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for RICH applications
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Outline

* Motivation

* Tests of the LAPDDs

* Timing distributions

* Charge distributions

e Charge sharing

* Test with multichannel ASICs: FastIC, PETSys
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R&D started in 2009 led by a collaboration of universities
In 2014 Incom Inc. founded to commercialize the device.
Main characteristics:

 chevron pair of ALD-GCA-MCPs

* large area 203 mm x 203 mm

* ~195 mm x 195 mm active area

« > 90 % active fraction (spacers)

* lower cost per area (50 k$ » ~20 k$ for large orders?)

ALD Secondary
emission layer

Consists of several layers separated by spacers (C):
» fused silica glass window with Multi-Alkali (K2NaSb)
photocathode (A)
» two MCP layers in chevron configuration (B)
 back plate with anode (D):
« Gen-l: direct coupled - segmented into 5.2 mm
strips with 1.7 mm gap (50 Ohm impedance)
« Gen-ll: resistive anode plain with capacitive
coupled readout electrode - custom

SINCOM

[NIM-A936(2019)148 |
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D o
D Aerogel RICH @ Belle Il R—

Belle I

Qdouble layer focusing aerogel radiator "

( 20+20 mm) 1

160 mm expansion gap

Uphoton detector : 420 HAPDs -
Hybrid Avalanche Photo Detectors

v

ny<n, J Belle Il ~2033

ARICH K efficiency vs.
misidentification probability

Possible LAPPD tiling scheme

20x20cm? I
10x10cm?

Proposal: increase the luminosity 5x

I //""— QHigher backgrounds
o / B LQHAPD — accumulated dose too high -
% os) i (ARICH ) will not be able to operate
2 o / QSearch for new technologies:
— ot Candidates: SiPM, MCP-PMT

0% 005 01 015 02 025 03 035 04 ?
7 mis-ID Rate S H
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Standard RICH design * Keep peak Occupancies Requirements
e Gasradiator — (time and space) < 30% * Alot of pixels ->Photodetectors and
* Focusing optics * Improve Single Photon Ch. Angle assoc. electronics
* Single photon detectors resolution < 0.5 mrad * Pixel size ¥ 1mm?
- 03 * 40 MHz interaction rate
800~ .
Magnetic E * An excellent lens -> Optical and gas systems
Shield Photon > 8o s [ i
Detectors : * A fast and precise shutter -> Gating and
400— . .
- i . time resolution ~ 150ps
250 e 2005_ * High PDE in green to reduce dispersion
" Spherical o —o.15
Mirror C
= -2001~ vt Photon # T
- = . Beam pipe C —0.1
o< HE— = 400 !
d i @
VELO exit window > Track _6002_ i
-800 \ N
Colovn b b by P P Poww Ba i 1 X' Tlme'
-800 -600 -400 -200 0 200 400 600 800 .
o X [mm] Separate space overlapping events
Sl Replace currently E— FR—
installed MAPMTs with S'TDSI\e/ImT: U?SI@HGRO ehslgnF. aPa—
SiPMs with good timing IFVE Fas ¢ |p.( astiCramily)
. _ _ : Can LAPPDs serve as a suitable
resolution
0 100 200 z (cm)

candidate?
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Belle Il ARICH R&D: Photonis MCP-PMT

Model 85015/A1:
. two MCP steps - chevron configuration

. 8x8 anode pads @6.5 mm pitch, gap ~ 0.5mm

. bialkali photocathode

. gain ~ 0.6 x 108 (@2400V)

. 10um pores — operatesupto 1.5 T

. Size ~ 59mm

. effective area fraction ~ 80%

. excellent timing < 40ps - single photon
. window thickness 1.5mm

START Cherenkov photons
- from aerogel
T STOP
track

Cherenkov photons
from PMT window

aerogel INIM A572 (2007) 432] MCP-PMT

Rok Pestotnik

8 i X2/ ndf 60.75 / 20
S n Constant 525.7
< 500 — Mean -0.2194
B 1.997
400 |
el c ~ 50ps
200 |
100
0 ] | I l Ll 1 IJ l Ll w
-100 -50 0 50 100
time [1bin=25ps]
Sk x*/ndf 39.19 / 12
S Constant 791.9
S s00 | Me. 0.1741
: Sigina 1.408
700 =
600
500
o ~ 35ps
400 |
300 —
200 -
100 E f \}\
0- | IR el oo 1
-30 -20 -10 0 10 20 30

time [ 1bin=25ps]

