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Barrel DIRC in PANDA

e Cherenkov based particle identification (11/K separation)

e See talk: “Status of the PANDA DIRC detectors” by

A. Lehmann on Thursday 18.09.2025

e Photosensors in magnetic fields of ~1T

- Microchannel Plate Photomultipliers (MCP-PMTs):

Amplification of photoelectron in microchannels
—> very fast and resistant to magnetic fields

MCP-PMT HV-divider
E PC J_
= RPC
MCP-In
= Rwmcp
MCP-Out _|
—_ RA
T — — T

Anode I
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PANDA Barrel DIRC

Quartz Bars

Lens System

Quartz Prism

HV CFRP Enclosures

Photon Detectors
and Electronics
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e 128 MCP-PMTs for Barrel DIRC needed + 10 extra

e In addition 27 subspec MCP-PMTs: some performance parameters below requirements

- 165 MCP-PMTs ordered from PHOTONIS

Series produced MCP-PMTs

« PHOTONIS XP85112-S-BA

» Active area: 2x2 inch? (81% form factor)

* Anode: 8x8 pixel

« Backplane: 2x Samtech QRM8 connectors
« MCP pores: 10um diameter

* ALD coated: 1x layer Al,O,, 1x layer MgO

Quality assurance measurements in Erlangen
e Performance parameters investigated for all tubes:

o Detective Quantum Efficiency DQE = QE - CE
(Quantum Efficiency - Collection Effiency)

o Gain and rate capability
o Uniformity of gain and QE across active area

e Internal parameters measured with TRB/DiRICH DAQ system:
Dark count rate, Afterpulse fraction, Time resolution

PHOTONIS MCP-PMT

Front view Back view

e Important requirements measured for some tubes:
e Immunity to magnetic fields ~1 Tesla

e Photo cathode lifetime >10 years operation
(5 C/cm? integrated anode charge (IAC))



FRIEDRICH-ALEXANDER
UNIVERSITAT _
ERLANGEN-NURNBERG

Pe rfo rmance Pa ramete rs Of MCP-P MTS NATURWISSENSCHAFTLICHE

FAKULTAT

Tl
0
]
1l
0
|
[

e 106 of 165 tubes received, status August 2025
e Requirements of PANDA Barrel DIRC in table
o Preferred specs defined in datasheet: ideal for PANDA Barrel DIRC - 10% of tubes in spec

o Softened specs to increase acceptance rate: still -> acceptance rate increased to ~60%

e Out of specs: not suitable for PANDA

Peak QE in : Rate capability
300-400nm  GEMMR = Gain MMR CE DO APratioc rel. gain @ DQE
whole area whole area Hz / cm? A
range 500kHz/cm
Datasheet > 18% <15 <3 > 95% <1000 <1% > 90% > 16%
specs
if DQE ok <3 <4 if DQE ok < 5000 <4% > 80% ~216%

Measurement settings

(unless stated otherwise)

« 10° gain

* 4:10:1 voltage divider

« single photon illumination rates
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Quantum efficiency (QE):
Probability of a photon producing a photoelectron

e Measured with 200V between PC and MCP, 20

no amplification E 7
15 8037

QE [%]

25

e Dependent on wavelength

1015

e Requirement: peak QE of >18%

( if CE=100%) ;
- <14 14 15 16 17 18 19 20 21 22 23 >24

between 300 — 400 nm R :
. . 300 400 500 600 700 max. QE in center
- 84% ( ) in requirements wavelength [nim]

(all measured tubes, not including broken tubes)

N
[9)]

e Maximum QE at ~390nm for all sensors
Collection efficiency (CE):

n
o

-
[9)]
T T T 71 T T T

number of tubes

Probability of a photoelectron entering a pore and producing a signal

e Requirement (indirectly): DQE >16%
- 80% of tubes CE >90%

e Not measurable for sensors with high fluctuations in leakage current

ey
o
T T T

o
T T T T

<65 65 70 75 80 85 90 95 >100
CE in % (4-10-1)
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Uniformity of quantum efficiency Panda =725 s,

