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What LLL sensor can we dream
about ?

— Nearly 100 % QE and photon detection efficiency (PDE)
— Could be made in very large and in very small sizes

— Few ps fast (in air and in many materials the light speed is
usually 20-30 cm/ns; in 5 ps it will make 1-1.5 mm)

— Signal amplification x10°

— Noiseless amplification: F-factor - 1.001
— Few % amplitude resolution

— No fatigue, no degradation in lifetime

— Low power consumption

— Operation at ambient temperatures

— No danger to expose to light

— Insensitive to magnetic fields

— No vacuum, no HV, lightweight,...
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The 17m @ MAGIC IACT project for VHE vy
astrophysics at E~ 25 GeV - 30 TeV

wwwmagic.mppmu.mpg.de

Laser beams of the
Active Mirror Control
system become
visible on foggy night




y VERITAS.caméra

Photograph of the 576-pixel imaging camera of MAGIC-I.
In the central part one can see the 396 high resolution pixels
of 0.10° size. Those are surrounded by 180 pixels of 0.20°.




Outlook : the next 5-7 years
Next generation VHE y ray Observatory: CTA
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Instrumental/technological improvements

Running target: light sensor improvements. Successfully pushing the
PDE higher up. Shown for several types of PMTs

Quanium Efficiency
——» PMTBG613 DV2520 250V , QE___ (290-700nm) = 19.4
——%— PMT9420 ZPO753 250V , QE___ (290-7T00nm) = 22.9
—»  PMT7724 ZK4382 250V, QE___ (290-700nm) = 25.7
—x——  PMT9117B 417 250V, QE___(290-700nm) = 18.9
PMT21428 10025 250V , QE___(290-700nm) = 16.5

Cher.Spec. for Z=0" 100GeV, a.u.

Wavelength, hm

* Some 6 years ago we
have launched a QE
improvement program
with manufacturers
Hamamatsu (Japan),
Photonis (France) and
Electron Tubes
Enterprises (England).
* The results were very
encouraging

 Since about 1.5 years
a new program has
been launched for
CTA; the results are
shown on the left



R8619MOD-100 DC Sensitivity and Data List for Trial Tubes
Date: Jul.14.2010
Dperating Gai +04

The most recent production of
PMTs by Hamamatsu Photonics
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Already now they came very
close to requested parameters
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The <QE> peak is approaching
: ~ 35 %. The ph.e. collection
efficiency is 95-98 %.
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Requested afterpulsing < 0.02 %.

892

—

More improvements requested, like
much lower variation in the gain
of dynodes

904 0.0202

Currently launching a 2-year
development contracts with
Hamamatsu and ETE (England)
Financial support from CTA

AMAMATSL

HAMAMATSU PHOTONICS K.K. Electron Tube Division




Few examples of SIiPMs,

still under development
Hamamatsu (MPPC) MPI-HLL (SiMPL)

D _SiPM Perkin-Elmer
MPPC

TTITITTRLIRIAL

| SiPMs with ~ 50-60% PDE and low cross-talk
NI NI LI I (< 1% ) could be anticipated within 1-2 years

[nm]



ILC: Potential Consumer of (5-200)x10° SiPMs

> Scintillation Calorimetry- for instance a SciTile Imagine Hadron
Calorimeter for ILC (CALICE Collaboration),sci tile size:a few cm

> Typical threshold is ~ B-7 phe

A big 8000 channe]l HCAL profotype with tail catcher is constructed by CALICE
(DESY,ITEP,.LAL MEFHLNIU, Prague,UK) for analogue and semidigital modes

SiPM tile fibre system

* S5iPM developed by MEPRT/PUSAR
- fain =10, bias « 30V, size 1 mm®, 1136 pixels
- Eff (green) ~ 13%, quenching Rt ~ 1 - 10 MO
*  SiPM file fibre system integration: ITEP
- Jxdul T ee? tiles from UMIPLAST, Russia
- WL5 fibre Kuraray Y11{300) Imm
- Motted edges, 2% light xfalk per edge
- Foces covered with EM mirror il

Omne plane with 5iPMs and WLS fibers
ingtalled into 3x3, 626 and 12x12 cm?
0.5 cm thick tiles

CERN test beam 2006

LAL 18 cb, SiPM It kst 3P review o
Fuba Sefeas  PDYIT Juee 27, 3000 13 FE,:h_-iP




SiPM: novel light sensors

Conventional SIPM - an array of avalanche photo diodes operated in Geiger mode

avalanche regions

photon
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SiPMs: MEPhI-MPI development: 1x1,

x1.3, 1.4x1.4, 3x3, 5x5 mm?

