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Introduction

T2K and near detectors
Motivation for new photosensor development
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T2K Experiment

Near Detector

e ‘5 PARC ain Ring

Super-Kamiok e . oskn (K ECJAEA, Tokal)

(ICRR, Univ. Tokye)

® | ong baseline neutrino experiment in Japan
® Search for Ve appearance from vy beam
® Precision measurements of V, disappearance

® Start from April 2009
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Recent milestone #1:
Proton beam circulated in the MR!

mBeam injection, rf capture and beam extraction to beam dump were successfully demonstrated on
May 22, 2008.

The next step is to accelerate beams to 30 GeV. It will start in December of this year.

On May 22,2008 T.Koseki, 4th ]-PARC PAC




T2K Near Detectors
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On-axis detector
Named INGRID’

® Array of Fe(target)-
scintillator(tracker) stack

® Measure V beam profile,
monitor beam stability
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Off-axis detectors

® Measure V flux/spectrum/composition/interaction
at production

® Several sub-detectors IR
with specific functions Mgt\A \
e FGD/TPC/POD/

ECAL/SMRD

® |nside 0.2T B-field
by UA| magnet

Tracker

Pi-zero
Detector
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Recent milestone #2:
UAI magnet installed in ND280 pit!

/

Rome group in initial stage of project
Completed on June 21,2008



T2K Near Detectors
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Common technique:
WLS fiber readout

® All but TPC will use plastic scintillator +
wavelength shifting fiber readout

® Successful in recent neutrino detectors
(K2K-SciBar, MINQOS, |
MINERVA, SciBooNE, ...)

® Kuraray Yl | (Imm diameter)
chosen as the fiber

® Photosensor matched with
fiber readout needed!
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Photosensor requirements for T2K-ND

Constraints/situation

Enough light yield PDE >PMT for green light

0.2T B-field Immunity to magnetic field

Limited space Compact, stable

Low interaction rate Radiation hardness not an issue

Timing from accelerator
available

L ber of ch I : '
i | ey apraion rce v
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Multi-Pixel Photon
Counter (MPPC)



“Silicon Photo-multiplier™??

® Known in many many names...

SiPM
MRS-APD
SPM

MPGM APD
AMPD
SSPM ‘ l .m.
GM-APD

MPPC

® Reflecting progress in many places in short time.
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R&D over the world
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Old map: now more exist..
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Why interesting?

® Many advantages:
High (10°-108) gain with low voltage (<100V)
High photon detection efficiency

Compact and robust

Insensitive to magnetic fields
® Although as many possible drawbacks at this moment:
® Only small size (typically ~mm?) available

e High dark count rate (100kHz- 1 MHz/mm?)

® Optical cross-talk and after-pulse
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Operation principles



Avalanche Photodiodes (APDs)

® Photon creates e-h pair near surface

® Avalanche amplification in
reverse-biased region

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

® Typical internal gain: 10-100

(~1000 some case) Schematics of APD
for CMS-ECAL
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Geiger-mode operation of APDs

Vbd

® Operation above
the breakdown voltage

Linear
mode

log(gain)

® High internal gain
® Binary device

® Same amount of charge Geiger
regardless of number of mode
incident photons 0

® Discharge may be
‘quenched’ by external
register

Bias voltage
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Counting Photons with
Geiger—mode APDs  20.100um

® 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
Q=Cpixel ° (VOP'Vbd) quenching

® C,ixe~10-100fF and
AV=Vop-Vbda~ -2V gives el
Q~10°-10¢% :

Development of MPPC and application to T2K, M.Yokoyama, R



Operation of Multi-pixel
Geiger-mode APDs

® All the pixels are
connected in parallel

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

many photons are
incident !
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Output from Multi-pixel
Gelger-mode APD

Entrie

S0 oMo M 20.0ms A ChE X —460mV
21 Jan 2007
4:06:39

. | count
Clear separation of

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

[@ room temperature]
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Comparison of photo-sensors

PMT APD | SiPM’

Gain 105-107 | ~100 | 10°-10°
Operation voltage(V) |-2k | 300-500 | <100
Active area ~>100cm? | ~I0mm? | ~Imm?
Dark count (Hz) <lk 0.1-1M

Photon detection efficiency| _ o o .
(blue-green) 15% | 75-80% | 20-40%

Magnetic field X o o
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MPPC by Hamamatsu

® Structure based on CMS-APD

® Currently availabel:
® |xImm? or 3x3mm? active area
® |00/50/25 pm pixel pitch

® Metal or ceramic package

® |n future..

