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    Solar ultraviolet radiation is considered to be injurious 

rather than necessary for most organisms living on the 

earth. It is reported that the risk of skin cancer in humans 

hasincreased by the depletion of the ozone layer. We have 

examined the genotoxicity of solar ultraviolet light, 

especially of longer wavelengths, using Drosophila. We 

demonstrated that light of wavelengths up to 340 nm is 

mutagenic on Drosophila larvae. Using an excision 

repair-deficient Drosophila strain (mus201), we obtained 

results suggesting that the lesion caused in larvae by the 

320 nm-light irradiation may be similar to the damage 

induced by irradiation at 310 nm, and that light of 330 and 

340 nm may induce damage different from that induced by 

310 and 320 nm-light. To examine the difference in DNA 

damage induced by light of particular wavelength, we 

performed monochromatic irradiation on larvae of two 

Drosophila strains; one excision repair-deficient (mei-9) 

and another postreplication repair-deficient (mei-41). 310 

and 320 nm-light were more mutagenic in the mei-9 strain 

than mei-41, whereas 330 and 340 nm-light were more 

mutagenic in mei-41 than in mei-9. The mei-41 gene is a 

homologue of the human atm gene which is responsible 

for a cell cycle checkpoint. This result suggests that 

310-320 nm-light induces DNA damage that is subject to 

nucleotide excision repair (NER) and that 330-360 

nm-light causes damage to be recognized by the cell cycle 

checkpoint, but it is not repairable by NER.  

 

Publication:  
Toyoshima, M., Takinami, S., Hieda, K., Furusawa, Y., and 

Negishi, T.: Photochem. Photobiol. Sci. 1, 178-183, 2002. 
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     It is important to determine the action spectrum of 

UV-B radiation contained in sunlight to estimate the risk of 

skin cancer. We have investigated action spectra for 

induction of apoptosis and reproductive cell death in 

L5178Y cells using the Okazaki Large Spectrograph at 

NIBB. L5178Y cells were exposed to light at different 

wavelengths in UV-B or UV-A region. Frequencies of 

apoptosis induction and reproductive cell death were 

determined by counting cells with chromatin condensation, 

and by the colony formation assay, respectively. The 

measured sensitivity spectra for the two end-points were in 

very good agreement. Sensitivity decreased steeply with 

increase of wavelength in UV-B region and remained 

nearly constant in UV-A region. The action spectra were 

also slightly steeper than that for the minimum erythematic 

dose (MED), but very similar to the light absorption 

spectrum of DNA in UV-B region. On the other hand, the 

spectra for both endpoints were similar to MED spectrum 

but not DNA spectrum in the UV-A region. Also different 

time-course and morphological difference of apoptosis 

were found between UV-B (long time, fragmentation) and 

UV-A (short time, shrinkage) regions. These results 

suggest that DNA damage induced by UV-B light triggers 

apoptosis and reproductive cell death, but other damaged 

targets (membrane, protein and so on) trigger these effects 

in UV-A region.  

 

Publication:  
Aoki, M., Furusawa, Y., Higashi, S., and Watanabe, M.: J. 

Photosci. 9, 454-456, 2002. 
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     The Chernobyl reactor accident has increased 

concern about the protection of the public in the event 

of an emergency at a nuclear facility.  Since an 

accident at a nuclear site may result in releases of 

radioactive material into the environment, provision 

should be made to assess internal doses to members of 

the public from possible intakes of radionuclides. 

     In the case where internal contamination is 

suspected, measurements of radioactivity in the whole 

body or in specific organs or in excreta may be made as 

part of the dose assessment procedure.  The 

magnitude of intakes of radionuclides can then be 

estimated by comparing the results of these bioassay 

measurements with predicted retention or excretion 

data calculated using standard biokinetic models.  

Monitoring data for occupational exposure are 

presented by the International Commission on 

Radiological Protection (ICRP) for 29 radionuclides in 

Publication 78 (1997) and by the authors for 42 

radionuclides in electronic look-up tables on MS 

Excel (2001).  However, there are no retention or 
excretion data provided for members of the public in 

the ICRP publications. 

     The International Commission on Radiological 

Protection has developed age-dependent biokinetic 

models for selected elements and computed 

age-dependent dose coefficients to meet the necessity 

for internationally accepted dose coefficients for 

members of the public. 

