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Viewingthe surface of objectssubjectedto highheat fluxeswith an infraredcamera or infrared

sensorhasproved to be a very effectivemethodfor monitoringthe magnitudeand distributionof surface

temperatureson the object. This approachhas been quiteusefulin studiesof cooling siliconcrystals in

monochromatorssubjectto highheat loads. The main drawbackto this methodis that singlecrystalsof

siliconare partiallytransparentto the infraredradiation monitoredin mostinfraredcameras. This means

that the infraredradiationemittedfrom the surfacecontainsa componentthat comes fromthe interiorof

the crystaland that the intensityof the emittedradiationandthusthe apparent temperatureof the surface

of the crystaldependson thethicknessof thecrystaland thekind of coatingon the back(and/orthe front)

ofthe crystal. The apparenttemperatureof the crystal increasesasthe crystalis made thicker. A seriesof

experiments were performed at Argonne National Laboratory to calibrate the apparent surface

temperatureof the crystal as measuredwithan infraredcamera as a functionof the crystalthicknessand

the type of coating (if any) on the back side of the crystal. A good reflectingsurfaceon the backside of

the crystalincreasesthe apparenttemperatureof the crystalandsimulatesthe responseof a crystal twice

the thickness. These measurementsmake it possibleto interpretthe infraredsignalsfromcooledsilicon

crystals used in past high heat load experiments. A numberof examples are given for data taken in

synchrotronexperimentswith highintensityx-ray beams.
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INTRODUCTION

The very high intensity x-ray beams that will be present at the Advanced Photon Source and

other third generationsynchrotronsourceswill requirethat the firstopticalelement in the beamlineand,

possibly, the second optical element as well, be cooled to remove the heat deposited by the x-ray

beam.1-3 In manyof the beamlinesthisheat willbe in the I to 5 kW range,4 and any failureof the cooling

systemwill require a quick response from safety controlcircuitsto shutoff the beam before damage is

done to the opticalelement. In many cases, this firstop_calelement will be a silicondiffractioncrystal.

Viewing the surfaceof objectssubjectedto highheat fluxeswith an infraredcamera or infraredsensorhas

proved to be a very effective method for monitoring the magnitude and distribution of surface

temperatures on the object.1,3 This approachhas been quite usefulin studiesof coolingsiliconcrystals

in monochromatorssubjectto highheat loads. The maindrawbackto this method is that singlecrystalsof

siliconare partiallytransparent to the infrared radiationmonitored in most infrared cameras. This means

that the infrared radiationemitted fromthe surfaceco_tains a componentthat comes from the interiorof

the crystaland that the intensityof the emittedradiationand thusthe apparenttemperatureof the surface

of the crystaldepends onthe thicknessof the crystaland the kindof coating on the back (and/orthe front)

of thecrystal. The apparenttemperatureof the crystal increasesas the crystalis made thicker.

A seriesof experimentswere performedat ArgonneNational Laboratoryto calibratethe apparent

surface temperature of the crystal as measured with an infrared camera as a function of the crystal

thicknessand the type of coating (if any) onthe back sideof the crystal. A good reflectingsurface on the

backside of the crystalincreasesthe apparent temperatureof the crystal and simulatesthe responseof a

crystal twicethe thickness. These measurementsmake it possibleto interpret the infrared signalsfrom

cooledsiliconcrystalsused inpast highheat load experiments. This work has allowedone to go backand

correctdata taken in synchrotronexperimentswith highintensityx-raybeams and obtainbettervaluesfor

the temperatureof the siliconcrystalswhen experiencing highheat loads.

EXPERIMENTAL SETUP

Figure 1 showsthe experimentalsetup. An infrared (IR) camera was used to viewa largesingle

crystal of siliconthat was shaped intoverticalsectionsof differentthickness(see figure 2) so that the IR

camera viewed sixdifferentthicknessesof siliconat the same time. The temperatureof the siliconcrystal
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was controlledwith resistive heaters on the top and bottom of the siliconcrystal. The heaters were

shieldedfrom the viewof the IR camera. The apparenttemperatureof eachthicknessof siliconcrystal

was recordedas a functionof the actual temperatureof the siliconcrystalas measuredwith two thermal

couplesmountedon the cr_'stal.The apparent temperaturesof the different thicknessesof siliconwere

compared to the background (room) temperature as measured with the IR camel, .. Each section of

differentthicknessappeared to be uniformin apparenttemperatureas seen withthe IR camera and the

wholecrystalwas uniformin real temperatureto withina degree as measured withthe thermal couples.

