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Tests with irradiated modules in Padova Bl

Belle I

Eventually MCP-PMTs with extended lifetime can be replaced by SiPMs in next long shutdown.
We irradiated 32 SiPM modules with different neutron fluxes, tested by laser, processed and analysed
Collected data are read from modules and analyzed:

o Photon spectra fit using two different methods to extract maximum of photons

o Extraction breakdown voltage using fitting of gain as function of bias voltage

o  Time resolution of first and second peak of photon spectra

o Dark count rate measurement

Compare results using modules after annealing (150 °C for 8 weeks) and re-irradiation at level 1.0 - 10"°
Dimension Pitch  Neutron 1 MeV

Producer Code Index 9
[mmxmm] [um]  eg/cm® fluence
Hamamatsu  S13360-1350PE 0-7 1.3 % 1.3 50 5.0-10*" - 1.0-10°
FBK NUV-HD-RH-3015 8-10 3 x 3 15 LY - 1 000°
FBK NUV-HD-RH-1015 11-14 i1 15 20109 - 1.0-106°
Hamamatsu S14160-3050HS 15, 30, 31 Sx3 50 1.0-10%, 1.0-10'°
Kektek PM3315-WL 18, 17 3x3 15 1.0-10'°, 1.0-10°
Kektek PM3335-WL 18, 19 3 x3 35 1.0-1019, 1.0-10°
OnSemi 10035 90, 21 1 x1 35 1.09-16%°, 1.0-10°
OnSemi 30035 99, 33 J%8 35 1.0-10°, 1.0-10°
Hamamatsu S13360-3025PE 24, 25 3x3 25 1.0-10™
Hamamatsu S13360-3050PE 26, 27 2R B8 50 1.0:10MC 2
Hamamatsu S14160-3015PS 28, 29 3 x3 15 1.0-1010 Jakub Kandra, INFN Padova



Tests with irradiated modules in Padova

Producer Code Index Non-irradiated Irradiated Annealed Re-irradiated
Photon spectra  Photon spectra
PR A ) L 313360-135 1 1
Homamsten, 313300 S0FE D=0 Dark count Dark count Dark count Dark count
FBK NUV-HD-RH-30152 8- 10 Dark count Dark count Dark count Dark count
. Photon spectra Photon spectra Photon spectra  Photon spectra
_HD-RH-1015° _
o NUV-HDRH-1010 =102 Dark count Dark count Dark count Dark count
. Photon spectra Photon spectra Photon spectra  Photon spectra
amamatsu  S14160-3050HS*® 15, 30,
Homamiaten, SEA60-I00HS toy o, e Dark count Dark count Dark count Dark count
Kektek PM3315-WL? 16, 17 Dark count, Dark count Dark count Dark count
; Photon spectra
% 12995 6 (
Eelkiek EMBss- Wi 18,19 Dark count Dark count Dark count Dark count
g Photon spectra Photon spectra Photon spectra  Photon spectra
2 9 c €
Oxremi 1000 20, 21 Dark count Dark count Dark count Dark count
5 Photon spectra
OnSemi 300355 22: 23
Ecain : ' Dark count Dark count Dark count Dark count
Hamamatsu  S13360-3025PE7 g4, o5  hoton Speetrn
Dark count
Photon spectr:
Hamamatsu  S13360-3050PE” 26, 27 .
Dark count
Photon spectr:
Hamamatsu  S14160-3015PS7 28, 29 R APORR

Dark count

No annealing and re-irradiation data, because photon spectra readout device have been broken.
2 No photon spectra data, because no peaks identified in spectra.

3 Non-irradiated data is collected using different bias voltage range as others.

4

5

1

For index 17, Non-irradiated data is collected using different bias voltage range as others.
? For indices 30 and 31, non-irradiated data is done and others is analysed now.

6 Non-irradiated data was analysed, in others no peaks was found in photon spectra.

7 Non-irradiated data is done and others is analysed now.
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Photon spectra fits B
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We are using two different methods for extraction of maximum of photons:

o Standard algorithm
o Markov algorithm with background subtraction
Markov algorithm allows us to provide Hamamatsu 1.3 mm x 1.3 mm x 50 um at level 5.0-101!
photon spectra cleaner in harder 100
environments é 80
Using highly irradiated modules in high % =
temperatures or with large detection area £

it does not provide sufficient results for ol
photon spectra fit.
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Residual

Gain [mV]

Extraction breakdown voltage

Bl
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Gains and breakdown voltage are extracted from photon spectra fit, gain as function of bias voltage, respectively.
Extracted breakdown voltage after irradiation is consistent with results before irradiation
Markov algorithm provides precise result as standard algorithm in highly irradiated environment with small
difference in slope
Hamamatsu 1 3 mm x 1 3 mm X 50 pm. |rrad|ated at level 1 0- 1010 at -35 °C
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e Then we check time resolution using first and second photons of photon spectra
e Time resolution studies demonstrate time resolution is consistent before and after irradiation

Hamamatsu 1.3 mm x 1.3 mm x 50 ym irradiated at level 1.0-10'% at -35 °C

First peak of photon spectra Second peak of photon spectra
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Breakdown voltage as function of irradiation INFN

Breakdown voltage [V]

Breakdown voltages can be presented as function of irradiation level

Breakdown voltages are consistent before and after irradiation for several high irradiation levels
The high uncertainty of the breakdown voltages come from a fact, in high irradiated environment
is more difficult extract clear photon spectra.

