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Vacuum

o Photomultiplier tubes (PMT)
o  Microchannel plate photomultiplier tubes
Solid-state photon detectors
Hybrid detectors

e  HPDs and HAPDs

o Other hybrid photosensors
Gaseous photon detectors
Examples of applications

o RICH detectors

TOF counters

Calorimeters

Fiber trackers
Non-accelerator experiments
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Example: photon detection in RICH counters

RICH counter: measure photon impact point on the
photon detector surface

- detection of single photons with

o sufficient spatial resolution

e high efficiency and good signal-to-noise ratio
e over a large area (square meters)

50 p

; Special requirements:

: ty e Operation in magnetic field
e High rate capability
: e Very high spatial resolution
S e Excellent timing (time-of-arrival
information)
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Parameters of photo-sensors

Photon detection efficiency (PDE)

e quantum efficiency

o collection efficiency / Geiger discharge probability
Granularity

Time resolution (transient time spread — TTS)

Long term stability

Operation in magnetic field

Dark count rate clectrode

photocathode

secondary anode
electrons



Detection of light

Vacuum
® Photomultiplier tubes (PMT)
® Microchannel plate photomultiplier tubes

Solid-state photon detectors
Hybrid detectors

® HPDs and HAPDs

® Other hybrid photosensors

Gaseous photon detectors
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Photocathode

<& Photoeffect : E =hv -

o / T

Work function

Max kinetic
energy of the Energy of the

photo-electron photon

¢ Quantum Efficiency

Number of photoelectrons exiting the cathode

n(A) =
Number of incoming potons
Ik - Photoelectron current (A)
Spectral sensitivity E(AL)=
P(A) <— Incoming light power (W)
| /e hc
n(y) = —— = — EQ)
P(A )/hv A€
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transmissive

photocathodes

reflective

Quatum efficiency is a product of:

*Transmission probability (window)
 Probability for absorption and photoeffect

 Probability for the electron to exit the
photocathode

= Optimal photocathode thickness

T

photoelectron

photon

photon
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exit
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Fig.1.5 Transmission (%) as a function of wavelength & for various glasses

used in photomultiplier input windows (thickness 3 mm)
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Table 8.1. Photocathode characteristics (from RTC catalog [8.3])

Fig. 8.2. Quantum efficiency of
various photocathode materials
(from EMI Catalog [8.2])

Cathode type Composition A at peak Quantum efficiency
response [nm] at peak

S1(C) Ag—-0-Cs 800 . 0.36
S4 SbCs 400 16

S11 (A) SbCs ' 440 17
Super A SbCs 440 22

S13 (U) SbCs 440 17

520 (T) SbNa - KCs 420 20
S20R SbNa—KCs ' 550 8

TU SbNa - KCs 420 20
Bialkali SbRb—Cs 420 26
Bialkali D Sb—-K-Cs 400 26
Bialkali DU Sb—K-Cs 400 26

SB Cs—Te L 10




Photocathode material: usually semiconductors
e.g. antimony (Sb) + alkaline metals (K, Cs, Rb, Na ...)

* Photoelectron suffers energy losses in a metal because of many
collisions with free electrons (n = 0.1 %)

« Semiconductors: conduction band has only a few free electrons - few
collisions = smaller energy loss before reaching the surface, n =10 —
30%.

« Material with negative electron affinity (like GaP doped with Zn+Cs) for
electrons in the conduction band, n = 80 %.

conduction N ® 100 ps vacuum

band ._\

valence band O
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Extending PMT sensitivity to lower wavelengths

CBM RICH R+D: Wavelength-shifter coating of the PMT window

: e _ HI0966A-103
0- e (SBA, UV-glass) =
=2 B KRAFTTIET T . R11265-103-M16 |
= - W ﬂ g (SEA, UV-glass)
= anll NI k. HBS000-03 :
g’ 30 E +__ 3 ﬁ ey " (BA, U\-glass) ™
.E i + +, i : . ik BT T " . | lard PMT ]
E - d AT T (BA, borasilicate glass) -
L i 4 1 [ 1 .:: i
e F if y e F
E : d - = E :
= i !
5 R 4 ¥ 1
= 10 - -
er = T : - A
ﬂ-_l_-.-...". N IR TP R T T 1,
200 300 400 500 a00 700

wavelength in nm
—->NIM A766 (2014) 180 _



Collection of photoelectrons

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, directions).

