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ABSTRACT

A multi-Comptongamma-rayelescopdaseddnhighresolutionsemiconductomaterial{ SemiconductoMulti-Compton
Telescopg(SMCT) or AdvancedComptonTelescope(ACT)) is a promising approachto achieve high sensitvity for

gamma-raywith enegiesfrom several hundredkeV up to seseral MeV. A SMCT utilizing several tensof layers of

thin CdTe (CadmiumTelluride) detectoris anattractive conceptto obtainhigherdetectionefficiency in comparisorwith

Si-basedSMCT. Recentlywe have developedhigh enegy-resolutionCdTe diode detectors.A large-areadetectorwith

dimensionf 2.15 x 2.15cn? with athicknessof 0.5 mm shavs anenegy resolutionof betterthan3 keV (FWHM) at

60 keV. In orderto extendthe applicationof CdTe diodesto the detectionof MeV gamma-rayswe have constructeca
stacled detectorconsistingof 40 layersof large CdTe diodes.Herewe reportthe recentprogresson the high-resolution
CdTe diode and describethe conceptualdesignof new Multi-Compton Gamma-raytelescopedasedon Monte Carlo
simulation.An ideaof active pair productiontelescopes briefly described.
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1. INTRODUCTION

The hard X-ray andgamma-raybandsareimportantwindows for exploring the enegeticuniverse. It is in theseenegy

bandsthatnon-thermakmissionmostly dueto acceleratedhigh enegy particles becomesiominant.In fact,theresults
from the recentX-ray obsenatoriesshovedthat sensitve obsenationsin thesehigh enegy bandsarenecessaryo con-
strainthe continuumspectraof mary classeof X-ray sources.However, the lack of sensitve instrumentgpreventsus
from furtherstudyingthenon-thermabpectraThesituationis muchworsein thehardX-ray andMeV gamma-raypands,
wherethereductionof backgrounds difficult. The CGRO satelliterevealedthata variety of gamma-raysourcesxistin

the sky andtheimproved angularandspectralresolutionby the INT EGRAL satellitewill be a goodadvance,but the
sensitvity of instrumentds far from the level achieved by the currentX-ray missionsemploying focusingtelescopen

theenegy bandbelov 10keV.

In orderto fully explore the dynamicuniverse,hard X-ray and gamma-rayinstrumentsin the 21stcenturyshould
provide muchimprovedsensitvity for both pointandextendedsourcesover theinstrumentsn usetoday! Towardthis
goal,we areworking on researctanddevelopmentof the next generatiorgamma-raydetectorbasedon high resolution
Si and CdTe imagingdevices? Herewe focuson an applicationof CdTe detector Our work for Si strip detectorss
reportecelsavherein this proceedings.

2. HIGH RESOLUTION CDTE DIODE DETECTOR

The high absorptiornof cadmiumtelluride (CdTe) or cadmiumzinc telluride (CdZnTe), comparablevith thatof Nal and
Csl, is a very attractive featurefor the next generationof gamma-raydetectors. As shown in Fig. 2, photoelectric

Furtherauthorinformation: (Sendcorrespondenc® T.TakahashiE-mail: takahasi@astro.isas.ac.jp



w(1/cm)

. .
0.01 A B R N

0.1 0.5 1.0 5.0 10.0 50.0 100.0
Energy (MeV)

Figure 1. Linearattenuatiorcoeficientsin CdTe andSi asa functionof photonenegy. Theintensityof photonscanbe expresseds
I = Iy exp(—px), wherez is the pathlengthin cm.

absorptionis themainprocesaupto 300keV for thesematerialsascomparedo 60 keV for Si. Thereforejt is expected
that CdTe and CdZnTe becomeefficient whenthe gamma-rayenegy exceedsseveral hundredkeV. However, despite
long-termefforts for theirimprovementit is only recentlythathigh resolutionCdTe andCdZnTe detectorswith enegy
resolutionbetterthana few keV (FWHM), have becomeavailable. This wasdueto incompletechaige collectioncaused
by thelow mobility andshortlifetime of holes,asthe enegy resolutiondoesnotreachthetheoreticalimit expectedrom
statisticalfluctuationsin the numberof electron-holeairs,andthe Fanofactor

