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Abstract

We report a significant improvementof the spectralpropertiesof cadmiumtelluride
(CdTe) detectors,fabricatedin the form of a Schottky CdTe diode.With the useof high
quality CdTe wafer, we formeda Schottky junctionby evaporatingindium on theTe-face
andoperatedthedetectorasadiode.Thisallows usto applymuchhigherbiasvoltagethan
waspossiblewith thepreviousCdTedetectors.A �
	�	
����	�	 detectorof thickness0.5
mm, whenoperatedat a temperatureof 5 � C , shows leakagecurrentof only 0.2 and0.4
nA for anoperatingvoltageof 400and800V respectively. Wefoundthat,atahighelectric
field of several kV cm� � , the Schottky CdTe diodehasvery goodenergy resolutionand
stability, suitablefor astronomicalapplications.Thebroadlow energy tail, oftenobserved
in CdTe detectorsdue to the low mobility andshort lifetime of holes,wassignificantly
reducedby theapplicationof a higherbiasvoltagewhich improvesthecharge collection
efficiency. Weachievedvery goodFWHM energy resolutionof 1.1%and0.8%atenergies
122 and511 keV respectively, without any rise time discriminationor pulseheightcor-
rectionelectronics.For the detectionof hardX-raysandgamma-raysabove 100 keV, we
have improved the detectionefficiency by stackinga numberof thin CdTe diodes.Using
individual readoutelectronicsfor eachlayer, weobtainedhighdetectionefficiency without
sacrificingtheenergy resolution.In thispaper, we reporttheperformanceof thenew CdTe
diodeanddiscussits proposedapplicationsin futurehardX-ray andgamma-rayastronomy
missions.
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1 Introduction

X-ray astronomyis an indispensabletool in understandingour Universe.X-ray
emissionfrom all kinds of celestialobjectshasbeendetectedby previous X-ray
astronomysatellites,suchas ���
��� and ��������� . However, ourknowledgeabout
theuniverseis very limited in thehardX-ray region,above10keV. It is in thishard
X-ray bandthat the non-thermalemission,mostly dueto acceleratedhigh energy
particles,becomesdominant.In fact,theresultsfrom ���
��� showedthatsensitive
observationsin this energy bandarenecessaryto constrainthecontinuumspectra
of many classesof X-ray sources.Observationsof extendedsourcesareof particu-
lar importance,becauseparticlesarethoughtto beacceleratedto highenergy in the
environmentwith largescale,suchasSNR,galaxyandclusterof galaxies.Further-
more,thenuclear� -ray lines from theradioactive nucleiproducedby supernovae
explosionsareexpectedto appearabove 10 keV. The line profile providesinfor-
mationon the line of sight velocity distribution of the nuclei andalsothat of the
environmentof theemittingregion.Therehasbeena lack of measurementsin the
hardX-ray band,mainly dueto theunavailability of imagingdetectorswith sensi-
tivity comparableto thatachievedin theenergy bandbelow 10 keV, aswell asthe
highenergy resolutionof  �!#"$!&%(' %.CadmiumTelluride(CdTe)andCadmium
Zinc Telluride(CdZnTe)solidstatedetectorshaveseveralpromisingcharacteristics
whichmakethemsuitableinstrumentsto beusedat thefocalplaneof amulti-layer
grazingincidencemirror or a codedmaskaperturefor the next generationhard
X-ray and � -rayastronomysatellites.

CdTehasbeenregardedasapromisingsemiconductormaterialfor hardX-ray and
� -ray astronomy[1] becauseof suchfeaturesasroom temperatureoperationand
large band-gapenergy ( !*)+% 1.5 eV). The high atomicnumberof the materials
( ,.-0/214365879,;:8<�1>=6? ) givesa high quantumefficiency for photonswith energy
below 100keV evenfor a detectorthicknessof 0.5 mm. However, a considerable
amountof chargelossin CdTedetectorsproducesareducedenergy resolution.This
problemarisesdueto thelow mobility andshortlifetime of holes(mobility-lifetime
product:@BADCEA�%('GFIHIJ – 'KFIHML cmN V HPO ) comparedto thatof electrons( @B<QCE<�%('KFIHML –
'KF HIR cmN V HPO ). If themeandrift pathof thechargecarriers,expressedastheprod-
uct of @SC andtheappliedelectricfield ! in thedevice, is smallerthanthedetector
thicknessT , due to the hole trappingin the device, only a fraction of the gener-
atedsignalcharge is inducedat the detectorelectrode.The fraction of the charge
collectedandtheresultantpulseheightdependsontheinteractiondepth.With hole-
trapping,thenumberof photonsin thephotopeakis reducedandabroadlow energy
shoulderappearsin thepulseheightspectrum.AlthoughCdTe hasa high resistiv-
ity of % 4 U 10V;W -cm,applicationof veryhighbiasvoltageto improvethecharge
collectionincreasestheleakagecurrentandelectronicnoise.

