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In 2020, a new phase of Super-Kamiokande experiment, SK-Gd, was started by loading gadolinium
into the pure water. This led to a high neutron detection efficiency, which allows us to distinguish
different neutrino reactions, enhance signals and remove backgrounds more efficiently. In the
summer of 2022, an update of SK-Gd was done by adding additional Gd, and thus totally 39
tonnes of gadolinium sulfate octahydrate has been introduced in the water. The Gd concentration
was estimated as 0.0332+0.0002% based on the dissolved weight of gadolinium sulfate octahydrate
powder. It is consistent with the result of the direct sampling from the detector as 334 + 4 ppm.
The spallation neutron measurement and AmBe calibration confirms the shorter capture time
constant and higher capture event rate due to the second loading. Therefore, we achieved 1.5 times
higher than that of the first loaded phase as expected.
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1. Introduction

The Super-Kamiokande (SK) [1] is the experiment held in Kamioka, Gifu, Japan. The detector
contains 50 kilo-tonnes of ultra pure water and is placed in 1,000 m underground, i.e., 2,700 m water
equivalent overburden. It is optically separated and forms the inner detector (ID) for observation
and the outer detector (OD). The ID has 11,129 20-inch photomultiplier tubes (PMTs) to reconstruct
the energy, generated position, direction and the kind of the charged particles. The OD with 1,885
8-inch PMTs identifies incoming cosmic ray muons. The rate of cosmic ray muon is reduced
by a factor of 10° compared to that of the ground level. Therefore, it provides the appropriate
environment to search for low energy events, e.g., solar neutrino and diffuse supernova background
(DSNB). A new phase of the SK launched by loading gadolinium (Gd) which enhance the sensitivity
to inverse beta decay (IBD) of electron anti-neutrino by detecting IBD neutron captured on Gd.
We performed the first Gd loading [2] and achieved 0.01% Gd concentration as a initial step pf the
SK-Gd project. Recently, the first DSNB search result using the full dataset (~1.5 years) of the Gd
0.01% phase [3] has been reported and shows the sensitivity to the DSNB reached to the similar
level to the decade observation in the pure water phase [4]. For further improvement, the second
gadolinium loading to SK was conducted towards Gd concentration of 0.03%, resulting in more
accurate supernova direction determination with an enhanced neutron detection efficiency.

2. The Second Gd Loading

During the second loading, 27.3 tons of Gd;(SO4)3 - 8H,O powder was dissolved into the
detector. The powder contained an average of 4.4% additional water left over from processing.
Therefore, the mass of Gd;(SO4)3 - 8H,Oitself is 26.1 tons. This amount (plus Gd from the first
loading) should yield a Gd concentration in the SK tank of 0.033%, equivalent to an anhydrous
gadolinium sulfate (Gdy(SO4)3) concentration of 0.079%. The Gd,(SO4); - 8H>Oto be loaded
into the SK is required to satisfy requirements from the solar neutrino observation and the DSNB
search described in [5]. Thus, the mount of impurity in the powder must be assessed before they
are dissolved into the SK water. Since the amount to be loaded is doubled from the first loading,
we improved the loading equipment to speed up the process. In this section, the procedures of the
screening and the loading are described.

2.1 Requirements and Screening

In order to assess the impurity in the Gdy(SO4)3 - 8H,O, the chemical processing procedures
were developed by an extensive R&D program which is also explained in [5]. Inductively Coupled
Plasma Mass Spectrometry (ICP-MS) is used to assay U, Th, and Ce impurities prior to high-purity
germanium (HPGe) gamma spectrometries. The procedure of the measurement is described in [5],
and its sensitivity to the quantity of U and Th reaches at the parts-per-trillion (ppt) level. In
addition to these assessment, we developed a new method to evaluate >*Rn concentration using a
chemical separation [6]. Since it can perform a relatively quick evaluation compared to the HPGe
v spectrometry, we applied it to the last two lots of Gdz(SO4)3 - 8H,O in order to keep the loading
schedule. As a result of the screening, it was confirmed that all samples used in the second loading
satisfies the criteria for U, Th, and Ce contamination.
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2.2 Loading Equipment and Works

Figure 1 shows the improved dissolving system, which consists of the dissolving tank (4 m?),
the Gd injection port, and the shear mixer.
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Figure 1: The schematic of the dissolving system. The parts added from the second loading are colored in
red. In addition, the injection port was enlarged for the efficient Gd powder supplement.

