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The Challenge

SiPMs are noisy
— Single-photon signals at O(MHz)
— Even worse once irradiated

Since the SciFi readout is longitudinally segmented, calibration of
individual channels can be challenging

The MIP peak provides an ideal signal to use for a channel-by-channel
calibration

Want to keep the signal amplitude of the MIP above the noise floor from
the SiPMs
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The Mitigation Strategies

Reduce the SiPM noise per channel, or increase the MIP signal per channel

Noise Reduction Con
Option

S13 vs. S14

Reduce
Temperature

Replace SiPMs

Anneal SiPMs

Smaller readout
channels

Easy integration

Strong noise
reduction

Fresh sensors
Undo radiation
damage

Better granularity

Less Noise =
Worse PDE

Hard integration

588

Hard integration(?)

MIP shrinks too

MIP

Improvement

Option

S13 vs. S14 Easy integration More PDE =
More Noise

Silicone Cookie Easy integration ?

Better SciFis Less attenuation, | $$$$$$$

more light
Larger readout More light Noise « SiPM
channels Area

For more detail on these, see our session in the Jan. collaboration meeting

bor

7%, U.8. DEPARTMENT OF _ Argonne National Laboratory is a

7 USS. Department of Energy laboratory
b

5JENERGY oSttt et

3

Argonne Y



https://indico.bnl.gov/event/20473/timetable/

The Mitigation Strategies

Reduce the SiPM noise per channel, or increase the MIP signal per channel

Noise Reduction Con
Option

MIP
Improvement

Option

S13vs. S14 Easy integration Less Noise =

Worse PDE S13vs. S14 Easy integration | More PDE =
Reduce Strong noise Hard integration More Noise
Temperature reduction
Replace SiPMs Fresh sensors $$% Silicone Cookie Easy integration ?
Anneal SiPMs Undo radiation Hard integration(?) | Better SciFis Less attenuation, | $3$$8$3

damage more light

Smaller readout Better granularity ~ MIP shrinks too Larger readout More light Noise « SiPM
channels channels Area
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Let’s investigate these options a bit more...
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Readout Channel Splitting

Investigate the effect of splitting our current 1.2 x 1.2 cm2 channels into 2 or 4

DCR scales as SiPM area while MIP signal
scales as path length
— Splitting in four reduces DCR by a factor of < 2mm >
4, signal by a factor of 2
— Splitting in two reduces DCR by a factor of I\
2, keeps MIP signal ~ the same

DCR is not linearly proportional to where
can you set your threshold, needs to be
simulated! 12 mm
— DCR proportional to mean of pedestal, but
we need to know the sigma!

Additional benefits of smaller channels:
— Reduces pulse size going into HGCROC v
— Improves granularity for e/pi separation
— Reduces needed light guide length (?)
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Readout Channel Splitting

Investigate the effect of splitting our current 1.2 x 1.2 cm2 channels into 2 or 4

DCR scales as SiPM area while MIP signal
scales as path length
— Splitting in four reduces DCR by a factor of < 2mm >
4, signal by a factor of 2
— Splitting in two reduces DCR by a factor of 4
2, keeps MIP signal ~ the same

DCR is not linearly proportional to where
can you set your threshold, needs to be
simulated! 12 mm
— DCR proportional to mean of pedestal, but
we need to know the sigma!

Additional benefits of smaller channels:
— Reduces pulse size going into HGCROC !
— Improves granularity for e/pi separation

— Reduces needed light guide length (? -
O —p— e gth (7) . This is probably worth a 2
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online self-annealing with forward bias