Recently we have achiezed a significantimprovementin the spectralpropertiesof CdTe detectors.” By adopting
the Schottky junction,the very low leakagecurrentof the CdTe diodedetectorenablesisto applya high electricfield to
ensurecompletechaigecollectionin relatively thin (< 1 mm) devices. Dramaticimprovementin both spectrakresolution
and stability can be obtainedfrom a detectorwith a thicknessof 0.5 — 1.0 mm operatedat low temperaturé. As
demonstratedh Fig. 2, an enegy resolutionof 530 eV (FWHM) for the 14 keV line from 241 Am is obtainedfrom a
detectomwith anareaof 2 mm x 2 mmandathicknessof 1 mm, operatecht —25°C . Theappliedbiasvoltageis 300V
andthe resultanieakagecurrentwas4 pA. Undertheseconditions,the detectorshaved the samespectralperformance
for morethan24 hours. Anotherimportantreasonfor adoptingthin devicesis thatwe canapply sufficient biasvoltage
to collectall chagesproducedn the detector Whenwe increasehe thicknessof the CdTe/CdZne detectorto improve
theefficiency for high enegy gamma-raysthe effectsof incompletechaige collectionbecomesignificantandleadto the
increaseof in-active region in the detectorvolume, especiallyfor theregion closeto theanode.The 0.5 mm thick CdTe
diodebecomedully active,andevenholesgeneratedhearthe anodefacecanbe completelycollected.

3. LARGE AREA CDTE DETECTOR FOR A STACKED DETECTOR

For the applicationof CdTe semiconductorgo a multi-Comptontelescopewe needan imaging detectorcapableof
coveringat leastseveralcm?. In orderto verify the performancef suchalarge CdTe diodedetectoywe have developed
adetectomwith anareaof 21.5 x 21.5mm? usingthe 0.5 mmthick device usinga simpleplanarelectrodeconfiguration.
Generally the homogeneityof the waferis of particularimportancefor imagingdetectorsphecausalefectsin the wafer
candeterioratehe enegy resolutionthroughpositionalvariation of propertiessuchas chage collectionefficiengy and
leakagecurrent.As reportedn our previouspublications?:® thelocationof the peakin thepulsehightdistribution agrees
within 0.1%in the whole detectorplane,whenan 24 Am gamma-raysourceirradiatesthe detectorthrougha tungsten
collimatorwith a1mm-hole.Theenegy resolutiong FWHM) arealmostidenticalandrangefrom 2.71keV to 2.78keV,
whenoperatedat —20 °C andundera biasvoltageof 300 V. The enegy resolutionof 2.73keV wasobtainedwhenwe
irradiatedthe whole areaof the detectowithout usinga collimator. This resolutionimprovesby dividing theelectrodeto
lowerthe capacitancef theindividual detectorelement By dividing the21.5x 21.5mm? electrodento four, theenegy
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Figure 2. 24! Am spectraobtainedwith the Schottly CdTe diode® Theappliedbiasvoltageis 300V andthe operatingiemperaturés
—25 °C . Theenengy resolution(FWHM) at 14 keV and59 keV is 530eV and810eV, respectrely. The detectorhasa surfacesize
of 2 mm x 2 mm anda thicknessof 1.0 mm. Thesignalis integratedby a Chage Sensitve Amplifier (CP-510%y ClearPulse)and
shapedy anORTEC 571 with thetime constanbf 3 ps. No risetime discriminationor pulseheightcorrectiontechniquevasused.

resolutionimprovedto 1.8 keV.? For a smallersizeof the pixel, the enegy resolutionis expectedio beimproved,if we
cancombinelow noiseASICsfor thereadout.

