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applications:
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tynode development)
e MCP-PMTs
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e Summary and outlook
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Basic parameters
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Basic properties of photodetectors: p"ot';c;th;de OF = N pe
N, N},
e Quantum efficiency (QE) vy Y
 Photon detection efficiency (PDE) PDE=e_,, -OE-P_.

e Multiplication gain and excess noise
factor (ENF)
e Transit time and transit time spread

PDE=QE-CE-P

mult

(173) Op ENF
e Dark count rate (DCR) ) () ( -
_ _ { N E N,
e Size and segmentation ) ()« g
Yy ¥ y Photons o

A ENF=1+ —2

* High rate capability '_ & M-

« Immunity to magnetic field Yy v

e Radiation tolerance Sgnal or |ENF |1
E  |PDE \/ﬁ:
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Vacuum based photodetectors

Is there a need for vacuum based photodetectors
In the era of SIPMs?

 large selection of photocathodes from UV to IR
« competitive PDE with SBS, UBA photocathodes
* lower dark count rate (single photon detection)
« excellent timing

» large area photocathode devices

» radiation hardness

 linearity, stability ...

« MaPMTs (RICH, fiber tracker)

e MCP-PMTs (TOP, DIRC, RICH+TOF, TOF-
PET)

 Mesh type PMT, VPT, VPP

* Hybrid photodetectors

e Large photocathode detectors (dark matter,
neutrino experiments)

F-Y
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Photosensors comparison table

Peak QE Gain ENF single TTS B Rad. | Ageing
PDE | range photon? Hard.
PD ~ 100% 1 1 NO - OK
APD ~ 80% | UV-IR (<1000 > 2 NO - OK OK OK
] (gain, DC
SiPM ~ 60% ~106 | ~1—12 VIS ~ 50ps noise?)
(dark counts?)
PMT ~ 107 |~ 1.1-15 ~ 200ps |~ 0.1 mT
MA-PMT ~ 35% ~ 107 |~11-1.5 ~ 150ps |= 10 mT OK
YES
MESH-PMT ~106 | ~ 1.1 -2 ~100ps | ©4T | HIGH
(axial) (window?)
= ~ 2E0 ~ 106 | ~ _ - =~2T OK?
MCP-PMT ~25% | UV-R |=~10° | =1.1-2 ~20ps | o D)
VPT ~ 25% ~ 10 ~ 2 NO . ~2T oK
(axial)
HPD ~ 40% ~5000| =1-1.1 NO - oK
OK 0K
- 0 ~ 5 ~1— ~ 30pS (axial) OK
HAPD 40% ~ 10 1-1.1 YES (@hiah o) 5C noe?)
Csl MWPC |=25%| uv |=10° ~ 2 YES ~ 10ns
OK HIGH IBF?
Csl MPGD ~20% | UV |=10° | ~12-2 YES ~ 100ps
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Vacuum photodetector concept

Dyniades
Photon ("Photo- 7N — ™
% electron
K Secondary
| electrons R )
v ~ 1
\. J
Window with B 1
photocathode High voltage )
* window (QE) « electron multiplication * anode(s) - signal
» photocathode — photo- system — gain (discrete formation (position
effect (QE/PDE, TTS) dynodes, continuous resolution)
* photoelectron acceleration multiplication, hybrid
and focusing (CE, TTS, devices)
gain, ENF, position « first stages (PDE, ENF,
resolution) TTS)
e last stages — saturation
common to all vacuum (linearity, ENF)
devices
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Available photocathodes
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Photoelectron in proximity focusing device (uniform electric field)

Photoelectron travel from photocathode to
electron multiplier (uniform electric field %
initial energy E, < Uey):
e photoelectron range
~ Eo_
dy = 21 e sin(a)

e and maximal travel time (sideway start)
2me

th =~
0 er

» time difference between downward and
sideways initial direction
At ~ t, |22

er

Example (U =200V, E, = 1eV, l = 10mm
and m, = 511 keV /c?)

photoelectron:

e max range do = 1.4 mm

e p.e.transittime ty = 2.4 ns

e At = 170 ps

backscattering:

e max rang d; = 20 mm

e max delay t; = 4.8 ns

do dq

]

U a\ [ 4 l

v B

Backscattering delay and range (maximum
for elastic scattering):
e maximum range vs. angle
d, = 2lsin(2p)
maximum range for backscattered
photoelectron is twice the photocathode
— first electrode distance
 maximum delay vs. angle
t; = 2tysin(B)
maximum delay is twice the
photoelectron travel time
» photoelectron backscattering reduces
collection efficiency and gain, increases
TTS, and contributes to cross-talk in
multi-anode PMTs
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Photoelectron multiplication types - discrete dynodes

\\’”}\\\

Venetian blind

TN\

(Photonis)

Linear focusing Circular cage

Standard dynode structures (single ch.)

PHOTOCATHODE

FOCUSING MESH

METAL CHANNEL
DYNODES

Metal channel dynodes (multi channel)

I
[N (RERREEE
HE (EERRERE
[N (NTRRETT

ELECTROM
ELECTRON

[coarse MESH TYPE| (Hamamatsu) | FINE-MESH TYPE

TPMOCOD81ER

Mesh type dynodes

Tynodes (transmission mode, multi channel)
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Photoelectron multiplication types - other

\{hoton

Micro channel plates — MCPs,
continuous dynodes (multi channel)

-

window

photocathode ]

photoelectron

-»“ electron-hole

creation

HV ~20 kV

bombardment
gain ~10k

Multiplication in silicon device PD, APD —
Hybrid photodetectors (multi channel)
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Me'l'al Channel dynOde PMTs PHOTOCATHODE

FOCUSING MESH

Metal channel dynode (Hamamatsu):

« multiplication is confined in a narrow channel
— multi-anode designs METAL CHANNEL
—» some tolerance to modest magnetic field PYNODES

e ~30 mm x 30 mm

* gain up to 107, excellent single photon detection wmose T T TTTTT

e gain variation typ. 1 : 2.5;

cross-talk typ. < 2% (for 2x2 mm? pads)

low DCR, few counts/cm?/s

Multi-anode PMTs (MaPMTs), ~30x30mm?
Flat-panel PMTs, ~50x50mm?
e Both in many different anode segmentations
» Excellent active area coverage up to ~90%

