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‣ Gadolinium(Gd) 
- the most significant thermal 
neutron capture cross-
section among all elements. 

-  
‣ Numerous experiments utilize 
Gd to detect anti-neutrinos 
via inverse beta decays or to 
remove neutron induced BG.

Etot = ∼ 8MeV

‣ To load Gd into water Cherenkov detectors, 
 is dissolved. 

‣ Rare search experiments are required to 
screen for radioactive impurities in 

 before dissolution. 
‣ This method requires only 3 days to measure 
a batch of samples, as opposed to the usual 
method using high-purity germanium(HPGe) 
detectors, which takes ~20 days after arrival.

Gd2(SO4)3 ⋅ 8H2O

Gd2(SO4)3 ⋅ 8H2O

Introduction

Etot = ∼ 8MeV

• Gdを水中に溶解させることにより中性子の検出効率を
飛躍的に向上


• DSNBの世界初観測を目指す 

• その他の物理ターゲット


• 超新星ニュートリノ方向感度の向上


• 超新星爆発前兆ニュートリノの観測


• 大気・加速器ニュートリノ測定精度の向上


• などなど


• 最初のGd導入: 0.01% Gd in 2020 

• ２回目のGd導入: 0.01 → 0.03% Gd in 2022 
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SK-Gd project

• Loading Gd to SK
• 7R�VLJQLrFDQWO\��HQKDQFH�GHWHFWLRQ�

capability of neutrons from ҧ߭ interactions   
• 0.02% Gd2(SO4)3 concentration in 2020. 

• About 50% of neutron would be captured by Gd, 
HQKDQFLQJ�QHXWURQ�WDJJLQJ�H⒑FLHQF\�E\�2-3 
times.

• Planned gradual increasement of Gd 
• Final target: 90% of neutron tagging
• Aiming at 70% with this Kakenhi
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cross section 
48.89kb

8MeV
2.2MeV   J
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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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From SK to SK-Gd

Second Gd-loading in 2022 p. 18

■ Additional Gd loading
- To achieve 0.03% of Gd concentration,

more Gd is added into the SK tank.
→ from June 1st to July 4th 2022.
Gd-loading Amount of 

Gd2(SO4)3·8H2O
Amount of Gd Speed

First (0.01%) 13.1 ton 5.4 ton 400 kg/day
Second (0.03%) 26.1 ton 11.0 ton 800 kg/day

~800 kg/day

Table 2: The abundance of isotopes in natural gadolinium and their thermal neutron
(25 meV) capture cross sections for the Gd(n,�)Gd reaction. Thermal capture cross sec-
tions and natural abundance of hydrogen (proton), oxygen, and sulfur – the only other
elements present in significant quantities in SK’s Gd2(SO4)3 -loaded water – are also
shown [15, 16].

Isotope
Natural abundance

ratio [%]
Thermal capture
cross section [barn]

152Gd 0.20 740
154Gd 2.18 85.8
155Gd 14.80 61100
156Gd 20.47 1.81
157Gd 15.65 254000
158Gd 24.84 2.22
160Gd 21.86 1.42

1H 99.99 0.33
16O 99.76 0.0002
32S 94.85 0.53

conversion from capture lifetime to Gd concentration, the Geant4 Monte
Carlo simulation result, which was shown in Fig. 13, was applied.

The neutron capture time constant was reasonably stable, within statis-
tical errors, as shown by data taken between September and November 2020
(Fig. 14); it was also stable at several depths within SK. By applying Gaus-
sian fitting to the 21 data points taken during this period, a mean neutron
capture lifetime of 115.6 ± 0.6 µs and a Gd concentration of 110.9 ± 1.4 ppm
were obtained. The standard deviations were 2.8 ± 0.4 µs and 6.5 ± 1.1 ppm,
respectively. Only the statistical errors were considered here. The Gd con-
centration obtained by the Am/Be measurement is consistent with the esti-
mation in Section 4.3.

