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Thermo reflectance bolometry
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An approachto bolometry has been developed.It is basedon the measurement®f optical
reflectivity change of a thin metal layer deposited on a transparent substrate. The reflectivity change
results from the temperature rise due to absorption of energetic particles or x rays. The sensor of the
bolometerhasno ohmic contactwith the measuringunit, making this methodwell suitedfor an
environment with strong electromagneticnoise interference. The technique was applied to
characterizea methodfor the generationof intenseelectronbeamsin a densegas. Very high
efficiency for the e-beamgeneration(up to 95%) was measured®© 2005 American Institute of

Physics.[DOI: 10.1063/1.1823655

I. INTRODUCTION

Thereexist threegroupsof bolometerswhich differ by
the temperaturdransducetypes.The bestknown and most
widely usedare the so-called“resistive” bolometersorigi-
nally developedby Langleyl in 1881,andthe “pyroelectric”
bolometersThese,correspondinglymakeuseof a tempera-
ture driven changein the electricresistivity or in the dielec-
tric constaniof the sensomaterial® The infrared bolometry
utilizes the infraredradiationof the sensingelementto mea-
sureits temperaturé.

All these techniques have some drawbacks. The resisti
and pyroelectricholometriesrely on contactmeasurements

of the electric resistanceor the dielectric constant,thus re-
quiring two electriccircuits: oneto drive the bolometerand

another one for readout. The presence of two cables acting
a ground/pickuploop resultsin additional electromagnetic

interference’. Moreover the measurementsf intensefluxes
of chargedparticlesare complicatedwith thesetechniques,
asan electric currentassociateavith the particle flux would
resultin falsereadings.The infrared bolometrysuffersfrom

of applicationssuch as studies of the band structuresof
semiconductofs or the measurementsf thermo physical
constantsf thin surfacefilms.” The only applicationof this
propertyin the gasdischargephysicswas donefor the esti-
mationof electrodetemperaturesvolutionduring startingup
of high-pressurearc Iamps*.3 However asfar aswe know it
hasneverbeenusedfor bolometry

The main purposeof the presentwork is to developa
bolometercapableof measurementsf electronbeamand
soft x ray energydirectly in a gas environment.Powerful
electronbeamsare generatedn an open barrier discharge

Veﬁectrongurf’ and other devicesbasedon an opendischarge

principle°** but the efficiency of thesedevicesis still un-
known, mainly due to the absenceof an appropriatemea-

surementechnique.
as

Il. BOLOMETER ELEMENT SELECTION
AND FABRICATION

A properbolometerdesignassumesa compromisebe-
tweenits sensitivity on the one handandits opacity for the

its poor sensitivityas it is necessary to measure the radiatiopsgiation to be measured on the otff@r several reasons we

flux produced by a mindin the order of 10 C) temperature
changeof the sensowith a small area(<1 cn¥) locatedat
substantialdistance(>>50 cm) from an infrared detector

A thermoreflectancébolometryproposecdby us doesnot

havechosenthin chromiumfilms as sensomaterialfor our
bolometers.The thermo reflectancespectrumof chromium
hasa wide peakat the wavelengthof ~1 xm.** This wave-
length regionideally coincideswith a maximal responseof

have these drawbacks. In the suggested approach a changg,isst Sj photodiodes. Alsoan incandescenhalogenlamp is

the optical reflectancecoefficientof a sensorelementresult-
ing from its temperaturechangeis measuredThus, it com-
bines the attractive featuresof resistive bolometry such as
high sensitivity with noncontactsensingspecificof infrared
bolometry Thesensitivityincreasds achieveddueto higher

to theimpactof highermagnitudeof a referencecurrentor a
voltagein resistivebolometry

a convenient illumination source in this spectral range. Chro-

mium is sufficiently a densematerial ,thusthe electronswith
the energyof ~20 keV can be stoppedin the films of sub-
micron thicknessesMeanwhile, the backscatteringenergy
coefficientof chromiumdoesnot exceed~0.2 thusthe cor-

heavier materialslike Ni, Cu, Au, etc. The technologyof
chromiumcoatingdepositionis very well developedasit is

The physical property of materials to change their reflecpften usedas an adhesionlayer for other metal coatings.

tancewith temperaturas well knowr® andhasa wide range
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Thusif onewantsto increasehe opacity of the bolometerin
order to measurethe radiation of higher energy it can be
easilydoneby depositingan extralayer of the materialthat
is denserthan chromiumon top of the original layer.