B Micro PMT internal structure

VACUUMTUBE
CONNECTION TERMINAL SECONDARY ELECTRONS GLASS

SILICON
_VAGUUM PHOTOGATHODE ANODE

FOCUSING

Micro PMT — small, flat, single channel device  ==={ [y

~
Vv
N
1N
N N
] ey
ANA
v I

Nehal

DIRECTION PV

OF LIGHT — \

PHOTOCATHODE \ LAST DYNODE PHOTOELECTRON
ELECTRON MULTIPLIER (DYNODES)

ANODE

L —
ELECTRON MULTIPLIER (DYNODES)

[TOP VIEW] [SECTIONAL VIEW]

F-Y
November 27-29, 2018 29.11. 2018 _ _ Samo Korpar -ﬁ-‘z
PD18 (slide 10) Univ. of Maribor and J. Stefan Institute S -e



MaPMT: position sensitivity and crosstalk

Signal confined within the channel — low cross-talk |

Non-uniform detection efficiency over the surface:

e variation in collection efficiency

e variation of QE by reflections from internal structure
» photo-effect on first dynode

Optical cross talk, when illuminated at an angle
e illumination at 50° — image of direct 15t dynode
conversion and reflection shifted

|S.Korpar etal., NIM-A478(2002)391 |

£
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MaPMTs for RICH detectors /

« HERA-B RICH - first detector with §
MaPMTs (R5900) — metal channel
dynode structure

* Lens system used to eliminate
dead space

Spherical Mirrors

: Photon
I. Arifio et al. NIM-A453(2000)289 Detectors

01 2 4 3 em
T - — g=8 3
« COMPASS RICH « AMS RICH e GlueX DIRC
upgrade with similar with R7900 and employs H12700
configuration and light guides flat-panel PMTs
R7600
LE.Abbon etal EPJ 162(2008)251 ] [E-Baro et al_NIM-AG14(2010)23¢ M.Patsyuk@RICH2018] H12700
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MaPMT: magnetic field tolerance

Studied for LHCb RICH upgrade:

 replace HPDs with MaPMTs

R11265 to increase rate

capability.

e test in magnetic field shows

that individual PMT needs to

be shielded.
» expected field up to 30 Gauss
(3mT).
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|S. Eisenhardt et al. NIM—A766‘20141167|
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Micro Channel plate PMT (MCP-PMT)

Similar to ordinary PMT — dynode structure is replaced by MCP.

Basic characteristics:

. Gain ~ 10° — single photon

. Collection efficiency ~ 60%

. Small thickness, high field
— small TTS

. Works in magnetic field

MCP is a thin glass plate with an array
of holes (<10-100 um diameter) -
continuous dynode structure

MCP gain depends on

S g q L/D ratio — typically 1000
> SEEECE For L/D=40
— position sensitive Y
d window with photocathode
dual MCP -
e Chevron config.

HAMAMATSU

TN A
_ Anodes — can be segmented
PHOTEK according to application needs
November 27-29, 2018 29. 11. 2018 Samo Korpar
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MCP-PMT: single photon pulse height and timing

counts

500 :—
400 [
300
200

100

100 200

300

500 600 700 800

ADC [channels]

Gain in a single channel saturates at high gains
due to space charge effect — peaking distribution

for single photoelectron

Typical single photon timing distribution with
narrow main peak (o ~ 40 ps) and contribution
from photoelectron back-scattering.

Photoelectron back-scattering produces rather long
tail in timing distribution and position resolution.

d;

5

1

|

B

[ AL AL L LA L IR AL AL L L WY
’/l/l/l/l/l/l/lll/llﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂ!{l\/ﬂllﬂlﬂ

Range equals twice
the photocathode-
MCP distance (2I).

COUNts

10

1 1 1 1 1 " 1 1 1 " 1 1
-500 0 500 1000 1500 2000 2500 3006

TDC [ps]
|S.KorQar@ PDO7 |
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TOF applications _

30cm
 excellent timing properties /[ o |---O
require fast light source — ff\ 400 TOF1 TOF2
Cherenkov radiator directly 6.205
attached to the MCP-PMT 800 '
S
QO
& 200
100
0

40 80 120 140

N i TDC (ch/0.814ps)
» can be used as part of the [Kinami@rbo7]
proximity focusing RICH

: R T T
Proximity focusing oo -
— cherekov protons aerogel RICH with
& g TOF capabillity 80
T STOP “”:

track \\

Cherenkov photons {7
from PMT window

40

Separation of 2 GeV _
pions and protons with 2}
0.6 m flight length (start |

counter ¢ ~ 15 ps). A " time [1bin=25ps]

aerogel MCP-PMT
IS. Korpar et al. NIM-A572(2007)432 }

. @~ 2%
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Use of prompt Cherenkov light emitted by
electron produced in 511 keV y interaction
in radiator (PbF,): .

RS
AR e

e prompt emission _Black paint, 15 mm | T
| b f h ~ E 300 :_ _— no cuts fn::tam -0.23%?58;20%01112.42
° OW num er O p OtOnS ( 1'2 deteCted) 8 C - =46.4ps rﬁ Sigma 0_04535;(]_00304
250:— - crosstalk suppressed ﬁzg:t;mz _0157263-561(;16;;:
d=15mm 200 E_ ----- =36.7ps Sigma?2 0.2164 + 0.0174
A -
- o 150(—
—— = 90ps 100~
.................. e s 50
511 keV Cherenkov ph. R —
_________________________________________ >> time [ns]
— = 50ps | Black paint, 5 mm | _ . heldeditte
Co = 500 - Constant 381.7+ 144
3 Hl— no cuts Mean -0.2268 + 0.0013
. . . o — ] e LA
Data taken with black painted PbF, crystals in 400ET . crosstalk suppressed Mean2 0.1867 + 0.008
- c [ =eeee 6=30.4ps Sigma2 0.2301+ 0.0146
back-to-back configuration: 300
e 15 mm:r.m.s. ~ 37 ps 200}
FWHM ~ 95 ps : "
100
e S5mm:r.m.s. ~ 30 ps :
FWHM ~ 70 ps %5 o Lfr' 15
ime [ns]