The the_uples were read to the nearest 0.1 °C. One thermoc0uplewas keptfixed near the centerof

the crystal. The othercrystalwas movedaroundon boththe frontand back of the crystalto checkon the

unHormityof the crystaltemperature. The apparent temperatureswere recordedby the infraredcamera as

a finetrace of the temperatureof the crystalinthe horizontaldirection.The apparent temperaturereadings

were recordedt_ the nearest 0.1 °C. The data was taken from an average of 16 individualframes as

recordedwiththe IRcamera.

INFRARED MEASUREMENTS

The difference between the apparent silicon temperaturesand the backgroundtemperaturefrom the IR

camera are plotted infigure3 as a functionof the thicknessof the silicon. The dashedline infigure3 isthe

actual temperaturedifferencebetween the siliconcrystaland the backgroundtemperature. The apparent

temperatureincreasesrapidlyat firstand then slowlyapproachesan equilibriumvalue near 80 percentof

the real temperature difference of 27.8°C The IR camera was set to assumethatthe objectbeing viewed

hadan emissivityof 1.0. The equilibriumvalue of 80 percent is closeto thetransmissioncoefficientof the

silicon-airinterface.

One cancalculate,to firstorder,the observedIR effective temperatureby calculatingthe intensity

of the radiationescapingfrom the surface relativeto the IR radiationgeneratedin the crystal.4 Some of

the variouskindsof sequences of eventsover which one would have to integrateto obtainthis average

are showninfigure4 fora simpleslabof silicon If the absorptionof the infraredradiationis quitelow,as it is

in silicon,then the photonscan be reflected manytimesas they bounce back and forthbetween the front

and backsurface,of the crystal. The general form of the equationfor the radiationthat escapes from the

crystalisgivenby:
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I (Out)= IOTO(1-R) [ 1 + T 2 R2 +T4 R4 +T6 R6 + .... ] (1)

where Io is the initialflux, To is transmissionfractionor one minusthe absorptionof the radiationas it

travelsfromthe originof the radiationtothe firstsurfacethat it encounters,T isthe transmissionfractionas

the radiationtravelsfromone sudace to the next, and R is the reflectioncoefficientat the surface.4 It the

two absorptionterms,To andT, are so low thatthey can be ignored,then equation (1) becomes

I (out)=IO (l-R) [ 1 + R2 + R4 + R6 + .... ] (2)

The reflectioncoefficientatthesewavelengthsis approximately0.3. Substitutingthisvalue in

equation (2) we have

I (out)= Io (0.7) [ 1 + 0.09 + 0.0081 + 0.00073 + ...] = 0.769 1o. (3)

If 10 percentof the radiationwere to be absorbedon each passthroughthe crystal,

T = 0.9 andTo = 0.95, thenthe value of I (out) wouldbe slightlylower,

I (out)= Io (0.95) (0.7) [ 1 + 0.073 + 0.0053 + 0.00039 ] = 0.717 1o. (4)

This value comes quite close to the calibrationvalue of 0.76 obtained witha 1.54-cm thick siliconcrystal

(see figure 3). To the first approximation,the effective emissivityof a thick crystal is equal to the

transmissioncoefficientat the surfaceor (l-R).

Muchwork has been done at Argonneon the coolingof the firstdiffractioncrystalin a two-crystal

monochromatorwith liquidgallium. The gallium flows throughchannels just below the surface of the

diffractioncrystal. Thus, in orderto interpretthe data from thistype of crystal,one needed to know what

effect the layer of liquidgalliumbelowthe siliconwould have on the apparent temperatureof the silicon

c_,stal: In a secondexpedment,part of the backside of each step of the siliconcrystalwas coated with

liquidgallium. Two apparenttemperatureswere recorded for each thicknessof the siliconcrystal. The
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temperature differences between these two sets of apparent temperatures and the background

temperatureare plottedinfigure5. The filledcirclesare the temperaturedifferencesforthe case inwhich

there is no galliumcoatingon the backsurface of the silicon and the open squaresare the temperature

differencesforthe case inwhich there is a coating of liquidgalliumonthe backsurfaceof the silicon, The

real temperaturedifference between the silicon crystal and the backgroundreference temperaturewas

19.4 °C for this expedment. The temperaturedifferencesfor the gallium-coatedcase are systematically

higher that the correspondingnon-coated case. The apparent temperature differences from the IR

camera for the gallium-coatedcase are similarto the apparenttemperaturedifferencesobservedfor an

uncoatedsiliconcrystal2.5 to 3 timesas thick.