4.0 (type == 'new' | type == 'IRR-scanw-new') & temperature == -35 & 0 <= SiPM <= 8
¢ SiPM #0
48.8 | ¢ SIiPM #1 1
486 ' ¢ SiPM #2
or , b SiPM #3 ]
48.4 F I | ¢ S!PM #4
L ! SiPM #5
482 @ ¢ SIiPM #6
i b SiPM #7
48.0 : 1
478 ]
47.6 Il 1 | Il 1 |
-1 0 1 2 3 4 5 6
Level of irradiation [neutron 1 MeV eg/cm? fluence] x10t 7
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Annealing and re-irradiation
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This module has been irradiated at level 1.0-10"°, then annealed and re-irradiated at same level
No significant difference between irradiated annealed and re-irradiated data has been observed

T

Gain [mV]

T

(o)

T

T

Imradiated with Vg = 30.43+0.11 V
After annealing with Vo = 30.44 £0.11 V
Re-irradiated with Vo = 30.48 +0.11 V

FBK 1 mm x 1 mm x 15 pym irradiated at level 1.0- 10° at -35 °C
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Time resolution [ns]

Annealing and re-irradiation

D
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This module has been irradiated at level 1.0-10"°, then annealed and re-irradiated at same level
No significant difference between irradiated annealed and re-irradiated data has been observed
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Breakdown voltage as function of irradiation
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e Breakdown voltages are consistent irradiated, annealed and re-irradiated data for several high irradiation levels

(type == "IRR' | type == 'ANN') & temperature == -35 & 10 < SiPM < 15

30.60
3055 F
30.50 F
3045
30.40 |
3035F
3030
3025 F
3020
30.15

Breakdown voltage [V]

> 0 - o

SiPM #11
SiPM #12

SiPM #13 7
SiPM #14 ]

-0.5

30.7

0.0 0f5 1f0 1f5 2.0
Level of irradiation [neutron 1 MeV eg/cm? fluence]
(type == 'ANN' | type == 'IRR2') & temperature == -35 & 10 < SiPM < 15

2.5
x101°

306
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304

303

Breakdown voltage [V]

302

¢ Annealed
¢ Reirradiated at level 1.0e+10

30.%10
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SiPM
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Dark count rates

We provide dark count rate measurements
using non-irradiated, irradiated, annealed
data and re-irradiated

Annealing helps to reduce dark count rates in
several magnitudes

Results of re-irradiated are consistent with
previous observations

Dark count rate [kHz]
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e
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Hammamatsu 1.3 mmx 1.3 mm x 50 um at -35 °C

® %

8]
'o“"“““‘
Non-irradiated ! i
Irradiated at level 1.0-101°
After annealing °
Irradiated after annealing at level 1.0-101°

1.2 1.4 1.6 1.8 2.0 2.2 2.4
Vbias — Vo [V]
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Dark count rate [kHz]

10°
10°
10¢
103
102
10!
10°

107t

Dark count rates as function of irradiation level INFN

Hamamatsu 1.3 mm x 1.3 mm x 50 ym

10 °C -10 °C -35 °C
Level of irradiation [neutron 1 MeV eg/cm? fluence] Level of irradiation [neutron 1 MeV eg/cm? fluence] Level of irradiation [neutron 1 MeV eg/cm? fluence]
10° 1010 101t 10° 1010 101! 10° 101° 101t
- o Irradiated after annealing E 10F e Irradiated after annealing 106 F o Irradiated after annealing E
»  After annealing After annealing After annealing
L e Irradiated . 105+ e Irradiated & 105+ e lrradiated i
e Non-irradiated - ¢ Non-irradiated ° —_ e Non-irradiated
. ° b e I N ° N
o ° o o o ° 2 “qZ 10%F . T 10°F 5
L4 L = ® [ ] 4 = L]
) ° * ] ° ° ) °
L 4% 103 k ° ° © 103 o
pa — ° ® . ° ® ® [ ] <
IS o € , -
3 13 102 3 10°F . E
(&) o
i ] L = 1L ]
° ° . ° & ° = ° 8 10! 8 10 g
E . 100 B | X < - ° N L] 100 = 4
e
- { 107} 1071f e © .
L L ! I ! | | ! | I | | ] ! ! L I I hd ] | L L )
#7 #6 #5 #4 #3 #2 # #0 #7 #6 #5 #4 #3 #2 #1 #0 #7 #6 #5 #4 #3 #2 # #0
SiPM SiPM SiPM
Dark count rates can be recovered by annealing, but not to the level before irradiation.
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Dark count rate [kHz]

10°
10°
10¢
103
102
10t
10°

1071

Dark count rates as function of irradiation level INFN

FBK1 mm x 1 mm x 15 um

10 °C -10 °C -35°C
Level of irradiation [neutron 1 MeV eg/cm? fluence] Level of irradiation [neutron 1 MeV eg/cm? fluence] Level of irradiation [neutron 1 MeV eg/cm? fluence]
10° 1010 10° 1010 10° 1010
- e Non-irradiated E 10°F e Non-irradiated E 10°F e Non-irradiated E
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Dark count rates can be recovered by annealing, but not to the level before irradiation.
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Breakdown voltage as functlon of temperature - INFN
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Breakdown voltage [V]

. D
Breakdown voltage as function of temperature INFN
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We irradiated 32 SiPM modules with different neutron fluxes and tested by laser.
All of them are processed to study their response.