S.Korpar et al., NIM A654(2011)532
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Belle IT TOP counter v

TOP (Time-Of-Propagation) counter Li‘%if{iﬁiﬁé,{?ﬁr Z')]\x = =
based on DIRC concept (Belle-Il). -
Using linear array of MCP-PMTs to

Side view of crystal

measure one coordinate and time of charged particle K
propagation (length of photon path) to cysial B eericene Pl
obtain 2D image — compact detector. Om}ﬂ;
. %, T
(pion, kaon) - 8 -
———r= z-component of unit velocity I.Fast@RICH2016
t, =2 t ¢ locity)
= — = 7 (group velocity
P ey’ 79 p)-1%-
da
time time
IR e

L e e

20 40 60 80 100 120 I R )
coordinate coordinate

Designs of other DIRC type counters that are based on MCP-PMTS: PANDA DIRC detectors,
LHCb TORCH

Y
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—
i Y ALD resistive
A layer

iR

V ALD Secondary
emission layer

New MCP production technique employs
atomic layer deposition (ALD) process: | 1 |

Electrode
55 layer
i el pecvas ey _'.-.:553; R

INIM-A639(2011)148 §

* resistive layer deposition
e secondary emitter deposition
» electrode layers on top and bottom

i
MiON

5
1,

Photonis XP85012 9001340 (25um)

— optimization of resistance and ETE : :
P 2 afterpulses
secondary emission — improved N ' :
. . T 107
characteristics :
— better vacuum — less ion feedback wl
— less aging :
[l il AP PPN PPN B EPErY PP PP B P W
. 0.05 0.1 015 0.2 0.25 0.3 0.35 0.4
PANDA Barrel-DIRC time [a] EA.Lehmann@RICHZZOlG TOF [us]
0 2 4 6 8 10 12 14 16 18 20
25 i ! r ) " ' ' ) ! L 1 : :
< | . preliminary
—_— 2 P AT, L ST WY P ..
3 s A [ XP85112
O 15F ... & _ T ey wwNy e T T e i g e Tesetels P
S CoTEeel] [(9001332)
uqs B A ! :ESE? mG-‘l:llm‘
______________________________________________________________________ _ 13111 mCicn 1 ALD layer
g —2‘0 —10 E; 1ID 20
'E : : : : : % [mm)]
o no countermeasures I ! l l l 400 nn;] - . :
L 1 1 1 1 1 1 1 1 Il 1 L L 1 1 L I 1 1 L 1 L L
00 2000 4000 6000 8000 10000 12000 14000 : . : XP851 12
integrated anode charge [mC/cm?] f—rrmeer iy 1 (9001393)
BINP 82 BINP 1359 % BINP 3548 252l oze motert B
—F— PHOTONIS XP85012 (9000296) PHOT. XP85112/A1 (2000887 PHOT. XP85112/A1-BSRD (9001394) ; | — 9361 mCrerm® 2 ALD Iayers
—8— PHOT. XP85112/A1-HGL (9001223) —— PHOT. XP85112/A1-D (9001332) PHOT. XP85112/A1-URD (9001393} _9"0 _,‘0 5 ,'U 9'0
—@— Ham. R10754X-01-M16 (JTO117) —&—— Ham. R10754X-07-M16M (KT0001) —%— Ham. R10754X-07-M16M (KT0002) x [mm]
—m— Ham. R13266-07-M64 (JS0022)

Y
November 27-29, 2018 29.11.2018 _ _ Samo Korpar -ﬁ-’:.
PD18 (slide 19) Univ. of Maribor and J. Stefan Institute = .°



MCP-PMT: charge sharing \
.

Secondary electrons spread when traveling from

MCP out electrode to anode and can hit more |
than one anode — Charge sharing e~
Can be used to improve spatial resolution. \
I‘\
Fraction of the charge detected by left pad as a "
function of light spot position (red laser) | |
5_7 : 2 60 [ X nf EIERNI T IR« - o 2250 7 157
é.-.l.{ - s | Sigrg 0163 140 :_ (l‘l Jigma G 32003
i : o [ (
5 10 - { |
= - o | v '
o W I RED 0 f 'I k BLUE
— w [ LASER o E ,l H! LASER
- 4 f— '.'l !
Hi= j o E | .
0 _ ,_-u'u].IU_L oo —1 -"'||— nk_aar i ’ JHhUH” l | li’l"'mm‘hm‘ﬂhﬂ
50 St 52 S
Jc[m.n,] «[mm)]
-. Slices at equal charge sharing for red and blue laser)
— pad boundary. Resolution limited by photoelectron
energy (6 mm gap, 200V).
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High spatial resolution MCP-PMT

MCP PMT with 2x2 array of Timepix ASICs serving as anodes. p

* 4.5 mm photocathode-MCP gap, 600 V

e anode resolution ~ 5 um

* Array of 50 um spots (pitch 1 mm x 2mm), reconstructed spot
width 165 um

» Overall 25 um resolution expected with reduced gap design,
gap 0.5 mm

50 um spots (pitch 1 mm x 2mm)

Optical input window

MCP 1
MCF 2

[ A i Time e
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J Vallerga et al JINST 9(2014)C05055
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LAPPD project

Large Area Picosecond Photo Detector:
 borosilicate glass micro-capillary array
substrates with 20 um and 40 um pores

» deposition of resistive, and secondary
electron emission, layers by ALD

« gain and saturation similar to standard
MCPs

e good uniformity for 20x20cm? sample

« promising technology for producing large
area affordable MCP-PMTs

/_Borofloat 33 window with Di alkali_semitransparent photocathode
H

N\

— "':';-{ 1 I gl

Strip line anode and connections

lO H.W. Siegmund et al.NIM-A695(2012)168

107 510* 100
—=s— Analog o —e—2500v
5 --e--Pulse Counting _‘.."' —= -2550v
10 ,,". 410° — & -2600v 55
,.o’ 5 —— 2600v bkg "
10° 4 2 E
_ s § 310 60 1o
8 10° 2 g
0] S 3
> k-
D 2104 =
1000 = 0 §
= fis]
100 110* 20
10 0 0
1000 1500 2000 2500 3000 0 210 <10 616 81 110°
MCP Pair Voltage Gain
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MCP-PMT with large area photocathode