Efforts have beenmadeto overcomethehole-trappingproblemin CdTe detectors.
Using hemisphericor coaxialdetectorsandcompensatingthe pulseheightbased
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onthepulseshapeinformation,someimprovementhasbeenachieved[2]. An alloy
of CdTe andZn (CdZnTe) hasa resistivity of 10XYX ohm-cm.Applicationof a grid
structurehasbeenproposedto improve the energy resolutionin Z -ray energies
around500keV [3,4].

Recently, basedon theadvancesin theproductionof homogeneousandlargevol-
umeCdTecrystals[5], weachievedasignificantimprovementin thespectralprop-
ertiesof CdTedetectors[6,7]. Thebasicideais to utilize indiumastheanodeelec-
trodefor p-typeCdTesemiconductor. Work functionof indiumis 4.1eV andlower
thanthatof Pt (5.65eV) andAu (5.10eV). A high Schottky barrierformedon the
In/p-CdTe interfaceallows us to operatethe detectorasa diode (Schottky CdTe
diode).This is differentthantheearlieruseof theCdTedetectors(Pt/CdTe/Pt)asa
solid ionizationchamber. At 400V, theleakagecurrentof theIn/CdTe/Ptdetector
with athicknessof 0.5mmin thereversedbiasedconditionis 2 ordersof magnitude
smallerthantheleakagecurrentof Pt/CdTe/Pt.Thevery low leakagecurrentof the
Schottky CdTe diodeenablesus to apply high electricfield to ensurea complete
chargecollectionin thedevice.

In this paper, we discussthe spectralcharacteristicsandstability of the Schottky
CdTe diodesat anoperatingtemperatureof 5 [ C . We presenttheresultsobtained
with a stackof CdTe diodesusedfor gooddetectionefficiency of photonswith
energy upto400keV. Thepossibleapplicationof thenew stackedCdTe pixelated
detectorsfor high resolutionimagingspectrometersfor thenext generationX-ray
and Z -raymissionsis discussed.

2 Schottky CdTe diode

TheSchottky CdTe diodesusedin this studywerefabricatedwith theprescription
describedin Ozaki et al. [8]. We used \�] -dopedCdTe single crystalsgrown by
the traveling heatermethod(THM). It haŝ -typeresistivity of _a`cbed 10fhg cm.
WeformedaSchottky junctionontheB-face(Te-face)of thewaferby evaporating
indiumafterheatingthewaferto 200 i 300 [ C . Ontheoppositeface(Cd-face),Pt
wasformedby electro-lessplating.As shown in Fig. 2, thedetectorsshow current-
voltagecharacteristicstypical to a diode.A significantsuppressionof the leakage
currentis obtainedin thereversebiasoperationof theIn(anode)/CdTe/Pt(cathode)
configuration[6]. Theleakagecurrentof the j*k2k&d�j*k2k&d+l8mon*k2k detectorwas
0.7nA with abiasvoltageof 400V at ( j$lp[ C ). Whencooledto 5 [ C , theleakage
currentwasmeasuredto be0.4nA evenwith abiasvoltageof 800V corresponding
to aninternalelectricfield of 16kV cmq X .
Thebarrierheightof theSchottky junctionis oneof themostimportantparameters
for the Schottky CdTe diodes.We measuredthe barrierheightdirectly by X-ray
PhotoelectronSpectroscopy (XPS)from aVG ESACALAB 220i XL spectrometer.
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Fig. 1. Electronbindingenergy spectrumof CdTe obtainedby illuminating it with Al r+s
X-raysof energy 1486.6eV. Theinsetshows thespectrumin theregionsof Cd 3d.
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Fig. 2. Current-voltage (I-V) characteristicsat room temperatureof the Pt/CdTe/Pt and
In/CdTe/Ptwith dimensionsof 2 t 2 mmu anda 0.5mm thickness.For the latterelectrode
configuration,a positive biasis appliedon the In electrode.The insertshows the reverse
currentof theIn/CdTe/Ptatdifferentoperatingtemperatures