     In the present work, by using such ICRP 

age-dependent biokinetic models, values of retention 

and excretion of selected radionuclides inhaled or 

ingested by members of the public were computed and 

a graphic database was assembled from the computed 

results on the web site: http://www.nirs.go.jp/RPD/ to 

provide a tool for the interpretation of bioassay 

measurements.  Fig. 29  shows an example of 

graphs called from the database. 

 

Publication: 

Ishigure, N., Nakano, T., Matsumoto, M. and Enomoto, 

H. Radiat. Prot. Dosimetry, 105, 311-316, 2003 



 

 

  

Fig.29  Called graphs for the predicted values of the 

whole-body retention of 137Cs 
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76. 239+240Pu Fluxes on the Continental Margin of  
   the East China Sea 
 

                                             
Masatoshi Yamada and Tatsuo Aono 
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   The plutonium isotopes, 239Pu (half-life=2.44 x 104 
year) and 240Pu (half-life=6.58 x 103 year), have been 
added to the surface oceans mainly as a consequence of 
atmospheric nuclear weapons tests.  Plutonium has also 
been deposited in the upper layer of land soil.  Large 
inputs of weathered detrital material in addition to the 
direct fallout are predicted sources in coastal sea areas.   
Plutonium is a reactive element, which is adsorbed by 
particles in seawater and scavenged from the water column.  
The utility of sediment trap experiments to study the 
transport process by particles in the ocean is well 
established.  Several studies have been reported on the 
particle fluxes of plutonium in the open ocean.  However, 
little work has been done on particle fluxes of plutonium in 
a continental margin such as the East China Sea.  The 
aims of this study were to measure the activities of 239+240Pu 
in settling particles collected in the East China Sea 
continental slope by use of sediment traps, and to discuss 
the marine processes transporting plutonium on the East 
China Sea continental margin. 
   Settling particle samples were collected at three 
stations.  Three moorings of sediment traps were 
deployed on the continental margin of the East China Sea.  
Two types of sediment traps were used, cylindrical traps 
and conical time-series traps.  Cylindrical traps consisted 
of four individual polyvinyl chloride cylinders mounted on 
a cross frame.  Each cylinder was 160 mm in diameter 
and 480 mm high, yielding an aspect ratio (height/width) 

of 3.  Time-series traps were conical with 0.5 m2 
collecting area and 21 receiving cups; these traps were also 
covered with polyethylene baffles to decrease the effects of 
turbulent mixing. 
   Data from cylindrical traps showed there was a clear 
tendency for total mass fluxes to increase with depth at all 
three stations, and there was an especially large increase 
near-bottom.  239+240Pu concentrations in settling particles 
increased with depth from 1.76 mBq/g at 97-m depth to 
3.00 mBq/g at 120-m depth and ranged from 
approximately 3 to 4 mBq/g at depths greater than 120 m.  
239+240Pu concentrations collected in the near-bottom traps 
were approximately two times higher than those in the 
underlying surface sediments.   Like total mass fluxes 
there was a clear tendency for 239+240Pu fluxes to increase 
with depth at every station, and the highest 239+240Pu fluxes 
were observed near-bottom.  
   239+240Pu concentrations in the time-series traps had 
little variation throughout the sampling period, though the 
total mass fluxes showed a large variation.  A high 
variability of 239+240Pu fluxes occurred in very short period 
of time (1/2 day); such measurements have not been 
reported previously.  From sediment trap experiments on 
the continental slope in the East China Sea, the following 
findings were noted: (1) the highest 239+240Pu fluxes were 
observed in the near-bottom trap (12 m above the bottom); 
and (2) there was a large variation of 239+240Pu fluxes during 
a short period.  The 239+240Pu concentration in surface 
sediment was significantly lower than that of the 
near-bottom trap at every station.  The large fluxes of 
239+240Pu in the near-bottom traps could not be explained as 
coming from resuspension of underlying surface 
sediments.  The large fluxes of 239+240Pu might be 
attributed to episodic lateral transport of particles that flow 
down the continental slope with the nepheloid layer which 
was considered to be significant for 239+240Pu transport on 
the continental slope in the East China Sea.   
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Radiotellurium is present in the environment from 
nuclear power accidents or as fallout from nuclear 
weapons tests. However, only a little information on 
the biokinetics of tellurium in juveniles and fetuses has 
been reported. The present study was conducted to 
investigate the whole-body retention of 123Tem  in 
juvenile rats after a single oral administration, the fetal 
uptake of 123Tem  for different gestational stages, and 
the transfer of 123Tem through milk into pups after a 
single intravenous administration to pregnant and 
nursing rats. Wistar strain rats were used to determine 
the uptake of H2

