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ABSTRACT

A multi-Comptongamma-raytelescopebasedonhighresolutionsemiconductormaterials(SemiconductorMulti-Compton
Telescope(SMCT) or AdvancedComptonTelescope(ACT)) is a promisingapproachto achieve high sensitivity for
gamma-rayswith energies from several hundredkeV up to several MeV. A SMCT utilizing several tensof layersof
thin CdTe (CadmiumTelluride)detectoris anattractive conceptto obtainhigherdetectionefficiency in comparisonwith
Si-basedSMCT. Recentlywe have developedhigh energy-resolutionCdTe diodedetectors.A large-areadetectorwith
dimensionsof 2.15 9 2.15cm: with a thicknessof 0.5mm shows anenergy resolutionof betterthan3 keV (FWHM) at
60 keV. In orderto extendthe applicationof CdTe diodesto the detectionof MeV gamma-rays,we have constructeda
stackeddetectorconsistingof 40 layersof largeCdTe diodes.Herewe reporttherecentprogresson thehigh-resolution
CdTe diodeanddescribethe conceptualdesignof new Multi-ComptonGamma-raytelescopesbasedon Monte Carlo
simulation.An ideaof activepair productiontelescopeis briefly described.
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1. INTRODUCTION

ThehardX-ray andgamma-raybandsareimportantwindows for exploring theenergeticuniverse.It is in theseenergy
bandsthatnon-thermalemission,mostlydueto acceleratedhigh energy particles,becomesdominant.In fact,theresults
from therecentX-ray observatoriesshowedthatsensitive observationsin thesehigh energy bandsarenecessaryto con-
strainthe continuumspectraof many classesof X-ray sources.However, the lack of sensitive instrumentspreventsus
from furtherstudyingthenon-thermalspectra.Thesituationis muchworsein thehardX-ray andMeV gamma-raybands,
wherethereductionof backgroundis difficult. The ;�<8=8> satelliterevealedthatavarietyof gamma-raysourcesexist in
thesky andthe improvedangularandspectralresolutionby the ?A@�BDCE<8=�F G satellitewill bea goodadvance,but the
sensitivity of instrumentsis far from the level achievedby thecurrentX-ray missionsemploying focusingtelescopesin
theenergy bandbelow 10 keV.

In order to fully explore the dynamicuniverse,hardX-ray andgamma-rayinstrumentsin the 21stcenturyshould
provide muchimprovedsensitivity for bothpoint andextendedsourcesover theinstrumentsin usetoday.H Towardthis
goal,we areworking on researchanddevelopmentof thenext generationgamma-raydetectorbasedon high resolution
Si andCdTe imagingdevices.: Herewe focuson an applicationof CdTe detector. Our work for Si strip detectorsis
reportedelsewherein this proceedings.I

2. HIGH RESOLUTION CDTE DIODE DETECTOR

Thehigh absorptionof cadmiumtelluride(CdTe) or cadmiumzinc telluride(CdZnTe),comparablewith thatof NaI and
CsI, is a very attractive featurefor the next generationof gamma-raydetectors.J As shown in Fig. 2, photoelectric
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Figure 1. Linearattenuationcoefficientsin CdTe andSi asa functionof photonenergy. Theintensityof photonscanbeexpressedasK LMKON#PRQTSVUXWZY\[#]
, where

[
is thepathlengthin cm.

absorptionis themainprocessup to 300keV for thesematerials,ascomparedto 60 keV for Si. Therefore,it is expected
that CdTe andCdZnTe becomeefficient when the gamma-rayenergy exceedsseveral hundredkeV. However, despite
long-termefforts for their improvement,it is only recentlythathigh resolutionCdTe andCdZnTe detectors,with energy
resolutionbetterthana few keV (FWHM), have becomeavailable.This wasdueto incompletechargecollectioncaused
by thelow mobility andshortlifetime of holes,astheenergy resolutiondoesnot reachthetheoreticallimit expectedfrom
statisticalfluctuationsin thenumberof electron-holepairs,andtheFanofactor.

