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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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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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SK-Gd project
• Dissolving Gd to Super-Kamiokande to significantly 

enhance detection capability of neutrons from ν 
interactions


• Idea first proposed in: 


• Large n-capture cross section:


• 90% of Gd capture efficiency at 0.2% loading of 
Gd2(SO4)3 (corresponds to 100 ton/SK)


• Large released energy of ~8MeV


• Well above most of natural radioactivity and the 
SK trigger threshold
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Strongly tag electron antineutrinos by 
prompt (e+) and delayed (n-Gd) coincidences

J. F. Beacom and M. R. Vagins, Phys. Rev. Lett. 93 (2004) 17110
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Goals of SK-Gd
• First observation of Supernova Relic Neutrinos 

• Improve pointing accuracy for galactic supernova


• Precursor of nearby supernova by Si-burning 
neutrinos


• Reduce proton decay background


• Neutrino/anti-neutrino discrimination (Long-baseline 
and atmospheric neutrinos)


• Reactor neutrinos !5



• Supernova neutrinos provide a lot of Physics:


• Mechanism of supernova burst


• Nature of neutrino 


• The only supernova neutrinos we detected so 
far: SN1987A


• After waiting for more than 30 years without new 
burst, we are now actively trying to detect 
supernova neutrinos


• Supernova Relic Neutrinos (SRNs) 

• Neutrinos produced by the past supernova 
bursts, and now diffused throughout the 
universe.


• Open a for “new” astrophysical observables
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Supernova neutrino from z=5
Diffuse Supernova Neutrino Background(DSNB) 
y 1010 stellar/galaxy×1010 galaxies×0.3%(become SNe) ~O(1017)SNe

5

Beginning of the universe

NOW

１billion years ago

10 billion years ago

Neutrinos
from past SNe

Horiuchi, Beacom and Dwek, 
PRD, 79, 083013 (2009)

Search window for SK : From ~10MeV to ~30MeV

SRN 
Search Window

Supernova (Relic) Neutrinos



Past SRN searches
• Super-K holds the current best limits for 

the SRN flux


• Only prompt positron signal were used 
for the best limit.


• Sensitivity limited by backgrounds


• However, only one order magnitude above 
theoretical predictions.


• Should be within Super-K’s reach once we 
were able to reduce backgrounds with 
neutron tagging!
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SPECTRUM OF THE SUPERNOVA RELIC NEUTRINO BACKGROUND AND
METALLICITY EVOLUTION OF GALAXIES

Ken’ichiro Nakazato1, Eri Mochida1, Yuu Niino2, and Hideyuki Suzuki1

March 5, 2015

ABSTRACT

The spectrum of the supernova relic neutrino (SRN) background from past stellar collapses includ-
ing black hole formation (failed supernovae) is calculated. The redshift dependence of the black hole
formation rate is considered on the basis of the metallicity evolution of galaxies. Assuming the mass
and metallicity ranges of failed supernova progenitors, their contribution to SRNs is quantitatively
estimated for the first time. Using this model, the dependences of SRNs on the cosmic star formation
rate density, shock revival time and equation of state are investigated. The shock revival time is intro-
duced as a parameter that should depend on the still unknown explosion mechanism of core collapse
supernovae. The dependence on equation of state is considered for failed supernovae, whose collapse
dynamics and neutrino emission are certainly affected. It is found that the low-energy spectrum of
SRNs is mainly determined by the cosmic star formation rate density. These low-energy events will
be observed in the Super-Kamiokande experiment with gadolinium-loaded water.
Subject headings: diffuse radiation — galaxies: evolution — neutrinos — supernovae: general

