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Introduction

€ The gain of SiPMs increases with bias voltage V,,.. and decreases with temperature T

€ To operate SiPMs at stable gain, V,,.. can be readjusted to compensate for 7 changes
€ This requires the knowledge of dV/dT, which is obtained g 7 ?193'\'

from measurements of G vs V, for different T to extract  ©

dG/dV and dG/dT and in turn dV/dT
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650 | .

€ Gain stability is important for large detector arrays o0 | Mty :
such as an analog hadron calorimeter for ILC detector F —— Compensated by testhoara \ ]

550 r slope: (+15.4 + 75.9)

10 20 30 40

€ We tested this procedure in a climate chamber at CERN femp [ Geliuel
® 1.) For each of 30 SiPMs we measured G vs V,
for different T to extract dV,/dT
® 2.) We performed gain stabilization of 30 SiPMs
from Hamamatsu, KETEK & CPTA
stabilizing 4 SiPMs simultaneously
with one dV/dT compensation value
=» perform automatic compensation with
adaptive power supply

€ Goal: achieve stable gain

@f AG/G <*0.5% in 20°-30°C range
%"’CE“":’ G. Eiocen. C ALOR18. Euaene Mav 22nd. 2018



Temperature Measurements

e shine blue LED light via optical fibers on each SiPM

At a rate of 10kHz, the light is pulsed using sinusoidal
pulse above a fixed threshold; signal is 3.4 ns wide

Each signal of the 4 SiPMs is recorded with a 12 bit
digital scope after amplification by a 2-stage preamp

Hamamatsu & KETEK SiPMs are illuminated directly

CPTA sensors are glued to a WLS fiber placed in a groové Jin\\a scintillator tile
=» light has to pass through the tile and WLS fiber

Vary T from 48°-2°C (20°-30°C ) in 2.5°C (2°C) steps
® /. =7.:+0.5°C (ramp up/down); accuracy ~+0.2°C

Temp [a Celsius]
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Study of Hamamatsu MPPCs with Trenches

€ Waveform and pe spectra of 4 S13360 MPPCs (trenches)

S13360-3025 (10103)
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Removal of Parasitic Noise Signal

€ We remove a parasitic noise signal caused by a defective light pulse cable

€ First, we sample 21 points before the signal waveform starts (8.4 ns)

€ We fit the distribution with a Gaussian function and define a threshold by u—3c

€ We select all pedestal distributions that lie above the threshold

€ We determine the average and subtract it from all waveforms

a

4/,
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Removal of Parasitic Noise Signal

€ Removing the parasitic noise signal improves the shape of the waveforms

€ This, in turn, improves the determination of the peak positions

Before parasitic noise removal After parasitic noise removal
g 20 10° § 10°
-] 3
§: 401 E
-80 . ;
_100l : 10 —100:_ / — e
_120:_ _: -120+ i
1 A

L baas - PPN IR B P
0 20 40 60 80 100 120 140 160 180 200 1

Time [ns] Time [ns]
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€ We then extract photoelectron spectra using 2 methods
® Integrate waveform

® Determine minimum of the waveform
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Jwo Methods to Extract Photoelectron Spectra

€ We take 50000 waveforms at each V, and T point and store them for offline analysis

€ Integrate each waveform over t,-t;window

=» total charge, integer # of pe

variable
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0, =0.00721 = 0.00006
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fes = 0.915 = 0.008
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e Data
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€ Determine minimum of waveform amplitude

> Ajeak typically integer # of pe

t, :variable
t,: fixed

T=25°C
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CPTA #92°2 Spectrum of pe

G =4.901 +0.019

= 4,882 £ 0.010
a,=0.356 +0.005
o, = 0.561 £ 0.007
g, =0.769 = 0.021
tey = 0.388 + 0.008
y?idof = 5.776
T=2540 °C

« Data

Tatal fit
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----- Background
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Gain Determination