MCP-PMT

multi-anode PMTs

100 -75 -0 25 0 25 50 75 100
ring on PMT plane

Beam test result of 25um sample:

. 64~13 mrad (single cluster)

. number of clusters per track N ~ 4.5
. oy~ 6 mrad (per track)

.— ~ 4 o ©/K separation at 4 GeV/c

NIM A567 (2006) 124]
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Single timing channel per module

H
i V[m cathode bias A l |

: . e . ,_iln %ﬂ]ﬂk MCP-in bias M
. electronics for Belle [l ARICH + TOF could be simplified if a I Tm WIIIIRIREIIIRIRERRIRERIRIIRINIIA
common electrode signal could be used for timing and | T Ml—.“““““““““““““““‘
In

: . i ' l
signals from anode pads for position VT —
. MCP-out signal was tested for common timing = e ___l_-.l__-l._-.l_-----.I_-I--..--

anode signals

- ------‘

-

b MCP-out

. > 100 —
.~ MCP-out timing resolution vs. average .
oo LIRS A A .
ST
A RN MCP-out timing resolution uniformity
AR R ~ 10 photons
1 10 102 0
i 2 3 4 5 6 7

Photons/pulse 0 0
IEEE NSS(2009) N25-136 Ch.X
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2 tested Samples =INCOoM oo

_Hlll\l\lll\lll\IIHHII‘I\III\\Illll\lll\l\llHIHIII‘HIIHIH_

Gen Il LAPPD #109 and #162 * *

Characteristics (Incom):
e Size 230 mMm x 220 mm x 22 mm

« fused silica glass window (5 mm), multi-alkali ph.cat. (Na,KSb)
peak QE (@365 nm)

e #109 := 27%
e #162: ~ 33% -

2 MCPs: 13° bias angle

Lol
T TT T

¢
| N I B I |

Gain LAPPD 162 06-19-2023
_O;
T T T 11
384838

Lol
| || |||
| | | III

—&—& LAPPD 162 Gan v, Rale (PC 1CO Y, MCP 875 V pur MCP)

S EATARRTRRITT, [ERTERTIAT, [ [KRIRTINT, [ETSTInT, FRRRTINT, 5 o ol ol [EEER ool

« #109: 20 um pores at 25 um pitch (>65% OAR) DAL L L (IO N 10000
* #162: 10 um pores at 13 um pitch (>72% OAR),
* back plate with interior resistive ground plane anode — A U LR L L B T
« #109 borosilicate — 5 mm thick - g ] i
« #162: ceramic - 2 mm thick . ,
 capacitively coupled readout electrode 80 :, 8 3 E
 two parallel spacers (active fraction = 97 %) 2 "//:/ § [ T T L]
* gain E ot oo B ]
. #109: = 5 - 106 @ ROP (825 V/MCP, 100 V/ ph.cathode) §E ear Al ~
.« #162: ~ 4 - 10 @ ROP (875 V/MCP, 50 V/ ph.cathode) - T E ;
« Dark Count rate at a threshold of 8x10° gain o [ e LAPPD100 Cain. A 0V, M 028V e ki i
* #109: @ ROP: ~ 500 kHz/cm2 e e Ll v il
« #162: @ ROP: ~ 400 Hz/cm2 a " Lo Tooger Rt e

