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IceCube

ICECUBE

SOouUTH POLE NEUTRINO OBSERVATORY

IceCube

*Install 5,160 detectors in an area of about 1Tkm? in Antarctica, and Observe Cherenkov Light.
*Charged particles are produced by interactions between neutrinos and nucleons in ice.
—Cherenkov Light is produced when charged particles traverse the ice.

*Neutrinos are detected by observing Cherenkov light.

High Energy Neutrino

*High energy neutrinos have energies above TeV.

*Neutrinos are emitted from astronomical phenomena.
*Neutrinos have no electric charge, and no deflection by
ambient magnetic fields.— Directly arrives at the Earth
— Suitable for searching for high—energy phenomena.

50m e

Amundsen-Scott South

Pole Station, A

IceCube Laboratory
Data is collected here and
sent by satellite to the data
warehouse at UW-Madison

®

Digitalb tical
Module (DOM) 2450 m

86 strings of DOMS,
set 125 meters apart

5,160 DOMs
deployed in the ice

CHIBA
UNIVERSITY




ICECUB

SouUTH POLE NEUTRINO OBSERVATORY

IceCube—Gen2

IceCube—Gen2
* Approximately 10,000 detectors will be buried at with

twice the spacing of the IceCube experiment.
*The detection volume = X8

<

*The sparser geometry degrades the detection
capability of relatively low energy neutrinos.

<

I Need detectors with higher detection performance I
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The Detector for IceCube—Gen2

Gen2-DOM
Eighteen 4 inch—PMTs are installed inside.

The detectable area is about 4 times larger

*Improving the performance of the PMT is
directly related to improving the light
collection performance of the detector.

Gen2-DOM
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Towards Higher Quantum Efficiency aIBEBUBE

Photomultiplier Tube; PMT Cathode | Dynode Anode

* Amplify number of photons produced
by the photoelectric effect. —_—
- Amplification : 106~ 10’. Light
= Capability of a single photon counting

Readout Board

High-QE

- QE : A probability to produce a photo-electron from a photon

Recently, prototype of THigh-QE PMTJ] becomes available.

Quantum efficiency is expected to be about 1.3 times higher than conventional PMT.
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Flow of my research

a SOouUTH POLE NEUTRINO OBSERVATORY

Objective : Evaluate the performance of photon detections
*Measured samples
- 2 old type PMT(N-QET1, 2) and 2 new type PMT (H-QE1, 2).

= Gain calibration
Gain : Multiplication factor of photo—electrons amplified by PMT.
Set the same Gains to various PMTs.

*Measurement of dark rate
Dark rate : Frequency of signal detected by PMTs even in dark.

 Evaluation of QE
Compare photon vyields.
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. . . 103 BC0229 Charge distribution 86.03V 3E
Gain calibration — qausson ||

[T charge fit |
Procedure 10

*Measurement at room and low temperature.
- Apply various voltages to PMTs, and calculate Gain 10
with the charge distribution.

“Plot graphs, and calculate the voltage when Gain:

100_
5.0 X 106, 025 050 075 1.00 1.25 1.50 1.75 2.00
. PE
(This voltage : Control Voltage)
BC0264

count

Freezer Readout Board

PMT 6000000 +
(B'E\Ck Sheets) 5000000 -

£
©
(S 4000000+

Control.valtage.of 5e6.gain.is.8368.Q3.V.....

Set Up

3000000

2000000+

Fan-out Board 76 78 80 82 84 86 88
Vcontrol [V]




Measurement of Darkrate ICECUBE

BC1357 mean of countrate: 91.595 Hz

Procedure "
sigma of countrate: 3.4016 Hz
Set up : The same as for Gain calibration 105
5 100
I
Take 100 measurements for 300 sec. T 95 * . o« °,
v L
+ L] ® ° ¥ : : ® @ ® [
© °%°® o o o0 °e oo ¥
& 90 o o °, * o . ° ® .
. ¥4 ®
Evaluate the average over time. 5 asl  ° * e
()]
80 -
751
0 20 40 60 80 100

number of times
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Measurement of dark rate ICECUBE

RVATORY

Result
Darkrate of normal temperature 350 Darkrate of low temperature
350
¢ n
300 - 300 1
— 250 - o — 250
= o z
o 200 1 ° 200 1
2 -
- i 1 i
2 150 e N-QE1 = 50 e N-QE1
“ 100 m N-QE2 “ 100 o = m  N-QE2
e H-QE1l e H-QEl
50 - -~
m H-QE2 m H-QE2
0 0

- N-QE : Dark rate decreases at low.
- H-QE : Dark rate increases at low.

