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Photon detector

A device that can detect photons

= Convert light into a detectable electronic signal
®» Requirements:

» Single photon sensitivity Detection mechanism:
= High efficiency Photoelectric effect

» Good spatial granularity

= |inearity

= Good Time response

» Rate capability/ageing

= Dark count rate

» Operation in magnetic fields

» Radiation tolerance
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Photo-effect

Interactions of gammas with matter

Photoelectric effect: ‘conversion’ of photons .
(b) Lead (Z = 82)

(y) to photoelectrons (pe) y ;- opeimenal o
» Exfernal — emission of free electrons from

the me’rol surface due to energy Pair product”

Internal — free charge carriers are
generated by the absorption of incident

photons in the semiconductor junction
detector
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» Visible photo detection Photon Energy
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PhOi'O Sensor 'l'ypes Almost all photosensitive materials

are very reactive (alkali metals).
Vacuum . ————  Operation only in a vacuum or

o extremely clean gas.
» Photomultiplier tubes (PMT)

®» Microchannel plate photomulfiplier fubes

Solid-state photon detectors
= Silicon photomultipliers
Hybrid detectors

» HPDs and HAPDs

» Ofher hybrid photosensors

Gaseous photon detectors

We will not focus on the hybrid and gaseous detectors today
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Photon multiplier tube

» After the photoelectric conversion, the
photoelectron signal needs to be
amplified to give a measurable
electronic pulse.

» Achieved in a traditional photomultiplier
by dynode chain

» /exponential multiplication of the charge
at each dynode: e.g. if the number of

electrons is tripled on each stage of a 12
- dynode chain

» Gain = 312~ 10¢
G — 5” — (k Vd)n

» Quantum efficiency QE: Ngetecteq / Nai

Incoming

Photomultiplier Tube

Photon\ Window

Photo-
cathode

thode / r‘ Dynodes

Focusing
Electrode

Figure 1
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QE Comparison of semitransparent bialkali QE

available

SBA:35%

e n \

UBA:43% x1.6 Ultra Bialkali

only for

small metal chanel
7 dynode tubes |

Super Bialkali
available for a
couple of standard
tubes up to 5”.

STD:26%

Example Data for
UBA : R7600-200
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Collection of photo-elecirons

Use a suitably formed electric filed between the photocathode and the first dynode

Requirements:

* High efficiency for the photo-electron
collection (for different paths, exit energies,
irections).

* The collection efficiency should not depend | i/ =
on the photoelectron exit point.

4_____]_____+_____..____p___p__‘_

-

- o

e Different travel times of the first photo
electron from the exit point to the first dynode
limit the time resolution.

* Larger sensors -> worse resolution
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Pulse height distributions for single photoelectrons

relative

pulse range frequency
waveform
linear fit

50 %
time (ns) \4 L\"'\a_,h
1

) = . 1 relative pulse height
E ~ 1100 V PUlse helgh'l' (photoelectrons)
g B 1050 V
O10* - — 1000V
= — 950V
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10° = — 850V
3 — 800V
- — 1000 V dark
102
10 E-
1 .
0 50 100 150 500 250 * multiple photons: convolution
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How to measure fransit fime spread

Use a pulsed laser light source with a very short light Pulsed
pulse (~10 ps or less) laser

Sensor

» gftenuate light to low intensity — single photon ND filter

level
® Poisson’s statistics if the P(y) = 5%, P(2y) ~ 0.1%.

» Measurea fransit fime - the delay between the

laser trigger pulse and the signal from the " T —
photosensor. 3 mmin 10 ps (vacuum) 1000 | REPETITION FATE. : 10Ktz 4o
FULL ILLUMINATION i « R14688 SERIES
fQ * CONVENTIONAL TYPE
% 800 ;‘, = (R5912 SERIES) ]
. . S iy
Tyansit time spread (TTS): transit time variation o L T g‘;
etween different events 3 w0 i L Y
.. . R 1'
®» —timing resolution 200 rilA
; ° ° °

