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Hybrid Photodiode¢HPD) represenbneof the mostpromisingoptionsfor high granularitysinglephotondetection HPD’s
arephotodetectorsonsistingof a photocathodeyhichis depositedn theinnersideof the entrancevindow, anda solid state
sensorencapsulateth a vacuumenvelope. HPD’s combinethe high sensitvity of photomultipliertubeswith the excellent

spaceandeneqgy resolutionof solid statedetectors.

After reviewing the physicalprinciplesof HPD's thearticle givesa shortoverview of the history of this detector A number
of commerciallyavailabledeviceswill bediscussedCurrentandfuture applicationsn high enegy physicslie in thefields of
scintillatorreadout(calorimetry fibre tracking)andCherenkv light detection.It is for the latterapplicationthatvariouslarge

areaHybrid Photodiodesrecurrentlyunderdevelopment.

1. Physical principlesof Hybrid Photodiodes

Similar to corventional photomultiplier tubes
(PMT) Hybrid Photodiodesonsistof a vacuumen-
velopewith a transparenfront window (seeFig 1).
A photocathodevhich is depositedn theinner side
of the window converts light quantainto electrons.
Thesephotoelectronareemittedfrom the photocath-
ode and acceleratedy a potential differenceAV of
theorderof 10to 20kV directly ontothesilicon sen-
sor which is usually kept at ground potential. The
electricfield can be shapedby meansof electrodes
in orderto obtaincertainelectron-opticaproperties,
e.g. alineardemagnificatiorbetweenthe photocath-
odeandthe silicon sensor The absorbedkinetic en-
ergy of the photoelectrorgivesriseto the creationof
electron-holgairs,whichin thedepletedsilicon sen-
sorresultsin adetectableurrent.

1.1. Windowsand photocathodes

Dependingon the specificapplicationHPD’s can
be producedwith variousphotocathodendwindow
types. The key parametersre the enegy threshold
of the photocathodeits spectralsensitvity S(A) or
quantumefficiengy £g(A) andthe cut-off wavelength
of the window. Widely usedphotocathodesre of
thebialkali (K,CsSb)or multialkali (SbNaKCs}ype.
For specialapplicationsalso VUV sensitve CsTe or
negative electronaffinity cathode¢GaAs,GaAsRIn-
GaAsP)are available. The latter are characterised
by high sensitvities in the red and infrared part of
the optical spectrumand are fabricatedby molecu-
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Figure 1. Main componentsand principle of opera-
tion of aHPD.

lar beamepitaxialgrowth. Theeffective sensitvity of
the HPD is of courselimited by the transmissiorof
the entrancewindow, with cut-off wavelengthsrang-
ing from 300 nm for lime glassdown to 160 nm for
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fusedsilica quartzand even 105 nm for LiF single
crystalwindows.

1.2. Silicon sensor and gain mechanism

The main differencecomparedo photomultiplier
tubeslies in the mechanismby which the detector
gainis achieved. In an HPD the accelerateghoto-
electronsbombardthe silicon sensorand penetrate
it to a depthof a few um. The numberof created
electron-holepairsper photoelectroni.e. the gain of
thedevice, is givenby

G = (AV - Eg)/We- 1)

with W, = 3.6eV beingthe averageenegy needed
for the creationof a single electron-holepair in sil-
icon. Ey describeghe enegy (= 1-2 keV) which is
lostin non-active materiallayersof the Silicon detec-
tor (aluminium contactlayer, n* layer). The design
of thesilicon sensohasthereforeto be optimisedfor
minimal deadlayerthickness.For a potentialdiffer-
enceAV = 20KkV a gain of about5000is achieved.
Thesmallpenetratiordepthof the electrongesultsin
sub-nsrise-andfall-times. The chage amplification
processs purely dissipatve and non-multiplicatve,
i.e. in contrasto aPMT, wherelargegainfluctuations
aredueto the Poissordistributednumberof electrons
afterthefirst dynode thevariationof the HPD gainis
givenby

oc = VGFm 7))

whereF = 0.1 denoteghe Fanofactorfor siliconand
m = 1,2, 3... the numberof photoelectronsin prac-
tice thesevariationsare muchsmallerthanthe noise
of thereadouelectronicsvhichwill finally determine
theenegy resolutionof the HPD.