123mTeO3 by the whole-body retention 
of juvenile rats and the conceptus, corresponding to its 
gestational stages, by measurements in the placenta, 
fetal membranes, fetal fluid, and fetuses. For all age 
groups the retention patterns were similar, but the 
suckling rats had higher retention values than the 
weanling and adult rats. From the difference in the 
whole-body retention curve between oral and 
intravenous administration, it was estimated that about 
10 % of the doses was absorbed from the 
gastrointestinal tract in adult rats. Whereas the intestinal 
absorption rate in suckling rat was obviously higher 
than that of adult rat, the biological half-life was 
roughly the same (about 10 days) for all age groups in 
the slowly decreasing phase after oral administration. 
This seemed to suggest that the whole-body retention 
of orally dosed radiotellurium in rat of various ages 

depended mainly on the rate of intestinal absorption 
rather than that of endogenous excretion. The relative 
concentrations in the placenta and fetal membranes 
were higher than in the fetus. No activity was observed 
in the fetal fluid. These results indicated that the 
placenta and fetal membranes played significant roles 
as barriers to the transfer of 123Tem into the fetus. The 
ratio, relative concentration in fetus/relative 
concentration in mother (CF/CM ), was calculated. The 
CF/CM ratio was dependent on the stage of gestation 
and assumed to range from 0.2 to 0.5.  The difference 
with CF/CM in the present study may be dependent on 
the chemical form of tellurium and the difference of 
tissue to whole-body measurements. The whole-body 
retention of suckling rats was 2, 3.9 and 5 % of 
maternal dose, 1 day after administration. The 
whole-body retention of suckling rats increased slowly 
during the suckling time and slowly decreased after 
weaning. However, taking the level of contamination 
from the mother’s urine or feces into consideration, the 
transfer rate of radiotellurium from the mother to her 
suckling rats was thought to be relatively low. These 
results suggested that only a little radiotellurium was 
transferred to the milk. The present study’s findings 
suggested that 2-5 % of the administered dose were 
transferred to suckling rats after intravenous 
administration and the amount of milk in sucklings was 
dependent on parturition age at the time of dosing.  
Publication: 

Nishimura, Y., Sahoo, S. K., Kim, H. S., Homｍ

a-Takeda, S., Watanabe Y., Inaba, J. , Workshop on 
Internal Dosimetry of Radionuclides, Oxford, 
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Elemental mapping by micro-PIXE (Particle Induced 
X-ray Emission) analysis has a great potential for the 
examination of elemental behavior in complicated structures of 
biological tissues.  We investigated application of micro-PIXE 
analysis for plant tissues, in combination with quantitative 
analysis by inductively coupled plasma mass spectrometer 
(ICP-MS).     

Maize (Zea mays L.) seeds were sown on filter papers 
saturated with distilled water.  After being cultured for two days at 

24 ℃ in the dark, the seeds germinated and the roots reached 
about 2 cm in length.  The roots were separated into four sections, 
0-1 mm, 1-2 mm, 2-3 mm and 3-4 mm from the tip of the roots.  
The samples from thirty plants were put together, and digested 
with nitric acid to be introduced into an ICP-MS (HP-4500, 
Yokogawa Analytical Systems Co., Japan).  For the micro-PIXE 
analysis, root apexes (about 2 mm in length) were sliced thinly 

(10 μm thick) with a cryo-microtome (CM 1510, Leica 
Instruments, Germany).  The slices were put on a membrane 
(Pioloform, Agar Scientific Ltd., UK), and set in a micro-PIXE 
system in the tandem accelerator facility in NIRS.   

ICP-MS was so sensitive that a large number of elements 
including Na, Mg, P, S, K, Ca, Mn, Fe, Cu, Zn, Se, Rb, Sr and 
Cs could be determined quantitatively.  These fourteen 
elements covered almost all the essential elements for plant 
growth.  The concentrations of the elements varied depending 
on the sections.   The higher concentrations of the elements 
were observed in the closer section to the root tip, where a 
meristematic tissue and non-differentiated tissues are 
distributed.  More precise estimation at the tissue level, 

however, could not be obtained by ICP-MS by analyzing 
sections from the root tip.   