Recently, we have achieveda significantimprovementin thespectralpropertiesof CdTe detectors.^`_Oa By adopting
theSchottky junction,thevery low leakagecurrentof theCdTe diodedetectorenablesusto applya high electricfield to
ensurecompletechargecollectionin relatively thin ( b 1mm) devices.Dramaticimprovementin bothspectralresolution
and stability can be obtainedfrom a detectorwith a thicknessof 0.5 c 1.0 mm operatedat low temperature.d As
demonstratedin Fig. 2, an energy resolutionof 530 eV (FWHM) for the 14 keV line from egfih Am is obtainedfrom a
detectorwith anareaof 2 mm j 2 mm anda thicknessof 1 mm,operatedat c 25 k C . Theappliedbiasvoltageis 300V
andtheresultantleakagecurrentwas4 pA. Undertheseconditions,thedetectorshowedthesamespectralperformance
for morethan24 hours. Anotherimportantreasonfor adoptingthin devicesis thatwe canapplysufficient biasvoltage
to collectall chargesproducedin thedetector. Whenwe increasethethicknessof theCdTe/CdZnTe detectorto improve
theefficiency for high energy gamma-rays,theeffectsof incompletechargecollectionbecomesignificantandleadto the
increaseof in-active region in thedetectorvolume,especiallyfor theregion closeto theanode.The0.5 mm thick CdTe
diodebecomesfully active,andevenholesgeneratedneartheanodefacecanbecompletelycollected.

3. LARGE AREA CDTE DETECTOR FOR A STACKED DETECTOR

For the applicationof CdTe semiconductorsto a multi-Comptontelescope,we needan imaging detectorcapableof
coveringat leastseveralcme . In orderto verify theperformanceof sucha largeCdTe diodedetector, we have developed
a detectorwith anareaof 21.5 j 21.5mme usingthe0.5mm thick deviceusinga simpleplanarelectrodeconfiguration.
Generally, the homogeneityof thewafer is of particularimportancefor imagingdetectors,becausedefectsin the wafer
candeterioratethe energy resolutionthroughpositionalvariationof propertiessuchaschargecollectionefficiency and
leakagecurrent.As reportedin ourpreviouspublications,dOlnm thelocationof thepeakin thepulsehightdistributionagrees
within 0.1%in the whole detectorplane,whenan eofih Am gamma-raysourceirradiatesthe detectorthrougha tungsten
collimatorwith a 1mm-hole.Theenergy resolutions(FWHM) arealmostidenticalandrangefrom 2.71keV to 2.78keV,
whenoperatedat c 20 k C andundera biasvoltageof 300V. Theenergy resolutionof 2.73keV wasobtainedwhenwe
irradiatedthewholeareaof thedetectorwithout usinga collimator. This resolutionimprovesby dividing theelectrodeto
lower thecapacitanceof theindividualdetectorelement.By dividing the21.5 j 21.5mme electrodeinto four, theenergy



Figure 2. pXqRr Am spectraobtainedwith theSchottky CdTe diode.s Theappliedbiasvoltageis 300V andtheoperatingtemperatureistvuxw-y C . Theenergy resolution(FWHM) at 14 keV and59 keV is 530eV and810eV, respectively. Thedetectorhasa surfacesize
of 2 mm z 2 mm anda thicknessof 1.0mm. Thesignalis integratedby a ChargeSensitive Amplifier (CP-5109by ClearPulse)and
shapedby anORTEC571with thetime constantof 3 { s. No risetime discriminationor pulseheightcorrectiontechniquewasused.

resolutionimprovedto 1.8keV.| For a smallersizeof thepixel, theenergy resolutionis expectedto beimproved,if we
cancombinelow noiseASICsfor thereadout.