* 5 HV levels: PC, MCP1in, MCP1out, MCP2in, MCP2out and
resistive anode at ground potential
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Experimental setup

e Standard setup with QDC, TDC, 3D stage ...
e TDC value corrected for time-walk

 ALPHALAS PICOPOWER™-LD Series of Picosecond
Diode Lasers —405 nm

* FWHM = 20 ps

* light spot diameter on the order of 100 um

* = single photon light intensity
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INCOM
LAPPD - Incom sensing electrode

r"
. - -
&
Config. H H .pitnod SM -
i3 Y e B Yy & —
_____ . . ~ o 0 -
PR X SEC - 932 O— X A9 — -
o' Y Y -
A EN
10 ns —
ﬁ A TELEDYNE LECROY
Everywhereyoulook™
A
| NG
B B
D D
\
: . )
! g = .l
log S oile
Measure P1:time@Iv(C1) P2:time@Iv(C1) P3:max(C2) P4:time@Iv(C2) P5:--- P6:- - - P7:--- P8:- - - ]
value 23 mV JR
& v & h
Tbase  -20.0 ns||Trigger (15) 1418 R =
12 Bits 5.00 ns/div| Norm. -780 mV X i O
500 S 10 GS/s|Edge Positive ’)
X1= 500ns AX= 4995ns o
X2= 44.95ns 1/AX= 20.02 MHz ¥ )\\/
Rok Pestotnik
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120

120

3000

h 2500

! 2000

LAPPD - time-walk correction

100

100

80

80

 TDC corrected for time-walk ‘:
e timing resolution (prompt peak) o = 40 ps

412 _ 80
after correction g
) Je O 40 1500
| V/ndf  3340. / 45 =
i P 0.2812E+05 |
30000 P2 —2.938 ik 20 1000
- P3 44.88
i P4 4267. 1. o
- P5 128.5 00
25000 = PG —98.95 )
i ok -20
B \ll\ ‘ I\ll\\I‘\Il\ll\\Il\ll\‘l\\ll\ll\‘l\ 14 O
B 100 200 300 400 500 600 700
20000 [
- § § 8 8 8 R~ ow@
- TDC vs. ADC ch. 1
15000 - poso E
B 20Q0C E—
i 1750
10000 | 1500 [
: 1250 —
B 10aC ;—
5000 | S =
» 590 ;—
: t [p§] 2e0 |
- J O - 1 1 1
O 1 1 1 I 1 1 1 1 ! Il I - ] 1 1 L 1 I 1 1 L L QOD 400 SDO
21000 0 1000 2000 3000 4000 5000

ADC max ch.
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o . . . 10°F X’/ ndf 1996. / 30
LAPPD - timing distribution . 0.3853E+03
P3 40.85
* measured timing distribution typical for MCP- ‘ P4 0.1239E+05
PMT 10°g P5 89.81
: : : : 84.93
* main prompt peak with some inelastic and
elastic backscattering contribution
10°
-
e additional small peak at about 1 nsdelay —  }
probably due to some reflection (light?),
delay not affected by PC-MCP1 voltage el

* plot is for the PC-MCP1 voltage of 150 V and
ROP for others
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L APPD 10°F X/ ndf 1996. / 30 fl/ndf 0.36731:2‘;3(5)2 ;Z f]/ndf 0.2483[:2‘;322 ;g

— ; Pl 0.5885E+05 2840E+ | 2504E+

P2 -1071 P2 6.939 s P2 7.642

P3 40.85 107 P3 45.36 10°F P3 50.11

° ° il P4 0.1239E+05 P4 0.4327E+05 P: 035797;102

g PS 89.81 5 124.9 P :

tl m I ng g 84.93 iy £6 1004 109 P6 100.7
« corrected TDCs “F 5

10°E 10°F
for several PC- ~
MCP1 voltages "} il
. . 10
* time resolution vs 0
PC-MCP1 voltage _ _
8¢ | HVpc-picp1 = 150 , HVpc_mcp1 = 100V HVpc-mcp1 =70V
000 0 dm 200 o0 4000 5000 o . e

-1000 0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000

t [ps] t [ps] t [ps]
7y X/ ndf 7282. / 60 - X/ ndf 8618 / 75
Q. Pl 0.4344E+05 I Pl 0.3114E+05
— s E P2 5472 - P2 -6.568
hd i P3 58.07 4 P3 76.89
o d 104}
107 P4 4341, g P4 2518,
o [ Ps 152.8 Ps 181.0
o r P6 1201 P6 1424
o | o (HVA-mcp1)
6o |-
102k 10°F
ss |
20 :_ 0k 10
45 | I
. , HVpc-mcp1 =50V ey HVpc-mcpy =30V
— ) ) o ) ) ) ) A R IR R R R L P I E R NS SN S SAT A SR
%o = = o0 50 5 -1000 0 1000 2000 3000 4000 5000 -1000 1000 2000 3000 4000 5000

