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DESY 07-196Study of Mi
ro Pixel Photon Counters for ahigh granularity s
intillator-based hadron
alorimeterN. D'As
enzo a;b;1, A. Eggemann b, E. Garutti baUniversity of Hamburg, Edmund-Siemers-Allee 1, D-20146, Hamburg, GermanybDESY, Notkestr. 85, D-22607 Hamburg, GermanyAbstra
tA new Geiger mode avalan
he photodiode, the Mi
ro Pixel Photon Counter (MPPC),was re
ently released by Hamamatsu. It has a high photo-dete
tion eÆ
ien
y in the420 nm spe
tral region. This produ
t 
an represent an elegant 
andidate for the de-sign of a high granularity s
intillator based hadron 
alorimeter for the InternationalLinear Collider. In fa
t, the dire
t readout of the blue s
intillation photons witha MPPC is a feasible te
hologi
al solution. The readout of a plasti
 s
intillator bya MPPC, both mediated by the traditional wavelength shifting �ber, and dire
tly
oupled, has been systemati
ally studied.
Introdu
tionThe prototype of the highly granular hadroni
 
alorimeter for the InternationalLinear Collider (Cali
e HCAL [1℄) 
onsists of �nely segmented arrays of s
in-tillators. Ea
h tile is read out by a Geiger mode avalan
he photodiode[2,3,4℄(the SiPM) produ
ed by MEPHI (Mos
ow Engineering and Physi
s Institute),whose spe
i�
 design mat
hes the required performan
es needed for its appli-
ation in the 
alorimeter [5℄. The small size (1 mm2), high gain (106) andrelatively low bias voltage (30-70 V) of the SiPM made it the natural 
andi-date for the high granularity 
alorimeter; the photodete
tor 
ould be dire
tlyinstalled in the tile. However, the SiPM is a green sensitive photodete
tor; the
oupling with the blue emitting s
intillator is obtained via a green wavelengthshifting �bre, installed in a groove on the s
intillator itself. A simpli�
ation1 Corresponding author: ni
ola.das
enzo�desy.de
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Fig. 1. Setup for the dire
t 
oupling. The s
intillator is installed in a spe
i�
 housing.The MPPC is �xed at one end of a plasti
 holder whi
h 
an be lo
ated in twodi�erent positions: the 
oupling is reprodu
ible at a 3% level.of this elementary stru
ture would be highly desirable, in order to extendthe 
on
ept to a large s
ale dete
tor. The new generation of Geiger modeavalan
he photodiodes, produ
ed by Hamamatsu, shows a better opti
al sen-sitivity in the 420 nm spe
tral region, making it possible to investigate thedire
t readout of the s
intillation tile. In this study the response to a minimumionizing parti
le (mip) of a plasti
 organi
 s
intillator read out by the mostre
ent MPPC[6℄, with both 400 and 1600 pixels, was analyzed. The mip signalis in fa
t a ben
hmark for the high granularity hadron 
alorimeter response:it has to be well separated from thermally indu
ed noise. The dire
t readoutoption was 
ompared with the established green wavelength shifting mediateddesign.1 The experimental setupThe study is based on 10 samples of MPPCs, 5 with 400 pixels and 5 with 1600pixels. They are prote
ted by a spe
ial plasti
 pa
kage. The suggested oper-ation voltage is respe
tively 76 V and 78.1 V (estimated �2.5 V and �1.4 Vabove the breakdown voltage), with a spread of 0.1 V. In this measurementtwo 3 � 3 � 0:5 
m3 plasti
 organi
 s
intillator tiles (produ
ed by Uniplastenterprise in Vladimir, Russia) are used. In one a 1 mm diameter green wave-length shifting �ber (Kuraray multi
ladding WLS �ber Y11(200)) is installed.The s
intillators are wrapped in a Super-radiant VN2000 foil (3M).A spe
ial setup is designed in order to guarantee the reprodu
ibility of themeasurement (Fig. 1). The s
intillator is installed in a �xed housing, in themiddle of a robust main stru
ture. The MPPC is se
ured at one end of aplasti
 bar. Two grooves are 
arved in the main stru
ture, one starting fromthe middle of the side of the tile, one from the 
enter and they host the MPPCholder. This allows the MPPC to be 
oupled to the s
intillator in two positions.In the dire
t readout setup, a window of 3 � 3 mm2 is open in the re
e
tive2




oating, in front of the MPPC. Its holder is then 
ompletely guided in the
asing and the MPPC plasti
 