5x5 mm?



Outlook

ope with M ay camera

Mounting structure for
detector module\

4-SiPMs of The same

. - 5x5 mm?, as on the

2 | - . includes left but
4-times
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Vacuum chamber with
Cooled SiPM array and
Entrance window

A22mmx2 mi S|PM based

pixel for a telescope
3x3 mm?2 16chx16 MPPC array

Spherical mirror with
s wdl X |

d =750 mm, f = 1500
X AMPLIZS CIF
SN

BES

PROCEEDINGS OF THE 31" ICRG, LODZ 2009 HEC - I' = ™ o ™ -
[IN R KT (AR} - - - L - 1
S1PM development and application for astroparticle physics THE LRAFY RXEL —— - ipigmies iy o - - "
experiments 1 1 -
- = f - . k - = i
Hiroko Mivamoto®, Masahiro Teshima*, Boris Dolgoshein!, Razmik Mirzoyan* and Jelena Nincovij
*Max. Planck-Instinut fir Pysik, Fohringer Ring 6, 30805 Milnchan, Germany + P
VMascow Enginesring Physics Institute, Kashirskoe Shosse 31, 115409 Moscow, Russia VAL UATEME OF [MPROVE MENT AP EHANAL MEHT BE CONRECTHL: FOR N "
CAL CROSETALR T
Abstrace. A Silicon Photomultiplier (SEFM, G-AFD) E ,
it 3 novel solid state photodetsctor which has am e o
outstanding photon counting ability. The device has r FINDINGS
excellent features such as high quantum efficiency, - ‘
zood charge resolution, fast response (<100 ps), very - T i rc . anibared hasdi
compact size, high zain fup to 2~3 x 10%), very low -~ L " 1 mci cusnpusal 0 ad
power consumption with low bias voltages (30-70V, Lt ¥ i 11k NI cammrs SIPL
imumunity to the magnetic field In the last few years, " -
UV sensitive SiPMs with 3 p-on-nstructure have been = = I I
developed by a few companies such as Hamamatsu, |t I
Photonique, Zecotek Photonics Ine., and istifutes 1 1 =
such as the MPLHLL (MaxPlanckInstitute for | A== I i
Physics - Max-Planck-Institute Semiconductor Lab- || 2
aratory) as well as the MPIMEPHT (Max-Planck- |4, 40 . . 3 s i 1nd 4
Institute for Plysics - Moscow Engineering Physics || il il ol " L hwp L 7 e“"s 3mm
Tastitute) for astroparticle physics applications Here | 42 41 32 1 88 | B ; - Chtswstians i w5 G's' pesdu U( m ‘ 3)(
the enrrent status of the SiPM development in o i Sgesgce e T iy e i A aS ‘)( 0
MPI and HLL, MPT and MEPUL, and the study of 1 i Fanies i s e \ e a‘_‘l\ S
the application to imaging atmospheric Cherenkoy . . FHE culisition sl \N e \-\ m -‘Ocu
telescopes (IACTs) MAGIC/AMAGIC-II [1] and CTA Dz L Tom LeRGemier - Blie print of 1ok (4nd) of 353 ma? [ =50 T p S‘(\O 56 (AN . ‘X\
MPPC ze7ay device (Fonvback). Battom  Foomn of 1.1 MFPC amay ——— E E I
[2]. and a finorescence telescope m the space JEM- ... s ST P\\‘ a 2 \n he
EUSO [3] will be reported. ) o B i ! n PCS m X
Eeywords: Imaginz Cherenkov, Imaging finores- The high PDE of these devices will allow us to lower ' = > L 3 US\ ‘\I\P ‘( 0
cence, SiPM the threshold enerzy of ganma ray detection down to 10 T RECSFT y ‘_SU Ay O(
- 20 GeV in case of MAGIC telescopes, and ensaze the . L i ma m\(
1. INTRODUCTION detection efficiency of UHECRs above (2-3) 7 x A \,\ama 5 \ng
\ad