Gain: distance between two adjacent photoelectron peaks
We choose distance between first and second photoelectron peaks
Distance between pedestal and first photoelectron peak yields the same gain

We fit the photoelectron spectra extracted from 500000 waveforms with a likelihood
function —

L= ]:1[ [sts,-g( ) (1 f )Fbkg( )] fs: signal fraction

Fo=f. 6. +6,+ (1 ~f,- fl)é

We use two different fit models

® First model:
separate Gaussian G, for pedestal, first p.e. & second pe peaks and fractions f, f;;

include background F determined by a sensitive nonlinear iterative peak-clipping
algorithm (SNIP) avalla%le in ROOT

® S d model: n-1 n-1
gaanc mode o=t t S0nf6 +(1-F, -3 F )6

= fit pedestal and all visible peaks with Gaussians G4 and G;, where all widths and fit
fractions are kept as free parameters, use no background pdf

G. Eiaen. C ALOR18. Euaene Mav 22nd. 2018 9



Two Fit Models

= First fit model Second fit model
iy Hamamatsu Bl
Hamamatsu G=0.912 + 0.002 250l G = 0.667 + 0.005
- = 0.899 + 0,002 ! G,., = 0.678 + 0.008
512571 Eﬂ)‘l[]: ::-:U.ﬁ'ﬁ + 0,001 b o,=0.120 * 0.005
_ o, =0.142 + 0.001 200} 3 o0,=0.140 + 0.003
~500 a, = 0.179 + 0,002 = | o, = 0.151 £ 0.003
*E é siidof = 1,365 § | ¥3/dof = 0.854
S a00f $ 5 150 :
3300 3 . oan 200! e Daa
E : e : Total fit
200[- —— Total fit »
o
100 |
4

Charge (pC)

Charge (pC)
€ Use first fit model for bias voltage scans of all SiPMs and gain stability tests of
Hamamatsu MPPCs with trenches Hamamatsu S13360 with fit model 2

fomomatau | |7 | ¢ LEREE.| Secondfit  n o} L
o || == model yields . i

= PR e poor fits without &= 1

= 118 s | | odeingor . i

SRR BTSN tails on right- —

LA Uy hand side U

e el Charge )

€ Use second fit model for gain stability tests of all Hamamatsu MPPCs without trenches,
g‘figall KETEK and CPTA SiPMs, for bias voltage scans of some MPPCs without trenches

L& G. Eioaen. C ALOR18. Euaene Mav 22n. 2018
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Determination of dG/dV, with Fit Model 2

& Typically, we explore the 2°C-48°C temperature range

€ At fixed temperature, we measure G vs V, =» at each point we take 50k waveforms

€ The G vs V,dependence is linear for all T, with similar slopes

€ Except for low overvoltages V, all gains show linear dependence on V_ independent of T

o Gvs V, Hamamatsu A1-20
—n I A ]
3 i :?JE’;C _ }<'1GE| T GV|S Vo' I
—_— — — — 14 T | I I A | | I | T
— = 15°C — =
O :C 1 8 r .
— 25 o _ m - -
L - 30 oC — 12_ ]
10— -40°C - R -
: 48 °C ] 1oF- h
8- - B .
B | 8 i
6 . 6 .
i 1 & :
j" | | | | | | 1 | | | | | 1 | | | | | | | | | | | | 1 | | I: 2__ L | L | L e | L | L | IIIIIIII | .__
64 65 66 67 68 69 1 15 2 2.5 3 35 4
Dg“%; Vy, [V] Overvoltage [V]
% o
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Determination of dG/dV, with Fit Model 2

€ For each temperature point, we perform a linear fit for G vs V, to extract
® breakdown voltage
® dG/dV

€ Breakdown voltage increases linearly with 7 =» dV,/dT

& dG/dV~C, for some SIPMS it shows a clear linear T dependence

€ FitdG/dV, vs T with linear functions but only use constant term
=» variation from constant is <3%

64.5

64

63.5

63

L]

