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‣ 50ktonの大型水チェレンコフ検出器 
- 神岡地下1000m（2700m.w.e） 
- 内部検出器：11129個の20inch PMT 
40%の光電被覆率（SK-II 除く） 

- エネルギー, ニュートリノタイプ, 到来方向 

‣ 幅広いエネルギー領域に対応 
• 太陽ニュートリノ 
• 超新星(背景)ニュートリノ 
• 陽子崩壊 
• 大気/加速器ニュートリノ

スーパーカミオカンデ（SK）
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Super-Kamiokande
• 50-kton water Cherenkov detector located at 

Kamioka, Japan


• Overburden: 2700 mwe


• Inner Detector covered by > 11000 20-inch 
PMTs


• Can detect neutrinos for wide energy rage


• Solar neutrinos 


• Supernova neutrinos 


• Atmospheric/Accelerator neutrinos


• Operational since 1996
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‣ 硫酸ガドリニウム・8水和物 ( )を 
　　　　　　　　溶解させSKにGdを導入（2020年7月から0.011%Gd） 
- 中性子検出効率向上により、信号検出/背景事象除去効率向上 
• DSNB初検出, 近傍SN位置分解能向上, 陽子崩壊BG除去 等を狙う

Gd2(SO4)3 ⋅ 8H2O

スーパーカミオカンデ-ガドリニウム (SK-Gd)
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total 8MeV

Table 2: The abundance of isotopes in natural gadolinium and their thermal neutron
(25 meV) capture cross sections for the Gd(n,�)Gd reaction. Thermal capture cross sec-
tions and natural abundance of hydrogen (proton), oxygen, and sulfur – the only other
elements present in significant quantities in SK’s Gd2(SO4)3 -loaded water – are also
shown [15, 16].

Isotope
Natural abundance

ratio [%]
Thermal capture
cross section [barn]

152Gd 0.20 740
154Gd 2.18 85.8
155Gd 14.80 61100
156Gd 20.47 1.81
157Gd 15.65 254000
158Gd 24.84 2.22
160Gd 21.86 1.42

1H 99.99 0.33
16O 99.76 0.0002
32S 94.85 0.53

conversion from capture lifetime to Gd concentration, the Geant4 Monte
Carlo simulation result, which was shown in Fig. 13, was applied.

The neutron capture time constant was reasonably stable, within statis-
tical errors, as shown by data taken between September and November 2020
(Fig. 14); it was also stable at several depths within SK. By applying Gaus-
sian fitting to the 21 data points taken during this period, a mean neutron
capture lifetime of 115.6 ± 0.6 µs and a Gd concentration of 110.9 ± 1.4 ppm
were obtained. The standard deviations were 2.8 ± 0.4 µs and 6.5 ± 1.1 ppm,
respectively. Only the statistical errors were considered here. The Gd con-
centration obtained by the Am/Be measurement is consistent with the esti-
mation in Section 4.3.

5. Conclusion

In the summer of 2020, 13.2 tons of Gd2(SO4)3 ·8H2O was dissolved into
Super-Kamiokande and in so doing a large-scale (50 kiloton) gadolinium-
enhanced water Cherenkov detector was realized for the first time in the
world. During this Gd loading, laminar flow of water in the tank was suc-
cessfully achieved through careful control the Gd concentration and the water
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高い熱中性子捕獲効率

• Gdを水中に溶解させることにより中性子の検出効率を
飛躍的に向上


• DSNBの世界初観測を目指す 

• その他の物理ターゲット


• 超新星ニュートリノ方向感度の向上


• 超新星爆発前兆ニュートリノの観測


• 大気・加速器ニュートリノ測定精度の向上


• などなど


• 最初のGd導入: 0.01% Gd in 2020 

• ２回目のGd導入: 0.01 → 0.03% Gd in 2022 
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SK-Gd project

• Loading Gd to SK
• 7R�VLJQLrFDQWO\��HQKDQFH�GHWHFWLRQ�

capability of neutrons from ҧ߭ interactions   
• 0.02% Gd2(SO4)3 concentration in 2020. 

• About 50% of neutron would be captured by Gd, 
HQKDQFLQJ�QHXWURQ�WDJJLQJ�H⒑FLHQF\�E\�2-3 
times.

