
The magneticfield at the bolometeris compensatedso that in normaloperationthe
bolometerexperiencesa field which we estimateto belessthan3 mT. Thehold time
at 100 mK is approximately12 hours,the limiting factorbeing the capacityof the
pumpedheliumbath.

A mechanicalheatswitch is usedto make andbreakthermalcontactbetweenthe
helium bathandthe salt pill. To make contact,a solenoidis usedto pressa tongue
protrudingfrom the salt pill supportbetweena moveableplungerandan anvil. All
componentsin thermalcontactaremadefrom gold-platedcopper. Thesolenoidis an
off-the-shelfitem,with themagnetreplacedwith asamariumcobaltmagnet.It latches
in boththeopenandclosedposition,with currentonly beingrequiredduringopening
or closing.

Temperaturesin the cryostataremonitoredwith two typesof thermometer. The
temperatureof thestageis measuredusinganeutrontransmutationdoped(NTD) ger-
manium(Haller-Beemantype#12[6]) thermometer, readout usinganAVS-47cryo-
genic resistancebridge2. This thermometerhasbeencalibratedagainstgermanium
secondarystandardthermometersbasedon theITS-90temperaturescale3. Tempera-
turesatotherpointsin thecryostataredeterminedusingBCY71transistors.Measure-
mentof the forward voltagedrop acrossthe base-collectorjunction providesuseful
thermometryfor temperaturesfrom 1 K up to roomtemperature.

The bolometeris mountedon the stage,which during characterisationis 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 thedewar thatarewarmerthanthedetector, andstraylightreachingthe
detectorfrom outsidethe cryostat. For ‘blanked’ tests,the stageis surroundedby a

1AmericanMagneticsInc, OakRidge,Tenessee
2RV-ElektroniikkaOy, Vantaa,Finland
3Lake ShoreCryotronicsInc, Westerville,Ohio,modelGR-200A-30
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Figure1: Thetestfacility adiabaticdemagnetisationcryostat,configuredfor themea-
surementsdescribedhere.
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radiationshieldmaintainedat theheliumbathtemperature.Carefulattentionis paid
to theintegrity of this shield,especiallyaroundwiring feedthroughs.Thereareaddi-
tionalshieldsatheliumandnitrogenbathtemperatures,bothwrappedwith multilayer
superinsulation.Theseshieldsarealsoprotectedagainstthe entry of light, asis the
outershellof thecryostatat roomtemperature.

Metalsurfacesin thecryostatatheliumbathtemperatureandbelow aregoldplated
to providegoodthermalcontactandlow emissivity.

2.3 Optical design

For testsin which thebolometeris exposedto a radiationsourceoutsidethecryostat,
anopticalpathis openedup throughtheradiationshields.Radiationentersthedewar
througha rigid polyethylenewindow, which hasa transmittanceof approximately
90%over thewavelengthrangeused.

Low (frequency) passopticalfiltersareusedonall theradiationshields.Thesepro-
vide rejectionof blackbodyradiationfrom highertemperatures,reducingthethermal
load on the helium bathandstage,aswell ascontrolling the wavelengthsreaching
the bolometer. Most of the blackbodyradiationreachinglower temperaturesfrom
roomtemperatureis absorbedby thenitrogenbath,which hasa muchlargercooling
capacitythantheheliumbathandthedemagnetisationstage.

With theexceptionof aFluorogoldfilter on the77 K shield,reflectivemetalmesh
capacitativegrid filtersareusedfor thelow passelements[12]. Theseaddlessblack-
bodyradiationto thebeamthanabsorptionfilters. Not only do they have loweremis-
sivity, but they remainat lower temperaturessincemostof the unwantedradiation
is reflected(ratherthanbeingabsorbed),andtheir thermalconductanceis relatively
high. They alsohave theadvantagesof a sharpcut-off, high pass-bandtransmission,
andhighstop-bandrejection.

In addition,a neutraldensityfilter is usedto reducethe detectorpower loading
from anexternalsourceto therequiredlevel. Thetemperaturesof thefiltersonthehe-
lium andnitrogenbathshieldsaremonitoredby thermometersmountedon theshield
at theedgeof thefilter. Knowledgeof thesetemperaturesis importantsincetheblack-
bodyradiationfrom thesefilters canbea significantcomponentof theoverall power
incidenton thebolometer.