In orderto extendthe applicationof CdTe diodesto the detectionof MeV gamma-rays,we proposedthe ideaof a
stackeddetector, in whichseveralthin andlargeCdTediodesarestackedtogetherandoperatedasasingledetector.}O~��`�i~��o�
Figure3 showsa stackeddetectorconsistingof 40 layersof CdTediodeseachwith anareaof 21.5mm � 21.5mm anda
thicknessof 0.5mm. Thegapof only 0.7mm hasbeenachievedby utilizing 0.5mm thick ceramicsheetfor thedetector
housing.Thetotal volumeof thestackeddetectoramountsto 9.2cm� , which providesanefficiency of 20 % at 500keV
and7 % at 1 MeV. In our stackeddetector, thesignalfrom eachlayer is processedindependentlyby usinganindividual
analogchain.Thegamma-rayspectrumfrom thedetectoris obtainedby summingthespectrafrom all layerswhichrecord
pulseheightsabovea certainthreshold.With this approach,theenergy resolutioncouldbekeptat thesamelevel asthat
of asinglelayer. Althoughthereis still roomfor improvementsfor theprototypedetector, weobtainanenergy resolution
of 1.6–1.7% (FWHM) for thetwo peaksof 1.17MeV and1.33MeV in theenergy spectrumof gamma-raysfrom �o� Co.
Theadvantageoverconventionalscintllationcountersis demonstratedin Fig. 4 (right) in which gamma-raylinesup to 6
MeV from neutroncapturesin NaandCl areshown.

Thestackconfigurationandindividualreadoutprovideinformationsof theinteractiondepth.Thisdepthinformationis
veryusefulto reducethebackgroundin spaceapplications,becausewecanexpectthatlow energygamma-raysinteractin
theupperlayersand,therefore,wecanrejectlow energy eventsdetectedin lower layers.Moreover, sincethebackground
rateis proportionalto the detectorvolume,low energy eventscollectedfrom thefirst few layersin thestackeddetector
have a high signal to backgroundratio, in comparisonwith eventsobtainedfrom a monolithic detectorwith the same
thicknessasthesumof all layers.

As discussedlater, good positionalresolutionis of greatimportanceto realizethe SMCT, in addition to the high
energy resolution.Therefore,we have developedprototypepixel detectorswith an arrayof 20 � 20 pixelsusinga 15 �
15 mm� CdTe diode�g� and32 � 32 pixel detector�g� with pixel sizeof 200� 200 � m. Thetechnologyfor gold-studbump
bondingsuitablefor CdTe/CdZnTesemiconductorhasbeendevelopedandusedto connecteachpixel to thefanoutboard
consistingof bumppadsandpatternsto routethesignalfrom thepador theASIC itself.�`�

4. APPLICATIONS OF COMPTON SCATTERING

The sensitivity of observationswith hard X-ray and gamma-raydetectorsare limited by the backgroundrate. The
phoswichconfigurationand the narrow field of view obtainedby a tight active “well-type” shield developedfor the



Figure 3. The40 layerCdTe stackeddetectorandoneof thelayersfrom thestackeddetector.���

Figure 4. Spectrumof ��� Co obtainedwith the stacked detector. The energy resolutionsat 1.17 MeV and 1.33 MeV are 19 keV
(FWHM) and21 keV (FWHM), respectively. The operatingtemperatureis 0 � C (left). Spectrumof neutroncapturegamma-rays
(right). Neutronsfrom ����� Cf aresloweddown by polyethyleneandinjectedto NaCl. Thepeaksof 6.1 MeV, 5.6 MeV and5.1 MeV
correspondto gamma-raysfrom neutroncapturesin Cl nuclei,togetherwith singleanddouble511keV escapes.Thepeaksof 559keV
and2.2MeV correspondto gamma-rayproducedby neutroncapturesof CdandH, respectively.���



Figure 5. Theconceptualdesignof thenext generationwell-typegamma-raydetectorutilizing Comptonkinematics.Compoundeye
configurationsimilar to theHXD-II detectoron Astro-E2mission(left). A combinationof stackscomposedof CdTe imagingdevices
areburiedin thedeepBGOwell (right).