• Planned gradual increasement of Gd 
• Final target: 90% of neutron tagging
• Aiming at 70% with this Kakenhi

5

cross section 
48.89kb

8MeV

2.2MeV   J

2020.6.3 ugap2020 

Hiroyuki Sekiya                                                               TAUP2017      Sudbury                                                  July 26 2017

The Gadolinium project 
y To identify νe p events by neutron tagging with Gadolinium.
y Large cross section for thermal neutron (48.89kb)
y Neutron captured Gd emits 3-4 γs in total 8 MeV

◦ Well above most of BG from RIs  and the SK trigger threshold

y 90% of Gd capture efficiency at 0.1% loading
y Gd2(SO4)3 was selected to dissolve→0.2% loading

◦ In Super-K, it corresponds to 100 tons of loading 
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■ Additional Gd loading
- To achieve 0.03% of Gd concentration,

more Gd is added into the SK tank.
→ from June 1st to July 4th 2022.
Gd-loading Amount of 

Gd2(SO4)3·8H2O
Amount of Gd Speed

First (0.01%) 13.1 ton 5.4 ton 400 kg/day

Second (0.03%) 26.1 ton 11.0 ton 800 kg/day

~800 kg/day
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■ Additional Gd loading
- To achieve 0.03% of Gd concentration,

more Gd is added into the SK tank.
→ from June 1st to July 4th 2022.
Gd-loading Amount of 
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Amount of Gd Speed
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Cross section

Oxygen interactions become non-negligible in higher energy region
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Signal Efficiency
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~ x2 higher efficiency thanks to Gd-capture

Preliminary
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Positron selection

Neutron tagging ‣ Gd導入で中性子検出効率向上し 
　　　　約2倍のsignal efficiencyを達成 

‣ 既にSK-IVと同程度の感度達成 
‣ Gd濃度を高めて検出効率を更に上げる

SK-Gd(0.011%)での探索状況
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the solar neutrino analysis [36–39] and the LINAC cali-
bration [32]. The final cuts are the following:

de↵ > max

⇢
300, 500�

Erec � 15.5 MeV

1 MeV
⇥ 50

�
cm,

N
max
pre < 12,

Ndecay-e = 0,

Lclear < 0.36,

q50/n50 < 2,

38� < ✓C < 50�.

The e�ciencies of these cuts are shown in Fig. 18 as a
function of Erec and vary between 70 and 85%. Overall,
positron candidate selection cuts allow to remove 80%
of the atmospheric neutrino backgrounds, and bring con-
tamination from natural radioactivity to negligible levels.

2. Spallation and neutron tagging cuts

Unlike positron candidate selection cuts, spallation
and neutron tagging cuts need to be optimized in multi-
ple energy regions to account for the important variations
of the spallation and atmospheric background rates in the
analysis windows. While only events with one tagged
neutron are used in the DSNB model-independent anal-
ysis, the spectral analysis also considers events with zero
or more than one tagged neutron. Here, we first optimize
spallation and neutron tagging cuts for the signal region
where exactly one tagged neutron is required. Using the
thus optimized neutron tagging cuts, we then derive op-
timal spallation cuts for events with 6= 1 tagged neutron.

a. Events with one tagged neutron: We devise a
cut optimization scheme common to both the model-
independent and spectral analyses by simultaneously
adjusting spallation and neutron tagging cuts in Erec

bins. For each energy bin, we select events with ex-
actly one tagged neutron and find the spallation and neu-
tron tagging cuts that yield optimal sensitivity under the
background-only hypothesis. We define the sensitivity as
the predicted number of signal events after cuts over the
90% C.L. upper limit on the number of signal events,
computed using the Rolke method [78]. To simplify the
interpretation of the results presented in this paper, we
apply the same cuts for both the model-independent and
spectral analyses in the 15.5�29.5 MeV reconstructed en-
ergy range, where the two analyses overlap. In particular,
we require spallation and solar neutrino backgrounds to
be negligible above 15.5 MeV. The remaining rates of
these backgrounds can be reliably evaluated by rescal-
ing the number of events observed after noise reduction,
spallation, and positron candidate selection cuts by the
neutron mistag rate.

The signal e�ciencies for our choice of cuts are shown
in the top panel of Fig. 18 for each energy region. For
each set of cuts we also present the associated systematic

uncertainties, computed as described in Sections VB,
VC, and VD, in Table III.
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FIG. 18. DSNB signal e�ciencies for the signal regions where
one tagged neutron (top) and 6= 1 tagged neutrons (bottom)
are required, as started after the SHE+AFT trigger require-
ment and the noise reduction cuts. While the one tagged
neutron region is common to both the model-independent and
spectral analyses above 15.5 MeV, the 6= 1 tagged neutron re-
gion is used only in the spectral analysis. Here, we applied
noise reduction, spallation, third reduction, neutron tagging,
and solar cuts sequentially and show cumulative e�ciencies
at each stage. The result in the final bin above 29.5 MeV
corresponds to the e�ciency for the range through 29.5 to
79.5 MeV, as calculated assuming the Horiuchi+09 6 MeV
spectrum [16]. Note also that e�ciencies for the solar neu-
trino cut in the bottom are shown in 1-MeV bins.

b. Events with zero or more than one tagged neu-
trons: As previously discussed, the events rejected by
the neutron tagging cuts obtained above can still be con-
sidered in the spectral analysis. In the 23.5�79.5 MeV
region, that covers most of the spectral analysis win-
dow, spallation and solar neutrino backgrounds are neg-
ligible and only noise reduction and positron candidate
selection cuts need to be applied to these events. In
the 19.5�23.5 MeV region, solar neutrino backgrounds

SK-IV

SK-VI (Gd)

PreliminaryDifferential Upper Limit Extraction
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TABLE V. Summary on the 90% C.L. expected sensitivities and observed upper limits as well as the corresponding p-values
in each electron antineutrino energy bin (E⌫ = Erec + 1.8 MeV).