QE UnlfOI'mItV 'g g g 8 Pixelcut-QE 9002228
E 20 w @
. . . . & o = 196 18,
Distribution of QE across the active area g 19 7R e e
6
18
e Measured at 372nm - 5
4
e Quantification: Max/min ratio: :: ;
o Division of scan into 8x8 pixel grid with mean 14 ?
1
QE of each pixel " e
 Division of maximum value by all other values . 2——— ‘ max. OF ratle
5 — @ 30°
i c _ | —9002221 g7 s
sorted from lowest to highest £ 16 oo , ! l} N
. . g - |—9002223 | 5
° Requ|rement: max/min <1.5 (<3) = 16 —ggggig ____________________________________________________ . a g2 o
I | g2 -
-2 81% (98%) in requirement I o / N
- | 9002228 10 -]
1.2; — 9002229 E |
- L 57_ ...............
e Problem with some tubes: 10_ e 20 @ 40 s 070 s e oo G:<1 T111213141516171818 2
. active area [%)] max. QE ratio
Vacuum micro leaks:

22. Oct. 2024 14. Jan. 2025 Difference

Gas dissipates into tube and damages the
photocathode
- QE loss over time (without illumination)
- Not usable

6 RICH2025, September 2025 — Katja Gumbert




FRIEDRICH-ALEXANDER
UNIVERSITAT _
ERLANGEN-NURNBERG

Tl
0
]
1l
0
|
[

Gain behavior

NATURWISSENSCHAFTLICHE
FAKULTAT

s . 037P541 (3x100 anode pixel
Amplification of photoelectron e Problem: Escalation < (3100 anode pixels)
©
L] . L] . . o
e Determined from charge spectrum o Self-sustaining mode of photon emission 107~ 50— b $=y
e Requirement: Save operation at 10° gain in from MCP at massive rate T ~ e
PANDA e Locally and globally observed oo o 15 —
e Magnetic field: gain loss of ~3 at 1 Tesla « Typically happens at high gains or high T — e
, : illumination r ®
- 90% maximum gain of > 3 - 10° umination rates ¥
° Improves in magnetic fields " #2100V 2150V onov\\
) 9002268 _ | #2250V #2300V = 2350V
E ain - 185348406 € e Observed with all 2-layer ALD MCP-PMTs |4 2400v e2450v «2500v
10 (p-e.)(fit) < 0.59938 S | @iy 5 * 2550V
“j'\ 10 II\Ii\II\iI\Hi\\\li\ll\il\\\i\\\\i\l\l
0 01020304 0506 07 08
107 10°% E\N B-field [T]
U | R o\ ] —
107 P( ) ; N\k § 16: i']oa; \wh,ww } i
i : T = ‘.\ =) E % E LA A A, U
‘ - | AN o 14 E 105 9002237
e Hi \\\ \\ 812: 3 S
0 10 20 30 40 50 60 TOQBO 90 \_I E - —
Charge * 50Q [pVs] 105 - __‘\ S 107 104 -
Charge spectrum of 9002249 at - -® 2550V_0deg \ \ co 2 /
2270V with 4:10:1 HV divider | -5 2550V_10deg . A 8 10°L "
[ 2550V_17deg 2t \i C =
Fit function from: H N N\ 6 x Mfuy
E.H. Bellamy et. al., 0" 2450V_Odeg \‘ 4: 10%E
Absolute calibration and monitoring [| 75— 2450V_10deg e C - M
of a spectrometric channel using a 2450V_17deg oF
photomultiplier, T T T T T T T 1T 11 [ Lo E » 06 10 =
https://doi.org/10.1016/0168- 0 0.5 1 1.5 2 0 C . . . L L
0002(94)90183-X B-Field [T] <t 12 3 4 5 6 7 8 9>10 0 5000 10000 15000 20000

maximum gain reached in gaincurve time [s]
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max. Gain ratio