Astro-E2HardX-ray Detector(HXD-II) is thesolutionto achieve a very low backgroundratein theenergy rangeup to
severalhundredkeV.�`� In orderto furtherreducethebackground,we have proposeda new detectorbasedon a stackof
thin CdTepixel or stripdevicesin thewell-typeactiveshield.� Thekey conceptis therequirementof Comptonkinemat-
ics for eventswhich interacttwice (onceby Comptonscatteringandthe othertime by photo-absorption)in the stacked
detector. In the well-type configuration,the detectionpart is surroundedin almostall directionsby the active shield.
Therefore,backgroundphotonswhichdepositsomeof their energy in theshieldthroughCompton-scatteringarerejected
efficiently. In this low backgroundenvironment,we furtherrequirethatgamma-raysshouldcomefrom thenarrow FOV
of thewell-typecollimatoranddonotescapefrom theCdTepart.By usingtheinformationof interactionposition,wecan
constraintheenergy of thetwo gamma-rayinteractionsfrom theformulaof Comptonscattering.If theenergy recorded
in thedetectordoesnot matchthis prediction,we canregardthemasbackground.

Above 100keV, thin CdTe layerscanactbothasscattererandabsorber. Fig. 6 shows thesimulatedpeakefficiency
of the twenty four layersof 2.2 � 2.2 cm� CdTe detectorwith a thicknessof 0.5 mm. In the simulation,gamma-rays
areinjecteduniformly on the surfaceof the top layer. The total efficiency, includingsinglephoto-absorption,is almost
thesameasthatof the5 mm thick GSOscintillatorusedin theHXD-II. Thefractionof Comptonevents,which undergo
singleComptonscatteringandsubsequentphoto-absorptionis � 12% at200keV and � 5%at500keV. If wesuccessfully
constrainthekinematicsfor theseevents,wecanreducethebackground,dueto shieldleakageandactivities,andobtainan
eventsetwith very high signal-to-backgroundratio. It shouldbenotedthatwe canalsomeasurepolarizationof incident
gamma-raysfrom theazimuthaldistributionof Comptonscatteredphotons.

5. NEXT GENERATION COMPTON TELESCOPE

As gamma-rayenergy increasesto the MeV region, the detectionbecomesvery difficult. By utilizing the technique
of the Comptontelescope,the �8�8�����D�E� instrumenton-boardthe ���8��� satellitehasachieved pioneeringresults
in this energy region. A conceptcalled the Multiple ComptonMethod, which was originally proposedby Kamaeet
al. (1987),is very attractive. The ideaof usingsilicon strip detectorsstimulatednew proposalsfor the next generation
Comptontelescope.�g�O���g  In this technique,astackof many thin scatterersis usedto recordtheComptonscatterings.The
orderof the interactionsequences,hencethe correctenergy anddirectionof the incidentphoton,canbe reconstructed
by examinationof the energy-momentumconservation for all possiblesequences.This techniqueis very powerful to



Figure 6. Peakdetectionefficiency of the 24-layersCdTe stackdetectorcalculatedby Monte Carlo simulationfor all interactions
(filled circle) andfor eventswhich interactstwice (onceComptonscatteringandthe other time by photo-absorption)(opencircle).
Dimensionsof eachCdTe layerare22 ¡ 22 ¡ 0.5mm¢ . Gamma-raysareinjecteduniformly on thesurfaceof thetop layer.

suppressbackground.Figure7 illustratesa casewith two Comptonscatteringsandonephotoelectricabsorptionin the
detector. In this situation,bothscatteringangle£�¤ andand £�¥ canbeobtainedfrom therecoil electronenergiesas
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while £�¥ canalsobereconstructedfrom thehit positionsof thethreeinteractions.This over-constraintprovidesstringent
backgroundsuppressionthat is crucial to observe faint or diffusegamma-raysources.Another importantpoint of this
methodis that,if theincidentgamma-raysundergoat leastthefirst threeor four Comptonscatteringswhicharesufficient
to reconstructthecorrectorder, gamma-raysdo not needto befully absorbedby thedetectorandareallowedto escape.