Micro-PIXE was, on the other hand, effective for detailed 
mappings of elemental distributions.  The images of elemental 
distributions were obtained for Na, Mg, P, S, K, Ca, Mn, Fe 
and Zn, corresponding to the microscopic images of the root 
structures.  Although Na, Mg, S, Ca, Mn, and Fe distributed 
uniformly over the root section, K, Zn and P showed 
localization depending on the tissues.  K and P concentrations 
were higher in the meristematic tissue than differentiated 
tissues, whereas Zn was excluded from the meristematic 
tissue.   

These results showed that micro-PIXE is of great use for 
precise estimation of elemental localization at the tissue level.  
ICP-MS is, on the other hand, a suitable method to detect a 
large number of elements, and useful for rough estimation of 
elemental distributions in maize roots.  Micro-PIXE and 
ICP-MS have different, but complementary abilities for the 
investigation of elemental distributions in root tissues. 

 
Publication: 
Watanabe, Y., Takeda, S., Yukawa, M., and Nishimura, Y.: 
International Journal of PIXE, 11,125-131, 2001. 
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Testis is known to be sensitive to radiation.  Within 
the seminiferous tubules of testis, germ cells progress 
through mitosis, meiosis, and cellular differentiation to 
become spermatozoa.  It has been demonstrated that 
the germ cells at different stages of the seminiferous 
tubules respond differently to exogenous stimuti.  
Elemental dynamics in the process, however, is poorly 
understood.  The micro-PIXE technique was 
employed with testicular sections to reveal detailed 
distributions of elements in the testis, which distinguish 
the cell type-differences corresponding to the germ cell 
development. 
  Micro-PIXE measurements were made in the 
Electrostatic Accelerator Building of NIRS, utilizing a 
micro-beam scanning PIXE system with Si (Li) X-ray 
detector.  Rat seminiferous tubules are classified into 
14 stages and in the seminiferous epithelium, the germ 
cells are arranged in the following order: 
spermatogonia, spermatocytes, round spermatids and 
elongated spermatids.  Elongated spermatids are at the 
innermost area.  Corresponding to PIXE imaging 
with light microscopy, stage- and cell-specific 
elemental imagings were obtained for P and S.  P was 
higher in the periphery of the seminiferous tubules of 
stages I, II-III, VII, VIII and XIII, where spermatogonia 
and spermatocytes were localized, than in the central 
area, that is, the spermatids.  In stages VII and VIII, 

elongated spermatids, which are the final step in 
spermatogenesis, contained the lowest level of P 
among the four types of germ cells.  In contrast, 
elongated spermatids in stages VII and VIII contained a 
higher level of S than the round spermatids, 
spermatocytes and spermatogonia in the same 
seminiferous epithelium as well as other germ cells in 
Stages I, II-III and XIII.  These results suggested that 
P and S exhibit complementary dynamics in 
spermatogenesis. 
 
Publications: 
1) Homma-Takeda, S., Nishimura, Y., Watanabe, Y., 

Imaseki, H., and Yukawa, M.: Int. J. PIXE, 11, 103-110, 
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2) Homma-Takeda, S., Hiraku, Y., Ohkuma, Y., 
Oikawa, S., Murata, M., Ogawa, K., Iwamuro, T., Li, 
S., Sun, G.F., Kumagai, Y., Shimojo, N., and Kawanishi, 
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Hyperaccumulator plants are effective for mineral 

exploration, or biorecovery and detoxification of 

metal-contaminated soils. We found a new 

hyperaccumulator useful for estimating marine 

pollution by radioisotopes and for studying the 

mechanisms of bioaccumulation of elements by 

organisms. 

Fifty species of marine algae were collected from the 

coast of Japan in 2001-2003. Ba and Sr were 

determined by ICP-AES. 187Re (T1/2=4.35x1010y, 

abundance ratio=62.6%) was analyzed by ICP-MS. 
90Sr (T1/2=28.78y) and 99Tc (T1/2=2.111x105y) were 

measured by low background β-ray spectroscopy. 226Ra 
(T1/2=1600y) was analyzed by a liquid scintillation 

counter. Gamma ray spectroscopy was applied to 50 g 

of ash samples of marine algae.  

