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Tests with irradiated modules in Padova Bl

Belle IT

e In Belle Il, MCP-PMTs with extended lifetime have been installed and they have limited lifetime
depending on accumulated charge.

We are trying to understand if they eventually can be replaced with SiPMs.

We irradiated 24 SiPMs modules with different neutron fluxes and tested by laser.

Sixteen of them are processed to study their response.

Collected data are read from modules and analyzed.

Dimension Pitch Neutron 1 MeV

Index Producer

[mmxmm] [um] eg/cm? fluence
0 Hamamatsu 1.3 x 1.3 50 5.0-10
1 Hamamatsu 1.3 x 1.3 50 2.0-101*
2 Hamamatsu 1.3 x 1.3 50 1.0-101
3 Hamamatsu 1.3 x 1.3 50 5.0:16°
4 Hamamatsu 1.3 x 1.3 50 2.0:19™
D Hamamatsu 1.3 x 1.3 50 1 610"
6 Hamamatsu 1.3 x 1.3 50 5.0-107
73 Hamamatsu 1.3 x 1.3 50 10-1,07 2

Jakub Kandra, INFN Padova



Dark count rate as function of level of irradiation z INFN
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Dark count rate as function of level of irradiation

Hammamatsu 1.3 mmx 1.3 mm x 50 um at-10 °C
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Dark count rate as function of level of irradiation

Hammamatsu 1.3 mmx 1.3 mm x 50 um at -30 °C
SiPM
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Hammamatsu 1.3 mmx 1.3 mm x 50 um at -35 °C
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Gain as function of bias voltage
for SIPM #0
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Gain as function of bias voltage BIaE

Belle I
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Gain as function of bias voltage BIaE

Belle IT
Gain as function of bias voltage for SiPM #0 irradiated at level 5.0 - 10! at -10 °C
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Gain as function of bias voltage BIaE

Belle I
Gain as function of bias voltage for SiPM #0 irradiated at level 5.0- 10! at -30 °C
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Time resolution for first, second
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SIiPM #0
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Time resolution

For SiPM #0 first peak at -10 °C
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Gain as function of bias voltage BIaE
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Gain as function of bias voltage BIaE

Gain as function of bias voltage for SiPM #1 irradiated at level 2.0-10! at -10 °C Belle I
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Gain as function of bias voltage BIaE
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Time resolution
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Gain as function of bias voltage
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Gain as function of bias voltage BIaE
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Gain as function of bias voltage
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Gain as function of bias voltage for SiPM #3 irradiated at level 5.0-10*° at 10 °C

Vbias [V]

T Y
e Non-irradiated with Vo = 50.68+0.13v. gt ®
- e Irradiated by standard algorithm with Vo = 50.9 22V .',__.,»4-0”"
» lIrradiated by Markov algorithm with Vo =50.8x 1.4V ..A,..--~'“”
- @ e
o g ®
oy L @
s s .
= ;Qagﬂcgaegzoocoooooooooo
- bt q it 1 L 1 1
52.5 53.0 53.5 54.0 54.5
) ) . Vpias [V] ) i
Gain as function of bias voltage for SiPM #3 irradiated at level 5.0-10'° at 0 °C
Non-irradiated with Vo = 50.143 £0.041 V ,mr"‘"'“.w.
- Irradiated by standard algorithm with Vo = 50.20 x0.96V | ..m"'"'
Irradiated by Markov algorithm with Vo = 50.20 = 0.66 V .M“.__uo““‘
o.
o
- Pl
::’__.49'.‘.'.’Oif o 0"
.1 g ! | | | ! !
:‘oﬁce:'ﬁéqﬁwoeog“oﬁcaogoﬁo@ooooooooooooo
51.0 51.5 52.0 52.5 53.0 53.5 54.0

<o

Belle IT

INFN

47



Gain as function of bias voltage BIaE
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Gain as function of bias voltage
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Gain as function of bias voltage BIaE
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Gain as function of bias voltage BIaE
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Gain as function of bias voltage BIaE

Gain as function of bias voltage for SiPM #4 irradiated at level 2.0-10*° at -30 °C Sl
60F e Non-irradiated with Vo = 48.35 +0.17 V g™
Irradiated by standard algorithm with Vo = 48.33 £0.13 V g
_ 50 F =« Irradiated by Markov algorithm with Vo = 48.35+0.37V . .e"* ]
=40 o 1
c O g
© g gt ®
O 30 i E
o T le"

20 F .0 ® < ]
© 05F v T T T T T =
é 00F ®* & o ". g P o no® el V8 VLY ¢6d 00s 0000 @ ® &0 e o © ]
] _05 E 1 | 1 1 1 ! =
&~ 49.5 50.0 50.5 51.0 51.5 52.0

Vbias [V]
Gain as function of bias voltage for SiPM #4 irradiated at level 2.0-10° at -35 °C
60 e Non-irradiated with Vo = 48212V L
e Irradiated by standard algorithm with Vo = 48.07 £0.16 V ‘.'