Possible cause : Effect of Scintillation Light
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Cause of High Dark rate at Low Temperature aIBEBUBE

Sources of Dark rate

*Thermal excitation

-Scintillation light from charged particles produced by
radioactive decay inside the glass.

Glass Alr

Black Tape : PMT

Measure Darkrate by covering black tape to the glass
to suppress the reflection of Scintillation Light.
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Effects of Scintillation Light & 'ceCuse

Procedure
Readout Board PMT
(Black Tape)

Cover PMT with black tape.

-Compare dark rates between the
normal QE and the high QE

Fan-out Board =

PC

Set Up
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Effects of Scintillation Light %IBEBUBE

Result - Even suppressing the Scintillation Light
Darkrate of black tape cpntrlbutlon, the dark rate of H-QE1 is still
350 o high,180Hz.
300 o N-QE - Dark rate in N-QE decreased more than in
e H-QE1
2501 H-QE.
T About Half LN
@ 2007 o - H-QE may be significantly affected by
£ 150- Scintillation light compared to N-QE.
8 100 -
¢ Decrease 60% - Radioactive materials could be included in the
> ° glass during the production process of H-QE.
0
Normal Black Tape

- This x6 higher dark rate is much beyond
possible enhancement of QE(x1.3).
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Evaluation of QE a' ICECUBE

Comparison of Charge distribution
Procedure 10° 1
*PMT to be in the same position. [ e o N oEL
- Take four repetitions for N-QE, H-QE1, and 2 1 charge fit of N-QE
H-QE2 (To check reproducibility). 10 charge fit of H-QE1
"Inject the same intensity laser to all the 5
PMTs, and compare the collected charge ——
distribution.
Laser H
Source et Up 100 . 0 0 ,
0 20 40 60 80 100 120
PE
Laser
Generator




Evaluation of QE e ICECUBE

Result

Relative numbersof collected of photons

- The reproducibility is good.

1.501
u m . - H-QE1is 1.32 times, H-QE2 is
1.25° 4 A A wma 1.23 times, compared to the
1.001 © o ¢ = average of QE of N-QE.
0.75-
0.50-
® N-QE
0.251 m H-QEl - :
000 A H-QE2 | Confirmed the improvement of QE |

1st 2nd 3rd 4th
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Summary and Next Step aIBEBUBE

Evaluation of QE

“We experimentally confirmed the improvement of QE factors of 1.32 and 1.23.

Dark rate, QE

At low temperature, dark rate of H-QE is about 6 times higher than normal QE.

*H-QE could have a contribution from radioactive decay than N-QE, this is expected from
the production.

dark rate is bigger than X 1.3 higher QE
=Need a future improvement

Next Step

Share information with the manufacturers and explore room for improvement at dark rate.
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GainDERIE ICECUBE

SOouUTH POLE NEUTRINO OBSERVATORY
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GainDEL1E ICECUBE

EERFER
J'Z 7 1: £PMT®Control Voltage D HEFE

120 0.98

S 97.15 0.97
= 100 93.97 88.33 87.43 91.09 86.03
% 77.64 75.8 0.96
c 80 0.95
i
O 60 0.94
= 20 0.93
o 0.92
c 20 0.91
o
@) 0 0.9

] K2 KR/ &8

B N-QE1 B N-QE2 ® H-QE1 W H-QE2

c0)
Zz
m>

<w

RSITY




GainAlE

#* 1 : PMT Z & @ Control Voltage

a SOouUTH POLE NEUTRINO OBSERVATORY

R[] {Em[V] Bim/ iR
N-QE1(BC1350) 93.97 87.43 0.93
N-QE2(BC1357) 97.15 91.09 0.94
H-QE1(BC0229) 77.64 75.80 0.98
H-QE2(BC0264) 88.33 86.03 0.97
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SOouUTH POLE NEUTRINO OBSERVATORY