» the collection efficiency should not depend on the
photoelectron exit point

« the time of flight to the first dynode should also not depend on
the photoelectron exit point (impact on time resolution)
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Multiplication system (dynodes)

« secondary emission: number of secondary electrons per incoming
electron 6 = 3-5

» dynode material: usually semiconductors or isolators (same reason as
for the photocathode)

» semiconductor on a metal substrate (electric contact needed for E field
for acceleration)

Gain (secondary emission coefficient)
.

]‘
= for TR
- T s + 10-14 dynodes —= G =107-108
14 |- ; =1 ‘ ig .d1 gain4—
- // | / [ ! version
: ;I.// g
10 = —1 .
o ;xj/#___ . * GaP dinode = 5 dynodes™ same G
6 ‘— ]——; E

' '// 111 Fig. 8.9. Secondary emission factor

T e T for several dynode materials (from
EMI Catalog [8.2])
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Dyvnode configuration
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GENCOM Inc., Plainview, NX )
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number of events

Pulse height distributions
for single photoelectrons

(multiple photons: convolution)
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Fig.2.4 Typical single-electron spectrum. Resolution 67% FWHM.
Peak-to-valley ratio 2.8:1

Figure

from a RCA 8850 photomultiplier tube. The high
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Noise in a photomultiplier tube

i sal Photomultiplier Tubes ! 1 I
1) thermionic emission from the R e i “”E"l7m |
L 10— - S S
photocathode and from the dynodes — ——

(most important contribution) 7T 1.
| oc T2exp(-e¢/kT), Richardson //”f
. | 10" o
:91 18 = . | £ 10 3
2) Current from the base contacts (“leakage”) 5" | | Iy B
: ) | . L bi:ﬁ.iffal: .
. . . . . 140 120 - mnT ::f_u;:?m:’j- ;u?c 0 20 40 6080 100 150
3) COntamlnathn Of PMT materlals Wlth radIO' Fig. 8.19. Dark noise vs. temperaluic for various photocathodes (from

Wardle [8.10])

active isotopes

“afterpulsing”

* lonized molecules of the residual gas in the PMT volume hit the photocathode,
kick out an electron = new pulse, At~ 100 ns — 1 ps

* “electrode glow”: the dynodes at the end of the dynode chain can emit light >
hits the photocathode = new photoelectron; At ~ 30-60 ns.
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Enviromental effects

1) Exposure of the PMT to the ambient light
- if PMT under HYV, this can destroy the PMT, or at least increase the dark
current / dark counts
- no HV when exposed to ambient light: noise level will first increase (de-
excitations in the PMT window), but will eventually decrease with time

2) Bfield (see next slide)
- modifies the path of photoelectrons and of the secondary electrons
- reduction of gain and of the photoelectron collection efficiency
- most sensitive: path from the photocathode to the first dynode
- partial mitigation with a u-metal shield

3) Temperature
- increase of the thermionic noise
- QE depends on the T (typically -0.5%/K)

Peter Krizan, Ljubljana



PMT in a B field:
reduction of gain and of
the photoelectron
collection efficiency

partial mitigation with a
u-metal shield
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Fig. 8.17. Effect of magnetic fields on the anode current of an unscreened PM for different field orientations

(from Schonkeren [8.1])
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2) Multianode PMTs

MI16 from left to right).

POSITION SENSITIVE PMT’S - EXAMPLES

Philips mesh
and foil types

O - Hamamatsu =

AU
i wET W el w

H |

FIGURE 4. Metal channel type PMT [8].

fine mesh St = S o

i P e T
: ey e
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First fast multianode sensor for single photons: MA PMT

Multianode PMT Hamamatsu R5900 with metal foil dynodes

KBE (Photo Cathode) ' . a = ) ELECTRON
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Light collection for a multianode PMT

Field lens, 35 mm x 35 mm
; Condensor lens
diameter 32 mm

PMT active area
18 mm x 18 mm

Light collection system
(imaging!) to:

-Eliminate dead areas

-Adapt the pad size / | \v \

150 mm
=] '
E t @ +-140 mrad
§ 08 500 nm
H
0.
e 350 nm
0.53—
0.43—
: 300 nm
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Flat pannel multianode PMTs

Problem of vacuum based sensors: active area fraction
One possible solution: make a larger sensor