G. Eiaen. C ALOR18.
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Hamamatsu A1-20

x10°

3420|-
3400|-
33801

3360

D 1

[ I T

d6/dVivs T
T 20 30 40 50
T [°C]

€ dG/dV=(34.5+0.1) X 105V

12



€ Forfixed V,, we plotGvs T = dG/dT

€ Fit dG/dT vs V, with linear functions,
use only constant term
=» variation from constant is <3%

& We extract dV/dT from simultaneous fit
of the gainto V, and T

V=V, 1)+ (o) & G} (v

€ Fityields: dV/dT=(59.1£0.1) mV/°C

x10°
4_ T T T

Gainvs T

Glaul]

& From the breakdown
voltage V., vS T
we extract -
dV/dT=58.7%£0.3 mV/°C _o0sF

L
[1x]
&n

dGdT [1/°C]

& For stabilization of

dV/dT [mV/°C)

Hamamtsu type A 2151 H d6/dTvs U,

MPPCs we used TSIV TITRITY:

dV/dT=59.0 mV/°C weom me e e m o
%@’  G.Eigen. CALOR18. Euaene Mav 2272018
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etermination of dG/dT & dV,./d T with Fit Model 2

Hamamatsu Al1-20

4
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551

€ dG/dT=-(2.0274=%0.0033) X 10°/°C
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Stabilization: Hamamatsu MPPCs w/o Trenches

6 sensors 6 B sensors
i<|1Q"'| T " " " A T o T A0 T L | I PR R R
C -f—————C———— . ] - ————— "=
10[- E 11=0120 = et —
n —Ch 1 (£0.002%) B —Ch 1 (+0.283%) ]
- —Ch2(+0.031%) 1 - —Ch2(:0.127%) A
9-5:_ —Ch 3 (+0.093%) A 10— —Ch 3 (x0.230%)
- gf— 220 —Ch 4 (+0.042%) _f 5 - B2-20 —Ch 4 (+0.308%) :
: o— al —c—f——otr—rf—o—o———o—— 1 n__| 9___.. . ool - ——
8.5 A1-15 - C B1-15 -
:m-_._.—-—l—l-: :__._.__.___._._.._._.l-.-—r_._.__.——-—'—.‘:
81— - 8- .
n A2-15 - :_._.__.__._._.—.—.--—-.._.—-——-———'—'-:
7.5 = F B215 i
T ! | PRI R, Vm T T T L T
0 10 20 30 40 50 10 20 30 40 50
~ Sl2571sensors U
I
& Fit p.e. spectra of all MPPCs without 12 12571136 Gainvs T
trenches with fit model 2 i e+~ el S
101~ $12571-137 "
: . - +Ch 1 (+0.195%) ]
& All 12 MPPCs satisfy our requirement § +Ch 2 (:0.012%) -
of AG/G <=£0.5% in 20° —30°C o 8 +Ch3(x0.289%) |
T range - +Ch 4 (£0.210%) i
6l S12571-271 —
€ Some MPPCs satisfy this requirement m -
In the entire T range 2° — 48°C 12571273 .
QERS\ FE A I A R
5 = 0 10 20 30 40 50
xS G. Eiaen. C ALOR18. Euaene Mav 22nd. 2018 T(°C) 9



Stabilization: Hamamatsu MPPCs w Trenches

S13360-1325 & LCT4 sensors All S13360 sensors
x1106 T T i o xl106 T T
- ’ ¢ ¢ ’ | Ll ¢ ¢ LI ¢ ’ ’ § '. . ' ’ 4 T - ’ ' ’ ¢ ’ s ¢ ¢ ' ‘.l ’ J d § "
801 LCT4 #6 Gainvs T - [ Gainvs T -
S A —————— 45-513360-3025 10103 .
70¢ : B e TS S e S
- LCT4#9 : - :
601 —Ch1(20.151%) - 40/-S13360-3025 10104 —Ch1 (¢0281%)
3 Ch 2 (+0.055%) 1 i Ch 2 (+0.136%)
501 —Ch 3(0.051%) ] - —Ch 3 (£0.220%) 1
- —Ch 4 (£0.045%) : 35} —Ch 4 (+0.185%)  —
a0k 3 -S13360-1325 10143 .
- S13360-1325 10143 | [ e TrmEE
30;_ -0 —a—a—a—8 - sses = & & = - ',; 30;—. g " :
20:_ S13360.1325 10142 E _4813360-132510144 :
of - | PRI PR | IR B 25t o o1 : TR NP B,
0 10 20 30 40 50 0 10 20 30 40 50
T[°C] T[°C]