Weareworkingonthestudyof theoptimumconfigurationof thegeometryto beusedin theMulti Comptontelescope
basedonhighresolutionSi and/orCdTeimagingdevices.Dependingontheenergyof interest,thenumberof Si andCdTe
layersandtheirratioshouldbechosen.Fig.8 showsthepeakdetectionefficiency of eventswhichundergomulti Compton
scatteringandfinal photoabsorptionin a80 layerdetector. Theefficiency for thedifferentnumbersof Si andCdTelayers
areshown asa functionof photonenergy. Thedimensionsof thedetectorare25 cm º 25 cm andthethicknessof each
layeris 0.5mm. Gamma-raysareinjectedto thecenterof thetop layer.

As clearlyseenin Fig. 8, therole of theCdTe layer is importantto obtainhigh detectionefficiency for eventswhich
includefinal photoabsorption.Replacementwith Si layersfor upperhalf 40 layersis effective to improve theefficiency
for gamma-rayswith the energy below 200keV. If we surroundthe layerpart by a block of absorbermadeof CdTe or
heavy scintillators, thenlayersof only Si couldmaximizethescatteringprobability.

6. ACTIVE PAIR PRODUCTION TELESCOPE

In the energy region above 10 MeV, pair productionbecomesthe dominantprocess(seeFig. 1). A stackof thin CdTe
pixel or strip detectorshasthe potentialto realizea new detectorconcept,an “active pair-productiontelescope”.CdTe
hasa radiationlengthof 1.52cm. A thicknessof 0.5mm of CdTe layercorrespondsto 0.03r.l, which is almostsameas
the thicknessof Tantalor Tungustensheetusedin theEGRETor LAT detectors.If we prepare80 layersof CdTe with
a thicknessof 0.5 mm, we will have 2.6 r.l in total. Sinceeachlayeractsbothasa converteranda tracker, thedetector
is very efficient at detectingpair-productionevents,especiallyfor energiesbelow 100 MeV, whereenergy information
would be lost in passive materialin the conventionalpair-productiontelescopeswhich usedthe passive materialasa



Figure 7. Conceptof multi Comptontechnique.

Figure 8. Simulatedpeakdetectionefficiency for eventswhichinteractmorethantwicein thedetectorvolume(morethanoneCompton
scatteringandfinal photo-absorption).Thedetectorconsistsof 80 layersof thin Si or CdTe detector. Theresultsareshown for CdTe
layersonly (filled circle),Si layersonly (filled rectangular)andmixture(opencircle). Dimensionsof eachlayerare25 » 25cm¼ with
a thicknessof 0.5mm¼ . Gamma-raysareinjectedat thecenterof thetop layer.



converter. High atomicnumberof CdTeprovidesthecoversionprobabilityof 59% at20MeV and71% at50MeV in the
80 layersCdTe telescopewhosetotal thicknessis 40 mm. Sincehigh positionalresolutioncanbeeasilyachievedby Si
stripdetectors,interleaving Si stripdetectorsbetweenCdTewouldbemorefeasibleto realizethis “activepair-production
telescope”.

7. CONCLUSION

Thehigh energy resolutionof theCdTe diodeis very attractive for hardX-ray andgamma-raydetection.A largeCdTe
diodewith dimensionslargerthan20 ½ 20mm¾ hasapotentialto replacescintillationdetecotrsdueto its highstoppiong
power and energy resolution. Many conceptsvasedon high resolutionCdTe diodesare now being investigatedand
prototypedetectorsarebeingdeveloped.For gamma-rayastronomyfrom severalhundredkeV to several10MeV region,
a multi-Comptontelescopeandanactivepair telescopewhich utilize theCdTe detectorsarepromissingapproaches.For
this, we have establishedtechnologiessuchasa stackof 40-layersCdTe detectorsandtheprocedureof fine pitch bump
bondingto realizefine pitchpixel andstripdetectors.
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