.. _ g5 ™
MOTE T '\I';I-\FI.IZA.IIJ'\II b CAN LAY A X I.l_l! {NER WIHNI SPICTHAL RANCL 0‘ aGOCm N\P\ bu

1 i DN O 0 CELL TYPH OEVEES PEEVENTS THE (00‘ O“x\e

I SE | [ s HEIH ST AL & ¥ . o 1w WIFT

DFER ATION AT HIC
ME Wi

L L e | TOHTRAT COMCLUSIONS




FACT = First G-APD Cherenkov Telescope

for TeV Gamma Astronomy

TU Dortmund, EPF Lausanne, U Wurzburg, ETH Zurich

Goal:
Crab-observations in the coming period

Test the technology (CTA, AGIS,
MAGIC, ..))

Will be operated for the DWARF-
projects physics program !
Ready availability

HEGRA-3 Telescope-Mount (La Palma):

8.5 m? mirror of good reflectivity
Microcontroller-based Drive system

Experience with 36 Pixel-Test camera
MO

P
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2010: 1440-Pixel G-
APD-Kamera

DAQ in Kamera integriert

FTu
Trigger
Uit

Produced in Zurich

1.
I

In fall 2010 will be installed in the = ——_
Focus of the 4.2m HEGRA 3 .
telescope in La Palma

Grofle-eines

Crateﬁ\ » () MAGIC Pixes
| \ }' 3.cm

S
s il

38:cm

Grole eines
CT3Pixels
2'¢tm

Detail structure of the camera



Why the light emission from Si avalanches is
SO important

* First observation of the light emission from reversed-biased
Si p-n junction in 1955 (Newman)

* Revived interest about the effect in recent years because of:

* Cross-talk in SiPMs (GAPD, MPPC, micro-channel APD,...)

spoils the amplitude resolution

e The light emission is proportional to the number of e- in the
avalanche. This puts a limit to the maximum gain under
which one can operate the SiPMs

* If no measures are taken against the cross-talk, then the I-
factor i1s worse than in classical PMTs

e Asa consequence one encounters major problems in self-
trigger schemes when measuring very low light level signals



Cross-Talk

Ingargiola NDIP-08

When an avalanche is triggered in one SPAD we have:
Secondary photons emission due to the avalanche current
Photons propagation throughout the chip
Secondary photon detection by a nearby detector




Cross-Talk

Ingargiola NDIP-08

When an avalanche is triggered in one SPAD we have:
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Cross-Talk

Ingargiola NDIP-08

When an avalanche is triggered in one SPAD we have:

Secondary photons emission due to the avalanche current

Photons propagation throughout the chip
Secondary photon detection by a nearby detector




Cross-Talk

Ingargiola NDIP-08

U | Y

When an avalanche is triggered in one SPAD we have:
Secondary photons emission due to the avalanche current
Photons propagation throughout the chip
Secondary photon detection by a nearby detector




Light Emission in Si Avalanches: collection of
different measurements
10
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Our own measurements: the setup

* Components used in our setup:
— (SiPM) MPPC S0362-11-100U from Hamamatsu

— Imaging Single ph.e. Sensitive Spectrograph Shamrock
3031 from Andor

— CCD-camera Idus 420 OFE for optical spectrum 4.50-
1000nm

— InGaAs —camera DU490 A-1.7 from Andor for NIR
spectrum 900-1700nm



Sketch of our experimental setup

Entrance S1it - i
P S i Mirrors

e

-

Imaging spectrograph

SiPM




The Absolute Calibration

I't was assumed that the used MPPC had an active depth of 1.8 pm.

The emitted light absorption in Si was simulated by using a simple
Monte Carlo with a step size of 0.1 pm in depth.

Tabulated values of the light absorption in Si were used.
Light reflection on the interface Si-Si0,-air taken into account.
One-by-one LEDs were inserted in the place of the MPPC

A calibrated PIN photo diode was inserted just behind the gap of the
spectograph. The CCD calibration by the manufacturer was used.