2.4 Electrical configuration

Theelectricalconfigurationusedfor thebolometerbiasandreadoutis shown in Figure
2. A biasvoltageis appliedto two 60 M � load resistorsin serieswith the bolome-
ter, providing anapproximatelyconstantcurrentat a givenbiasvoltage.To minimise
Johnsonnoisefrom the load resistors,they aremountedon the stage. The voltage
acrossthe bolometeris measuredby a matchedpair of IFN146 silicon JFETsource
followers,coupledto a low noiseexternalamplifier. To reducesensitivity to micro-
phonicsandpick-up,adifferentialconfigurationis used.In addition,thewiring length
from thedetectorsis madeasshortaspossibleby mountingtheJFETson thehelium
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Figure2: Thebolometerbiasandreadoutsystem.Theshadingshows regionsmain-
tainedatdifferenttemperatures

bath.TheJFETshaveanoiseminimumata temperatureof 110-120K, andarethere-
fore mountedon a weak thermallink, andheatedto the requiredtemperatureby a
metalfilm resistor. A light-tight shieldpreventsthermalradiationfrom this tempera-
turefrom contaminatingtheinsideof the1.6K shield.

All signallinesenteringthecryostatincludecapacitative filters to reduceelectro-
magneticinterference.FurtherRC filtering is usedon thebiaslineswherethey enter
the100mK enclosure.The readoutlinesarenot filteredat this point, sincethis can
significantlyaltertheelectricaltimeconstant,andthusthemeasuredspeedof response
of thebolometer. To reducetheeffectof microphonics,wiring in thedewar is formed
of twistedpairs,heldin placewith GE7031varnish.
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3 Bolometerand feedopticsdesign

Themeasurementsdescribedin this paperwerecarriedout on a prototype143GHz
bolometerfor PlanckHFI. The optical system,shown in Figure3, wassetup to re-
sembletheplannedlayout for HFI, exceptthat in HFI a corrugatedfeedhornwill be
usedat 100mK. Thisschemeis describedin moredetail in reference[13].

Beyond thenitrogenshieldfilter, theoptical systemincorporatessectionsheldat
differenttemperatures,andseparatedby smallvacuumgaps.Theoutersectionis ther-
mally linkedto the1.6K stage,but incidentradiationheatsit to approximately8 K. A
profiled,flared,corrugatedfeedhorn,followedby a lengthof waveguide,determines
theilluminationpatternandthelow frequency edgeof thepass-band.A secondcorru-
gatedfeedhorn,followedby a polypropylenelensanda filter, recollimatesthebeam.
After a smallvacuumgap,it thenpassesthrougha stackof filters on theinner1.6 K
radiationshield.

After anothervacuumgap,thebeampassesthrougha secondfilter/lenscombina-
tion, followedby a smooth-walledconicalfeedhorn.This concentratesthe radiation
onto the bolometer, which is containedwithin an integratingcavity in a light-tight
module.Thesecomponentsareall thermallyanchoredto thestage.

Thepassbandof radiationreachingthebolometeris definedby thewaveguidesec-
tion at theendof thefirst feedhornanda low-passfilter in front of thefinal feedhorn.
The systemis single-moded,andthe throughputshouldthereforebe / � , where / is
theradiationwavelength.

Otherlow-passfilters at stagetemperature,1.6 K and8 K block radiationwhich
would otherwisebeadmittedthroughharmonicleaks[12], andreducetheamountof
thermalradiationpenetratingto lowertemperatures.A germaniumcoatedmylar0.9%
neutraldensityfilter at 1.6K reducestheradiationfrom a roomtemperatureexternal
load to approximatelythe designvalue for the bolometer. The filtering schemeis
shown in TableI, while measuredtransmissionprofilesfor thefilters from thehelium
bathinwardsareshown in Figure4.

The bolometeris a composite“spider-web” device [4], containedin an integrat-
ing cavity within a light-tight module. The absorberconsistsof a 3.4 mm diameter
free-standinggold metallisedsilicon nitride meshwith 425 � m grid spacing. The
temperaturesensoris a 0�	1�32��4�5�6�����1� m NTD germanium(Haller-Beeman#19
[2]) chip, indium bump bondedto the centreof the mesh. Electricalcontactto the
thermistoris madeby extendingthemetallisationalongtwo of theabsorbersupports.
Theseleadsalsodominatethethermalconductanceto theabsorber.

