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CONSIDERATIONS

= Photon detection efficiency

= Noise
— Low dark count rate necessary to see small signals

from e.g. MIPs
— Low crosstalk & afterpulsing preferable . é
=
= Pulse shape
— Fast rise time for z-position resolution
» Time-projection Calorimeter (TPC)
— Short tail to reduce signal pileup
— Consistent over time Crosstalk

— Proportional to N, ] poe

= Consider the performance in the BIC of
Hamamatsu S13660 and S14160 Series
— Biggest challenge is seeing the MIP at
midrapidity, use this as a benchmark

Afterpulses
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= PDE important to minimize statistical
error on energy measurement &
maximize efficiency for small signals

= 50 micron pixel size chosen
— Trade off between geometric efficiency &

Kuraray Fiber
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saturation point (]
* Relevant wavelengths determined by S13360 .., . S14160 .,
emission spectrum of scintillating —amaE] A
fibers “ < i 7\
— Both SiPMs peak in PDE near the emission // \ 40 / \
peak around 450 nm * | \ ) /
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= $S14160 peaks at ~50% PDE
10 ” \\ 10 \

= $S13360 peaks at ~40% PDE _ -
- In PDE, S14160 series wins oL ! N L
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NOISE

= Dark count rate (DCR) determines
threshold

— MIPs at midrapidity will generate
3-6 Ny On average
* Would be good to have
threshold slightly below MIP

= DCR above a few 10s of MHz will
endanger the MIP

DCR (Typ.) 500 kHz 1 MHz***

Crosstalk (%) 3 7

*** Estimated, differing values in literature

= Signal will gang 1.2 cm x 1.2 cm area

(16 3x3 mm or 4 6x6 mm)

— DCR for one BIC channel will be
~16x value in table

= Plan to test S14160 SiPMs at ANL &

Regina
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= Appears that S14160 has fast rise
PULSE SHAPE tirfr)@:, slower fall time than S13360
— Challenging to compare between
papers due to differences in
readout
— Will soon compare the two in an
identical setup at ANL

= Fast rise time improves position
resolution in z-direction
— If not limited by other factors like
readout or scintillation decay

= Fast fall time reduces pileup of
signals (and dark counts)
— Shape will depend heavily on the
readout circuit

= Should converge on a reasonable
target for these parameters based

on physics
— Keeping the MIP, low energy y
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TABLE 1: Barrel Imaging Calorimeter SiPM Specs

Parameter Specification Notes

3mm x3 mm
Active Area (4 x 4 array) Preassembled array covering 1.2cm x 1.2cm
Pixel Size 50 um
Package Type Surface Mount
Peak Sensitivity 450 nm
PDE ~50%
Gain >~2x10°

Typ.: ~ 500kHz / SiPM

DCR Max: < 1.5 MHz / SiPM | DCR applies to each SiPM in the 4 x 4 array
Temperature coefficient of Vop <40mV/C
Direct crosstalk probability <~7%
Terminal capacity ~ 500pF / SiPM Applies to each SiPM in the 4 x 4 array
Packing granularity
\Vop variation within a tray <200 mV
Recharge Time <100 ns
Fill Factor >70%

Protective Layer

Silicone (n ~ 1.5-1.6)
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OPEN/DISCUSSION QUESTIONS

= What DCR can we really tolerate?
= Depends on signal shape, shorter fall time better
= With HGCROC-length signals, 10 MHz too large if threshold is 3 Np.

= Do we want to actively temperature control the SiPMs?
— Maintain a constant DCR by decreasing temp as rad damage accumulates
— More effective with S13360 series than S14160

= |f we go with the S13360 series, how can we compensate the loss in PDE?