A Word on annealing. . % BRAALLL BLLLLL B R L B IR B ”I“Wmmmmmlmg
m g £ HPK S13360 3050VS Vm,=4‘ V‘i
% B,
INFN Bologna successfully tested o °W§; i
in-situ annealing via forward-bias of g (T /T E-;—%
the SiPM S =i i
— Runacurrent through the diode & S E
until it heats to the desired © § e wep
temperature 4ot ol __é__\‘\. T e 29 Seorde herde
This provides a convenient _ 1
alternative to removing the SiPMs oven |
; level with
from the detector and putting them 579 iirad
in an oven! damage |
Achieved a factor ~50 (!!!) .
reduction in dark current after L e S
Several dayS Of heating at 1500 C _LLLU.llll llIlllI]I | lIllllllI lllllllll I- IlIIII,I_‘ Illlll]_ll IlIlllllI llll; IlIIII_l‘ IIIIII_Ii Illlll]lLl_[
— Very attractive option for us
— IF we can integrate it in the ESB 110 110 1 1010° 110 10°
light gray points are all sensors annealing tlme (hourS)

s oememeener e Koo 0 coloured points are averaged over sensors
(Z)ENERGY SiSiiie ey coloured brackets is the RMS _



https://indico.bnl.gov/event/24127/contributions/93833/attachments/56075/95953/%5B20240725%5D%5BEICUG%5D%5BePIC%20Lehigh%5D%20dRICH%20SiPM%20and%20electronics%20integration.pdf

Simulation Technique g
Throw waveforms at the dark count rates g—g .z s .
supplied to us by INFN Bologna for S0k o .
S14160-3050 SiPMs B . . .

— Various temperatures provided 10°E o .

— Both unirradiated and irradiated with - " . m o
1E9 1 MeV neutron equivalent dose oe o ° Ep—

Include the crosstalk numbers supplied by om0z w0 290 300

Temperature (K)

H a m a m atS u Signals for SiPM = S14160 at T = 5C, irradiated = 1, Annealing fact—.or :ui:“ EEEEEEEE
— This is important to determine the 25 Total DCR: 16.00 MHz
sigma of the noise!

Focus on irradiated sensors, since this is
the concerning case for the MIP
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Signals for SiPM = S14160 at T = 5C, irradiated = 1, Annealing factor = 1 - 2
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Signals for SiPM = 514160 at T = 5C, irradiated = 1, Annealing factor = 10
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Poisson Distribution (N = 8)

Poisson Distribution (N = 4)
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Poisson Distribution (N = 4) Poisson Distribution (N = 8)
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To go even further...

Note that this case will only really be
true for field-off runs of the collider

— Cosmics will rarely hit in the “aligned
orientation
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Poisson Distribution (N = 8)
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To go even further...

Note that this case will only really be
true for field-off runs of the collider
— Cosmics will rarely hit in the “aligned”
orientation
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Conclusions

If the annealing factor of 10 can be achieved, all schemes seem acceptable
— Ifnot, the 12 mm x 12 mm and 6 mm x 6 mm are in trouble, 6 mm x 12 mm

looks okay still
— The 6x12 mm option provides decent headroom at little cost
* Requires individual 6x6mm SiPMs and not arrays

Caveats
— We assumed as our strawman an average of 8 p.e. for the MIP
* Single-clad Kuraray was something like 6.4 p.e. on average in Maria’s previous sims,
Luxium was 5.1 p.e.
* Tegan’s light guide studies suggest we gain more from the silicone cookie than we
assumed at that time
* 6.4 would be okay for the 2x1 split
— No investigation of splitting effect on signal shape!
* For fixed external circuitry, the smaller arrays will have faster signals (SiPM
capacitance)
* This will reduce their sigma somewhat, but shorter signals will have fewer useful ADC
samples in HGCROC

(@ ENERGY {5Hivsraing 15 Argonne &




Backup

U.S. DEPARTMENT OF Grgosne National %aEbornlml’Yl:B °
ENERGY 5.2t oies mwereiy 16 Argonne

NATIONAL LABORATORY




Detailed studies of SiPM online self-annealing ‘

after many hours of online annealing
we noticed alterations on the SiPM windows
in particular in one board that underwent
500 hours of online annealingat T=175C
the sensors appear "yellowish" when compared to new
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detailed studies are ongoing, preliminary results indicate efficiency loss after 100 hours of
annealing at T = 175 C. lower temperatures unaffected up to 150 hours

Y s gonne ouonar Laporatory s o

7 Department of Energy laboratory 17 A

Y ENERGY managed by UChicago Argonne, LLC. reonne
NATIONAL LABORATORY




Backup Backup (January)
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Dark Currents from INFN Measurements

