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ABSTRACT
TheAMS-02RICH will have11840squarepixels9 � 9mm2. HamamatsuR7600-00-M16photomul-

tipliers (4 � 4 pixels)will be usedfor the photoncounting. The importantfeaturesof thesedevicesare
the pixel gain, singlephotoelectronresolution,andrelative efficiency. The calibrationprocedureof 60
phototubesandfew selectionrulesfor thefinal detectorareshown.

Subjectheadings:AMS–RICH: PMT gain,singlephotoelectronresolution,relativeefficiency; PMT selection.

1. Intr oduction

The AMS-02 detectorhas a proximity focusing
RICH sub-detectorin placeof thethresholdČerenkov
counterof AMS-01 (seefigure1).

A 2 cm thick aerogellayer is usedasČerenkov ra-
diator, andthelight coneswill expandfor about50cm
beforereachingthepixelsplane,parallelto theradia-
tor layer. A conicalmirror is usedto gain acceptance,
and the pixel planehasa squarehole in front of the
electromagneticcalorimeter(figure2).

The total pixel number is 11840, and their size
is 9 � 9mm2. HamamatsuR7600-00-M16photo-
multipliers (PMT) are usedfor the photoncounting.
These740PMTshave4 � 4 pixelsandareoperatedat��� 750 � 900� V.

A setof 60PMTswastestedin BolognaINFN lab-
oratoriesandin GrenobleISN laboratories,usingtwo
differentread-outschemes.

2. The PMT test

In orderto measurethe gain andthe singlephoto-
electronresolutionof everypixel, few (3 or 4) runsper
PMT were doneat different voltages,using a short-
pulseLED emittingfew photonsperpulse.

Every run gives a “single photoelectronspec-
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Figure 1. TheAMS-02detector.
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2 RICH PMTscalibration

Figure 2. TheAMS-02RICH detector.

trum”, i.e.aPoissonianchargedistributionwith avery
low meanphotoelectronnumber(figure 3). Sucha
spectrumhas a recognizable“zero-peak” (the ADC
pedestal)and “one-peak” (the single photoelectron
signalsdistribution).

2.1. Gain

By definition, the distancebetweenthe zero- and
one-peaks,dividedby theelectroncharge,is thePMT
gain at thegiventension.

If we considertwo Gaussianpeakswith meanµi
andstandarddeviation σi , thegainG is thenumber:

G 8 � µ1
� µ0 � QADC

e
(1)

whereQADC is thechargeperADC countande is the
electroncharge,while theuncertainty∆G is computed
usingtheerrorson µi givenby thefitting routineand
theerroronQADC.

The latter was considerednegligible, even if ne-
glectingtheuncertaintyonQADC meansunderestimat-
ing ∆G of roughly 10% with the Bolognaelectronics
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Figure 3. Two singlephotoelectronspectra.

(∆QADC > QADC ? 1@ 5%) and50% with the Grenoble
ADC chip ( � ∆QADC > QADC � eff ? 5%).

Thetensiondependenceof thegain is easilyfound
by usinga linearfit in a log-logscale:

log10G 8 P1 A P2 log10V (2)

wherePi are the fit parametersandV is the absolute
valueof theoperatingvoltage(seefigure4).

2.2. Singlephotoelectron resolution

The single photoelectron resolutionδ is the ratio
betweenthe standarddeviation of the Gaussianone-
peak,andits distancefrom thezero-peak:

δ 8 σ1

µ1
� µ0

(3)

(thereis no needfor QADC here),andits error is com-
putedusing the fit uncertaintieson σ1 and µi . The
smalleris δ , thebetteris thephotoncounting.

2.3. Pixel efficiency

The absolutepixel efficiency cannotbe measured
with the devicesavailable in Bolognaand Grenoble,
but therelative efficiency with respectto all otherpix-
els of the samePMT canbe evaluatedlooking at the
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SA0224 Gains
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Figure 4. Linearfit of thegain to voltagelog-log de-
pendence.

SA0224 -- Relative pixel efficiency
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Figure5. Therelativepixel efficiency is almostinsen-
sibleto theHV settings.

normalizationfactorsof the Gaussianfit of the one-
peak (assumingthat the samenumber of events is
recordedin eachrun. Seefigure5).

This is not comparablewith the Hamamatsudata:
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Figure6. First row: dynodes.Secondrow: resistorsin
kΩ. Third row: repartitionfactors.

they measurethe anodescurrent output when uni-
formly illuminating thepixels, i.e. what they quoteas
“AnodeUniformity” is therelativeefficiency timesthe
pixel gain.