= Does the lower operating voltage of the S14160 series benefit us?
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HAMAMATSU

PHOTON IS OUR BUSINESS

HAMAMATSU

PHOTON IS OUR BUSINESS

MPPC® (Multi-Pixel Photon Counter) arrays

-Pixel Photon Counter)

$14160/S14161 series $13361-3050 series

The S13361-3050 series is a MPPC array for precision measurement miniaturized by the use of TSV (through-silicon via) and CSP

MPPC arrays in a chip size package miniaturized

Low breakdown voltage type MPPC for through the adoption of TSV structure

scintillation detector

The S14160/S14161 series achieve higher PDE (photon detection efficiency) and lower operation voltage than other MPPC to (chip size package) technologies. The adoption of a TSV structure made it possible to eliminate wiring on the photosensitive area
adapt for PET and radiation monitor application. They achieve small dead space in a photosensitive area with HWB (hole wire side, resulting in a compact structure with little dead space compared with previous products. The four-side buttable structure
bonding) technology (Patent pending). And the gap from the photosensitive area edge to the package edge is only 0.2 mm. This allows multiple devices to be arranged side by side to fabricate large-area devices.
package realizes the four-side buttable arrangement. They are suitable for applications, such as medical, non-destructive inspection, environmental analysis, and high energy physics
experiment, that require photon counting measurement.
== Features == Applications
== Features == Applications
=1 Higher PDE (50% at Ap, Vop=VBR + 2.7 V) =1 PET (positron emission tomography)
L osstalk Astro physical licati
=1 Lower voltage (VBR=38 V typ.) operation =1 Radiation monitor & Low cr : Hi :’ physica :ml, ca mnrl ¢
=1 Small dead space in photosensitive area & Low afterpulses = N 9 . energ;rlys ch Sxperiman
Low afterpulses and crosstalk =1 Outstanding photon counting capability (outstanding photon uclear medicine
i Low pu detection efficiency versus numbers of incident photons) =1 PET

=1 High gain: 10° order
=1 Excellent time resolution
=1 Immune to effects of magnetic fields

=1 Comp chip size p ge with little dead space =1 Environmental analysis
=1 Low voltage (VBR=53 V typ.) operation
=1 High gain: 10° to 10°
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PDE: GlueX SiPM Parameters

PDE ~33%

Ly 103). First Article >'0'4b)o First Arti
‘O_ m JLab g b
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= 0.2 . . . .
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" é’ 0. : : 4a). We determined that this operational voltage on
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o
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Abstract

The barrel calorimeter is part of the new spectrometer installed in Hall D at
Jefferson Lab for the GlueX experiment. The calorimeter was installed in 2013,
commissioned in 2014 and has been operating routinely since carly 2015. The
detector configuration, associated Monte Carlo simulations, calibration and op-
erational performance are described herein. The calorimeter records the time

Figure 4: Measurements of the first-article samples (black circles) [201[25], production samples
at JLab (red squares) and production samples at UTFSM (triangles) of four basic
SiPM parameters as a function of the voltage over breakdown. a) gain, b) photon detection
efficiency, c) dark rate per tile (the dark rate for the array is 16 times higher) and d) cross
talk determined from deviations of the single-pixel distributions from a pure Poisson function.
As long as the voltage over breakdown is kept constant, the dark rate is the only parameter
that has a significant temperature dependence. The nominal operating voltage for the GlueX
experiment is 1.4 V above breakdown. (Color online)

grees down to 115 degrees, which def
calorimeters. The response of
ning experiment and perforn o1 reti

2.5 GeV. We characterize the performance of the BUAL using the energy reso-
lution integrated over typical angular distributions for 7 and 1 production of
01/ E=52%/\/E(GeV)® 3.6% and a timing resolution of ¢ =150ps at 1GeV.

arXiv:1801.03088v2 [physics.ins-det] 20 Apr 2018

https://arxiv.org/abs/1801.03088 10
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Pixel Size and Number of Pixels
Defined by photoelectron statistics and energy range to be measured

Energy measurement ranges in BECal:
e  Shall provide photon measurements up to 10 GeV (F-DeT-ECcAL-BAR2) and down to 100 MeV (F-DET-ECAL.9)
e  Shall provide electron ID up to 50 GeV and down to 1 GeV and below (F-DET-ECAL-BAR.1)
o Electron energy measurement needed for e/1r separation only (straightforward at high energies)
e Reasonable performance for MIPs needed for calibration and for muon ID
Largest energy deposit occurs for particles at large n (steep angle) where the pathlength in a cell is maximal and the
attenuation is minimal.