E⌫ [MeV] Expected [cm�2sec�1MeV�1] Observed [cm�2sec�1MeV�1] p-value
9.3�11.3 4.44⇥ 101 3.71⇥ 101 0.346

11.3�13.3 1.14⇥ 101 2.04⇥ 101 0.886
13.3�15.3 4.17⇥ 100 9.34⇥ 100 0.938
15.3�17.3 1.87⇥ 100 3.29⇥ 100 0.830
17.3�19.3 8.48⇥ 10�1 5.08⇥ 10�1 0.243
19.3�21.3 4.64⇥ 10�1 6.84⇥ 10�1 0.686
21.3�23.3 3.28⇥ 10�1 1.27⇥ 10�1 0.073
23.3�25.3 2.11⇥ 10�1 3.75⇥ 10�1 0.597
25.3�27.3 2.13⇥ 10�1 7.77⇥ 10�2 0.051
27.3�29.3 1.98⇥ 10�1 2.42⇥ 10�1 0.605
29.3�31.3 1.50⇥ 10�1 7.09⇥ 10�2 0.126
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FIG. 24. Reconstructed energy spectra after data reductions
for the background expectation and observation including the
signal window and the sideband region with a linear (top)
and a log (bottom) scale for the vertical axis. Color-filled his-
tograms correspond to each background source with hatched
lines in the signal window representing the total systematic
uncertainty. The red dashed line represents a DSNB signal
expectation from the Horiuchi+09 model [16] shown only for
the signal window.

The low Cherenkov angle region will be populated with
mostly atmospheric backgrounds involving visible muons
and pions while the high angle region will be mostly pop-
ulated by NCQE atmospheric neutrino events with mul-
tiple � rays. Finally, we separate events with exactly
one identified neutron from the others, thus defining an
“IBD-like” and a “non IBD-like” region. Note that due
to the low e�ciencies of the neutron tagging cuts the non
IBD-like region is expected to contain a sizable amount
of signal. Our analysis will hence involve six regions of
parameter space: two signal regions with intermediate
values of the Cherenkov angle, and four sidebands with
low and high Cherenkov angle values, as summarized in
Table VI.

TABLE VI. Overview of the regions used in the spectral anal-
ysis. We split the parameter space according to the recon-
structed Cherenkov angle and the number of tagged neutrons.
Regions with small and large Cherenkov angles are dominated
by the interactions producing visible muons and pions and by
NCQE interactions, respectively. We assign numbers for each
region.

Ntagged-n

✓C 20�38� 38�50� 78�90�

1 I II III
6=1 IV V VI

B. Spectral shape fitting

We perform a simultaneous fitting of the signal and
background spectra to the observed data in all six regions
of parameter space defined in Table VI using an extended
maximum likelihood method. Performing this type of
analysis requires knowing the shapes of the signal and
background spectra in each of the regions. While the sig-
nal spectrum can be reliably predicted by the IBDMonte-
Carlo simulation for a given DSNB model, the treatment
of the atmospheric neutrino and spallation backgrounds
is more complex. For this study, we follow the method

Search result

• Totally 19 events are found < 80 MeV 
• 5 separated bins: [7.5, 9.5, 11.5, 15.5, 23.5-29.5] MeV
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Search result

• Totally 19 events are found < 80 MeV 
• 5 separated bins: [7.5, 9.5, 11.5, 15.5, 23.5-29.5] MeV
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‣ 水温調整による密度差を利用し、 
　　　　　SKタンク1巡で硫酸Gdを溶解 

‣ 2022/06の導入は倍のペースが必要 
‣ 硫酸Gd溶液は純化後、SKタンクに送液

Gd loading Procedure
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Additional Gd observed in the detector
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2022/09/28 The 21st international workshop on Next Generation Nucleon Decay and Neutrino Detectors (NNN22), Hida-city, Gifu, Japan

Study of energy scale calibration and  
Gd concentration monitoring  

using cosmogenic neutron in SK-Gd
AUTHOR : Shizuka Shima (shizuka@hep.phys.s.u-tokyo.ac.jp) 
CO-AUTHORS : Yasuhiro Nakajima, Masataka Shinoki, SK Collaboration

1. SK-Gd [1]
•First loaded gadolinium into pure water SK in 2021 •Gd : large thermal neutron capture cross section  
• emits  cascade( ~8MeV ) after Gd captured neutron 
• Improved sensitivity to supernova relic neutrinos

γ

2. Spallation neutron
Generated when a cosmic ray muon 
interacts with an oxygen atom in SK tank

Advantage
1. Large statistics 
2. Uniformly distributed across the entire detector and all time
Events selection
1. Cosmic muons 
① Hit in both OD and ID PMTs 
② Total integral charge of the signal observed in ID :  p.e. 