Hamamatsu: flat pannel PMT H8500

e 52 x 52mm?2, 89% effective coverage
e 64 channels, pixel size 5.8 x 5.8 mm2
e 12 dynodes, metal foil type

e Bialkali cathode, max 25% quantum efficiency

e single photon pulse height distribution not as good as
in the smaller R5900 (and related tubes like 7600)

Peter Krizan, Ljubljana



Flat pannel MA PMTs
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First used in a prototype RICH
for Belle II, with aerogel radiator.
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D Used for the proof-of-principle test of the

Bolo T focusing radiator configuration
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Micro-channel plate PMTs

PMT window
photocathode

photo-electron

ANNANNNNNN. \NNNNNNNNNNNY R
0 | e

anode

e Fast
e Immune to an axial magnetic field
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Mikrokanalne ploSce

Channels

Secondary
electron

A —- R « pore diameter 10-100 pm
radiatin * channel length  1Tmm
L o ot st The ary * multiplication G ~ 10°-10
(“chevron”)
e time resolution <100 ps
1000 10 2000V typica * spatial sensitivity

I —i | J - sins « 25 um pores: up to B=0.8T

Nichrome contact

* 10 um: up to B=1.5T

electron

/q ——=3 _ I Secondary
li;lgh] /, :;4‘ electrons
photon

ﬂi

Photocathode Microchannel Anode
plates in
“chevron” configuration

Flgure €-8 Elements of a PM tube based on microchannel plate electron multiplica-
tion.
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MCP PMT timing

S 5000 X', 5332 / 65
N P 4605.
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Elastically backscattered photoelectrons
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MCP PMT: processes involved in photon detection

[ .. = 2L,

max

dmax ~ 2l

MCP PMT parameters
used: Photonis XP85011

Parameters used:
«U=200V

e =6 mm (K-MCP)
cE =18V

«m_= 511 keV/c?
«e,=1.6 10" As

Internal-reflection

Tails can be significantly
reduced by:

decreased photocathode-
MCP distance and

increased voltage difference

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

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

/f

Photo-electron:

. d&ma>< ~0.8mm
«t,~14ns
« At, ~ 100 ps

Backscattering:  Charge sharing
ed, . ~12mm

ot ~2.8ns

1 max

> NIMA 595 (2008) 169
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MCP PMTs in magnetic field

Gain vs B field for different tilt angles
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MCP PMT: improved performance in

magnetic field

Number of detected hits on

individual channels as a
““ function of light spot position.
M'Z .thﬁ ! L1 10 L -
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B=1.5T,
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Pyl {;[3 Backscattered photoelectrons
PR L HEREEE et “locked” to the B field lines

xch. (Vadetde cut

In the presence of magnetic field, charge sharing and cross talk due to
long range photoelectron back-scattering are considerably reduced.




MCP PMTs ageing

MCP PMT ageing: a serious problem in most of the planned aplications.

Cures:

Better cleaning of the MCPs, better vacuum
Al foil between PC and first MCP '

Al foil between two MPC stages \.

Atomic layer deposition (ALD) | photon

PMT window
photocathode

jons T photo-electron

ANNNNNNNNN. NNNNNNNNNNNNY AR e
L ] mep

anode
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Semiconductor light sensor:

conduction

\ band

4_ 0%

valence

b band gap

depleted

p-type region n-type

electric field

absorption length [m]

photodiode

10
10

10

400

600

300 1000 1200
wavelength [nm]
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Semiconductor light sensor: CCD

e In cameras and phones - but not useful
for single (or few) photons...

Peter Krizan, Ljubljana



Semiconductor light sensors

Photodiodes (PD)

Avalanche photodiodes APD

* region with high E field -> multiplication in

an avalanche, G ~ 102-103

« signal/noise still poor compared to a PMT

» used for calorimeters

100 - | fr] T 1 T

90 - 1
. —
80 - #458 Quantum =
Yield
ey
70 i

® 60 -
B2
@
5
50 1
§ /BGD Quantum
S Yield (Arbitrary Scale)
9 40 =

RCA #116 (bialkali)

- §-20 Photomultiplier
Quantum Yield

20

e | 1 i
300 400 500 600 700 800 900 1000 1100 1200

Wavelength (nm)

Figure 9-14 A comparison of the quantum efficiency of a silicon photodiode (labeled
#458) with representative bialkali and S-20 photocathode quantum Cﬁ(](,ILnLlL'\ The
emission spectrum from a BGO scintillator is shown for reference. (From Groom.*)
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Semiconductor light sensor: SiPM

Geiger mode avalanche photo-diode (G-APD), also known as SiPM — Silicon

Photomultiplier Ry s

Figure 9: Schematic drawing of a cross-section of a SiPM: metal electrode (1),
silicon oxide layer (2), p-n junctions/micro-cell (3) and individual quenching re-
sistor (4) (23).

