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We propose that 132Cs (Eγ = 668 keV and T1/2 = 6.5 d) can replace 137Cs (Eγ = 662 keV and T1/2 = 
30 y) as a new environmental tracer of cesium. The alternative tracer, 132Cs, can potentially reveal 
the short-time dynamics in an environment, which are considered to dominate radioactive cesium 
absorption after nuclear accidents. We first investigate the production yield and radioactive purity 
of 132Cs in a production experiment at the Cyclotron and Radioisotope Center of Tohoku 
University. The 132Cs was produced via the 133Cs(n,2n) reaction with neutrons generated by 
bombarding accelerated deuterons onto a 4 mm-thick neutron converter made of carbon. The 
generated neutrons were then irradiated onto a Cs2CO3 sample. The experiment yielded 102.2 
kBq/g of 132Cs, sufficient for tracing environmental cesium. The radioactive purity reached 98%, 
indicating negligible amounts of by-products. Next, a 132Cs tracer experiment was performed on 
three different soil samples: an andosol soil, a haplic fluvisol soil, and a gleyic fluvisol soil. This 
feasibility study confirmed that the new tracer can measure soil cesium distributions as adequately 
as the 137Cs tracer. Thus, we conclude that 132Cs is a promising alternative environmental tracer of 
137Cs. 
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1. Introduction 

At present, the dynamics of radioactive materials in 
the environment have received much attention. The 
behavior of radioactive cesium in soil is especially 
important for avoiding public radiation exposure after a 
nuclear accident. On March 11 of 2011, the Great East 
Japan Earthquake occurred and following that the 
Fukushima Dai-ichi Nuclear Power Plant accident 
happened. After that Japanese government had no choice 
but revises the electric power generation deal, because of 
large amounts of 137Cs and 134Cs were released along 
with other radioactive materials during the accident1-3). 
Because the radioactive cesium isotopes 137Cs and 134Cs 
have longer half-lives (30 y and 2 y, respectively) than 
the other radioisotopes, they are dominant sources of 
public exposure at the present time4-7). From an 
environmental recovery perspective, the 137Cs 
contribution is the most important. Radioactive cesium is 
strongly bound in soils8) and sediment particles 
containing micaceous clay minerals (such as illite and 
vermiculite)9). Therefore, understanding cesium 
dynamics in the soil and sediment particles is important 
for environmental recovery. In other words, we should 

investigate how cesium is absorbed, the current 
microscopic states of cesium in the soil, and how these 
states can be removed by decontamination and volume 
reduction of contaminated soil. 

Cesium dynamics can be understood by releasing a 
tracer that emits gamma rays, which are then intercepted 
by a radiation detector. In almost all researches, the 
tracer is 137Cs itself. However, because this radioisotope 
has a long half-life, the radioactive waste must be 
measured for a long time after the research work. Thus, 
radioactive cesium with a shorter half-life is desired in 
these investigations. 

To encourage this avenue of study, Nagai et al. 
proposed a 132Cs tracer generated by an accelerator10). 
The 132Cs tracer has the following properties11,12) (see 
also Fig. 1 (b)): 

 
1) Cesium-132 emits 668-keV gamma rays with 

~98% emission probability. 
2) The half-life of 132Cs is 6.5 d, very much shorter 

than that of 137Cs (~30 y). 
3) Cesiun-132 can be produced via the 133Cs(n,2n) 

reaction with accelerated neutrons. 
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The most intense gamma rays of 132Cs have very 

similar energies to 137Cs gamma rays (see Fig. 1), 
removing the need for correcting by the detection 
efficiency or the G(E) function13). Meanwhile, the short 
half-life reduces the time and amount of radioactive 
waste management after the investigation. Moreover, the 
parent nuclide of the production method is 133Cs, which 
accounts for 100% of the natural cesium. Therefore, even 
when using natural cesium as the target material, we can 
expect a high production yield with few by-product 
impurities. However, the production of 132Cs from 
accelerator-based neutrons, and a feasibility study of 
132Cs as a replacement of 137Cs tracer in different soil 
have not studied. 

 In an actual production experiment, this paper 
investigates the quality of 132Cs tracers produced via the 
133Cs(n,2n) reaction with accelerator-based neutrons. 
Next, we conduct a feasibility study of 132Cs in andosol, 
haplic fluvisol, and gleyic fluvisol soil types sampled 
near the Fukushima Dai-ichi Nuclear Power Plant. 
 

 
Fig. 1: Decay schemes of (a) 137Cs and (b) 132Cs. Due to 

its short half-life 132Cs is a promising tracer of 
137Cs. 

