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Super-Kamiokande (SK) experiment started the "SK-Gd experiment" by dissolving gadolinium
(Gd) sulfate octa-hydrate in ultra-pure water from the tank in July 2020. The neutron tagging
efficiency has been improved compared to the pure-water phase by detecting a total energy of § MeV
gamma rays emitted by thermal neutron capture on Gd. It enables us to improve, for example,
the sensitivity of diffuse supernova neutrino background, the accuracy of the reconstruction for
the supernova direction, and so on. For these physics targets, accurate evaluation of neutron
identification efficiency is essential. In this presentation, I report the calibration results using an
Am/Be neutron source to evaluate the efficiency at a Gd mass concentration of 0.03%, starting
from June 2022, and the comparison of the estimated neutron detection efficiency with simulation.
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Figure 1: Idea of the delayed coincidence method for identification of inverse beta decay (IBD) in SK-Gd.

1. Introduction

Detecting neutrons is crucial for the Super-Kamiokande (SK) experiment[1], to improve many
kinds of physics sensitivity. However, since the major neutron signal in the pure-water detector is
2.2 MeV gamma-ray from neutron capture on a proton, the neutron tagging efficiency using this
gamma-ray is only about 20% due to its low energy for SK.

To improve neutron tagging efficiency, in 2020, SK dissolved 13 tons of gadolinium sulfate
octahydrate to its 50 kilotons of ultra-pure water[2]. This marked the beginning of a new phase,
SK-Gd (SK-VI). The total energy of multiple gamma-rays from thermal neutron capture on Gd is
about 8 MeV. This higher energy makes it possible to identify the neutron capture reaction more
effectively. Figure 1 shows the basic idea of the delayed coincidence method, which uses a prompt
positron signal and a delayed neutron signal[3]. By dissolving about 0.01% of the Gd in mass
concentration, roughly 50% of neutrons is captured on Gd nuclei. In previous study[4], the tagging
efficiency without materials relevant to our source is estimated to be 40.5 + 0.1(stat. tlz({ (sys.)%.

In 2022, SK dissolved additional 26 tons of gadolinium sulfate octahydrate, and a new phase
of the SK-Gd experiment was started (SK-VII). With this improvement, the mass concentration of
Gd increased to about 0.03%, and roughly 75% of neutrons will be captured on Gd nuclei as shown
in Figure 2.

2. Am/Be source measurement

Evaluation of the neutron tagging efficiency is essential to estimate physics sensitivity in SK-Gd.
Therefore, we studied neutron detection using an Americium-241/Berylium-9 (Am/Be) radioactive
source. Am/Be source is famous for its neutron emission accompanying gamma-ray. The main
reaction chain can be described as >*' Am — Z'Np + a, *Be + @ — '>C +n+ y(4.4 MeV). This
measurement uses a prompt 4.4 MeV gamma-ray and a delayed neutron as the target of the delayed
coincidence.

For separating 4.4 MeV gamma-ray from other low energy events, we installed the source with
the BGO scintillator crystal to enhance gamma-ray light yield. In the previous study on SK-VI ([4]),
to estimate the unexpected effect of BGO crystal on the tagging efficiency, two kinds of source
configure, which are ”1 BGO” and ”8 BGO”, were used. While the 8 BGO structure is that source
is fully surrounded by eight BGO crystals, the structure of the 1 BGO configure is that source is
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Figure 2: The relationship between Gd mass concentration and capture efficiency in Gd. The capture
efficiency increased about 1.5 times from SK-VI to SK-VII.
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Figure 3: Appearance of the source set up for 8 BGO, 1 BGO (upper), and 2 or 4 BGO structure (lower).

installed with one BGO. In this study, we measured newly two kinds of source configure, which
are ”2 BGO” and "4 BGO”. These new structures are the same as 8 BGO structures but not fully
surrounded by eight crystals, but a portion of the BGO is replaced with acrylic. The picture of
Am/Be source and BGO crystals are shown in Figure 3

3. Analysis

The neutron tagging efficiency ¢, is evaluated by this formula:

_ (Number of tagged neutrons) — (Number of estimated background)

€n = ey

(Number of prompt events)