SiPM is an array of APDs operating in the Geiger mode. Characteristics:

« low operation voltage ~ 10-100 V

o gain ~ 10°

« peak PDE up to 65%(@400nm)

PDE = QE x €geiger X €geo (up to 5x PMT!)

. £, — dead space between the cells

« time resolution ~ 100 ps

« works in high magnetic field

. dark counts ~ few 100 kHz/mm?

» radiation damage (p,n)
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SiPM as photon detector?

Can we use SiPM (Geiger mode APD) as the photon
detector in a RICH counter?

+immune to magnetic field

+high photon detection efficiency, single photon sensitivity
+easy to handle (thin, can be mounted on a PCB)
+potentially cheap (not yet...) silicon technology

+no high voltage

-very high dark count rate (100kHz — 1MHz) with single
photon pulse height

-radiation hardness

Peter Krizan, Ljubljana



Can such a detector work?

Improve the signal to noise ratio:
eReduce the noise by a narrow (<10ns) time window

eIncrease the number of signal hits per single sensor by using
light collectors and by adjusting the pad size to the ring
thickness

E.g. light collector with reflective walls

SIPM

PCB or combine a lens
and mirror walls



Detector module design

SiPM array with light guides




Photon detector with SiPMs
and light guides
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A new SiPM device

Array of SiPMs: Hamamatsu MPPC S11834-3388DF
e A novel type of a multi-pixel Photon Counter (MPPC)

e 8x8 SiPM array, with 5x5 mm? SiPM channels

e Active area 3x3 mm?

e Cell size: 50 pm

e Rather low dark count rate (~100 kHz/mm?)

e QOperating voltage: (70 £ 10) V

et for
i
-
i
e
e
e
ST
e
f—t
o T
Pty
P
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s
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Detector module

Consists of the MPPC, light
concentrator and support

Measured gain: ~3.5x10° @ 72.8V

|
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|

B e L

i
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Pulse height distribution for
low light levels

Events [arbitrary units]

2 ph.

0 200

Figure 8: Pulse height spectrum of low intensity light pulses recorded with a

VLPC (left, adopted from (20)), SiPM (middle, adopted from (21)) and HAPD
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SiPM: time resolution for single photons

Very fast analog SiPM Digital SiPM

Counts

1200 ' 80000 - E’L‘ZZB 05:11;5:

1 ine . - RMS 0.08641

1000 . Single Photoelectron o e o

C Bkg 3.26+0.55

] C Const1 7.82e+04 + 1.53e+02

800 . 60000 — Mean1 -0.00531+ 0.00007

d r g : Sigmai 0.0481+ 0.0001

50000 = Const2 1.42e+03 1 1.64e+01

600 f 4 E Mean2 0.23+0.00

1 Wl 111 . 40000 N 0.186 + 0,001
400 1 123 ps fwhm :
4 J‘ 30000 |
200 -
] M 20000 -
J\J\JLJL‘_,._.-VWV :
0 ' ' ' 10000 -
500 1000 1500 2000 :

. 0 b L -
Time (ps) 0.4 -0.2 0 0.2 0.4 0.6

hit timing w.r.t. fitted event timing, ns

Analog SiPMs: typically 80 ps (sigma), 200 ps FWHM
Digital SiPMs: main peak 48 ps (sigma)!

Peter Krizan, Ljubljana



New player: digital dSiPM

DPC: Front-end Digitization by Integration of SPAD & CMOS Electronics

™ ™

analog SiPM digital SiPM (dSiPM)

TDC and
photon counter

' DigitalCells

(Ta=25 *C, M=7.5 x 10°)

P e

Mumber of photans
W~ B W R e

Digital output of
* Number of photons
* Time-stamp

[
=]

Time
www . hamamatsu.com

Summing all cell outputs leads Integrated readout electronics
to an analog output signal and is the key element to superior

il detector performance
kIlmlted performance )L P )