BC1350(F R) ICECUBE

BC1350
BC1350 mean of countrate: 218.46 Hz C
ontrol Voltage:93.97V
° ; .
235 sigma of countrate: 4.1949 Hz . =0 s
6500000 CVTDGainDiE2E#)1.2%
2301 . .
6000000 i~ . Darkrate . 21846HZ
4 L]
L 2% o e g% o0 o
< 5500000 1 2 2201 '."0.0’. *%t g0 % e
s © o 8 Vet e e °
@ o« ... .'0 ° * o *° .
s000000 1 Cantral.voltage of 5e679ain.is.93.97. V..ol ¢ 2151 .’ Le® e '. .o .
©
0 2104 * ol ¢ .
4500000 L4 [}
2051
4000000 A 2001
91 92 93 94 95 9 97 98 0 20 40 6,0 80 100
veontr [V] number of times
10° BC1350 Charge distribution 93.97V BC1350
—— gaussian 5000000
[ charge
[ charge_fit
4930000
107 4 4980000 +
£ < 4970000 1
5 [t
101 4 4960000
4950000
. 100 4940000 1 -
000 025 050 075 100 125 150 175  2.00

93.964 93.966 93.968 93.970 93.972 93.974 93.976
Vceontrl [V]

PE



BC1350({K;:8 ICECUBE

BC1350 mean of countrate: 110.95 Hz

1e7 BC1350 1304 .
101 sigma of countrate: 54.075 Hz Control Voltag68743V
' . . ; =10 2
oo ] 251 CVTDGainDEEEH14.6%
4 L ]
o8] Tl Darkrate:110.95Hz
T 115 °
. 0.74 et .. .o
8, @ 1101 o8 0000, ¢
™ LI o® .
Cantral.voltage. of 5e6 © 105{ S T - 0 e, b >
05+ ) of 526,/ e, ,
[} [} oo "\?. ° e LN
)
0. 100 | b 0'"'." «° °
L ]
0.39 95
80 82 84 86 V(u:taﬂ . a0 92 94 96 (') 2b 4'0 6'0 8'0 160
number of times
10° BC1350 Charge distribution 87.43V BC1350
L ]
——— gaussian
, 5250000 1
[ charge_fit
1021 5200000 1
€ £ 51500001
S (1o
5 G}
1014 5100000 1
5050000 1
100 5000000 1 :
025 050 075 1.00 1.25 150 1.75 2.00 87.42487.426 87.428 87.43087.432 87.434 87.436

PE Vcontrol [V]




BC1357(& ;& ICECUBE

SOouUTH POLE NEUTRINO OBSERVATORY

] L
BC1357 BC1357 mean of countrate: 247.82 Hz
7000000 - 265 - sigma of countrate: 1.0705 Hz COHtTOl V01t3g6297. 15V
. = N/
6000000 2601 CVTDGainDE#EHKI8%
N 2551 Darkrate:247.82Hz
< 5000000 9 250 o °
T © s St I ENPNIRENT p e
©] o * ¢ o, e
4000000 - x 2457 ¢
B 240
3000000 -
2351
2000000 - 2301
87.5 90.0 92.5 950 97.5 100.0 102.5 5 20 20 €0 80 100
Veontrol [V] number of times
R BC1357 Charge distribution 97.15V BC1357
10 5500000 .
—— gaussian
[ charge_fit 5400000
102 4
5300000 1
£ :
3
U]
S 5200000 1
101 4
5100000 1
5000000 1

C 10% . ‘ . . _ ‘ |
U 0.25 0.50 0.75 1.00 1.25 150 1.75 2.00
PE

97.14497.146 97.14897.15097.152 97.154 97.156
Vcontrol [V]




BC1357({&;@m ICECUBE

SOouUTH POLE NEUTRINO OBSERVATORY

6500000 BC1357 — BC1357 mean of countrate: 91.595 Hz
110 - .
6000000 - sigma of countrate: 3.4016 Hz Control Voltagezgl.ogv
1051 . = 3
£500000 CVTOGainDEERIL.7%
— 100
. X Darkrate:91.595Hz
= 50000004 Contral.valtage of 5e6.9 T 954 . ° o R o,
g o ..'.o“.o.ov.".o“oo'\:
o i ° ° °
45000001 « 901 o - *.° K . e
— [ )
4000000 - S 851
80
3500000 -
754
86 88 90 92 94 : , , , ~ :
0 20 40 60 80 100
Veontrol [V] number of times
103 BC1357 Charge distribution 91.09V BC1357
. [ ]
~ gaussian 5080000 -
1 charge fit
102 5060000 -
= c
S ©
S & 5040000 -
101_
5020000 -
100 5000000 - -
025 050 0.75 1.00 125 150 1.75 2.00 91.084 91.086 91.088 91.090 91.092 91.094 91.096