For selecting a prompt event induced by our Am/Be + BGO source, the total photo-electrons
measured by PMTs for the inner detector (ID) is used. Figure 4 shows the total observed photo-
electrons distribution of the events. The events with its photo-electrons are around 1000 p.e. are
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Figure 4: Distribution of the total photo-electrons measured by PMTs for the inner detector. The peak which
is seen around 1000 p.e. represents the photo peak of the 4.4 MeV gamma-ray on the BGO scintillator.
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Figure 5: Schematic diagram of data acquisition structure.

selected as the prompt event for all the following analyses. All hits within 535 us after these events
are recorded and analyzed for delayed neutron search. Delayed neutron signals are searched in the
time range between 4 us and 535 us after the prompt event. Figure 5 is the schematic diagram of
data acquisition structure. By scanning with a 200 ns time window, the hit cluster with more than 25
hits are selected as a neutron candidate. Neutron signals are classified using five cut criteria about
event reconstruction for each candidate. Figure 6 shows two of the five cut variable’s distribution
and criteria. Filled histograms show the neutron signal computed by the Monte-Carlo simulation
(MCO). A fiducial volume cut which removes events within the 2 m from the tank wall, is already
applied. In this study, we used background data of 0.01% Gd mass concentration phase in MC
simulation, because the background estimation of 0.03% Gd mass concentration has not completed
yet. However, this discrepancy has little effect in calculating neutron tagging efficiency because the
signal components are almost comparable in data and MC.

4. Result

The distribution of the time difference between the prompt event and the delayed event of
tagged neutron is shown in Figure 7. The time constant T was obtained by fitting this distribution,
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Figure 6: Distributions of the cut variables. 1. Distance from the source, and 2. Reconstructed energy.
After all cuts, we can obtain the time difference distribution from the prompt event of neutron event in 3.
The red arrows show the cut criteria. These plots already applied the cut of former number.
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Figure 7: Time difference distribution from the prompt event of neutron event of detector center (8 BGO).

and the result is almost consistent with the expected value (about 61 us). The number of background
candidates is evaluated from the same fit of timing distribution.

The correlation between the tagging efficiency and the number of surrounding BGO is evaluated
by the data at the detector center as shown in Figure 8. The value obtained by data tends to be
smaller than MC estimation. The relative difference is 5.2%(5.9%) in the case of 1 BGO (8 BGO).
We concluded that the remaining ~ 5% of discrepancy inevitably comes from the unknown effect of
BGO and the detailed difference in data structure between actual data and MC. Our systematic error
estimation includes the uncertainty of Am/Be source properties, MC conditions, the cut criteria,
and dependence on the source position. Tagging efficiency depends on the number of BGOs, which
is lower if there are many BGOs. The neutron tagging efficiency without any BGO is estimated to
be 59.7 + 1.2(stat. + sys.)% by MC simulation. The probability of a misidentification noise event
is 0.33%, which is a bit larger than the 0.01% Gd concentration phase due to increasing dark noise.

We measured at 15 positions to estimate position uniformity of tagging efficiency and time
difference on September 2022. Figure 9 and Figure 10 show the position uniformity of tagging
efficiency and time difference from the prompt event of neutron event, respectively. The values
at each position are in agreement within the statistical error in both tagging efficiency and time
difference. We estimated the weighted mean of tagging efficiency and time difference, 51.68+0.13%
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Figure 8: The tagging efficiency for each BGO. The black circles show data, and red squares show MC. The
error of MC includes statistical and systematic errors.
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Figure 9: The position uniformity of the tagging efficiency. The maximum value is 52.73% shown as red,
and the minimum value is 50.87% shown as blue.

and 61.56 + 0.18 u s.

5. Conclusion

We evaluated the tagging efficiency in a new phase of SK-Gd with an increased Gd mass
concentration of 0.03%. As a result, the efficiency without materials relevant to our source is
estimated to be 59.7 + 1.2(stat. + sys.)% by MC simulation, and that increase 1.47 times compared
with the 0.01% Gd concentration phase. We confirmed that the results are comparable with
expectations. The remaining difference between data and MC comes from evaluating background
candidates and understanding BGO characteristics.
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Figure 10: The position uniformity of the time difference from prompt event of neutron event.

We estimated position uniformity of tagging efficiency and time difference from the prompt
event of neutron event. We can confirm that they are stable within the statistical error.

As future prospects, we are approaching the MC improvement for 0.03% Gd mass concentration
phase, and we will re-estimate neutron tagging efficiency and systematic uncertainty using noise
data of 0.03% Gd mass concentration phase after final tuning in MC.
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