-0 -8 -6 -4 -2 0 2 4 6 8 10

TIME (ns)
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Multi-anode photo-multipliers

» Single photomultiplier tubes: limited spatial resolution

=» The multi-anode photomultiplier / miniaturisation of a PMT tube
— uUp to 64 pixels in a single tube, each with size ~ 2x2 mm?2

» Dynode structure formed from a stack of perforated metal foils

= Signal width dominated by fluctuations in the charge
multiplication of the first dynodes

3000 —
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(e 2500 | /
e |
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Micro-Channel Plate PMTs

» Time-of-flight detectors would like timing
precision at the picosecond (10-12s) level

photon

PMT window
photocathode

photo-electron

ANNNNNNNNN. NNNNNNNNNNNN RS
v/ /777771 mcp

anode

®» | ps~0.3 mm for arelativistic particle
MCP detector — requires small feature sizes

(Photonis) » Micro-channel plate (MCP) photon detectors
6 cm width employ electron multiplication in small
Up to 1024 (~ 10 um) pores, used in image intensifiers

anode pads » Timing precision of ~ 10 ps achieved

« MCP is an array of millions of capillaries (~10 um diameter) in
a glass plate (d=1mm).

« Made by pulling millions of tiny core/cladding glass fibers.

- Bundling, slicing, and acid etching out the cores to make
channels.

« Both faces of the plate are coated by thin metal, and act as
electrodes. E field

/  photo-electron

 The inner side of each tube is coated with electron-emissive
material.



MCP PMT timing

3
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. . S
MCP PMTs: main peak with excellent
timing accompanied with a tail 000
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Inelastic back-scattering
Elastic back-scattering

—->good agreement with a simple




Simple model:

Assume uniform
photoelectron back-
scattering over the solid
angle.

1200
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photoelectron to
rgturn to the MCP
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* increased voltage difference

t1 x107t

Tails can be significantly reduced by:

« decreased photocathode-MCP distance and
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0.005

dl

lateral distance travelled
between point of
backscattering and point
where charge mulfiplication
in the MCP begins
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PMT vs MCP-PMT

Standard photomultipliers

» Successful tfechnology over the
decades

® | arge area available at low cost
» Rather fast: ns fiming

» Byulky
» | imited position resolution
® | ow magnetic field tolerance
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MCP photomultipliers
« Compact design

« Picosecond-level time
resolution

* Micron-level spatial resolution

« Good magnetic field
tolerance

* Few vendors, high cost
 Limited sizes



Large area picosecond photo-detector - LAPPD

Completely different MCP manufacture technology, eliminated the etching and firing processes in old
technology, making low-cost, large area (20cmx20cm) MCPs possible.

Fused silica window

with photocathode

on inside surface —™—— _~
F

Glass capillary array (GCA

20cmx20cm
MCPs, spacers

Strip line anode
and sidewall

Voltage tab at each corners to |

independently power MCPs

Pickup electrode strip
w\‘

.3
== __Flectrode l'l
IRl —=riseve -
W 5! Pickup electrode strip
Glass
Substrate
Resistive ey e
Lspor capacitive coupled electrode
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Light detection in silicon

Two main obstacles:

» Reflection at the entry surface due to
high refractive index n=5 :

— anti-reflective coating
» | grge variation in absorption length
— Y0ss of efficiency:

absorption at the surface for short A

» fransparent for long A
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Absorption depth in Silicon
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|

The P-N photodiode during illumination

» Flectrons and holes generated in the depletion area due to photon
absorption are drifted outwards by the electric field

2

1

-

2

3

Electric field

-————
E

Reverse biasing:

*The electric field in the junction increases
quantum efficiency

~ depletion region
electrons =— | ~ holes

eLarger depletion layer

i B S WY W & = & % @
B % B % 2 W% « . & s s .

& B 'K % 9 » » & ® 8 %

eBetter signal l

(b) Reverse

» No multiplication - No internal gain, linear response

» Noise (“dark” current) is af the level of several hundred electrons, and consequently, the
smallest detectable light needs to consist of even more photons

®» (Can be used in cases with large light yields
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IV Characteristics of a P-N junction

» When connected to a voltage source, the |-V curve of a P-N junction is given by:

CURRENT

FORWARD
CURRENT

BREAKDOWN
VOLTAGE
Vs
’

e —— .