PE

Vcontrol [V]



BC0229(% 8

£
©

1024

count

101 4

. 10°4

BC0229
6000000 1
5500000 -
50000004 Contral.valtage.of 5e6.gain.is.
4500000 -
4000000
3500000 -
3000000 1
2500000 - i i i i
72 74 76 78 80
Vcontrol [V]

BC0229 Charge distribution 77.64V

—— gaussian
[ 1 charge_fit

025 050 0.75

1.00

PE

1.25

1.50

1.75

2.00

Dark Rate[Hz]
N
e
o

225+

2204

£
©
V]

BC0229 mean of countrate: 237.44 Hz

235

2304

sigma of countrate: 5.2373 Hz
[ ] o
° ° ° L ]
.0 g . o ® ° L4 “.
o,,;"'o.. ° o..o °
o ° o ° 4 ®e ® o
e, o ® °
° L ° oo °® o & ™
o %e® 0, g®o° e o
. o
L] °
[ ]
0 20 40 60 80 100
number of times
BC0229
5000000 1 1
4990000
4980000
4970000
4960000
4950000
4940000
4930000 1
4920000 1 .

77.634 77.636 77.638 77.640 77.642 77.644 77.646

Vcontrol [V]

ICECUBE
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Control Voltage:77.64V
CV-TDGain D iR 7%E#72.0%
Darkrate:237.44Hz




BC0229(/& ;8 ICECUBE

' BC0229 — BC0229 mean of countrate: 326.77 Hz
345 1 . .
1600000 sigma of countrate: 4.3384 Hz CODtI’Ol Voltage:75,80V
] 340 . =0 22 Y
CVTDGainDEZEH11.0%
= 3351
6000000 T . o:. S, 0. Darkrate:326.77Hz
: T 330 . o0 %0 2 0 e,
‘© ] . . ° o o ° 0gee Ve %G00
9 00000 Contral.voltage. of 5%6 gain.is 75.8.V....... o 325 L ®o &°
< ..'o e’ ®o ®
8320 4 ° ........
4000000 - 315
310
72 74 76 78 80 : , , ‘ : :
Vcontrol [V] 0 20 40 60 80 100
number of times
103 BC0229 Charge distribution 75.8V BC0229
——— gaussian 5000000 '
[ charge_fit 49990001
102 ] 4998000
4997000
-
c c
3 ‘T 4996000 1
v] o
101 4995000 1
4994000
4993000 1
10° 49920001 .
025 050 075 1.00 1.25 150 1.75 2.00 75.794 75.796 75.798 75.800 75.802 75.804 75.806

PE Vcontrol [V]




BC0264(% ;8
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8000000

7000000

BC264

% 6000000 -
o
soooooo | Cantrol.voltage of .5
4000000 A
L)
3000000 4 ! i ! ! | :
8a 86 88 90 92 94
Veontrl [V]
103 BC0229 Charge distribution 88.33V
~——— qgaussian
1 charge_fit
102 i
"
c
3
=]
(W]
101 4

. looﬁ

025 050 0.75

1.00

PE

125 1.50 1.75 2.00

BC0264 mean of countrate: 296.41 Hz

3151 sigma of countrate: 2.5812 Hz
310
w5 3051
I [ ]
@ 300 s o o Qe
2 SUPIRA IS L e
o 295( e, ® ol o
[J Pg0 9
= N Y .
© 290 o
[a]
2854
280
0 20 40 60 80 100
number of times
BC0264
50000001 :
4950000

c

‘= 4900000 1

o
48500001

4800000 1

88.324 88.326 88.328 88.330 88,332 88.334 88.336
Vcontrol [V]