The used for calibration LEDs

VIS LED, | 470 520 621 700 750 310 910 1020

nm

NIR LED, | 910 1020 | 1200 |1300 |[1450 |1550 |1600 |[1700

nm




Reminder: light absorption in Si

Beaune99:  Depleted CCD—35
Don Groom 1999 June 24

This is the most important transparency I will show!
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Astronomical 's operate near —100° C to achieve
noise-limited performance

Red curve is empirical; other curves are calculated from
phenomenological fits by Rajkanan et al.

* The related to absorption
effects in S1 were taken
Into account in our

measurements

* Already from this graph
one can get an impression
about the relevant for the
cross-talk effect

wavelength range (>700 nm)



Measured differential emission spectrum

SR TI e Mirzoyan, et al, NIM A 610 (2009) 98

%10~

The largest error is
<19.7 % for the ,,worst*

£
.E wavelength range
g < 600 nm
a
800 1000 1200 1400 1600
Wavelength[nm]

Wavelength range | 450 — 1600 nm <1117 nm

This measurement | 3.86 x 10> ph/e 1.69 x 10~ ph/e

Lacaita, et al., 93 2.9 x 10~ ph/e




Possible emission mechanisms

Akil et al., 1999, Villa et al., 1995, Bude et al., 1992, ...

Interband transitions between hot e- and holes

Direct intraband e- transitions, Bremsstrahlung radiation
from hot e- scattered by charged coulombic centers, and
phonon-assisted e- transitions

lIonization and indirect interband recombination of e- and
holes under high-field conditions

Intraband transitions of hot holes between the light and
heavy-mass valence bands



Current status of SIPM and the
prospects

Currently there is a lot of enthusiasm about the new devices but the
deep understanding is not simple, it comes only slowly

One of the main problems of SiPMs is the low PDE, that is not easy
to measure. It shall be disentangled from the cross-talk and
afterpulsing.

The afterpulsing in PMTs is a ~1% effect on single ph.e. level, while
for example, for currently existing MPPC’s from Hamamatsu it is a
20-30 % effect. This shall strongly manifest itself in self-trigger mode

Usually the real value of PDE is much lower than the claimed
(advertised) one. The reason is the low applied overvoltage.

For ~100 % Geiger efficiency and a high PDE one needs to apply an
overvoltage that is 15-20 % higher than the breakdown one. The
commercially available devices cannot do this yet (because of their
design they do not quench above an applied overvoltage of 2.5 %).

Already during this year some type of SiPMs with good UV response
and a low cross-talk level could become available.

Hamamatsu, Philips, Perkin-Elmer and some other companies are
working on it.



- Long tail in SiPM pulse hight distribution vs
threshold

Optical crosstalk,SiPM 1x1 mm2,dark noise

k=188, 1 =3lns

Gh. Noia. Crosstalk=>non-Poissonian
distribution:
Gain 3x10**6
pixel fired/phe=1.7

ENF=1.6

aADC channail

Crosstalk suppression by
special SiPM topology:

Poisson distribution:

pixel fired/phe= ~1

ENF= ~1




Optical Crosstalk OC

OC has two components

P. Buzhan, B. Dolgoshein, et al., 2009

FIRST:phe's are induced in high electric field depletion region of

neibouring pixels
>this mechanism is very fast: ~Ins(prompt OC)

SECOND :The same in undepleted region and then the diffusion(or

drift)to high electric field Geiger region of neibouring pixels

>this process is delayed: later than lns

Single Double

p-n junction  p-n junction

P




A filled in trench




First step: S1IPM 1.4x1.4 mm?2 with OC suppression
topology

ENF=(c/A)n

Poiss0n

i
[
2
n
i)
(=8
Y=
o
c
&
2
b

Fixel gain, ADC chanrels

20 400 q0 a2 Gl g
Charge ADC dhamnels Bias vdtage U,V




Timing by SiPM: possible application for

Cherenkov Imaging Counters

SiIPM PMT R-5320
"OODB’IIITIIl]rl‘TI’""I‘ll"""T"

Single Photoelectron

80000 }

60000 }

| 40000 fro
P —

N 0
1000 1500 500 1000
Time (ps) Time (pS)

123 ps fwhm

Counts / 5.35 ps bin

SiPM:
+ position sensitive (~1 mm?)
* a single photon detection capability with background

hits density : 2.107 1/ns:-mm? (room temperature)
310" 1/ns-mm? (-50°C)