A similar but different pixel efficiency definition
was adoptedto comparethe pixels of all the PMTs,
asdescribedin � 5.3.

3. PMT test in Bologna

A set of 80 PMTs was testedin Bologna, taking
singlephotoelectronspectraat3 differenttensions.

EachPMT wasput in ablackboxandconnectedto� 900V for at least15 minutesbeforethefirst test,in
orderto allow for decreasingof thePMT window pho-
toluminescenceinducedby theenvironmentallight.

Each PMT requiredroughly 1 hour to be tested.
Three data sets of 10’000 events were taken, with� 900 V, � 850 V and � 800 V. For low gain PMTs
thesequencewas: � 900V, � 850V, � 950V (always
10’000eventsperrun).

Thevoltagedividerwasalways“hot” (nonight turn
off) andconnectedto somePMT, with the exception
of theminuteneededto changePMT. It wasturnedoff
during weekendsandturnedon for at leastonehour
beforethenext test.No significantchangeis notedaf-
ter18hours(from 17:00to 09:00)of continuousPMT
operating.

3.1. Setup

The voltage divider was from Hamamatsu(fig-
ure6). Thesignalscomingfrom thedivider wereread
usingLEMO 50Ω cables.Eventhoughtheimpedance
is notexactly thesame,thesignalsaregoodenoughto
takechargemeasurements.

The PMT wasilluminatedby a red LED driven at
60Hz by aCAEN module(modelC529),with roughly
a 20 V amplitudepulseof 5 ns width. An opaque2
mm thick plexyglasslayer is usedto diffuselight in a
uniform manner(no differenceis seenwhenrotating
thePMT).

Theanodesignalsaresentto a linearADC (CAEN

BDCFE�GDH4I H4J6K%LNM�K%O#P2QRK%L�I�STH6OUPWV6X4X6Y[Z\X6][Z\X4Y
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modelC205A)anddigitizedusingthe0.033pC/count
scale.Therelativeuncertaintyon theADC conversion
scaleis 1.5%,but wasneglected.

4. PMT test in Grenoble

A subsetof 60 PMTs wastestedin Grenoble,tak-
ing singlephotoelectronspectraat4 differenttensions:� 750V, � 800V, � 850V, and � 900V.

4.1. Setup

EachPMT requiredabout4 minutesto be tested.
TheLED wasdrivenatroughly2kHz,andits light was
carriedonby light fibersto thePMT pixels.Every run
is a setof 63’000events.ThePMTswerereadby the
RICH front-endchipsanda customboardcontrolled
by LabView.

Thevoltagedivider wasdifferentfrom thatusedin
Bologna, and was chosendue to its better linearity.
The total impedancewas 80 MΩ and the repartition
was2.4 : 2.4 : 1 : 1 : 1 : 1 : 1 : 1 : 1 : 1 : 1.2 : 2.4 :
2.4.

Theanodesignalsarereadby a16channelsAnalog
Devices AD7476ART ADC chip situatedon the flat
cablecoming out from the divider. Only one of the
two gainscalesof this12bitsADC wasused,the“5 � ”
scale(0.0037pC/count,5%uncertainty).

Channels6 and7 hadproblems:it seemsthat they
had a positive offset, left-shifting the ADC distribu-
tions (anodesgive negative signals)until truncation
occurs.This offset is present,but not critical, alsoin
“Gain 1” scale,that wasusedfor thosetwo channels
only.

Theresultinghistogramswererebinnedfrom 4096
to 1024channels(not for pixels 6 and7), in orderto
compensatefor thegreatfluctuationsbetweenadjacent
bins.Hencetheeffectiveresolutionof thechargemea-
surementis 10bits,with 0.0146pC/count.In addition,
the resultinguncertaintyof the charge measurement
( ? 5%)wasnot consideredin theerrorscomputation.

Another problem was the pedestalposition: the
zero-peakwasvery different(almosthundredcounts)
for few PMTs, dueto unknown reason.With the ex-
ception of the PMT SA0207, that shows a baseline
shift duringthesamerun (at 850V), thepedestalshift
was not impeding the gain and single photoelectron
resolutionmeasurements.

SA0164 -- Pixel single ph.el. resolution
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Figure 7. Singlephotoelectronresolutionasfunction
of theHV value,measuredin Grenoble.