. 50F =« lrradiated by Markov algorithm with Vo = 48.08 £0.37V o B
> o
E 40 F R ~‘: q
£ ..,,,:..w="~
© ae: T e
O 30 :::,::-".\"“ @ » 5

20 | 5

§ 25F [] [ ] L T T T T T E
< Y [ ] [ ]
% 0.0 F ® 0 8 0 0 0 0 0 0 00 L PLe 0 0o e o o E
Q —-25k 1 Il | | | E
&« 49.0 49.5 50.0 50.5 51.0 51.5 62

Jakub Kandra, INFN Padova Vbias [V]



D
]/ INFN
C

Time resolution for first, second

and other photon peaks for
SIPM #4

Jakub Kandra, INFN Padova



Time resolution

0.225

0.200

0.175

0.150

Time resolution [ns]

0.125

0.100

0.35

0.30

0.25

0.20

Time resolution [ns]

0.10

For SiPM #4 first peak at 10 °C For SiPM #4 second peak at 10 °C For SiPM #4 other peaks at 10 °C
.I T T T 3 ’1 T T T 0.12 _; T T T
- - ‘ ®

012 o 1o} °, ]

[ ]
B ’ N L]

» 0.11 B LI

° LA 0.10F, e, ]

i .. N [ ] [ ]

% 010 @ ee 1 00of ® %8, ° :
o;‘ e o L e i
L = i
€ o 0.09 | ° ot o 1008l * oo 7 ]
$e ) °
& .o ..t S ] ¥ o L
- 0.08 | 08y 2 1 007} e ]
° ° oo -
% .’o ® oo ° .'o . e
L ) .00...0. = ° [N °®
® 0.07 |- 0.....' 0.06 .......... L4 1
1 | 1 1 1 1 1 1 Il 1 1 1
1 2 3 4 1 2 3 - 1 2 3 4
Vbias — Vo [V] Vbias — Vo [V] Vbias — Vo [V]
For SiPM #4 first peak at 0 °C For SiPM #4 second peak at 0 °C For SiPM #4 other peaks at 0 °C
T T T T T T T T T T T T
P 1o18}" {034 1
|- ® -
0.16 1 L ~
0.12 P
° L]
- {014} e g e
- ° o0} ° :
e & o® o. o,
L ] - .
i o .. 1 0.12 e %, .8...0'0
. ®%° ® e ° L o0 -
“t: ..o - 0.10 ..:' ° :’0 . 008 ““‘.o.:::
B ® L ] i .:::. & 0.0 .o.
o9 o %, o :“.‘. a'® e o
® L ]

i i ®ee] 008} Seee®eq,] 0.06 | 0% eeveseqs *°-
1 1 1 1 1 1 1 1 1 1 1 1
1 2 3 4 1 2 3 4 1 2 3 4

Vbias — Vo [V] Vbias — Vo [V]

Jakub Kandra, INFN Padova  Vbias— Vo [V]

<o

Belle IT

INFN

e Non-irradiated
e Irradiated by standard algorithm
e Irradiated by Markov algorithm

64



Time resolution

0.275

0.250

0.225

0.200

Time resolution [ns]

0.150

0.125

0.30

0.25

0.20

0.15

Time resolution [ns]

0.10

0.05

Jakub Kandra, INFN Padova

For SiPM #4 first peak at -10 °C
T T T

For SiPM #4 second peak at -10 °C
T

For SiPM #4 other peaks at -10 °C
T T T

0.175

T T

° @ °
[ . 1 016 | *® 4 0.13 —.‘ .
e o § . 0.12f o, E
[ ] L™ .O
. 0.14 | {o011fe* -
e o ° ] b ° oo
o o, o10f ° * E
o ° i - N [ ]
. R 012 P ™ 0.09F o “ee, % :
° E e %se
st % Py 0.08 | . ole 9
3 o.‘ ° % E 0.10 o.:o. . B 007 | ... ™ i
o, 0:‘. % ° : Sey
L o 5,00 ° 3 0N b ®e0 3
** %8s * % 0] 008} ® 0, %% 006 LT O
1 1 1 1 1 1 1 1 L
1 2 3 1 2 3 1 2 3
Vbias — Vo [V] Vbias — Vo [V] Vbias — Vo [V]