Modules were annealed (at 150 °C for 8 weeks) and processed again

Then modules were re-irradiated at level 1.0 - 10'° and processed again
Collected data are read from modules and analyzed:

a.

Photon spectra fit using two different methods to extract maximum of photons

m Highly irradiated modules with big sensitive area or at high temperatures worse fitted
Extraction breakdown voltage using fitting of gain as function of bias voltage

m Results are consistent before, after irradiation, after annealing and after re-irradiation
Time resolution of first and second peak of photon spectra

m Results are consistent before, after irradiation, after annealing and after re-irradiation
Dark count rate measurement

m Annealing reduce rates but not to level before irradiation

m Re-irradiation consistent with previous observations

We see some differences dependence on produces or SiPM’s code
16
Jakub Kandra, INFN Padova



Bl

Belle IT

Backup
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Breakdown voltage [V]

Breakdown voltage [V]

Breakdown voltage as function of irradiation

(type == 'IRR2' | type == "IRR' | type == ") & temperature == -35 & 20 <= SiPM <= 21

D
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B

reakdown voltage as function of irradiation INFN

Breakdown voltages can be presented as function of irradiation level

Breakdown voltages are consistent before and after irradiation for several high irradiation levels
The high uncertainty of the breakdown voltages come from a fact, in high irradiated environment
is more difficult extract clear photon spectra.

1 (type == 'new' | tylpe == 'IRR-scaqw-new‘) & temgerature == -35'& 0 <= SiPM <= 8
SiPM #0
18 | 4 SiPM #1 ]
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14 .
L]
13 : : : 1 L L
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Level of irradiation [neutron 1 MeV eg/cm? fluence] x10'* 19

Jakub Kandra, INFN Padova



Breakdown voltage as function of irradiation INFN

e Breakdown voltages are consistent irradiated, annealed and re-irradiated data for several high irradiation levels
(type == "IRR' | type == 'ANN') & temperature == -35 & 10 < SiPM < 15
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Breakdown voltage as function of irradiation

(type == "IRR2' | type == "IRR' | type == ") & temperature == -35 & 20 <= SiPM <= 21

Slope

Slope
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Gain [mV]

Residual

Extraction breakdown voltage B (NN

Belle IT

From photon spectra fit gains are extracted and breakdown voltage is extracted from gain as
function of bias voltage
Extracted breakdown voltage after irradiation is consistent with results before irradiation
Markov algorithm provides precise result as standard algorithm in highly irradiated environment
Hamamatsu 1.3 mm x 1.3 mm x 50 ym
(:aln as functlon of blas voltage for SIPM #0 |rrad|ated at level 5 0 1011 at -35 °C
50 e Non- |rrad|ated with Vg = 48 47 £0.21V ..'. ]
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Gain [mV]

Residual

Extraction breakdown voltage B (NN

50

20 |

40 |

30 |

Belle I
From photon spectra fit gains are extracted and breakdown voltage is extracted from gain as
function of bias voltage
Extracted breakdown voltage after irradiation is consistent with results before irradiation
Markov algorithm provides precise result as standard algorithm in highly irradiated environment

Hamamatsu 1 3 mm X 1 3 mm X 50 um |rrad|ated at level 5.0-10%! at -35 °C

I | I |
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Residual

Effect of annealing to breakdown voltage INFN

FBK 1 mm x 1 mm X 15 Hum lrradlated at level 5 0 109 at 35 °C

o Imadiated with Vo = 30.268 +0.081 V Gl
e After annealing with Vo = 30.33 +£0.10 V ey e @
32 o .0 i
S .-0
g o .o . ]
£ 301 Tl ]
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O e » -
28 T g |
[ 3 J 1 A | A | A 1 " 1 | 1 1
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Vbias [V]

e Additional test has been provided using FBK modules, where photon spectra has been fitted
before and after annealing to test if annealing process affect breakdown voltage extraction

e No significant difference has been observed after annealing o4
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Effect of annealing to breakdown voltage
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 —— - —
e Imradiated with Vo = 30.268 £0.081 V

T

e After annealing with Vo = 30.33 £0.10 V
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Effect of annealing to time resolution BIaE

Belle IT

e Then modules was irradiated again at level 10.0 - 100 to test affect to time resolution
e Time resolution results keep consistent as before

FBK 1 mm x 1 mm x 15 ym irradiated at level 2.0-10"° at -35 °C
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Effect of annealing to time resolution

Then modules was irradiated again at level 10.0 - 10'° to test
Time resolution results keep consistent as before
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