4 Characterisation of bolometers

4.1 Blanked load curves

To characterisea bolometer, varioussetsof measurementsarecarriedout. First, the
bolometeris measuredin the “blanked” configuration,so that it is exposedto negli-
gible externalradiation. Load curvesareobtainedat a rangeof stagetemperatures,
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Figure3: Theopticallayout.Moredetailsonthefiltering schemearegivenin TableI.
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Temperature Filter Transmission
300K polyethylene 0.90
85K 1.2mm thick Fluorogoldfilter 0.97
8 K polypropylenelens 0.90

Feedhorns:4.3cm� � cut-off 0.90
7.5cm� � low-passfilter 0.91

1.6K 14 cm� � low-passfilter 0.92
18 cm� � low-passfilter 0.89

Neutraldensityfilter 0.009
100mK 5.8cm� � low-passfilter 0.65

43 cm� � low-passfilter 0.92
polypropylenelens 0.90

Feedhorn:4.1cm� � cut-off 0.50

TableI: Thefiltering scheme.Measuredtransmissionvaluesareusedfor thefilters;
valuesfor othercomponentsareestimates.

Figure4: Measuredtransmissionprofilesfor the edgefilters at helium bathtemper-
atureandbelow (thin lines),alongwith the total transmissionobtainedby multiply-
ing eachprofile (thick line). (Note that the 14 cm� � filter wasonly measuredup to
10 cm� � ).
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Figure5: Zerobiasresistance- temperaturerelationshipfor thebolometerthermistor
from blankedmeasurements(filled circles)alongwith a linearfit (straightline). The
insertshows thefit residuals.

in this examplefrom 70 to 350mK, by steppingthebiascurrentthroughthedevice,
andmeasuringthe resultingvoltageacrossit. The zerobiasresistance,: � , at each
temperature(i.e. the resistancein the absenceof self-heating)is thendeterminedby
extrapolationof the low-currentportionsof the load curves. This enablesthe resis-
tancevs temperaturecharacteristicsof the thermometerelementin the bolometerto
becalculated.

Thethermistorresistance,: , is expectedto varywith temperature,; , as(PaperI)

:=<>:@?BADCFE G ;BH;JILKNM (1)

where: ? and ;OH areconstantsdependingon thethermistordopingand,for : ? , on its
dimensions.Thecoefficient P is usuallytakento be �Q�
	 . Ourmeasurementsarefound
to correspondextremelywell to this relationship,with P><R�S� 	 - seeFigure5. The
lack of significantsystematicbehaviour in thefit residualsshows that thechoiceof P
producesa goodfit4. This alsoshows that, asintended,the absorbedoptical power
is negligible (PaperI). We find valuesof ; H <T��2S� 2VUW�Q�X� K and : ? <Y�DZ[2NUJZ\� .
Thevalueof ; H shoulddependonly on thetypeof material;for thesametype,other
groupshavefoundvaluesof 0Q���
0 K [15], ��]S� � K [16] and �DZ��
^ K [17].

4This doesnot appearto alwaysbethecasefor NTD germanium[14]
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Oncetheseparametershave beendetermined,thethermalmodeldescribedin Pa-
perI is usedto fit eachloadcurve. Thetwo freeparametersin themodel, _@` � and a ,
describetheconductanceof thethermallink betweenthebolometerabsorberandthe
stage,with _@` � representingthe(static)thermalconductanceatthestagetemperature,; � , and a giving thepower-law coefficient for thetemperaturevariationof _@` � over
the rangeof absorber temperaturesinvolved(PaperI). The incidentpower, b , is set
to zero.

For eachload curve taken at stagetemperature; � , the parametersadce; ��f and_ ` � cg; �hf are determined. As can be seenfrom Figure 6, apart from small depar-
turesbelow 100mK, thethermalmodelproducesexcellentfits to our measurements
for the completefamily of load curves,usingthe samevaluesfor : ? and ;OH for all
temperatures.Moreover, the derivedvaluesof a and _ ` � areself-consistentacross
the whole setof load curves. For an ideal bolometer(i.e. onewhich obeys the as-
sumptionsmadein deriving thebolometermodel),eachloadcurvewill havethesame
valueof a , while _ ` � canbecalculated5 for any stagetemperaturegiventhevalueat
sometemperature;Li� : _@` � ce; � f <j_@` � cg; i� f G ; �; i� Ilk � (2)

Figure7 shows a asa functionof stagetemperature.It canbeseenthatthevalues
of a above150mK areapproximatelyconstant.Thevalueof a canalsobeobtained
from thetemperaturevariationof _ ` � ce; ��f , usingequation2. This is shown in Figure
8. Notetheexcellentagreementbetweentheblankedandunblankeddata- thesystem
wasthermallycycledbetweenthesesetsof data.Thefigure includesa power law fit
to theconductancedataabove150mK. Theresultingcoefficient am<j�Q� n�noU1�Q� �Q� is in
goodagreementwith theindividual valuesfor a shown in Figure7; thedifferentload
curvesarethusself-consistent.Sincetheconductanceis expectedto bedominatedby
themetallisedleads,a valuecloseto ap<q� , dueto electronicthermalconductivity, is
expected[18].