Table 3 shows concentrations of elements in green 

algae Bryopsis maxima and Ulva pertusa. The 

concentrations of all elements in B. maxima were 

considerably higher than those in U. pertusa. In 

particular, the Re concentration (185+187Re=5,490,000 

pg/g dry, 187Re=5.6 mBq/g dry) was 22,000 times 

higher in B. maxima than in U. pertusa. The Re 

concentrations in 48 species of algae, excluding the 

genus Bryopsis, ranged from 51 to 29,100 pg/g on a 

dry weight basis (mean±sd; 5,200±4,800 pg/g). The 
concentration factor (CF) of B. maxima was calculated 

to be 7.4x105 (7.1x104 on a wet basis) from ca.7pg/mL 

of the Re concentration in Pacific Ocean seawater. B. 
maxima also showed a high concentration (1.03 pg/g 

dry=660 µBq/g dry) of 99Tc belonging to the same Ⅶ

/7 group as Re in the periodic table. Although 99Tc was 

detected in some species of marine algae, such as 

Sargassum thunbergii (18-270 µBq/g dry), Sargassum 
hemiphyllum (130 µBq/g dry), and Hizikia fusiformis 
(42 µBq/g dry),  
the concentration of 99Tc in almost all of Japanese 

marine algae collected in 2001-2003 was less than the 

minimum detectable amount (15 µBq/g dry=3 
mBq/200g dry).  

As shown in Table 3, B. maxima had high 
concentrations of alkali earth elements. For 
example, the Ba concentrations (4,630 µg/g dry) 
in B. maxima were 2,700 times higher than in 
U. pertusa. B. maxima was defined as a Ba 
hyperaccumulator because the average 
concentration of Ba in 50 species of marine 
algae in Japan was 5.19±4.89 µg/g dry wt. The 
average concentration of 226Ra in 12 species of 
marine algae was 0.225±0.178 pg/g dry wt. In 
contrast, B. maxima showed a very high 
concentration of 226Ra (21.4 pg/g dry=780 
mBq/g dry).  In the case of gamma ray 
spectroscopy, it was indicated that 185.7155 
kev of 235U must be overlapped with 186.1010 
kev of 226Ra. We think that no significant 
amount of 235U was present in B. maxima, 
because 143.762 kev and 163.332 kev of 235U 
were not observed.                                        
Furthermore, clear peaks of 214Bi ad 214Pb derived from 
226Ra were found in the spectrum of B. maxima. From 

the results of radiochemical analyses and gamma ray 

spectroscopy, B. maxima was recognized to be a Ra 

hyperaccumulator. The Sr in B. maxima had the highest 

value (13,100 µg/g dry) among algae. We think that B. 



 

maxima is a Sr hyperaccumulator since the 

“Hyperaccumulation level of Sr” was 5,000 µg/g dry 
(hyperaccumulation level -100 times concentration in 

reference plant).  As a result of radiochemical 

analyses of 90Sr , B. maxima showed the highest value 

(2.8 mBq/g dry= 0.27 mBq/g wet) among algae. Its CF 

value for  wet basis was calculated to be 170, since 

the radioactivity of 90Sr in the seawater around Japan 

was approximately 1.6mBq/L.  



 

 
 

 
 

 

       Table 3.      Concentrations (pg/g dry weight) of elements in green algae
                       collected from the same location and at the same month 

Element   Bryopsis maxima (N=3)  Ulva pertusa (N=3)
(Isotope)         (mean±sd)       (mean±sd)

Ba 4.63 x 109 ± 1.9 x 108 1.72 x 106 ± 1.1 x 105

Ra (as 226Ra) 2.14 x 101 ± 4.5 x 100 1.95 x 10-2 ± 1.6 x 10-3

Re 5.49 x 106 ± 3.7 x 105 2.51 x 102 ± 2.3 x 101

Sr 1.31 x 1010 ± 1.1 x 109 3.21 x 107 ± 2.7 x 106

Tc (as 99Tc) 1.03 x 100 ± 3.5 x 10-1 < 2.36 x 10-2 ±



81. Elemental Distribution in Organs of Medaka,  
   Orysias laptipes, Burdened with X-ray  
   Irradiation and Salty Water Breeding  
   Determined by PIXE Analysis 
 

Masae Yukawa, Yuji Ishikawa, Hitoshi Imaseki, Kazuko 

Aoki and Takahiro Okazaki 

 

Keywords: Medaka, elemental distribution, PIXE analysis, 

X-ray irradiation, salty water breeding 

 

In NIRS, an inbred strain of Medaka, Oryzias 
laptipes, was established and has been maintained for 

research purposes. Medaka is a small fish like a killifish, 

3-4 cm long. We investigated metal balance shift induced 

in the fish with X-ray irradiation and salty water breeding 

as environmental stresses. The LD50/30 of this fish to X-ray 

irradiation is 20 Gy, and the survival rate of the fish is 

about 80% when breed in seawater with 70% NaCl. 