© 2005 American Institute of Physics
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FIG. 1. (Color online) Sketchof thermoreflectancebolometer

In our designa sensingelementof the bolometercon-
sistsof a thin (up to 1 um) chromiumfilm, which is 3 cm
wide and 3 cm long. To ensurea ruggeddesign,the film is

deposited onto a thick transparent substrate with low thermdihe data tabulated in Ref. 13 were used in these calculations.

conductivity such as Pyrex or Quartz. An electron beam
evaporatormodel BalzersBAK 600) is usedin the deposi-
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FIG. 2. Absorbedfraction of x raysasa function of photonenergy

energyflux with any bolometer The fractionalabsorptionof
X raysin a 1-um-thick chromiumfilm is shownin Fig. 2.

It is seenthat the spectralresponseof the elementis nearly
flat up to 1.2 keV. In this senseour bolometerdesigncould

tion process. Fairly reproducible properties of the evaporate@f Seenasan alternativeto resistivebolometersextensively

films as concernedwith the thermo reflectancecoefficient
andthe massthicknesswere obtainedwith the residualgas
pressureof 107" mbar and the depositionspeedof 5 A s™.
The specificelectric resistivity of the film was measuredo
be aboutten timesthe bulk materialresistivity.

The opacity of the bolometerfor the incident electron

usedto measurex rays generatedy high power Z pinches
andZ accelerators.The main advantagehowever will bea
substantiakeductionof electromagnetiénterference.

In orderto determinethe opacity of the bolometerfor x
raysit is sufficientto know the massabsorptioncoefficient.
To the contrary the estimationof the bolometeropacity in

beam or x rays is determined by its mass thickness. The md§§ caseof electronsis more complex. The energy of an

thicknessof the evaporatedfiims was measuredby direct
weighingof the substrateplate beforeandafter the evapora-
tion. SartoriusME215P balancaith anaccuracyof 2% was
usedfor thesemeasurement¥he measurementsf the film
thickness with the surface profilometerodel \éeco Dektak
8) confirmedthat the massdensityof the evaporatedilm is
equalto the massdensityof the bulk materialwith an accu-
racy betterthan5% for the film thicknesse®etweer0.5 and
1 pm.

A schematiadiagramof thermoreflectancebolometeris
sketchedin Fig. 1. X rays or energeticelectronsreachthe
metalfilm throughan openingin a protectingring. Thisring
serveshoth asa holderfor the sensorandasits groundcon-
nector The energeticparticlesor radiation are absorbedn
the bolometerfilm. As their energyis transferredinto heat
the film temperaturaises.The rate of this processs deter-
mined by the specificheatof the materialand the heatdif-
fusion into the substrateThe metal/substraténterfaceis il-
luminated with an external light source.The temperature
changealtersoptical reflectanceat the interfacethus modu-
lating the intensity of the reflectedlight. An appropriatefast
photodetectomeasureghe intensity of reflectedlight. The
interface temperatureas well as the incident power and/or
energyare determinedn this way.

IIl. BOLOMETER RESPONSE TO X RAYS
AND ELECTRON BEAMS

The high spectrallyflat opacityfor theincidentradiation
is the real concernfor reliable measurementsf incoming

incidentelectronbeamdissipatesn severalways.Partof the
electronss reflectedfrom the targetin a backscatteringpro-
cess,so their energywill not be measuredAnother part of
initial beam energy is transferredby electronsthat pass
throughthe metalfilm. This partis proportionalto the trans-
mittance coefficient multiplied by the averageenergy of

transmitted electrons. The rest of the incident beam energy is

absorbedn the metalfilm thusdefiningits opacity The ab-
sorbedfraction of the electronbeamenergyfor chromium
films with thicknesse®f 0.5and1 um is shownin Fig. 3.
The experimentalolata?‘*‘16 for copperwere recalculatedor
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FIG. 3. (Color online) Absorbedenergyfraction as a function of electron
energy 1-chromiumfilm, thickness0.5 um; 2-chromium film, thickness
1 pm.
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chromium thin films using semiempirical equations-’°
Here a small energyfraction reflectedfrom the supporting
glasssubstrateback into the metal film was neglectedasiit

constitutes~5% of the total transmittedenergy’

It is seenin Fig. 3 thatthe responsef the bolometeris
flat in the range of low electron energiesdefined by the
thicknessof the metal film. As the energyincreasedurther
the electronsstart to penetratethe film and the fraction of
absorbedenergydrops abruptly The maximum fraction of
the energyabsorbedn the film is lessthanunity dueto the
backscattereelectrons.

