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Introduction

MEG experiment utilizes PMTs in order to detect
scintillation light in liquid xenon gamma-ray calorimeter.
PMTs are one of the possible candidates for MEG
detector upgrade.

R&D of Pixelated Photon Detector (PPD) have been
actively performed as a new novel silicon photon
detector.

Can the PPD be a candidate for MEG detector upgrade?

Let’s check basic characteristics of the PPD in liquid
xenon, and develop new PPDs suitable for liquid xenon.




MEG ex.pél.‘"i”hi'ént
Liquid xenon gamma-ray detector

Liquid xenon 900L

Performance in 2010 ( for 52.8MeV Y )

Energy : 1.9% (depth>2cm,
64%), 2.4% (depth<2cm, 36%)

Position : 5 mm
Timing : 67 psec
Efficiency 59%

846 x 2”7 PMT (Hamamatsu R9288)

® Submerged in liquid xenon
(T=165K, p<3atm)

® Sensitive to VUV, A=175nm

¢ QFE~15% at 165K

Performance evaluation in 2011

(&=FK#H 25pFA9)

MEG detector upgrade is seriously
discussed among MEG
collaborator to reach ultimate

sensitivity (2

BE 25pFA10)




What

® Pixelated Photon Detector (PPD)

100 — 1600 cells

® solid state photon detector

SRR R R R R RS R e R R R R

e multi-pixelated Geiger-mode
APDs

possible to detect single
photoelectron.

e MPPC is one of PPDs produced by
Hamamatsu.

® SiPM, Geiger Mode APD,...

® pixel size ~10-100pum, active
area ~ 1-several mm

1 Gesger-mode APD activated

Number of detected photons

1 pixel = 1 photon at Np.e. <<Npixel

2 photoelectrons

Sum of pixel outputs is ”M\

proportional to number of
impinging photons

3 Geiger-mode APDs activated




PPD for MEG?

® Merits ® Demerits

Insensitive to magnetic field ® |ess sensitive to VUV

High granularity ® protection coating (epoxy

less material before liquid xenon resin/silicon rubber)

active region Highly doped layer(p*) with
no electric field (Absorption

length in Si for VUV photon

=)

single photon sensitive

low bias voltage (<100V)

Anti-Reflecting(AR) coating
An example Of PPD StrUCture iS not Optimized to 175nm

+AR coating is still too small for MEG, at least

v = ' 10x10mm?2

TH 5 I ‘ electrons

t radiation hardness
2-4 holeq

‘ G after pulse, cross talk

A

Protection coating hv Current largest sensor (~3x3mm?)
l)++ §




PPD samples

® Several samples of PPDs provided o
by Hamamatsu ‘
-
e Commercial one,
S10362-33-1 OOC(samp|e1 ) AR —h % |- & HPDE H f 7711 2 {£_S10362-33-050C

Preliminary

® Remove protection coating +
Optimize anti-reflection(AR)
coating to suppress reflection

(2 3) — ARERFM () ER)
. AREM1 SVl
- — ARSe 4 1_(B415 %)
AREHF2_ (1) 2 1)

— ARS:42_ (8415 4%)

® Thinner p** layer (4,5,6) 1
wave length [nm]

® |et's measure the basic properties! ,
Ehits Hamamatsu Photonics K.K.




MPPC performance test in liquid xenon

’
i71)

e Liquid xenon test chamber @ Paul

Scherrer Institute

R Hetup

® o source (**'Am) - Expected
number of scintillation photons : 7 g

270-370

e PMT(trigger)




PPD self trigger (for gain) :

by single photoelectron peak 5ns/div

MPPC 1omv/div & ol

+ pre-amp(x4.3) L A e A Pedestal
(+ PM-amp, x10.6 ) ’

--> Oscilloscope (20MHZz filter, x0.38)

PMT trigger for alpha events (for PDE) :
by detected # p.e./expected # p.e.

3"_1" e i A l mr’iwl

50mV/d|v' ‘ i
2 JlUJlHI 111K

Example of AR coating(3) "




Gam measurements

Gain@170K (510362-33-100C) Gain = C(Vgp - Vir)/e

gain vs bias ' L |s10362:33- 100c<1)§

AR coatmg( 3)

Vbr : Breakdown
Voltage

\

62 : 63 635 64 645

Over Voltage (V)
Bias Voltage (V)

Pixel capacitance depends on the pixel pitch size
Gain>10° is measured. ( Sufficient for MEG )




PDE measurements

® PDE (Photon Detection Efficiency) = €geom X Q.E. X € geiger

® &.com: geometrical efficiency of active region ( fill factor )

® &.ciger - probability for e-h pair to induce geiger avalanche

e Measured #p.e. / Calculated #p.e.(270-370p.e.)