Distribution of gain across active area

e Quantification: Max/min ratio:

o Division of scan into 8x8 pixel grid with mean gain of each pixel

e Division of maximum value by all other values sorted from lowest to highest

number of tubes

e Requirement: max/min <3 (<4) for whole of active area
- 60% (55%) in requirements

e Sensors with high fluctuating dark currents - noisy scans

<1 115 2 25 3 35 4 45 5 55 >6
max. Gain ratio

Gain-Scan 9002229 x10° ] Gain-Scan 9002240 x10° o 5 Max/Min ratio gain
E £ E r 5 = - |—9002220
= ;1 9 = sof ©  C 45/ —9002221
g g = - |—9002222 /
> > F 3“5 _ooo2e2s
40 = - /
3.5 -|—9002224
- 9002225 f
%0 3 9002226 _
- 250 |—9002227 %
20¢ - | 9002228 __F A/AJ
i 25 | 9002229 T
- |l - 7
10: 15: ﬁ’!—/
0 1= Pt L e b b e b b b el e
0 10 20 30 40 5 60 70 8 90 100
X-pos [mm] X-pos [mm] active area [%]
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TRB/DIRICH DAQ T Dark count rate:
® GSI designed .

Main laser and

«— recoil signals

e Rate of hits before the laser trigger

10%E
e FPGA based ; e Requirement: <1kHz/cm? ( )
® Multihit capable Lol . > 54% (39%) in requirement
E : : : Darkcount and
) . L Darkcount signals afterpulse signals
Information obtained for every channel | | < ——= h- — e Sometimes hot pixel at the rims (e.g. 9002268)

® Time over threshold
® Hittime
® Number of hits

_.
o
[
[

Some tubes with very high DCR (>10kHz/cm?)
e 9002237: Count rates >1MHz/pix at bottom rim

1000800 600 400 200 0200 400 600, 800 1000 - enters local escalation in this region
) dark count pixel-map 9002268 dark count pixel-map 9002237
o) 4 4
o _ o E 10y o c 107
S X 81180402 2.6e+02 2.90+02 1.5e+02 85 1.7e+02 90 4.4e+02 L X §[+6e+034.9e+02 3e+02 250402250402 2e+02 2.8e+02 7.6e+02 I
- 25 Q F o & F o
(@] > C o -— > C a -—
= - 7 ¥3e:02 39 35 34 32 40 67 3.60+02) | © 7 1632402 2.32402 20402 1.76+02 1.9¢+02 2.6e+02 3.3e+02 1.5e+03| | ©
220 g =10°g - =10°¢
% Ba5es02 45 36 43 43 46 78  3.4e+02| J S 6 5:62+02 1.92£02 2.3¢+02 3.3e+02 4.7¢+02 4.1e+02 4.8e+02 3.68403| S
c 15.'... ...................... - . € - . IS
- Blse:02 72 43 40 48 55 93 22e+02| | 8 58402 3.40+02 3.7e+02 4.48+02 7.26+02 9.6e+02 1.1e+03 o 8
£ Q B Q
c =107 % 5 =102
10 4 3e:02 80 55 72 69 75 1.1e+02 5.7e+02 ] g 4 [1:4+03 4.6e+02 6.6e+02 1.5e+03 ] g
5 . ‘ 3 %:891-02 88 1e+02 1.2e+02 1.3e+02 1.5e+02 2e+02 7e+02 N 3 %3e+03 6.7e+02 1.7e+03 N
_ ’—| 3 2 [2-4e+02 1.4e+02 2.3e+02 4e+02 4.2e+02 3.9e+02 4.4e402 1.4e+03 2 [8:9e+03|1.2e+03
C X1 0 C C
<000511.5225335445555>6 1/4:8e402 12403 1.2e+03 2.9e403 2.8e+08 2.1e+03 3.3e403 1
-8e+ -+ 2e4+! .Oe+ 8e+ 1e+ .3+
mean dark Count rate [HZ/CmA2] :f 1 ‘ | I | 1111 | I | ‘ | | 1111 | | | ‘ 11 1 1
1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8

x-pixel x-pixel
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PC
Afterpulses (AP): . T 8 .
lon that travels back to photocathode and creates a signal ) g:
- damages the photocathode (limits lifetime) ézo
and leads to fake hits Ion |AP e~ -

Afterpulse ratio: . :: |
Ratio of number of events with one or more hits in time R ; lﬂ—h B
range 3-300ns after laser peak to total number of events r ) |

I | - | <0 005 1152253354455 55>6

e Requirement: <1% ( ) events with afterpulses event-based afterpulse ratio per pixel [%]