2. Cesium-132 Production Experiment by 
Accelerator-based Neutron 

 We first conducted a 132Cs production experiment. 
Cesium-132 can be produced via the 133Cs (γ,n)14,15) and 
133Cs (p,pn)16) reactions by several routes. At this time, 
the optimal routes that maximize the 132Cs yield have not 
been established, although the accelerator-based neutron 
method shows promise, so was chosen for the present 
study. More specifically, the 132Cs was produced via the 
133Cs(n,2n) reaction enabled by an accelerator neutron 
source. The neutrons were generated by bombarding 
deuterons onto a thick carbon target, initiating C(d,n) 
reactions. Figure 2 shows the neutron-induced reaction 
cross sections on 133Cs stored in EAF-201017). We 
selected the C(d,n) reaction that generates the neutrons 
most effectively. Note also that the neutron-energy 
distribution of the C(d,n) reaction has a broad peak 
around half of the incident deuteron energy18). Therefore, 
we can select the incident energy that optimizes the 
energy of the neutrons. To obtain the suitable 
neutron-energy distribution (around 17 MeV), we 
expected incident deuteron energies between 20 and 35 
MeV. 

 
Fig. 2: Neutron-induced reaction cross section of 133Cs. 

The threshold energy of the 132Cs production 
cross-section is approximately 9 MeV; from that 
point, the cross-section increases with neutron 
energy to its maximum at approximately 17 
MeV. 

 
The 132Cs production experiment was conducted at the 

Cyclotron and Radioisotopes Center of Tohoku 
University, Japan. Deuterons were accelerated to 30 
MeV by the accelerator and bombarded onto a 
circular-shaped thick carbon target having 40 mm in 
diameter and 4 mm thick. The generated neutrons were 
irradiated onto a 12-g cesium carbonate (Cs2CO3) sample 
placed 30 mm downstream of the carbon target and 0° to 
the beam axis. The average deuteron beam current during 
the irradiation was 1.2 µA. Figure 3 is a photograph and 
a schematic of the irradiation setup. After irradiating for 
2 hours, the gamma rays emitted from the sample were 
measured by a high-purity germanium (HP Ge) detector 
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(ORTEC GMX50P4-83-RB-B-PL). The measured 
sample was placed 150 mm from the front head of the 
HP Ge detector. To derive the peak detection efficiency 
for this sample, a 227-kBq standard gamma-ray source of 
137Cs was placed and measured at the same position from 
the detector. The detector and the measured sample were 
surrounded by lead blocks to reduce the natural 
background radiation. 

 

 
Fig. 3: Photograph and schematic view of the irradiation 

setup. 

 
Figure 4 shows the spectrum of the gamma rays 

emitted from the irradiated Cs2CO3 sample. The gamma 
rays from 132Cs are clearly observed, and the other 
photo-peaks correspond to the decay of gamma rays 
from 130gI (Eγ = 536.07 keV and T1/2 = 12.36 h) and 
134mCs (Eγ = 127.5 keV and T1/2 = 2.912 h). The activity 
of the 132Cs produced in the irradiation experiment was 
approximately 102.2 kBq/g, with a radioactive purity of 
98%. This value is comparable to the estimated activity 
of 132Cs as we calculated before the experiment by 
considering the experimental conditions. The dominant 
by-products were 130gI (1.88 kBq/g) and 134mCs (0.311 
kBq/g). The activity ratios of 130gI and 134mCs to 132Cs 
were only 1.8% and 0.3% respectively. Besides their low 
activity, these by-products have shorter half-lives than 
132Cs, so their contributions can be reduced by cooling 
after the 132Cs-production irradiation. Accordingly, the 
influence of the by-products was negligible. Although 
the longer half-life of the Cs isotope 134mCs (T1/2 = 2.07 
y), is problematic for disposal handling, its contribution 
to the 132Cs production was also negligible. Therefore, 
the by-products of this production experiment are 

unimportant in waste management.  
In conclusion, neutrons generated by a state-of-the-art 

accelerator-based neutrons enable the production of 
high-quality and manageable 132Cs. 

 
Fig. 4: Gamma-ray spectrum of the cesium carbonate 

sample irradiated with accelerator-based 

neutrons. 

 

3. Feasibility study of 132Cs tracer 

3.1 Experiment 

In the next step, the success of 132Cs as an 
environmental tracer was investigated in a feasibility 
study. For this purpose, we conducted a soil-absorption 
experiment using the produced 132Cs tracer. The soil 
samples were andosol, haplic fluvisol, and gleyic fluvisol 
were provided by the Fukushima Agricultural 
Technology Centre, Japan and sampled at their 
experimental sites where no contamination observed by 
the Fukushima Dai-ichi Nuclear Power Plant accident 
pollution. 

