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The Multi Pixel Photon Counter (MPPC) is a novel photon sensanufactured by Hamamatsu
Photonics. It has many advantages compared to other phetmois (compact size, low cost,
high gain and detection efficiency, insensitivity to magnields). In the GLD calorimeter group,

study of the MPPC properties is extensively ongoing aimingttlize it as the photon sensor of
a finely segmented calorimeter. As a result of the study, we leanfirmed that the current
1600 pixel MPPC has almost satisfactory gain, photon detedfficiency and noise rate for
our requirements. We have also found that the dynamic rah¢feedl600 pixel MPPC can be
enhanced thanks to its short recovery time, which is usefiuddlorimetric use. As a practical test
for use at the GLD calorimeter, we have constructed a prptobf a scintillator-strip calorimeter

and exposed it to 1-6 GeV positron beams and validated ifsipeance. As a result of the test,
we have observed a satisfactory linearity and energy réealof the scintillator-strip calorimeter

with full MPPC readout.
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1. Introduction

The International Linear Collider (ILC) is a next generatiere™ collider with a center-of-
mass energy up to 1 TeV. The high eneedg collisions provide us with an ideal environment, not
only to study properties of standard model particles, but also to expleesaeossibilities of new
physics beyond the standard model. The Global Large Detector (GLMei®bthe four detector
concepts which have been proposed for the ILC experinfint [1]. AtfBexperiment, since many
important physics processes will emerge as multi-jet final states, precisegaegy measurement
is one of the most crucial issues. Practically the goal of the jet energjutes is set toog /E =
30%/+/E, whereE andog denote the jet energy and the uncertainty of its measurement. To achieve
such a high precision measurement, a powerful method, called Particle FgmxitAm(PFA), is
adopted for jet-energy reconstruction at GUIp [2]. PFA takes advant&the better resolution of
momentum measurement in the central tracker than energy resolution oflthieneger. In the
PFA particles in a jet are categorized, and their momenta or energy are netasufollows:

¢ Momenta of charged particles-65% in a jet) are measured by central tracker,

e Energy of photons (mainly from® decays~25% in a jet) are measured by electromagnetic
calorimeter,

e Energy of neutral hadrons (mainkpP, ~10% in a jet) are measured by hadron calorimeter.

To use this method, separation of the jet particles in the calorimeter is indispensavoid mis-
counting of the energy. This requirement results in a requirement of thly Begmented calorime-
ter, with a cell size of order & 1 cm. The GLD calorimeter is a sandwich calorimeter which con-
sists of absorber (tungsten for electromagnetic, lead or iron for hadpart) and scintillator layers,
placed inside 3 Tesla magnetic field. As shown in Fidiire 1, the scintillator lagenistructed of
scintillator strips whose size is3x 1 cm with a thickness of 3 mm. In successive scintillator lay-
ers, strips are alternately aligned in orthogonal directions to achieve thedimeentation. Since
the number of scintillator strips is huge {4 million) and all the signals have to be read out indi-
vidually, the readout photon sensor is a key issue for the GLD calorinl@terMulti-Pixel Photon
Counter (MPPC) is a powerful candidate which has many attractive &safaompact size, low
cost, good performance, and magnetic-field tolerance and so on) aretefoite feasible for the
GLD calorimeter readou{]J[[4[[5]. However since the MPPC is a nos#il,evolving device, we
are studying its properties in collaboration with Hamamatsu Photonics, to imprgearitsmance
and eventually use it in the GLD calorimeter.

2. Performance of the 1600 pixel MPPC

We have been studying the performance of the small-package 1600 p@CMFigure]2)
which is suitable to attach to the scintillator strip. At first, we have set practcaiirements of the
MPPC performance for the GLD calorimeter as follows:

e Gain and photon detection efficiency are comparable to conventionalmhbttipliers.



Sudy and Development of Multi Pixel Photon Counter for the GLD Calorimeter Readout  Satoru Uozumi

absorber plate

W —
A, = T

;ﬁ —— w'm X-Layer
' MPC R/0 with WLSF

s

Scintillator strip (1 x 4 x 0.3 cm)

cmx4cmx2mm

Z-Layer /
WLS fiber MPPC

MPPC R/0 with WLSF

1 particles

Figure 1. A schematic view of the GLD  Figure 2: The small-package 1600 pixel MPPC and
scintillator-strip calorimeter. its microscopic view. This small MPPC is attached
to the scintillator strip as shown in figure.