Dissolving was done in the following procedure.
1. Supply Gd,(SO4)3 - 8H, O the feeder which monitors the weight of the powder from the injection
port up to ~400 kg.
2. Fill the dissolving tank with ~1.8 m? of 0.01% water from the SK tank.
3. Circulate water between the shear mixer and the dissolving tank before dissolving.
4. The feeder supplies ~17 kg of Gd»(SOy4)3 - 8H,0 powder to the circulation line.
5. ~15 minutes circulation makes the powder dissolved into water.
6. Send the high concentration Gd water to the solution tank.
The high concentration dissolution will be diluted into 0.03% by mixing with the SK return water
before being sent to the SK tank. The amount of powder and water are doubled from the previous
loading in order to improve the loading speed twice. In order to achieve the requirement, we
improved the dissolving system so as to achieve the requirement, as shown in Figure 1. The two
L-shape pipe lines with a water ejector at their exit were placed to make a sufficiently powerful
vortex preventing the powder from stagnating at the bottom of the dissolving tank without returning
to the shear mixer. An increase in the number of the lines leads to a reduction of the discharge
pressure at the circulation pump as well. We also added the pipe which goes directly to the exit
of the tank efficiently returns the powder to the shear mixer. It was used at the first ~5 minutes of
the dissolving process. This line was then partially closed, and the two L-shape lines are opened
to make the vortex for the remaining 15 minutes. In addition to the dissolving system, the powder
injection port was enlarged to make the powder injection work easier.
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The second Gd loading took place from May 31 to July 4, 2022, i.e., 36 days operation in total.
The accumulated weight of the supplied Gd sulfate power was 27304 kg corresponding to 10998 kg
of Gd. It took approximately 25 minutes to dissolve 17 kg of Gd sulfate power in a batch, which
shows the dissolving rate was doubled from 8.7 kg a batch in the first loading [2].

The expert workers refilled the reserve tank with Gd sulfate powder up to 400 kg every 8 hours.
The lot number of each Gd powder were recorded in the refilling work. Thus, we can trace their
radio-impurity based on the screening result. Figure 2 shows that a history of the total weight of Gd
sulfate powder supplied to the feeder. It can be concluded that the loading work was smooth during
the entire period because of the constant slope shown in the plot except for the one-day overhaul for
pump maintenance on June 17, 2022.

The estimated weight of Gd in the SK water after the second loading was 16412 kg by taking
a loss of Gd during the work and the existing Gd before the second loading into consideration.
Therefore, the Gd concentration was 0.0332 + 0.0002% as a result of the second loading. We
assigned 0.5% uncertainty on both the weight of Gd and water.
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Figure 2: A plot showing that a history of the total weight of Gd sulfate powder added into the SK water.
The horizontal line colored in light blue indicates the goal of T1.5 (~ 27.3 tonnes). We achieved it on July
4th, 2022.

3. Gd Concentration Monitoring

3.1 Spallation neutron induced by cosmic muon

We performed the Gd concentration monitoring while and after the loading by detecting neu-
trons produced by spallation reaction of '°0 induced by cosmic muons, called spallation neutrons.
The effect of Gd concentration can appear as the shorting of the neutron capture time constant as
well as the increase of the number of neutrons captured by Gd. Selection of spallation neutrons is
done with a method described in [7]. An SHE trigger was generated whenever more than 60 ID
PMT hits within a 200 ns time window. These SHE triggers resulted in all PMT hits within the
35 us around the SHE trigger being recorded, while those in a subsequent 500 us window were
also recorded by a sequentially issued AFT trigger. Cosmic muons passing through the SK detector
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were triggered by requiring both SHE trigger and the OD activity. Neutron event candidates are
searched from subsequent PMT hits within the 35 us SHE trigger window and the following 500 us
AFT trigger window.

Figure 3 shows spacial distributions of spallation neutron candidates for each week after the
start of the second Gd loading. It clearly shows that the region with a higher density of neutron
candidate gradually expands from the bottom, at a rate consistent with the water recirculation rate.
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Figure 3: The plots showing the spatial distribution of the neutron capture events from cosmic ray spallation.
The nine panels exhibit that the dense event region corresponding to the additionally loaded water gradually
climbed as a function of time.

