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Evaluating gadolinium for use in Super-Kamiokande
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Abstract: Neutron tagging in water Cherenkov detectors like Super-Kamiokande has enormous advantages, e.g. in the
detection of galactic supernovae and the diffuse supernova neutrino background [DSNB]. For DSNB, where the signal
measurement is limited by large backgrounds, neutron tagging is indispensable. Gadolinium, with its large neutron
capture cross section and the resulting delayed 8 MeV gamma cascade has been proposed in GADZOOKS! and would
make it possible. However, the addition of a gadolinium compound has potential effects that are being evaluated at
EGADS, a dedicated gadolinium R&D facility at the Kamioka Observatory. EGADS features a 200 ton tank, water
filtration systems, transparency measuring equipment, and 240 50-cm PMTs.
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1 Introduction and Motivation from Diffuse
Supernova Neutrino Background

The SK detector is a very versatile detector. It has the
best proton lifetime limit, observed atmospheric and solar
neutrino oscillations and accelerator neutrinos [1, 2, 3, 4].
Studies on the Diffuse Supernova Neutrino Background
(DSNB), neutrinos from all previous core-collapese super-
novae in the universe, have also been performed and SK
also has the best limit [5]. Here, the inverse beta decay
(IBD):

ν̄e + p → e+ + n (1)

plays a central role, since ν̄e has a cross section two orders
of magnitude larger than for νe elastic scattering. At SK we
can currently detect effectively the positron only. The ob-
servation of the DSNB is limited by two irreducible back-
grounds: at low energies by invisible muon decay (muons
below Cherenkov threshold that decay into electrons) and
at high energies by atmospheric neutrinos. The lower en-
ergy threshold is defined by our ability to remove spallation
events.

In pure water, the neutron from the IBD is captured by hy-
drogen and yields a 2.2 MeV gamma, which is very dif-
ficult to detect. However, if we could detect the neutron
capture, the coincidence detection of positron and neutron
(delayed) would enormously reduce those backgrounds. In
2003, John F. Beacom andMark R. Vagins proposed the ad-
dition of gadolinium in GADZOOKS! [6]. The cross sec-
tion for neutron capture on Gd is about 5 orders of magni-

tude larger than on hydrogen and yields an 8 MeV gamma
cascade. Because of the much larger cross section, with the
addition of just 0.2% of gadolinium sulfate, Gd2(SO4)3,
about 90% of the neutrons would be captured on Gd.

Another very important feature is that this is the only tech-
nique that can be used in large detectors while keeping
costs relatively low.

Galactic Supernova Neutrinos

The benefits of neutron tagging are of course applicable to
galactic supernova neutrinos. Adding 0.2% of gadolinium
sulfate will make it possible to tag IBD events individually
and extract their spectrum. Since this is the most numer-
ous reaction, being individually tagged implies that we will
reduce the background for other reactions. An important
consequence of this is that now, our supernova pointing ac-
curacy from neutrino elastic scatters is expected to increase
by a factor of about 2 [7].

Another benefit of the background reduction will be that it
will allow us to observe neutrinos from the cooling phase
of the supernova to much later times.

Reactor Neutrinos

Reactor ν̄e neutrinos are observed from the IBD reaction
too. Since the reactor signal dies away above 8 MeV, the
DSNB signal above 10 MeV will unaffected by the reactor
flux. The great advantage of SK compared to KamLAND
is its larger fiducial volume which translates into a much
larger statistics.

It has been calculated [8] that we could achieve a high pre-
cision of the solar neutrino mixing parameters within a few
years measuring reactor antineutrinos. SK with Gd would
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dramatically improve the precision inΔm2
12, while the im-

provement in sin2θ12 although not as substantial, would be
significant.

2 EGADS R&D Project

Given the added value that this technique would mean to
water Cherenkov detectors and specifically the tremendous
improvement that it would mean to SK, many efforts have
been invested in making it possible. Shortly after the GAD-
ZOOKS! paper appeared, tests on the filtration system and
materials aging started. Since 2009 a new project has been
funded to build a facility that mimics the SK conditions and
has given more momentum. This project is called EGADS,
Evaluating Gadolinium’s Action on Detector Systems, and
aims to show that the idea works.