5. Conclusion

In the summer of 2020, 13.2 tons of Gd2(SO4)3 ·8H2O was dissolved into
Super-Kamiokande and in so doing a large-scale (50 kiloton) gadolinium-
enhanced water Cherenkov detector was realized for the first time in the
world. During this Gd loading, laminar flow of water in the tank was suc-
cessfully achieved through careful control the Gd concentration and the water
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Summary
‣ Numerous experiments utilize Gd to detect anti-v via IBD or to remove 
neutron BG. 
‣ HPGe measurements for  takes ~20 days after arrival. 
‣ This study developed a new method to rapidly measure the 226Ra 
concentration in . 
- This method requires only 3days to measure a batch of samples. 
- Procedure blank : 0.29 ± 0.05 mBq/kg 
- Detection limit : 0.43 mBq/kg (99.73% CL) 
‣ The method was applied to two  samples from SK-Gd. It 
was found that the amount of 226Ra in the samples is within acceptable 
limits for continuing 8B solar neutrino measurements in SK-Gd. 
‣ This study can be used where a rapid evaluation of 226Ra in 

 is required.

Gd2(SO4)3 ⋅ 8H2O

Gd2(SO4)3 ⋅ 8H2O

Gd2(SO4)3 ⋅ 8H2O

Gd2(SO4)3 ⋅ 8H2O

Method and its performance

A Schematic view of the developed method

Application to SK-Gd samples

Experimental method

226Ra amount in 
eluent(fg/g)

Eluent amount　
(g)

226Ra 
contamination 

(µBq)

133Ba recovery 
rate (%)

Procedure Blank 1 0.24±0.01 1.00 8.8±0.3 48.2±2.4

Procedure Blank 2 0.13±0.01 1.03 4.9±0.1 46.5±2.5

Procedure Blank 3 0.19±0.01 1.09 7.4±0.2 53.2±1.8

Performance

226Ra 
amount in 
eluent(fg/g)

Eluent 
amount 
(g)

226Ra 
contamination 

(µBq)

133Ba 
recovery 
rate (%)

Sample 
amount 
(g)

226Ra 
concentration 
in Gd sulfate 
(mBq/kg)

99.73% 
CL. upper limt 
(mBq/kg)

Procedure 
Blank 0.37±0.02 1.01 13.7±0.7 not 

measured - 0.89±0.06 
0.55±0.03

1.06 
0.63

SK-Gd Sample A 0.30±0.01 1.15 12.6±0.4 30.3±1.3 50.1 0.84±0.05 0.98

SK-Gd Sample B 0.13±0.01 1.21 5.8±0.4 48.8±0.8 51.2 0.23±0.02 0.29

‣ Procedure Blank 
- Contamination caused by containers, reagents, and environment 
- Evaluated by performing this method to non-Gd-dissolved HNO3. 
- 226Ra contamination : 7.0 ± 1.1 µBq 
- Assuming 50g  dissolving,  
                       this value corresponds to 0.29 ± 0.05 mBq/kg(powder). 

- The detection limit is 0.43 mBq/kg (99.73% CL). 
                                                 → This limit meets the SK-Gd requirement. 

‣ This method takes only 3 days to process a batch of samples, including the 
procedure blank measurement.

Gd2(SO4)3 ⋅ 8H2O

226Ra concentration using AnaLig®︎ resin

G
d rem

oval using Ln resin

Chemical separation

Example 1: 
https://doi.org/10.1093/ptep/ptx145
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Fig. 5. Schematic of the experimental setup.

the resin to the number of the chemicals in the solution (Refs. [6,7])) with the UTEVA resin in
>5 mol L−1 HNO3. On the other hand, Gd forms a trivalent ion so that Th and U can be extracted
from Gd2(SO4)3·8H2O using the UTEVA resin. These features make it possible to separate U and
Th from Gd-loaded water.

Reagents. In order to produce solutions with low contamination, the ultra-pure SK water (Ref. [1])
and ultra-high-purity analytical grade 68% HNO3 (TAMAPURE AA-100 made by Tama Chemicals,
Ref. [8]) were used. Calibration of the ICP-MS and estimation of the recovery for U and Th were
performed using a high-purity 29 element mixed standard solution (XSTC-331, SPEX Inc., Ref. [9]).
In order to check the magnitude of the matrix effects, In, Tl, and Bi standard solutions (Kanto
Chemical Company Inc., Ref. [10]) were used as internal standard solutions. These solutions were
mixed and diluted to 10 ng mL−1 in 0.2 mol L−1 HNO3 solution. Electronic (EL) grades of 70%
HNO3 and 35% hydrochloric acid (HCl) (Wako Pure Chemical Industries Ltd., Ref. [11]) were used
to prewash the resin, column, bottles, and other equipment.

