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Quantum Efficiency

Quantum Quantum efficiencyefficiency (QE) of a (QE) of a sensorsensor isis defineddefined asas
thethe ratioratio

QE = QE = N(ph.eN(ph.e.) : .) : N(photonsN(photons))
ConversionConversion of a of a photonphoton intointo ph.eph.e. . isis a a purelypurely
binomialbinomial processprocess (and (and notnot poissonpoisson !)!)

AssumeAssume NN photonsphotons areare impingingimpinging ontoonto a a 
photocathodephotocathode and and everyevery photonphoton has has thethe samesame
probabilityprobability PP to kick out a to kick out a ph.eph.e....
ThenThen thethe meanmean numbernumber of  of  ph.e.sph.e.s isis N x PN x P and and 
thethe VarianceVariance isis equalequal to to N x P x (1 N x P x (1 –– P)P)
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Signal to noise ratio
TheThe signalsignal--toto noisenoise ratio (SNR) of a ratio (SNR) of a givengiven photocathodephotocathode
withwith QE=P QE=P cancan bebe calculatedcalculated asas

SNR = SNR = √√ [N x P/(1 [N x P/(1 -- P)]P)]
For For exampleexample, , forfor N = 1 (N = 1 (singlesingle impingingimpinging photonphoton):):

PP 0.10.1 0.30.3 0.90.9 0.950.95

33 4.44.4

0.990.99

SNRSNR 0.330.33 0.650.65 9.99.9
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Short Historical Excursion
1889: Elster and Geitel discovered that in alkali
metals a photo-electric effect can be induced by
visible light (the existence of the e- was yet
unknown)
1905: Einstein put forward the concept that
photoemission is the conversion of a photon into a 
free e-
Until ~1930 QE of available materials was < 10-4

1929: discovered Ag-O-Cs photo-emitter (Koller; 
Campbell) improved the QE to the level of ~ 10-2

1st important application: reproduce sound for film
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Short Historical Excursion
ImprovedImproved materialsmaterials werewere discovereddiscovered laterlater on on butbut itit
was a was a combinationcombination of a good of a good luckluck withwith „„intelligent intelligent 
guessingguessing““
A A veryvery importantimportant stepstep was to was to realizerealize thatthat thethe
photocathodephotocathode materialsmaterials areare SEMICONDUCTORSSEMICONDUCTORS
MetallicMetallic versusversus NonmetallicNonmetallic materialsmaterials: : 

yieldyield of metallic of metallic photocathodesphotocathodes isis veryvery lowlow
becausebecause of of veryvery high high reflectivityreflectivity
semiconductorssemiconductors havehave lessless reflectionreflection losseslosses

TheThe mainmain lossloss processprocess in in metalsmetals isis thethe ee--
scatteringscattering; => e; => e-- escapeescape depthdepth of of onlyonly fewfew atomicatomic
layerslayers isis possiblepossible
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Short Historical Excursion

TheThe losseslosses in in SemiconductorsSemiconductors becausebecause of of phononphonon
scatteringscattering ((interactioninteraction withwith latticelattice) ) areare muchmuch lessless, , 
i.e. ei.e. e-- fromfrom deeperdeeper layerslayers cancan reachreach thethe surfacesurface
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Short Historical Excursion
MetalMetal SemiconductorSemiconductor

Photon Photon ee--
conversionconversion

High High reflectivityreflectivity
LowLow efficiencyefficiency

LowLow reflectivityreflectivity
High High efficencyefficency

ee-- motionmotion LowLow efficiencyefficiency::
ee-- ee-- scatteringscattering

High High efficiencyefficiency
lowlow phononphonon lossloss

SurfaceSurface barrierbarrier WorkWork functionfunction
> 2 > 2 eVeV

DeterminedDetermined byby
ee-- affinityaffinity
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Short Historical Excursion

19101910: : PhotoelectricPhotoelectric effecteffect on Kon K--Sb compound was Sb compound was 
foundfound (Pohl & (Pohl & PringsheimPringsheim).).
19231923: : foundfound thatthat thermionicthermionic emissionemission of W of W isis
greatlygreatly enhancedenhanced whenwhen exposedexposed to Cs to Cs vapourvapour
(Kingdon & (Kingdon & LangmuirLangmuir). ). 
ItIt was was foundfound thatthat thethe workwork functionfunction in in thethe aboveabove
casecase was was lowerlower thanthan of Cs metal in of Cs metal in bulkbulk..
19361936: : discovereddiscovered high high efficiencyefficiency of Csof Cs--Sb (Sb (GGöörlichrlich).).
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QE of Metals

For For photonphoton energiesenergies > 12 > 12 eVeV QE of 1QE of 1--10 % 10 % werewere
reportedreported forfor

NiNi, , CuCu, Pt, , Pt, AuAu, W, Mo, Ag  and Pd , W, Mo, Ag  and Pd 
(1953, (1953, WainfanWainfan). ). 