& Fit photoelectron spectra of all MPPCs with trenches with fit model 1
& All 6 MPPCs satisfy our requirement of AG/G <#£0.5% in 20° —30°C T range

€ Al LCT4 and some S13360 sensors show stabilization in 2° — 48°C T range

G. Eiocen. C ALOR18. Euaene Mav 22nd. 2018



Gain Stabilization of KETEK SiIPMs

imultaneous gain stabilization for 4 KETEK SiPMs in two batches: dV/dT=18.2 mV/°C

ot Gainvs T o Gainvs T

1 LI

| B

T 14 1§ 1§ 1§ T Ll ‘[ Ll Ll Ll Ll Ll
B - ] ] T —— E 275" bwagsor E
~ PM3350-1 = : ' \\‘\4\ ,
26i : 26; . Plyl33-50'5. Fl u u N\N\:\‘\i
- - T = e - L - 3
241 . o« = . . """\'\.N 25? PM3350-8 .\s
_ PM3350-2 _ ] - —Ch 1 (+1.408% . ;\_
o 22 Ch 1 (£0.585% = 24t Ch 2 (£1.392% .
: Ch 2 (+0.791% , . :
: , } 23} —Ch 3 (+1.650% =
20 —Ch 3 (+1.616% E —Ch 4 (+1.644% ]
E —Ch 4 (£1.429% : 22f- o -
18- e . — :
65 , WiZ9 : . . — 1 215 PMm3350-6 T

1 S . . n T - = L -\ . - .
L W12-A \ N R b 20F N PP BT P N T

0 5 10 15 20 25 30 0 5 10 15 20 25 30
T (°C) T (°C)

1800

& Fit all photoelectron spectra with fit model 2

€ KETEK SiPMs show more complicated V(T) behavior 8 1o
=>linear correction is not sufficient S o
=» sensors do not function above 30°C f o
=» G rises (1-18°C); uniform G (18-22°C); G falls off (22-30°C) «

€ No SiPM satisfies the <%0.5% requirement for 7=20° —30°C

=

G. Eiaen. C ALOR18. Euaene Mav 22nd. 2018 16



Gain Stabilization of CPTA SiPMs

CPTA SiPMs are illuminated via scintillator tile

We adjust V| with regulator board using dV/dT7=21.2 mV/°C to stabilize
4 CPTA SiPMs simultaneously

We test gain stability within 7=2°- 48°C taking = 18 samples of 50k waveform samples
ateach T

The gain is nearly uniform up to 30°C

Gainvs T Average over 18 points
SiPMs in ch#2 and ch#4 look fine: : 9 P

. . : x____________
ch#1 is noisy, ch#3 changed gain 40F oo s = ' —rr 5 -
at T=45°C but looks ok 5 .
. . . 35 Hioes [T L E
All 4 SiPMs satisfy our requirement of - _
>=+0.5% within 20°C -30°C T range 30} —Ch | (£0.017%) =
E #922 Ch 2 (+0.307%) E
O - -
25( —Ch E (+0.161%) §
oo Gosm soow - —Ch # (£0.032%) |
) 3:’:;.3244.&&5 20? -
g B } #idal = 2410 15?-#2.75 . t be, - - . : = —_
E 100 . . o T J, R
0#857 10 20 30 40 50

T (°C)

5 10 15
M. Amnpltude (mv)
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Measured dV/dT Values vs V.