4.2. Results

Thesinglephotoelectronresolutionis relatively in-
sensitive to theHV settingsandsometimesis betterat
low voltage(figure 7), while with the Bolognasetup
hassometimestheoppositebehavior (figure8).

TherearelargefluctuationsbetweenadjacentADC
channels(evenif thestatisticsarehighenough:63’000
events),probablydueto the “sampleandhold” tech-
nique. Thesystematicbin-wisefluctuationsarenegli-
gibleafterrebinning:theADC hasaneffective10bits
resolution(figure9).

The lastproducedPMTsshow a moreuniform be-
havior than the first ones: the Hamamatsuproduc-
tion chain“stabilized” aroundPMT SA0190(seefig-
ure 10). This can be important when selectingthe
PMTsfor thefinal detector.

5. PMT selectioncriteria

5.1. Expecteddynamic range

The 16 channelsADC is perfectly linear over its
full scale(4096counts)andhastwo gainscales(a fac-
tor of 5 in dynamicrange),but the preamplifierOPA
340reducesthelinearrangeto 2/3 of thefull-scale.A
testof an improvedversionof thechip is foreseenon

BDCFE�GDH4I H4J6K%LNM�K%O#P2QRK%L�I�STH6OUPWV6X4X6Y[Z\X6][Z\X4Y



D. Casadei 5

SA0164 -- Pixel single ph.el. resolution
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Figure 8. Singlephotoelectronresolutionasfunction
of theHV value,measuredin Bologna.
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Figure9. Theeffective resolutionof theAD7476ART
ADC chip is 10bits.

September20013.

The front-endelectronicswill readeachpixel over

3J.Pouxe,privatecommunication.

Pixel gain/106 VS. PMT number, at 850V
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Calibrations done at ISN, Grenoble
�

Figure 10. All pixelsgain distribution for V 8 850V,
measuredin Grenoble.

threshold,askingtheADC for the5 � scaleif not sat-
uratedor elsethe 1 � scale. We will assumethat the
5 � scaleis perfectlylinear. If thepedestalpositionis
beforethe 500 ADC counts,we canconsiderat least
3500ADC countsastheeffectivelineardynamicrange
in the5 � scale.

Thesimulatedmeannumberof photoelectronsper
pixel producedby a Fe nucleusis about20, but their
distribution has a tail reaching approximately100
phel/pixel4.

If wesetthevoltagein orderto have50(10)counts
in the5 � (1 � ) scalefor thesinglephotoelectronpeak,
wewill beableto reach70phel/pixel countsin the5 �
scale,i.e. thelinearrangereachestheFenuclei.

5.2. HV settings

Theplot of thetensionV � neededto have 50 ADC
countsin the 5 � scalecorrespondingto 1 phel/pixel
(figure 11) shows that all the PMTs testedin Greno-
ble (with theexceptionof SA0132,SA0152,SA0168,
SA0169,SA0187)needavoltagein therange��� 780�
880� V, that is not very large. In addition, thereis a
sharpindication that the last producedPMTs (from

4J.Casaus,privatecommunication.
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V(50 ADC ch.) VS. PMT no.
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Figure 11. Distribution of the voltageV � neededto
haveontheaverage50ADC countsfor thesinglepho-
tolectronpeakin the5 � scale.
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SA0190on)aregroupedin anarrower range,aseffect
of thestabilizedproductionchain.

The PMTs installed in the final detectorwill be
poweredin smallsets(5 or 6 PMTsperHV channel),

Pixel gain dispersion at 800V
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Figure 13. Distribution of the RMS 1-peak to 0-
peakdistance(up) andmaximumdistancedifference
(down), in ADC counts.

connectedasdaisy-chains.In additiontoV � , thesesets
shouldhavesimilar gain to voltagedependence,in or-
der to guaranteea goodcollective behavior in caseof
smalladjustmentsof thetension.

Theplot of thefit parameters(seeeq.2) shows that
other3 PMTs(SA0159,SA0180,SA0182)shouldbe
discarded,due to very different valuesfrom the rest
of thesample(acceptedranges:� 33 § P1 § � 21 and
9@ 5 § P2 § 13@ 5).

In total,8 PMTsover60show badvalues,andthey
haveserialnumberslower than190.

5.3. Pixel gain and efficiency

The valuesplotted in figures11 and12 aremean
values,but we have alsoto considerthe pixel related
quantities.For examplewe shouldchoosePMTswith
a little spreadingbetweenpixel gains. This can be
doneby looking at thepositionof the1-peakwith re-
spectto the0-peak,asin figure13.