In orderto extendthe applicationof CdTe diodesto the detectionof MeV gamma-rayswe proposedhe ideaof a
stackeddetectoyin which severalthin andlarge CdTe diodesarestaclkedtogethemndoperatedisasingledetector’: 10: 11
Figure3 shavs a stacled detectorconsistingof 40 layersof CdTe diodeseachwith anareaof 21.5mm x 21.5mmanda
thicknessof 0.5mm. The gapof only 0.7 mm hasbeenachiezedby utilizing 0.5 mm thick ceramicsheetfor the detector
housing.Thetotal volumeof the stacled detectoramountsgo 9.2 cm?, which providesan efficienay of 20 % at500keV
and7 % at 1 MeV. In our stacled detectoythe signalfrom eachlayeris processeddependentlypy usinganindividual
analogchain. Thegamma-raypectrunfrom thedetectotis obtainecby summingthespectradrom all layerswhichrecord
pulseheightsabove a certainthreshold.With this approachthe enegy resolutioncould be keptat the samelevel asthat
of asinglelayer. Althoughthereis still roomfor improvementdor the prototypedetectoywe obtainanenegy resolution
of 1.6—-1.7% (FWHM) for thetwo peaksof 1.17MeV and1.33MeV in the enegy spectrumof gamma-ray$rom %9Co.
The adwantageover corventionalscintllationcounterdss demonstrateth Fig. 4 (right) in which gamma-rayinesupto 6
MeV from neutroncapturesn NaandCl areshown.

Thestackconfiguratiorandindividualreadouprovide informationsof theinteractiondepth. This depthinformationis
very usefulto reducethebackgroundn spaceapplicationshecauseve canexpectthatlow enegy gamma-raynteractin
theupperlayersand,thereforewe canrejectlow enegy eventsdetectedn lower layers.Moreover, sincethebackground
rateis proportionalto the detectorvolume,low enegy eventscollectedfrom the first few layersin the stacled detector
have a high signalto backgroundratio, in comparisorwith eventsobtainedfrom a monolithic detectorwith the same
thicknessasthe sumof all layers.

As discussedater, good positionalresolutionis of greatimportanceto realizethe SMCT, in additionto the high
enegy resolution. Therefore we have developedprototypepixel detectorswith anarray of 20x 20 pixels usinga 15x
15 mm? CdTe diode"? and32x 32 pixel detectot? with pixel sizeof 200x 200 um. Thetechnologyfor gold-studoump
bondingsuitablefor CdTe/CdZn®e semiconductohasbeendevelopedandusedto connecteachpixel to thefanoutboard
consistingof bump padsandpatterngo routethe signalfrom the pador the ASIC itself .12

4. APPLICATIONSOF COMPTON SCATTERING

The sensitvity of obsenationswith 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. The40layerCdTe stacled detectorandoneof the layersfrom the stacled detector'!
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Figure 4. Spectrumof ®°Co obtainedwith the stacled detector The enegy resolutionsat 1.17 MeV and 1.33 MeV are 19 keV
(FWHM) and 21 keV (FWHM), respectiely. The operatingtemperaturags 0 °C (left). Spectrumof neutroncapturegamma-rays
(right). Neutronsfrom 252Cf areslowed down by polyethyleneandinjectedto NaCl. The peaksof 6.1 MeV, 5.6 MeV and5.1 MeV
correspondo gamma-ray$rom neutroncapturesn Cl nuclei,togethemith singleanddouble511keV escapesThe peaksof 559keV
and2.2MeV correspondo gamma-rayproducecby neutroncaptureof Cd andH, respectiely.!!
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Figure 5. The conceptuatiesignof the next generationwell-type gamma-raydetectorutilizing Comptonkinematics.Compoundeye
configurationsimilar to the HXD-Il detectoron Astro-E2mission(left). A combinationof stackscomposedf CdTeimagingdevices
areburiedin thedeepBGO well (right).