2. Neutrons 
① Timing 
- energy calibration & stability : [ 35, 535 ]µs 
- Gd monitor : [ 20, 535 ]µs 
② Length of muon track and point of neutron capture events : L  < 500 cm 
③ Number of PMTs that detected the light : about 20 < N < 70

Qμ > 10000

t

50

4. Stability

Stability of each area
Stability of the entire detector

Stable within 1%±

3. Position dependence

Display name Number of 
generated neutron

All Any

n : 1 1

n : 2~10 2～10

•Compared spallation neutron signals 
in 3 conditions, considering pileups 
and other effects

Comparisons with measurement results 
using AmBe[2] are currently underway

Neutron signal extraction

- signal part - background part

→

Fitting 
- Gaussian 
- Range : [ mean - 0.7 * sigma , 
mean + 1.5 * sigma]

2020/09/10 2022/03/12

8. Future prospects 
• Crosscheck of spallation neutron signal using AmBe neutron 
source data 
• Investigation of improved energy calibration methods 
 (Goal : correction to about 0.5%) 
• Continued monitoring of the stability of the detector response

subtract events in the background window [ 335, 535 ]µs 
from events in the signal window [ 35, 235 ]µs

7. Summary

IBD : ν̄e + p → e+ + n

• SK-Gd was started • Developing new methods of calibrating and monitoring the 
detector using spallation neutron 
- Evaluating the position dependence 
- Confirmed energy scale stability within 1% 
- Confirmed uniform Gd concentration throughout the SK tank 
at the start of SK7

±

poster #64

6. Gd-loading Gd water was introduced from 
the bottom of the tankSpallation neutron signal

Time constant

•10 divisions in 
the z-axis •Fitting in each 
area

5. From SK6 to SK7
•Additional gadolinium was in June 
2022 and SK7 was started 
- Gd concentration : 0.01% -> 0.03% 
- Capture rate : 50% -> 75% 
- Time constant : 125 µs -> 63 µs

confirmed uniform Gd concentration throughout the tank !

Preliminary

Preliminary

Preliminary

Preliminary

References  
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• Gd 濃度 0.011% → 中性子捕獲時定数 ~115 μs 
• 宇宙線ミューオン飛来後 35–535 μs の時間から 

Gd による中性子捕獲事象の候補を探索. 
• 35 μs までの時間は探索から除外. 
• ミューオンの崩壊電子による事象 (~2.2 μs) 
• PMT のアフターパルス (10–20 μs)

t

0 μs 35 μs 535 μs

μ

探索

• 光を検出した PMT の数 (信号の大きさ) 
• 中性子捕獲事象の発生点とミューオントラックの位置関係

次の2つを用いて, Gd による中性子捕獲事象の選別を行う.
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Vertex distribution of spallation neutron Gd(n,γ) candidates

Neutrons after second Gd second phasep. 19
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■ Gd concentration monitoring
- Neutrons induced by cosmic-ray increased with amount of loaded Gd again.

0.01%
0.01% 0.01% 0.01% 0.01%

0.03% 0.03% 0.03% 0.03%
0.03%

June 4th June 10th June 17th June 23rd June 26th July 2nd

June 1st (before Gd-loading) June 15th

𝝉 = 𝟏𝟏𝟓. 𝟒 ± 𝟐. 𝟏 𝝁𝐬
→ 109 ± 4 ppm 𝝉 = 𝟔𝟐. 𝟎 ± 𝟎. 𝟖 𝝁𝐬

→ 307 ± 5 ppm

- Am/Be calibration demonstrates
the decay time is consistent with
the expected Gd concentration.

Neutron capture time 
measured with Am/Be source

Capture time consistent 
with the expectation

• Gdを水中に溶解させることにより中性子の検出効率を
飛躍的に向上


• DSNBの世界初観測を目指す 

• その他の物理ターゲット


• 超新星ニュートリノ方向感度の向上


• 超新星爆発前兆ニュートリノの観測


• 大気・加速器ニュートリノ測定精度の向上


• などなど


• 最初のGd導入: 0.01% Gd in 2020 

• ２回目のGd導入: 0.01 → 0.03% Gd in 2022 

11

J. F. Beacom and M. R. Vagins, Phys. Rev. Lett. 93 (2004) 17110

SK-Gd project

• Loading Gd to SK
• 7R�VLJQLrFDQWO\��HQKDQFH�GHWHFWLRQ�

capability of neutrons from ҧ߭ interactions   
• 0.02% Gd2(SO4)3 concentration in 2020. 

• About 50% of neutron would be captured by Gd, 
HQKDQFLQJ�QHXWURQ�WDJJLQJ�H⒑FLHQF\�E\�2-3 
times.