Scale currents by gain & qe to get a dark count rate
— This is a bit naive, but Roberto indicated it should be alright

Order of magnitude increase after 1E9 1 MeV neq dose
— Our conservative estimate of dose for lifetime of experiment was 3E10
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HGCROC Signa|s Pulse from charge injection tests

on HGCROC
— Kindly supplied by Norbert
Ao e B | — Digitized much faster than
Mean 8356 HGCROC actually digitizes
1 — Landau fit

08 — Peak set to 1 photoelectron

For now, | just do the stupid thing
and throw these distributions with
the frequency of the DCR

0.4

0.2

0.6—

IllIIllIlllIlllIlll

The reality of how often we will see
hits from noise will depend on what
ADC value we call a “hit”

| |
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Waveforms

Created by Monte Carlo which throws
Landau distributions with parameters

taken from the HGCROC charge L
injection signal at different time slices 3 Ay e E
with probability defined by the DCR . 14: E
Crosstalk produces pulses 2x or 3x as o E
high as the standard single-photon pulse oF- E
— Here a 7% crosstalk probability is E E
assumed for both S14160 and B :
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— Final crosstalk numbers will depend
on the optical coupling to the
lightguide
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Temperature Dependence

Both

sensors look

reasonably
good before
irradiation,
could easily
seta
threshold at
4orS5p.e.
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Radiation Da

0 °C not cool 20
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Sub-Zero
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Threshold

HGCROC Wi” report i); 1? Array DCR = 15.0 MHz é: :: Array DCR = 20.0 MHz
information whenever the £ . S

analog input is above a

0 EETN N A A s S e s

8 8
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2 2
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. . 2 ossE- 4 2 F 1
something like ~15 MHz  § . 1 fa 3
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analo Hsi nalpabovea JE TS eres NOSSUSCSSSSUUTITIOTY °1 """ e T T T
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Summing Channels

How can we reach 15 MHz?
— What matters for keeping the MIP is that there

are less than 15 MHz of noise in the area that
the MIP photons are hitting

Splitting the 4x4 array into four optically isolated 2x2
arrays could ~half the noise on the MIP
— Set thresholds at ~ V4 the value of the 4x4 array
— Four light guides covering smaller areas
— Unlike a shower, the MIP energy deposit in the
SciFi can be approximated as a line
«  Will typically send all its photons to ~two of
the four SiPMs!
— Half the surface area of active SiPM means half
the noise
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Di . g X SPM= 5141603080 (ix2 3

o 18— Temp.=0C —

ISCUSSIO" s 16— Irradiat:d1E9 neq =

= F Array DCR = 43.8 MHz ]

Even with splitting readout channels from £ “¢ E
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15 MHz for irradiated SiPMs even at 0 °C sE E

— 1x1 channels? 5760*16 = 92k readout channels °E \

] —

Effects of annealing between runs not 2F =
considered R

— Time heals all wounds m A T T T T g T T ] 080 o 3

— Some studies show 1 month of sitting at room 3 °F Temp. =0 C E

. T @ 16 Irradiated 1E9 neq T

temp. after proton irradiation can decrease dark = “F Array DCR = 25.4 MHz E

current by a factor of 2 g 1:: E

Or do as Craig Woody said and use the = £ wf E

MIP to cross-calibrate in the early stages i3 E

of the experiment, then trust that £ 3

calibration once the MIP is below 2F- Y
threshold RO B0 & A 0 sho 700 80060 oo
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Fraction of time spent above a threshold of Ngpe (1 ms simulated)
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HGCROC Bandwidth

HGCROC sends 32 bits/hit
Currently each HGCROC has 2 x 1.28 Gbps links

Max hit rate above threshold: 80 MHz for all
channels on that HGCROC

Anticipate 60 Channels/HGCROC

Max hit rate of ~1.3 MHz/channel can be passed

on by HGCROC
— Forirradiated S13360 with readout split into 2x2,
expect total DCR/channel of 12.7 MHz, want a
threshold at ~2-3 SPE
* Above 2 PE 10% of the time ~ 4 MHz
* above 3 PE 2% of the time ~ 0.8 MHz
* Cross-talk has much larger effect on
operation at lower thresholds
— Rate/channel situation is slightly worse for split
readout due to cross-talk

aaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaa
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Probability above threshold at any time