® |arger area (array)

® More variations of package G/u !
Selected by T2K in Aug. 2005
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MPPS MPPC is for

Photon counting with APDs

neutrino detection!

® Fasy to operate modules

® [ ow cost
A new type of photon counting device made
of multiple APD pixels operated in Geiger For:
e Available with 1x1 mm, 3x3 mm Qg®x6 mm
. BEPET

® HEP calorim

e Easy to operate mod

e Low cost

® Neutrino detecti

For:

e PET

® HEP calorimeter

® Fluorescence me

® Neutrino detection

® Fluorescence measuremepgt



MPPC Spec for T2K

ltem Spec
Active area | [.3%].3mm?
Pixel size 50x50pum?
Number of pixels 667
Operation voltage| 70V (typ.)
Photo(r;} dseggﬁfqiqon eff. >15%
Dark count <1.35Mcps(0.5pe)

(gain=7.5%10°)

<0.135Mcps(1.5pe)

Number of device

~60,000

Price (if order 60,000)

¥1900/pcs.
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Specially developed for T2K
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MPPC performance

Gain
Noise
Photon detection efficiency
Cross-talk/afterpulse
Light yield with scintillator
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Measurement setup

® Measurement of charge with
® Three temperatures (15,20,25°C)
® 0.1V step scan

Temp. controlled chamber

Optical fanout

® With and without ﬁ%ﬂ -

Ilght source 11Y11WLSfiber
MPPC (x32)

(pulse LED

+WLS fiber)
e 64 MPPCs

. '
simultaneously m’p-ms&ermi.a

® FUIIY aUtomated Frontend boards NI wavé%e\rﬂg\gnerator
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® One measurement = |.5 hours

® 6 measurements (384 MPPCs) / day possible
(with our hard-working students)

e ~10,000 MPPCs tested at Kyoto.
(15,000 by the end of July)

-—w ’ v

~30,000 MPPCs shipped

(incl. other countries)
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CEM- AT

® Gain of MPPC can be

measured with well-
separated p.e. peaks:

Gain=Ql/e

Entries

GaN=-2-Swv.v)
Cc

C

||'- |||"v "

(Vbd) also derived
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Gain/Vpp for T2K-MPPC

For 5820 MPPCs 25°C

- RMS=4.5% ||5820 MPPCs 5820 MPPCs

(Again)/(Avoltage) [ ]
5x10° with AV=1V

*calibration of scale under re-evaluation

High gain,
Excellent device uniformity.
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H. Otono
@PD07 1600 pixel

(Also many measurements
around room temperature)

50mV /K

200 250 300

Temperature [K]
® Many parameters of MPPC are known to
depend on ‘over-voltage’ AV=V-Vyq

® Vy4 linearly depends on temperature
dVbd/dT~-50mV/K
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Dark noise
For 5820 MPPCs

9 5820 MPPCs overlaid 300F
— f ) : 0.5pe threshold
N E 25 3
L E 20 : 25°C
2 200 | AV=|.5V
g E -
< E 100 |-
v E :
R —
20: .............. b ob B
0 05 1 1.5 2 2 0 1 2
AV=V-Vgp V] Dark noise rate [MHz]

Device/temperature dependence seen

Satisfy our requirements
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Photon Detection Efficiency (PDE)

® Probability of detecting single photon
entering the surface of device

® Three major components:

® Geometrical efficiency
(~60% for 50um pixel MPPC)

® Quantum efficiency
® Probability to trigger Geiger avalanche

® Depends on over-voltage.
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Photodetection efficiency (PDE)

® Relative to a reference PMT MPPC with LED

(QE~15% for green light by [SiERIRIEE 0
/>

catalogue). E:.

® Number of p.e. derived from Wavelength
fraction of pedestal events shifting fiber
and Poisson stat.

Reference PMT

Optical connector developed to ensure good contact.

Fiber glued  18mm
MPPC holder to this piece
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PDE @
AN=i .5¥
2590

5820 MPPC

Reference PMT:
R1818 (Hamamatsu),
bialkali cathode

PDE [xPMT]

Temp. dependence is small

(except effect from Vgp) Excellent PDE.