1. INTRODUCTION

Since the creation of the Universe, many generations of
stars have been born and died. During the cosmic evolu-
tion, stars eject synthesized elements by stellar winds or
explosions such as supernovae, and the ejecta are mixed
with the interstellar gas. Therefore, the mass fraction of
elements heavier than carbon (metallicity), Z, increases
gradually with the cosmic time. Meanwhile, many neu-
trinos are emitted from core collapse supernova (CCSN)
explosions of massive stars and accumulate to give a dif-
fuse background radiation that is redshifted owing to cos-
mic expansion. These neutrinos are called the supernova
relic neutrino (SRN) background, or the diffuse super-
nova neutrino background (DSNB) in some papers.
Neutrinos emitted from a supernova have actually

been detected for SN1987A (e.g., Hirata et al. 1987;
Bionta et al. 1987; Alexeyev et al. 1988). In the obser-
vation of SRNs, on the other hand, terrestrial neutrino
detectors are affected by various backgrounds such as
solar neutrinos, reactor neutrinos, atmospheric neutri-
nos and contamination by cosmic muon events, radio
activity events and so forth. However, some observa-
tional upper bounds for the flux of SRNs have been
reported (e.g., Malek et al. 2003). Roughly speaking,
all species of neutrinos (νe, ν̄e, νµ, ν̄µ, ντ , ν̄τ ) are
equally emitted from a supernova with average energies
of ∼10 MeV. Nowadays, SRNs with ν̄e of approximately
20 MeV are expected to be observable in running exper-
iments. The most stringent limits reported for ν̄e flux
were obtained in the Super-Kamiokande experiment as
<0.1-1 cm−2 s−1 MeV−1 for neutrino energies between
17.3 MeV and 30.8 MeV (Bays et al. 2012) and in the
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Fig. 1.— 90% C.L. differential upper limits on ν̄e flux of SRNs.
The squares, circles and triangles are results for Super-Kamiokande
(SK-I/II/III, Bays et al. 2012), Super-Kamiokande with a neutron-
tagging (SK-IV, Zhang et al. 2015) and KamLAND (Gando et al.
2012). Dashed and dotted lines correspond to our theoretical mod-
els with maximum and minimum values of SRN event rate, respec-
tively (see also Table 3).

KamLAND experiment as <10-100 cm−2 s−1 MeV−1

between 8.3 MeV and 18.3 MeV (Gando et al. 2012).
Super-Kamiokande derived a new upper limit of <5-
30 cm−2 s−1 MeV−1 for energies between 13.3 MeV
and 17.3 MeV by performing a new analysis with a
neutron-tagging technique (Zhang et al. 2015). In Fig-
ure 1, we show the upper limits for ν̄e flux with the-
oretical estimations presented later in this paper. For
νe flux, the SNO experiment obtained an upper limit of
70 cm−2 s−1 MeV−1 for energies between 22.9 MeV and
36.9 MeV (Aharmim et al. 2006). These observational
upper limits are larger than various theoretical predic-
tions (e.g., Ando & Sato 2004; Beacom 2010, and refer-
ences therein). Nevertheless, the Super-Kamiokande up-
per limit is reasonably close to the predictions; thus, it is
expected that SRNs will be observed in the near future.
Cosmic metallicity evolution has been proven by obser-

vations of galaxies (e.g., Maiolino et al. 2008, hereafter
M08). Recently, the correlation between the metallic-
ity and the star formation rate (SFR) of galaxies has

Astrophys. J. 804, 75 (2015)

Theoretical  
predictions 

(Nakazato et al)

The total efficiency systematic error also includes the
uncertainty in the fiducial volume cut, inverse beta cross
section, and live-time calculation, as shown in Table IV.

The fiducial volume and live-time calculation system-
atic errors are the same as, and taken from, the SK solar
analyses [27,28].

To apply this systematic error, the likelihood curve
(likelihood as a function of number of SN relic events) is
modified. The modification for each value of the likelihood
is as follows, where ! is the efficiency, " is the efficiency
systematic error, Pð!Þ is a probability function in the shape
of a Gaussian centered on !0 with width !0", r is the
number of relic events seen in the data, and R is the number
of relic events actually interacting in the detector, such that
r ¼ !R:

L 0ðRÞ ¼
Z 1

!¼ 0
Lð!RÞPð!Þ!d! (8)

This error is applied last, after all other calculations are
complete. Inclusion of this systematic error changed the
result (making the limit less stringent) by a few percent.

V. THE RESULT

Figures 14– 16 show the final sample data, overlaid with
the best fit results for the LMA model. For SK-I, the relic
best fit is negative and unphysical (for all models), so zero
relic contribution is shown. However, for all models SK-II

and SK-III find a positive indication (not significant) of a
relic component. The 90% C.L. upper flux limits differ for
each model, and are summarized in Table V.