10 GeV photons, 1 = (-1.71, -1.65) 19 GeV electron, n = (-1.71, -1.65) 50 GeV electrons, 1 = (1.25, 1.45)
ePIC GEANT4 simulation ePIC GEANT4 simulation ePIC GEANT4 simulation

10 GeV photons atn ~-1.7 - 19 GeV electrons atn ~-1.7 L 50 GeV electrons atn ~ 1.4
g i exfreme case
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2023 Hall D, Baby BCal, 3.9 GeV e*

e [|==

Photoelectron statistics e

From our 2023 Hall D tests using GlueX SiPMs and double-clad Kuraray “-1000 phe/GeV

nnnnnnnn

fibers: 1000 phe/GeV per side for showers at the center of the Baby BCAL a3
sof-per side
prototype
- Corrected for attenuation: 1077 phe/GeV* per side 00

£ not corrected

300

We can scale these results for the ePIC Barrel ECal*: - for 29 cm
- x 1.5 factor improvement in SiPM photon detection efficiency 2 atten
- x 1.16 factor to account for better optical coupling 100

L
0.95 1 1.05 1.1 1.15 1.2

m\lll‘\\
o

[oe]

ab

o

©

- x 0.69 reduction accounting for single-clad Kuraray fibers s

This gives ~ 1239 phe/GeV per side (fully corrected for attenuation)

2008 Hall B beam test, photons

e 10GeVyatn~-1.7: 5560 phe — 9.8 % max SiPM occupancy 720 |-
e 19GeVe atn~-1.7: 9181 phe — 16.1 % max SiPM occupancy 700 [ 660 phe/GeV
e 50 GeV e atn ~ 1.4 (most extreme case): 17456 phe — 30.1% max o |, per side
SiPM occupancy 8 f
s B s e +{ --------------
2F * oy
Well below the region where large nonlinearities in the SiPM response are 0
expected in almost all cases. 620 [ Ot corrected
: : . - for 195 cm atten.
Small non-linear effects possible for some ultra-high energy electrons, 600 B v ooy
which is acceptable (e-11 separation straightforward). 02 V25 05 035 G410 0.5 055 (0%

tagged photon energy (GeV)

Fig. 16. The number of photoelectrons per GeV per end of the BCAL module is

* See backup Slide for the attenuation Iength measurement and shown as a function of energy. A one parameter fit is plotted (dashed line). For

more details see the text.

extraction of those factors 12
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NOISE

= Dark count rate (DCR) determines
threshold
— MIPs at midrapidity will generate
3-6 Ny On average
* Would be good to have
threshold slightly below MIP

DCR above a few 10s of MHz will
endanger the MIP

Specification S$13360-3050 S$14160-3050
(3x3 mm) (3x3 mm)

DCR (Typ.) 500 kHz 1 MHz***

Crosstalk (%) 3 7

*** Differing values in literature
= Signal willgang 1.2cm x 1.2 cm
area (16 3x3 mm or 4 6x6 mm)
— DCR for one BIC channel will be
~16x value in table

= Plan to test S14160 SiPMs at ANL &
Regina
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PULSE SHAPE

= Pulse shape strongly defined by = Larger SiPMs (6x6 mm) have ~2x longer

how signals are handled fall times due to capacitance
- S14160 has faster rise time, — Can we mitigate this in our ganging
- ?
slower fall time scheme”
20
0 1= 1 —— 6mm,25um
(7) Y B \ ——  6mm,50 um
g * :E> 0'8:_ 6 mm, 75 um
.*_;2 -40 |- ‘E 0.6 3 mm, 25 um
%_60 fa_t; E ~—— 3 mm, 50 um
..é —— S14160-3050HS t=86.4 ns E 0'4:_ — 3mm,75um
-80 | —S - S t=95.9ns | | = -
& B seefuimeiodgeai g o
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NOISE

_ = Literature seems divided on noise
* Dark count rate (DCR) determines characteristics of S14160 series

threshold | o — Plan to test S14160 SiPMs at
— MIPs at midrapidity will generate ANL & Regina

3-6 Ny On average
* Would be good to have
threshold slightly below MIP

DCR above a few 10s of MHz at the
readout will swamp the MIP
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WAVEFORMS

= Parameterize S14161 waveform based on
presentation from AMS-100 (here)

= Exponential rise and exponential fall
— Different time constants

= Pulse height around 0.045 mV
— Take this as 1 Npe

%%, U.S. DEPARTMENT OF _ Argonne National Laboratory is a
7 UsS. Department of Energy laboratory 18
Y ENERGY managed by UChicago Argonne, LLC.
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https://indico.cern.ch/event/861104/contributions/4503088/attachments/2307335/3925673/20210911_CHUNG_AMS100-TOF_v2.pdf