The presenceof channelsfilledwithgalliumwillcomplicatethisanalysisto somedegree.5 Figure

6 illustratesthiscomplication.Inpractice,the galliumacts likea metallic,highlyreflectivesurfaceand looks

very similarto the sources near it. The reflectionof the infraredradiationoff the top of the galliumfilled

channelwith raisethe apparenttemperatureof thisarea as seenbythe infraredcamera. The ribsbetween

the slots act like radiationtraps in that the walls are coated with galliumand thus are highly reflecting,

channelingthe radiationdown to the bottomof the dbo The bottom is coated with a layer of dye-attach

paste that is a good radiator. This radiationplus the radiationfrom the siliconin the ribthat is radiated

upwardwillbe reflectedby the galliumat thewalls of the riband act as an additionalsourceof IR radiation

for the ribarea. Figure 7 showsa linescanof the apparenttemperatureover a slottedcrystalwithgallium

flowing inthe slots, similarin geometry to the one shown in figure6. The line scanwas perpendicularto

the directionof the slots. The slotswere 0.80-0.90 mmwide and 3.4-3.3 mm deep. The ribs were 0.70-

0.60 mm thick and the crystal thicknessabove the slotswas 0.65-0.75 mm. The maximumvariationin

apparent temperaturefrom slot area to ribarea is 2.8°C. The maximumcome over the ribs where the

apparenttemperature is close to the apparenttemperature of the unslottedcrystal area. The minimums

come overthe galliumfilledslots. Thus the contributionfrom the ribs isgreaterthan the contributionfrom

the reflectionof the IR radiationfromthe reflectionoff the tops of the galliumfilledslots. These data were

takenwitha Inframetrics725 camerawiththe assumedemissivityset equalto unity.
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Figure Captions:

1. Schematicdrawingof experimentalsetup. The siliconcrystal is viewedfromthe commonsurfaceside

for allthe different thicknesses.

2. Cross sectionof the siliconcrystal used in the temperaturemeasurements. The crystalwas viewed

fromthe commonface (bottomsideinthisfigure)withthe IR camera. The liquidgalliumwas placedon part

of the surfaceof the steppedsideof the siliconcrystal.

3. The temperaturedifferencebetween the roombackgroundtemperatureand the apparenttemperature

of the siliconas measuredbythe infraredcamera, AT, in centigrade, is plottedversesthe thicknessof the

siliconcrystal. The camera assumedan emissivity= 1.0 initscalculationof the apparenttemperature. The

actualtemperaturedifference between the siliconcrystaland backgroundroomtemperaturewas 27.8°C.

4. Radiationfroma uniformplatethat is partiallytransparentto infraredradiation.
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5. The temperaturedifferencebetween backgroundroom temperatureand the apparenttemperatureof

the siliconcrystalas measuredby the IR camera, AT, in centigrade, is plottedversesthe thicknessof the

siliconcrystal. The filled circlesare data for the case in which there is no coatingon the back (stepped

side)of the siliconcwstal. The opensquaresare data forthe case inwhichthere is a liquidgalliumcoating

on the back(steppedside) ofthe siliconcrystal. The camera assumedan emissivity= 1.0 in itscalculation

of the apparent temperature. The actual temperature difference between the silicon crystal and

backgroundroomtemperaturewas 19.4°C. Twosetsof data are shown.

6. A linescanof the apparenttemperatureof a slottedcrystaltakenwith the infraredcamera perpendicular

to the slotdirection. The slots were 0.80-0.90 mm wide and 3.4-3.3 mmdeep. The ribswere 0.70-0.60

mmthickand the crystalthicknessabovethe slotswas 0.65-0.75 mm.

7. Temperature profile perpendicularto cooling channels in the silicon crystal shown in figure 6 with

galliumflowing inthe slots. Onlythe slottedportionofthe crystalis shown.
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CROSS SECTION OF THE SILICON CRYSTAL
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