A. Comparison to previous study

The new analysis has a lower energy threshold than the
2003 study, so the results are not immediately comparable.
Furthermore, the previous study presented its result in a
model-independent fashion due to the similarity of the
results. Although we verified that with an 18 MeV energy
threshold the SK-I results were similar enough to justify a
model-independent approach, the lower energy threshold
and new data required model-dependent results. For com-
parison purposes, we consider the LMAmodel. The limit is
2:9 !# cm$ 2 s$ 1 > 16 MeV (positron energy), which is
equivalent to 2:0 !# cm$ 2 s$ 1 > 18 MeV positron energy.

TABLE IV. Total efficiency systematic error.

Error source SK-I SK-II SK-III

Cut reduction 3.1% 4.4% 3.1%
Fiducial volume 1.3% 1.1% 1.0%
Cross section 1.0% 1.0% 1.0%
Live time 0.1% 0.1% 0.1%
Total 3.51% 4.65% 3.41%
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FIG. 14 (color). SK-I LMA best fit result. The relic best fit is
negative, so a relic fit of 0 is shown.
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FIG. 15 (color). SK-II LMA best fit result. The relic best fit is
3.05 events per year interacting in the detector (before reduction
efficiencies).
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FIG. 16 (color). SK-III LMA best fit result. The relic best fit is
6.9 events per year interacting in the detector (before reduction
efficiencies).
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Model 10-16Me
V 

16-28MeV 
(evts/10yrs)

Total 
(10-28Me

Significance　　　　　
(2 energy bin)HBD 8MeV 11.3 19.9 31.2 5.3 σ

HBD 6MeV 11.3 13.5 24.8 4.3 σ
HBD 4MeV 7.7 4.8 12.5 2.5 σ
HBD SN1987a 5.1 6.8 11.9 2.1 σ
BG 10 24 34 ----

10 12 14 16 18 20 22 24 26 28
Position Energy (MeV)

SRN flux;
Horiuchi, Beacom and Dwek, 
PRD, 79, 083013 (2009)

BG assumption in SK-Gd
l nµ CC BG become 1/4
l ne CC BG become 2/3
l NC elastic BG 1/3 
�requiring only one neutron�

3σ discovery possible with 
~10 years of observation

Expected signal at SK-Gd



Improving pointing accuracy 
for supernova burst neutrinos
• By tagging IBD events with Gd (which does not have directional 

information), extract ν+e elastic scattering events from SN burst


• Pointing accuracy for SN at 10 kpc: 4~5o → 3o (90%CL) 

• Helps finding coincidence with optical observations

!9

Without Gd n̅e +p (IBD)
n+e scat. SK-GD (80% n-tagging eff.) 

Simula'on of SN  at 10kp 



Improved accelerator and 
atmospheric neutrino measurements 
• Neutron information can improve 

measurements of ~GeV 
atmospheric and accelerator 
neutrinos


• Energy reconstruction 
improvements


• Neutrino/Antineutrino separation


• Various potential physics impacts:


• Improved neutrino interaction 
modeling 


• Improved neutrino oscillation 
measurements

!10

Atmospheric neutrirno
1-ing  e-like sample
0.5 GeV < En < 0.7GeV

Assuming n-tag efficiency of 80%.
(capture eff.=90%, Gd-g det.eff.=~90%)

NEUT 5.1.4.2



Tests with the EGADS  
(200t tank) demonstrator
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EGADS

!12

15m3 tank to 
dissolve Gd

Gd water circulation system 
(purify water with Gd)

Transparency 
measurement 
(UDEAL)200 m3 tank with 240 PMTs

Evaluating Gadolinium’s Action on Detector Systems

Studying Gd water quality with actual detector materials used in SK
Also testing 13 HPDs for Hyper-K
Tested operation with full (0.2%) Gd2(SO4)3 loading



! EGADS water quality

!13

Light @ 15 meters in the 200-m3 EGADS tank

Our Gd-capable water system really is lossless (>99.99%) – the fully-
loaded EGADS tank has been turned over more than 350 times so far.