The power absorption in the metal film results in the rise . . .

of the temperatureat metal/substraténterface.There exists
an analytical relationshipbetweenthe temperaturechange
andthe absorbedpower This relationholdstrue evenin the
casewhenthe cooling of the metalfilm dueto heatabsorp-
tion in the substrateplays a dominantrole in the overall
energy balance.The absorbedpower P(t) dependson the
changeof the metal/substraténterface temperatureas fol-

lows (seethe Appendixfor detaily:

_ d )\gcgngt d_ 1
PO = Crpmh  TO+ /= Odédg(a\ =

= O
Here ¢y, pm Cg pg are the specific heat capacity and the
densityof the metalfilm andof the substraterespectivelyh
is the thickness of the film ang is the thermal conductivity
of the substrate One can clearly seethat it is preferableto
use substratesvith a small A4. In the oppositecasepower
lossdueto the heatdiffusion into the substrategxpressedby
the secondtermon the right sideof Eq. (1), shouldbe taken
into account. Thusit is sufficientto know the interfacetem-
peraturealonein orderto determinethe absorbedower
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FIG. 4. (Color online) Pulsesof the thermo reflectancesignal U, input
power Py, and calculatedpower P.

ductormaterial. A completsurveyof the photodiodesavail-
able on the market has lead us to choose an EG&G
FND100Q Si photodiode.lt featuresa large saturationcur-
rent (>10mA), an absenceof the delayedsecondaryre-
sponse at times longer than A® and a large aperture area of
2 mm in diameterAccording to recommendaticiithe pho-
todiodewas biasedat —50 V.

IV. CALIBRATION PROCEDURE AND THE PROOF
OF PRINCIPLE EXPERIMENTS

In order to make an absolute calibration of the device the
electrical pulse of known power and energy was absorbed by
the bolometer and the resulting thermo reflectance signal was
measured’ This was done simply by discharging a capacitor

The relationship between the temperature change and tf8&rgedup to a known potentialthroughthe bolometerfilm.

observedphotodioderesponses defined by the following
equation:

d

Td—tU(t) +U(t) = &T(1). (2
Here U(t) is the photodioderesponse,é=dR/RdT is the
thermoreflectancecoefficient,whereR in turn is the reflec-

tivity of the interfaceand 7 is the responsdime of the pho-
todiode.The photodioderesponsaés asfollows:

V(t) - VO

U = v
0

()

Here V() is the time dependenphotodiodesignalandV, is
the referencesignal.

Voltagedrop aswell as electric currentwere measuredand
theinput powerwascalculatedastheir product. Thisvay all
the constantsn Eqgs. (1) and (2) could be determined.The
resultof this calibrationprocedureas shownin Fig. 4. Input
power pulsesPiy, (t) producedby the capacitordischarge,
photodiodethermo reflectancesignal U(t) and power P(t)
derivedwith the useof Eqgs. (1) and(2) are presentedThe
bolometer with a 0.5¢m-thick chromium film on Pyrex sub-
stratewasused.The responsdime of the photodiodecircuit
usedin this experimentwas ~400 ns. One can clearly see
that besidesenergy measurementthis straightforwardand
robusttechniqueallows for power measurementgrovided
the photodiodecircuitry hasan adequatdinearity and tem-
poral resolution.

The thermoreflectancebolometerwasusedto get quan-

A proper choice of the photodiode is of great importancéitative dataon the performanceof a recentlyproposecelec-

for reliable operationof the thermo reflectancebolometer
The photodiodeshouldhave high quantumefficiencyin the
vicinity of 0.8 um, the wavelengthcorrespondingto the
maximumthermoreflectanceesponsef the chromiumthin
film. As the thermo reflectancecoefficient £ is very small
(~4x107), alargelevel of the referencesignal V, is man-

tron beamgeneratgrworking in a densegas. The electron
beamswith the currentdensityof ~60 A/cnm? andthe elec-
tron energyof ~10-20 keV were producedby an opendi-

electricbarrierdischargegeneratoirectly in a working gas
at pressureup to ~100 mbar® The main problemin the
evaluationof the energeticefficiency of the generatorarises

datory in order to get a measurable quantity of the differencieom the necessityto separatethe power inputs from the

V(t) -V,. Photodiodeesponseshouldbe linear, evenat high
referencecurrents Further the photodiodeoutputshouldnot
exhibit “long tails” associatedvith deeptrapsin a semicon-

electron beam itself and from the beam generating discharge.
The detailed description of the working principle of the elec-
tron beamgeneratoand experimentaktonditionsis givenin
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FIG. 5. (Color online) Bolometerresponseinderthe impactof the electron
beam.
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FIG. 6. Energyefficiency of the e-beamgeneratarWorking gasHe, pres-
sure10 mbar.