Development started for Daya Bay |l ; ::;ZP

neutrino exp. (IHEP) 3. down MCP

e 20" diameter PMT 4. insulated trestle table
 transmission and reflection SisTnaesion:pHotgchone
photocathode o glass shel

o amplification with MCP-PMT ;: :::z: :f:::t:::: “

» tests with 5" prototype 9. glass joint

e 8" prototype "

« 20" MCP-PMT for JUNO experiment [V Wang et al.NIM-A695(2012)113]

20irch sphere Profetype 20inzh ellipsoidal Prodotype

Y. Chang et al.NIM-A824(2016)143
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Coarse mesh or fine mesh types:
« multiplication Is confined in space

— Cross-wire readout
— multi-anode designs
* high gain up to 107
e good linearity

e operation in relatively high magnetic field
— maximum gain at 30° between the

magnetic field and PMT axes

ELECTRON
ELECTRON

COARSE MESH TYPE | (Hamamatsu)| FINE-MESH TYPE

TPMOCOO081ER

HGain
108 TPMHBO258EC atoT
a
107
15" R7761-70
2" RA5924-70
7
106 y .l
JE
yd A
yd i
rd 74 1
< 105 4
(0]
Fd
i
Py
108 L/ 1* R5505-70
z i
// 4
108 EﬁE
’I;II
4
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500 1000 1500 2000 2500
SUPPLY VOLTAGE (V)
TPMHBO24TEC
101 | | |
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100
>
e NN
% o 30
w N
= 10t i <
[ ey ~
5 \L -\
w N ™~
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[— LY
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| 1 )
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Fine-mesh PMT: Belle ACC

Aerogel Cherenkov Counter (ACC) at Belle

was of a threshold type:

_ mc
Por= T —
n-1
e variable n=1.03,1.01,1.015, 1.02
e operation in 1.5 T magnetic field
 detector unit: block of aerogel and one or

two fine mesh PMTs

« PMT axes at 30° with respect to magnetic
field

Aluminum container

/ Aerogel

Goratex

Finemash PMT

12 mm

e |
n=1.013 g n=1.010 (A
n=1.028 Barrel ACC TOF/TSC :_E‘ﬂ'g ( )
60mod. =().8 o K
\ 60mod. _ e S
e . n=1.020 n=1.015 n=1.010 =z =f). 7 A T
. 240mod. 240mod. "360mod. LY | 0.6 histo:MC
\&\ S :;;':}{c&'\l};;“““l“h\ﬂ\““‘&&/“{g(tﬁ/%_ﬁ‘.}}o ‘\:3::&3‘:‘ 1%;_ E n d ca p A c C [fjﬂ."‘t
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\gj\‘ - j/\i/ ﬁ___,.------’ [ The Belle coll,NIM A453(2000)321
S e \
November 27-29, 2018 29.11. 2018 Samo Korpar g™ e o $®
PD18 (slide 25) Univ. of Maribor and J. Stefan Institute -ﬁ-’..



Vacuum photo-triode (VPT) Dynode 600V

Anode mesh 800V Sﬂ/ !/ -
PMT with fine mesh anode with electron R . | "::/
transparency e = 0.6 siting in front of a single E
dynode \\ /
« very low multiplication /,/ Connection
- Pins

M=~ (1—¢€)+68e((1—€?)+ae?(1—¢€?))

60 =~ 20, a=0.5 Y
(1-3)
€
e operation in high magnetic field

APD replacement for calorimeters — radiation hard

e relatively large ENF = ~ 1.75 in reality more like 3!

12 7 //,1 12.00
1.0 | "/ﬁ\\ 10,00 | P
3 f \
§- 0.8 a'f H'., 8.00 |
[ z
2 / 3
0.5 [ 6.00 |
8 | \ —m— V,=1000V
- e V. =800V
% 0.4 f i 4.00 | t
- Ijl 'lll‘
€ 0.2 i \ 2.00 |
:// KW Bell et al.. NIM A469(2001)29
0.0 L - - - - . = = : “ 4 . 0.00 I | 5 ) ) i L ! i
-0 -B0 -30 (1] 30 60 a0 0 100 200 300 400 500 600 70O 800D 900 1000
VPT angle [Degrees] V, (Volts)
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Tipsy concept - future prospects for very fast PMT

Tipsy (Timed photon counter):

e Transmission mode dynode — Tynode
(~10 nm thick membranes)
— TTS < 10 ps
— spatial resolution ~ 10 um

« 5 nm MgO membranes, coated with 2.5 nm
TIN — 5.5 secondary emission yield

« CMOS readout (timepix)

e Further enhancements — active
photocathode, Trynode?

« Waiting for first prototype ...

AccY SpotMagn  Det WD ———— 20 um
25.0kV 20 2000x SE 8.1 PVYMD

Transmission Reflection
Td—Primary electron ——» @
| | D Support _)
— Substrate > A
A i Diamond .-.-.:'-:.

dynode

M Amplified
«— —
signal

|H. van der Graaf@ EWPAA 2017 l
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Hybrid photodetectors (HPD, HAPD)

Combination of vacuum and silicon device —
multiplication step in silicon. Detection steps:
» photon interacts in photocathode and produces

photoelectron

* high electric field accelerates photoelectron
e on impact electron-hole pairs are generated

(“bombardment” gain)

photon
window
L

“cross” focused:
demagnification,
focusing

photon
window

photon
window
- photocathode

toelectron

J

focusing
electrode

Si sensor (segmented)

photocathode ST Proximity focused: one to one
mapping, magnetic field tolerant
HV ~20 kV el photoelectron N
€] photoelectron P | -
photon
v V. window
} . ——
—=f==s . <ol bombardment - photocathode
A 0l@ TN bombardment “.0le ./ gain 1k-10k I R
[T 3e \; gain ~10k electron-hole I
. 8:{/ creation photoelectron
¥ electron-hole] 000 | Y. ﬂo} _ D
creation oo 5O avalanche ]
0 .. 800€000 P| gain 1-100 S
37 n Si sensor (segmented)
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Photon detection steps:
* Photo-emission from photo-cathode;
* Photo-electron acceleration by