The light left at 15 m has been stable  at ~75% for 0.2% Gd2(SO4)3 , which 
corresponds to ~92% of SK-IV pure water average. 17

The light left at 15 m has been stable at ~75% for 0.2% Gd2(SO4)3, 
corresponds to ~92% of SK-IV average. 

No loss of Gd: >99.99% of Gd remains after circulating the water 
system for more than 500 times
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Neutron calibration in EGADS
y Am/Be + BGO deployed in EGADS

17

Gd2(SO4)38H2O concentration
2178±76ppm
→ Expected 30.05±1.14 µs
Fitted data  31.32±0.76 µs

Time to delayed signal

Gd neutron capture efficiency
Data: 85.3±0.9% (stat) 
MC:    84.4± 0.3% (stat) 

Delayed signal spectrum

Neutron detection with Gd
• First tested in SK with Gd solution in a small container


• Test with “bulk" Gd loaded water in EGADS:


• AmBe neutron source w/ BGO crystal to detect 4.4 MeV 
“prompt” γ signal


• Decay time constant consistent w/ expectation


• Energy distribution well reproduced by MC

!14
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Demonstrated neutron detection with Gd in water Cherenkov detectors

2.2 MeV c-rays. Finally, concluding remarks on this paper are
established in Section 6.

2. Experimental set-up

The apparatus used in both measurements was a 5 cm cube of
BGO scintillator with an Am/Be radioactive source incorporated
in its center. Both 4.43 MeV c-rays and neutrons are released from
the source concurrently via: aþ 9 Be! 12C"ð4:43 MeV
deexcitation cÞ þ n using a’s emitted from 241Am. A reaction to
the ground state of 12C also exists, which produces only a neutron.
These carbon reactions occur 61.6% and 24.6% of the time, based on
Fig. 1 in [10]. The source intensity used in the experiments is 97lCi
of 241 Am, which leads to 86.8 Hz of 4.43 MeV c-rays and 76.4 Hz
for the 12C ground state reaction. The scintillation light induced
from these gammas was used to initiate prompt signals, while
accompanying neutrons were treated as delayed signals. Usage of
the BGO compensated for the disadvantage of low Cherenkov pho-
ton generation for the 4.43 MeV c-rays in water. The full energy of
4.43 MeV was observed in BGO 49.1% of the time. The scintillation
light was typically observed as % 1000 photo-electrons, or equiva-
lently, 1000 PMT hits in SK. This high light output was capable of
issuing the so-called ‘‘high energy trigger,” one of the trigger types
used in the normal data-taking (see Section 3). Moreover, the
300 ns decay time constant of BGO scintillation light was long en-
ough to discriminate it from Cherenkov events originating from
either 8 MeV gamma cascades or 2.2 MeV gammas. An acrylic
cylindrical vessel was used to study the detection of 8 MeV gamma
cascades liberated from Gd. This vessel was filled with 2.4 l of 0.2%
GdCl3-water solution together with the Am/Be-embedded BGO
scintillator installed in the middle of the cylinder, as depicted in
Fig. 1.

3. Forced trigger module

In SK’s normal data taking, there are three types of trigger sig-
nals derived from the total number of coincident PMT hits (HIT-
SUM) in the inner detector. They are the ‘‘Super Low Energy”
(SLE) trigger, the ‘‘Low Energy” (LE) trigger, and the ‘‘High Energy”
(HE) trigger. The HITSUM, as illustrated in Fig. 2, is the analog
sum of all hit PMT signals within 200 ns. Once the HITSUM is
above the designed threshold, a global trigger is issued and
PMT data are digitized and stored in the internal buffers of the