LEAKAGE CURRENT VOLTAGE

AVALANCHE
CURRENT

~+—-—REVERSE VOLTAGE
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From photodiode to Geiger-mode
Avalanche photo-diode

n contact 4
ﬁectron
§ \ Hole §
= Photon ‘\\ (%
4
p contact
-
Time Time Time
P-N photodiode Avalanche photodiode (APD)  Geiger mode, APD
: : : Elect d hol ltiply b
The absorption of the photon: Pr];lmory eJIre.c’rr.onT.s’ror’rs a c?cm imegorccz)’rnii)(r?irs]o’rio%efcsjsrpeur ’rlﬁoyn T%ey
creates an electron-hole pair, ~ ©' MPACTIonization events. can be collected,

Exponential growth of the current
Allows Individual photon counting
\\ Rok Pestotnik @ Uni LJ - FMF, April 26 2024: Ultrafast photo detectors



Geiger mode — quenching

Voo o ShuT’rin}g off an avalanche n@x
currentis called quenching
R, - » Passive quenching B =
= slower, ~10ns dead time {Co Reo |
IAl v Active quenching ‘ a ‘" ....... g1
» faster Comp
+
Il JJJ,K} 3 ouT
/ hv R81
3GEIGERMODE 90 t B — | S m—
NORMAL MODEFH—"T—"7—"> 44 (a) |
. : 3] "'f’;ﬂ.y)
: 2
e QU:ENCHlNG §2~
: %ﬁ%ﬁﬁ?ﬁgom PIXEL) 11
! 1 1
" eecwarce. " 5.0 5.003 5.005 5.008
VOLTAGE APDEOIZSEA F, A[ time (us)

\\



Silicon Photomultipliers

Section of KETEK SiPM Microcell

Array of Geiger mode APDs (above the breakdown
voltage) — large gain, binary signal, long recovery

» Microcell = GAPD (~20um)

» made on asilicon substrate, with 100-5000
pixels/mm?2. Total area 1-40mm?2.

Trench

» The independently operating pixels are connected

to the somjfeodou’r line M g Canode
T Anode
QUENCHING RESISTOR
Resistor
| Q=Q,+Q,=2°Q
APD PIXEL { 2 1
IN GEIGER MODE " gy ~ ____Mmetal
Fig. 9. SiPM 3 x 3mm?, 5625 pixels. l E ; ‘ E EX
KAPDCO025€EA
= = = = = substrate
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Characteristics of SIPM

OCathode

low operation voltage ~ 10-100 V

gain ~ 10°
peak PDE up to 65%(@400nm)
PDE = QE X € ¢ger X €50
€50 — dead space between the cells
time resolution ~ 100 ps
orks in a high magnetic field
dark counts ~ a few 100 kHz/mm?

radiation damage (p,n)

G=Kk(V-Vy)

hv,

Anode

(up to 5x PMT!)

12000

Traditional PM




SIPMs as photon detectors
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Number of pixels fired
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Optimization of SPTR with masking

Ix1T mm?2 low field FBK NUV-HD-CHK

SPTR FWHM (ps) vs Laser position (mm) ﬁ
SPTR FWHM (ps) vs Laser position (mm) T um
=0,1,0or3 um

No mask T xm masking

D Cell border .Active area IE Metal mask

a ®LF NM
807 vy * ¥ LF MO
. & mLFM3
= 6
FBK NUV HPK TSV S Y5 s 8
s I .
b 4
.o 02 50
7 28 ps FWHM
Masking of outer regions of SPAD: Improve signal = - po 5

peaking and mask areas of SPAD with worse
SPTR

SiPM bias voltage (Ub=32V) [V]
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Phys. Med. Biol. 68 (2023) 165016



Cells

P+ —-————

Reduction of optical crosstalk

» A single photon triggers multiple cells to fire artificially, even though only one photon has

arrived.