Figure 5 is a schematic view of the measurement 
setup. First, the sampled soils were packed into 
individual acrylic cylinders (Ф30 mm × 200 mm) to a 
height of 150 mm. Density of the packed soil into the 
column is 1.215 g/cm3 for haplic fluvisol, 1.076 g/cm2 
for andosol, and 1.224 g/cm2 for gleyic fluvisol soil. 
Next, an aqueous solution of 132Cs was made by 
dissolving the irradiated Cs2CO3 sample in 1 L of 
distilled water. This aqueous solution was dropped into 
the packed soil samples, maintaining a mass ratio of 5:1 
between the soil and the solution. 

The vertical cesium distributions were derived from 
the gamma rays emitted by the 132Cs tracer. 
Measurements were taken at 10-mm intervals in the 
depth direction (starting from the soil surface) using a 
NaI (Tl) detector (EMF211, EMF Japan Co., Ltd.). A 
lead collimator was placed in front of the NaI(Tl) 
detector to eliminate 132Cs gamma rays outside the region 
of interest. 
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Fig. 5: Measuring the vertical distribution of 132Cs activity in soil samples. Distributions were measured in three types 

of soil samples: haplic fluvisol, andosol, and gleyic fluvisol soil. 
 

3.2 Results and discussion 

Figure 6 shows the vertical distributions of the 132Cs 
activities in the haplic fluvisol, andosol, and gleyic 
fluvisol soil samples in which their total activity is 30.72 
kBq, 33.57 kBq, and 46.19 kBq respectively. In all 
samples, the 132Cs was absorbed near the soil surface. 
Almost 100% of the 132Cs was absorbed within 40 mm 
from the soil surface. The 132Cs distribution decreased 
along the vertical direction. The different absorption 
patterns reflect the different taxonomies and 
compositions of the three soils. However, as is widely 
known, cesium is absorbed within the first 10 cm in the 
dominant soil types (andosol soil, forest and grassland 
soil, and fluvisol soil)19-22).  

 
Fig. 6: Vertical distributions of 132Cs activity in the three 

soil samples. The measured points are the 
relative activities of 132Cs at the respective soil 
depths. The activity distribution remains steady 
after 40 mm. 

 
Previous studies have investigated the soil absorption 

of 137Cs gamma rays23-27). For example, Ohno et al.24) 
analyzed the 137Cs distribution in soil samples collected 

within a 60-km west of the Fukushima Dai-ichi Nuclear 
Power Plant at one month after the accident. Almost 
100% of the 137Cs in their experiment was detected 
within 40 mm from the ground surface. Similar behavior 
was observed in the present experiment using the 132Cs 
tracer. Therefore, we concluded that 132Cs is a plausible 
alternative tracer to 137Cs to investigate Cs-adsorptive 
nature of the soil. 
 

4. Summary and Conclusions 

Cesium-132 was proposed as a promising alternative 
environmental tracer to 137Cs. To study its tracing 
feasibility, we first determined the production amount 
and radioactive purity of 132Cs in a production 
experiment. The 133Cs(n,2n)132Cs reaction, initiated by 
irradiating 30 MeV deuterons on a carbon neutron 
converter, yielded 102.2 kBq/g of 132Cs with a 
radioactive purity of 98% after irradiation. Since the 
activity of 134gCs after decay of 134mCs has very small and 
it is negligibly small compared to the activity of 132Cs, so 
it can be eliminated after a few days of cooling. Next, we 
conducted a feasibility study of the produced 132Cs. The 
cesium absorptions to andosol, haplic fluvisol, and gleyic 
fluvisol soil particles were measured by an NaI(Tl) 
gamma-ray detector. Almost 100% of the 132Cs was 
distributed within 40 mm from the surfaces of all soil 
samples. The results are consistent with previous studies 
on 137Cs soil absorption. We conclude that 132Cs can 
replace 137Cs as an environmental tracer.  

    In future work, we will apply the 132Cs product 
to cesium dynamics in different soil samples in the 
environment. This work will contribute to the 
environmental recovery near the Fukushima Dai-ichi 
Nuclear Power Plant accident. Additionally, we plan to 
measure the Cs transition from soils to plants using the 
132Cs tracer concept. We will further investigate the Cs 
dynamics in living organisms, providing valuable and 
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much needed data for understanding Cs dynamics in 
humans. 
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