If we ask that the RMS dispersionbe less than
12 ADC countsandthe maximumdifferencebe less
than50ADC counts,two additionalPMTsarerejected
(SA0188andSA0223). Noticeableis thatSA0223is
thefirst PMT afterSA0190thatdoesn’t satisfythere-
quirements.
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Mean pixel eff. at 800V VS. PMT no.
¨

70
�
75

80
�
85
�
90
�
95
�

100

80
�

100 120 140 160 180 200 220 240

  0.00   0.00   0.00

  0.00   60.0   0.00
  0.00   0.00   0.00

PMT
¥

ε m
e

a
n (

%
)

Figure 14. Distributionof themeanpixel efficiency.

Thelastthingswe canlook into arethemeanpixel
efficiency andtheefficiency spreadingperPMT. In or-
derto haveadefinitionof the(relative)pixel efficiency
thatcanbeusedfor all thePMTs,we adoptedthefol-
lowing definition:

ε © N � N0

N0
(4)

whereN 8 63’000 is the DAQ triggersnumberand
N0 is thenormalizationconstantof theGaussianfit to
the0-peak.Assumingthat thegeometryandtheLED
behavior don’t changeappreciablybetweendifferent
runs,N0 is roughlytheinefficiency of thepixel.

The bad news hereare that even thoughthe effi-
ciency shows a little convergenceincreasingtheserial
number, thefluctuationsarelarge: themechanicalcon-
structiondoesstabilize,but thematerialof thephoto-
cathodedoesnot.

Referringto figures14 and 15, we chose80% as
lowestvaluefor the meanefficiency, 8% and35% as
highestthresholdson the RMS efficiency and maxi-
mumdifference,respectively. Theresultsare(already
discardedPMTsarenotshown):

Pixel eff. spread at 800V VS. PMT no.
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Figure 15. Spreadingof thepixel efficiencies.

PMT ª ε « εRMS εmax
� εmin

(%) (%) (%)
SA0142 73.89 17.40 67.03
SA0149 76.84 18.30 88.45
SA0161 75.43 17.77 61.90
SA0163 83.67 4.37 89.58
SA0177 78.02 3.83 12.21
SA0199 74.58 16.41 90.44
SA0205 79.53 4.50 14.58
SA0207 82.67 4.31 88.57
SA0220 83.06 4.96 91.57

whereboldfacePMT namesmatchall threenegative
conditions.

A summarytable for all the 60 PMTs testedin
Grenobleis givenin theAppendix.

In conclusion,a very high numberof PMTs is re-
jectedusingall the suggestedcuts. Even thoughthe
stabilizationof the productionchain is very promis-
ing for whatconcernsthegainbehavior (andwecould
hopeto discardno PMT dueto badvoltageor fit pa-
rameters),it is unlikely thatmuchlessthanthepresent
fraction of 10% (18% usingthe OR of conditionson
efficiencies)of PMTswill not bediscardeddueto bad
pixel efficiencieswhen selectingthe 740 onesto be
mountedin thefinal assembly.
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8 RICH PMTscalibration

Appendix: Testresultswith ISN setup

PMT V � P1 P2 dRMS dmax
� dmin ª ε « εRMS εmax

� εmin
(Volt) (ADC counts) (%) (%) (%)

