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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
 High rate capability
: e Very high spatial resolution
S e Excellent timing (time-of-arrival
information)
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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



A=Y Belle II Cherenkov detectors

Belle I

Endcap PID: Aerogel RICH (ARICH)

— Barrel PID: Time of Propagation Counter (TOP)
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D

Do

Belle IT

* Quartz radiator
e With mirror and expansion block

e Mechanics, Quartz Bar Box (QBB)

e MCP-PMT + Readout electronics
e 32 PMTs x 16ch =512ch

‘Kﬁ(’)‘mm
\

16x2 MCP-PMTs
Readout electronics

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

Time-Of-Propagation (TOP) counter

Focusing mirror
R=6.5m

Hamamatsu
SL10 MCP-PMT

K ||:lII n
Quartz bar

— One (or two coordinates) with a few mm precision
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TOP counter: principle
of operation
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Time distribution of signals
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PMT channels: different for
n and K (~shifted in time)
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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 /
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Sides are instrumented too (not shown)



TOF-PET with Cherenkov light

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

5 mm long crystal:

- FWHM ~ 70 ps

- NIM A654(2011)532-538

| Black paint, 5 mm |
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Micro-channel plate PMTs

photo-electron

PMT window
photocathode

photo-electron

ANNNNNNNNN. NNNNNNNNNNNNY e
S ] mee

anode

e Fast
e Immune to magnetic field normal to the window
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MCP PMT timing

2 5332 / 65
3 2000 Pl 4605.
I . ~ P2 -2.509
MCP PMTs timing response with a o Py
picosecond laser 7000 P 549.2
PS5 230.2
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S
i3 1000
k Photonis XP85011
i
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it
IDC |ps]
" - Main peak with excellent timing
accompanied by a tail
I

P T T T T Do we understand these features?
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Photon detection

Parameters used:

.U=200V
.l =6 mm
.E0=1eV

. m, =511 keV/c?
.e,=1.6 109 As

.d
-t,~1.4ns
. At, ~ 100 ps

Photo-electron:

omax ~ 0.8 mm

Backscattering: -
d ~ 12 mm

* ~1,max

t ~2.8ns

* ™ ,max

Try with a simple model

Charge sharing — m
|

- S. Korpar et al, NIMA 595 (2008) 169, JINST 4 (2009) P11017



Photo-electron

Generated distributions
assuming that  photo-
electron IS emitted
uniformly over the solid

angle
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Elastic backscattering N

Generated distributions assuming that backscattering ; _

is uniform over the solid angle
,,E....|....|

1200 [ B 0 0.005 0.01
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Scanning setup: optical system

PiLas diode laser system EIG1000D
(ALS)

. 404nm laser head (ALS)

. filters (0.3%, 12.5%, 25%)

. optical fiber coupler (focusing)

. optical fiber (single mode,~4um core)

Inside dark box, mounted on 3D stage:
. optical fiber coupler (expanding)

. semitransparent plate

. reference PMT (Hamamatsu H5783P)

. focusing lens (spot size  ~ 10um)

Peter Krizan, Ljubljana



Scanning setup: readout

CAMAC

VME

. laser rate 2kHz (~DAQ rate)

. amplifier: 350MHz (<1ns rise time)

. discriminator: leading edge, 300MHz
. TDC: 25ps LSB(s~11ps)

. QDC: dual range 800pC, 200pC

. HV 2400V

Peter Krizan, Ljubljana



Basic parameters of BURLE MCP-PMTs

. multi-anode PMT with two MCP steps
. bialkali photocathode

. gain ~ 0.6 x 106

. collection efficiency ~ 60%

. box dimensions ~ 71mm square

. active area fraction ~ 52%

. 2mm quartz window

. 6mm photocathode-to-MCP distance

BURLE 85011 MCP-PMT

. 64 (8x8) anode pads

. pitch ~ 6.5mm, gap ~ 0.5mm
. 25 um pores

BURLE 85001 MCP-PMT

. 4 (2x2) anode pads

. pitch ~ 25mm, gap ~ Tmm

. 10 um pores Peter Krizan, Ljubljana



MCP PMT timing

S 5000 5332 / 65
3 Pl 4605.
. ~ P2 -2.509
Time walk corrected photoelectron P3 40.40
. . . . 4000 '
detection time: main peak with excellent P4 549.2
timing accompanied by a tail > 2502
3000 o 146.7
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i’ 1000
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0 J '
0 2000 4000
10’
IDC |ps]
— - Inelastic back-scattering
10 . .
| - Elastic back-scattering
—>good agreement with a simple
l | | | ] ] | mOdeI
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TDC |ps] - JINST 4 (2009) P11017




MCP PMT with 2x2 channels: scan across the tube

. Number of detected signals vs. x
. Small variation over central part
. Long tails from backscattered photo-electrons Photonis XP85001