®» |mpacts timing

» Metal-filled Deep Trench Isolq’rionrs’rrongly suppresses Qp’ricol crosstalk

Microcell (SPAD) of SiPM

!
>1

Metal .
Connections

Quenching
resistor

High-field region

—fowum  Metalfilled DT

Conceptual drawing of the NUV-HD-MT, with the addition of metal-filled Deep
Trench Isolation.
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Direct Crosstalk

40%
35% s —o—NUV-HD-MT
30% —— NUV-HD
25%
G 20% > 10x
- reduction
10%
- '__‘_._Q—"_‘__//
0% .——0—""’J
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28
Excess Bias [V]

30

Reduction of optical crosstalk probability in NUV-HD-MT, compared to the
“standard” NUV-HD. Measurement without encapsulation resin, i.e. only
considering internal crosstalk probability.




Effect of SiPM area on SPTR

» SPTR and CRT performance is degraded when reading out SiPMs with large areas

( SPTR with standard FBK amplifier J

500 . l ' ' — 500 i r ——TT T
450 1
i 3x3 mm’ 200~ =l
2 R | ~\ SiPM -
< 35 Increasingo - .
= I SiPM area ]
300 | E 1
E o 50 i 1 e e aal
5 250[ oy
:1:5, 200 Ixl-mm’ . -
° SiPM | .
E 150 I -
= i
100 = ‘ -
[ Sﬁum\o\ ~75ps A
50 cell — e _
I ~ U ps]
0 " 1 1 | —— 1 | IR T ST R
o 1 2 3 4 5 6 7 8 9 10 1 12

excess bias (V)
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D|g|'|'Q| S|PM DPC: Front-end Digitization by Integration of SPAD & CMOS
Electronics

s N O ™
analog SiPM digital SiPM (dSiPM) ] Control Logic F
™~ TDCand
photoncounter :
(Ta:2.5-°C,.M=7.S><l(T.) | Digitalpe"s Plx19| Pl;el | PP PI:B'

Number of photons
VO NGOV AaAWN

Digital output of
* Number of photons
* Time-stamp

=)

TDigital Readout and Processing —

Time

www.hamamatsu.com ¢
: Integrated readout electronics time  coordinate of photons
Summing all cell outputs leads _ thg c | £ ,
: is the key element to superior P T Sensors Digid ~
to an analog output signal and - y ¢ P
" etector performance
limited performance P "‘

b o/ b /

» New perspectives: 3D integration

» gdvanced photon-detection structures,

» mproved detection efficiency
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Ultratast digital CMOS SPAD

Frontside CMOS SPAD

» SPADs implemented in CMOS technology

CatThode AnodTe ?node Cat?ode » CompCITIble with the electronics
sth - 2lst T— P~ T Tsmik n+ MsTi

p-well

» Combine SPAD with the electronics in a monolithic chip

Deep retrograde n-well

®» Reduced area coverage: compensate with microlenses

p-sub 130-nm CMOS technology

Niclass et al. 2007 — Richardson et al. — Pellegrini et al.

11 /

10°F

107" E

SPAD #1 SPAD #2 SPAD #3

Recently:
SPTR: 7.5ps

-0.1 -0.05 0 0.05 0.1 0.15 0.2
Time [ns]

; II.; It i

[T

0
F. Gramuglia et al., JSTQE 2021

F. Gramuglia et al., Frontiers in Physics, 2022 CONVENTION ' - T FR'ESNEL
Y\ o




Time response comparison

5n

w

PO e e

\

\

Tns/div

Ins/div

MCP-PMT SiPM
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Time Resolution vs. Sensitive Area

H
1

Time Resolution (psec)

Conventional PMT

Metal Channel:{;‘;&\
255 Fine mesh
..f_\'\f.;;"\“\'yl
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»

SiPM N .»;-"';".'
S MCP PMT

10) =~
»f.'.'
Streak Tub?\;‘\,
W
N
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1 Nl
T T T p - T T

& = = s =] =3
z 3 . 2 8 g
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Sensitive Area (enf)