Since the project was funded in 2009 a new hall near the
SK detector has been built. Here, a 200 ton stainless steel
tank is now in place with its own water system and other
ancillary equipment. This water tank has been filled with
pure water and under these conditions the water filtration
system has been tested. In the near future, we plan to in-
stall 240 50-cm PMTs and its own data acquisition system,
see Figure 1. After all the equipment has been deployed
we will be able to answer all the questions related to: Gd
loaded water filtration system, material effects, Gd loaded
water transparency, neutron background and techniques on
how to add or remove Gd. I will briefly discuss them here.

Figure 1: Schematic view of EGADS (Evaluating Gadolin-
ium’s Action on Detector Systems), from left to right: se-
lective filtration system, pre-treatment system, water tank
and UDEAL.

Water Transparency: the water transparency is a very
important parameter in a water Cherenkov detector. Be-
cause dissolved substances may reduce the transparency
directly or indirectly (by degrading detector materials), it
is necessary to monitor it continuously. A device to mea-
sure the water transparency had been developed first at the
University of California, Irvine (UCI), and now a similar
device, UDEAL (Underground Device Evaluating Attenu-
ation Length) has been installed at EGADS, see Figure 2.

This device consists of three basic components: a beam in-
jector and intensity monitor (upper part), pipe (middle) and

Figure 2: Schematic view of UDEAL (Underground De-
vice Evaluating Attenuation Length): beam injector and
intensity monitor (top), pipe (middle) and transmitted light
measurement instrument (bottom).

transmitted light instrument (below the pipe). The beam
injector has seven different wave lengths (λ = 337nm,
375nm, 405nm, 445nm, 473nm, 532nm and 595nm). One
wave length is used at a time. Part of the beam is di-
rected through the pipe, while part of it goes into an in-
tegrating sphere with UV enhanced photodiode. The pipe
is filled to a given height with water and therefore, when
the beam reaches the lower integrating sphere, its intensity
changes. Measurements of the beam intensities at differ-
ent wave lengths and water heights enables us to measure
the water transparency and its dependence with the wave
length.

The pure water in the 200 ton tank has been circulated
through the water system for months andmonitored at three
different positions of the 200 ton tank (bottom, centre and
top) with good quality transparency data and very consis-
tent results from UDEAL. These data show that the pure
water has a good transparency and comparable to the pure
SK water. One example can be seen in Figure 3. These data
were taken from the 200 ton tank bottom for three wave
lengths: 337nm, 375nm and 405nm. The 200 ton tank was
filled with pure water and soon the water attenuation length
started to decrease. As soon as the water filtration system
ran continuously the water attenuation length increased and
became stable.

Selective Water Filtration System: Since the water qual-
ity is of major importance in water Cherenkov detectors
this is the pillar of the EGADS project. In order to ensure a
good water transparency, the water filtration system should
remove all impurities in water except Gd. Long before the
EGADS project started, a prototype had been developed
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Figure 3: Water attenuation length for pure water from
the 200 ton tank (bottom) for three wave lenghts: 337nm,
375nm and 405nm. The water attenuation length decreases
first and then increases as soon as the water filtration sys-
tem ran continuously.

and tested at UCI. The water system achieved a good trans-
parency while retaining almost all the Gd (over 99.9% per
pass). The strategy is to filter out all the impurities in wa-
ter larger and smaller than Gd, thus creating a band-pass
filter, that removes everything but Gd. This is achieved by
filtering first with an ultra-filter which removes impurities
larger than Gd. Its product goes then to nano-filters where
their reject collects particles of about the size of Gd while
the product goes through a reverse osmosis (RO) filter to
remove smaller impurities. Finally, the RO product (pure
water) and the nano-filter reject (Gd and any similar-sized
impurities) are then returned to the tank.

The water system for EGADS was installed last January
and has been running since then, keeping the water quality
high and comparable to the SK pure water, i.e. the wa-
ter attenuation is similar although slightly smaller than the
ultra-pure SK water.

Material Effects: adding Gd can influence the material
ageing. We need to ensure that adding a Gd solution will
not corrode or easily age detector materials. Metallic Gd is
not soluble in water and gadolinium(III) chloride, GdCl 3,
was proposed in the past. However, a test with one kilo-
ton water tank with 0.2% of GdCl3 showed that although
GdCl3 did not decrease water transparency, chlorine lifted
old rust already present in the one kiloton tank. Our best
candidate now is gadolinium sulfate, Gd2(SO4)3.