AV = 10-20kV;

e Energy dissipation through ionization and
phonon excitation (W = 3.6eV to generate

1 e-h pair in Si) with low fluctuations
(Fano factor F = 0.12 in Si);

e(AV—Vip)
Wi

e Gain M =

e Intrinsic gain variance oy = VF - M

— overall noise dominated by electronics

o Example: AV = 20kV
— M = 5000 and c,, = 25

— photon counting with high resolution

4000

3500

3000

2500 -

2000

Counts

1500

1000

500

1]

HPD pulse height distribution

|

N

N

G

T
100

200 300

Channel nr

400 500

. Continuum from photo-electron
back-scattering effects at Si surface

. ENF

~ 1

(= 1.05 with backscattering)
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HPD: CMS HCAL HPD

B=4T — proximity-focusing with 3.35 mm gap and l B=dT
HV: 10kV Fiber: from calorimeter

Cross-talk sources and reduction: e =B
e photo-electron back-scattering: align with B; :

» capacitive: Al layer coating; Re-emitied pe.

Oprical erozsralk

* internal light reflections: a-Si:H AR coating
optimized @ | = 520nm (WLS fibres);

Diode cgpacitive cresstalk

Results in linear response over a large dynamic
LP.Cushman et al. NIM A 504 (2003) 62 |
range from minimum ionizing particles (muons) u
J gp ( ) up FADC vs. Energy
to 3 TeV hadron showers. g
a 250 W
= o b
L gy @ & v
150 [ f ]
I
iy i -
100 g f I - k K
I F &
¥ F
ac 50 | 1? ; i
. } . s I i .
Occasional very large pulses observed in magnetic field o Cieioll
. | ” h | f ﬂ h ~ 0 10 20 30 40 50 G0
(simultaneous on all channels) — surface flash-over~ Energy (GeV)
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HPD: LHCb RICH

» “cross” focused electron optics
— 5x demagnification
¢ sensitive to magnetic field
e« HV ~20kV, gain ~5k
» developed by CERN+DEP-Photonis

Cherenkov rings from 80 GeV/c n- through C,F,,

| M Adinolfi et aI.I NIM A 603 g20092 287 |

Si pixel array
(1024 elements)

Photocathode
(-20kV)

VACUUM

Ceramic carrier

Photoelectron

Photon

Electrode

Solder
....... . Buk® |-
Y
bonds electronics
CERN/EP-TA2 alilp
Optical input
window
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HPD: LHCb ion feedback

e some HPDs become very nosy

» problem: continuous feedback mode
e vacuum level degrades with time which leads
to increase of ion feedback — eventually self-

sustained current

 to solve the problem getter was added in the
tubes, which helps to keep high vacuum

3 § FH525014
L # - ' F
N En.ns:— Bad 4 ‘tJ
- VACUUM .
0,03 :
- start of glowing
0.02— - i
1% 0.01- et !
u_ = 'zn.jm' — 0 e w0 o0 1200

November 27-29, 2018
PD18

Progression

Days

False colour on this image due
to colour level enhancement

Glow
Light

1J.M.Kim@IloP HEP 2009 |
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HAPD for Belle IT ARICH

Belle Il aerogel RICH HAPD:
 proximity focusing configuration

» 144 pixel APD (4 chips, 6x6 channels each)

and ~50 avalanche)
operates in axial magnetic field

developed by Belle + Hamamatsu

Bi-alkali .
photocathode = photon
. :

63x63 mm? active area, 4.9 mm pixel size
HV ~8kV, max. gain ~100k (~2k bombardment

radiation tolerant ( ~ 1kGy, ~10*2n,./cm?)

I~20mm lphotoelectron

multi-channel APD

TN

2510

2%

SN

v Pri

4ph. s
PI5
Flé
Prz
Fad

“aw Pro
P20
F21
F22

P23
£24

1467

2502
71.71
1209,
204
3195
T489,
J062
10,9
I 76,

. 67,96
v L S T 1500 2000 2500 IO 2500 S LL
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HAPD gain 2000 ——
o o o = 1600 -
 energy dissipation through 8 1400 _ //
lonization and phonon excitation 8 1200
0
(W, = 3.6eV to generate 1 e-h pair § .
— 800
iIn Si) with low fluctuations £ 600
(Fano factor F = 0.12 in Si) -
200
_ e(AV_Vth) ' {1 M il IS SN N S S S E—
e bomb.gain M = 0o 1 2 3 4 5 & 71 8 9
WS l Photocathode Applied Voltage [-k\V]
 APD gain = 30
. 1000 =—avalanche gain (chipD-ch22) = ? 5 ] 1O
e even with larger ENF of APD the sl o i (T
device is still an excellent photon 100 =T T ) 1.0£-06
counter similar to HPD, ENF ~ 1 _ s
& 10 1.0E-07 2
e leakage current < 1uA/36¢ch @ 2 3
gain 30 ZE 1 1.0E-08 %
2
0.1 1.0E-09
0.1 | | | | | | 1.0E-10
0 50 100 150 200 250 300 350
AD Reverse Bias Voltage [V]
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HAPD: operation in magnetic field

» around 20% of photoelectrons back-scatter and
the maximum range is twice the distance from
photocathode to APD ~40mm T A

* in magnetic field these photoelectrons follow
magnetic field lines and fall back on the same
place (optical cross-talk remains)

e photoelectron energy is deposited at the same
place \

T ~ 0T
o 15T

30000 —

20000—

10000 —

1 1 I 1 1 | L L L L
0 500 1000 1500 2000
signal chargeia.u.)

1] L

20 40 6 80
Occasional very large pulses observed in magnetic field (simultaneous on many/all channels,

origin not yet understood) — frequency strongly reduced by improved vacuum (getter reactivation)
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Belle IT ARICH

Beam test of prototype aerogel RICH
with 2 GeV electrons.