When electronswith relatively low enegies (20
keV) impingeon the silicon sensoythereis a proba-
bility ag = 0.2thattheelectronwill beback-scattered
into the vacuum,hencedepositingonly a fraction of
its enegy in the silicon. As shown in Figure 2 [1]
this givesriseto a continuoushackgroundn the low
enegy side of eachpeak. This effect finally limits
thephotoncountingperformancef thedetectomwhen
irradiatedwith a relatively large averagenumberof
photons.

Thesolidline in Fig. 2 is theresultof afit basedn
asimplemodelof the backscatteringffect, which fi-
nally allows to describethe spectrumby only three
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Figure2. Pulseheightspectrumobtainedwith a sin-
gle pixel HPD (from ref. [1]).

parameters: m,ag and g, where ¢ is the Gaus-
sianwidth of the peaks,identical for all peaks. A
more generalanalysisof photoelectrorspectrausing
a"light spectrasumrule”[2] hasrecentlybeenpub-
lished.

Sggmentingthe silicon sensolin diode strips, pix-
elsor padswhich arereadoutindividually resultsin a
photodetectowith highspatialresolution.Thespatial
resolutionof theHPDis howevernotonly determined
by the granularityof the sensorbut alsoby the elec-
tron optical propertiesof the HPD. Distortionsof the
electricfield aswell asthedistribution of theemission
angle and enegy of the photoelectronsat the pho-
tocathoddeadto a reducedresolution,characterised
by the point spreadfiunction. Carefully designedp-
tics areableto partly correctfor the aberrationsaand
achieve point spreadfunctionsbelov 50 um. A nat-
ural limit of the achievable spatialresolutionis im-
posedby the phenomenotf chaige sharingbetween
neighbouringeadoutpixels. Dueto trans\ersediffu-
sionalongthedrift throughthe bulk, thechagecloud
at the pixel planearrives as a Gaussiandistribution
with a width of the orderof ¢ = 10 um. In caseof
very smallpixels(<50 um) thetotal detectablehage
will be sharedby several pixelswherethe chage de-
tectedby the individual pixel may fall below the de-
tection limit (becauseof noisein caseof analogue
readoutor detectiornthresholdfor digital readoutsys-



tems).

Above a certainnumberof channels(a few hun-
dreds)it becomesmpracticalto readoutthe detector
throughindividual vacuumfeedthroughsln this case
thereadouglectronicshasto beintegratedin thevac-
uum ervelope. The signals,eitherdigital or analog,
arethenreadout in a multiplexed schemethrougha
relatively small numberof feedthroughs.This tech-
nigue requirescomponentsvhich are conform with
thetubeprocessindvacuumbake-out)andlong term
operationin vacuum(minimum outgasingand low
power consumption).

1.3. HPD designs

Hybrid Photodiodesanbe classifiedwith respect
to their electron optical design. There are basi-
cally threedifferentdesignswhich areschematically
shavnin Figure3:

e Proximity focusing
This designleadsto compactand, becauseof
the small gap betweenphotocathodeand sil-
icon sensor highly B-field tolerantdetectors.
Becauseahereis no demagnificationthe pho-
tosensitve areaof the detectoiis limited to the
sizeof thesilicon sensor

e Crossfocusing
A crossfocusingdesignis chosenwhen high
resolutionmagingis requiredbecaus¢heelec-
trostaticlenseffectlargely compensatefor the
spreadof the photoelectronvelocity andemis-
sionangleatthephotocathodeSmallpin cush-
ion shapedistortionsat large distancefrom the
optical axis are typical for this design. Cross
focusedubesallow for strongdemagnification,
imply however a relatively large distancebe-
tweencathodeandsolid statesensorwhich re-
sultsin apronouncednagnetidield sensitvity.