Column and equipment for solid-phase extraction. A column with a volume of about 20 mL
and an inside diameter of 9 mm (LSC-φ9, GL Sciences Inc., Ref. [12]) was used for this study.
Figure 5 shows a schematic of the experimental setup. A valve was added to the column in order to
adjust the flow rate. This setup was connected to a tip, and fixed to a free-fall manifold. The UTEVA
resin was sandwiched between two flits to fix.

Bottles. All bottles used for this study were made of polypropylene. Bottles with a volume of
100 mL were used for the preservation of the sample solutions and the collection of solutions during
the solid-phase extraction procedure. Bottles with a volume of 14 mL were used for the ICP-MS
measurements to place samples on the auto-sampler.
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Applied in SK-Gd

Example 2:
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Fig. 1. (a) Photograph of the entire experimental setup. (b) Top view of the setup. (c) Top view of the disk
(47 mm diameter).

HPGe detector (+30% or −10%) and statistics [15]. The sampled hot spring water was filtrated by
membrane filters with pore size of 0.45 µm and acidified to pH ≃ 1 by HNO3 for preservation.

Because barium (Ba) and Ra have similar chemical features and ionic radii, Ba is frequently used as
a tracer for Ra analysis to estimate the recovery rate [19]. Thus, 1000mgL−1 Ba of standard solution
(Merck Ltd. [20]) was used to estimate the recovery rate. The details of the recovery rate studies are
described in Sect. 3. An ICP-MS “Agilent 7900” [21] was used to measure the concentration of Ba
to estimate the recovery rate of 226Ra. The performance of this ICP-MS is described in Ref. [14].

2.2. High-purity germanium detector and its detection efficiency
The HPGe detector used for this measurement was a coaxial p-type HPGe crystal manufactured by
CANBERRA France [22]. The dimension of sample chamber was 23 × 23 × 48 cm3. The details
of the performance of the HPGe detector are described in Ref. [15]. The samples measured by the
HPGe detector were covered by an ethylene vinyl alcohol bag to keep radon from samples inside
the bag (Fig. 2).

The concentration of 226Ra was evaluated using the characteristic γ -lines of 214Pb (609 keV)
and 214Bi (352 keV and 1764 keV), which are daughter nuclei of 226Ra, by considering of their
branching ratios and detection efficiencies. Figure 3 shows the typical observed energy spectra for
214Bi 352 keV measurements. The detection efficiency was evaluated by a Monte Carlo simulation
[23]. For example, the detection efficiency of 352-keV gamma-rays originating from 214Bi with the
chemical extraction procedure using the disk was found to be 15.9%. On the other hand, the detection
efficiency of 352-keV gamma-rays for 226Ra was determined to be 0.8% for the direct measurement
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Fig. 2. Setup for the disk measurement with the HPGe detector.

Fig. 3. Energy spectra obtained by the HPGe detector around 214Bi 352 keV. The black line shows the back-
ground and the red line indicates the extracted 226Ra from 3mL of hot spring water (corresponding to 0.33mBq).
The error bar at each bin represents only statistical uncertainty.

of 5 kg of Gd2(SO4)3·8H2O without a chemical extraction procedure. The detection efficiency was
improved by a factor of 20 owing to the smaller volume of the sample using the disk.

3. Chemical extraction of 226Ra from Gd2(SO4)3·8H2O and its performance
The setup shown in Fig. 1 was connected to a vacuum pump: the solution loaded into the holder
could pass through the disk. The disk was initially washed by loading 50mL of 3molL−1 HNO3 and
50 mL of the ultra-pure SK water into the holder. A total of 500 g Gd2(SO4)3·8H2O was dissolved in
10 L of a 0.2 mol L−1 HNO3 solution. Then, the sample solution was loaded into the holder, and the
vacuum pressure was adjusted to produce a flow rate of 50mLmin−1 (3Lhr−1). The processing time
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226Ra extraction using disk-shaped AnaLig 
Ra-01 resin, Empore Radium Rad Disk. 
　　　↓ 
HPGe measurement

‣ Various measurements are possible by 
combinations of chemicals, detectors, etc.