front-end electronics. PMT data are then read out and stored in
the two 1-MByte memories of the Super Memory Partner (SMP),
from which data will be transported to the online system. Since
the lowest energy trigger threshold at SK (SLE, 4.6 MeV) is higher
than 2.2 MeV, neutron signals in pure water cannot be observed.
To measure neutron tagging efficiency, a standard nuclear instru-
ment module (NIM) compatible with current SK electronics was
developed by using a field programmable gate array (FPGA) chip
and a micro-controller in order to provide selected triggers with-
out threshold. This module can accept trigger signals from the SK
DAQ system to issue a new trigger scheme as already shown in
Fig. 2. The forced trigger parameters such as forced trigger rate
and the number of forced triggers can be programmed. During
the experiments, 500 & 1 ls continuous forced triggers were gen-
erated after each primary trigger, whose repetition width was set
on the basis of the electronics’ dynamic range. Due to the limita-
tions of the front-end electronics buffering capability and the two
1-MByte memories of the SMP, only about 128 triggers per pri-
mary were collected. The front-end buffering limitation caused
a 70 ls gap between two bunches of forced trigger events. Since
it is very likely that other trigger events might have occupied the
front-end electronic buffer, the number of forced trigger events in
the first bunch was usually less than 64. Due to the limitation of
two buffer memories of the SMP and the speed of the reading
process, all the triggers were vetoed after collecting about 128
forced trigger events. These limitations are not present after the
upgrade of the SK electronics and online data acquisition system
in September 2008. From that point on every hit phototube is re-
corded and then the data are filtered by online computers. All
data for 500 ls following each qualified prompt signal are re-
tained for further analysis. As mentioned in Section 2, the
4.43 MeV c-induced scintillation event rate was 86.8 Hz. To re-
duce dead time, we limited the primary trigger being used to gen-
erate the forced triggers to 4 Hz.

4. Study with neutron capture on gadolinium

In this study, the apparatus introduced in Fig. 1 was deployed
near the center of the SK detector. Described in the following sub-
sections are data analysis and results with events collected by the
forced trigger system.

4.1. Distribution of time difference between prompt and delayed
triggers

The BGO scintillation light induced by the 4.43 MeV gammas
produced the prompt (primary) triggers as described in Section 3.
Due to the limited DAQ performance, available data existed within
two 64 ls ranges measured from the prompt trigger with the pres-
ence of a 70 ls gap in between. A parameter DT was characterized
as a time difference between the prompt and delayed (forced) trig-
gers in terms of their time stamps. This parameter was studied at

Fig. 1. Configuration of the apparatus used for the study of 8 MeV gamma cascades
from Gd. The acrylic cylindrical vessel was filled with 2.4 l of 0.2% GdCl3-water
solution. The 5 cm cube of Am/Be-embedded BGO scintillator was installed in the
middle of this cylinder. This BGO crystal with the Am/Be source was also used in the
2.2 MeV c-ray search.

HITSUM

Trigger
primary
trigger

forced
triggers

Threshold 

4.43 MeV 
γ-ray Induced
BGO Scint.

Delayed γ’s

µs

Fig. 2. Time sequence of the triggers generated by the forced trigger module.

322 H. Watanabe et al. / Astroparticle Physics 31 (2009) 320–328

2.5cm

Astropart. Phys. 31, 320-328 (2009)



Super-K Tank Refurbishment 
2018-2019
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Super-K Refurbishment 
2018-2019

• Super-K has undergone a major 
refurbishment works from May 31, 2018.


• Purposes:


• Make the tank water tight in order 
not to leak Gd to the environment.


• Improve water plumbing to increase 
the flow rate from 60 t/hr to 120 t/hr 
with better flow control.


• Replace a few hundred faulty PMTs 
and install 136 Hyper-K type 20” B&L 
PMTs.

!16
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More photos during the refurbishment
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Tank closing

!19The new phase of SK, SK-V, started on Jan. 29, 2019



Test of water leakage from the SK tank

• Currently we do not observe any water leakage from the SK tank within 
the accuracy of our measurement, which is less than 0.017 tons per day.


• This is less than 1/200th of the leak rate observed before the 2018/2019 
tank refurbishment.

!20

After filling the tank completely with water, we started a water leakage test 
from 11:30 on 31st January to 15:52 on 7th February, 2019. (7 days 4 hours 
22 minutes in total)

Conclusion



Post-refurbishment calibration campaign

• PMT gains have been slowly drifting 
and have increased by 10-15% over 
12 years.


• Retuned gain for all inner-detector 
PMTs by adjusting the HV. New gain 
is set to roughly same as the level at 
2006.


