“Silicon-based Photomulipliers”
a hew generation of

photon detector
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“Silicon Photo-multiplier™??

e Known in many many names...

SiPM
MRS-APD
SPM
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Why so interesting?

® Many advantages:
e High (10°-109) gain with low voltage (<100V)
® High photon detection efficiency
® Compact and robust
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Example of considered applications

e HEP

® Neutrino detectors

® |LC calorimeter/muon detectors
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Example of application:

T2K near detectors

(Long baseline Vv oscillation experiment from 2009)

® Measure V properties just after production

® Most of sub-detectors will use plastic
scintillators + wavelength-shifting fibers

® Some placed inside magnetic field
® Severe constraint on available space

® Chosen MPPC (Hamamatsu device)
as the photo-sensor

® ~60,000 channels in total

® First use in large-scale real exp.
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Avalanche Photodiodes (APDs)

® Photon creates e-h pair near surface

® Avalanche amplification in
reverse-biased region

® |inear operation below
breakdown voltage (Vbd):
output charge « number of e-h
pairs ocnumber of incident photons

® TJypical internal gain: 10-100
(~1000 some case) Schematics of APD
for CMS-ECAL

M.Yokoyama @ SLAC AIS, 8/22/2007 10/47



Geiger-mode operation of APDs
Vbd

® Operation above

the breakdown voltage T
inear

mode

log(gain)

® High internal gain

® Binary device
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Counting Photons with

® Divide APD into many small pixels.

® FEach pixel works
independently in Geiger mode

® |Incident photon ‘fires’ an APD pixel
but not others

Liner Geiger

® Output charge from one pixel: -mode § -mode
Qpier=Cpier 8 (Vop'vbd) quenching
® Cpixel~ |0-100fF and
bl - i discharze 1
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Operation of Multi-pixel
Geiger-mode APDs

|
® All the pixels are |
connected in parallel h(

® Taking sum of all pixels,
one can know how many |
pixels are fired « how

many photons are
incident !

® Q=ZQpixel=N ' Qpixel

M.Yokoyama @ SLAC AIS, 8/22/2007 13/47



Output from Multi-pixel
Geiger-mode APD

Entrie

¥l 50.0mvi: M20.0ns A Ch3 \ -460mv
21 )Jan 2007
41[26.60 % 04:06:39

Clear separation of

1,2,3... photoelectron (p.e.) peaks!

[@ room temperature]
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Comparison of photo-sensors

Gain

106-107

~100

10>-10°

Operation voltage(V)

-2k

300-500

<100
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Multi-Pixel Photon
Counters (MPPC)



http://www.mppc.org
http://www.mppc.org

MPPC by Hamamatsu

® Structure based on CMS-APD

® Currently on catalogue:

® |xImm? active area
® |00/50/25 pm pixel pitch

® Metal or ceramic package | G

® |n future..

® Larger area: 3x3mm? (5x5mm?)

® |arger pixel pitch

« ® More variations of package

M.Yokoyama @ SLAC AIS, 8/22/2007 1 7/47




Spec by Hamamatsu

_ 1600 400 100 [

Dhipsize | 0 15x15 000000 | mm_
cffective activearea |  1x1 | mm |
Numberof pixels | 1600 | 400 | 100 | - |
mmmmm
Geometric efficiency  [| 308 | 615 | 785 | % |

“m
Sensitivity |Quantum efficiency |  7O0min. | %

POE_ | 25 | 50 | 65 | % |
Dperating voltage | 77410 | 70410 | 70410 | V |
Gain [
Darkcount | 100 [ 270 [ 400 | Kcps
ferminal capacitance | 3 | pF
lime resolution (FWHM) | 250 | 290 | 250 | ps
femp coefficient of bias voltage | 50  |mW/C

The last letter of each product number indicates which type of packaee is used. {U : Gan . G : Ceramic)
1: The fieures in PDE {(Photon Detection Efficiency)} include cross—talk and after pulse.

M.Yokoyama @ SLAC AlS, 8/22/2007 18/47 ’



Pe

rformance of MPPC
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Key performance ()

® Basic parameters

® Gain




Gain& Vg

® Gain of MPPC can be
measured with well- 0
separated p.e. peaks: s
Gain=Q/e 2

CAINE e e
C

C

® Using linear relation,
coun

breakdown voltage
(Vbd) also derived

M.Yokoyama @ SLAC AIS, 8/22/2007 pAVE Y




Measured gain

Gain (10°)

® MPPC has ~10°
internal gain.