We usedthepolishedCdTe wafersof dimensionsvxwzy|{}v~wzy anda thicknessof
0.5 mm. After cleaningby ethyl alcohol,indium wasevaporatedon theB-faceof
CdTe to form � 20 atomiclayers(26.8Å) in theultra-highvacuumconditionof �
10�P��� torr. Figure1 showsaelectronbindingenergy spectrumobtainedwith awide
XPSscan.Several lines includingCd 3d andTe 3d areclearlyseenin theenergy
spectrum.An energy calibrationis obtainedby usingthe indium 3d �u peakwhich
hasabindingenergy of 443.8eV.
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Fig.3. �Q� Cospectrumobtainedwith the ������������� Schottky CdTedetectorof thickness
0.5mm.It wasoperatedat5 � C andabiasvoltageof 800V wasapplied.Thetimeconstant
of a shapingamplifierwassetat1 � s.

As shown in theinsetof figure1, afinescanaroundCd3dpeakmeasuredthebind-
ing energy of Cd 3d �� to be404.81eV. Themeasuredbindingenergy corresponds
to the differencebetweenthe Fermi level of CdTe at the In/p-CdTe interfaceand
theCdTe3d �� corelevel.By subtracting404.06eV, which is theCd3d �� level with
respectto thevalencebandmaximum[9], from 404.81eV (thebindingenergy of
Cd3d �� ), abarrierheightof 0.75eV is obtainedfor theindiumjunction.Our mea-
surementshows that the Schottky barrierat the anodeis high enoughto prevent
injection of holesinto the CdTe detector, which is themajor carrierin the p-type
semiconductor. Thebarrierheightobtainedhereis lower thanthevalueestimated
for the In/n-CdTe [10,11,6].The differenceis probablydueto the presenceof an
oxidizedlayeron thesurface.Existenceof anoxidizedlayer is alsoinferredfrom
adoublepeakednatureof theTe3d line.

3 Spectral performance and stability

Thesignalfrom thedetectorwasextractedfrom thecathodesideanddirectly fed
into a ChargeSensitive Amplifier (CSA).SincetheSchottky CdTe diodehasvery
low leakagecurrent,wedonotneedto useade-couplingcapacitorto maximizethe
charge to be integratedandto minimize theelectronicnoise.For this experiment,
we developeda new CSA (CP-5109LS).In the CSA, specialcarewas taken to
selectFETswith low gateleakagecurrent.The feedbacknetwork consistsof 0.5
pF capacitanceand10 G� resistance.Thecharge signalis integratedin the CSA
andshapedby anORTEC 571amplifier. With 1 � secshapingtime, theequivalent
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Fig. 4. Spectraof the 122 keV line of �Q� Co obtainedwith different bias voltages.The
Schottky CdTedetectorshave identicalsurfaceareaof �
���(�#����� andthicknessof (a)
0.5mmand(b) 1 mm.Thespectraarenormalizedaccordingto theintensityof the14keV
line. Theoperatingtemperaturewas5 � C for boththedetectors.

RMS noisecharge was � 60 electronsat ���o� = 0 pF and � 270electronsat ���o� =
100pF, respectively. We mountedthedetectorandtheCSA into the thermostatic
chamberwith thetemperaturecontrolledat 5 � C .

Figure3 shows the energy spectrumof � -raysfrom �Q� Co obtainedwith the same
diode.A bias voltageof 800 V was appliedand the operatingtemperaturewas
5 � C . The 6.4 keV (Fe � � ) line of iron is clearly detected.The FWHM of the
122keV line is 1.4keV correspondingto anenergy resolution( ¡�¢#£$¢ ) of 1.1 %.
This is closeto theenergy resolutionof HP-Gedetectorscooledat liquid nitrogen
temperature.Thougha betterperformanceof the CdTe detectorswasachieved at
lowertemperature(i.e. lower leakagecurrent),wechose5 � C astheoperatingtem-
peraturethroughoutthis experiment.Operationat 5 � C requiresa simplecooling
system,which is importantfor futurelarge-scaledetectors.Theperformanceof the
Schottky CdTe diodesat roomtemperatureandlower temperaturesof –20 � C and
–70 � C werereportedearlier[6,7].