107

1072

10°°

10~4|||||||||||||||||

2x2 array in 100 ys

percentage
percentage
percentage
percentage
percentage

percentage
percentage
percentage
percentage

above 1 SPE = 0.403242
above 2 SPE = 0.109232
above 3 SPE = 0.020353
above 4 SPE = 0.00378
above 5 SPE = 0.000802
above 6 SPE = 0.000244
above 7 SPE = 2.4e-05
above 8 SPE

above 9 SPE

T IIlIIII| T IIIIIII| T II|IIII| T TTTTITH

SiPM = §13360-3050 (2x2)
Temp.=0C
Irradiated 1E9 neq
Array DCR = 12.7 MHz

1 II]IIII| 1 IIIIIII| 1 IIIIIII| L 111l

7 8 9
Threshold Setpoint (SPE)
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Conclusion

With measurements from INFN and HGCROC signals, made
some first estimates for what waveforms will look like

Irradiated sensors very likely to lose the MIP without intervention
— Additional cooling
— Annealing
— Further splitting of channels

Caveats:
— Dark Current to DCR conversion
— Pulse shapes will depend on how many SiPMs are ganged
together
— No room-temperature annealing effect
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HGCROC ADC Resolution

Resolution of 0.4 fC ~ 2500 electrons

Much smaller than the signal from a single SPAD firing in the SiPM
— S13360 Gain 1.7E6
— 514160 Gain 2.5E6

"%, US. DEPARTMENT OF _ Argonne National Laboratory is a
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S14160-6050HS 300 rad o
i . $13360-6050CS 300 rad  ®
L Y
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108 10* 10° 10° 107

time after irradiation (s)

Fig. 2. Dark current in S13 (red) and S14 (blue) as a function of time after 300 rad

irradiation at room temperature. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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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
/

aaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaa
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P D E SCSF-78

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

saturation point . ° 500 550 [m
Relevant wavelengths determined by ) S13360 s S14160 (ra=25°0)
emission spectrum of scintillating ~ = stz e
fibers g w < & 7N
— Both SiPMs peak in PDE near the emission g // \ 40 / \

peak around 450 nm 5 7 | \ . /
S14160 peaks at ~50% PDE i o _,’ \\ . J
S13360 peaks at ~40% PDE g | N i N

,-’ N N

In PDE, S14160 series wins : oL

200 300 400 500 600 700 800 900 1000 200 300 400 500 600 700 800 900

Wavelength (nm) Wavelength (nm)
f’-‘ U.S. DEPARTMENT OF ' Argonne National Laboratory is a
(DENERGY U5t 36 Argonne &




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

_ DCR (Typ.) 500 kHz 1 MHZ***

Dark count rate (DCR) determines
threshold Crosstalk (%) 3 7

— MIPs at midrapidity will generate *** Estimated, differing values in literature

3-6 Ny On average Signal will gang 1.2 cm x 1.2 cm
» Would be good to have area (16 3x3 mm or 4 6x6 mm)
threshold slightly below MIP — DCR for one BIC channel will be

DCR above a few 10s of MHz will ~16x value in table

endanger the MIP Plan to test S14160 SiPMs at ANL &
Regina

EN E |
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Pulse Height (Single PE)

PULSE SHAPE

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

Appears that S14160 has fast rise
time, 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

Should converge on a reasonable
target for these parameters based
on physics

— Keeping the MIP, low energy y

LU L B

§ [T, @ [T e e e e ey
14— — o 14 — 2 4= -
C DCR =10 MHz o F DCR = 10 MHz 1 2 C DCR =10 MHz ]
C o 1 2 F ]
12 4 & 12— - & 12 3
C “ 1 H ] £ C 13 H ” H ] £ C 13 ” H ]
10 Short” fall time 4 2 of Nominal” fall time 1§ 1| long” fall time -
. 18 ¢ 18 F Similar to
81— - & 8¢ - & 8=
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6 — 6 — 61—
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4= — af ] 4 =]
2 - 2 2f
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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)

S1

3360

<

SO088 XY ' XA

S14160

SS88 Xt S
N
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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 N

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

If 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?