Rok Pestotnik

HVpc-mcp1 [V]

t [ps]
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. ° . w - Z/ndf 660.1 / 63
LAPPD #162 timing and signal charge 5 o0 | g’
876543210 i E§ 0'297052
_ - A OO0O0O00000 5000 - P4 948.1
* oscilloscope screenshot with laser spot at the center of D2 pad s OCOMEOECO - P5 50.90
. . c OdOOOO0000 B P6 62.81
* TDC(yellow) and pulse integral(blue) histograms o DOEEEEXNO |
» TDC main peak FWHM is 67 ps corresponding to sigma below 30 ps. & BEE%EE : o ~ 27 ps
* Average pulse integral is 25 pVs -> ~ 3e6 electrons ¢ JOMOOMEO 00 [
5e P & P + 00000000 :
[ File § Vertical =+ Timebase [ Trigger = Display & Cursors [] Measure g Math |»* Analysis X Utilites @ Support :
2000
1000 |
O:Illlllllll llllll.)..LJl_lllllllllll
0 200 400 600 800 1000 1200 1400 1600
TDC [psl
* applied voltages and currents
* Anode-MCP2out, ..., MCP1in-PC
(units V,uA)
Vset
200.00 200.18 0.3500 5.00
825.00 825.62 176.7500 200.00
200.00 200.22 0.0690 5.00
\Ill:s:ure P1'd1@|v(C3,C_1:) P2,fwhr2§Fp15) P3'area(02 P4'hmezz:15np(\l;?g P5:--- P6:--- P7--- P8--- P9:--- P10:--- P11:--- P12:--- szs.w 825.52 1542340 200.00
e e el ey A P [T s L

TELEDYNE LECROY l 10/10/2023 10:53:31 AM
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IVI C P' P M T: c h a rge S h a ri n g & 33- Institut ”Jozef Stefan”, Ljubljana, Slovenija
Y

Secondary electrons spread when traveling from MCP out electrode
to anode and can hit more than one anode — Charge sharing €
Can be used to improve spatial resolution. '

Fraction of the charge detected by left pad as a m
function of light spot position (red laser) ! ! | |
';-\-:‘-.
e
[ 2 60 [ K/ nf FEVERINTT N C W /ndf 2251 7 157
2 B - Canstant 45816 § 1650 Corriant 1325
o S - Mezn s200| - Mean 5200
- so F St 0.0163 o | Iy | Sigma 6 3203
= - E 26 - |
o ra il o
S E 100 f
i 30 - RED 80 f 1 ‘ BLUE
— ol LASER w [ | \jl LASER
e é a0 !‘ b
10 :— k 20 E )‘ Fu
- o U] 1
0 "‘»l-lﬁtr‘—lmlm“nﬂ | ‘.I‘L"nnl'\ = oMo 08 aon Q@ WH | | 1 immwﬂ
50 52 54 S¢ 52 54
x[rrni] x[mm]

Slices at equal charge sharing for red and blue laser) —
pad boundary. Resolution limited by photoelectron energy.
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LAPPD - charge sharing

x10 2
* fraction of the signal on channel 3 vs laser spot x position: o
qs 3000
X) =
f) =52 i
* scan between the centres of pads 2 and 3 (top) 2000
Entry of Entry Photocathode  Entry of Exit 1500
87 654 321
1000
PO o [ o [ [ | .
s DEEOCEE0 |
¢ BEEEEEEE 70 " | — —
p OOGIREMEOO mm mm
E DE]DD DDDD <102 ADCI/(1+42) vs. X ADCI/N1+2)vs. X
F 1400 [— f//nd I' jﬁ;w;w tl};j 5 i fl/ ! '3:;\01 +¢[li
¢ JOEOO@E0 Wk 1 “F s
v DO0OS0000 : s R : s &
lwo __ P6 1.588 10‘%_ Pro 1.588
Exit of Entry Exit of Exit B s
800 — 103;
* central slice where signal is equally split between the pads _, |
(bottom) i il
0 I
* narrow peak is due to the light spot size and - -
200 — 15
photoelectron spread : LA 10 | |
* longer tail from photoelectron backscattering - 6 mm ’ 70 80 70 80
h side — ~ 3 mm PC— MCP1 di mm mm
on each side - ~ 3 mm PC - MCP1 distance 601.SLIX.25 601.SLIX.25
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1