Photographs of the measurements
1. Sample solution preparation 2. Chemical separation of 226Ra

Extract Ra ions using AnaLig®︎ Ra-01. 
Elute Ra ions by EDTA solution.

3. EDTA pyrolysis
Impurities in the eluent could decrease the 
sensitivity of the ICP-MS. It is necessary to 
decompose the EDTA and SO4 ion.

4. Gd removal
Remove Gd3+ ions which 
also could decrease the 
sensitivity, using Ln resin.

5. ICP-MS measurement (after 133Ba recovery rate measurement by HPGe)
About 1 mL of eluent is measured using ICP-MS. The standard addition method is adopted.

Struggling to measure 226Ra by ICP-MS

Short half-life

1 Bq (238U) = 8.0 × 10−5 g
1 Bq (226Ra) = 2.7 × 10−11 g

ICP-MS improvement

Increasing the enrichment ratio
2g sample in 238U measurement 
              →  50g sample in this work 
Amount of the eluent 18mL → 1mL

Procedure Blank
238U measurement: ~10×10-15 g/mL 

　　This work: 0.2×10-15 g/mL

Aridus II™ Desolvating Nebulizer System

CETAC Technologies
14306 Industrial Road

Omaha, NE  68144 USA
Tel. 402.733.2829

Fax. 402.733.5292
www.cetac.com

Hydride Reduction:
The use of U-Th isotope ratios for dating studies can be compromised by the presence of hydride
interferences in the mass spectrum. These hydrides are largely caused by the injection of water vapor
from a standard nebulizer/spray chamber setup. The PTFE membrane desolvator of the Aridus II™

system can greatly reduce hydride levels, as the countercurrent flow of Ar sweep gas removes much of
the water vapor before it reaches the ICP-MS.  Some important hydride interferences in U-Th dating
studies include:  229ThH+ on 230Th+,   233UH+ on 234U+ ,  235UH+ on 236U+.

Figure 2 compares the hydride levels with the Aridus II™ via monitoring of 232ThH+ and 238UH+ versus the
ESI PFA-50 nebulizer with no desolvation. Hydride levels are described as the signal ratio MH+/M+.  Note
that hydride levels are reduced by a factor of 40 to 50, while the net signal (Figure 1) is still increased by
a factor of 4 to 5.
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‣ The new method was applied to SK-Gd samples. 
‣ 226Ra concentration in the samples are 
comparable or less than the procedure blank. 
-The 226Ra amounts in the samples meet the 
SK-Gd requirement. 

‣ HPGe result: (A)<0.46, (B)<0.60 mBq/kg

– even after loading up to the final goal of 0.1% Gd concentration – would
be less than the unloaded background rates for SK’s solar neutrino measure-
ments or supernova relic neutrino (SRN) searches [10]. In other words, less
than a doubling of the pure water background rates for these analyses was
deemed acceptable. In order to meet the requirements, chemical processing
procedures were developed by an extensive R&D program [5, 11]. The cal-
culations underlying the specifications of this ultraclean Gd2(SO4)3 · 8H2O
powder are described elsewhere [10, 11].

Table 1: Criteria of radioactive impurities in Gd2(SO4)3 · 8H2O powder.

Chain Isotope Criterion [mBq/kg] Physics target

238U
238U < 5 SRN
226Ra < 0.5 Solar

232Th
232Th < 0.05 Solar
228Ra < 0.05 Solar

235U
235U < 30 Solar

227Ac/227Th < 30 Solar

The final production was conducted in batches of 500 kg. Every 500 kg
lot of Gd2(SO4)3 · 8H2O powder was delivered in a special EVOH (ethylene-
vinylalcohol copolymer) lined flexible container. Each batch was carefully
screened at one (or more) of our collaborating underground scientific labora-
tories: Boulby in the UK, Canfranc in Spain, and the Kamioka Observatory
in Japan [12].

Since the powder contained an average of 2.5% additional water left over
from processing, the 13.2 tons of dissolved powder implies that the mass of
Gd2(SO4)3 · 8H2O itself is 12.9 tons. This amount should yield a gadolinium
(Gd) concentration in the SK tank of 0.011%, equivalent to an anhydrous
gadolinium sulfate (Gd2(SO4)3) concentration of 0.021%.