WAVEFORMS

SiPM1 (Vg = 156.9V)
= Agreement not 2/ ndf 145.3/226

good but also - a 00004802 +3391e-05
: 0 b -004535 +0.0003899
not so terrible M t, 122.4 + 002628
- L 07763 + 0.01963
'>£ -001 _
= Tail a bit wider < - ' b
in the data 2 it f@)= et o)
-
< —
= Good enough g 5
for now -
-0.04_—
N AV =3V
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WAVEFORMS

= Agreement not
good but also
not so terrible

= Tail a bit wider
in the data

= Good enough
for now
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WAVEFORMS
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WAVEFORMS

= Monte Carlo throwing signals
with expected rate
— 32 MHz
— 1 microsecond

= Crosstalk probability of 7%
included (should it be, or is it
included in the number from
Hamamatsu?)

— Up to two crosstalk hits

« 3 and greater is a less
than 1% effect

= Line drawn at 3 * single
photoelectron peak
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HITS IN HGCROC WINDOW

= Take 25 ns window of
HGCROC

2 a500F —
. . . . . . Q - -
= Poissonian distribution with © 4000 =
a mean OE 0.8 3500 ;_ Number of hits in a time window of 25 ns _;
— 25ns * 32 MHz 3000/ Fraction of time bins with N, . >= 3 = 0.043 =
. . * - Fraction of time bins with N, . >=4 = 0.009 -
If threshold is _Set to 3 25005_ Fraction of time bins with N, . >= 5 = 0.002 _5
SPE pulse height, 4% of 2000 =
time bins will be triggered 1500 =
— 4% of the channels of 1000 F- E
the detector will be : -
ive in ToT mode at e E
active in ToT mo 0:,l.l.,l..ul..m—.—n..|....|..1.|,..1|.l,.|.:

0 1 2 3 4 5 6 7 8 9

any given time \
hits
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= Threshold of 3 p.e. likely excluded if DCR reaches 100 MHz
— This also poses an issue because we can’t get around it with timing cuts in
the same way as the dRICH, the detector could have a signal at any time
« Bunch crossings every 10 ns, shorter than light propagation time
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(p-e.)

Threshold | Prob. Prob.
Above Above
threshold | threshold
@ 1 MHz @ 10 MHz
0.01% 2%
0.0005% 0.3%

0% 0.04%
0% 0.005%
0% 0%*
0% 0%*

N OO o B ODN

Numerical uncertainty of 0.03%
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Prob.
Above
threshold
@ 30 MHz

29%
8%
1.7%
0.2%
0.03%
0.005%

Prob.
Above
threshold
@ 50 MHz

69%
36%
14%
4%
1.1%
0.4%

Prob.

Above
thresh
@ 100

99%
94%
79%
57%
35%
17%
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TEMPERATURE DEPENDENCE

= Conventional wisdom is that DCR

;SODac';Ved for every decrease of Proton irradiation of SiPM arrays for POLAR-2
X T BT T e e 1[s14161 single channel
I R 1| DC rate before irradiation
» “Single-channel” here refers to E BERETRES-c s annnnNAREREN| Ll
1/16 of a 4x4 array (S14161- i
6050HS-04) g : i | ——-20c
— DCR numbers for ganged -
array should be 16x higher £
1x10%; 5
= To reach the ~4 MHz of GlueX 2:5. S On B .535
with S14161-6050HS-04, need to ’ bvervoltage (Vi '

go to -20° C or lower
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TEMPERATURE DEPENDENCE

= The authors of this paper report that DCR of the S14161 is 60% higher than
S13361 at 25° C, and a factor of 5 higher at -20° C
— The DCR of the S14161 is apparently a much slower function of temperature
— This is bad, because it renders less effective the only handle we have over the