Westudiedhow thehighbiasvoltageimprovesthechargecollectionefficiency for
detectorthicknessof 0.5 and1 mm. Spectraof the122keV line from �Q� Co taken
at differentbiasvoltagesareshown in figure 4. A broadshoulderor low energy
tail dueto incompleteof chargecollectionis apparentin thespectraobtainedwith
biasvoltagesbelow 400 V. At 800 V, the FWHM of the 122 keV line spectrum
approachesthe oneobtainedwith a constantvoltagetestpulse.In order to fully
collectchargesproducedby thetransitof carriers,thetransittime mustbeshorter
than the carrier life time. Sincethe transit time is calculatedfrom the velocity,
whichis proportionalto theinternalelectricfield andthethickness,thebiasvoltage
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Fig.5.Spectrumobtainedby irradiatingtheSchottky CdTedetectorwith 511keV line from¤Y¤
Na . Operatingtemperaturewas5 ¥ C anda biasvoltageof 800V wasapplied.Thetime

constantof theshapingamplifierwassetto 1 ¦ s. ComptonedgeandX-ray escapepeaks
of Cd andTeareclearlyseenbelow the511keV line. No risetime discriminationor pulse
heightcorrectiontechniquewasused.

requiredfor any giventransittime is proportionalto thesecondpowerof thickness.
This relationis clearlyseenwhenthespectraobtainedwith the0.5mm and1 mm
thick detectorsat different bias voltagesare compared(figure 4). The spectrum
obtainedwith the 1 mm thick detectorat biasvoltageof 800V is very similar to
thatobtainedwith the0.5mmthick detectorat 200V.

We also have studiedthe spectralperformanceof the 0.5 mm thick detectorat
the electron-positronannihilation line energy of 511 keV by irradiating it with
positronsfrom

¤Y¤
Na underthesameoperatingconditions.The resultantspectrum

is shown in figure5. At 511keV, a FWHM energy resolutionof 4.0 keV ( §©¨�ª$¨
of 0.8%) wasachieved.Absenceof a broadlow-energy tail oftenseenin ordinary
CdTe or CdZnTe detectors[1,12,13]is themostimportantfeatureof theSchottky
CdTe diodes.In the figure,ComptonedgeandX-ray escapepeaksof Cd andTe
areclearly seenbelow the 511 keV line, implying the superiorenergy resolution
of theSchottky CdTe diode.It shouldbenotedthatwe havenot usedany risetime
discriminationor pulseheightcorrectiontechnique.

Althoughtheimprovementof theenergy resolutionby adoptingtheSchottky junc-
tion is drastic,we found that whenoperatedwith a low biasvoltage(below 200
V for 0.5 mm thick detector)at roomtemperature,thetime dependentdrift of the
pulseheightis significant.Thepeakchannelof the « -ray line startedto drift after
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a stableperiod.This phenomenonis similar to the “Polarization” effect observed
in semiconductordetectors[14–16].It shouldbenotedthatthatthespectralperfor-
mancerecoversafterthebiasvoltageis re-applied.Throughthetestof theSchottky
CdTe diodeat differentoperatingconditions,we have found that a high internal
electricfield of several kV cm¬P­ andlow operatingtemperatureareimportantto
obtainlong termstability [6,7]. For a detectorwith dimentionsof 2 ® 2 mm̄ anda
thicknessof 0.5 mm, thedrift stated5 minutesafter thebiasvoltageof 40 V was
applied.At 200 V, it started4 hoursafter the biaswasapplied.The degradation
of thespectrumstartedlater for higherbiasvoltage.Theoperatingtemperatureis
anotherimportantfactorfor thelongtermstability. Similarbehavior observedwith
respectto anoperatingtemperatureis seen.At 30 ° C , thedrift startedafter20min.
By lowering the operatingtemperature,degradationof the spectrumstartedlater.
At 0 ° C , thepeakstayedat thesamepulseheightfor 10 hours.It is notedthata
distortionof thespectrumwasseenafter8 hoursafterthebiasvoltagewasapplied.
Whenwe cooledthe detectordown to ± 20 ° C , the detectorperformedconsis-
tently for morethanseveraldaysat thebiasvoltageof 400V without distortionof
the spectrum.Whenwe applied800 V to the 0.5 mm Schottky CdTe detectorat
5 ° C , thepeakpositionof 122keV remainedunchangedfor 12 hours.