RICH Hit Map, w.r.t. track rich_2d_1 s L)

P Entries 412449 11 L ey — S
Mean x -0.09929
Meany -0.4329

100 g LT ahist | ahistmiki
RMS y 42 - Entries 64801
5{] - Mean 0.3092
C RMS 0.07419
50 6000 ¥ [ ndf 143.5/28
C constant 6129+ 394
40 = mean 0.3067 + 0.0001
5000 :_ sigma 0.01349 + 0.00007
L BG const A192.6+ 205
0 30 4000 BG slope 1715+ 69.4
C [
C # of tracks : 2700
3000~ # Photons : 41339.7 +- 227.3
-50 20 - Photon/track: 15.31 +- 0.08
=- 2000 C BG /track : 2.00 +- 0.03
L 10 C
1001 1000~ | run04s |
_I | | 11 | | | 11 11 | | 11 | | | | 11 | 11 D :I ||||||||||||||||IIII
-100 -50 0 50 100 0g 6 0.7 0.8 09 1
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QU P ID Photoi:athode

at -6kV \
e A
uartz Photon Intensifying Detector Sa T
@ fying ) Electron LAV [TTASRN,
Trajectories "8 SeettT77 :
...... 76 mm

Search for rear events: dark matter interactions. APD
(UCLA+Hamamatsu) Equipotential

Lines & Indium
Requirements: -~ Rings

oV
 reduced intrinsic radioactivity ‘ 66 mm ——1 \

high PDE (QE and coll. eff.) 71 mm Baseplate
uniformity along photosensor surface E_Pantic etal_NIM-A695(2012)121
good time resolution

* large sensitive area _ 40 [ e
. i : o E ; .
e wide linear dynamic range S 35 | QUPID. Ar Version
* single photon sensitivity E 1 e & 20 E
£ 0.9 |= vaxis " b ol e F
1000 3 0akE WL AT N ."b’ Q 25 E:
900 F ® _E o’ "Nt 'O EE Pfctames T
g vo7fE ot = E
800 £ 2" s [ & 20 &
700 i_ = 0.6 F El i L :
@ 600 § 05F 3 = g 15
S 500 F 204F § - > E
S a0 £ S03E 3 1 E mE
300 | Ro2f 1 : 5 5L
200 ¢ £o01F E 1 o S DETT DOTTI DON T VUL PTTCUOTTT pumey jon
" S o "':""'“"""""'L—I 0‘150 200 250 300 350 400 450 500 550 600
0 1_ IE- < .60 -40 -20 0 20 40 60
Photoelectrons Arclength (mm) Wavelength (nm)

Y
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Hybrid photo detector using SiPM to detect

photoelectrons.
Advantage:

high collection efficiency

good timing

good single photon detection
reduced after-pulsing

Disadvantage:

high dark count rate at single photon level

M " First tests:
5 i em_Poss = sigma_0 . HV affects efficiency \\
o —tend o xd |, and not the gain (CERN)
s B
c 3 1 :
= : - 20
2] | - 15
! £ s b
14 I'/./"—'_I_l_l_'_' (0
: L5
o421, : : : : : 0
=5 a 5 10 15 20 25 30

U (kV)

charge (ADC counts)

..........
-

Geiger regions l photoelectrons

Si

out

A

: % /, / ;
Wm

replaci

C. Joram et al. NIM-A621(2010)171
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Summary and outlook

In recent years new types of vacuum photodetectors were developed and
existing ones improved:

 New photocathodes are being developed and improved; more and more
devices are available with high QE bialkali photocathode.

« MaPMTs with high eff. area are available for detection of single photons in
RICH detectors operating out of magnetic field, PET systems ...

« MCP-PMTs allow the detection of single photons inside the magnetic field
with excellent timing and are foreseen for different combinations of Cherenkov-
TOF detectors, and also a good candidate for TOF-PET systems. Lifetime and
other parameters were greatly improved by use of ALD technology.

e Different types of hybrid photodetectors were developed for large area
detection of low level light signals for particle identification, neutrino or dark
matter experiments and allow operation in high magnetic fields. There are still
some challenges to overcome ...

e« Some new Ideas Include transmission mode dynodes - t(r)ynodes,
photocathodes with active electron extraction (biasd) ...

Y
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MA-PMT: HERA-B RICH

o first detector with MA-PMTs

 PMTs outside magnetic field

 low active area fraction — imaging light
concentrator system used to eliminate
dead space, area ration 4:1

e injection molded plastic lenses

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

PMT active area
18 mm x 18 mm

Photon
Delectoy

Spherical Mirrors

o 0 2 3 g
Photon Planar Mirrors R
Detectors

150 mm
i 05 § 2 = Z
3 b) e eeeseeanens 1 :h i
% . lans systam g . 500 am =ZE
ool & SRR
3 1A :
g: 350 nm 1 = ar
£ o4 e e ot
: SRSt ' -t
02 _pnao %% 000a, wl 300 am 4 - i = = +
) o i 14 R o
- S8eSescEo- o5 t
zsf*;;s"'sﬁ..;”sés”'55'.;"'345'";Ad";z';";;d:";és'{"%w
wavelen gl R
R S I. Arifio_et al. NIM-A453(2000)289
X angle, mrad
oY v
November 27-29, 2018 29. _11. 2018 _ _ Samo Kor_par ﬁ Py-4
PD18 (slide 41) Univ. of Maribor and J. Stefan Institute - - e _o



MA-PMT: Excellent for single photons

* clear rings detected with very little noise

(few hits per event) —
* high rate operation > 1 MHz/cm? R
e 7,K PID up to 50 GeV/c ¢ | :

T
& sl
,._:'-'_ ﬂ bt
By [ o
5 30
:
-] 5 | am ] =
Y 3 ] = r - o
5 - - 4w oL .-
ST h:, T o ST T
4 | ..‘- lj' o .I.“-'.-\.:hl :-.-_ '-a_'il -..”-‘: _-1 " .Jl
r " el - s e L R ey
[ .14.‘ - i :-:'-Jq=: . i'\:-g-: R:-:'_:"-_: i -.-":' =
35 | ‘I 2 - - ‘1-_‘;_.] :;;-}Ill.:“ i .l_,': --i;_. ".' LA .'. I.-F-
| L] [C] 5 Lol BP0 T s
[ -II'II L. .-. -J:'.'.":-, :.,"_ - -!:f..
0 | of e .‘-?!-l-.'i"'-jl- : H. ':t;_rl‘.x.l"'f.m. T I.' :
| " = G gt [l P L
[ 4 II SRS bl ‘l:.'.I:.'-:'. fﬁi s E.
25 | r! TN EEOU ii_ 2
; : L e
0 10 20 30 40 a0 a0 70

particle momentum (GeV/c)
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Flat-panel PMT: Belle IT aerogel radiator tests