€ Look for correlations between operating voltage and measured dV/dT for all SiPMs

€ For most SiPMs dV/dT increases linearly with V,

& Exceptions:
® Hamamatsu B type MPPCs
® Hamamatsu MPPCs with trenches
=» They have lower V, for similar dV/dT

€ KETEK & CPTA SiPMs have larger
dV/dT spread than Hamamasu MPPCs
without trenches

xS G. Eiocen. C ALOR18. Euaene Mav 22nd. 2018
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Does Afterpulsing affect Gain Stabilization?

e determine the pe spectra from the waveforms in 2 ways

® integrated charge Q

Graph
: _ 1o
® magnitude of the peak A .. £ |
i
We analyze the scatter plotof
Q versus A,k
Signal without afterpulsing lies on the diagonal i T
: : : . hSpecPe2D
Signal with afterpulsing is Q: B 50000
c : 206 J nx 0.
shifted upwards since wave- 5 = I Moany o408
' 3557 # | Std Dev x 0.005228
form is broadened dqe to 0.5 o Do 5 oot
delayed secondary signal 04 102
0.3

Set slope with 2pe & 3pe peaks

0.2

€ Dashed line is chosen to be in A%_1

R
e\“ﬁ 2
¢ i-{”
> >
& o

LGERS

=>» best separation

valley between the 2 regions

Redo analysis for region below
dashed line
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dG/dV & dG/dT for Reduced Afterpulsing

€ The dG/dV & dG/dT distributions for sample with reduced afterpulsing look

look similar
as those
for all data

€ Within

errors get
the same

fit results

=> visually
slopes of
red lines are
the same

dG/dV [1/V]

dG/dV [1/V]

. d6/dv

L B i o e B e e e s
2260/ all data +
2240
2220
2200_ :
2180} -

‘
Goaeal e el Lo Lo Lo ol Ll
5 10 15 20 25 30 35 40 45
Temperature [°C]

x1o3 dG/dV

AR M RS A RAAAS RAARE LALLE RAREN RARLE RILE RN
2280 reduced |

afterpulsin + |
2260— P 9 \ —

T ]

2240— / _—

u ]
2220 : b ]

‘ ' * ]
22001 * 1
2180— " -

L \ i

1 ERIETETEETE TS TN TN ST A EETE N N
5 10 15 20 25 30 35 40 45

Temperature [°C]
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—122F
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-134}

-136

. d6/dT
519 =
~all data 3
T T T P P T

72 725 73 73.5 74 745 75

Bias voltage [V
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afterpulsing
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Afterpulsing of LCT4 MPPCs

LCT4#6

€ Define afterpulsing T a5
R=events above dashed line/all events -
. 25
€ Study R as a function of V. foreach T
20
€ R shows rapid increase with V 15
10
€ R shows no explicit T dependence ;
=» Spread indicates systemematic .
effects of procedure b5
L AU [V]
L , I " LCTA#9
L - ) UELELE B ™ T T IR B
: ] = 30F . s A
251 ] = - :ch .
5 e 25t % 7
2— 3 u - ggc -
- E 20+ W S
1.5 - -t 0 .
- l 15[~ ‘c'/ =]
1= — 10 C o :
- 10F ] ]
05 55 Tl .
- . - . =
R : parw " .
T O o0 o0d 006 008 o7 oqz e 2 ol n
:?\i% Maximum Amplitude 1 1.5 2 2.5 3 3.5 4
“&2Y  G.Eigen. CALOR18. Euaene Mav 220, 2018 AU 5



Conclusions and Outlook

We successfully completed gain stabilization tests for 30 SiPMs and demonstrated that
batches of similar SiPMs can be stabilized with one dV,/dT compensation value

All 18 Hamamatsu MPPCs satisfy the stabilization goal: AG/G < £0.5% for T=20°C-30°C
=» most MPPCs satisfy AG/G < *0.5% in the extended T range 2°C-48°C