Fifteen Medaka fish, about 1 year old, were divided into 3 

groups and put into 3 separate plastic vessels. The first was 

for X-ray irradiation, the second was for salty water 

breeding, and the third was for control. These vessels were 

kept in a laboratory at room temperature. The fish were 

used for experiments after become accustomed to the 

breeding environment. Fish for salty water breeding 

adapted gradually over 14 days to the 70% NaCl of 

seawater. On the 16th day after starting to breed Medaka, 

the first group of five fishes was irradiated with X-rays in a 

plastic vessel (5mm deep) using PANTAK-320S at 200kV 

and 20mA. The dose rate was 224R/min and the total dose 

was 17.00Gy.  

On the 18th day, two fish were selected from each 

group, and were killed and dissected. Ten organs, brain, 

eye, gill, heart, liver, spleen, intestine, gonad, tail and scale 

on gill, were sampled from each fish. The weights of the 

organs ranged from a few mg to about 1g as fresh. After 

freeze-drying, the organs were analyzed by the Particle 

Induced X-ray Emission (PIXE) method to determine 

elemental contents in the organs with 2.6MeV proton 

beam of 1mm square for 10min at 10nA. In Fig.30, the 

changes of Fe, Cu, Zn and Mn contents in liver, ovary, 

spleen, brain, intestine and eye induced by the two types of 

stresses are shown as the comparison of the stressed fish to 

the control. In the liver and spleen, both stresses increased 

the contents of Cu, Zn and Mn. In the case of ovary, the 

stresses decreased the contents of Fe and Mn. Brain seems 

to be most stress- resistant organ among these 6 organs. In 

eye, the content of Fe was most depressed by salty water.  

It is well known that radiation like X-rays and γ

-rays generate active oxygen species in a living body. 

Since the active oxygen species is dangerous for organisms 

due to damages induced in DNA, there are various 

defensive systems in the animals and plants. Some of them 

are enzymes for radical scavenging such as super oxide 

dismutase (SOD), glutathione peroxidase (GPx) and 

catalase. Cu, Zn and Mn are included in SOD and act as 

the active center. In the case of GPx, Se is present in this 

enzyme. Therefore, Cu, Zn, Mn and Se are very important 

elements in reducing radiation damages. On the other hand, 

Fe is thought to be one of the factors to make active 

oxygen. It is necessary to continue the experiments to 

confirm the results described above. The next step would 

be an investigation of other environmental stresses such as 

heavy metals and organic chlorides. 

 

Publications 

1) Yukawa, M., Ishikawa, Y., Imaseki, H. and Aoki, K.: 

International Journal of PIXE, 10, 121-125, 2000. 
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Fig.30. Change of metal concentrations induced in organs 

of Medaka by X-ray irradiation and salty water breeding. 
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Radiologists and radiologic technologists are 
among the earliest occupational groups exposed to 
ionizing radiation and represent a large segment of the 
working population exposed to radiation from 
man-made sources. We reviewed published and 
unpublished epidemiological data on cancer risks from 
eight cohorts of over 270,000 radiologists and 
technologists in the UK, US, Canada, Denmark, China, 
and Japan (Table 4). The most consistent finding was 
increased mortality from leukemia among early 
workers employed before 1950. This, together with an 
increasing risk of leukemia with increasing duration of 
work in the early years, provides evidence of an excess 
risk of leukemia associated with occupational radiation 
exposure in that period. While findings on several types 
of solid cancers were less consistent, there was 
evidence of a radiation effect for breast cancer mortality, 
which increased with increasing duration of work in 
the early years, and skin cancer mortality and incidence, 
which was increased among the early period workers 
in several cohorts. Among the most recent workers, 
there is no clear evidence to date of increased cancer 
risks associated with occupational  
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exposures to radiation. However, with the increasing 
uses of radiation in modern medical practices, the 
continuing health assessment of medical radiation 
workers is important. The lack of radiation dose 
estimates was the major deficiency for these studies 
and limited the potential usefulness of data. Continued 
follow-up, with incorporation of dose estimates, would 
open an opportunity for providing much needed data to 
advance understanding of the cancer risk from chronic 
exposure to low to moderate doses of radiation. 
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Forest ecosystems accumulate radiocesium 