Tests of the radiator configurations for Bell 1

ARICH detector with flat panel PMTS:

8000

6000

4000

2000

4x4 array Hamamatsu H8500
1024 channels
52.5 mm pitch (84% eff. Area)
not suitable for final detector

— does not work in magnetic field of 1.5 T

2cm thick aerogel sample, n=~1.04

X' /ndf 7764 / 116
- PI p 7701.
P2 0.2896
| P3 0.1275E-01
- P4 87.84
' P5 322.3
nf=5.62
nb= 0.33

0 0.1 0.2

theta cerenkov

November 27-29, 2018

PD18

ty(rad

04

0.4
o N s
0.4 0.2 0 0.2 0.4
tx(rad)
ring in cerenkov space
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Vacuum phOTO -triode (VP T) Dynode 600V

Anode mesh 800V prem ,,x-:jf B i:,_,
PMT with fine mesh anode with electron Photocathode OV | ";
transparency € = 0.6 siting in front of a single \ E
dynode \//f
 very low multiplication g Comecton

M=~ (1—¢€)+68e((1—€?)+ae?(1—€?))
e secondary emission coefficient § = 20
o tertiary emission coefficient ¢ = 0.5 —
secondary electrons that miss the anode
on the first pass
e relatively large ENF 1200

1

ENF = M ~ 1.75

€ 8.00 L

In reality more like 3!
e operation in high magnetic field
Replacement for APD for calorimeters
operating in magnetic field and exposed 2w |

10.00

GAIN

6.00

400 -

to strong radiation. oo | | | IK.\IN.BeH elt al., NIM A46.9(2001.)29 . |
0 100 200 300 400 500 600 TOO 800 800 1000
Vo (Volts)
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et Rigitetic field

« small gain drop in magnetic filed
uptol.5T

e operates at relatively large angle -
less than 20% drop up to 50 deg,
maximum at 30 deg.

November 27-29, 2018
PD18

1 ..h‘*k.-_.__ ........ - [RERrS | —
E 1 : -
£ .
208 t---- - e
m .
E I
o |
‘gﬂﬁ“-
= 0 Degrees |
. e
= .
- |
L T e T
G ] ] I
0 0.5 1 1.5 2
Magnetic Field (T)
12 —
0 /'/ \M,/r \
8 | / \
§ 0.8 |'|I :h:.
= ' I
sl |
3 0.6 - I"-.
E [ .": I";
£ 04 f'
= ! [ \
202/ | \
0.0 sr’/ : - . -
-90 -60 -30 0 30 60 90
VPT angle [Degrees]
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Photoelectron travel time and range:

2m,
Ueg

to = [

do ~ 21 Eo n(a)
0~ ersma

Backscatering delay and range:

t; = 2tpsin(B)  d; = 2lsin(2p)

Parameters used:

o U= 2“)()\/
el =6 mMm
.Eozlev

. m_ =511 keV/c?

]

o\ >~

B

AMadnnnnnnnnnnnnnninttninnny

VA //7//// A/ /0 /A G A

/ | |

Photo-electron:

| I\

Backscattering:

d ~ 0.8 mm -
olE = 1.6 101° As * ~0,max . dl,max 12 mm
ot~ 1.4ns o t) max ~ 2.8 NS
« At, ~ 100 ps
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CPOPMTeci8peration in magnetic field

« Narrow amplification channel and proximity e
focusing electron optics allow operation in :

magnetic field (~ axial direction).

. Amplification depends on magnetic field s g

strength and direction.

» Effects of charge sharing and photoelectron
backscattering on position resolution are
strongly reduced while effects on timing remair 002 04 06 08 1 12 17 L6

120

TTS (ps)

100+

=]
=

N
=

B} pe—

® [IPK6&: 11V 3.6kV
B BINPS: HV 3.2kV
r A HPKI10: HV 3.6kV
¥ Burle25:HV 2.5kV

0.2

November 27-29, 2018
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04 06 08 1 12 14
B (T)

[.6

K.Inami@PDo7

@ HPK6: 36KV
s B BINPE: 3.2kV
10| @ [IPK10: 3.4kV SR Shot b :
.| & Burle25: 2. 5kV i S

B (T)

Gain vs. Magnetic field for MCP-PMT
samples with different pore diameter.

TTS vs. Magnetic field for MCP-PMT
samples with different pore diameter.

Y
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MEPLPMTeToM° feedback and aging

* During the amplification process atoms of \%
: . Y
residual gas get ionized — travel back toward
the photocathode and produce secondary \
pulse (after-pulse) o e
e required good vacuum — electron scrubbing
: : : (LTI T T T T T T T
e Thin Al foil (few um) blocks ion feedback and 7777
keeps better vacuum at the photocathodebut )"“‘“ =

also captures about half of the electrons —
placed between the MCPs

K.Inami@PDo7

A=400nm

*_ | Change of relative QE during the typical aging test.
v Wﬁ'ﬁ'"*”ﬁ ++,__-4._ 4 +§ MCP-PMTs without Al protection show rapid
Sample with Al protection reduction of QE.
Aging depends on the quality of the vacuum.
First tests with new ALD types show no aging up to
~10mC/cm?.

Relative Q.E.