Control Voltage:88.33V
CVTDGainDFEZEH5.2%
Darkrate:296.41Hz




BC0264(/& ;B ICECUBE

BC0264 mean of countrate: 310.44 Hz

BC0264 330 _ Control Voltage:86.03V
sigma of countrate: &gb#d, T4z, . =0 2 4100
6000000 1 3251 « CVTDGain D IRFZ=E#718%
[ ]
320 Darkrate:310.44Hz
5000000 Contral.valtage.of 5e6.gain.is. E ®
=315 % ‘e
0 .
£ 5 %o ° °
& 40000001 c 3101 ¢ o ‘e ".'..
Y4 [ ]
53051 ° a6 M@ el .
3000000 a} ‘oo o o 0%,
300 e ¢ s ‘
° o
2000000 1 295 - ° ®
o
76 78 80 82 84 86 88 : : : : : :
number of times
10° BC0229 Charge distribution 86.03V BC0264
—— gaussian 5000000 | »
[ charge_fit 4990000 |
102 4
- 4980000 {
c =
3 ©
S O 4970000 {
101 4
4960000 1
49500001
1004 | i ‘ i i ‘ ‘ | °
. 025 050 075 1.00 125 150 175 2.00 86.024 86.026 86.028 86.030 86.032 86.034 86.036

PE Vcontrol [V]




Darkrate

%2 : PMTZ & @Dark Rate|Hz | (BEHE(E 2 [Hz])

e SOouUTH POLE NEUTRINO OBSERVATORY

ol s
ra /.

KR

N-QE(BC1350)

218.46(4.1949)

110.95(5.3314)

N-QE(BC1357)

247.82(1.0705)

91.595(3.4016)

H-QE(BC0229)

237.44(5.2373)

326.77(4.3384)

H-QE(BC0264)

296.41(2.5812)

310.44(9.8624)
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DUFL—2avkn Rt

RERFER

Dark Rate[Hz]

BC1357 mean of countrate: 33.544 Hz

50 1

45 1

40 1

354

304

251

204

15 A

sigma of countrate: 1.1155 Hz

5 10 15 20 25 30
number of times

Dark Rate[Hz]

ICECUBE
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BC229 mean of countrate: 180.79 Hz

200 ~

195 A

190

185

180 -

175 1

170

165

sigma of countrate: 3.3614 Hz

T T T T

5 10 15 20 25 30

number of times




SUFL—Lav kDR DEE & 'ceCuse

EERFER
8 [Hz] 27— [Hz]
N-QE2 91.595 33.544
H-QE1 326.77 180.79
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il
4
X
)

EERFER
N-QE(PE) H-QE1(PE) H-QE2(PE)
—[E B 41.99 58.43 52.21
—EEB 39.73 56.45 51.35
N-QE (PE) H-QE1(PE) H-QE2(PE)
—[E B 43.55 54.32 51.57
—EE 41.78 51.29 50.63
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44

BlE R & 'ceCuse

Gl
K
%

)

),

S

N-ge(BC1357) | BC0229 BC0264
—[[lH 45.15 58.43 52.21
— [ H 42.72 56.45 51.35

N-ge BC0229 BC0264
—[a] B 44.90 54.32 51.57
—[EH 44.93 51.29 50.63
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count

count

—[B] B (L HNormal, T = {E A High)

BC1357 Charge distribution

10°

102 4

10° 4

—— gaussian
[ charge_fit

median of gaussian:44.9

il

10%

20 40

60

80 100 120

BC229 Charge distribution

107 4

101 -

100 4

mlili H

—— gaussian
[ charge_fit

median of gaussian:54.32

20

60 80 100 120
PE

count

10°
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BC264 Charge distribution

102 4

101 -

——— gaussian
[ charge_fit

median of gaussian:51.57

60 80 100 120




count

count

BC1357 Charge distribution
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— B B(EHNormal, T ={E A High)

BC264 Charge distribution

103
—— gaussian
[ charge_fit
10? 4 median of gaussian:44.93
101 4
10 4 rﬂ . _unn. _n
20 40 60 80 100 120
PE
10° BC229 Charge distribution
—— gaussian
[ charge_fit
107 A median of gaussian:51.29
101 4
10° 4 m . i 00 . ‘
20 40 60 80 100 120

PE

10°
—— gaussian
[ charge_fit
107 - median of gaussian:50.63
£
3
o
o
101 4
100 1 ’-Lln T T n H T T T
0 20 40 60 80 100 120
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