7% 7% forfor Au @ 15 Au @ 15 eVeV

2% 2% forfor AlAl @ 17 @ 17 eVeV
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Escape Depth

EscapeEscape depthdepth cancan bebe defineddefined asas thethe thicknessthickness aboveabove
whichwhich thethe photoemissionphotoemission becomesbecomes independent on independent on 
thicknessthickness (in (in reflectivereflective mode)mode)

TheThe measuredmeasured escapeescape depthdepth was 10was 10--20 20 atomicatomic
layerslayers forfor K, Rb, Cs (1932).K, Rb, Cs (1932).
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QE: Short Historical Excursion

19551955--19581958 Sommers Sommers foundfound thethe „„multialkalimultialkali““ effecteffect: : 
combinationcombination of of CsCs--KK--NaNa--SbSb has high QE in has high QE in thethe
visiblevisible spectrumspectrum..
Also Also werewere discovereddiscovered

CsCs33SbSb on on MnOMnO ((S11S11, , λλpeakpeak @400nm, QE ~ 20%)@400nm, QE ~ 20%)
(Cs)Na(Cs)Na22KSbKSb ((S20S20, , λλpeakpeak @400nm, QE ~ 30%)@400nm, QE ~ 30%)
KK22CsSbCsSb ((λλpeakpeak @400nm, QE ~ 30%)@400nm, QE ~ 30%)
KK22CsSb(O)                (CsSb(O)                (λλpeakpeak @400nm, QE ~ 35%) @400nm, QE ~ 35%) 
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Typical Quantum Efficiencies
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Boost of the QE of Bialkali PMTs
In In recentrecent fewfew yearsyears wewe werewere intensivelyintensively workingworking
withwith thethe wellwell--knownknown PMT PMT manufacturersmanufacturers lookinglooking
intointo thethe business of business of boostingboosting thethe QE of QE of bialkalibialkali
PMTsPMTs. . OverOver pastpast 40 40 yearsyears therethere was no was no progresprogres
reportedreported..
After After severalseveral iterationsiterations successsuccess couldcould bebe reportedreported..

AlreadyAlready 2 2 yearsyears agoago PMTsPMTs withwith peakpeak QE QE valuesvalues
in in thethe rangerange of 32of 32--35 % 35 % becamebecame availableavailable..
These QE These QE boostedboosted PMTsPMTs areare usedused in in thethe
imagingimaging cameracamera of of thethe MAGICMAGIC--II II telescopetelescope, , thatthat
shallshall bebe completedcompleted in 2007in 2007--2008.2008.
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How it shall be possible to boost the
QE and who is interested in it ?

UseUse of of highlyhighly purifiedpurified materialsmaterials forfor thethe photophoto cathodecathode
((changechange fromfrom 99.999 99.999 99.9999 99.9999 oror eveneven of of higherhigher puritypurity; ; 
will will provideprovide lessless scatteringscattering lengthlength forfor ee-- ((lowlow
recombinationrecombination probabilityprobability))

→→ ee-- kickedkicked out out fromfrom deeperdeeper ((toptop) ) layerslayers cancan reachreach
photophoto cathodecathode--vacuumvacuum junctionjunction ¬¬__ and and „„jumpjump““ intointo itit
((→→ thickerthicker cathodecathode isis possiblepossible).).

Optimal Optimal tuningtuning of of thethe photophoto cathodecathode thicknessthickness
Optimal Optimal tuningtuning of of thethe material material compositioncomposition
Optimal Optimal tuningtuning of of thethe antianti--reflectivereflective layerlayer
Optimal Optimal tuningtuning of of thethe Cs Cs layerlayer thicknessthickness
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QE of our „old champion“ 2‘
PMT from Hamamatsu

Mirzoyan, et al., NIM A 
(proc. Beaune‘05)
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PMTs of MAGIC-IPMTs of MAGIC-I

QE by a diffuse scattering 
coating, +WLS

Effective QE ~ 15 %

WLS
milky
layer
effect

(D. Paneque, et al., 2002)
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Recent PMTs Electron TubesRecent PMTs Electron Tubes
Different batches show Different batches show 
different behaviour different behaviour 

QE is high (~30% !!)QE is high (~30% !!)

Peak @ ~ 350 nmPeak @ ~ 350 nm

Low QE at long Low QE at long λλ
(> 450 nm)(> 450 nm)
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QE of 3 PMTs (2 Hamamatsu + 
1 ET) before and after coating with
milky layer
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Charge collection efficiency
QE QE alonealone isis notnot a a veryvery meaningfulmeaningful parameterparameter forfor a PMT. a PMT. 
TheThe chargecharge collectioncollection efficiencyefficiency (CE) (CE) isis an an equallyequally
importantimportant parameterparameter..