30
Integrated irradiation{xmm photnnsfcmz}
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MCP-PMT: TOF applications

» Excellent timing properties require fast
light source — Cherenkov radiator
directly attached to the MCP-PMT
e Can be used as dedicated TOF or as
part of the proximity focusing RICH 16mm

“MCP-PMT

Parficle = Quartz HPK R3809U-50-25X
T1émm Photo-Cathode ¢25mm

single-photon TTS ~ 50psec

e— F== 30 K.Inami@PD07
- - cm
'|: - T T _|: m 400
TOF1 TOF2
300 6.2ps
7]
et
S
& 200
Excellent timing resolution
6.2 ps obtained in the pion
beam (includes contribution 100
from electronics).
0==26 "8 120 140
TDC (ch/0.814ps)
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MCP-PMT: RICH+TOF

Proximity focusing RICH with TOF capability using

Cherenkov photons emitted

in the PMT window.

 signal from MCP-out can

be used — 1/PMT NS
&% 0.25 ;—
Extends the positive below .
the aerogel threshold to wis b
about 0.5 GeV'.
0 0.5 [Gewc;
START Cherenkov photons
— from aerogel
RN
T STOP
track \A
Cherenkov photons /r'
from PMT window
aerogel MCP-PMT

I S.Korpar et al., NIM-A572(2007)432 I

t(kaon)-t(pion) (2m) [ps]

: 2GeV/ec K: At ~ 180ps

10

10

4GeV/e WK: At ~ 45ps

0.5 1 1.5 2 2.5 3 3.5 4 4.5
momentum [GeV]

s W/ ndf 3338 7 25

i Pl 98.86

L P2 40.49

100 |- P3 1.287

3 P4 46.30

rs 48.86

Po 1.448

80
60
40

20

30 35 20 45 50 55 50

time /]bm 25ps]

Separation of 2 GeV pions and protons with

0.6 m flight length (start counter s ~ 15 ps).

November 27-29, 2018
PD18

29. 11. 2018
(slide 50)

Samo Korpar
Univ. of Maribor and J. Stefan Institute

F-Y EE
G,




PIRPIS eReeFFGR optics
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o distortion of electric field lines at HAPD edge
produces irregular shapes of areas covered
by each channel

* in magnetic field photoelectrons circulate
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Hybrid photodetector (HPD) concept

Combination of vacuum and silicon

device — multiplication step in silicon.

Detection steps:

« photon interacts in photocathode
and produces photoelectron

* high electric field accelerates
photoelectron

e 0On impact electron-hole pairs are
generated (“bombardment” gain)

\&photon

-

window

photocathode ]

photoelectron

“a

o \
o \
o |
® /
() /

-=” electron-hole
creation

HV ~20 kV

bombardment
gain ~10k
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HPD- LHCb RICH Si pixel array

(1024 elements)

Ceramic carrier

» “cross” focused electron optics
— 5x demagnification
¢ sensitive to magnetic field
e« HV ~20kV, gain ~5k
» developed by CERN+DEP-Photonis

Photocathode
(-20kV)

VACUUM

Photoelectron

Photon

Electrode

Solder
: bump Binary
\ bonds electronics
chip
CERN/EP-TA2
Optical input
window
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HPD - LHCb RICH * — i

Increased Peak d = |
_ In crea.se g
A + EREalE d

30 - '::.' -'. 5 3 :

e Must cover 200-600nm wavelength range w0
’ . 12 13 (Photonis-
e Multi-alkali S20 (KCsSbNa,) R 251 Ul O:P )
. — %18 —5—18
e Improved over production 3 20 2 21
. . = -2 —— 23
* Resulted in a QE increased by 27% wrt ' 1 Bt o MnSouc
1o 0o . A Typ Spec
the original specifications i Reduced
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5 | Response
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Hybrid avalanche photodetector (HAPD) concept

photon
Combination of vacuum device and \ RERyY
avalanche silicon diode: r
photocathode
« first steps equal as in HPD
— photoelectron acceleration, e'|  photoelectron RV
electron-hole pair generation on impact
e primary electrons drift into avalanche A = M
region where they produce second ‘é: bombardment
T : N "0 .—/,' gain 1k-10k
multiplication (~50) L e
— lower HV required l creation
— higher gain e s
_ _ e S5 avalanche
— higher capacitance — larger o855y /P 9ain1-100
electronic noise N f
e intrinsically very fast
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HPD: electron focusing A 2 A

window window
“Fontain” or “cross” focused: photocathode photocathode

° demagniﬁcation from Iarger L photoelectron _I | oelectron

photocathode to small silicon sensor

focusing
 sensitive to magnetic field L e'jctfode J
* “cross” focused reduces |
I focusing
photoelectron ballistic spread electrode
Si sensor Si sensor
(segmented) (segmented)
— photon
Proximity focused: A
e one-to-one mapping from holocathods
photocathode to silicon sensor A
 operation in axial magnetic field | | photoelectron
Si sensor
(segmented)

November 27-29, 2018 29.11.2018 _ _ Samo Korpar ﬁ..:'
PD18 (slide 56) Univ. of Maribor and J. Stefan Institute - TS o



HAPD: ion feedback

File Control Setup  Measure  Analyvze  Utlites Help a2:47 Pha

e photoelectrons may ionize
residual gas molecules on
their way to APD

 jons are accelerated back to
the photocathode and
produce relatively large
pulse, up to ~40 ph.

e from max. delay one can
estimate the mass:

eOUtrznax
mE T
e withU = 7kV,d = 2cm
* tmax = H0ns > m = 2u
® tmax = 150ns > m = 18u
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PO ARTEE prototype

Beam test of prototype aerogel RICH
with 2 GeV electrons.

RICH Hit Map, w.r.t. track rich_2d_1 s L)

P Entries 412449 11 L ey — S
Mean x -0.09929
Meany -0.4329

100 g LT ahist | ahistmiki
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C RMS 0.07419
50 6000 ¥ [ ndf 143.5/28
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40 = mean 0.3067 + 0.0001
5000 :_ sigma 0.01349 + 0.00007
L BG const A192.6+ 205
0 30 4000 BG slope 1715+ 69.4
C [
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I

* In total ~120 W of power is dissipated per ARICH sector, ARICH total is
~720 W.
* Mergers and FEBs contribute equally.

LV channel mm P/board [W] | P/sector [W] VM -
an on

+1aVILAY) L 4.9 (4.8) 58.8 (57.6) 2.3 3.036
MB 09 34

+3.8V (3.8V) - 035 13 4.70 5.653

+2V (+1.85V) FEB 1 2 (1.85) 0.92(0,87) 64.2(60,7) .68 2904

OV (-1.85V)  FEB 1.1 2.2(2.05) 2.00 3.386

e For merger most of the power is produced by the FPGA
e For FEB ~0.15 W is produced by each ASIC and ~0.3 W by the FPGA
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