T. Frach, G. Prescher, C. Degenhardt, B. Zwaans, IEEE NSS/MIC (2010) pp.1722-1727
C. Degenhardt, T. Frach, B. Zwaans, R. de Gruyter, IEEE NSS/MIC (2010) pp.1954-1956



hits.yindex:hits.xindex

dSiPM in beam tests
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Radiation damage

INakamura JPS meetlng Sep. 2008
800 ““*""’"‘f e .before irrad.
- 3x108 n/cm?
i 1x10° nicm?
600 - ; rmn )
T : Laemend  EXPected fluence at 50/ab at
A A A nm:: | Belle II: 2-20 101 n cm™
400 '3(“*?"("; r Y -
o ! saovmemt 2 Worst than the lowest line
Mf@”ﬁwﬂ [0 20N I r‘g(“‘”"‘r T
1x10" n/icm{
200 r*ﬂ(ﬁma,fmp’rr‘ﬂf*rm Y rp',,rm/r"""n*
11 ..-' p
ﬂ( L."\" r(-‘r I"}f’( Wﬁh{#(ﬂﬂﬂfﬁfﬂvﬂdﬂ A\ '.h.'l‘*l.-’# hy M “/ﬁ l'r;:f?
I | | |
% =00 1000 1500 2000
Time (ns)

—->Very hard to use present SiPMs as single photon detectors in many
applications (including Belle II) because of radiation damage by neutrons

- Also: could only be used with a sofisticated electronics — wave-form

Sd

mpling
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Hybrid photodetectors

‘. photon 8
LL‘ window photon window
photocathode phétucm
HV ~10kV
€| photoelectron

\x:-.ph'::?méle&mf‘ I
T R

X P
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' " electron-hole
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11}
gain 1=100

Si sensor
(segmented)
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Hybrid photodetector: LHCb RICHes

Photon detector: hybrid PMT (R+D with DEP) with 5x demagnification
(electrostatic focusing).

Hybrid PMT: accelerate photoelectrons in electric field (~20kV), detect it in a
pixelated silicon detector.

Si pixel array
(1024 elements)

\ Ceramic carrier

Photocathode EREE I:—?-::3'_3::-';-:-:3:'-:3:353&3:3:-‘- b 02004
(-20kv)
VACUUM /

Electrode NIM A553 (2005) 333
B Solder J \
\ I
chip

hl N ] _ /)
Optical input CERN/EP-TA2

g v .
window Peter Krizan, Ljubljana




Aerogel RICH Endcap PID: Aerogel RICH (ARICH)

< 200mm >

Need: 1 %’
Operation in 1.5 T magnetic field i

Pad size ~5-6mm \

Aerogel radiator
n~1.05

v

5 55 55155 55 5

Photosensor: large active area HAPD of
.. : Hamamatsu HAPD
the proximity focusing type + new ASIC

Clear Cherenkov image observed

| RICH Hit Map, w.r.t. track | richwZdud
Entries 412449

Hamamatsu HA | 6.6 0 p/K at 4GeV/c!
Q.E. ~33% (recent good ones) > NIM A595 (2008) 180




ARICH photon detector: HAPD

Hybrid avalanche photo-detector developed in cooperation with
Hamamatsu Photonics K.K. (proximity focusing configuration):
. 12 x12 channels (~ 5 x 5 mm?)

Super Bialkali .
.Size ~ 72 mm X 72 mm photocathode jphoton
. ~ 65% effective area I
. total gain > 4.5x10* (two steps: NZOmmI lphotoelectron
bombardment > 1500, avalanche > 30) S S ——
. detector capacitance ~ 80pF/ch. multi-channel APD

. super bialkali photocatode,

typical peak QE ~ 28% (> 24%)

. works in mag. field (~ perpendicular
to the entrance window)

O72:+0. 2 300, 5

144-04. 9

1.6 3 i)

|02

o. 2




HAPD QE

. peak QE improved by Hamamatsu with super bialkali photocathode:
25% — >30%

. typically QE is somewhat lower at the edges of the HAPD
N | Uniformity

40 %14 ...............