Astro-E2Hard X-ray Detector(HXD-II) is the solutionto achiese a very low backgroundatein the enegy rangeup to
severalhundredkeV.'* In orderto furtherreducethe backgroundyve have proposecdh new detectorbasedon a stackof
thin CdTe pixel or strip devicesin thewell-typeactive shield? Thekey concepiis therequiremenbf Comptonkinemat-
ics for eventswhich interacttwice (onceby Comptonscatteringandthe othertime by photo-absorptionin the stacled
detector In the well-type configuration,the detectionpart is surroundedn almostall directionsby the active shield.
Therefore backgrounghotonswhich depositsomeof their enegy in the shieldthroughCompton-scatteringrerejected
efficiently. In thislow backgroundernvironment,we furtherrequirethatgamma-rayshouldcomefrom the narrov FOV
of thewell-typecollimatoranddo notescapdrom the CdTe part. By usingtheinformationof interactionposition,we can
constrainthe enegy of thetwo gamma-rayinteractionsfrom the formulaof Comptonscattering.If the enegy recorded
in the detectordoesnot matchthis prediction,we canregardthemasbackground.

Above 100keV, thin CdTe layerscanactboth asscatteremndabsorber Fig. 6 shavs the simulatedpeakefficiency
of the twenty four layersof 2.2 x 2.2 cm? CdTe detectorwith a thicknessof 0.5 mm. In the simulation,gamma-rays
areinjecteduniformly on the surfaceof the top layer. The total efficiencgy, including single photo-absorptionis almost
the sameasthatof the5 mm thick GSOscintillatorusedin the HXD-II. Thefractionof Comptonevents,which undego
singleComptonscatteringandsubsequenthoto-absorptiois ~12% at200keV and~ 5% at500keV. If we successfully
constrairthekinematicgor theseevents we canreducethebackgroundgdueto shieldleakageandactiities,andobtainan
eventsetwith very high signal-to-backgroundatio. It shouldbe notedthatwe canalsomeasurepolarizationof incident
gamma-ray$rom theazimuthaldistribution of Comptonscattereghotons.

5. NEXT GENERATION COMPTON TELESCOPE

As gamma-rayenegy increasego the MeV region, the detectionbecomesvery difficult. By utilizing the technique
of the Comptontelescopethe COM PT EL instrumenton-boardthe CGRO satellitehasachieved pioneeringresults
in this enegy region. A conceptcalled the Multiple ComptonMethod, which was originally proposedby Kamaeet
al. (1987),is very attractve. Theideaof usingsilicon strip detectorsstimulatednewn proposaldor the next generation
Comptontelescopée? # In thistechniqueastackof mary thin scattererss usedto recordthe ComptonscatteringsThe
orderof the interactionsequencedhencethe correctenegy anddirectionof the incidentphoton,canbe reconstructed
by examinationof the enegy-momentumconseration for all possiblesequencesThis techniqueis very powerful to



T T
100 - [ ] Y i
[ J
50 -
[}
an)
15N
N 20 - -
> [ J
o0 o o
C O [ ]
L 10 o 1
3]
- o) o b .
-«
Ll 5 [ 2
O
O
O
2 © o
1 | | | | | | | | | |
100 200 300 500 700 1000

Energy (keV)

Figure 6. Peakdetectionefficiencgy of the 24-layersCdTe stackdetectorcalculatedoy Monte Carlo simulationfor all interactions
(filled circle) andfor eventswhich interactstwice (once Comptonscatteringandthe othertime by photo-absorptionjopencircle).
Dimensionsof eachCdTe layerare22 x 22 x 0.5mm?. Gamma-raysireinjecteduniformly on the surfaceof thetop layer.

suppresdackground.Figure 7 illustratesa casewith two Comptonscatteringsand one photoelectricabsorptionin the
detector In this situation,both scatteringangleg, andandd-, canbe obtainedfrom therecoil electronenegiesas

mec®  m.c? mec?  m,c?
— ——,cos6; =1+
Ey Ey

E, Es

cosfy =1+

while 8> canalsobereconstructedrom the hit positionsof thethreeinteractions.This over-constrainfprovidesstringent
backgroundsuppressionthat is crucial to obsene faint or diffuse gamma-raysources.Anotherimportantpoint of this
methodis that,if theincidentgamma-raysindego atleastthefirst threeor four Comptonscatteringsvhich aresufficient
to reconstructhe correctorder, gamma-rayslo not needto befully absorbedy thedetectorandareallowedto escape.

