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KamLAND, a large size liquid scintillator detector for anti-neutrino detection, has observed the
reactor neutrino oscillation and geo-neutrinos since its operation started in 2002. The outer de-
tector (OD) is a water Cherenkov detector with 3,200 m> of water and 225 Kamiokande-PMTs
serving as the veto counter against the cosmic-ray muons. Muon tagging efficiency of the OD has
been decreasing since 2010 because of a gradual increase of PMT failures, which results in the
increase of muon-induced backgrounds. We have carried out a refurbishment of the OD from Jan-
uary to April in 2016 by replacing the PMTs and improving light collection in the less-sensitive
equator region. As a result, we achieved a recovery of the OD detection efficiency of muons equal
t0 99.8%.
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1. Introduction
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backgrounds from the PMTs and other external

materials. The outer detector (OD) is a water Cherenkov detector, which consists of 3,200 m>
of purified water and 225 Kamiokande 20-inch PMTs. The surface of the OD cylindrical cavern
and the ID spherical tank are covered with reflective Tyvek1073B sheets in order to enhance the
light collection efficiency to the PMTs. The purposes of the OD are the veto of muons, the shielding
of the radioactivity from external rocks, and the control of the ID temperature.

KamLAND experiment has many physics targets, such as anti-neutrinos from reactors, the
Earth, and the universe, and neutrinos from supernovae and the Sun. We achieved the first ob-
servation of the reactor neutrino oscillation in 2002 [1] and the first detection of geo-neutrinos in
2005 [2]. In 2011, we installed a mini-balloon of 3.1m diameter in the center of the outer balloon,
containing Xe (enriched with *Xe) loaded liquid scintillator and started a neutrino-less double
beta decay search for 3°Xe nuclei (KamLAND-Zen). We obtained the most stringent upper limit
on the effective Majorana neutrino mass in 2016 [3].

Since the start of KamLLAND, the number of the bad OD PMTs whose hit rates are extremely
low has been gradually increasing and reached more than 60%. As a result, the OD detection ef-
ficiency, estimated by muons going through the ID, had been decreasing since 2010. If the OD
misses muons, muon-induced products entering the ID would cause background events. For ex-
ample, by the prompt proton recoil and the delayed thermal neutron capture events, muon-induced
fast neutron can satisfy the delayed coincidence criteria for electron anti-neutrino selection. In ad-
dition, the narrow space between the rocks and the equator region of the spherical tank has limited
the PMT arrangement, resulting in the lower detection efficiency. We found that in the equator
region there are more muon-induced background events not detected by the OD and that intrude
into the ID. Our goal of the OD refurbishment is to restore the OD detection efficiency by mainly
replacing all the PMTs, and improving the performance of the equator region of the OD.

2. Refurbishment of OD

We began the work on the OD refurbishment in Jan. 5th, 2016 and restarted the OD DAQ
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after filling the OD with water in Apr. 21st, 2016. During the work, we took the ID data only with
17-inch PMTs after working hours in order not to miss the chance of a supernova detection. The
numbers and arrays of the PMTs for the new OD were determined by simulation studies on cosmic-
ray muon and radon decay events. The contents of the refurbishment are summarized below.
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Figure 2: Refurbishment works

e Photomultiplier tube replacement: We removed all 225 Kamiokande PMTs and installed
140 new 20-inch PMTs (R3600-06MOD) produced by Hamamatsu. See Figure 2. 47 HQE-
types (Quantum Efficiency is about 30% at 400 nm wavelength) were set on Ring3, Ring4
and Bottom. The number of PMTs on the Ring3 and Ring4 were kept at 20 and they are fac-
ing the equator region by tilting them 11° outward from the vertical direction. The arrange-
ments of the PMTs are summarized in Table 1. Each PMT is equipped with a hemispherical
mesh and a cone of p-metal which was reused for the shielding against the Earth’s magnetic
field. The photo-coverage of the PMTs after refurbishment is 0.92%.

e New highly reflective Tyvek: We found that Tyvek1073B becomes transparent in spots
by the long term use in water. We placed high-reflectivity sheets, Tyvek1082D (260 yum
thickness) [4] on the old Tyvek1073B in the equator region from z = —2.5mtoz=2.5m
to improve the reflection efficiency of the Cherenkov light as much as possible. The sheets
were chosen by a bench-top experiment with several types of candidate sheets tested.

e Boundary Tyvek removal: We removed the boundary Tyvek sheets at z = —8.5 m and
z = 8.5 m to further improve the detection efficiency of the Cherenkov light.

e Trigger hardware update: The OD trigger system has also been upgraded as seen in Table
1. Originally, there were 4 sections separated by the Tyvek sheets: top, upper, lower and
bottom. The trigger thresholds were set by the number of PMT hits in each section. After
the refurbishment, three new sections: top, middle, and bottom were installed according to
the optimization suggested by the OD simulation. Moreover, a new electronics module was
introduced to sum up the PMT hits of all 3 sections for a new trigger signal defined by the
hit sum of all 140 PMTs. The new trigger system was installed in August 2016.

o Others: Other works during the refurbishment included installation of new thermometers
and a water-level meter, inspection of the spherical tank, and repair work for water leakage.
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3. Analysis

The OD detection efficiency of cosmic-ray muons after the refurbishment is estimated by
muons going through the ID. The incident angles and the kinetic angles of muon tracks are obtained
by muon event reconstruction in the ID, and muons missed by the OD are plotted in Figure 3.
The figure shows that the OD detection efficiency for muons penetrating the equator region is
significantly improved after the refurbishment. There are more muons not detected by the OD after
the refurbishment around the chimney region (top region of the detector) due to the 8-inch PMTs in
the region (not shown in the figures) not being used yet. However, these muons are detected by the
ID and easily identified by the large number of emitted photons. The fraction of undetected muons
going through the ID decreased from ~ 0.3% just before the refurbishment to ~ 0.2% after the
upgrade was completed. In the equator region, the improvement is more significant. This fraction
is decreased from 1.10+0.02% to 0.24 +0.01%.
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4. Summary

We refurbished the KamLAND outer Cherenkov detector. All 225 old PMTs were removed
and 140 new PMTs were installed. The HQE PMTs and the new reflection sheets were installed
to reinforce the detection efficiency in the equator region. The improvement of the OD detector
performance is verified by muons going through the ID and a much better performance in the
equator region is found. This result suggests that muon-induced backgrounds are expected to be
significantly suppressed by the OD in the future measurements.
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