4 50 60 70 80
Y C—— x [mm]
2x12mm

= range of back-scattered photo-electrons
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MCP PMT with 8x8 channels: scan across

the tube

. Number of detected signals vs. x
. Small variation over central part
. Long tails from backscattered photo-electrons

counts
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8x8 MCP PMT: Timing uniformity

Scan across the window

TDC vs. x distribution for all channels
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8x8 MCP PMT: Timing uniformity for single pgds

2000

. TDC vs. x correlation of single pads 154
. uniform for central pads
. large variation for pads at the edge
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Hamamatsu SL10 MCP PMT

‘Pho’ron (Cross-section)

[ | Phofocafhode](NaKSbCs)
N

—_— —— —— —— 4|X 4 anodes

5.275 mm

. multi-anode PMT with two MCP steps
. 2mm photocathode-to-MCP distance
. 16 (4x4) anode pads

. 10 um pores




Hamamatsu SL10 MCP PMT, 4x4: position

XY maxch. 1

Shorter range of backscattered
photoelectrons (up to about 4
mm) due to a smaller (2mm)
photocathode-to-MCP distance

35 40 45 50 35 60

Peter Krizan, Ljubljana



Hamamatsu SL10 MCP PMT 4x4: timing

000 - ¥/ ndf 948.8 / 63
= 241 */ndf 948.8 /s 63
P2 19.48 e " 2sal
P3 24.99 e
2500 " 3110 s
P5 1239 92.79
Po 92.79
2000
1500
OOJ 0 00 1000 1500 IJ] | O
’Qm -5 5 5 2
TC max ch. 3
I Shorter constant tail (up to about
0.8 ns) due to a smaller (2mm)
0 | photocathode-to-MCP distance
-500 0 500 1000 1500 2000

TC max ch. 3
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Hamamatsu SL10 4x4: timing, scan across single pads

1500 1500
1000 1000
10°
500 500
8 10
0 0
500 1-500
40 50 60 40 50 60
TDC vs. X max ch. 1 TDC vs. X max ch. 2
1500 1500
1000 1000
10°-
500 500
= 0
0 0
500 1-500
40 50 60 40 50 60
TDC vs. X maxch. 3 TDC vs. X max ch. 4
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Smaller gap indeed helps!

Photek PMT225

e 25 mm diameter active area, 10 um pores,
coated using ALD technique

e Photocathode-to-MCP gap: 200 uym

1.E+04 - .
1.E+03 1 : z"‘-.\ — ) Model fit
‘, :..‘k:\.
g 1e2 oy % Expected elastic

/7 ) backscattering

1 5 range: 100ps
1.E+01 1 3 _ —
- | Secondary laser peak

0 200 400 600 800 1000 1200
Time [ps]

- L. Castillo Garcia et al NIMA 787 (2015) 197



Charge sharing

.
e\
AN U NN o\
| | | |
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Charge sharing

Scan with the laser Fraction of the signal detected
spot across the on channel 1 vs. x position of
entrance window light spot

Photonis XP85001

S
o
ADCI/AADCI+ADC2)

ADCI/ADCI+ADC2)
S

0.4

20 30 40 50 60 70 80
x [mm]

. Sizable charge sharing in
~2mm wide boundary area
.can be used to improve
position resolution

0.2
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Charge sharing

Photonis XP85001
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Backscattering, light reflection from the first

\ photon

dynode/MCP/Si sensor\

photon

photocathode
photo-electron photo-electron

metal dynode
structure

anode

Similar geometries in the
photo-electron step

- A lot of similarities
between prox. focusing
H(A)PD, MCP PMTs and MA-
PMTs

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

//////////

anode

photon

window \

photo-electron

photocathode

i sensor with 5
Si senso th pads Peter Krizan, Ljubljana



Hybrid (avalanche) photodetector — H(A)PD

photo;:athode APD ’

Cherenkov light reflected

Cherenkov Angle, accumulated |

from APD surface 35000

photoelectron

aerogel E e - = Cherenkov light

Photoelectron
backscattering

\_“‘T\-._LL ........

>
_-———y Cherenkov light
from window
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
20 mm In the first pass

. Anti-reflective coating?

PRSI N N O R e Brar
01 02 03 04 05 06

- s . -




MCP PMTs in magnetic field

Gain vs B field for different tilt angles

—-
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- A. Lehmann et al NIMA 639 (2011) 144



ADC Ch.5

MCP PMT: Gain in magnetic field

Gain as a function of magnetic field for different operation voltages
and as a function of applied voltage for different magnetic fields.