Accordingto Yaoetal., thepolarizationeffectcanbeexplainedby thenon-uniform
electricfield dueto thechargeaccumulation[17]. Thepolarizationeffect startsto
appearwhentheinternalelectricfield by theaccumulatedchargebecomescompa-
rableto theelectricfield generatedby theexternalbias.Therefore,thehighelectric
field is thekey to obtainthelong termstability. A low temperatureoperationof the
detectordelaysthe degradationof the spectrum.Onepossiblereasonis the time
requiredfor thechargebuild-up is longerwith lower leakagecurrent.

4 A stacked CdTe detector

Energy resolutionof ² 1% at high photonenergy of several hundredkeV under
moderateoperatingconditionis very attractive in high energy astrophysics.How-
ever, good energy resolutionwith a thick Schottky CdTe diode will be difficult
to achieve asthebiasvoltagerequiredfor completecharge collectionscaleswith
the secondpower of the detectorthickness.For a detectorwith 5 mm thickness,
the voltagerequiredfor full charge collectionwould be ³ 80 kV. We, therefore,
adoptedtheideaof astackeddetector, in whichseveralthin CdTediodearestacked
togetherandoperatedasasingledetector.

For photonenergy upto several hundredkeV, adequatedetectionefficiency can
be achieved by stacking0.5 mm thick detectorswith 10 to 20 layers.Insteadof
combiningthesignalfrom all the layers,we usedanindividual readoutelectronic
systemfor eachlayer. With this approach,we areable to selecteventsin which
energy depositionis in a singlelayer asexpectedfrom interactionvia photonab-
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sorption.Addingspectrumfrom all thelayers,verygoodspectralperformanceand
quantumefficiency is achieved.Oneadditionalfeatureof the stacked detectoris
thatComptondown-scatteringof high energy ´ -rays,which increasesthedetector
background,canbereducedby demandinganti-coincidencebetweensignalsfrom
different layers.If the stacked detectorhassufficient volume,it canalsoact asa
multi-layerComptondetector.

We madea prototypestacked detector(figure 6) with 12 Schottky CdTe diodes,
eachwith a surfaceareaof µ�¶2¶¸·¹µº¶2¶ andthickness0.5 mm. A biasvoltage
of 400 V wasappliedto all the diodesandthe operationaltemperaturewasfixed
to 5 » C . Thesignalfrom eachlayerwasintegratedusinga CSA hybrid CS515-2
(the equivalentRMS noisecharge was83 electronsat ¼�½o¾ = 0 pF and225 elec-
tronsat ¼�½¿¾ = 100pF, respectively) by ClearPulseto reducethesizeof the front
readoutsystem.Thesignalfrom eachchannelswasthenshapedby anORTEC571
amplifier. Thresholddiscriminationwasappliedto the output from eachshaping
amplifierandtheresultantsignalswereOR-edandusedto triggerthedataacquisi-
tion. A mutualanti-coincidencewasappliedbetweenthelayersto selecttheevents
which occuredin only onelayer. Theenergy spectrumfrom differentlayerswere
accumulatedseparately.

Figures7 (a)-(c)show energy spectraof À�ÁYÁ Ba ´ -raysobtainedfrom layer1, layer2
andlayer6.Thestackeddetectorprovidesinformationof theinteractiondepthwith
a resolutionof thethicknessof theindividual elements(0.5mm for this detector).
It is easilynoticedthatthelow energy peakat30keV is prominentin thefirst layer,
while high energy peaksareprominentin thesubsequentlayers.As expected,the
ratio of the amplitudesof high energy lines to low energy lines increasesin the
deeperlayers.Thesumof thespectrafrom thefirst 8 layersareshown in figure6(d)
in a logarithmicscalealongwith thespectrumfrom layer1. A FWHM resolution
of the summedspectrumis 3 keV at 81 keV and7.5 keV at 356 keV. Therewas
no degradationof energy resolutionin the summedspectrumwhich hashigher
quantumefficiency in a wide energy band. An asymmetryis noticedin the line
shapefor energiesabove250keV. This is dueto thefactthata biasvoltageof 400
V wasappliedto the 0.5 mm thick diodes,which is not sufficient for full charge
collection.