PDE measurement in liguid xenon

L : : : : :
2 0.12 s1 0362 33- muca)

0.1 AR coatmg( 3)

We confirmed PPD can be
sensitive to VUV by removing
protection layer and by
making thinner p** layer.

PDE ~ 10%

Note: This PDE contains cross talk, after pulse.




Temperature dependence

Vbe vs T (510362-33-100C) Dark count rate (S10362-33-100C)

BD voltage (V) 1E+7

70 1E+6

7 dVp/dT = 1E+5

68
1E+4

-~ -50mV/K
1643 180K

66

[ ==
65 1E+2 — ® 170K
64 1E+1

63 1E+0
62 0O 02 04 06 08 1 12 14 16 18
250 300 Over Voltage

Noise rate becomes half every 8
degreeC decrease
= 5 orders decrease at 165K

Dark count (Hz)

Temperature (K)

® At low temperature
® Breakdown voltage will go down
e Dark count rate will go down
® Resistance of quenching resistor (Poly-Si) will go up




Sensor size

Current largest PPD ~ 3x3mm?

MEG experiment requirement ~
>10x10mm?

Possible issues

e dark count increase

e non-uniformity of gain
e larger capacitance.

There are already such products with
4x4 monolithic array MPPC (although
those are not sensitive to UV yet).

e Independent bias voltage can be
supplied for 16 MPPCs

e (Good gain uniformity is expected

Outputs of 4x4 monolithic array
MPPC are summed in parallel to
make one “pseudo” large MPPC

e Sum of 9ch and 16c¢h

® 3x3mm?2 --> 9x9mm?3/12x12mm?
single MPPC

1 connected by ourselves

1 T“

% f % Tf




Monolithic array MPPC

3x3 monolithic MPPC 4x4 monolithic MPPC

| Fimppc00000.txt |

70

450__. ............... ~. .............. .., ............... |. ............... \, ............... -. .............
) N T pe.esgta.l..é 444444444444444 - — 60
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1p.e., 2p.e.,...peaks were observed. It clearly shows that
monolithic array MPPC has a good gain uniformity.

e This is the first step to realize 12x12mm? single MPPC

Dark rate Pitch size €geom(Fill factor) Dark rate/area

510362-33-100C 60-100 Hz 100 pm QEZ05 8-14 Hz/mm?

3x3 monolithic 300-600 Hz 50 pm D615 6-12 Hz/mm?

4x4 monolithic TPACH 5 50 pm QHO1E 8 Hz/mm?
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e \Waveform digitizer is installed to study
waveform leading/trailing edge, after pulse etc.

DRS4 evaluation board: developed by PSI
researchers. USB connection. 4ch inputs,
700MHz-5GHz sampling rate

/ 510362 “ 1OOC(T) 2R o3 6 _______ 1--1----- 1 __ C ___________________
A AR coatmg 2(3) : E 0362=11=100C(1 )

=i Y ................... 3.x3...m®nollth|c MPPC........._...
| Il | 4x4 monollthlc MPPC

J

Bl 4
Wﬂmﬂ“anuuml ~Mn.h.hlh\ Ml Eﬂl U ] r}wwHHHWU‘HWWl?{!C )l ll

I [ |
Numu U'Twmw. HMnmmmwmmmw l” H’W\’W"”MH

---------- B Ly g a b B b

. L HI'ImIII.IJ. R TE ALY
_1300 _1200 _1100 -1000 -900 1400 1200 1000 -800 -600 -400 -200 0

[nsec] [nsec]
$10362-33-100C : long tail by 100um pitch (large C) 4x4 mqnolithic MPPC has longest tail
Thinner p++ : short tail even by 100pm pitch (small due to increased C
quench R, will be optimized)




Radiation hardness

I.Nakamura, JPS meeting, Sep. 2008

® Radiation produces defect in silicon bulk or Si/ ~ s
SiO; interface | o

1x10° n/cm?

® Dark count rate, leakage current, PDE, ... 600 [ o

3x10° nlcmz

o e, AN et e et et et

® Fast neutron | 10% n .

-~ ——

® >108% n/cm? Increase of dark count rate el e o | AIOE G

: - et sl st HXI Dlem
® >10'"n/cm? Loss of single p.e. detection 200 i W W [ Y VY YRy WY T
o e, 3X10"n/cm]

capability VN AR

200 1000 1500 2000

<1 n/s/cm?(>0.1TMeV) ~ <1.6x108 n/cm? for Time (ns)
full 5-years operation in k5 area in PSI T.M. et al, PoS (PD07)033, 2007

~3.5n/s/cm? ~ 107 n/cm? for one week CEX | M]\,\\ Al
run per year for 5-years :

lnu 300 -mn

o s "
ystray oof 9.1x10° 1MeV-n og/CM?