For SiPM #4 first peak at -20 °C
T

For SiPM #4 second peak at -20 °C
- =

For SiPM #4 other peaks at -20 °C
T

T T 0.18 FT T 0.14 F T
e y . °
°, L4
° 0.16 | - &
- 1 0.12 |- e® e
° s ®
° 0. 'o.
°
°° o o4 ° ] .
= ..0 .. 1 ... ° 0.10 F '. ° il
e ° 0.. ° ..
. ° I 1
il .....~o.o ° il 0-12 L e ..’:. °
e’ ® % °o = ”' =
o’ o eee,, sy * 0.08 - - e il
LA ®s o] 0.10 | bt 1 ° o
- ] ..\:‘o o0
....’.. ...
° o
0.08 | e®%ey 1 0.06 [ ® seee, ]
1 1 1 e 1 1 1 b 1 1 ...
1 2 3 1 2 3 1 2 3
Vbias — Vo [V] Vbias — Vo [V] Vbias — Vo [V]

D
o

Belle IT

INFN

Non-irradiated
Irradiated by standard algorithm
Irradiated by Markov algorithm

65



Time resolution

0.30

0.25

0.20

Time resolution [ns]

o
[
wv

0.10

0.250

0.225

0.200

0.175

0.150

Time resolution [ns]

0.125

0.100

Jakub Kandra, INFN Padova

For SiPM #4 first peak at -30 °C
T

For SiPM #4 second peak at -30 °C
T

For SiPM #4 other peaks at -30 °C
T

LT T - T T T T
0.16 |» 1 016 o 1
L ]
L °
0.14 —
g8 1014 }°.° R -~
e o s ®
oo :° 012f <% 1
® o 0.12 %oy g °
oS ] O w Jd
2% ° e, 0.10 e % i
i 0.10 | * %, E e
LY P ... L “.
i ®og0 i ."' 0.08 [ oo e —
". ® %0 Qoy e
® oge®®e 0.08 | o® ] .
0ge® o0 - . 5 . °. . *%00e
® 0... . e ... 0.06 ...........‘
| | L - 1 L 1 | L 1
1 2 3 1 2 3 1 2 3
Vbias — Vo [V] Vbias — Vo [V] Vbias — Vo [V]
For SiPM #4 first peak at -35 °C For SiPM #4 second peak at -35 °C For SiPM #4 other peaks at -35 °C
T T T T T T T T T
% 0.14 | * E .
Foe ] o 016 * -
o 0.13 | g%* :
£ e ] o,
o0 o (1) | .
.' 0.12 | & .. & L] 1 0.14
[ %0, o 4 %o °®
o, o® 0.11 ..00 ° 1012} e ’. o
o‘o 3% ® .
- [ ] L -
e °fe 0.10 | $e0, © R -
iy " ode D.10F . BoWS... .o .
L]
X . Toee, { 009 F Y., . " °.‘°....
= L] (L] 2
: ] 0. .o.... 1 o008k ceey® 0.08 ....
L ] ...
L]
- . 1 0.07F x 7 0.06 ....'0.00000_
1 1 1 1 1 1 1 1 Il
1 2 3 1 2 3 1 2 3
Vbias — Vo [V] Vbias — Vo [V] Vbias — Vo [V]

D
o

Belle IT

INFN

e Non-irradiated
e Irradiated by standard algorithm
e Irradiated by Markov algorithm

66



D
]/ INFN
C

Dark count rate for SiPM #4

Jakub Kandra, INFN Padova



Dark count rate Bl

Belle IT

105 Hammamatsu 1.3 mmx 1.3 mm x 50 um at 10 °C 10° Hammamatsu 1.3 mmx 1.3 mm x 50 um at 0 °C
M S S LA R pe ey ey e ey e ———p—r—Te—————r———r——
3 ® ®
al - « 8O O . 5 b . . . i c . ¢ o o ]
e sesssssssdsssss] wpecc ;
L o ® 1
N 3E - = . e o © o N a e o © - ARl . ' : 1
§ IR G dien s ®E HEE v | T 102} ° ;
E 10% 3 E :
© { © 10'f ® E
S i ] S 10° k i
¥ 10°F ] X
< Non-irradiated 1 8 19-1L e Non-irradiated ]
o .. .,L 1 o 10
107 Irradiated at level 2.0-101° e Irradiated at level 2.0-101° :
After annealing ] 5 » After annealing
1072F o Irradiated after annealing at level 1.0 - 1010 E 107°F o Irradiated after annealing at level 1.0-10%° F
1.00 1.25 1.50 1.75 2.00 2.25 2.50 1.0 1.2 1.4 16 18 20 22 24
Vbias — Vo [V] Vbias — Vo [V]
68