- 61% ( ) in requirement ) time spectrum 9002232 i time spectrum 9002221

2 féﬂo:

e Different afterpulse spectra observed: o' « Laser peak 8 | «= Lager peak

o Low AP ratio: only few peaks 5 o Mg+H

o Cascades of AP: AP ions create afterpulses 0 10°) H

; H g / 2nd order Mg+H
e Type and origin of most prominent peaks: 105 ,/ ,!\./!g 104: ./ 31 order MglH
(Best agreement with simulation) ¢ | \J\ j
e Hydrogen from between the two MCPs 10° i Jhk_ 10°F \,J,J“U\. "W ““wr\xw

e Magnesium from the back of the second MCP 050700 150 200 250 300 350 400 450 500 0 50" 100 750 200 250 300 350 400 450 500
lead time [ns] lead time [ns]
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Transit time spread (TTS): width of main laser peak

Root Mean Square (RMS): in time window -0.5ns to 2ns around laser peak

Measurement with the scope:

e |llumination of small spot (~1Tmm)

e Change of voltage divider from 1:10:1 to 4:10:1
-> Increase of the voltage between PC and MCP
- Recoil peak shifted closer to main laser peak
- Improved RMS (TTS hardly affected)

9002230
C ; ¥2/ndf  1.634e+04/216
1101 p0 5653 + 15.6

r ' ’ Mean  0.02349 + 0.00020
6000 3 Sigma  0.05188 + 0.00013

r 0N p3 1612£55

i laser peak | ps 0.2708 + 0.0007
4000 pS 0.1408 + 0.0004

I . recoil signals
2000 \ f RMS =247 ps

i c=52ps

o= 0 ‘ 1 2
Delay [ns]

counts

10000

5000

Measurement with the TRB system:

¥2 / ndf 5815 /200
4101 po 9244 +39.8
. . Mean -0.003541 % 0.000229
Sigma 0.04231+ 0.00012
p3 2569 + 38.4
p4 0.07507 + 0.00075
p5 0.065 + 0.000
BMS =71.1 ps
c=42ps
1 2
Delay [ns]

e Time resolution of whole pixel + DAQ system
- worse than measurement with scope

e Requirement: <100ps TTS, <200ps RMS (TRB)

- 95% in requirements

RMS

e Time resolution typically worse at the rims
TTS
2] B 1]
8 L 8 30~
230p 2 B
o - Qo :
S 20 € 20f
e : c -
15 15
10, 19
57 5
C; C —
<76 76 80 84 88 92 96 100 >104

mean TTS per pixel measured with TRB [ps]

<120120 130 140 150 160 170 180 190 200>210
mean RMS per pixel measured with TRB [ps]
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Gain drop at high illumination rates

=
g,

Measured in two modes: P

e Global mode: 0.8

e lllumination of whole active area 2;

e measurement of current at anode 0.5F

e Requirement: >90% (

photoelectron rate of 500 kHz/cm?
) in requirement

-2 67% (
e Local mode:
e lllumination of one pixel

o Measurement of charge spectra
e Typically similar or worse than global mode o3}

e Differences in both modes not understood,
potentially due to inhomegeneities in ALD layer

thickness

9002305

c 1.1

) relative gain at %4F

L

p.e./cm? s (at gain = 10°)
10° 10° 10’

10° 10*
:'"I LR LL | L

| @ global mode

& local mode

0.3
0.2: 1 I\IIIH‘ 1 | | I 1 | 1 |
10° 10* 10° 10°
current/area [pA/cm?]
9002236 p.e./cm? s (at gain = 10°)
10° 10° 10° 10° 10’
o 1-11"I R | L | L | A | !
T F
@ 1B
o F
= 0.9 .‘: \\.
0.7}
0.6
0.5 |-# global mode
0.4
c |-
030 local mode i
0.2: 1 I\IIIH‘ 1 | | I 1 | 1 |
10° 10* 10° 10°

current/area [pA/cm?]