5 Application to future hard X-ray astronomy missions

The discipline of X-ray astronomyhasbecomemature,and future X-ray obser-
vatoriesneedto be highly specialized.High-resolutionspectroscopicimagingat
energiesabove 2 keV, systematicallyexploited by the JapaneseX-ray astronomy
satelliteÂ�Ã
¼ºÂ , hasled to many new astrophysicaldiscoveries.Veryhigh spectral
resolutionin the0.5–12keV bandandawideenergy bandextendingupto700keV
arethe importantfeaturesof thesuccessorto Â�Ã
¼ºÂ , the Â�ÄDÅQÆ$Ç�ÈÊÉ [18,19].For
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Fig. 6. The stacked Schottky CdTe detector. 12 Schottky CdTe diodesof surface areaË+Ì�Ì>ÍaË�Ì�Ì
and thickness0.5 mm are stacked together. The detectorwas operated

ata temperatureof 5 Î C andapositive biasof 400V wasappliedto theindiumelectrodes.
Theoutputfrom eachdiodewasfed into an individual readoutelectronicssystem,which
wereoperatedin anti-coincidence.
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is acombinationof back-illuminatedX-ray CCDandthepixelatedCdTedetectorcovering
0.1- 60 keV.

thefutureX-ray astronomymissionsin Japan,oneof themainobjectivesis a very
high sensitivity in the 10–50keV band.This could be achieved by employing a
multi-layer, grazingincidenthardX-ray telescope(“supermirror”) in conjunction
with a hardX-ray imagingdetector. Accordingto theanalysisbasedon laboratory
experiments[20], with six mirrorsof 7 m focal lengthand60 cm aperture,we will
be able to have an affective areaof 400 cmØ in the 10–40keV range.With this
telescope,sourceswith an intensityof the orderof 10ÙIÚ to 10ÙIÛ times the Crab
intensitycouldbedetectedin anobservationlastingoneday.

Sincethe supermirror is able to cover the energy rangefrom Ü 0.5 keV up to
40-60keV, the focal planedetectoris requiredto cover a very wide energy band.
Developmentof sucha detectoris now underway at ISAS.Oneideais to combine
aback-illuminatedX-ray CCD andapixelatedCdTedetector, bump-bondedto the
readoutelectronicschip.SoftX-rayswill beabsorbedin theX-ray CCD,andhard
X-rayswill penetratetheCCD andbeabsorbedin theCdTe pixelatedarray. High
backgroundis a major concernin hard X-ray astronomy, and we plan to usea
tight active “well-type” shielddevelopedfor theAstro-EHardX-ray detectors.As
shown in figure8, theactivevolumewill besurroundedin almostall directionsby
theactiveshields.With this configuration,weexpectthatthedetectorbackground,
which limits the sensitivity of the detectorsin hardX-ray energy range,will be
reducedsignificantly.

11



6 Conclusion

With aSchottky junctiondevelopedon theTe faceof the Ý typeCdTesemiconduc-
tor by evaporatingindium, we have beenableto reducethe leakagecurrentcon-
siderably. This allows us to usea higherbiasvoltagewhich resultsinto complete
chargecollection.Oneadditionaladvantageof thisdetectoris themoderatecooling
requirement.At 5 Þ C , we obtaineda very goodenergy resolution(FWHM) of ß
1.1% at 122keV and0.8% at 511keV, for a 2 mm à 2 mm detectorof thickness
0.5mm,is achievedwithoutany risetimediscriminationor pulseheightcorrection
electronics.We have alsofound that long time stability of thegainandresolution
canbe achieved by applyinghigherbiasvoltageand lower temperature.For ap-
plication of the CdTe detectorsin the soft á -ray region, we developeda stacked
CdTedetectorwhichhashighdetectionefficiency for photonsuptoabout400keV.
A pixelatedimagingdetectormadewith Schottky CdTe diodeswith high energy
resolutionandquantumefficiency is a very attractive device for the future hard
X-ray astronomymissions.A stacked CdTe detectorthat is efficient at energies
uptoa few hundredkeV andhasgoodenergy resolutioncanbeusedwith a coded
maskaperturein imagingmodeandalsofor detectionof á -ray line featuresfrom
astrophysicalsources.
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