overage is in 
onta
t with the s
intillator; thisimproves the 
oupling between s
intillator and photodete
tor. The distan
ebetween the sensitive region of the MPPC and the surfa
e of the s
intillatoris � 2 mm. In the green wavelength shifter mediated design, the s
intillatorequipped with �ber is installed in the dedi
ated housing and the green lightis dire
tly read out by the MPPC, held by the same bar. In both designs, nospe
i�
 opti
al 
oupling is used. The response of the system to a �� sour
e(Ru106) is investigated. A trigger plate, 
onsisting of a 5� 5� 1 
m3 organi
plasti
 s
intillator, read out by a traditional photomultiplier tube, is installedbehind the s
intillator/MPPC system. The signal of the MPPC is ampli�edby the wide-band voltage ampli�er Phillips S
ienti�
 6954. The integration isperformed by the QDC Le
roy 1182, in a gate of 80 ns, produ
ed in 
oin
iden
ewith the trigger. The setup allows a reprodu
tion of the measurement to withina systemati
 error of �3%.2 The results of the measurementA 
hara
terization of the devi
es is initially performed. The 1600 pixels MPPCshow a typi
al gain of (2:7�0:1)�105. The dark rate at a threshold of 0.5 pixels 2is (40 � 1) kHz and the 
ross talk (4:3 � 1)%. These values are measured at2.5 V over the breakdown voltage. The 400 pixels MPPC exhibits a gain of(7:7 � 0:1)�105, a dark rate at a threshold of 0.5 pixels of (230 � 3) kHz and
ross talk of (3:5� 1)%, operated at 1.4 V over the breakdown voltage. Thevalues are found to be in agreement with the data sheet performan
es of thephotodete
tor.The aim of the experiment is to extra
t the most probable value (MPV) of thenumber of photoele
trons produ
ed in the MPPC when a minimum ionizingparti
le 
rosses the s
intillator. The typi
al signal is shown in �gure 2. Ea
hpeak 
orresponds to a 
ertain number of pixels �ring in the MPPC. The goodseparation of the peaks indi
ates a good uniformity of the devi
e. The signal is�t with a multi-Gaussian fun
tion (Fig. 2.a). The extra
ted area of ea
h peakis then plotted versus the number of photoele
trons (Fig. 2.b). The areas followa Landau distribution, smeared by the Poisson photo-statisti
s. The maximumof this distribution is the sear
hed MPV, whi
h is estimated with a Gaussian�t around the peak. The results of these measurements for the green and bluelight 
oupling for both 1600 pixels and 400 pixels MPPC are shown in �gure3, as a fun
tion of the voltage.The eÆ
ien
y of the 1600 pixels MPPC is found to be about half of that of the2 This threshold is 
hosen in order to have the highest sensitivity to the dark pulses3
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(b)Fig. 2. A plasti
 s
intillator dete
ts a mip: it is dire
tly read out by a 1600 pixelsMPPC, operated at 2 V over the breakdown voltage. To extra
t the MPV of thedistribution the spe
trum is �t with a multi-Gaussian fun
tion (a) and the areasof the Gaussians are plotted (b). The maximum of the area plot, estimated with aGaussian �t, is the MPV.
400 pixels devi
e, in agreement with the photo-dete
tion eÆ
ien
y de
lared inthe produ
er data sheet. The MPV is in agreement within �3%, in both 
aseswhen the MPPC is either lo
ated 
entrally on the edge or near the 
orner.The two measurements agree within the systemati
 error quoted above.4
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(b)Fig. 3. Most probable value of a mip spe
trum dete
ted by a 1600 pixels (a) and a400 pixels (b) MPPC. The blue dots 
orrespond to the dire
t 
oupling, while thegreen triangles to the wavelength shifting mediated readout.3 Appli
ation to the 
alorimeterIn the 
alorimeter, mip signals are used as a referen
e for the 
alibration:the MPV of the signal sets the energy s
ale of ea
h 
hannel. An amplitudethreshold 3 de�nes the dis
rimination between the noise and the physi
s signal.The normalized integral of the mip signal above the noise threshold is the mipdete
tion eÆ
ien
y. All signals, with amplitude above threshold, 
onstitutea hit in the 
alorimeter. The pro
edure is shown in �gure 4. The thresholdis �xed 
onsidering the pedestal spe
trum (Fig. 4.a) su
h that the noise rateabove threshold is 3 kHz. This requirement 
orresponds to an o

upan
y ofabout 8 a

idental hits, as observed in the present 8000 
hannel prototype with� 200 ns integration time. For the ILC dete
tor, the o