(loss at coupling included)
Systematics in calibration being checked
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Optical cross-talk

® Photons created during avalanche
can enter neighboring pixels

® They can trigger additional
avalanche — optical cross-talk

® |[ncrease excess noise factor

Development of MPPC and application to T2K, M.Yokoyama, Rome, June 23 2008
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After-pulse

® Carrier trapped in impurity state
may be released after certain time
and cause delayed avalanche in the
same pixel, or after-pulse

® Also increase excess-noise factor

Development of MPPC and application to T2K, M.Yokoyama, Rome, June 23 2008
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Measurement of
cross-talk and after-pulse

Charge (ADC) distribution

Fraction of p&eﬁll events \

lPoisson statistics

Estimate true’ em——)  Observed

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

v

Probability of cross-talk&after-pulse

*Only combined probability can be
measured with this technique.
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Crosstalk+afterpulse

5820 MPPCs
25°C

&)
2 3
=) E
o
L G i
3
N = 3
> F
Tﬁ [—
')
- 3
(72)
O [
-
O

0 04 02 03 04 05
Crosstalk/afterpulse

Tolerable level for our use. 200ns gate
Suppression under study for other uses.
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Light yield with scintillator

204 scintillators show consistent L.y.
3GeV e-

.E L i, r R S
Scintillator for
on-axis
detector

cintillator No.

® ~|5p.e. with WLS fiber (Y| I, Imm dia.) and
real scintillator (produced at Fermilab).
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Summary of performance

AV=1.0V | AV=I|.5V
Gain 5x10° 8x10°
Noise 0.4-0.8 0.6-1.2
PDE ~|.5xPMT | ~2.5xPMT
raraise ~0.05 ~0.2

Operation voltage: AV=[~1.5V,
depending on detector functionality

Development of MPPC and application to T2K, M.Yokoyama, Rome, June 23 2008
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Summary

® We have developed a new photodetector,
MPPC, for T2K experiment.

® Excellent performance

® Established WLS readout

® Mass production/testing in progress

® T2K will start from the next year. Stay tuned!
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Grazie mille!
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Device stability

® Long term / High temp tests at INR (Oct. 07~)
® High temperature test (20 MPPCs)
® Kept at ~80°C for 3|-days with biased

® One‘died’ | month after heating
(reason not known yet...)

® Other |9 (+ 10 non-heated) stable till now
® High temperature test at LSU

® 3 MPPCs heated to 80°C for ~14 hours/day

® Stable for ~200 days
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Timing resolution

Sample MPPC
Measured w/ pulse laser Bias -71.5V

636/ 410nm Threshold 0.5pe
Only Single photon data

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

_____________________________________

YA N Time walk
gt G~110pS - corrected.

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

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

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

19201940 EEREIEIRE T |jjima @PDO7

2460 280 2500 2520 2540
tdc 1bin/25ps
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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

0
[3)
X
o
o
0]
—
4=
L
o
Lo
0]
Qo
=
-3
P

% 5000 10000
Input light yield (photoelectrons)
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w
LED
> 7/ PMT
%eooo— w=50ns,6 o
= & 24 ns
S 4000 . 2 e
..9' Oi’ & o
= D ’ e °°
@) G“}O. 6}'%; %8@ 16 ns
O | /% ade ns
2000 @?Qﬁ * Viias = 71.0V
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| '
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Light input (photoelectrons)

Response Curve

Response curves taken with

various width of LED light pulses.
(gate width = 100 ns)

Q)

> ¢ Vi =71.0V

2 o Vs =715V

(_U & Vbias =720V

@

=

c “ w=50ns

o °

= “°

c @O‘*}’oo oy Y

S O 24 ns o0

— - @0 q v

.S 60 8ns e

3 | 16ns °° 4
0 5000 10000

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

Clock Laser

* Inject blight laser pulse

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

« After delay of At, inject blight LED

generator| 8> v H I] light pulse, and measure MPPC

Oscilloscope output [ V |

|
=
=)

delay LED

Oscilloscope view

0.21

O sy,
s - .. /
0.4 f‘“““"m.....,._
-0.6]" st

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 Time Result

—
o
o
|
Y
[
N
3
o
O

T'he curve is fitted by a function

f(AL) = A(1 — e (At=tp)/T)

ty : dead time
T . recovery time

Recovery fraction (%)
(@)
o

Y;i?“:'o:\/ Vi (V) | T (nsec) | ty(nsec)
715V 71.0 | 41+0.1 [1.9+0.1
720V 715 | 4.0+0.1 [1.7+0.1
O & 5 15 20| 720 |42+01[13+0.1

Delay At (nsec)

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

* The shape does not depend on bias voltage.