4.2. Loading Scheme

During Gd2(SO4)3 ·8H2O powder loading, the SK return water flow (after
the “Return pumps” in Fig. 1 ) was set to 60 m3/h. Of that, 48 m3/h
was directed to the main return line, while the rest was divided between
the dissolving system (1.33 m3/h) and its bypass line (10.67 m3/h). In the
dissolving system, the following powder dissolution processes were repeated:

12

Solve 50g Gd sulfate into 500g 2M HNO3 
and add yield tracer 133Ba(30Bq).

Peristaltic
pump

AnaLig® Ra-01 resin

Column

Sample

Waste

Fig. 3 A schematic representation of the extraction of 226Ra using AnaLig® Ra-01 resin

and a peristaltic pump.

Next, the eluent undergoing EDTA removal is loaded into the column to remove Gd3+ ions

with Ln resin. Next, the column’s remaining Ra is washed with 1mL of 0.2 mol/L ultrapure

HNO3. Then, the 226Ra eluent is evaporated to dryness and dissolved in 1 mL of 2 wt%

ultrapure HNO3.

3.1.5. ICP-MS measurement. Approximately 1mL of the sample eluent is measured using

the ICP-MS with the single quad mode selected as the operation mode. Additionally, the

standard addition method is adapted [13].

3.2. Performance

Since the presence of 226Ra in the equipment, environment, and procedure can impact the

accuracy of the results. Therefore, it is necessary to investigate the e↵ect of these factors.

The 226Ra contamination caused by containers, reagents, and environment is referred to as

the procedure blank.

Conducting the experimental procedure on a solution of 30 Bq of 133Ba in 2 mol/L

ultrapure HNO3, without the presence of Gd2(SO4)3 · 8H2O, allowed the evaluation of the

procedure blank. The resulting elution is measured using ICP-MS to determine the extent

of procedure blank contamination. Table 1 summarizes the measured procedure blanks. The

table shows the 226Ra concentration in the resulting eluent from the experimental procedure

after subtracting the instrumental background. The instrumental background due to the

ICP-MS system can be estimated by measuring a 2 wt% ultrapure HNO3 solution with-

out solute just before the measurement. The table also shows the amount of the eluent,

the 226Ra contamination level of the procedure blank, and the 133Ba recovery rate. One

can convert the amount of 226Ra in eluent to the sample-amount-equivalent concentration
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600℃, 3h

SK-Gd requirement for Gd sulfate

Applied in SK, HK

U/Th extraction from Gd sulfate 
using UTEVA resin 
　　　↓ 
ICP-MS measurement

Since 226Ra half-life is short(1600y),

6-order improvement of the 
sensitivity is required when 
comparing the same intensity 238U.

PTEP 2017, 113H01 S. Ito et al.

Table 1. Results for samples A, B, C, and the values for the procedure blank solution, a typical commercially
available product, and our requirements. The values for U and Th in the procedure blank are already subtracted
from the values for U and Th for all the samples. The value of U for sample A was estimated using 3σ with
a 15% inflation of the ICP-MS measurements.

U (pg mL−1) U (mBq/kg) Th (pg mL−1) Th (mBq/kg)
ICP-MS Converted to ICP-MS Converted to

measurement powder measurement powder

Sample A 0.02 ± 0.01 < 0.04 0.15 ± 0.01 0.06 ± 0.01
Sample B 0.04 ± 0.01 0.05 ± 0.01 0.30 ± 0.01 0.12 ± 0.02
Sample C 0.52 ± 0.01 0.64 ± 0.10 4.35 ± 0.18 1.77 ± 0.27
Procedure blank 0.01 — 0.01 —
Commerciala 0.23 28±2 0.47 19 ± 1
Requirement — 5 — 0.05

aThe concentrations of U and Th are sufficient to measure without the solid-phase extraction method. Therefore,
100 µg mL−1 of Gd2(SO4)3·8H2O solution was directly measured by the ICP-MS.
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×
1
50

× 25

× 18

A solvent removal module, Aridus II is installed. It minimizes sample loss at 
the ICP-MS injector and prevents a drop in plasma temperature. In addition, 
several optimization is performed.

Example 1 at left

ICP-MS Detection limit
238U measurement: 13×10-15 g/mL 

This work: 0.06×10-15 g/mL
× ∼ 1/200

Clean environment, 
reagents, containers, etc.
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