upan
y of 10�4 duringone beam 
rossing interval (� 300 ns) translates into a sharper requirementof 300 Hz noise above threshold for a single photo-sensor.3 The total 
harge of the signal is 
onsidered as amplitude in this appli
ation.5
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(b)Fig. 4. S
intillator 
rystal read out by a 400 pixels MPPC. A threshold is de�ned
onsiderting the pedestal spe
trum, so that the noise above it is 3 kHz (grey areain (a)). This threshold in amplitude de�nes the eÆ
ien
y of the 
olle
tion of thesignal (b): in grey is the part of the signal above the 
ut, whi
h is 98% of the total,after subtra
ting the pedestal 
ontribution.The eÆ
ien
y of the mip signal is then 
al
ulated using the determined thresh-old (4.b). For a given o

upan
y requirement, the dark noise of the sensor, theinter-pixel 
ross-talk and the most probable number of pixels 
orresponding toa mip determine the mip dete
tion eÆ
ien
y. The �rst de�nes the minimumallowed threshold, the latter determines position and Poisson width of the mipsignal distribution and thus the integral above threshold. In the prototype ofthe hadron 
alorimeter, the MEPHI SiPMs provide 15 � 2 photoele
trons atthe MPV of the mip signal. The eÆ
ien
y of the signal 
olle
tion, as measuredin the prototype, is 95%. The eÆ
ien
y of the mip signal 
olle
tion of MPPC,as a fun
tion of voltages, is shown in �gure 5. The measurements with dire
t
oupling and with wavelength shifting �ber mediated readout are presentedfor both 1600 and 400 pixels MPPC. The MPPC have a very low dark rate and
ross talk, and the requested noise 
ut 
an be put at 1.5 - 2 pixels. The 1600pixels devi
e, in the dire
t 
oupling option, 
an be used at 2.5 - 3.5 V overthe breakdown, providing 6 - 7 photoele
trons at the MPV, with a 
olle
tioneÆ
ien
y of � 97 %. The performan
e of this solution is then 
omparable withthe one used in the a
tual prototype, and allows even an improvement in thedynami
 range. If the green wavelength shifting �ber is used, the MPPC arede�nitely 
ompetitive with the SiPMs in use in the present prototype: whenoperated at 3 - 3.5 V above the breakdown voltage, they provide a bettersignal eÆ
ien
y (98%) and a larger dynami
 range. The 400 pixels MPPC, inboth dire
t and wavelength shifter mediated readout, shows a very high mipsignal 
olle
tion eÆ
ien
y, but the redu
ed number of pixels imposes stri
tbounds on the dynami
 range.It has to be noted that in both MPPCs the dark rate drops rapidly as thethreshold is raised, su
h that for the tighter requirements of the ILC a thresh-6
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(b)Fig. 5. Signal 
olle
tion eÆ
ien
y for the 1600 pixels (a) and 400 pixels (b) MPPCs.The blue dots 
orrespond to the dire
t 
oupling, while the green triangles refer tothe wavelength shifting mediated readout.old of 2-4 pixels would be enough to keep the o

upan
y small. In this 
aseit is possible to operate at a overvoltage whi
h preserves the mip eÆ
ien
yabove 95%. If thinner s
intillator, e.g. 3 mm instead of 5 mm thi
kness with
orrespondingly smaller light yield, is to be used, a better 
oupling or a largersensitive area of the photodete
tor have to be investigated. A possible solution
ould be the appli
ation of the new 3�3 mm2 MPPC, but further systemati
alstudies are needed.4 Con
lusionThe dire
t readout of a 3� 3 
m2 plasti
 organi
 s
intillator by a Multi PixelPhoton Counter is possible, and 
an be an elegant solution for the futureprototype of a hadron 
alorimeter. The MPPCs are suitable also for the greenwavelength shifter �ber readout, 
hosen in the a
tual 
alorimeter prototype7



for the ILC, providing potentially even better performan
es than the onesin use at the moment, in term of dynami
 range and mip signal 
olle
tioneÆ
ien
y. The 1600 pixels devi
es are preferred for this parti
ular appli
ation,as the linearity of the signal would be extended to a wider range of lightintensity. The uniformity of the light 
olle
tion with respe
t to the parti
leimpa
t position on the tile has still to be studied as well as the bounds on thedynami
 range imposed by the physi
s observed at the linear 
ollider.A further impli
ation of these results in the design of a Positron EmissionTomography s
anner is also under study and it will be shown in detail in afuture paper.A
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