• Planned gradual increasement of Gd 
• Final target: 90% of neutron tagging
• Aiming at 70% with this Kakenhi

5

cross section 
48.89kb

8MeV

2.2MeV   J

2020.6.3 ugap2020 

Hiroyuki Sekiya                                                               TAUP2017      Sudbury                                                  July 26 2017

The Gadolinium project 
y To identify νe p events by neutron tagging with Gadolinium.
y Large cross section for thermal neutron (48.89kb)
y Neutron captured Gd emits 3-4 γs in total 8 MeV

◦ Well above most of BG from RIs  and the SK trigger threshold

y 90% of Gd capture efficiency at 0.1% loading
y Gd2(SO4)3 was selected to dissolve→0.2% loading

◦ In Super-K, it corresponds to 100 tons of loading 

7

Beacom and Vagins PRL93,171101 (2004)
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Gd in Water

100%

80%

60%

40%

20%

0.0001%0.001% 0.01% 0.1% 1%

0.1% Gd (0.2% in Gd2(SO4)3) 
gives
~90% efficiency
for n capture

0%

Gd2(SO4)3

for 0.1% Gd

From SK to SK-Gd

Second Gd-loading in 2022
p. 18

■ Additional Gd loading
- To achieve 0.03% of Gd concentration,

more Gd is added into the SK tank.
→ from June 1st to July 4th 2022.
Gd-loading Amount of 

Gd2(SO4)3·8H2O
Amount of Gd Speed

First (0.01%) 13.1 ton 5.4 ton 400 kg/day

Second (0.03%) 26.1 ton 11.0 ton 800 kg/day

~800 kg/day

硫酸Gd量 Gd濃度

2020/07 13ton 0.011%

2022/06 27ton 0.033%



‣ 倍ペースでの導入のためにシステムを改造 
- 溶解タンクに張る水量を増加（~0.9 ton→~1.8 ton） 
- シャーポンプで効率的に溶解するためのライン(②)を追加 
- 溶解タンク底部に硫酸Gdを残さない渦生成ライン(③)にイジェクター追加

Gd dissolving system upgrade
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①

②② ③

④



On-site works
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Preparing Gd powder 
to be dissolved Working Area

Managing the process Suppling the Gd powder
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Second loading toward 0.03% Gd concentration

Achieved 26 tons of ultra pure Gd sulfate power production 

Loading profile

Maintenance

Very stable loading has been achieved! 

End of the dissolving work

Beginning of the dissolving work

Loading profile

Maintenance

Very stable loading has been achieved! 

End of the dissolving work

Beginning of the dissolving workBeginning of the dissolving work

End of the dissolving work

On-site works

‣ 約1350個の硫酸Gdパックを溶解
/18



Amount of loaded Gd sulfate
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‣ 大きな問題なく、36日で27トンの を溶解Gd2(SO4)3 ⋅ 8H2O

27304kg of Gd2(SO4)3 8H2O + 4.4% moisture 

5/31, Injection in commissioning 
phase with 120t/h

6/1, Continuous injection 
started with 60t/h

6/2, Injection flow rate to the dissolving 
system was increased. 2.66t/h → 2.80t/h

6/3, Gd2(SO4)3 amount in one batch 18kg → 17kg

6/16, Maintenance of 
the dissolving pumps

7/4, Finished!!

/18



‣ タンク底部から 
　徐々に事象頻度が上昇 
- 密度差を利用した層を
期待通り保持し、効率
よく溶解が進んだ

ミューオン核破砕事象を用いたGd濃度モニター
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Jun. 3  Jun. 7  Jun. 10

Jun. 14 Jun. 17 Jun. 21

Jun. 24 Jun. 28 Jul. 1  

First Gd loading
• 2020年、13 tonの Gd2(SO4)3･8H2O (5 tons of Gd) をスーパーカミオカンデに溶解


• From July 14 through August 17, 2020


• 水槽底から、純水がGd水に置き換わってゆく様子を確認

12

pure water

Gd2(SO4)3∙8H2O
dissolved waterGd2(SO4)3∙8H2O

dissolved water

Gd2(SO4)3∙8H2O
dissolved water

pure water

pure water

pure water

Gd2(SO4)3∙8H2O
dissolved waterGd2(SO4)3∙8H2O

dissolved water

Gd2(SO4)3∙8H2O
dissolved water

pure water

pure water

7/18 7/21 7/24 7/27 7/30 8/2 8/5 8/8 8/12
Vertex distribution of spallation neutron Gd(n,γ) candidates

pure water

Gd2(SO4)3∙8H2O
dissolved waterGd2(SO4)3∙8H2O

dissolved water

Gd2(SO4)3∙8H2O
dissolved water

pure water

pure water
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• Gd 濃度 0.011% → 中性子捕獲時定数 ~115 μs 
• 宇宙線ミューオン飛来後 35–535 μs の時間から 

Gd による中性子捕獲事象の候補を探索. 
• 35 μs までの時間は探索から除外. 
• ミューオンの崩壊電子による事象 (~2.2 μs) 
• PMT のアフターパルス (10–20 μs)

t

0 μs 35 μs 535 μs

μ

探索

• 光を検出した PMT の数 (信号の大きさ) 
• 中性子捕獲事象の発生点とミューオントラックの位置関係

次の2つを用いて, Gd による中性子捕獲事象の選別を行う.