IAdapted from K.Arisaka NIMA 442(2000)80




Application examples

= High energy physics:

» |HCb

» Belle Il Time of propagation counter
» Medical physics

» Time-Of-Flight PET

» F|C Pathfinder - PetVision

» FRC PoC - CherPET
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LHCb Upgrade 2

rare decays in the B-meson system

Ring Imaging Cherenkov

Side View Tungste
~u‘ngs cn M4

ECAL M3
Neut i
Sil:erlz:‘ng M2

Magnet &
Magnet Stations

SciFi TORCH
&Silicon ,
'\Trackcr
1

|

RICH2

=

M5

= Curent MAPMTs s i-E RS

L S ‘=‘ t 4
- = | 18 -
-y .
S ey Tys ! B
Vertex /i i i1} T [
Locator {| " ~ \| }
...... /uL ‘
1 -
L ¥ : e
2024 | 2025 | 2026 | 2027 | 2028 | 2029 | 2030 | 2031 | 2032 | 2033 | 2034 | 2035 | 2036 | 2037 | 2038 | 2039 | 2040 | 2041
Construction phase Installation Exploitation

» | HCb - single-arm spectrometer, dedicated to precision studies of CP asymmetries and of

» After the upgrade 2 40 proton-proton collisions will happen at the same time during a single
bunch crossing, and their signals will overlap in the detector.

» Particle identification — separation

of pions from kaons

» ? Ring Imaging Cherenkov
Counters — currently equipped
with multianode photomultipliers

» Precise timing (~10 ps) and high
granularity of sensors will be
required ,

do noft fulfil the

requirements

SV
(2

e T T e
<




LHCb RICH

Run 300511

Single event in RICH]1 at pile-up ~5

Photon

Magnetic Detectors
Shield 3
250 m‘a
Aerogel ' apherical
- | irror
CyF
e B / Beam pipe
vELo — _ \ > Track
exit window / ‘
| ~®~_cCarbon Fiber
f Exit Window

Plane
Mirror

» High occupancy 10 MHz/mm?2

» Current MAPMTS will be replaced by SiPMs of
granularity about 1x1 mm2

®» Requirement <100 ps r.m.s. for single photons
» |n addition: expected neutron fluence ~3x10'3 n/cm?2
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Belle || Cherenkov detectors

Barrel PID: Time of Propagation Counter (TOP)

Endcap PID: Aerogel RICH (ARICH) |

9 5% 55 5% 5% 5

Aerogel radiator

R1120 CDC @hawail

IDS(Inner detector support) and CDC-SC(Support cylinder):t:

n~1.05
— e Hamamatsu HAPD
“-.‘94:0"\‘ L \ 15 | |I [ L[] / Iv"’ ’/" / ,/ / / 193 + neW ASIC
A A A ] L L L L L L AL LAAAAAAA A AL
T 1 ‘1: L LI | . ) -
\§ Barrel PID
\ A J 4 -
\_TOF support bracket \_TOP QBB(Quartz bar box) / ~
?77?min. / 800max. 1590 60 ~
1000 1650 4 (20) _~
cbe 280

— *

NS T " T
\\ Ri14s BACE L L L%

T T T —
\ { \ \ \ \ \
\ \ oL\ \ \
\ \ \ \ \ \ O\
\ \ \ \ \ \ \

Aerogel radiator Hamamatsu HAPD + readout

200
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estotnik @ Uni LJ - FMF, April 26 2024: Ulirafast photo

detectors
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{B Time-Of-Propagation (TOP) counter

Belle I

e Quartz radiator

. . . Focusing mirror

e With mirror and expansion block R=6.5m

¢ Mechanics, Quartz Bar Box (QBB)
e MCP-PMT + Readout electronics

e 32 PMTs x 16ch =512ch

Hamamatsu
SL10 MCP-PMT

'!' Quartz bar

16x2 MCP-PMTs
Readout electronics

— One (or two coordinates) with a few mm precision

— Time-of-arrival

- Excellent time resolution < 100ps (incl. read-out)
required for single photons in 1.5T B field
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Array of

fast PMT’s




» 47 inspfutions

» WOrk organized into

= 5 work projects and 2
= 6 workgroups $
$
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ECFA panel