35 ES

30 <*Super Bialkali i

25 “*Conventional 10
ﬁ 20 bialkali
=15

10

5

300 400 500 600

wavelength [nm] W3 & 3 5 v N

x(point)
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HAPD performance @ B=0T

w0 |- 1ph. 2ph.
. excellent photon counting affected only by
photo-electron back-scattering — high single 3ph.
photon counting efficiency “ b
. sharp transition between channels { ’i " o
. image distortion due to a non-uniform 4ph.
electric field at the edges - o o
. back-scattering induced cross-talk
. optical cross-talk by reflection from APD ” w w 3962
surface — weak echo ring ) W e 56

Illumination at an angle

[t

o

20

&80
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- - 60
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Another hybrid photo-detector: add
a fast scintillator

370 mm

375 mm

Figure 14: Hybrid photon detector with a scintillating crystal QUASAR-370 (31).

Peter Krizan, Ljubljana



4) Gas chamber based photosensors

=MWPC + (TMAE, TEA or Csl)

gas additive to the MWPC gas
«-TEA; E,=7.5eV, p, =5 tor, A~ 0.6 mm pri 20°C
-TMAE; E._=5.4¢V, p,==0.35tor, A~ 23 mm pri 20°C

ion

Csl
- evaporate ~500 nm onto the chamber cathode plane

Peter Krizan, Ljubljana



Gas chamber based photosensors

/ v photon
Multiwire chamber with / |
cathode pad read-out: / i wineen
- short drift distances, " - / e cathode wires (50micron
fast detector i
& anode wires (15micron)

0.5 mm =0 .8micron Csl

cathode with pads

photoslectron

- signal
Photosensitive component: °

ein the gas mixture (TEA):

CLEOIII RICH 5 o
e0r a layer on one of the cathodes

(CsI on the printed circuit cathode “
with pads) -

wenvelength ()

Works in high magnetic field!




Csl based RICH counters:
HADES, COMPASS, ALICE

HADES and COMPASS RICH: gas radiator + CslI photocathode — long term
experience in operation

charged particle

ALICE: =
] Neoceram
. . £ A C.F., liquid
e liquid radiator £ I adia ,r:r
o} S\
- - B
e proximity focusing I DUy ) VT
CH, i \collec’rion
100 um [+ 1\ electrode
Cu-Be2 20 pm Lo
wires W-Re3 £ !
wires = i
. ecoeogoee— | 5
g € © © © «+205kKV ;
4.2 mm I '
oseié/éefoesoﬁ)%oifé oooooooooooooooo Qo000 MWPC
— |

\
8x8.4 mm pads Front-end

electronics



CERN Csl deposition plant

] Thic-llmels; 'Y
Photocathode produced with a well monitor,
defined, several step procedure, with
CsI vaccum deposition and

subsequent heat conditioning

protectiv
e box

Remote controlled
enclosure box

4 Csl sources
+ shutters

Peter Krizan, Ljubljana



Examples of applications

Peter Krizan, Ljubljana



Cherenkov angle (mrad)

= HERA-B RICH

& Little noise, ~30
photons per ring

Typical event -

Very good performance:
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A=Y Belle II Cherenkov detectors

Belle I

Endcap PID: Aerogel RICH (ARICH)

— Barrel PID: Time of Propagation Counter (TOP)

Focus mirror
MCP-PMT (sphere, r=7000) 4%’

on
Back d . F d
= Quartz radiator edd

| —
~

Focusing mirror \
Small expansion block

Hamamatsu MCP-PMT (measure t, x and y) Aerogel radiator
n~1.05

- e [ E TS T Hamamatsu HAPD

o\ EVEV S bbb b i A AR " - AN ’ — 1///
h = S .'.H,.'.'.' e e e e P :::::i:::: AR Mm'.' e e o F T R e T e P, .'.'.i. ;"
»
\ TOF support bracket \ TOP QBB{Quartz bar box)
77 7min. / BO0ma. 1590

1000 1650

5 55 55155 S5 5

\

5.
g
3

3
-
L]

cDC

IDS{Inner detector support) and COC-SC{Suppornt cylinder):t

T Arias ehoe, L L L

Hamamatsu HAPD + readout
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=4 Time-Of-Propagation (TOP) counter

Do

Belle I

Focusing mirror

e Quartz radiator
R=6.5m

e With mirror and expansion block
* 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

Peter Krizan, Ljubljana



TOP counter: principle /
of operation
s Pattern in the coordinate-
ot time space (‘ring’) of a
— 1 pion and a kaon hitting a
=8 quartz bar
0.006 =
o
0.005 :— |
§ 0004 - J Time distribution of signals
= F | recorded by one of the
: e PMT channels: different for
£ wnE H | ‘ n and K (~shifted in time)
Z : || s
0.001 I .,J'
E ‘ -]—"11 Iff -l
U'.l.[.mnh fl];..|-.l,3..|.5;-g,|,.,