® 200Gy Increase of leak current

Ull 300

® MC: 0.58Gy with 108 p/s for 5-years for

MEG 2.4x1010 1MeV-n.chm2

® Radiation damage might not be an issue for E— oW %o
ADC (ch)

MEG. T. Matsumura et all




Summary

PPD could be a good candidate for MEG LXe detector upgrade.

We have started a development of UV-sensitive PPD, and some samples
show PDE almost comparable to that of PMT for VUV.

We succeeded in detecting S.P.E. peak from the sum of 16 channels in
parallel of 4x4 monolithic array MPPC (still not sensitive to UV) in liquid

xenon.
Radiation hardness might not be a problem for MEG.

The basic idea looks promising, but still lots of issues to be addressed,
® Further optimization of PDE for VUV

e Sensor size, quench resistor, package design optimization

e Readout scheme ( effect of long cable, feedthrough, ... )

e performance check by prototype detector

Realistic MC study including cross talk, after pulse (;ZEHHEE 25pFA10)







After pulse
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Dynamic range

® PPD response shows a
non-linearity if the
number of detected
photons is large relative
to total number of pixels

Optimal condition
Np.e.<Npixel

Might be an issue for very
shallow events for MEG
| Xe detector.

200/0 X Npixel
(1024)

Number of pixels fired

100 1000 10000
Number of photoelectrons

MEG MC
12 x 12 mm2 PPD (Npixe=57600)
PDE ~15%

= 12000
3 ' S 20% x Npixel

1x # of photons

A

8000 -

3 4 5

depth [cm] ‘ 19




Radiation damage

Radiation produces defect in silicon bulk or Si/SiOz interface _ LNakamura, JPS meeting SeB‘ZOOB
; : ' o BR8]
which may deteriorate PPD performance. |

3x10® n/cm?3

° Dark count rate, leakage current, PDE, ...

P ; 1x10° n/cm

-—

Radiation damage of PPD 3x10° n/cm?

P, A, AN r——— et g
Y 4

i 0 ' ¥
° Fast neutron . ( 1x1o‘fr n/cm

v -

i ' ~ 3x10" nicmf
>108 n/cm? Increase of dark count rate LAl Y wry

] ¥ 1x10"" n/cm!
Lf" L~ W'Jlf‘y ;"‘f,' N f-v,'-"/ 'f""- --/-. /-" —m. ~~ "r’ ».;. 7~ v"'_-— .’-1

>10'% n/cm? Loss of single p.e. detection i e
capability Vi NP %",0 ! n/cm

Y -,b‘. e y g™

y-ray : 1000 1500 2000
Time (ns)
200Gy Increase of leak current T.M. et al, PoS (PD07)033, 2007

Neutron flux in E5 area in PSI iﬁﬁgq‘

~10n/s/cm?(<0.1MeV) ~ <1.6x108 n/cm? for full 5-
years operation

4«30

|
- . ! ,
Fast neutron in CEX run f 9.1x10° 1MeV-n,/cm

~3.5n/s/cm? ~ 107 n/cm? for one week CEX run per
year for 5-years

41;()

|
Gamma dose 2.4x10"° 1MeV-n,Jcm?

MC: 0.58Gy with 108 p/s for 5-years.

200 300

ADC (ch)




PPD D EH{E
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e An array of Geiger-mode APDs
connected in parallel =22

VYV Y

¢ incident photon, e-h pair /
creation, Geiger mode avalanche |
. . . HANH—FE—RFTRNTSAPODEZ I
multiplication, voltage drop by
quench resister, Geiger mode p+

stops.

each pixel works as a binary - hole
: n- epitaxial layer
device

e 1 pixel =1 photon at Np.e.<<Npixel

e Sum of pixel outputs is proportional
to number of impinging photons




G-APD

blue-sensitive

1)++

- ‘ e

holeq

red-sensitive

n++

n- epitaxial layer

v

e D. Renker and E. Lorenz, JINST 4 P04004 (2009)

‘ holes

electrons

e Not shown are the passivation layers, the quenching resistors and the Al connection lines. Left
is the so-called p-on-n structure ( blue-sensitive ) and right the n-on-p (red-sensitive) structure.