{7, U8 DEPARTMENT OF  Argonne National Laboratory is a
[ Y US: Department of Eneray laboratory 40 A nn
M ENERG managed by UChicago Argonne, LLC. r O e
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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°

U.S. DEPARTMENT OF _ Argonne National Laboratory is a
U.S. Department of Energy laboratory 4 1
managed by UChicago Argonne, LLC.
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PDE: GlueX SiPM Parameters

PDE ~33%

Ly 103). First Article >'0'4b)o First Arti
‘O_ m JLab g b
2 84 urean CR Sl sy — T The Hamamatsu specification sheets provide the
S 6 - - Lg ———— 3 : recommended operating voltage for a nominal gain of 7.5 x
= 0.2 . . . .
VI . 8 ° g | I 10°, although our measurements indicate lower gains (Fig.
" é’ 0. : : 4a). We determined that this operational voltage on
: 3 1 I I average corresponds to 0.9 V above breakdown; to obtain
o

0.5 1 1.5 0.5 1 1.5 1
. . N —. our settl.ng at an overvoltage of 1.4 V, we added 0.5 V and
then adjusted for temperature.

c) d)

;:N\ 10 Foimnac = 0.4 T Construction and Performance
o L] ab 15 of the Barrel Electromagnetic Calorimeter
= e = A UTFSM5C & for the GlueX Experiment,
UTFSM 5°C o A P
< A g 034 UTFSM 20°C
% A UTFSM 20°C oY ue T.D. Beattie®, A.M. Foda®, C.L. Henschel?, 8. Katsaganis*, $.T. Kruegor?,
O S . . G.J. Lolos®, Z. Fandn(tﬂnu , E.L. P]hllmm(r‘ IA: S‘()m va®, s
2 . = 4 Hamamatsu Multi-Pixel 22:::::',:&“;C iihhe, o
N ihlmann®, W. LCVII)L w. \ln( mlnv
e o Photon Counter (MPPC) sy R U B S
9 o Y ) R. Rojos®, C. ru.mm. +0. Sotof, A. Torof, I, Vega®, M.I. Shepherd!
g . . . S12045(X):
A < & 7

E N i 16 x 3600 pixels (50 um)
fal A

L 0

_.
<

0.5 1 1.5 0.5 1 1.5
Voltage - Breakdown (V) Voltage - Breakdown (V)

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 42
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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

10*

10°

4.3 GeV e 7.1 GeV 3 13.5 GeV

102 107 102

T T T T T TTTT

o

E | | | | | | | 1
. e b T I E

e e b b e Ly |

5 6 7 8 Lt 1
3 35 4 4.5 Energy per readout cell [GeV] 0 2 4 6 8 10 12 14
Energy per readout cell [GeV] Energy per eadout cell [Ge\ﬂ3
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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 44
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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

*** Differing values in literature

Signal willgang 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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S13360-3050 (3x3 mm) S14160-3050 (3x3 mm)
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PULSE SHAPE

Pulse shape strongly defined Larger SiPMs (6x6 mm) have ~2x longer
by 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) ’5 B \ ——  6mm,50 um
g * :E> 0'8:_ 6 mm, 75 um
.*_;2 -40 |- ‘E 0.6 3 mm, 25 um
%_60 % E ~—— 3 mm, 50 um
..é —— S$14160-3050HS 1=86.4 ns E 0'4:_ — 3mm,75um
Bl I . R et | g ot
- L —S - PS =10.0ns | | -
T Semes 00 of —
120 il ISR NSRS UNN NSNS NS SN AU ST S
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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 50
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 (Vpg = 156.9V)
Agreement not 22/ ndf 1453/ 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
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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