discharged into the atmosphere through nuclear 

weapons testing and nuclear accidents. Even more 

than 15 years after the Chernobyl accident, 

radiocesium contamination of forest products such 

as mushrooms and berries is high in contrast to 

agricultural products. Since the removal of 

radiocesium from a contaminated forest is not 

feasible on a large scale, studies on the distribution 

and transfer of radiocesium in forest ecosystems are 

important from radiation protection viewpoint and 

geochemical viewpoint. The long-term fate of 

radiocesium in forest ecosystems is necessary to be 

predicted for decision-making of the future 

countermeasures. As the chemical behavior of 

radiocesium is expected to be almost identical to 

that of stable Cs, analyses of stable Cs should be 

useful to understand the long-term behavior of 

radiocesium and its equilibrium distribution. 

However, the relationship between radiocesium and 

stable Cs in forest ecosystems is still unclear 

because of the lack of analytical data. In this study, 

we have determined the concentrations of stable Cs 

in mushrooms and trees collected in forests with 

different contamination levels in Japan, Germany, 

Finland, Italy and Ireland. Data of stable Cs were 

discussed together with those of radiocesium.  

Samples were collected from 1989 to 1996. 

Mushrooms were collected in 5 different forests in 

Japan, Germany and Finland. For tree samples, one 

representative Spruce tree was selected for each 

forest in Italy and Ireland, and different parts of the 

tree were sampled. Samples were dried, milled and 

digested with acids. Concentration of stable Cs was 

determined by inductively coupled plasma-mass 

spectrometry (ICP-MS). Activity concentration of 
137Cs was determined by counting with a 

Ge-detector. 

Relationships between 137Cs and stable Cs for 

mushrooms collected from 5 different forests were 

summarized in Fig. 31. A good correlation between 
137Cs and stable Cs was observed for each site 

independently, although several different species of 

mushrooms are included. This finding suggests that 

mushrooms take up 137Cs together with stable Cs. 

The 137Cs/stable Cs ratios were fairly constant for 

samples collected at the same site. The results for 

different sites, however, showed different degrees 

of variability. The variability of the 137Cs/stable Cs 

ratio might be a useful criterion for judging the 

equilibrium of deposited 137Cs to stable Cs in a 

forest ecosystem. Standard deviation of the 
137Cs/stable Cs ratio for mushrooms was the lowest 

in Japanese forests (Tokai-mura: 27%), in which 

most 137Cs originated from the global fallout, and 

the highest in Hochstadt, Germany (48%). This 



 

finding suggests that 137Cs deposited from the 

global fallout (mostly in 1960s) has already attained 

a dynamic equilibrium within the soil-mushroom 

system. 

As shown in the same figure, the good 

correlation between 137Cs and stable Cs and almost 

constant 137Cs/stable Cs ratio were also observed in 

tree samples collected in each site, Italy and Ireland, 

indicating that 137Cs has well mixed with stable Cs 

within a tree.  

We are currently studying samples, including 

soils and several different species of plants and 

mushrooms, collected in 4 different forests with 

different contamination levels in Belarus. This 

study is expected to yield comprehensive 

information of radiocesium and stable Cs and their 

interrelation in the whole forest ecosystem.  
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Fig. 31. Relationship between stable Cs 

(Cs-133) and Cs-137 in mushrooms and 

trees collected from 7 different forests. 

Straight line corresponds to average 

Cs-137/Cs-133 ratio in each forest. 
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In order to understand 99Tc transportation 

mechanisms in surface water systems, we focused on Re 

that can be used as a chemical analogue for Tc in the 

environment, because the two elements are chemically 

similar. Rhenium is one of the least abundant metals in the 

earth’s surface and its concentration in environmental 

samples is not well known. The Re concentration in 

seawater is reported to be between 6-15 pg/mL, but the 

data in fresh water are quite limited. To measure low-level 

Re in fresh water samples with inductively coupled plasma 

mass spectrometry (ICP-MS), we tried two approaches: 

one was to develop a simple chemical separation before 

ICP-MS measurement and the other was to make direct 

measurements with a high sensitivity instrument, such as 

high resolution ICP-MS (HR-ICP-MS). 