Below 150mK, the temperaturevariationof the conductancebecomeslarger, as
seenbothby the10%increasein a below 150mK in Figure7 andtheincreasein slope
below 150mK in Figure8. In fact,at thesetemperatures,thederivedvalueof a for
a given stage temperaturedependson the rangeof bolometer temperaturesusedfor
fitting. This suggeststhat the idealbolometermodelhasbrokendown, andthe con-
ductivity cannotberepresentedby a singlepower-law. A likely causeis anadditional
thermalimpedancedueto electron-phonondecouplingwithin thethermistor[19, 20],
althoughelectricfield effects[20] couldproducesimilareffects.

However, above 100mK, the changein a is at worstaround10%,andtheentire
datasetcanstill berepresentedwell by just four parameters:;OH , : ? , a and,for some
temperature;Li� , _ ` � ce;ri� f . Taking a and _ ` � ce;Li� f from thefit to Figure8 andapplying
the thermalmodel producesa family of load curves which agreewith the datato

5It shouldbenotedthatthisexpressionis only truefor the(static)conductancewhenthebolometeris at
thestagetemperature( sutwv ). It doesnotgive theconductanceat anarbitrarybolometertemperature( sut ),
sinceit doesnotallow for thevariationof conductivity with temperatureacrossthethermallink (PaperI).
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Figure6: Thermalmodelfits (lines)to blankeddata(filled circles)for asubsetof stage
temperatures.Thetwo graphsshow thesamedataoverdifferentbiascurrentranges.

betterthan2%, exceptat extremelylow biases.It is thereforepossibleto predictthe
behaviour of thebolometeraccuratelyfor temperaturesat which it wasnot measured.

Theconductancevalueobtainedis _ ` � (100mK)=150pWK � � . Additional mea-
surementson anominallyidenticalbolometergavesimilar resultsto thefirst bolome-
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Figure7: Valueof thepowerlaw coefficientof thetemperaturedependenceof thether-
mal conductance,a , asa functionof stagetemperature,derivedfrom thermalmodel
fits to individual loadcurves.Filled (open)circlesrepresentblanked(unblanked)data.

Figure8: Valueof the static thermalconductance,_ ` � , at eachstagetemperature,
derived from fits to individual load curves. Filled (open)circles representblanked
(unblanked)data.Theline is a power-law fit to thedataabove150mK.
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Figure 9: Small-signaloptical responsivity at 100 mK predictedfrom the thermal
model,with thebolometerblanked(solid lines)andexposedto a 300K load(dashed
lines)

Figure10: Ideal(Johnson+ phononnoise)NEPat100mK predictedfrom thethermal
model,with thebolometerblanked(solid lines)andexposedto a 300K load(dashed
lines)
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ter, with valuesof a =1.18and _ ` � (100mK)=132pWK � � . Thesevaluesof _ ` � are
bothcloseto thedesignvalueof 110pWK � � .

Thethermalmodelcanalsobeusedto predicttheopticalresponsivity (dV/dQ,for
changein voltage x asaresponseto achangein power b ), andNEP(PaperI) for the
bolometerin the blankedconfiguration.Theseareshown, for the plannedoperating
temperatureof 100mK, in Figures9 and10. It canbeseenthat thegoalof anNEP
under ���
	y�p��� � ��� WHz ����� � is easilymet.

4.2 Static optical load tests

After characterisationin theblankedconfiguration,thebolometeris thenopenedto ra-
diationfrom outsidethecryostat.Our opticalloadconsistsof EccosorbAN726 either
at roomtemperatureor soakedin liquid nitrogen,placedsothatit fills thebeam.Load
curvesaretaken at the sametemperaturesasbefore,allowing straightforward com-
parisonwith datafrom theblankedconfiguration.Thethermalmodelis thenapplied
again,this time allowing the loadingparameterb to vary. For our measurements,
valuesfor a and _@` � almostidenticalto thosefrom theblankedmeasurementswere
found (seeFigures7 & 8). It shouldbe notedthat the derivedvaluesof a and _@` �
do not dependon thevalueusedfor thestagetemperature(exceptthat _@` � is defined
with respectto thechosenvalue).If anincorrectstagetemperatureis used,adifferent
(incorrect)valuefor theabsorbedpower, b , will beproduced,but thevaluesof a and_ ` � will beunchanged(PaperI).