SA0097 800.5 -23.03 10.02 9.422 33.90 84.74 4.219 13.99
SA0098 832.4 -24.99 10.63 3.585 11.50 83.16 4.891 17.76
SA0099 797.7 -24.45 10.51 3.503 12.60 85.12 4.539 14.00
SA0132 766.4 -27.87 11.76 11.93 54.90 85.25 4.572 15.11
SA0133 781.8 -24.05 10.41 6.390 23.10 85.77 4.389 13.78
SA0141 813.8 -23.60 10.19 10.73 40.17 81.57 5.903 22.23
SA0142 852.7 -25.01 10.60 5.107 14.80 73.89 17.40 67.03
SA0144 826.6 -29.04 12.03 4.802 17.28 81.00 7.628 30.12
SA0145 793.1 -23.69 10.26 4.654 17.77 84.19 4.372 14.18
SA0146 810.0 -23.89 10.30 7.537 26.52 82.55 4.513 14.52
SA0149 849.5 -27.99 11.62 5.555 19.40 76.84 18.30 88.45
SA0150 828.3 -27.37 11.46 5.463 20.68 82.26 4.365 16.80
SA0152 883.2 -29.23 11.98 3.418 12.80 71.35 17.61 58.34
SA0154 787.5 -25.12 10.76 8.147 26.00 83.25 4.775 16.81
SA0156 806.2 -23.68 10.23 4.936 13.80 84.29 4.482 13.86
SA0157 795.8 -24.65 10.58 9.040 31.19 84.81 4.507 13.25
SA0158 794.6 -25.60 10.91 7.651 26.58 85.09 4.590 13.92
SA0159 815.0 -15.21 7.307 3.950 14.60 83.74 4.474 15.17
SA0160 816.2 -25.54 10.85 3.440 12.60 82.45 4.474 14.34
SA0161 857.2 -31.10 12.67 5.850 21.00 75.43 17.77 61.90
SA0162 789.4 -26.29 11.17 5.246 16.38 85.10 4.142 12.98
SA0163 824.5 -24.25 10.39 5.327 19.50 83.67 4.365 89.58
SA0164 786.2 -26.31 11.18 3.565 14.10 83.64 4.463 14.03
SA0166 798.2 -26.38 11.18 5.346 17.50 83.79 4.504 15.69
SA0168 778.1 -97.29 35.75 4.348 17.00 83.54 4.110 13.21
SA0169 766.7 -43.42 17.15 17.09 58.96 83.05 4.390 14.89
SA0171 781.2 -25.11 10.78 9.883 36.35 83.36 4.284 16.32
SA0172 797.0 -24.92 10.68 4.591 17.09 84.95 5.255 19.25
SA0173 798.2 -24.64 10.58 6.152 23.20 81.38 4.042 14.78
SA0174 789.9 -24.65 10.60 3.638 15.10 83.39 4.281 15.37
SA0175 799.5 -25.65 10.92 8.293 30.84 82.65 4.225 13.63
SA0177 837.5 -28.93 11.97 3.377 13.90 78.02 3.832 12.21
SA0180 780.0 -43.42 17.11 88.20 355.2 83.85 4.633 16.98
SA0182 858.6 -35.87 14.29 6.334 24.00 78.55 12.05 49.36
SA0184 865.0 -30.04 12.29 9.223 32.50 80.69 4.739 16.68
SA0186 829.9 -30.45 12.51 3.972 14.20 83.41 4.070 13.39
SA0187 776.7 -44.10 17.35 16.46 50.60 82.21 5.136 14.75
SA0188 816.0 -25.05 10.68 15.23 52.40 85.97 4.968 15.76
SA0189 821.3 -24.13 10.36 7.133 25.30 84.07 3.977 13.20
SA0190 799.3 -24.84 10.65 6.532 22.53 83.04 4.600 15.46
SA0191 803.5 -25.65 10.91 4.154 16.00 84.06 4.518 15.48
SA0192 819.9 -25.04 10.67 8.717 31.60 80.97 4.427 14.40
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SA0195 830.3 -25.84 10.93 4.313 16.06 82.26 4.438 14.35
SA0196 841.8 -28.19 11.71 4.551 17.40 83.60 4.445 15.30
SA0197 838.7 -25.53 10.80 4.110 11.90 81.16 4.279 13.10
SA0198 835.0 -26.49 11.14 3.632 12.22 82.13 4.863 16.65
SA0199 865.6 -31.53 12.80 4.627 17.00 74.58 16.41 90.44
SA0200 850.2 -24.75 10.52 6.030 18.91 82.12 4.473 13.62
SA0201 839.8 -24.01 10.28 4.858 17.48 81.10 4.640 15.30
SA0203 845.5 -25.94 10.93 4.546 16.40 81.17 4.175 13.22
SA0205 837.6 -25.64 10.84 4.024 11.78 79.53 4.504 14.58
SA0207 845.7 -27.53 11.48 7.223 27.84 82.67 4.314 88.57
SA0208 840.3 -27.47 11.47 5.358 18.70 84.25 4.752 15.91
SA0209 819.6 -25.89 10.97 5.275 19.86 85.66 5.401 19.67
SA0210 815.1 -25.56 10.86 5.073 19.10 86.12 4.311 15.27
SA0220 869.4 -29.29 12.03 5.128 17.10 83.06 4.961 91.57
SA0222 815.1 -24.75 10.58 2.826 10.41 82.63 4.766 16.35
SA0223 846.9 -27.64 11.51 12.54 53.20 86.53 5.819 22.68
SA0224 844.9 -27.06 11.31 4.330 16.00 84.07 4.542 15.67
SA0231 816.3 -25.06 10.69 6.779 23.90 85.84 4.491 16.17
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