76 70 75 80 85 90 95 >100
rel. gain at 5e5 npe/s/cm”2 (global mode) [%)]

N

o

D

N

number of tubes
—_ A c—s [\S I\ ]

N

—_
o

o N b O

<70 70 75 80 85 90 95 >100
rel. gain at 5e5 npe/s/cm”2 (local mode) [%]
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Update (status July 2025):

13

9001393 still without QE loss at ~45 C/cm?
Requirement: >5 C/cm? without QE loss

9002192 and 9002193 at >10 C/cm?
(same type as series production)

Series production tubes 9002233 at 4.4 C/cm?
and 9002227 at 1.4 C/cm? without QE loss

PANDA-Barrel time [a]
70 80 90

y in mm

30 40 50 60

o
TTTTTTTT]

Observations:

e 9002252: entered escalation mode for a few weeks

- significant QE loss

-> Not operable at 10° gain anymore
=300 mC/cm”2

0 mG/cm*2

o
12§ x10% ..

0 0.5 1 1.5 2 2.5 3 35 4 45 5 55 6 6.5
integrated anode charge (IAC) [mC/cm?]

1 1 | | ‘ | 1 1 1 ‘ | | | 1 ‘ 1 | | | ‘ 1 | 1 | ‘ 1 | 1 1 ‘ | | | 1 | 1 1 1 1 X1 03

OO

) 10 15 20 25 30 35 40 45
integrated anode charge (IAC) [mC/cm?]

Ham. R13266-07-M768 JS0027 ——=—— Phot. XP85112/A1-URD 9001393
Phot. XP85112/S-BA 9002192 ——— Phot. XP85112/S-BA 9002193

Phot. XP85112/S-BA 9002227 ——=—— Phot. XP85112/S-BA 9002233

Phot. XP85112/S-BA 9002252 ——=—— Phot. XP85132-Q-MD3-HC 943P541

RICH, September 2025 — Katja Gumbert
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X in mm

-20 -10

0

10 20
X in mm

Difference

-20 -10

0 10 20

e 9002233: AP probability of Mg ions increased in the
first few months (from 0.1% to 2.3%), now stable

Afterpulse fraction (%)

0
lead time [ns]

QEin %
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106 of 165 tubes received, status August 2025
In spec: 10 } 63 accepted

Subspec: 25

Broken: 15

Not categorized yet: 3

- Acceptance rate of ~60%

Main problems during measurements
* High dark current

—> noisy gain scan
* High leakage current

- noisy measurement of QE

- CE measurement not possible
« Escalation

—> tube not usable in this mode

Main reasons for rejection
e Subspec:
Gain max/min >4 (8 tubes)
DCR >5kHz/cm? (7 tubes)
Afterpulse ratio >4% (5 tubes)
Or multiple out-of-spec parameters
e Broken:
« Electrically shorted (5 tubes)
. Escalation at low gains (4 tubes)
« Vacuum micro leaks (4 tubes)
« Instable MCP resistance (2 tubes)
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e First delivery: May 2022

e First delays due to escalation:
Good communication with by PHOTONIS—> escalation mode shifted to higher gains

e Delivery rate ~4 tubes/month since January 2024 (expected rate 8-10 tubes/month)
e Acceptance rate ~60%

e QA in Erlangen limited to end of 2025

—> Series production ended in August 2025

e PHOTONIS stopped producing this kind of MCP-PMTs - new manufacturer must be found for PANDA

m H H H H H
0 . : : : : : :
E 10G _.- ......................................... -..- ......................................... -. ........................................ ..- ............................... e P e
ks — : : : : :
& — | | | | | é
0 O SO t S USSP
E BU | H H H H H
= E | w -
60 f— d elweryratE=39tubesﬁmunth _____________________________________ RS S — ~ 5,;9 _______________________
— accepted rate = 2.4 tubes/month : ] )—5 - o
40 ___ ......................................... __ ..................................................................................... '_'_ﬁ ""_ ......................................................................
20 [T i QT i (S VRN S
— = N N R N N S
02.07.2022  31.122022  02.07.2023  01.01.2024  01.07.2024  31.12.2024  01.07.2025

date of delivery
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Probability of escalation:

Rate capability:

e Dependency on MCP resistance e Operation voltage

e Behavior at different gains e Dark count rate and afterpulse probability

e Behavior in magnetic fields e MCP resistance

Fluctuating parameters:

Time resolution:

e Behavior at different rates e Gain

e Leakage and dark currents
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Dependency on MCP resistance:

Plot: relative gain at illumination rate of 1MHz/cm? vs.
MCP resistance of all measured tubes

Small improvement of rate capability at low resistances

rel. gain at 1e6 npe/s/cm”2 (local mode)

1.1

0.9
0.8
0.7
0.6
0.5

SRR

Tret

1
1)

|
all b,

MCP resistance in MOhm

Behavior in magnetic fields:

e Focused illumination (spot size ~1mm):

significantly worse rate capability already at small

magnetic fields (50mT)

e Unfocused illumination:

No effect on rate capability

Rate capability at different gains:

9002299

e Some sensors: significantly worse rate capability at higher gains
e Other sensors: no effect
e Not correlated to MCP resistance

e Potentially caused by inhomogeneities of ALD layer thickness

9002257 9002262
p.e./ cm? s (at gain = 10% p.e./ cm? s (at gain = 10%)
10° 10 10° 10° 107 %10° 10° 10* 10° 10° 107 %10°
= T T T T T = T e} =TT T T 5 c
= . . 6 = g 93
o o 1t o
[0 [} E
> = F
£ 5 % 09
© © oF
4 0.8E
0.7F
3 B
0.6}
2 osf
1 0.4; X
10° 10* 10° 10° 107 10° 10* 10° 10° 107
current/area [pA/cm’] current/area [pAfcm’]
npe / cm’ s (at 10° gain) npe / cm® s (at 10° gain)
10° 10° 10° 10 10° 10* 10° 10° 10°
c 1-15"'I T T R | T T T c 1-1;'"I | T k| hE | R | T
E S 5 1 8 :
2 0.9¢ RS 2 0.9f
0.8: 0.8 - e
07~ Focusec &\ . Diffuse illumination
0.6illuminati N\ 0.6f
05E Y 05; omT = 25mT
04f|comT  s0mT \ 04b +50mT =+ 100mT
0.3+ 100mT  ~=-200mT \3\¢ 1 0.3 |=200mT = 500mT
0.2F=500mT  -=1000mT 0.2F | *1000mT ®0mT-ER
0.-1: i Pl i 0-1: I B SRR 1Tl IR L L L
104 10° 10° 102 10° 10* 10° 10° 107

current/area [pA/cm®] current/area [pA/cm’]
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Time resolution at different illumiation rates:

e Measured with 1:10:1 voltage divider

Observations:

e Constant time resolution up to high rates (> 10° =)
cm

e At very low relative gains: smaller signal height - worse signal-to-noise ratio - worse time resolution

1-10° gain

p-e. / em? s(algaln—w}

relative value

9002302

0.5 1 IIIIIIIi 1 IIIIIIIi 1 IIIIIIIi 1 11

10* ° 10°
current/area [pAlcm’]

relative value

1.2

0.6

0.4

0.2

5-10°% gain
p.e. fcm s(algaln—w}

10° 10* 10° 10° 10 10
™ ; T T
—e- gain
o TTS

AMS i | |

10° 10° 10° f

1 ﬂ? k]
current/area [pAfc:mLP
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Spikes in gain: . av Nov. 2023 Gan (i
p gain: § 2200 i T1=400.32's
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Delivery: Lifetime:

e 106 tubes since May 2022 e Best performing tube at 45 C/cm?

e Delivery rate: 4 tubes/month e Tendering tubes from PHOTONIS at >10 C/cm?

e Series production ended now e Series production tube at 4.4 C/cm? without QE loss

—> will probably reach requirement

Performance:
e 63/103 tubes usable for PANDA Further investigations:
- Acceptance of ~60% e Rate capability
e Enough tubes for prototype sector of o Better rate capability at small MCP resistances
PANDA Barrel DIRC o Dependency on applied gain for some sensors
e Main reason for rejection: e Time resolution at high illumination rates unchanged
e Low gain uniformity e Onset of escalation
e High dark count rates o Later for lower DCR, AP ratio, operation voltage
o High afterpulse ratio e Not dependent on MCP resistance
e Escalation e Fluctuations of gain, dark current and leakage current

- influence measurements
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