e Fountainfocusing

The fountainfocusingdesignrepresentsn al-

ternatve to thecrossfocusedHPDif areduced
spatialresolutionis acceptableTheopticsdoes
not correctfor the emissionangledistribution

but resultsin asimpleandcompactubedesign
combinedwith a linear demagnificationover

thefull acceptanceThesensitvity to magnetic
fieldsis similarto the crossfocusingdesign.
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Figure3. Designsof Hybrid Photodiodesa) proxim-
ity focusing,b) crossfocusing,c) fountainfocusing.

1.4. Comparison with other photodetectors

The combinationof high sensitvity cathodenon-
multiplicative gainmechanismandsegmentedsilicon
sensomake the HPD a fastphotodetectowhich of-
fers very goodspatialandenepy resolution,aswell
asexcellentphotoncountingcapability In Tablel a



Tablel

Comparisonof HPD’s with various other photodetectorfMAPMT = Multi Anode PMT, APD = Avalanche
PhododiodeCCD = Chage CoupledDevice, VLPC = Visible Light PhotonCounter).

type g0l %] gain photoncounting spatialresolution speed remarks
HPD =25 =10 yes high high D
PMT =25 =10° limited no high &)
MAPMT =25 =10° no medium high 2
PIN diode =80 1 no high high 2)
APD =80 = 100 limited no high 23)
CCD =80 1 no high low 45)
VLPC =70 =10° yes no high 6)
D Spectrakensitvity dependon cathodetype, g = 25% at400nm.

2) High quantumefficiengy in red/infraredregion, decreasingowardsthe UV.

%) Arraysof APD’s areunderdevelopment(3,4].

) High &g only whenilluminatedfrom backside.

%) Photoncountinghasrecentlybeendemonstratesith electronbombardedCCD’s [5].

6) Operatiorrequirescoolingto LHe temperature§g].

rough comparisonis madebetweenHPD’s and var- VOLTAGE RING  SOLENOID

ious other photodetectorgoncerningtheir quantum : em A

efficiency, the achievablegain, spatialresolutionand ~70.0000 ( / j T

speed. ' !

2. Overview of HPD history

The attractvenessof using a solid statediode as
electronmultiplication elementandits superiorityto
dynode-basedascadenultiplication wasrecognised
alreadyaround1960][7,8]. Thefirst phototubeswvith
individualreversediasedsilicon sensorsi.e. HPD's,
have beendemonstratetb work around1965[9-11].

In 1971 Beaver andMcllwan[12] realizeda HPD
with a silicon substratesggmentedinto a linear ar-
ray of 38 individual diodes(0.101mm pitch) which
they calledDigital Multichannel Photometer andfor
which they obtainedan US patent. The device (see
Figure4), built for applicationsn astronomyadopted
the proximity focusing principle and compriseda
solenoidmagneticfield which allowed for scanning
of a 2D opticalimage. The photoelectrongould be
acceleratedo typically 30 keV.

A furtherstepin the HPD historyis marked by the
developmenbf theso-calledDIGICON tubesaround
1980[13]. Thetubewhich from its basicdesignre-
sembleghe 38 pixel tubediscussedbove,comprises
alineardiodearrayof 512 elementg40 x 500 um?,
50 um pitch), proximity focusing (22 kV cathode
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Figure 4. Schematicdrawing of the Digital Mul-
tichannel Photometerrealizedin 1971 [12]. It is
equippedwith alinearsilicon arrayof 38 diodes.

voltage)andamagneticsolenoidfield. TheFaint Ob-
ject Spectrographwhich is partof the Hubble Space
Telescop&gHST), hasbeenequippedwith two DIGI-
CON tubes,onewith a blue-peakd bialkali andone
with a red sensitve multialkali S20 photocathode.
Sincethe launchof the HST in 1990the DIGICON



tubeshave significantly contributedto the discovery
and characterisatioof extremely distantastronomi-
cal objects.