16O
γ

γ γ

n

μ

Gd

ミューオン核破砕による中性子捕獲事象の位置分布



Total Gd amount
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Gd amount

22

Gd            Gd2 Gd2(SO4)3 Gd2(SO4)3 �8H2O 
157.25       314.5             602.69                      746.81           

Molecular weight 

• T1.5 Added to the system 
• 27304kg Gd2(SO4)3�8H2O+4.4% water = 26115kg of Gd2(SO4)3�8H2O

• After T1.5, Remained in the system 
• 16.1kg of Gd2(SO4)3�8H2O +4.4% water = 15.2kg of Gd2(SO4)3�8H2O

• After T1.5, Drained from the system 
• 700L of 1% [Gd2(SO4)3�8H2O+4.4% water] = 6.6kg of Gd2(SO4)3�8H2O

T1.5 Net amount
26093kg of Gd2(SO4)3�8H2O = 10988kg of Gd

• During SK-VI, Drained from the system
• 11103.7L of 0.0260 % Gd2(SO4)3�8H2O = 11103.7L of 0.0110% of Gd

water = 2.9kg of Gd2(SO4)3�8H2O = 1.2kg of Gd 
• For 2-1,3-2 tank cleaning,  Drained from the system

• 5.5 tons of 0.0260% Gd2(SO4)3�8H2O water = 5.5 tons of 0.0110% of 
Gd water = 1.43kg of Gd2(SO4)3�8H2O = 0.605 kg of Gd 

SK-VI Lost amount
4.3kg of Gd2(SO4)3�8H2O = 1.8kg of Gd

T1 Net amount
13212kg of Gd2(SO4)3�8H2O+2.5% water
12884kg of Gd2(SO4)3�8H2O = 5426 kg of Gd

The water in the tank and the water system
=49383000kg

①

②

③

④

SK-VII Gd amount ①−②＋③

16412 kg of Gd
31451 kg of Gd2(SO4)3
38973 kg of Gd2(SO4)3�8H2O

SK-VII  wt% concentration

(①−②＋③)
/(13212-4.3+27304+49383000)

= 0.0332% Gd
= 0.0636% Gd2(SO4)3
= 0.0789% Gd2(SO4)3�8H2O

Error~0.5%

preliminary

‣ 他の方法でもGd濃度を測定→誤差の範囲で一致 
- サンプルした水を原子吸光分析(AAS) 
- AmBe線源を用いた較正

：329 ± 1 ppm 
：327~340 ppm

硫酸Gd粉の重さから濃度計算

/18



‣ AmBe線源を用いた較正でGd濃度上昇を確認 
‣ 中性子捕獲の時定数からGd濃度を算出：約330ppm 
‣ 中性子検出効率も期待通り上昇：37.5 → 53.8％

Am/Be source calibration
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Calibration/Evaluation with AmBe source

10

• Purpose of Am/Be source calibration
• To evaluate our neutron tagging efficiency at Super-K.
• To validate the MC simulations and analysis tools.

• Calibration method
• Am/Be source emits neutron, accompanying 4.43MeV gamma-ray.
• Scintillation of 4.43 MeV gamma-ray is triggered by SHE, with BGO scintillator crystals.

• The data with eight BGO crystals and one BGO crystal, for extrapolation.
• Neutron candidates are searched in following 535 [us].

+35μsec

SHE Trigger SHE 
n-capture candidates

+500μsec

AFT
n-capture candidates

241Am → 237Np + α
9Be + α → 12C + γ (4.4MeV)+ n

Scintillation in 
BGO

Captured by Gd, p

8 BGO Crystals

5cm
Am/Be source

T=0μsec

Delayed event, Gd(n,g)Gd and p(n,g)dPrompt event

241Am → 237Np + α 
9Be + α → 12C + γ(4.4MeV) + n

Scintillation in BGO Captured by Gd or p
Prompt event (T=0) Delayed event
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τ=62.0±0.8 [us]τ=115.4±2.1 [us]

Run 88005
June 1st, Z=-12m
(before additional Gd 
loading)

Run 88048
June 15th, Z=-12m
(after additional Gd 
loading)

• After the additional Gd loading, we saw the shorter neutron capture time, as 
expected.
• SK-VI:  ~116 [us]
• SK-VII: ~62 [us]
• Thanks to the shorter capture time (= precise background estimation), the uncertainty of time fit 

became small.