Studies at the Okayama University have tested Gd2(SO4)3
with several materials under different conditions, e.g. pH
and temperature, with promising results.

Neutron Background: currently at SK neutrons are in-
visible but once we add Gd ambient neutrons will become
visible. The present amount of neutrons at SK is very low.
However, adding a Gd solution has to be done with care
since it may add neutron background, specially important

are those produced in the fiducial volume. It is therefore
very important to keep this background under control since
it would affect the trigger rates and current analyses.

A Gd batch has been sent to the Laboratorio Subterraneo
de Canfranc (LSC), Spain, and measured with a very low
background germanium detector. Concentrations of 15 and
1 ppb of uranium and thorium, respectively, were found. A
detailed analyse shows that the largest neutron source is the
238U chain and specially its spontaneous fission. This chain
represents ≈ 70% of the neutron background. Its neutron
production spectrum is shown in Figure 4. Therefore, if we
could remove uranium efficiently we would greatly reduce
the neutron background.

Figure 4: Neutron background per cubic centimetre spec-
trum for the 238U chain (15ppm). The spontaneous fission
(dash-doted line) is the largest contribution.

From the other chains, 235U and 232Th, the 235U chain is
the next most important contribution. However, removing
uraniumwould not substantially decrease the neutron back-
ground for this chain because, the 235U spontaneous fission
is not the main source of neutrons here and the 235U chain
activity would be sustained by protactinium (231Pa).

Taking into account the U/Th chains with the above con-
centration, the total neutron yield in the SK inner detector
is ≈ 1800/day. To reduce it, tests with the resin Amber-
jet4400 (AJ4400) have been done. This resin can reduce
the amount of U and Th. However, it has been seen that
after an extensive use of AJ4400 the Th concentration is
not significantly reduced, while the U concentration drops
to less than 1% of the original concentration.

With the resin AJ4400 and taking into account the capa-
bilities of the SK water system to reduce U/Th and Rn we
estimate that the neutron yield can be reduced at least to
about 600 neutrons/day.

How to Add/Remove Gd: a pre-mix 15 ton tank has also
been installed together with a pre-treatment system. The 15
ton tank has a stirrer to facilitate the dissolution of gadolin-
ium sulfate in water. The pre-treatment system includes the
AJ400 resin to reduce U concentration. The dilution of Gd
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into water is easier if the pH is lowered. For this purpose,
a relatively small amount of sulfuric acid, H2SO4 will be
used to facilitate its dilution.

It is also important to monitor how uniformly can we dis-
solve Gd. For this purpose, samples will be taken at several
locations and the Gd concentration will be measured. The
concentration can be measured with an atomic absorption
spectrometer (AAS) with a precision of ≈ 5%.
Techniques to efficiently remove Gd from water have also
been studied as we must not release Gd into the environ-
ment. Currently, we use a resin that is capable of removing
Gd. Detailed studies about the efficiency of this method are
being carried out. So far, we know that the Gd concentra-
tion after processing a 0.2 % Gd2(SO4)3 solution is below
the ppm level.

3 EGADS Schedule

In the next few months we will make very decisive steps.
Very soon we will circulate Gd in our system. The wa-
ter filtration system has proven to keep a high pure wa-
ter quality. We expect this to be the case when we add
gadolinium sulfate into the water once we retune it to the
new situation. Preparations for PMT installation are being
done too: installation and PMT structures, wiring, PMT
pre-calibration, etc.

4 Summary

Many advantages are expected from neutron tagging in a
light water detector. Being able to clearly identify ν̄e from
the coincidence detection of positron and neutron from ν̄ e+
p → e+ + n reactions (and similarly for ν̄μ) would allow
us to start new studies in antineutrino spectroscopy. This
will have dramatic implications in Supernova, reactor and
solar neutrinos.

This has motivated a very intensive R&D program to study
the feasibility of antineutrino tagging in SK. The coinci-
dence detection in ν̄e + p → e+ + n reactions will be pos-
sible by adding 0.2% of gadolinium sulfate. The decisive
test is being now performed using a 200 ton tank, EGADS
project. This includes: the water filtration system, ageing
test of detector systems in presence of Gd, its impact on the
water transparency and the uniformity of the solution.

Once this program is completed we will be prepared to add
Gd into SK and start a new era in many fields of neutrino
physics.
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