For along time the developmentgescribedabove
did not receve ary attention by the high enegy
physicscommunity In 1987De Salvo [14,15] practi-
cally re-inventedthe HPD principlewhenlooking for
fastphotodetectorsvhich canbe operatedn strong
magneticfields. The specificapplicationwhich he
hadin mind wasscintillator readoutof a calorimeter
of the SSCdetector

A furtherimportantmilestoneis marked by the de-
velopmenbf the ISPA (ImagingSilicon Pixel Array)
tube[16]in 1994. The detector built in the frame-
work of CERN’'s RD7 and RD19 programsfor the
readoutof scintillating fibres(fibre tracker), incorpo-
ratedfor the first time the readoutelectronicsinside
thevacuumtube. This allowedtheuseof afinely seg-
mentedpixel arraysensor(64 x 16 = 1024 pixels of
75 x 500 um?) which was bump bondedto a binary
readouthipwhichhadthesamegeometryasthesen-
sor. Thereadoutin parallelline moderesultedin to-
tal readouttimesof the orderof 10 us. Figure5 [17]
shavsanimageof aleadmaskobtainedwith thelSPA
tube. It demonstratethe spatialresolutioncapabili-
tiesof theHPDtechnique Scintillationlight of aYAP
crystalwasobsenedthroughholesof 0.6 mm diam-
eter Thedistancebetweerthe holeswas1.2mmand
2.4mm, respectiely.

3. Commercially available HPD’s

For the time being only a few suppliersfabricate
HPD’s,andsofar only onecompaly produceoff the
shelf HPD’swith sggmentedsilicon sensors.

3.1. DEP

The Dutch compary DEP (Delft ElectronicProd-
ucts)providesaseriesf singleandmultipixel HPD's.
Electrostatically focused single pixel devices are
available with a sensite diameterof up to 40 mm.
Proximityfocusedmultipixel devices(seeFig. 6) with
up to 61 pixels are producedwith active diameters
of up to 25 mm. Variousphotocathoddaypes(solar
blind, bialkali, multialkali) canbe chosen. A draw-
backof the currentlyavailabledetectorgs their mod-
estactive areafraction (well below 50%) which rep-
resentsa seriousobstaclefor certainapplications As

holes ¢ : 0.25 mm

Figure5. An imageof aleadmaskobtainedwith the
ISPA tube[17].

Figure6. Photograptof a proximity focusedmultip-
ixel HPD fabricatecby DEP

will bediscussedh thesectiond, DEPis currentlyin-
volvedin variousprojectsaiming at the development
of largeareaHPD'’s.

3.2. Hamamatsu

HamamatsJapan¥fabricates proximity focused
HPD with 8 mmsensitve diametemwhichis equipped
eitherwith a Si PIN diodeor an avalanchediode. In
thelattercasehegainof thedetectocanbeashighas
65,000,however at the expenseof the enegy resolu-
tion. For large areaapplicationa multipixel arrange-
mentis in preparatiorf18], wherea matrix of HPD’s



areassembleéh asinglepottingcase.Theactivearea
fractiondoeshowever notexceed20%.

3.3. INTEVAC

The AmericansupplierINTEVAC hasdeveloped
anelectrostaticallfocusedsinglepixel HPD whichis
equippedwith a GaAsor GaAsPphotocathodeThe
achiezablequantumefficiengy (45%atA = 500 nm)
is significantlysuperiotto alkali antimonidecathodes,
particularlyin the red andinfraredpart. In collabo-
ration with a group from Max-Planck-InstituteMu-
nich [19,20] the detectoris currentlybeingoptimised
in view of a possibleapplicationin anAir Cherenlov
telescope.

4. Development of largeareaHPD's

4.1. Potential applications of HPD’s in high en-
ergy physics

Hybrid Photodiodesare attractve candidatesor
mary photodetectiorapplications. We restrict our
discussiorto applicationsin high enegy physics,al-
thougha significantpotential exists for applications
in other fields like medicalimaging [21] and astro-
physics(Air Cherenlov telescopes).