3

Neutron capture time in SK-VII (in short)

Gd追加後
SK-VII
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τ=62.0±0.8 [us]τ=115.4±2.1 [us]

Run 88005
June 1st, Z=-12m
(before additional Gd 
loading)

Run 88048
June 15th, Z=-12m
(after additional Gd 
loading)

• After the additional Gd loading, we saw the shorter neutron capture time, as 
expected.
• SK-VI:  ~116 [us]
• SK-VII: ~62 [us]
• Thanks to the shorter capture time (= precise background estimation), the uncertainty of time fit 

became small.

3

Neutron capture time in SK-VII (in short)

Gd追加前
SK-VI

Neutron tagging efficiency
• Neutron tagging efficiency(%) is evaluated.
• Comparison to SK-6, tag. efficiency at SK-7 
is increased by 1.46 times

• Tag. efficiency of 1 BGO is larger than 
that of 8 BGO, for both SK-6 and SK-7.

• Tag. efficiency of DATA and MC are similar, 
but there is 4~5% difference.

5

DATA MC (MC-DATA)/MC

tag. efficiency 1 BGO 53.8±0.6% 56.6±0.4% 3.9%
8 BGO 51.7±0.3% 54.4±0.2% 5.0%

1 BGO 8 BGO
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SK-7
SK-6

34.6 ± 0.5
37.5 ± 0.8

53.8 ± 0.6
51.7 ± 0.3

Only stat. error is considered

! = # "# $%&&'( )%*(.,# "# -.&.)%*(.
# "# $/' 01"20$ '3'*$ (DATA) ! = # "# $%&&'( )%*(.

# "# 01"20$ '3'*$ (MC)

DATA

preliminary



‣ 3種類の方法を用いて、溶解前に全37ロットの不純物量を測定 
‣ 硫酸ガドリ追加後もBGの増加は見られず、太陽ニュートリノ解析に悪影響無し

硫酸ガドリニウム内の不純物量測定
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2022.11.25  
東北大学ニュートリノ科学研究センター　市村晃一 

第８回極低放射能技術研究会

D01班：神岡Geスクリーニング

1

• モチベーション 
• 神岡のゲルマニウム検出器 
• 極低放射能ゲルマニウム検出器の導入 
• 遮蔽体、DAQ etc. 
• BGスペクトル 
• 測定例 
• まとめ

SK-Gd T-1.5に向けた硫酸ガドリニウム測定

• 2022年1月5日に１つ目の硫酸ガドリニウムサンプル測定開始 
• その後1号機と同様に3サンプル/1月のペースで7月中旬までに硫酸ガドリニウム15サンプル測定

2424

SK-Gd T-1.5に向けた硫酸ガドリニウム測定

• 2022年1月5日に１つ目の硫酸ガドリニウムサンプル測定開始 
• その後1号機と同様に3サンプル/1月のペースで7月中旬までに硫酸ガドリニウム15サンプル測定

2424

ICP-MS Screening results of Gd powder

• We checked all 37 lots used in 
this loading.

• All lots meets our requirements

• More stable and clean than the 
first loading powder.

U  < 400ppt

Th < 13ppt 

Ce < 50ppb

0
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Preliminary

First loading             Second loading

1

神岡HPGe for RIs
神岡ICP-MS for 238U,232Th,Ce 筑波ICP-MS for 

 226Ra高速測定



SK-GdにおけるDNSB探索
• 数年のデータでSKの純水データの感度に到達する見込み


• 2027までのデータで多くのモデルが予想する領域に


• 系統誤差の削減により、さらなる感度向上を目指している


• SK-VIのデータを使った探索結果をまもなく出します！

15
16

Positron analysis threshold = 12 MeV

Assume conservative systematic error
(same as present)

18

Assume conservative systematic error 
(same as present)

‣ HK運転開始予定までに、モデルが予想する領域を広く評価できる 
‣ 9Li事象削減やNCQE系統誤差削減による更なる感度向上を目指している

SK-Gd(0.03%) DSNB探索の展望
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preliminary
SK-I,II,III,IV non-combined

原田トーク 坂井・田野トーク



‣ Si burning phaseに放出される前兆ニュートリノによるIBD事象検出可能 
- ベテルギウスなら9時間前に発行可能 

‣ KamLANDとMoU結んで，コインシデンスアラートの運用は準備中

SNバースト前兆ニュートリノ
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From Adams et al. (2013) the rate of galactic CCSN

explosions is taken to be -
+3.2 2.6

7.3 per century. This rate is
derived using all supernova events observed over the last
millennium with various corrections applied. The most
important correction is due to what fraction of the galaxy is
visible to the naked eye, since all recorded explosions inside
the MW were observed before the invention of the telescope.