Figure11 shows thederivedvaluesfor theabsorbedpower undera roomtemper-
atureload,with a meanvalueof 0.34pW (takenfrom measurementsbelow 200mK,
wherethescatteris small). This valueshouldnot dependon thebolometertempera-
ture,althoughasthetemperatureincreasesandthebolometerbecomeslesssensitive,
themeasurementerrorsbecomelarger.

It is alsopossibleto derivetheabsorbedpowerdirectly from thezero-biasbolome-
ter temperature(PaperI). Suchvaluesare also shown in Figure 11. As would be
expected,bothmethodsproducesimilar results.

Theopticalefficiency of thesystemcanbecalculatedby comparingtheabsorbed
powerwith a predictedvaluefor theincidentpower. In orderto canceloutany excess
power on thebolometer, thedifferencein power betweena pair of loadcurvesunder
different(roomtemperatureandliquid nitrogen)opticalloadsis used.For abolometer
whichcanbeaccuratelydescribedby thethermalmodel,thismethodalsocancelsout
theeffectof any errorin thestagetemperature,sincesuchanerrorproducesaneffect
identicalto excesspower (PaperI). It is thusonly necessaryto ensurethat the stage
temperatureis thesamefor both loadcurves;knowledgeof theabsolutetemperature
is not required.

Excesspowercancomefrom straylightandthermalemissionfrom componentsin
thefield of view of the bolometerwithin thecryostat. In particular, thefilters in the
beamarea sourceof thermalradiation. However, the filter temperaturedependson

6EmersonandCumingMicrowave Products,Inc., 28York Avenue,Randolph,MA 02368,USA
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Figure11: Absorbedpower for 300 K optical load. Filled circles representvalues
taken by fitting absorbedpower, b , in the thermalmodel; unfilled circlesrepresent
valuestaken from the zero-biasbolometertemperature.The line shows the mean
valuetakenfrom thefilled circlesbelow 200mK

thethermalload,andtheexcesspower is thereforeloaddependent.Measurementsof
thevariationin excesspowerwith filter temperatureshow thatfailing to take this into
accountwouldcauseasystematicerrorof around25%in ourmeasurements.To min-
imisetheproblem,measurementsweretaken immediatelybeforeandafterchanging
theload,sothatthefiltersdid not have time to changetemperaturesignificantly.

Thepower difference,z{b , canbedeterminedfrom theabsorbedpower for each
loadcurvefrom thethermalmodelfits. Alternatively, thedifferencein electricalpower
asa functionof bolometertemperature(or equivalently, resistance)canbecalculated
directly from apairof loadcurves.Sincethetotalpoweratagivenbolometertemper-
aturemustbethesame,this differenceis equalto thedifferencein absorbedpower.

At 100 mK, the incidentpower differencecalculatedfrom the thermalmodel is
0.18pW (comparedto valuesof 0.16to 0.20pW, dependingon bolometertempera-
ture,takendirectly from theloadcurves).Usingmeasuredvaluesfor thetransmission
of thefilters androomtemperaturewindow (seeFigureI), this givesanefficiency of
19%for the feedoptics(i.e. the feedhornsandlenses)andthebolometeritself. The
efficiency of thefeedhornsis lesswell known thanthefilters. Usingapproximateval-
ues(seeTableI) for the feedhornandlenstransmissiongivesa valueof 50%for the
efficiency of the bolometeritself. The useof a corrugatedhorn at 100 mK should
significantlyimprovetheefficiency of thefeedoptics[21].

Suchmeasurementsundertwo differentopticalloadscanalsobeusedto calculate
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Figure12: Large-signaloptical responsereferredto absorbedpower, from measure-
mentswith 300 K and77 K load (filled circles),comparedto the predictionsof the
thermalmodel(solid lines)

the large-signaloptical response.Figure12 shows the responsewith respectto ab-
sorbedpower. This is obtainedby calculatingthe voltagedifferencebetweenpoints
at the samebiascurrentfrom eachpair of load curves. This is thendivided by the
differencein absorbedpower takendirectly from theloadcurvesasdescribedabove.
This is not equivalentto the small scaleresponsivity predictedin Figure9, because
thepowerdifferenceis too large.However, thethermalmodelfits to eachpairof load
curvescanbeusedto predictthe appropriateresponse- this is alsoshown in Figure
12.