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



MCP PMT: improved performance in

magnetic field

Photonis XP85011 Number of detected hits on
individual channels as a
““ function of light spot position.
| ! b i B b il —
-Ia.'E-arn.-.IMﬂWﬁ I'#.'T'l i n"'H’l’h'ii B=0T,
_ - HV = 2400 V

xch. (adeade cur

B=1.5T,
HV = 2500 V

Pl {;[3 Backscattered photoelectrons
il G N ] I - get “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.
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MCP PMTs ageing

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

Cures:
o Better cleaning of the MCPs, better vacuum
o Al foil between PC and first MCP

o Al foil between two MPC stages \
o Atomic layer deposition (ALD)

_ . Photon
55, Quantum effciency of several MCP-PMTs (400nm)
\
20 . Photonis XP85112 (10 um) \ PMT window
N photocathode
15 ™\ Hamamatsu SL10 (10 pm) photo-electron
; -
e

10 \ o F;m”;; SOOOONANNNY - MCP

20 A Lehmametal 12 Praneengon | (LLLLLLLL ML/ /Y mce

Advanced Detectors, May 2012
O 500 1000 1500 2000 2500 3000 3500 4000 anode

mC
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MCP PMTs ageing, cure

ALD Coated MCP-PMT Spectral Response

Photek, ALD deposition

No drop in QE after 5 C/cm?

Photo current drop due to a reduced
gain (microchannel plate ageing)

1;&LD Coated MCP-PMT Gain Aging at Different MCP Voltages
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QE @ 400nm

Aging study by A. Lehmann et al (for the
Panda DIRC)

Lifetime of various MCP-PMTs (400nm)
PANDA-Barrel time [a]

0
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25 | il | I | I | S | l | | i I L I . (S | | G |
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. . K. Matsuoka, MCP PMTs
Result of The lifetime test Rlieuesp:

Result of typical sample of each type

68
o E Life-extended ALD
.qz) % 1 l!m _!:!!i fiu!ii 'I_‘I:-I B |! |‘|'| i-| ; !!‘IEL.:. I I'|i. ’li"i i —t .ﬁii' .I'i :.|!!: _|| (YHO205)
§ < ;-.ll o1, ) » I... Ii !L'E"ll
2 ALD ki
0'9; (KTOO74)
0.8t === |
Conventional [ i i
(XM0267) 0.7 :_i i i
1. a
0.6(71.0 156 | | 294
0 5 10 15 20 25 30
accumulated output charge (C/cm”)
o The QE depression curve is represented by SE(Q) =1-0.2(Q0/0,)*
inital

o Longer lifetfime with ALD and much longer with life-extended ALD
=with reduced residual gas



QE spectrum after the lifetfime test

K. Matsuoka, MCP PMTs
o Measured by Xe lamp + monochromartor for TOP, RICH2016

Conventional (xmo247) ALD (k10074) Life-extended ALD (yHo205)
m 30 m 30r m 30
O I e 0Ckm’ |O F o 0Ckm:|Q _F
25 0 12Ckm* | 23F Y H Clem, | 23
a 2 > 40 Clom? .
20 0, : 40Cam, | 20;
15 15 15
10- 10- 10-
5+ s St
0300 400 500 o0 U350 w0 500 'bqp U350 400 S0 60
wavelength (nm) wavelength (nm) wavelength (nm)

v Consistent with the in-situ QE measurement by the laser
at 400 nm.

v The QE drops more significantly at longer wavelengths
as the work function of the photocathode increases.



ALD for MCP PMTs: born at U Chicago.
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-

i : iy capillary ALD MCP (20cm). 2aces &
Pore dls.tortlons at multlflber . B b10.5F 2710 BT, 60% Sberare
S Tl Al 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




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 . e -
counting anode. Image striping is due to the
anode period/charge cloud size modulation.

- Extremely important development, looking forward to their next products




MCP PMTs with ALD MCPs: new properties

ALD has a higher secondary emission yield >

« Same gain at lower high voltage

 More backscattered - 1T0763_20140626 ché 3460 V
. r KT0162_20140612 ché 2550 V
photoelectrons — very slight 0.2k } e
degradation of the TTS [ A |
E Conventional
0-15:_ 1 (same gain of 2 x 109)
0.1
—— Photocathode
0.05[- Recoll
Boo 0 500 1000 150C

time (ps)

K. Matsuoka, MCP PMTs for
TOP, RICH2016

Peter Krizan, Ljubljana



Operation of MCP PMTs in a high
background level enviroment

How does additional light from background events that overlap
with the signal event affect the timing performance?

350 —
e KT0514 (<100 MQ) o) ,
. 4
300 # KT0543 (174 MQ) o #e
« KT0587 (440 MQ) o (
250 % ’t
a KT0589 (545 MQ) .
g 200 v
(%5 T
E 150
.,//
100
/” \A rough guide
50 'A__‘_ ____________________ "___'.______, '/
0
0.001 0.01 0.1 ] 10

Background rate (MHz/anode)

- No influence up to about 200 kHz per channel
K. Matsuoka, MCP PMTs
for TOP, RICH2016



Summary

MCP PMTs are playing a very important role in ultra-fast
(single) photon detection as new methods require very fast
timing in radiation harsh environments (and in magnetic
fields)

MCP PMTs were studied to understand their response and
behavior

New MCP based sensors are entering the game

A very active field!

Peter Krizan, Ljubljana