Ref. 9. For the sake of completeness we reproduce here sosfet noise. This ratio can be further improved by using a

essentialfeatures.The electronbeamis generatedwvhen a
barrierdischargebetweentwo electrodesoccurs.One of the

high-power illuminating source.An incandescentamp is
ideally suitedfor this purpose.

electrodes is made of a metal mesh while the other is covered

by a high ¢ dielectric. Wherthe dielectricsurfaceis charged

negativelyit actsasa cathode The electronsareaccelerated

in a thin layer of cathodefall regionandthenexpelledinto
the surroundinggasthroughthe grid anodethusforming the
electronbeam. The peak beam current density as high as
60 A cm 2 was measuredby the Faradaycup placed3 cm
apart from the grid anode at the charging voltag&\20The
discharge was produced in He gas at a pressuremba®in
this experiment.To evaluatethe energyefficacy of the elec-
tron beamproductionthe Faradaycup was replacedby the
bolometerwhile keeping other conditions similar. Typical
tracesof the bolometerresponsedakenat the chargingvolt-
age of 17 kV are shownin Fig. 5. The uppertrace corre-
spondsto the bolometermadeof chromiumthin film with a

thickness of Jum and the lower trace is measured with gold

film bolometerwith the thicknessof lessthan0.1 um. The
negativesign of the latter is due to negativethermoreflec-
tance coefficient of gold in spectral range used for
illumination?* This exampleshowsthatthe observedsignals
areindeedof thermalnatureandarenot the resultof illumi-

nation from the electron beam excited plasma or the pressure

shockwave producedby the discharge The dependencef
the energyefficiencyof the electronbeamproductionon the
chargingvoltageextractedfrom the similar datais shownin
Fig. 6. Theextremelyhigh efficiencyof the dielectricbarrier
dischargebasedgeneratoiis clearly seen.

While other known techniquedailed in theseharshex-
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APPENDIX

The temperaturdields in a metallayer anda glasssub-
strateare describedby the setof equations

T (X, 1) N FTr(X,t)

CrPrm p = P +Q(x,t), 0<x<h, (A1)
gpg&T‘th’t) = xgazT;’)(:z(’t) .~ <x<0. (A2)
The boundaryconditionsare as follows:
)\m(ﬂ_r;—(:’t) =Wg(h,t), )\m(ﬂ_m—(o’t)
= )\gﬂ;;—’ﬂ, Tn(0,) =T4(0,1). (A3)

Herethe x axisis perpendiculato the surfaceof metaland
Cm» Pm»Am: Cg» Py, Ng are the specificheatcapacity the mass
density and the thermal conductivity of the metal and the

perimental conditions the thermo reflectance bolometer denglass, respectively Two possible heat sourceshave been

onstratedexcellentperformance high robustnessand dura-
bility.

To summarize the advantage®f thermoreflectancéo-
lometry areasfollows: Thisis a broadbandobusttechnique
that measuresabsolutefluxes of energeticparticles and/or
electromagneticadiationrangingfrom microwaveso soft x
rays.

Noncontactremote sensingeliminatesthe problemsof
electromagnetidnterference.The methodis fast (response
time up to ~10 ns could be easilyachieved.

taken into account. The first or@(x,t), is due to the energy
lost inside the metal layer of thicknessh by energeticpar-
ticles or x rays. The secondsourceWg(h,t) is due to the
possibleenergy exchangebetweenthe metal layer and the
surroundingenvironment.

The correctnesshe one-dimensionahnalysis(A1)—<A3)
of the heattransferprocessis justified by the fact that the
distancel a thermal wave has to pass during typical electron
beamgenerationprocesstime is much smallerthan the di-
ameterof the bolometer One can estimateL at t=10 us

The signal to noise ratio is determined by the photodiodgypical for our experimentakconditions(seeFig. 4). Taking
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L= (\n7/Crpm ™2 (A4)

and substitutingthe datafor chromiumc,,=0.452Jg* K™,

Am=0.94W cmt K™, p.=7.2 g cninto Eq.(A4) one gets

L~17 um. This lengthis muchsmallerthat the diameterof
the bolometersensorseeFig. 1.). Thisjustifiesour approxi-
mation.
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a0 d(to’t) =- xg—g—ﬁdii"t) +P(D). (A7)

This problemis solvedin a closedform by the methodof

Laplacetransform® It leadsto Eq. (1).

Further analysis can be simplified by taking into account g Langley, Science2, 11 (1881,

high value of thermalconductivityin metals\,, aswell asa
small thickness of the metal film. Typical time 7
=Com?/ N\~ 8 ns is neededfor the temperaturewave to
pass through the metal. Thus the temperaturedifference
acrosghe metalfilm canbe consideredasa negligibly small
for the time intervals longer than ~10 ns. The two basic
equations(Al) and (A2) can be effectively reducedto one
equationnow. This is doneby integratingthe first Eq. (Al)
over x from 0 to h. Consequentlythe temperaturedistribu-
tion overthe metalfilm is averagedFurther we assumehat
it is equalto the interfacetemperatureWe introducetotal
powerflux accordingto the following formula:

h
P(t) = Wy(t) + f (x,t)dx. (A5)
0

As a resulta complex problem (A1)—(A3) is reducedto a
simplified one

ITgx, D) _ \ PTyx,1)

C -0 < x<0.
9Py it 9 2

(A6)

The respectiveboundaryconditionis now asfollows:
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