. . . . o
— On the flip side, probably the DCR increases less if we go above 25° C...
S T T T T T 5 T T T T T T
Ca $14161 single channel e F S$13361 single channel
S e e R R DC rate before irradiation threshold: 10 mV DC rate before irradiation
E FEEDREREn e o threshold: 1.6 mV g threshold: 12.5 mV:
= — —e—25C = ——25'€
o 1x10* TS o i[——10C o 1x10% e H|——10C
3 i ] ; ——5°C ) R N GEELE ——-5C
z ! ~—-20C 2 FHHT R ~—-20'C
b3 b3
& 1x10% £ 1x10° ==
2 g ;
E £
E E]
z z
1x10% 4 1x102F
2,5 3 3,'5 4 4:5 5 55 1,5 2 2,‘5 3 3,|5 4 4:5 5
Overvoltage (V) Overvoltage (V)

On such a critical point, should consult an expert (Hamamatsu
@eiERey tzEEEEE - directly?) to see if this behavior is expected or not 29 Argonne &




RADIATION DAMAGE Proton irradiation of SiPM arrays for POLAR-2

= Pre-radiation DCR

. : 1514161 single channel
around 3 MHz (single 1,2x10° BRBEEST TR 3L AR 6 ~ 1|pCrate
Channel) - ERMENPL RN BFES IS RBREBOTEL S, 1| Before irradiation:

B 1,005 4T et | -
— At 3V overvoltage ¢ SEE L P T g | e
9 8,0x10% an GR LaNReES aua ]|——-20c
= 4 '_,’ ot L Lum® 4] ==
=1 A p ’ - .
=] R ERr inte i i 1| Two months after irradiation:
= After ~200 Rad of ..;6'0"104.' B A T 1| Dose: 0.254 Gy
o BhAREARD 5 1|---=--25"C
] L % ’, e R o
proton radiation (and Bapof 1|10
two months of E S SHNBT | a1
waiting), DCR larger ~ #2,0xt0%t -~ % / 1 | Dose: 2.31 Gy
Vit e L ] [ - 25
by factor of 4 Gt T T T P ] [ e 10°C
— Half our expected 15 2 25 3 35 4 45 5 547000
Overvoltage (V)

dose
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0.95—
RADIATION DAMAGE %
0.7;—
) . 0.6F
= If we take the numbers provided in N :
this paper seriously, expect 192 04E- 3
MHz of DCR after 200 Rad of 03 =
radiation damage at room o2k E
temperature HO T
% ~~"f00 200 300 400 500 600 700 800 900 1000
time (ns)
= This is clearly too large, likely - S s T
would swamp the MIP 1e00F" =1 N E
1400f— umber of hits in a time windpw o ns —
— Threshold would need to be set 200 Ffaction of time bins with N, 3=3=0880 -
. . = Fraction of time bins with N, »=4 = 0.724 7
at Somethlng like 9 Npe or 1000 Ftaction of time bins with N,,_ =5 = 0.533 E
. 800 —
higher ol ‘ 5
a00f- E
2003— —;
(@ENERGY S5ty 31 e T S A ‘"'N"




S14161 S13361

= S
% 0.02 °
3 A G 0.051
2 =
S 0.00 - 3 0.00 -
£ : v ;
T T T T <
< 10000 12000 14000 16000 18000 20000 10000 12000 14000 16000 18000 20000
S Time (ns) s Time (ns)
> <
g 0011 % 0.051 B
=
g % 0.00 1
2 0.00 - £
£ - v , v
T " " r <
< 10000 12000 14000 16000 18000 20000 10000 12000 14000 16000 18000 20000
Time (ns) Time (ns)
< 0.02 1 < 0.15 1 . 6p.8.__J
s < = 2p.&.__.
(] N I e A i 4p. i
3 T 0.10
= e O i Ly e e L S —— 3. P.e.__J]
= 0.01 = o e
: . ine
£ g e e fa e
<
0.00 ' 000 o 102 10° 10¢ 10°
10 104 10° A8
ns
>
E 104 5 Threshold (amp) = 1.6 mV £ Threshold (amp) = 10.0 mV
s = Threshold (dt) = 120 ns o Threshold (dt) = 120 ns
puc Total counts = 42358 Q 102 Total counts = 28376
% 102 Primary counts= 0 (0.0%) 3 Primary counts= 16093 (56.7%)
e Cross-talks = 42358 (100.0%) = Cross-talks = 12283 (43.3%)
3 S ,A'Ikl, s |
o 10° A - - - . .
10° T T v v .
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