The event rate of the spallation induced neutron capture is estimated as 80.0 + 9.0 /hour, which
is 1.5 larger than the rate in Gd 0.01% configuration (56.1 + 7.5 /hour). It directly indicates that an
increase in the Gd concentration as a result of the second loading. The neutron tagging efficiency
is evaluated using the Americium-Beryllium (AmBe) neutron source described in the following
subsection.

3.2 AmBe neutron source

The advantage of using an AmBe source lies in the ability to identify its neutron emission due
to the coincident emission of a 4.4 MeV gamma-ray. Placing the AmBe source withina 5x5x5 cm
BGO crystal cube allowed the initial gamma-ray to be detected by SK from the large number of
scintillation photons generated by its passage through the BGO.
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Figure 4: An example of the time distribution of neutron capture events in the AmBe data. The source
was deployed at z = —12 m. The red line shows the curve fitting with the function considering the neutron
thermalization and capture time constants. The capture time was estimated as 60.5 + 0.8 us.

The time distribution of neutron capture event candidates are shown in Figure 4. The event
candidates of neutron capture on Gd were then extracted from this recorded data by looking for
greater than 25 active PMTs in a 200 ns time window and applying event vertex reconstruction. In
addition, we required the initial SHE trigger events containing 900 to 1200 p.e. charge in order
to identify scintillation light from 4.4 MeV gamma-ray as a prompt signal. The following event
selection was applied for the neutron event candidates using the event reconstruction parameters:
the reconstruction timing goodness had to be greater than 0.4, the hit pattern goodness smaller than
0.4, and the event vertex located within 3 m from the AmBe source position.

A curve fitting taking neutron thermalization and capture time as well as accidental coincidence
background component was performed in order to extract the capture time constant. The fit result
gives the capture lifetime of 60.5 + 0.8 us, which corresponds to the neutron tagging efficiency of
51.8 £ 0.3%.

Figure 5 shows the result of weekly AmBe measurement. We deployed the AmBe source
at the several positions along the z axis at each measurement for crosschecking the concentration
monitoring using cosmic spallation neutron. One can find that the high concentration region
gradually climbed along the z axis as a function of time, which is consistent with the observation of
the spallation neutron. The regular AmBe measurement after the loading shows the capture time
constant is stable over 5 months. Thus, we continues the stable operation in the SK-VII phase.

3.3 Sampling

During the second loading, we collected samples from both the ID and the OD twice a
week. Figure 6 shows the result of conductivity measurements for each sample collected at the
multiple positions along the z axis. It displays the high conductivity region sequentially climbs as a
function of time, which is consistent with the observation in both the spallation neutron and AmBe
measurements. The collected samples are then analysed with an Atomic Absorption Spectrometer
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Figure 5: Weekly measured capture time constant using the AmBe source at several z positions. One can
find an increase in the Gd concentration due to the shorter capture time constant as the result of the second
loading.

(AAS) to determine the Gd concentration. In order to calibrate the measured concentration, 10 and
20 ppm standard sample made with the Gd(SO4); - 8H,O used in the second loading were used. At
the end of the loading, Gd,(SO4)3 - 8H,0 is homogeneous in the SK detector with an average value
of 793 + 9 ppm. The Gd only concentration can be computed as 334 + 4 ppm by the stoichiometric
calculation.

4. Summary

For a further increase in the neutron capture efficiency from 50% to 75%, 26.1 tons of
Gd,(SO4)3 - 8H,0 was additionally loaded to SK from May 31 to July 4, 2022. As the amount of
loaded Gd,(SO4)3 - 8H,O was doubled compared to the first loading, the capacity of the powder
dissolving system was doubled. We also developed new batches of gadolinium sulfate with the
further reduction of radioactive impurities. A more efficient screening method was also developed
and implemented for the evaluation. The Gd concentration was measured to be 334 + 4 ppm by the
AAS, which is in good agreement with 0.0332 + 0.0002% by the estimation based on the weight
measurement. Furthermore, the Gd concentration was monitored sequentially using the capture
time constants of each spallation neutron produced by the cosmic-ray muon during the loading of
Gd, and the neutron capture efficiency was shown to become 1.5 times higher than that of the first
loaded phase as expected. We are stably operating the SK-VII phase in terms of the Gd concentration
ensured by the regular AmBe calibration.
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Figure 6: The result of conductivity measurements for samples from the ID (left) and the OD (right). We
collected the samples at the multiple positions along the z axis. It displays the high conductivity region
sequentially climbs as a function of time, which is consistent with the observation in both the spallation
neutron and AmBe measurements.
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