4000 6000 8000 10000 12000 14000 16000

time (ps) Peter Krizan, Ljubljana



Fast photon detection

New generation of Cherenkov counters: precise time
information needed to further improve performance:

e Reduce chromatic abberation in a RICH detector
(measure group velocity): Focusing DIRC

e Combine TOF and RICH techniques: TOP (Time-of-
propagation counter), TORCH

e Dedicated TOF

New possibilities in medical imaging: TOFPET with
Cherenkov light

- Need photo sensors with excellent timing

Peter Krizan, Ljubljana



DIRC counters for PANDA (FAIR, GSI)

Two DIRC-like counters are under preparation for the PANDA
experiment

Peter Krizan, Ljubljana



PANDA barrel DIRC

Barrel-DIRC

C |_]:El nda

Expansion volume/

Charged
Focussing optic

particle

Focal
plane
with
photo
sensors

Total reflection

Cherenkov
light

Peter Krizan, Ljubljana



PANDA endcap DIRC

bar focusing

element

(FEL)

optical bandpass Blier
(eontral of photon rate
+dispersion mitigation)

sensor for single
photon imaging

- : ok ‘-..1" subdetector
L - o L5 module
b = A T z v
THer ““""‘1“‘\- t
H | “{trapped by total

internal reflection

T
>\ lost. by refraction |

radiator .
particle =

[ side view] |Chcrenl¢m' COne |

Endcap Disc DIRC i
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LHCb PID upgrade: TORCH

A special type of Time-of-Propagation
counter for the LHCb upgrade

LHCb + TORCH

15am

| HCAL

SPD/PS M3

RICH2 11 M2
K

Track

Mirrored surface

;E [ 26 cm /

Peter Krizan, Ljubljana

Sides are instrumented too (not shown)



New possibilities in medical imaging:
TOFPET with Cherenkov light

Time-of-Flight difference of annihilation gammas is used to improve the
contrast of images obtained with PET:

- localization of source position on the line of response
- reduction of coincidence background
- improvement of S/N

Novel photon detectors — MCP-PMT and SiPM — have excellent timing
resolution — TOF resolution limited by the scintillation process

Cherenkov light is promptly produced by a charged
particle traveling through the medium with velocity
higher than the speed of light c,/n. e .-

Disadvantage of Cherenkov light is a small humber of
Cherenkov photons produced per interaction —
detection of single photons!

Cherenkov ph.

Peter Krizan, Ljubljana



TOF-PET with Cherenkov light

Two detectors in a back-to-back configuration with 25x25x15 mm? crystals
coupled to MCP-PMT with optical grease.

| Black paint, 5 mm | hetdedif16

Entries 3320
& 500 Constant 381.7+ 144
3 Fl— no cuts Mean -0.2268 + 0.0013
8 I — 6=37.0ps | Sigma 0.03701+ 0.00142
400 Constant2 68.97 + 4.62
. |~ crosstalk suppressed Mean2 -0.1867 + 0.0098
5 I I " I l Ong Crysta . C| =menn ©=30.4ps Sigma2 0.2301+ 0.0146
300[—
- FWHM ~ /0 ps : :
200
100
B HE S
T I Lk ¥ . 7 P IR
%5 - 0 05 1 1.5
time [ns]

—~ NIM A654(2011)532-538 > Talk by P. KriZzan - tomorrow



Summary

Low light level detection is at the hearth of many detectors in
particle and nuclear physics

New methods require very fast timing in radiation harsh
environments

A number of new detectors has been developed recently to
cope with these requirements

A very active field!

Peter Krizan, Ljubljana



Back-up slides
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ALD for MCP PMTs: born in Chicago area.
ALD can turn a borosilicate glass substrate into an MCP

7\ Borosilicate Substrate Atomic Layer
_____________ Deposited Microchannel Plates

icr-capillary arrays (Incom) with 10um, 20 um or 40um pores (8° bias) — borosilicate glass.
I/d typically 60:1, but can be much larger. Open area ratios from 60% to 83%. Fabricated with
using hollow tubes (no etching). Separate resistive and secondary emissive layers are applied

(ANL, Arradiance) using atomic layer deposition to allow these to function as MCPs. ALD
secondary emissive layers can also be applied to “standard” MCPs to improve yield.