LAPPD - induced charge fraction

8
50000

0.6 40000

» fraction of the signal on ch. 2 vs laser spot x

position: f(x) = Zqzq 0.4
i i

* green band (log scale) indicates the range of a
backscattered photoelectrons — twice the PC-
MC1 distance (on each side) o & - o

* ROP for upper plots and 100 V between MCP2 2 - mm 3

ADC2/(142+3+4) vs. X
and A for lower ones

e Signal spread not mainly from electron spread
but induced charge spread on coupled electrode

Entry of Entry Photocathode  Entry of Exit

4 321

30000

20000

10000

i HVMCPZ—A = SOOV b g

50000

. 40000

30000

00 e
B0 ~
B0 -
00 v
[
B0
B
OO

00
COMOE O
EIIQ
g8
mhd
(8l
OOomo O

I GO mMmMOO ® >

0]
L0
/N
N/l
H[N
L0

Exit of Entry Exit of Exit

20000

10000

_# HV ycpa—4 = 100V p

40 60 80
mm

ADC2/(1+2+434+4) vs. X
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LAPPD — PLANCON .

o0 T T o
LAPPD (capacitive coupling) — BURLE PLANACON (internal anodes) signal spread comparison — safle@ p4d e sam@vanga’

1 o 1 i
x10 80000
3500
A 70000
08 0.8 0.8
3000 ,
60000
06 2300 0.6 0.6 50000
—_— 2000 e —_— 20000 —_—
04 0.4 0.4
1500 30000
1000 , 20000
02 0.2 0.2
500 10000
0 0 0 0
70 80 70 80 90
mm LAPPD mm mm
e ADCI/(1+42) vs. X ADCI/(142) vs. X ADCI/(1+2) vs. X BURLE ADCI/(142) vs. X
" X /ndf 3684 /12 - X/ naf 3684 7 12 AN g 334, B f 334
1400 |~ X, e g il A& 12000 [~ X y X et
B P2 75.83 107 P2 75.83 N P 063 107 P2 063
200 L " P3 02782 = P3 0.2782 B P -0.3385 = Py 03385
1 — Pa 3775. - Py 3775. A 2 = d 2
- P5 75.64 B P5 75.64 10000 — f: ’.w B :f .v’.:'.w
B Pro 1.588 Pro 1.588 I mn -82.15 [~ e 713
) E 107 -
1000 |~ E - 107
5 - 8000 (— g
800 |- I B .
: e 6000 (— I
600 |~ - r 10
oo : 0l 4000 |— -
B - U 10
00 | i 2000 (— )‘_J ‘ &
N 10 | B C
0 _I 1 1 l IJ IL | 1 1 1 1 - Il 1 1 I Il 1 1 1 | 1 L L 1 ‘) B | 1 I e 1 e 1 1 1 [ 1 1 [ 1 1 1 1 l 1 1 1 1
70 80 70 80 70 80 90 70 80 %0
mm mm mm mm
601.SLIX.25 601.SLIX.25 601.SLIX.26 601.SLIX.26
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0.9

Charge sharing #162 vs. #109

0.8

Q.7

a.e

* An example plot for charge sharing between pads
D3-D5 for:

* 162 (top) compared with similar plot for

* 109 (bottom).

0.5
0.4
0.3

402

20041

* One can see reduced signal spread as expected.

60

* From backscatter component range (~¥2mm) one o

can also see that PC-MCP1in distance was reduced:
e from about 3mm (109)
e to about 1mm (162).