In high enegy physicscurrentandfuture potential
applicationsof HPD's lie mainly in the threefollow-
ing areas:

e Calorimetry

The readoutof scintillators can profit from
the robustnessf proximity focusedHPD’s in
strong magneticfields, their intrinsicly high
speed and dynamic range of 8 decadesin
chage[22]. If thescintillatorsarereadout via
fibres,thesegmentatiorof theHPDreduceghe
numberof tubesandhencemay leadto signif-
icant costreductions. The CMS collaboration
hasrecentlydecidedo equipalargepartof the
hadroncalorimetewith commercialproximity
focusedmultipixel HPD’s from DEP[23]. The
HPD's will be operatedn an axial B-field of
4T.

e Time Of Flight andFibre Tracking
As mentionedabore the ISPA tubewas origi-
nally developedfor fibre tracking purposes.It
is againthe segmentation(costreduction),the
high speeduseof trackinformationin 1% level

trigger) andthe possibleoperationin magnetic
fieldswhicharethemostattractve featuresof a
HPD. In the experimentFINUDA theinnerre-

gionis beingequippedwith a smallscintillator
basedTOF detector[24], readoutby 24 com-
mercialsingle pixel HPD's fabricatecby DEP

The HPD's work in an axial magneticfield of

1.1T.

e RingImagingChereniov (RICH) detectors
The detectionof Cherenlov photonsin RICH
countersrequiresphotodetectoraith a high
sensitvity in the visible and UV part of the
light spectrumcombinedwith a spatialresolu-
tion in the mm range.Anotherprerequisitefor
the efficient reconstructionof Cherenlov pat-
ternsis alarge active areacoveragefraction, a
featurewhich is not offeredby currentlyavail-
ableHPD's.

We discussin the following the developmentof
large areaHPD's for the LHCb [25] experiment. Af-
ter a shortintroductionto the experimentandits two
RICH detectorsfwo parallelR&D programswill be
described.

4.2. The LHCb experiment

ThesinglearmspectrometetHCb is designedor
CPasymmetryandraredecaystudiesn thesystenof
B-mesons.LHCb will profit from the high bb cross
sectionandluminosity at the LHC collider. The out-
line of the recentlyapproved LHCb spectrometers
shawvn in Fig. 7. It includestwo RICH detectorgor
1K separationin themomentunrangel-150GeV/c.
The Cherenlov light emittedfrom the variousradi-
ators (Aerogel, CF, gas, C4F10 gas)is focusedby
meansof sphericaimirrorsontodetectionplanesout-
sidetheacceptancef the LHCb spectrometerin to-
tal a surfaceof 2.9 m? hasto be equippedwith pho-
todetectorswhich have to provide a granularity of
about2.5 x 2.5 mnm?. Hexagonalclose packing of
roundphotodetectorsvith anactive surfacecoverage
of 80% resultsin a total numberof electronicchan-
nelsof about340,000.

Comprehensie R&D programmeg26—28] have
beenlaunchedo developlarge areaHPD’s adequate
for the LHCb requirements.In additionto the high
active areafraction,fastLHC speedeadoutlectron-
ics is a key requirementof the photodetectors.As
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Figure7. Outline of the LHCb spectrometeiThetwo
RICH detectorarepositionedehindthe microvertex
detector(RICH 1) andin front of the electromagnetic
calorimeter(RICH 2).

a backupsolutionthe Hamamatsumulti anodePMT

R5900/64is underinvestigation[29,30]. In this case
anadditionallenssystemaswell asminor modifica-
tionsof thetubedesignarenecessarin orderto reach
asufficiently high surfacecoverage.