Dy 18 GE gl

40um pore borosilicate micro-
capillary MCP with 83% open area.
Photo of a 20 um pore, 65%

open area borosilicate micro-

P, ” capillary ALD MCP (20cm). C
Pore distortions at multifiber Photo of a 10 um pore, 60% open area
boundaries, otherwise very uniform. borosilicate micro-capillary ALD MCP.




LAPPD — Large Area Picosecond Photon Detector

MCP by Atomic Layer
Deposition (ALD)

Beneq reactor for ALD

Argonne National Laboratory | 2
A.Mane, J.Elam

.
EE
#

— Porous glass
—Resistive coating ~100nm (ALD)

u u E'—' =————Conductive coating

—Emissive coating ~ 20nm (ALD)
(thermal evaporation or sputtering




Key Issues for ALD Borosilicate MCPs

Current MCP devices have specific limitations due to the nature of
the structure and processing of conventional MCPs. Atomic layer
deposited (ALD) MCPs made on borosilicate substrates provide a
unique way to improve on current devices or make new device types.

Borosilicate substrate:- Strong & clean compared with standard MCP glass
Large areas can be made large detectors for security applications
Larger open area ratios — higher photon /electron/ion detection efficiency
Low/no radioactive content lower background for security applications
Low gutgassing longer device lifetimes, shorter process/fab times
High temperatures deposit materials & cathodes not otherwise possible

Atomic layer deposition:- Decoupled from substrate, many materials possible
Resistance tailored to suit can make a wider range than standard MCPs

allowing high local counting rates
High secondary emissive layer better pulse height at low gain, better gain
Stable secondary emissive layer faster gain burn-in, or none needed

— very long lifetime & durability
— compatibility with alkali cathodes

O.H.W. Siegmund, New Developments in Photodetection, Tours, 7/3/14



LAPPD collaboration development of
20cm ALD MCPs and sealed tube with
bialkali cathode and stripline anode for
2D imaging and <10ps timing.

Expanded area view
showing the multifiber
edge effects.

Also see

Incom
poster.

Firsttube did ~50cm, 20pm pore, Al,O, SEY, MCP pair

making new  image with 185nm non-uniform UV
tubes this illumination. Cross delay line photon
summer : o .
counting anode. Image striping is due to the
anode period/charge cloud size modulation.

- Extremely important development, many talks in this workshop




Ring image, background contributions (B=0T)

photo?athode

photoelectron

aerogel c-=—==3

APD

[ Cherenkov Angle, accumulated |

Cherenkov light reflected

from APD surface 35000

30000/

25080 [

Cherenkov light

Photoelectron
backscattering

- s . -

>
Cherenkov light s we SN TR T T

U SR BT R B mrey
from window 01 02 03 04 05 06

Internal reflections
Ways to improve:

. The amount of window light can be reduced by
a thinner window

. Effects of photoelectron backscattering
disappears in magnetic field

. Reflected light: higher QE, more absorption

In the first pass

. Anti-reflective coating?




HAPD: operationin 1.5 T

Tests in 1.5 T magnetic field show
improved HAPD performance:

e no photoelectron back-scattering
cross-talk

e increase of detection efficiency —
photoelectron energy deposited at

one place
o effect of non-uniformity of electric
field disappears B=15T

/o

/
 I—

102 E

10

‘ . r L e
-200 0 200 400 600 800 1000
signal charge(a.u.)
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Test in magnetic field 1.5T _.,ﬁ.-l-_l_i_-r::“-ﬂ'ﬂ;ﬁ

« distortion of electric field lines at HAPD edge
produces irregular shapes of areas covered by
each channel |
 in magnetic field photoelectrons circulate
along the magnetic field lines and distortion
disappears

no magnetic field

RRARRRRAR

-+

l magnetic field 1.5 T
T .

ml ‘w L \III} ({H f!_{!|||/»5uél_|_uﬂ Mwm |||| Ll

70 80 100
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Photo-electron backscattering, light reflection
from the APD etc

photocathode
photo-electron photo-electron

\ photon

metal dynode
structure

\photon

\\\\\\\\\\
7 dual MCP %

anode

anode

Similar geometries in the
photo-electron step

- A lot of similarities
between prox. focusing
HAPD, MCP PMTs and MA-
PMTs

photon

window \

photo-electron

photocathode

i sensor with s
Si senso th pads Peter Krizan, Ljubljana