Low dark noise rate<{1 MHz), and inter-pixel cross-talk probability (a few %).

Dynamic range is enough to measure up to 100 GeV photons.

Stable for long-term use and robust against radiation and magnetic fields.

Uniform performance among many pixels.
e Low cost, compactness.

To achieve these goals, extensive R&D has already been performegiwielehow the performance
of the latest 1600 pixel MPPC.

Results of the gain measurement are shown in Fifjure 3. The gain has aréitatimn with
over-voltage\V = Vjigs— Vo and expressed as,

e
whereC andVy denote the pixel capacitance and breakdown voltage charge of the electron.
From the result of the measurement, the gain of the 1600 pixel MPPC is mard@avhich is
satisfactory for our requirements. It is also found that the breakdaitage has a temperature
coefficient ofAVy /AT = 56.0+£0.1 mV/C°.

The dark noise caused by thermions is measured and displayed in Bigtirsignificantly
depends on temperature, however even at room temperatl2b C°) the typical rate is order of
100 kHz which is sufficiently small. The probability of inter-pixel cross-talkisasured assuming
that dark noise with more than 1 pixel fired dominantly comes from dark noggter with cross-

talk to nearby pixels:
Rate of>1 pixel fired noise

P = - - :
cross-talk™ Rate of>2 pixel fired noise
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Figure 3: The measured gain as a function of bias voltage (left), amppézature dependence of the break-
down voltage (right).

The cross-talk probability increases with over-voltage, however doestrongly depend on tem-
perature.
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Figure 4: The dark noise rate and the probability of inter-pixel crtalk, as a function of over-voltage.
Results at different temperatures are overlaid.

We have also measured the variation of pixel capacitance, breakddtage/and dark noise
rate over 700 samples of the 1600 pixel MPPCs as shown in Hipure 5.afla¢éian is less than 4%
for C andVg, and of order 10% for the dark noise rate, which are acceptably smadirathese
basic properties of the latest 1600 pixel MPPC are almost satisfactotiidaequirement of the
GLD calorimeter.

Then we have measured the photon detection efficiency (PDE) of thegt&€IOMPPC with
the setup shown in Figui¢ 6. Light pulses from a LED are guided by alergth shifting fiber
(WLSF) and fed into the MPPC or photomultiplier through a 1 mm diameter pin-Atie photon
detection efficiency of the photomultiplier is known (16%). By injecting the santd pglse into
both the MPPC and photomultiplier and comparing the observed light yields liaimsensors,
one can extract the PDE of the MPPC as

Np.e (MPPC)

PDE(MPPC)= — BT PDE(PMT)
p.e

4
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Figure 5: Variation of the breakdown voltage (left), pixel capacitar{middle), and dark noise rate (right)
over 700 samples.

The measured PDE is shown in Fig{ife 6, as a function of the over-volfdgePDE is saturated

atAVvV > 3~ 4V, with a maximum value is around 17%, comparable to conventional photomulti-
pliers.
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Figure 6: Setup and result of the PDE measurement.

Another important issue for the calorimetric use of the MPPC is its dynamic randee-
sponse to strong light( several thousands photons). The MPPC has a fundamentally non-linear
response to light input, since it has a finite number of pixels. If the light iopaotes within very
short time ¢ 100 ps), the output of the 1600 pixel MPPC can be described as

Nfired = Npix(l — e Npe/Npix ),

whereNpix = 1600 pixels, andNp.e = Nphotons PDE is the number of photoelectrons detected by
a sensor. However if the recovery time of a pixel is short enough caedpaith the length of the
input light pulse, a pixel can recover after firing the first avalancheadignd may fire several times.
Since the recovery time of the 1600 pixel MPPC is relatively shoer (s, as described later), the
dynamic range may be enhanced with the light signal from the scintillator stdphen WLSF.