Jakub Kandra, INFN Padova



Dark count rate Bl

Belle IT

Hammamatsu 1.3 mm x 1.3 mm x 50 um at -10 °C Hammamatsu 1.3 mm x 1.3 mm x 50 um at -20 °C

104 atk el ok ke el e 104§ aekebelebliele ks M el LA
. g
o e By 8, . ° : : : & ! . e ®
10° F : : : s o & w8 e o o o - 103 F “ o .. : : .o : : : : : : : e o © E
E 102 _ co e @ gy v r@ e e e _ E 102 _ 0 _
g g 1 <
© 10'F {1 ©® 10'f :
, e | |
S 10} i S 10°F v Z
* = ‘ ﬁ
S 10-1k Non-irradiated { 8 1071} * Non-irradiated 3
Irradiated at level 2.0-101° - | e Irradiated at level 2.0-10%° ‘
5 After annealing 1 oL ® After annealing
107°F & Irradiated after annealing at level 1.0-10%° E 10 — e lIrradiated after annealing at level 1.0-101°
1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4
Vbias — Vo [V] Vbias — Vo [V]

69
Jakub Kandra, INFN Padova



Dark count rate [kHz]

Dark count rate

10° ¢

10?

10!

10°

e
<
—

—
o
A\

rrey——r

Hammamatsu 1.3 mmx 1.3 mm x 50 um at -30 °C
R e By A B T
00°. :::.0.0.'
® e .

Non-irradiated

Irradiated at level 2.0-101°
After annealing

Irradiated after annealing at level 1.0-101°

aul

1.0

1.6 1.8
Vbias - VO [V]

12 14 20 22 24

Jakub Kandra, INFN Padova

Dark count rate [kHz]

10%

109
1071

1072 ¢

D
o

Belle IT

INFN

10!

Hammamatsu 1.3 mm x

T T—Y T r—yerp—

1.3 mmx 50 um at -35 °C

e o © °
:QO:::::::::....'
g [ ]

3 Non-irradiated E
Irradiated at level 2.0-10%°
i After annealing ]
e Irradiated after annealing at level 1.0-10%° ]
1.00 1.25 1.50 1.75 2.00 2.25
Vbias_VO [V]
70



Jakub Kandra, INFN Padova

SIMP #5

<o

Belle IT

<R

71



D
]/ INFN
C

Gain as function of bias voltage
for SIPM #5

Jakub Kandra, INFN Padova



Gain as function of bias voltage

Bl

Belle IT

Gain as function of bias voltage for SiPM #5 irradiated at level 1.0-10° at 10 °C

Non-irradiated with Vo = 50.65 £0.15V .o'.
60 Irradiated by standard algorithm with Vo = 50.71 + 0.14 V gt «
- Irradiated by Markov algorithm with Vo = 50.70 £0.15 V .,.‘-~0""°"“. ]
S YN E T e e o
E, .,:ov':””.
- 40 ™ r ]
R 1 . ®
® P o I iy
©30F T - A ¢
o = &
20 F R ]
..I---'.- .’ : L 1 1 1 Il Il
© 05 L T T T T T T
é 0.0 F ® o 000 05 00 o0 00 00 o8 o0 g0 ,° ,° 2 oY@ @ 8_8 g @20 som ¥ T8 E
] _05 Il Il Il 1 | Il Il
o 51.5 52.0 52.5 53.0 53.5 54.0 54.5
Vbias [V]
Gain as function of bias voltage for SiPM #5 irradiated at level 1.0-10° at 0 °C
e Non-irradiated with Vo = 50.119 +0.089 V L
60 o Irradiated by standard algorithm with Vo = 50.120 +0.088 V R i
— « Irradiated by Markov algorithm with Vo = 50.10+0.12 V ..“4_..-.»0“"
> T
E i
c 40 9® o Ik
£ oo o® :
o] ® Cre
(U] ......-'a :
TS gt
D -t
20 e S 1
'.'l ) 1 1 1 1 1 1
©
025F %7 ' ' ' T - e
éggg- ..6°'?‘°G'ﬂ‘oeoe‘éomeo%%?o%00%@.oooo.o°°... 3
Q —VU. E 1 | 1 1 1 Il Il
& 51.0 51.5 52.0 52.5 53.0 53.5 54.0 73

Jakub Kandra, INFN Padova Vbias [V]



Gain as function of bias voltage BIaE
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Gain as function of bias voltage BIaE
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Gain as function of bias voltage BIaE
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Gain as function of bias voltage BIaE
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Gain as function of bias voltage BIaE
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Gain as function of bias voltage BIaE
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Gain as function of bias voltage BIaE
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Gain as function of bias voltage BIaE
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Time resolution
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Dark count rate
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