/70

HPK spec is 7.5x10° .
Bias voltage [V]

(AV~1.3V)

M.Yokoyama @ SLAC AIS, 8/22/2007 22/47
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® Many parameters of MPPC are known to
depend on ‘over-voltage’ AV=V-Vyq

® Vy4 linearly depends on temperature
dVbd/dT~-50mV/K

M.Yokoyama @ SLAC AIS, 8/22/2007 23/47




Dark noise rate
kHz

0.5p.e. threshold

® M.easured | 50C
with scaler

® |p.e.noise
dominates

~ order lower
than other
‘SiPM’ type
devices

/0
Bias voltage [V]

M.Yokoyama @ SLAC AIS, 8/22/2007 24/47



Photon Detection
Efficiency (PDE)

® Probability of detecting single photon
entering the surface of device

® Three major components:

® Geometrical efficiency
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Photon Detection Efficiency

Movable stage

1 inch PMT

Imm dia. slit

® Measured using PMT (bialkali, QE~15% by catalogue)
as reference

® Compare detected number of p.e.

® |ight source: Blue LED (Nichia NSPB500S, peak A~470nm)

M.Yokoyama @ SLAC AIS, 8/22/2007 26/47




Photon Detection Efficiency

2.2

0.5 | 1.5 2 2.5
Bias voltage [V] Over voltage [V]

® PDE for MPPC is higher than PMT.

*p.e. for MPPC derived from pedestal fraction
to avoid cross-talk and after-pulse effects.
M.Yokoyama @ SLAC AlS, 8/22/2007 27 /47




PDE from catalogue

25 1 m Pixel
(1600 pixel type)
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* Measured with current:
includes effects from cross-talk and after-pulse.

M.Yokoyama @ SLAC AIS, 8/22/2007 28/47




Timing resolution

Sample MPPC
Measured w/ pulse laser Bias  -71.5V

636/ 410nm Threshold 0.5pe
Only Single photon data

...................................................................

....................................

R Time walk
- o~110ps - corrected.

.........................................................

........................................................

....................................................

1%20 1940 196(t)dc1:980 21(})?”9252,’22 P ||||ma @PDO7

3460 2480 2500 2520 2540
tdc 1bin/25ps
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Key performance (2)

® Parameters under intensive study..

A

® Optical cross-talk

s
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Optical cross-talk

® Photons created during avalanche
can enter neighboring pixels




After-pulse

® Carrier trapped in impurity state
may be released after certain time
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Measurement of
cross-talk and after-pulse

Charge (ADC) distribution

Fraction of p&eﬁll events \

lPoisson statistics

Estimate true’ e———)  Observed

| p.e. events Comparison | p.e. events

v

Probability of cross-talk&after-pulse
*Only combined probability can be

measured with this technique. &7
M.Yokoyama @ SLAC AlS, 8/22/2007 33/47 N



Cross-talk & after-pulse
Gate width: 800ns

Cross-talk & after pulse rate 400pixel Cross-talk & after pulse rate 400pixel : AV

705 ' 2 2.5
Bias voltage [V] Over voltage [V]
il S. Gomi
Significant effect observed.

(Kyoto)
Depends on over-voltage.
M.Yokoyama @ SLAC AlS, 8/22/2007 34/47 Sy




Possibility of cross-talk
suppression

\

:,f o epi PV o W W W ‘\\U f/‘w — epi
Al optical separation i }Z

nt++ subst. nt++ subst.

PV e Ve W WL,

p— epi p— epi
Y AW . Wa N,

nt++ subst. nt+ subst.

Trench etching

K.Yamamoto @ PDO07
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Study of after-pulse

® Special structure with only one pixel
® No cross-talk effect
® Pixel structure identical to usual ones

® Using delayed gate Time [nsec]
with self-trigger, :
measure time
constant of after-
pulse

M.Yokoyama @ SLAC AIS, 8/22/2007 36/47



Measured time constant

After Pulse Rate vs Gate Delay [nsec] : 50um

x2 I ndf 4.373/ 30
After Pulse 0.05741+ 0.1559

38.66 + 129.6
Decay Constant [nsec] 47.74+3.313

S. Gomi
(Kyoto)

400 600
Gate Delay [nsec]

® ~50ns for 50um pixel (~150ns for 100um)

More study in near future.
M.Yokoyama @ SLAC AlS, 8/22/2007 37/47




Radiation effects

® Several studies in Japan:

® Y-ray irradiation with ¢°Co
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Y-ray irradiation
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® | eakage current after every 40Gy irradiation

® Annealing observed

M.Yokoyama @ SLAC AIS, 8/22/2007 39/47




Gain vs Bias voltage
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Noise rate vs Bias voltage Crosstalk vs Bias voltage
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Proton irradiation

e Sample #20 (130 Gy/h)
e Sample #21 ( 16 Gy/h)

T. Matsumura
@PDO07

leakage current after | hour (UA)

accumulated dose (Gy)

M.Yokoyama @ SLAC AIS, 8/22/2007 41/47



Proton irradiation
Sample #20 (130 Gy/h)

0 Gy 0 Gy

noise rate noise rate
270 kHz 270 kHz

300 200 100 200 T 300 200 300

(oo

300 200 200 300 400
3

) 100 2
400
) .

0

( 400 200 300 400 300

600

gate width : 55 ns T. Matsumura

Noise-rate measurements were @PDO7
o500 limited due to scaler performance

* Photon-counting capability is lost due to baseline shifts and
noise pile-up after 21 Gy irradiation.

M.Yokoyama @ SLAC AIS, 8/22/2007 42/47



Are you interested!?

® Many advantages:
e High (10°-109) gain with low voltage (<100V)
® High photon detection efficiency
® Compact and robust
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= or more informati on, International Workshop on new photon-detectors

PDO7

¢ WO rks h o P fO r P h OtO' June 27-29, 2007 @ Kobe University, JAPAN
d ete Cto rs ’ e S P e C I a-l Iy vglenlglnggoc(?e multi-pixel photon device
. . o Hybrid-PMT
focusing on Geiger- Wb
mode APDs, was held
in June at Kobe.

¢ New type of photon-sensors

¢ Applications of photon-sensors to
High Energy Physics, Nuclear Physics,
Cosmic-Ray Physics, Astronomy,
Cosmology and Medical Science

® Presentations are
available on the web.

" @phowby w_ikgnpmou;ui.mjp)

International Programing Committee
H. Aihara (Tokyo), M. Danilov (ITEP), M. Demarteau (FNAL), B. Dolgoshein (MEPhi, Moscow), J. Haba (KEK),
T. lijima (Nagoya), K. Kawagoe (Kobe), Y. Kudenko (INR), M. Kuze (Tokyo Tech), T. Nakadaira (KEK),
T. Nakaya (Kyoto), A. Para (FNAL), F. Retiere (TRIUMF), F. Sefkow (DESY), M. Shiozawa (ICRR), H. Shimizu (KEK),
T.Takeshita (Shinshu), M. Teshima (Max-Planck), J. C. Vanel (LLR Ecole polytechnique)

Local Organizing Committee
K. Hara (Nagoya), T. lijima (Nagoya), K. Kawagoe (Kobe), M. Kuze (Tokyo Tech), K. Miyabayashi (Nara-WU),
T. Matsumura (NDA), T. Nakaya (Kyoto), M. Yokoyama (Kyoto)

Detector Technology Project, IPNS, KEK

i Faculty of Science, Kobe University
Supported by JSPS Grant-in-Aid for Creative Scientific Research, “Research and Development

of a Novel Detector System for the International Linear Collider” , and MEXT Grant-in-Aid
for Scientific Research on Priority Areas, “New Development of Flavor Physics™


http://www-conf.kek.jp/PD07/
http://www-conf.kek.jp/PD07/

Final remarks

® MPPC (and other pixelized Geiger-mode APD)
has many attractive features.

® Still new device:
° There is much room for |mrovement/ot|m|zat|on
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® Hope this talk helps to understand current situation
and to design your experiment!

Gain Noise Eilneile D)= o Cost | ...
range talk
Number o i e
of pixels
- .. + + +










MPPC structure

Usual device: ‘Reverse structure’: p+ on p- epi

n+ on p/p-

==

nt t-subst.