To explore this effect, we have measured the recovery time of the 1600MdeC. The setup is
shown in Figurg]7. At first a short bright laser light pulse is injected intdMiR®C to make all the
pixels fire. Then afteft of delay, another bright LED light pulse is injected into the MPP@tIf

is large enough, the MPPC gives a signhal corresponding to 1600 akarHowever i\t is short
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and the second light pulse comes during the pixel recovery phase, ldeehmight of the MPPC
output becomes lower than the former case. By measuring the MPPC outpetstecitnd pulse at
variousAt, one can observe the recovery curve and its time constant. The othsecawery curve

as a function ofAt is shown in Figurg]7. The plot shows the recovery fraction, which means th
fraction of gain recovery. By fitting the result with an empirical functibe= A(1 — e (A-3/T),

the recovery time is extracted to be .4+ 0.1 ns atVjzg= 71.0V. We have also measured the
curve at different bias voltages, however its effect on the recamerye is negligible.
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Figure 7: Setup and and result of the recovery time measurement.

Then we measure the actual response curve of the 1600 pixel MPRevisusly discussed,
if the length of the input light is close to or longer than the recovery timé (s), the effective
number of pixels can be increased and eventually the dynamic rangedorsggnals becomes
wider. Therefore we have measured saturation curves with differegthsvof input light pulses.
As shown in Figur¢]8, a rectangular pulse with widttns is fed into the LED, and the LED light
pulse is injected into the MPPC. The observed response curves withediffealues ofv are also
shown in Figurd]8. The true number of photons injected (corresponditigethorizontal axis) is
measured using a photomultiplier. One can see that the response cuwediférent shapes with
different values ofnv. The response curve with largarshows wider dynamic range as expected.
We also change the bias voltages, however this does not give any sighéitects to the response
curve. This effect, enhancement of the dynamic range by the shoseagctime, would be useful
for the calorimetric use of the MPPC where a larger dynamic range is impoHamtever, to take

advantage of this effect, the shape of the light signal from the scintillaiprgtould be precisely
determined.

3. GLD Electromagnetic Calorimeter Prototype

As a practical test of the construction of the scintillator-strip calorimeter witliPRPeadout,
we have constructed an electromagnetic calorimeter prototype and exptiséeb GeV positron
beams to evaluate its performanEk [6].

The structure of the test module is shown in Fig[jre 9. The module consis® jpigs of
scintillator and tungsten layers of thickness 3 and 3.5 mm respectively. clitdlator layer has
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Figure 8: Setup of the response curve measurement (left) and responges of the 1600 pixel MPPC
measured with different length of light pulse injected kitly

9 x 2 scintillator strips of size & x 1 cm. In successive scintillator layers, the strips are alternately
aligned vertically and horizontally. The 1600 pixel MPPC is mounted at the efigach scintillator
strip. The light signal from the scintillator is guided through a WLSF and tsathe MPPC. The
size of the entire module is abou® x 20 cm and the total number of readout channels is 468.
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Figure 9: The structure of the GLD electromagnetic calorimeter testiate.

A beam test was performed at the DESY-II electron synchrotron in M2007 using 1-6 GeV
positron beams. At each energy, positrons with well-determined momentainjected into the
center of the test module, and the energy resolution and linearity of the tektienwere evalu-
ated. Results of the beam tests are shown in Fifjdre 10. The energytimsddu the positron is
measured to be/E = (1345 + 0.07)/vVE @ (2.87 + 0.08)%, which is satisfactory for the
energy measurement of electromagnetic showers at the linear collidgiregpe And despite no
correction for the response curve of the MPPC yet, linearity of the gnagpsurement is found
to be less than 4%. This proves the enhancement of the effective nufleels due to the short
recovery time of the 1600 pixel MPPC.
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Figure 10: Energy spectra of the positrons with different momentat)lefhergy resolution (middle) and
linearity (right) of the GLD electromagnetic calorimetest module.

4. Summary

We are developing the 1600 pixel MPPC for the GLD calorimeter readoutbmobéng with
Hamamatsu Photonics. As a result of the study and development perfornfad floe latest
1600 pixel sample shows large gain (10°), low dark noise rate~ 100kHZ) and cross-talk
probability (~ 10%), and good photon detection efficieney (L7%), which are almost satisfac-
tory for the requirements of the GLD calorimeter. The device-by-devicatian of the gain and
noise rate is also acceptably small. It is also found that the recovery time b6€tepixel MPPC
is relatively short & 4 ns), which enhances the effective number of pixels for long light pulse
In total we conclude that the latest 1600 pixel MPPC is feasible for the Gdlbrimeter read-
out, however further study is necessary to confirm radiation hardie@sg-term stability and so
on. Further improvements of package design, temperature dependdire@akdown voltage, and
dynamic range are desired and currently ongoing.
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