Gain stabilization of KETEK SiPMs is more complicated
® Range of stabilization is limited to 2°C-30°C T range
® No SiPM satisfies our requirement =»need individual dV/dT values

Gain stabilization of CPTA SiPMs works fine
=» for all 4 SiPMs, AG/G < £0.5% is satisfied in 20°C-30°C range

Afterpulsing does not affect gain stabilization results

Afterpulsing strongly depends on overvoltage not temperature
Results will be published in JINST

In the analog HCAL, V, adjustment can be implemented on the electronics board
=>»need array of temperature sensors to monitor T adequately in entire AHCAL

G. Eiaen. C ALOR18. Euaene Mav 22nd. 2018 22
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Hamamafsu 513399 1325

& Forfixed T, measure Mg

Gvs V,=> dG/dV, s2r

30—

& Forfixed V, plot 28/
Gvs T =>» dG/AdT 26

€ Extract all dV,/dT for
fixed T& average them

- Gain vs V,

32
30

/

€ Do this foreach SiPM ~ ® % &

58\ I

\59\ L

Vbias [V]

€ Fit dG/dV, and dG/dT with linear functions, use only constant (slope are small <1%)
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€ dG/dV=(46.36+0.02_,) X 10°/V
i € dG/dT=(2.6775+0.004) X 105/°C
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G/dV,, dG/dT & dV,/dT Results with Fit Model 1
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New fit

€ We obtain the same dV/dT for " dV/dT57.0£0.7TmV/°C £
Hamamatsu A, B & S12571 s 13
MPPCs within errors for both £ = \ \ j J HEENE
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& For KETEK and CPTA SIPMs 52; Hamamatsu B2-20 ]
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Compare 2 Fitting Strategies

old fit
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SIPM Properties

= t 18 Hamamatsu MPPCs (6 w trenches), 8 KETEK SiPMs and 4 CPTA SiPMs
SiPM Serial# Size Pitch #pixels Vyias Gain SiPM Serial# Size Pitch #pixels Vipias Gain
[mm?2]  [um] V] [10] [mm?2  [um] V] [10]
Type A A1 1x1 15 4440 67.22 0.2 W12 1 3x3 20 12100 28 0.54
Type A A2 1x1 15 4440 67.15 0.2 W12 2 3x3 20 12100 28 0.54
Type A A1 1x1 20 2500 66.73 0.23 PM33 1 3x3 50 3600 28 8
Type A A2 1x1 20 2500 67.7 0.23 PM33 2 3x3 50 3600 28 8
Type B B1 1x1 15 4440 74.16 0.2 PM33 5 3x3 50 3600 28 8
Type B B2 1x1 15 4440 73.99 0.2 PM33 6 3x3 50 3600 28 8
Type B B1 1x1 20 2500 73.33 0.23 PM33 7 3x3 50 3600 28 8
Type B B2 1x1 20 2500 73.39 0.23 PM33 8 3x3 50 3600 28 8
S12571 271 1x1 10 10000 69.83 1.35 CPTA 857 1x1 40 625 334 0.71
S12571 273 1x1 10 10000 69.87 1.35 CPTA 922 1x1 40 625 33.1 0.63
S12571 136 1x1 15 4440 68.08 2.29 CPTA 975 1x1 40 625 33.3 0.63
S12571 137 1x1 15 4440 68.03 2.30 CPTA 1065 1x1 40 625 33.1 0.70
LCT4 6 1x1 50 400 53.81 1.6
LcT4 9 1x1 50 400 53.98 16 & Use 3 types of MPPCs with trenches
S13360 10143 1.3%x1.3 25 2668 57.18 0.7 ’ TWO eXperlmentaI Samples (LCT4)
S13360 10144 1.3x1.3 25 2668 57.11 0.7
® Two 1.3 x 1.3 mm? sensors
S13360 10103 3x3 25 14400 57.6 1.7 2
® Two 3 x 3 mm~* sensors

S13360 10104 3x3 25 14400 56.97 1.7
& ./
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