* insensitive to magnetic field
* good time resolution (~50 ns
rms)

FWHM: Laser (40 ps) + electronics (60 ps) => SiPM (100 ps)




Pulse width depends on the SiPM chip size

S00MED

DT400mc A KIS 109E

 Twe-s2soeone

Cl00mES

Coolra0onc A KIS 314mE

. LT 7920000 . ]

A single ph.e. pulse
shape for different
SiPMs

oone” A KT F T adime

D wevesoononc

All tested devices
had p-cell size of T e
100um x 100um 1 1600 p-cells

Operated under
gain: 107

T r4.nonc A K1 £ 302mE

[ier13.9200nc




SiIPM time resolution
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SiPM 626, 1600 pixels. T=-80 'C

Second step: 5x5mm2 SiPM with OC and AP
suppression

SiPM parameters:
2> size 5xbmm?
= double junction structure with

optical barriers 6mkm

= number of pixels 1600
2> pixel size 100mkm
= gain 2x10*7
=2 geometrical eff.(filling factor) 64%
> pixel capacitance ~1pF
=2 output SiPM capacitance ~160pF
- antireflection entrance window

2 single pixel recovery time ~ .bmks

Figure 3: 25(5 x 5)mm” SiPM. It consists of the
array of 1600(40 x 40) micropixels with 100 x
100pm? size.




Timing by 5xomm2 SiPM: signal shape

= Because high SiPM output
capacitance (~160pF)

a special FE electronics has been

developed:

low imput impedance(a few Ohm)
current amplifier+shaper

Amplitude, W

~ 7 Ohm
+shaper
FWHM

2 Bbns




- The lifetimes of frapped electron are mostly rather small:
less than ~100 ns

Gaire1,310°  Threshold: 05¢€ T=+20'C . '
Therefore a single pixel recovery

time Rquench x Cpixel sould not
be not very small and recommended
at level of .5-1 mks

' > Even for high Gain x PDE
it topusing \ the Afterpusing has to be

for- Dyariena small enough:

W NS | AP(6ain=10*7)=~1%
for recovery time of >500ns
10" i 10

Time celay after dschange, mks
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€@
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Afterpulsing
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- Give rise the non-Poisson statistics of fired pixels
(SiPM response).

> As a result:

- SiPM pulse hight resolution is worsening:
> (sigma/A)*2 > 1/N phe

Excess Noise Factor ENF >1
> Sci Spectrometry(PET etc.) ?

ENF: for PMT ~ 1.2
for APD ~ 2-2.5
for SiPM(desirable) < 1.05




ENF, APD

(8]
exp

J’II I'k J \

!
|
|

GPOi s50n

Poisson

Experiment

ENF, PMT |

L] I L] L] I L]
0,25 0,30

Crosstalk = N(>0,3) / N(>1,5)




The cross-talk effect (optical coupling: OC) has a major impact in
self-trigger schemes, it can prohibit obtaining a low threshold setting

T=-61°C
B no OC suppression
* with OC suppression
O Poisson

N
I
o
c
=
(]
o
X
-
©
(]

— T T T T T T T T T T T T T
3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

Threshould, pixels




Optical Crosstalk studies

depletion region 44%

.
.|

Without optical
crosstalls suppression

K

Suppression by

optical barrier
011K, \m&

Suppression by

optical barrier and

second p-n-junction
0.026-K,,.

L1 4 1lajs
ol 0
-
[ ]
] |
Laial L1 4 4iiis L1 4 iiiis L

[N EEIT

20 30
Time difference (pix1-pix2), ns

Single Double

p-n junction p-n junction

pixel 1

Optical crossralk between two separarte pixels




Results of Optical Crosstalk studies

two separated pixels
pixel size 100mkm,pitch 130mkm
gain 2 x 10*7
recovery time > 1mks
PDE=35%

OPTICAL CROSSTALK:
> prompt (< ~lns.phe in depletion region) ~50%

> delayed(> ~1ns
~B0%

OPTICAL CROSSTALK
SUPPRESSION FACTOR:
> with optical barriers(tranches,8mkm deep) ~9

> with optical barriers + second n-p junction ~4.5
Total: ~40




SIPM with cross-talk suppression: World record
of ultra-fast light sensors in amplitude resolution
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Dolgoshein, et al.,

in preparation

SiPM

* A curious experiment: what
will happens if one will hold a
mirror in front of a SIiPM ?