#7E%%, U.5. DEPARTMENT OF _ Argonne National Laboratory is a
7 UsS. Department of Energy laboratory
Y ENERGY managed by UChicago Argonne, LLC.
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HITS IN HGCROC WINDOW

Take 25 ns window of

HGCROC

ﬁ 4500 F =

. . . . . . =4 - -

Poissonian distribution with ©  000f- =

a mean 01; 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 3

If threshold IS_ set t003 25005_ Fraction of time bins with N, . >= 5 = 0.002 =

SPE pulse height, 4% of 2000 =

time bins will be triggered 1500 - E

— 4% of the channels of 1000F- E

the detector will be = E

tive in ToT mode at E =

aCIVe_m O ol 1, —IL—.—|—.—n|||||:
any given time 0 1 s 4 85 6 7 8 8

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

« Bunch crossings e

the same way as the dRICH, the detector could have a signal at any time
very 10 ns, shorter than light propagation time

2 - T - AR MRS AL RS LA AL AL AL MALE ALLE" - - S | S . =
0.9 3 0.9 — 0.9E- =
08 3 Y= 3 0.8F- E
07 =3 07 3 07E- 3
0.6F DCR = 1 MHz 3 0.6F DCR =10 MHz 3 06E- DCR = 100 MHz 3
0.5F- 3 05F- E 05F =
0.4f- = 0.4f- = 04F-
03f- = 03f- = 03f- &
02f- = 02f E 02f- 3

E = E 3 EN f'\ E
0.1 = 0.1 = 015V = =
oE ] | ] I L 3 ok n > A d ! e o 1 ! | 1 1 1 =

(] 300 400 500 600 700 800 1000 0 100 200 300 400 500 600 700 800 900 1000 (] 300 400 500 600 700 800 1000
time (ns) time (ns) time (ns)
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5 = - 5 o 3 S 2500— —
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5} r 1 S 7000 3 S . ]

8000— — E E 2000/ .

r Number of hits in a time window of 25 ns N 6000 Number of hits in a time window of 25 ns = - Number of hits in a time window of 25 ns ]

L Fraction of time bins with N, >= 3 = 0.000 = -~ = Fraction of time bins with N, >=3 = 0.002 = C Fraction pf time bins with N, >=3 = 0.459 ]

6000[— Fraction of time bins with N,,,, >= 4 = 0.000 n E Fraction of time bins with N, >= 4 = 0.000 E 1500}— Fraction pf time bins with N, >= 4 = 0.239 -
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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%

U.S. DEPARTMENT OF _ Argonne National Laboratory is a
ENERGY U.S. Department of Energy laboratory
managed by UChicago Argonne, LLC.

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%

old
MHz
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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 z:s' ELERETE B e .5:5

with S14161-6050HS-04, need to ’ bvervoltage (Vi '

go to -20° C or lower

,f'- U.S. DEPARTMENT OF _ Argonne National Laboratory is a
7 U.S. Department of Energy laboratory 60 A
(ZJENERGY ..ot ey rgonne



https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10090016/

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 61 Argonne &




RADIATION DAMAGE Proton irradiation of SiPM arrays for POLAR-2

Pre-radiation DCR

i [ 1|S14161 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 ’ - .
o p-i-g A £ i 1| Two months after irradiation:
After ~200 Rad of ..;6'0"104.' B A T 1| Dose: 0.254 Gy
g BeAREARE o 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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RADIATION DAMAGE o
If we take the numbers provided in z:_ :
this paper seriously, expect 192 04E- E
MHz of DCR after 200 Rad of 2
radiation damage at room 02f E
temperature o

00 100 200 300 400 500 600 700 800 900 1000

time (ns)
This is clearly too large, likely - S s T
would swamp the MIP s 3 e E
— Threshold would need to be set 3 Flacton oftme s i Ny, b= 3- 0580
at something like 9 Npe or tooof- e ettt I
higher :Z_ ‘ ;
400~ —
200 =
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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 .
0.000 0.005 0.010 0.015 0.020 0.025 "oo 0.03 020 x I.‘z'lj - 0.20 023
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