TheThe convolutionconvolution of of thethe QE QE withwith thethe CE CE isis thethe real real 
importantimportant parameterparameter. . ThisThis isis whatwhat oneone needsneeds to to measuremeasure

WhileWhile an absolute an absolute measurementmeasurement isis notnot easyeasy, a , a 
comparativecomparative, relative , relative measurementmeasurement cancan bebe easilyeasily
performedperformed..
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PDE measurements

We performed PDE 
measurements for 
Hamamatsu and ET 
PMTs. 80 ps flashes 
from a laser @ 400 
nm were illuminating 
a white wall in a 
storage room. 
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Optical axis is 
adjusted 

PDE measurements

PMTs were observing
a piece of white wall 
of 2.1 m size. The full
observing angle
was set to 120°.

2.
1 

m

0.6 m

0.6 m laser
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ET142 
Hamamatsu3352 

-- 1400v

-- 1300v 

-- 1200v

-- 1100v

PDE measurements
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Final PMT selection

Our measurements have shown that the PMTs from 
Hamamatsu have on average 20 % higher photon detection 
efficiency (PDE) than the PMTs from ET (this essentially 
reflects the existing differences between the QE’s). 

The QE of a not coated PMT from Hamamatsu is comparable 
to the QE of a milky coated ET. 

The coating of Hamamatsu PMT is increasing its effective QE 
by ~10 %. => select Hamamatsu PMTs for the M-II camera.

Short before we were going to put the order for the selected
PMTs for the M-II camera to Hamamatsu, they released news
on their very recent developments, Ultrabialkali PMTs:
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Recent Surprises
• All the 3 PMT manufacturers could
report enhanced QE values, the best
being Hamamatsu, who gave it the
name „Super-bialkali“ (QE~ 33-36 %). 

• One year ago Hamamatsu claimed to
produce PMTs with peak QE of  
43-45 % ! 
(once the djinn comes out of the lamp
you cannot control it anymore)  ;-)

• Recently also Photonis joined club of
„Ultra-bialkali“. Moreover, it pushed
the QE values even higher up !  
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The very recent 3‘ Photonis PMTs:
QE peak values in excess 50 % !

I am curious if Photonis could
reproduce this results, what
name are they going to give
that type (Extreme-bialkali)?

Prelim
inary

!
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Other strongly competing ultra-fast,
LLL sensors with single ph.e. resolution

In In recentrecent timestimes twotwo moremore typestypes of of ultraultra--fastfast
responseresponse LLL LLL sensorssensors, , providingproviding good good 
singlesingle ph.eph.e. . resolutionresolution, start to , start to stronglystrongly
competecompete withwith thethe classicalclassical PMTsPMTs..
These These areare

HPDsHPDs withwith GaAsPGaAsP photocathodephotocathode
SiPMSiPM (and (and itsits variationsvariations) ) 
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Conclusions
In In recentrecent fewfew yearsyears on on ourour requestrequest thethe mainmain PMT PMT 
manufacturersmanufacturers werewere workingworking on on boostingboosting thethe QE of QE of 
classicalclassical PMTsPMTs
As a As a resultresult bialkalibialkali PMTsPMTs of 1of 1--33´´´´ sizesize withwith 3232--35 % 35 % peakpeak
QE will QE will becomebecome commerciallycommercially availableavailable alreadyalready in 2006 in 2006 
(~ 35% (~ 35% boost!)(theyboost!)(they gotgot thethe namename supersuper--bialkalibialkali))
In In autumnautumn 2006 2006 wewe learnedlearned fromfrom HamamatsuHamamatsu aboutabout thethe
soso--calledcalled ultraultra--bialkalibialkali PMTsPMTs withwith 4343--45 % 45 % peakpeak QEQE
NowNow also also PhotonisPhotonis couldcould demonstratedemonstrate on on thethe exampleexample of of 
33‘‘ PMT PMT peakpeak QE QE valuesvalues scatteredscattered in in thethe rangerange 3535--55 %.   55 %.   
TogetherTogether withwith SiPMSiPM thethe newnew bialkalibialkali PMTsPMTs will will 
dominatedominate thethe marketmarket veryvery soonsoon !!
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Calibration with SiPM:

<46> ph.e. are measured
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HPD Output Signal

<pulse height distribution><pulse shape>

FWHM～2.7 ns

Time [ns]
0   2   4   6   8  10 12 14 16
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QE boost with Wavelength Shifter
• WLS

– Butyl- PBD
(260-340 to 360-460 nm)

– POPOP
(300-400 to 400-500 nm)

– Paraloid B72
(n = 1.4)

in Toluene

On the Input window

λλλ dChQEPE )()(∫ ×=
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