4.3. The5-inch pad HPD project
The HPD, asshawn in Fig. 8, consistsof a cylin-

drical vacuumglasservelope of 127 mm diameter
with a sphericalentrancewindow madeof borosili-
categlass. A visible light transmittive bialkali pho-
tocathodgK,CsSb)is vacuumevaporatedn thein-

side surfaceof the window. The photoelectronsre
acceleratedy a potential differenceof the order of

20 kV onto a silicon sensorof 50 mm active diame-
ter. Focusingring electrodegroducea fountain-like
electrostatidield geometry which resultsin a linear
demagnificatiorof 2.7 overthefull geometricallyac-
cepteddiameterof 114 mm. The silicon sensorcon-
sisting of 16 sectorswith in total 2048 pads(each
= 1 x 1 mn?) is mountedon a 4-layer ceramic
printed circuit board. Wire bondsfeed the signals
to 16 VA3 [31] analoguereadoutchips (128 chan-
nels: pre-amplifier shapersample& hold andmulti-

plexer). Signal/noiseatiosin excessof 20 have been
obtainedwith this relatively slow electronics(shap-

5" (127 mm)

photocathode

focusing
electrodes

silicon
pad sensor

base plate
with 40 vacuum

printed ceramic

NS board with
\‘% / [ readout electronics

Figure8. The upperfigure shavs a crosssectionof
the5-inchHPD. Below thethebaseplate,theceramic
printedboardandthesilicon sensolaredepicted.
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Figure9. Schematiaesignof the 80 mm Pixel HPD.

ingtime T = 1.6us), wherethetubecouldbeoperated
at up to 30 kV. In the next phaseof the projectthe

VA3 will bereplacedby thefast(25 nspeakingtime)

SCT128Aanaloguechip [32]. Detailsof the project,

in particulara descriptionof the manugcturingpro-

cesqphotocathodéabricationandsubsequergncap-
sulationin anultrahighvacuumplantbuilt at CERN),

andits statusaregivenin [33].

4.4. The 80 mm pixel HPD project

The 80 mm diametetHPD, which is schematically
shawvn in Figure9, employs the crossfocusingtech-
nigue. In its final versiontheimageof the 72 mm ac-
tive diameterphotocathodes demagnifiedby a fac-
tor 4 onto a silicon sensorconsistingof 1024 pixels
of 500 x 500 um? each. A binary readoutchip is
bump bondedto the pixel array The tubeis devel-
opedin collaboratiorwith DEPR. Two prototypetubes,
oneequippedwith a phosphorscreer’y CCD readout
and one with a DEP standard61 pixel sensorwill
be available for testsin the nearestfuture. A half
scaleprototype equippedwvith anOmega3pixel chip
(2048pixelsof 500 x 50 um?) eachhasalreadybeen
testedin the LHCb RICH prototypeset-up[34]. The
Omaa3chip, originally designedor trackingappli-
cation, is not optimisedfor single photoelectrorde-
tectionat LHC speed: minimum threshold3000 e~
(500€” RMS), 100nspeakingtime. As anintermedi-
atestepatestchip [35] with 25 ns peakingtime and
1500¢™ threshold25e™ RMS) hasbeendesignednd
successfullytestedin collaborationwith the ALICE
trackinggroup.

5. Summary

Hybrid Photodiodesalthoughdevelopedmorethan
30 yearsago, have received attentionby the high en-
ergy physicscommunityonly in themorerecentpast.
The HPD’s combinethe sensitvity of photomultipli-
erswith the spatialand enegy resolutionof silicon
detectors,which leadsto a superbphoton counting
capability Furtherfeaturesof the HPD principle are
the high intrinsic speed,the excellentlinearity and
the possibility to operateproximity focuseddevices
in strongmagnetidields. HPD’s appeaasinteresting
candidategor numerousapplicationsin calorimetry
fibre tracking, Cherenlov countingaswell asfor ap-
plicationsoutsidehigh enegy physics. All commer
cially availabledevices,hawever, exhibit only low ac-
tive surfacecoveragdractionswhich areinacceptable
for Ring Imaging Cherenkv detection. To remove
this obstacle high granularityHPD’s with optimised
areacoveragearecurrentlyunderdevelopmentor the
LHCDb experiment.
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