We areworking onthe studyof the optimumconfigurationof the geometryto beusedin theMulti Comptontelescope
basedn highresolutionSi and/orCdTeimagingdevices.Dependingontheenegy of interestthenumberof SiandCdTe
layersandtheirratio shouldbechosenFig. 8 shovsthepeakdetectiorefficiengy of eventswhichundegomulti Compton
scatteringandfinal photoabsorptiorin a 80 layerdetector Theefficiency for thedifferentnumbersf SiandCdTelayers
areshavn asa function of photonenegy. The dimensionsf the detectorare25 cm x 25 cm andthe thicknessof each
layeris 0.5 mm. Gamma-raysireinjectedto the centerof thetop layer.

As clearly seenin Fig. 8, therole of the CdTe layeris importantto obtainhigh detectionefficiency for eventswhich
includefinal photoabsorption.Replacementvith Si layersfor upperhalf 40 layersis effective to improve the efficiency
for gamma-raysith the enegy below 200keV. If we surroundthe layer part by a block of absorbemadeof CdTe or
heavy scintillators, thenlayersof only Si could maximizethe scatteringorobability.

6. ACTIVE PAIR PRODUCTION TELESCOPE

In the enegy region above 10 MeV, pair productionbecomeghe dominantprocesgseeFig. 1). A stackof thin CdTe
pixel or strip detectorshasthe potentialto realizea new detectorconcept,an “active pair-productiontelescope”.CdTe
hasaradiationlengthof 1.52cm. A thicknessof 0.5 mm of CdTe layercorresponds$o 0.03r.1, which is almostsameas
the thicknessof Tantalor Tungustersheetusedin the EGRET or LAT detectors.If we prepare80 layersof CdTe with
athicknessof 0.5 mm, we will have 2.6r.1 in total. Sinceeachlayeractsbothasa corverterandatracker, the detector
is very efficient at detectingpair-productionevents,especiallyfor enegiesbelonv 100 MeV, whereenegy information
would be lost in passve materialin the corventionalpair-productiontelescopesvhich usedthe passve materialasa



Figure 7. Conceptof multi Comptontechnique.
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Figure8. Simulatecheakdetectiorefficiency for eventswhichinteractmorethantwicein thedetectonvolume(morethanoneCompton
scatteringandfinal photo-absorption)The detectorconsistsof 80 layersof thin Si or CdTe detector Theresultsare shavn for CdTe
layersonly (filled circle), Silayersonly (filled rectangularandmixture (opencircle). Dimensionsof eachlayerare25 x 25 cm? with

athicknessf 0.5mm*. Gamma-raysreinjectedat the centerof thetop layer.



corverter High atomicnumberof CdTe providesthe coversionprobabilityof 59 % at20 MeV and71 % at50 MeV in the
80 layersCdTe telescopevhosetotal thicknesss 40 mm. Sincehigh positionalresolutioncanbe easilyachiezed by Si

strip detectorsinterlearing Si strip detectordbetweenCdTe would be morefeasibleto realizethis “active pair-production
telescope”.

7. CONCLUSION

The high enepgy resolutionof the CdTe diodeis very attractive for hard X-ray andgamma-raydetection.A large CdTe
diodewith dimensiondargerthan20 x 20 mm? hasa potentialto replacescintillationdetecotrsiueto its high stoppiong
power and enegy resolution. Many conceptsvasedon high resolutionCdTe diodesare how being investigatedand
prototypedetectorsarebeingdeveloped.For gamma-rayastronomyfrom severalhundredkeV to several10 MeV region,
amulti-Comptontelescopendan active pair telescopavhich utilize the CdTe detectorsare promissingapproacheskor
this, we have establishedechnologiesuchasa stackof 40-layersCdTe detectorsandthe procedureof fine pitch bump
bondingto realizefine pitch pixel andstrip detectors.
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