HPK Reverse structure

K.Yamamoto @ PDO07

N/P-Reach through

® Used for CMS-ECAL APD

® Better quantum efficiency to shorter wavelength

M.Yokoyama @ SLAC AIS, 8/22/2007 49/47



Photo Absorption coefficient of Silicon
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K.Yamamoto @ PD07
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Electron
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lonization coffient for avalanche Multiplication

K.Yamamoto @ PDO07
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Dynamic range

® |ntrinsically limited by finite number of pixels
® Affected by cross-talk probability

® Also depends on time structure of input
photons

d pixels

ire

U=
Y
o
—
()]
o]
=
=
2

% 5000 10000
Input light yield (photoelectrons)
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suezum @PD07 - Response Curve

— Response curves taken with
, ‘ » various width of LED light pulses.
(gate width = 100 ns)
- S ok ¢ V=710V
£ 6000 > (B o Vipae =71.5V
0 % ¢ o Vs = 72.0V
= O -20
e é
g 0% = ‘ w=50ns
5 o - — ..o e
: EW el e
© 2000 S 3, :24ns
01600 B -60 gne’ e N
: > ®eo ° - 5
| | 8 | 16 ns ‘
0 5000 10000 0 5000 10000
Light input (photoelectrons) Light input (photoelectrons)

 Dynamic range is enhanced with longer light pulse,
« Time structure of the light pulse gives large effects in non-linear region.
* No significant influence with changing bias voltage.
 Knowing time structure of scintillator light signal is crucial
-> study is ongoing.



Recovery Time Measurement

S.Uozumi @ PDO7

Clock Laser

* Inject blight laser pulse

| MPPC (width=52 ps) into the MPPC
AVAVAVAVAV, -

« After delay of At, inject blight LED

generator| L8> v H I] light pulse, and measure MPPC

Oscilloscope output [ V |

1
=
=)

delay LED

Oscilloscope view

0.21

O ey,
s - .. /
0.4 f‘“““‘-.....,._
-0.6]" i

At

_I | | | | | | | | — | | — | | | |-
'10.09 0.092 0.094 0.096 0.098 0.1 0.102

t (usec)

outpu for the LED pulse.

« Compare the MPPC output for the
LED pulse with and without the
first laser pulse.

Black ... MPPC output for Laser pulse
Green ... MPPC output for LED pulse
Red ... Laser+ LED

Blue ... (Laser+LED) - Laser

Ratio of Blue / Green shows
recovery fraction.



Recovery fraction (%)

s.uozumi @ PD07 - Recovery Time Result

T'he curve is fitted by a function

_at 25°C
1002 f(At) — A(l _ e—(At—tD)/T)
t; : dead time
T . recovery time
o0 Viias (V) | T(nsec) | ty(nsec)
710 | 41+01 1.9+0.1
/15 | 40+01 [1.7+0.1
05 5 10 15 20 72.0 4.2:LO.1 1.3J_r0.1

Delay At (nsec)

* Recovery time of the 1600-pixel MPPC ~ 4 ns.

» The shape does not depend on bias voltage.




Experimental setup

Cu collimator
scintillator 3.5 mm¢ 10mmt black sheet

beam stopper (Pb) \ _ (" )
_MPPC proton beam

I | | N I 53.3 MeV

B substrate \ beam pipe
g J \

-_——_,)————-—-

—, vacuum window (Al 0.Imm)

198 mm '80 mm

* Beam intensity ... monitored with two plastic scintillates



Variation of the leakage current
(higher flux 1rradiation)

T.Matsumura @ PDO07

Sample #20 .
2.3 105 protons/mmz/s (130 Gy/h) 28.0+0.1°C

12 s R e T —
Hdrradiation: (10 min.) I & : 3

10_'";"—> """" > measurement """" i """" E """""" """""""""""""
AT SR L N S R

CLF . TecOVery ... 1 ...... . N i}
L 1 : : . 1 £ £
b S

leakage current (LWA)
00

time (h)

 The leakage current lineally increases with irradiated doses.
* Annealing effects are seen. But the radiation damage 1s not completely
recovered within a few hour.



leakage current (WA)

Variation of the leakage current

(lower flux 1rradiation)
T.Matsumura @ PDO07

Sample #21
3.0x10* protons/mm?/s (16 Gy/h)

irraidiation(lO min.)

A T — T ——
ifradiation(10 mir.) irradiation{10 min.) f 3
- . o i

- = I

3 R : ........... ............................. :%}: ..... re‘C'OVCI’Y““"g .....

éﬁ P

B |

a 1

: H . 1: 1

1 1 1 — 1 :

e measurement . ¥, f?.??Y?W....... AT SN SOSOUSSOSRSURONS NS
1 1 : 13 1

(1.4 h) ‘measurement |

(13 h)

II :l 1 1 I 1 1 :I II I 1 1 1 1 :I 1 1 1 1
O 1 2 3 -}

time (h)

« Similar tendency was observed as the higher-flux irradiation
except for increasing rates of the leakage current.