* The emiited light bounces
back strongly amplifying the
cross-talk effect

» Similarly the amplitude
resolution shall degrade when
SiPMs are coupled to
scintillators

(Dolgoshein et al., under
preparation)



High optical cross-talk and afterpulsing: that's why the advertised by
Hamamatsu PDE for MPPCs (red) differ from measured ones (green)

Harmarmatsw RMPPC 5103452-11 Tx1 mrmd [P on )

Hamamatsu
F10362-11-025C

Data from: Hamamatsu data
shes{FOE Includes & and AP

FDE without effects o
and aft=rpulses.

3oo 500 600

W avelength &,




A PDE and gain of a 1x1 mm? SiPM produced by PEI

measured at +20°C
Overvoltage = operational voltage — breakdown voltage

SiPM 1x1 mm’. T =+20°C. OverVO”:age +1 5%
50 AN L L L Y B L L N S B AL R B
- ] —— Overvoltage +20%
g 30 -
: % =310 rim
W20 - -
10 -
0 1 L L AL AL L
0,0 2,5 5,0 7,5 10,0
75 vervotage A, Y e
o 50_- .
0 - LA L E R R L I L AL B
0,0 25 5,0 7,5 10,0
Overvoltage AU, V
7-8 September 2010 R. Mirzoyan: SiPMs for CTA SST, 47

SST meeting, Liverpool



Prompt OC suppression using Si damaged
by 1on implantation

(Patent pending)

No OC
a0t 1 suppression

— Gain = 0,8-10’
' N = 4,29

E 2000 —
=
[ 4

=

No OC suppression
Gain 0.8*1077 : '

| =" [with oc
$ suppression
OVIV=15% | o Gain = 1,62-10"

Crosstalk

OC suppression 5 | N=452

I — SiPM 1x1 mmA2
5]

7 8
B Dolgoshein Silicon PM




Dark count rate:
SIPM 1x1Tmm”2, OC=4% AP=1%
room temperature

SiPM 1x1 mm° FPon M, (pixel size size 100x100 pm} with OC and AP suppr

T T T T T L T T L] T T T T T T T T T T T T T T T T L T T L T

OVIV=13%

=1}
=1
o
1

N2

¥
=
]
B
=
=
[

Physical limit |
PDE=100% =]
Room T |

Philips

Owervoltage a4, VW

T T L] T 'I' L]
0,015

ive overvoltage ald /U,

OV/V x 0.1




-»single pixel dark
count rate is lower by
factor of 1.5-2
(~physical limit)
—>digital output is
more convenient for
system integration

-PDE loss ( filling
factor is less due to
electronics on chip)
—>problems with
Optical Crosstalk and
Afterpulsing have to
be solved

Fabrication cost?

Digital SiPM

PHILIPS

Digital Photon Counting — The Concept

Intrinsically, the SiPM is a digital device: a single cell breaks down or not

=
analog SiPM

Pl
wiarw hamamatsucom

Summing all cell outputs leads
to an analog output signal and
limited performance

L

=

A

p
digital SiPM (dSiPM)

L]

B To— |

S~ TDC and

photon counter

Digital Cells || >

Digital output of
« Number of photons
* Time-stamp

Integrated readout electronics

is the key element to superior
detector performance

winw. philips comidigialpholoncointing

Prilips Digital Fhoinn Counting, Colaber 27th, 2008




PDE ,SIPM p on n,3x3 mm”"2,
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Conclusions

In a time scale 1-2 years from now one can buy SiPMs
with outstanding characteristics, probably from several
manufacturers.

Their sizes could span 1-10 mm.

SiPM cost will be reduced due to the availability of full
CMOS designs. Several USD per mm? is not unrealistic.

They could offer PDE of 60-65 %, x-talk < 1% and low
temperature and voltage dependences.

These devices are going to substitute classical PMTs
and APD in many applications, including those in physics

iInstrumentation in, for example, nuclear medicine (time-
of-flight PET,...).

Realistic candidates for SST telescopes, especially for 2-
optical element designs
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