50

40 0.6

40 50 60 70 80 40 60 80
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LAPPD charge sharing

MCP2out
* calculation of charge sharing for o €1 =1
different MCP2out-resistive resistveanode
andode/resistive anode-sensing back-plate €, = 4.6

electrode distances (6/5-measured,
2/5,6/2,2/2)

sensing pad

* fraction of the charge induced vs.
square pad size when signal is
produced in the centre of the pad

10F

6/5
2/5
6/2
2/2

DDDDD

O.‘E-—

Tt b

Jinduced

00000

d25mm

Rok Pestotnik Experimental Particle Phisics Dept.



LAPPD — 1S sensing electrodes |

tiC
* capacitively coupled electrode produced

at 1JS with several different patterns:
e pads: 5 mm, 6 mm, 12.5 mm, 25 mm
* 50 mm long strips: 5 mm, 3 mm
* PETSYS connector (256 6mm pads)
* FastlC connector (12.5 mm and 25

15.1 mV
mm pads) P
Everywhereyoulook™
10.1 mV
51m
1 Olaseacans.
1 vl ¥
i ] A |
2 [ i
1 ohs 1
Measure P1:time@Iv(C1) P2:time@Iv(C1) P3:max(C2) P4:time@Iv(C2) P5:--- P6:- - - PT:--- P8:---
value 87 ns 22787 ns -19 mv -
status_____ v v v &
5.00 mV/di 1.00 y "
900 m' 12 Bits
X1= 00ns AX=
X2=50.0 ns 1/AX= 20.00 MHz
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LAPPD + PETSYS

pads
28 channels (16 x 8)

P

!l
1
£}
4
4
4“ i
‘ 4
4
L]
q
o

ViR , I ~
R )
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Rok Pestotnik

LAPPD + PETSYS

Signal amplification and discrimination =
ain adjustment per channel: 1,1/2,71/4,

SIPM_BIAS

Dual branch quad-buffered analogue
interpolation TDCs for each channel
Quad-buffered charge integration for each
channel

Dynamic range: 1500 pC

TDC time binning: 30 ps

positive input signal polarity

Max channel hit rate: 600 kHz
Configurable timing, trigger and ToT
thresholds

Fully digital output

-{ DELAY II“"

:

Y

HE

TRIGGER_GENERATOR

InGor Gzl

Irteg bias GOZ

Qpc

TOCT

* Center of gravity with ToT

CH1

CHe4

/ l GLOBAL BIAS AND POWER SUPPLY
DISCR. TDCH—

AMPL — =

INTEGR ADC— =

L e

=

b4 S

° =

-

* 9

— od- 9

INTEGR ADC

Location of energy weighted hits (ROI)

K | GLOBAL CALIBRATION CIRCUITRY \

{l‘!l‘llllllwll
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FASTic 8ch
12.5mm pitch
2CIE 56m

LAPPD + FastIC 2

* 8 CH ASIC

* Technology 65 nm CMOS ~ 6 mW/ch

* Number of channels: 8 SE / 4 DIFF

* Connection Type Configurable SE (Pos/Neg
polarity) DIFF, Sum of 4 (Pos/Neg polarity) time-walk correction, ADC from

* Electronics Time Jitter ~ 25 ps rms =8 shared signal on the neighbouring
« Energy Resolution Linear (~ 2.5 % Linearity error [FAs=s , pad used

* Timing resolution = 70 ps with

x>/ ndf 230.8 / 28 i x°/ndf 85.69 / 28
Constant 1560. Constant 1524.
10° Mean 2.907 10° Mean 2.819
a Sigma 66.90 = Sigma 76.50
10° | 10% |
10 10
1 B 1
0 2000 4000 0 2000 4000
TC center ch. 1 TC center ch. 2
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°
CO n c I u S I o n S z:. Institut "Jozef Stefan”, Ljubljana, Slovenija

* Different photo detectors are being considered for the future PID projects
» SiPMs (rad. hardness, cooling, annealing, light concentration ...)
 MCP-PMTs (INCOM(LAPPD, HRPPD), PHOTONIS, PHOTEK, HAMAMATSU ...7?)

 Both options need carefully designed low noise low power readout electronics to explore
timing capabilities of both sensors (FastlC, FastRICH, ...)

« Simulations and tests of hardware are in progress.
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