4.3 Choppedoptical load tests

As well asmeasurementswith staticloads,thedetectorresponseis measuredusinga
chopperwhichswitchestheloadfrom roomtemperatureeccosorbto a reflective load.
In our tests,for variousstagetemperaturesandbiascurrents,the chopperfrequency
wasincreasedfrom 1.5Hz to 250Hz, while measuringtheresponsefrom thedetector
usingaphasesensitivedetectorlockedto thechopperfrequency.

The datacanbe extrapolatedto zerofrequency to obtainthe variationof DC re-
sponseasa functionof stagetemperatureandbias.Theseresultsareshown in Figure
13, andcomparedto theresponsivity predictedfrom the thermalmodel,for a 300K
opticalload.For thechoppedloads,themagnitudeof themodulatedpower is difficult
to calculate. The results,in arbitraryunits, have thereforeall beenmultiplied by a
commonnormalisationfactorto provide thebestagreementwith thetheoreticaldata.

17



Figure13: Optical responsereferredto absorbedpower, from measurementsusinga
choppedload(filled circles),comparedto opticalresponsivity predictedfrom thermal
modelfits to loadcurvesundera 300K load(solid lines). Theexperimentaldataare
normalisedto thetheoreticalvalues(seetext).

The resultsfrom the choppedload measurementsare also usedto calculatethe
detectortimeconstant.Theresultsof measurementsatvariousstagetemperaturesand
biasesareshown in Figure 14. Eachmeasurementcould be well representedby a
singletime constant.The resultsarewell within the designgoal of a time constant
under6 ms. The consistency of this dataset can be seenif the time constantsare
convertedto heatcapacity. This is obtainedby multiplying the time constantsby
theeffective thermalconductance(PaperI), andis shown in Figure15. The thermal
conductanceis takenfrom thethermalmodelresults,usingthefit to thedatain Figure
8. A power law fit to the heatcapacitydatagivesa valueof 0�� nSce;}|F��~ f � � � pJ K � � ,
usingdatafrom 120 mK upwards. This correspondsto a 100 mK valueof 0.21 pJ
K � � , comparedwith thedesignvalueof 0.2pJK � � . Sincetheheatcapacityis dueto
a mixtureof metallicandnon-metalliccomponents,a power-law coefficient between
1 and3 would beexpected.

The datafor bolometertemperaturesbelow 120 mK do not fall onto the fit line.
Again, this couldbedueto non-thermaleffectsin thebolometer.

5 Conclusions

We havedescribedmethodsfor testingandcharacterisingsemiconductorbolometers,
using the model presentedin PaperI. Resultsfrom a neutrontransmutationdoped
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Figure14: Bolometertime constantasa functionof bias,for differentstagetemper-
atures(light grey circle: 100 mK, cross: 110 mK, grey box: 120 mK, opencircle:
150mK, star:220mK)

Figure15: Bolometerheatcapacityasa function of bolometertemperature,with a
fit to thedataat 120mK andabove. Thepointswereobtainedat thefollowing stage
temperatures:light grey circle: 100 mK, cross: 110 mK, grey box: 120 mK, open
circle: 150mK, star:220mK.

19



(NTD) germaniumbolometer, aprototypefor thePlanckSurveyor mission,wereused
asillustration.

We have demonstratedthat with sucha bolometer, andsufficiently goodexperi-
mentalequipmentandprocedures,excellentagreementwith theidealbolometermodel
canbe achievedover a wide rangeof temperatures.With suchgoodagreement,the
behaviour of abolometercanthenbepredictedaccuratelyfor anarbitrarytemperature
andpower loadingusingjust thefour freeparametersin thebolometermodel.

While non ideal effects appearto be significantbelow 100 mK, the behaviour
of the PlanckHFI bolometerwas in excellentagreementwith the bolometermodel
at temperaturesof 100 mK and higher. The resultswere repeatableafter thermal
cycling. In addition,a secondbolometerwith the samedesignparametersshowed
nearlyidenticalproperties.Thepropertieswerea goodmatchto thedesigngoalsfor
thebolometers.
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