Results with tungsten absorber

Er = /\ﬁ

Run 400322:0 Event 29910 Time: 13:26:50:011:944 Mon Mar 12 2007
: Hits: 184 Energy: 945.783 mips = 0.1
n ,’5‘% ()]
R R N o N
T dfEREn T ¢
| 1l 0 8 e
[ -
(@)
2 c
| 0 | | | A
ﬂ G
] ]
—EE
——
—
——

f Events
o
o
13

The calorimeter with the MPPC is working!

Dynamic range seems to be enhanced
(expect more study with higher beam energy in 2008).

0.15 _SCECAL 2007 preliminary g 800} SCECAL 2007 preliminary
| = | NoMPPC
=600} saturation
0.1 e correction
s o
© S 400
3
0.05 ’J/E = ostat/VE @ oconst =
2001 T
octat = 13.45+0.07% § D_eV|at!on froEn
oconst = 2.87 +0.08% s Linearity <4 %
1 | | | O | &
004 06 08 1 0 2 4 5

INE,orr (GeV™) Beam Energy (GeV)



PDE from catalogue

60 |l | 100 4 m Pixel _

1 ———

50 |

40

30

20

10

(PHOTON DETECTION EFFICIENCY)

0
200 400 500 600 700 800 900 1000

WAVELENGTH [nm]

* Measured with current:

includes effects from cross-talk and after-pulse.
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Magnet transportation

March 2007



T2K exp. layout

® |ntense V beam via TT decay (‘superbeam’)

® ~Susec ‘spill’,0.2-0.3 Hz cycle
® [wo-detector configuration:

® Near detector at ]-PARC site Com

° - i .
Super-Kamiokande detector J ,, oscil

dbarison

V

ation study

w/ sma

| syst. error
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Schedule of beam commissioning

JFY2006 JFY2007 JFY2008 JFY2009
1] 2| 3] 4] 5| 6 B| 9/10{11 4 5| 6| 7| 8] 9|10{11{12| 1] 2 6 8

. s -
MR | | Ist stage

u__ |
N

MLF

Hadron

Neutrino

BllBeam Y Start of off beam commissioning

Installation / Off beam commissioning 4 Government inspection of PPS

Building construction A Government inspection of radiation shield
under beam operation

MR schedule

May 2008: MR (and MLF) beam commissioning starts.
July -Nov. 2008 : Installation of slow extraction devices, some fast extraction devices and neutrino
beamline components.




Readout electronics

® Two options of readout ASIC

® Trip-t (Fermilab) for INGRID/POD/ECAL/SMRD
e AFTER (Saclay) for FGD

High Voltage trim
DACs (8 altogether)

PROM  GAIN SPLITTING COMPONENTS

A—————

Trip-t frontend board developed in UK AFTER electronics by Saclay
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MPPC structure

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

n+ on p/p-

==

N/P-Reach through

nt t-subst.

HPK Reverse structure

K.Yamamoto @ PDO07

® Used for CMS-ECAL APD

® Better quantum efficiency to shorter wavelength
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Photo Absorption coefficient of Silicon

1065 p

(cm-1)
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K.Yamamoto @ PD07
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Electron

=
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2 3 — 5 S
ELECTRIC FIELD (> 10° V/cm)

lonization coffient for avalanche Multiplication

K.Yamamoto @ PDO07
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Radiation effects

® Several studies in Japan:
® Y-ray irradiation with ®°Co

® Proton irradiation at RCNP 53.3MeV
cyclotron

® Neutron irradiation at reactor (ongoing,
not reported here)
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Y-ray irradiation

60CO

Lo}
<
-
—
R
c
o
E o
b
=
o
o
o
©
x
©
o
-

Time [hour]

® | eakage current after every 40Gy irradiation

® Annealing observed
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Gain vs Bias voltage

v
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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)
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Proton irradiation
Sample #20 (130 Gy/h)

0 Gy 0 Gy

noise rate noise rate
270 kHz 270 kHz

100 200 300 400 300

100 200

gate width : 55 ns T. Matsumura

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

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

Response with spot laser

® Inject laser light to center of each pixel IS

® spot size ~10um

® |00 pixel sample

(pixel size 100um) mriciency:

RMS=2.57%
® Uniform response
of all 100 pixels

® Gain: RMS=3.6%

Promising device!
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*Results with early prototype

® |aser scan inside
a single pixel
(100um pitch)

® Flat response in
active region
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Effective area

400pixel efficiency
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