To introduce this factor, inside the signal window of eight
chosen to perform statistical evaluations a cutoff is applied to
the p-value: 3.2

century
8 hr−1∼ 7.4× 10−5, requiring the alarm to

send alerts in case the number of IBD events inside the signal
window is enough to give significance levels above∼ 4σ.
However, if the significance level exceeds 3σ then a
preliminary alert is sent to SK experts so they may begin
monitoring the situation as it develops.

6.3. Alert System Sensitivity

The expected warning time as a function of distance for a 3σ
detection by SK-Gd with 0.01% Gd is shown in Figure 12. In
the most optimistic scenario, in which Betelgeuse’s true mass is
15Me at a distance of 150 pc and with normal neutrino mass
hierarchy, following the model by Patton et al. (2017) the alert
would be about 9 hr before the CCSN. Table 3 lists a number of
nearby stars at different distances that could potentially provide
observable pre-supernova neutrino signals.

6.3.1. Sensitivity for Future SK-Gd Phases

The expected early warning times for future SK-Gd phases
were also evaluated after characterizing backgrounds using SK-
Gd data. Although—as previously discussed—the background
rates will be higher during the future phases, the expected
sensitivity will also increase. Figure 13 shows the expected
warning times at which the system would send alerts as a
function of distance for a 3σ detection for SK with 0.03% and
0.10% Gd.

During future phases of SK-Gd and for the same optimistic
scenario discussed above, Betelgeuse would have early
warning alerts about 10–12 hr in advance of its end as a CCSN.

7. Conclusion

SK is a neutrino observatory in operation since 1996 that has
recently entered its SK-Gd phase; Gd was loaded into the detector
in 2020, achieving a concentration of 0.01% Gd. This phase is
characterized by increased sensitivity to thermal neutrons due to
the enormous capture cross section of Gd, which then emits easily
detectable γ-ray cascades of about 8MeV total energy. In turn, the
highly visible neutron captures made possible by Gd loading
greatly enhance the detector’s sensitivity to low energy electron
anti-neutrinos n̄e, as their dominant interaction channel is via IBD,
which yields a positron and neutron in the final state.
Consequently, the Gd-loaded SK now has the potential to detect
as-yet-unobserved neutrinos from different astronomical sources
such as the diffuse supernova neutrino background and pre-
supernova stars.
Stars with greater than 8 Me and a growing iron core are in

the final stages of fusion shortly before core collapse; these are
commonly known as pre-supernova stars. Their main cooling
mechanism is the production of low energy neutrinos and anti-
neutrinos from thermal and weak nuclear processes. Some of
these neutrinos have enough energy to exceed the IBD energy
threshold, and—if the star is close enough—can therefore be
detected at SK-Gd. Pre-supernova models from Odrzywolek &
Heger (2010)) and Patton et al. (2017) were used to evaluate
the sensitivity of SK with 0.01% Gd to pre-supernova
neutrinos. For this Gd concentration, estimations showed that
pre-supernova stars can be observed in SK-Gd up to an
optimistic distance of 600 pc away from Earth.
The emission of neutrinos from pre-supernova stars occurs

for hours before the core collapses, which could provide an
early warning for potential supernova events. A pre-supernova
alert system was developed for SK and it has been active since
2021 October 22. In the case of α-Ori (Betelgeuse) with
optimistic parameters, SK would produce alerts up to 9 hr
before the CCSN. Nearly 20 other nearby stars could have an
early warning of their coming explosion via the detection of
their pre-supernova neutrinos. Estimations showed that for
future phases of SK with increased concentrations of Gd,
detection ranges, and early alert times of the pre-supernova
alarm would be extended.

Figure 13. Expected warning time as a function of distance for a 3σ detection by the pre-supernova alert system for SK with (a) 0.03% Gd and (b) 0.10% Gd. The
edges of the bands show two background scenarios considering low reactor flux (all Japanese reactors off) and high reactor flux (double the current contribution).
Solid lines show normal neutrino mass hierarchy and dashed lines show inverted neutrino mass hierarchy. The considered fluxes are evaluated for stars with 15 and
25 Me following the model by Odrzywolek & Heger (2010), and also alternatively for 15 Me stars following Patton et al. (2017).
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超新星爆発ニュートリノの方向再構成の向上
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中性子タグを用いて、方向情報を持たない逆ベータ反応を除去し 
電子散乱選び出すことで方向精度を向上

結構古い絵です。詳しくは柏木トークで



‣ Gdを増量して、DSNB信号検出効率を更に向上させたい 
- SK-VI(0.011% Gd)では，Gd導入により信号検出効率が倍程度向上 

‣ 2022年6-7月，SK-GdのGd追加導入が無事完了 
- Gd濃度：0.011wt% → 0.033wt% 
- 中性子線源等を用いたデータ解析でもGd濃度の増加を確認 
- 低E領域の太陽v解析で、追加導入によるBG増加は確認されず 

‣ SK-VIIは0.033% Gd濃度でデータ取得中。DSNBの世界初観測を目指す

まとめ
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