® Hot-carrier luminescence
generate signal in adjacent pixels

® 10-20% probability

Inter-pixel groove to block y
e How to suppress optical

e Optical isolation between
pixels with a groove

® | owering bias voltage




MPPC parameters

HE S10362-33 S10931
-025C -050C | -100C -025P -050P -100P

FMRXXATAX 3x3 3x3
EoeILE 14400 3600 900 14400 3600 900

Eo2€ A4 X | 25%25 | 5050 |100* 100 25%25 | 50 x50 |100 *x 100

- BRNEIVAFHOEYE BEDZVVESETyp. Ta=25 °C)

S510362-33 S10931
A8 i -025C -050C -100C -025P -050P -100P

FAOEE *1 < | 308 61.5 78.5 30.8 61.5 78.5
BRERRTE A | 320 ~ 900 320 ~ 900
AR R AD 440 440

BEFREEH - 1 70 10 *2 7010 *
: 6 6

o S =3 =
g—ohorhk | 10 10

L Rk=g 4 Ct 320 320
R 8 53 AR BE (FWHM) ** - | 500 ~ 600 500 ~ 600

REEDEERE - , 56 56
prf i M 275x 105 7.5 x 105 | 2.4 x 10% |2.75 x 105 7.5 x 105 | 2.4 x 106

"TMESENFTRABOLEHSES
2. BHEGEOERPERBECOVNTR, BRCRFENLT—FEBRBLTILEZ,
*3:0.5 pe. (REL NI
N TF LNV
X)) BEHRHEBERICHTSETY,
BMROBREORSIE. NyI—C2RULET (C:E5Zv 2. P:SMD),




data sheet

20111117

TEST DATA
Ta =25°C

Serial No. 17 18 Element No.
FPC Pin No. |Vop (V dark @Vop (uA) [Vop (V dark @Vop (UA
72.10 0.05 71.67 0.05 D1
72.10 0.05 71.59 0.05 D2
72.08 0.05 71.54 0.06 D3
72.06 0.05 71.51 0.07 D4
72.15 0.05 71.71 0.05 C1
72.14 0.05 71.64 0.05 Cc2
72.13 0.05 71.59 0.05 C3
72.11 0.05 71.57 0.06 C4
72.18 0.05 71.65 0.06 B4
72.19 0.05 71.67 0.05 B3
72.21 0.05 71.73 0.05 B2
72.21 0.05 71.79 0.05 B1
72.25 0.05 71.74 0.05 Ad
72.25 0.05 71.76 0.05 A3
72.28 0.05 71.82 0.05 A2
72.29 0.06 71.88 0.05 A1

—t el A
mmbwwaowmﬁmmbwma

Vop : Recommended operation bias voltage for each elements.
We estimated the gain at Vop as M = 6.5 - 8.5 x 10°.




Need to be tested

PDE against VUV light

BE DMPPCIEUVIEICXT U THR ERREMN
BWIRERBER) . ¥V IYHRTOE
ZE AN DRI R
(5.5nm@rambda=175nm)8 X8 & THIE
TERV, REBRNRVWIZHEPDE
10-15%@r=200nm

dark count

chigEsohtEWnwsEXYy kD,
165KTIE5HTK 5 W/ A X% E B,

cross talk

quench resistor

PPD in liquid xenon

BYENSRD2EEEICKR>TUE

S AT A RN EAE S E R [ G
CIRIFIFREKFIFZVWHARNKREL S
f=. BREOTAILbRL BB, RIEF
t/ VERETHRELT 5 & ERTDET
ENNSLKBEDITEZREENH D, &
LWwhs, BIENEESEHRER?

after pulse

sensor size

A ZINKRELLBBZERENKRELR
D, Ffccross talk, after pulseh’% < |
saturation U3 W\, KITKFZDILE £
D, ILETHDHRL, fill factor [£30%
IFEORT BH. 50umdH e D h&xE

o

radiation hardness

dynamic range

reflection on sensor surface




UV sensitive APD

e | AAPD from Advanced
Photonix Inc.

@ <12.00 R @120 nim

e QE = transmission eff.
(50%) X Ne-h pair (2-3)

e R. Chandrasekharan et . ~
al., NIMA 546(2005) , Red/IR

L/
426 &

N

AN

® |ow gain(~200)...
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Other experiments
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development

® Summer 2012

e Development of PPD sensitive to VUV

S Erctor 02

e Construction of prototype detector with ~100 L liquid
xenon and ~500 PPDs

a6

e Test beam with prototype detector

e Construction of the final detector
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$10362-11-100U

/

~
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Photon detection efficiency * (%)

/
v
/

Wavelength (nm)

* Photon detection efficiency includes effects of crosstalk
and afterpulses.

Bl




-V/bias
Quenchmg
resnstor

Substrate |/

FEEOR (AFY)) AR RS
N P+ (B) 1.0'8 x em™
WY e P~ (B) N0 L8 G et 145 5

7 ILZER 3
3
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3
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