Structure and naming
scheme of DRD4
024

1. 07 June 2

Particle ldenftification Technigues

» |nternational coordination and organisation of detector R&D activities

R&D Development of Photon Detectors and

CERN Accelerating science

]

+,DRD4'

» FCFA (European Committee for Future Accelerators) Detector R&D Roadmap

» DRD4 R&D Collaboration, one of 8 DRD Collaborations, started working in 2024

« Coordinator
* WP leaders
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Medical applications
Time-of-flight Positron emission tomography

Positron emission tomography (PET)

- in-vivo imaging of biological processes via detection of 511 keV annihilation y rays

Time-of-flight (TOF)

. Limits the reconstructed position of annihilation by localizing source position along the LOR
/Improves the quality ( contrast-to-noise ratio) of reconstructed images
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Superb time resolution enables simplifications in the scanner design

Limited angular iRy, —

coverage
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PET scanner mm——————
Panel-based limited

angle PET scanner

The angular sampling requirement to obtain distortion-free images decreases
S. Surti, J. S. Karp, Physica Medica 32 (2016) 12—-22
. 500 ps 70 ps
G. Razdevsek et al., "Multi-panel limited angle PET system with 50 ps ’ . » .. ..
U

Limited angle PET scanners will
generally produce distorted images
with artefacts unless they have good
time-of-flight information

FWHM coincidence time resolution: a simulation study," in IEEE
TRPMS, doi: 10.1109/TRPMS.2021.3115704.




M . Horizon Europe
RN Funded b
PeTVISIOn prOJeCT the Europ):ean Union EUropean Innovation
Council Pathfinder
» Addresses improvements in diagnostics for functional imaging of biological processes

» Development of the next generation of fast time-of-flight positron tomography

» which will improve the mobility, flexibility, modularity and accessibility of the apparatus

Vision - To develop breakthrough technology for more efficient and cheaper diagnosis

Explorer /
existing
technology - This project has received
funding from the
European Union’s Horizon
Europe research and
innovation programme

price of
- apparatus
over 10 MEUR

Price Of under grant agreement No
101099896 J7-50229

apparatus below

0,5 MEUR
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Development of ultrafast detector of annihilaton @

How to achieve the required coincidence timing resolution?

Current detector Improved detector Integrated Photon S ASIC ASIC ASIC
Gamma ray Thinner scintillator detector module . . . .
% 1 1 SiPM Improved PDE and timing mini SiPM 1,
Scintillation Fast ASIC (~3mm)
% array 2.5D integration
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Project Timeline

Rok Pestotnik @ Uni LJ - FMF, April 26 2024: Ultrafast photo detectors

2025 2026 2027 2028 M 2029-  _

Photo Sensor ASIC chip Integration Validation  Further
with and of the in developments &
improved integration prototype hospitals exploitation
performance into a digital
module o
£




TOF-PET with Cherenkov light iilic  Busean Research councl

One of the remaining problem:s:

TOF resolution is limited by the scintillation process

, 511 keV
Solution e .

Use Cherenkov light promptly produced by a charged
Cherenkov ph.

adiators PbF,

Disadvantage:

The number of Cherenkov photons is small compared CherPET

to the number of scintillation photons (2-3 vs 1000 ) ERC Proof of Concept Grant
» Detection of single photons is needed . Krizan

®» NoO energy information Panel detector from MCP

PMTs and a PBF, radiator

Rok Pestotnik @ Uni LJ - FMF, April 26 2024: Ultrafast photo detectors




TOF-PET with Cherenkov light

Two detectors in a back-to-back configuration with 25x25x15 mm?3 PbF, crystals

coupled to MCP-PMT with optical grease.
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Conclusion

» | ow-light level detection is at the heart of different
techniques for basic and applied science.

» New methods require very fast timing.

» Advances in different areas lead to new applications
with extreme requirements.
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