• Re-evaluated PMT responses, such 
as gain, timing vs charge, relative QE 
precisely. 

!21
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A Peek at The New Voltage

 / ndf 2χ  316.9 / 65

Constant  13.1±  1018 

Mean      0.001± 2.715 

Sigma     0.00072± 0.08449 

SPE peak (pC)
2 2.5 3 3.5 40

500

1000

 / ndf 2χ  316.9 / 65

Constant  13.1±  1018 

Mean      0.001± 2.715 

Sigma     0.00072± 0.08449 

Peak

SPE Peak Distribution Across The Tank

Tuned voltage targeting 
at 1.65E+07 gain

Default voltage from 
previous operation
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• The average SPE peak in the tank 
has decreased from 3.167 pC to 
2.715 pC, with decreasing 
voltage. Thus both signal hit and 
dark rate may go down after the 
tuning.  

• A new, probably lower, energy 
threshold with the new signal-to-
noise ratio is under investigation.

• The variation of gain value among 
all PMTs decrease from ! = 0.36 

pC to  ! = 0.08 pC.

Preliminary

J. Xia

S. Mine

Super-K is stably taking data 
after successful completion of 

the refurbishment work



Progress towards  
the first Gd loading

!22



Overview
• As the first step, we will load 10 tons of Gd2(SO4)3 

(0.02% concentration) within FY2019 (1/10 of the 
final goal)


• 50% of neutron would be captured by Gd


• x2 - x3 enhancement of n-tagging efficiency


• Many preparation works towards the first Gd 
loading:


• Stable operation of the detector with pure-
water


• Upgrade of the water system


• Production of ultra-pure Gd2(SO4)3 powder
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Water system for SK-Gd
• The new water system for SK-Gd was constructed and have been 

operational with pure-water recirculation mode since Oct. 2018


• Processing at 60 m3/hr using the Fast-Recirc. line.


• Gained a lot of experience for the operation (temperature control, 
pump operation etc.)


• Gd system helped improving water transparency in the tank
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Planned Band-
pass system 

(Not implemented yet)

SK-Gd water system Under construction in Lab-G
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Planned upgrades in FY2019
• Fill the resin tanks with the 

special resin that does not 
remove Gd2(SO4)3


• Enhance purification power by:


• Increasing maximum flow 
rate from 60 m3/hr to      
120 m3/hr 


• Installing additional 
positive-ion exchange resin


• Commissioning of the 
upgraded system (incl. 
powered transport and 
pretreatment systems) being 
planned in later half of FY2019
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Gd production status
• Production of 14 tons of Gd2(SO4)3-8H2O powder for the initial 

loading in progress


• Screening of initial batches shows that they meet our radio-
impurity specification


• If everything goes smoothly, ready by end of Sep. 2019.
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Result of screening for initial 3 batches

Goal  (mBq/kg) Batch 1 Batch 2 Batch 3
238U < 5 ICPMS < 0.02 0.02 0.04

Ge <9.45 <9.89 <28.4
232Th< 0.05 ICPMS 0.04 0.02 0.04

Ge <0.20 <0.21 <0.16
226Ra< 0.5 Ge 0.46±0.24 <0.33 <0.20



• Preparation and upgrade of the new water system by Dec. 2019 (Step 1)


• Start recirculating pure water with the SK-Gd system in late Dec. 2019 (Step 2)


• Start dissolving Gd in Mar. 2020 (Step 3), followed by 5-6 months of commissioning and 
calibrations.


• Stable operation with Gd loaded SK starting in late-2020!
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Summary
• SK-Gd: Gadolinium-loaded Super-K with 

significantly improved neutron detection efficiency


• Physics goals:


• First detection of supernova relic neutrinos


• Improved solar/accelerator/atmospheric 
neutrino reconstruction


• Reduction of backgrounds for proton decay


• Many more!


• Feasibility demonstrated with the 200t EGADS 
demonstrator.


• Water leak from SK became below detectable 
level after the refurbishment work in 2018-2019


• Many preparation works towards first Gd loading 
ongoing.


• SK-Gd is starting soon!
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