River water samples were collected in Osaka 

and Wakayama Prefectures, Japan, in August 2000. The 

sample water was pressure filtered through 0.45-µm 

membrane filters (Millipore Co.). From the filtered sample, 

ca. 50mL were transferred into an acid-cleaned 50-mL 

polypropylene bottle. These sub-samples were used for the 

direct Re determination by a HR-ICP-MS (Finnigan MAT, 

Element). Chemical separation of Re was performed on 

420 – 925 mL of the filtered river water samples using a 

TEVA resin column. Measurements of Re in the 

chemically separated samples were carried out with a 

quadrupole (Q-) ICP-MS (Yokogawa, PMS-2000) and the 

HR-ICP-MS. To make a standard curve for ICP-MS 

measurements, multi-element standard solution, XSTC-8 

(SPEX Industries Inc.), was used. The instrumental 

detection limit on the Q-ICP-MS and the HR-ICP-MS was 

0.2 and 0.007 pg/mL, respectively. 

A simple extraction using the TEVA resin could 

separate Re from most sample matrices and trace elements. 

Almost 100% recovery was found throughout the simple 

separation method as determined with a radioactive tracer. 

The measured Re contents by Q-ICP-MS and 

HR-ICP-MS are shown in Fig. 32. The errors (1 sigma) to 

the individual data by these methods were almost the 

same: 4.4-6.2% for Q-ICP-MS with the separation method, 

4.5-5.3% for HR-ICP-MS with the separation method and 

3.9-7.2% for direct HR-ICP-MS. The average value for 

each sample obtained by these methods had errors of 

1-6.6% (1 sigma). The results by these three methods 

showed good agreement with each other, and no 

systematical difference was found among them. The Re 

concentrations in the river water samples ranged from 0.9 

to 6.5 pg/mL. Although there was no significant difference 

between the results of direct HR-ICP-MS and the 

chemical-separation Q- and HR-ICP-MS, it is better to use 

the separation method developed in this study to secure a 

more accurate measurement when a low-level Re content 

in a sample is expected.  

 

Publication: 

Uchida, S. , Tagami, K. and Saito, M. : J. Radioanal. Nucl. 

Chem., 255, 329-333, 2003. 
 

 

 

 

 

 

 



 

 

0.1

1

10

Riv-1 Riv-2 Riv-3 Riv-4 Riv-A Riv-B

(a) Q-ICP-MS
(b) HR-ICP-MS
(c) Direct

R
e 

co
nc

en
tr

at
io

ns
 (p

g/
m

L
)

Sampling points  

 

 
Fig. 32.  Concentrations of Re in river water samples 

determined by  
(a) chemical separation and 

Q-ICP-MS, (b) chemical 
separation  

  and HR-ICP-MS and (c) direct 
HR-ICP-MS. 
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From a radioecological viewpoint, analysis data on 

global fallout 99Tc in environmental samples should give 

useful information for predicting the nuclide behavior. At 

present, however, due to very low concentration and 

analytical difficulties for determination of the nuclide in 

environmental samples, there is a general lack of data on 
99Tc levels in the literature. Therefore, the behavior of the 

nuclide in the terrestrial environment is not well 

understood.  

In this study, we determined concentrations of 99Tc in 

surface soil samples using inductively coupled plasma 

mass spectrometry. 137Cs concentration was also measured 

to use it as a comparative indicator for discussion of the 

sources of 99Tc, because the fission yields from 235U and 
239Pu are about the same (ca. 6%) for the two isotopes, and 

the behavior and distribution of 137Cs in the environment is 

reasonably well understood. The activity ratio of 99Tc/137Cs 

was calculated to understand Tc mobility in the soil 

environment. 

The ranges of 99Tc and 137Cs concentrations in rice 

paddy fields are 6 – 88 mBq/kg-dry and 1.4 – 14 

Bq/kg-dry, respectively. Those in upland field soils are 4.3 

– 7.7 mBq/kg-dry and <1.1 – 7.7 Bq/kg-dry, respectively, 

and those in other soils are 7- 29 mBq/kg-dry and <1.1 – 

144 Bq/kg-dry, respectively. Slightly high correlations 

(r>0.5) between 99Tc concentrations and some soil 

properties, such as CEC, act-Fe, total-C, org-C, and total-N, 

for upland field soils and other soils are found. No 

correlation appears for the paddy field soils. The relation 

has not been explained yet, though there was a possible 

influence from organic matter and microorganisms in the 

soils.  

The activity ratios of 99Tc to 137Cs for paddy field soils 

are given in figure 33, and they range from 1.1 x 10-3 to 7.0 

x 10-3 with an geometric average of 4.8 x 10-3. 

Theoretically, the activity ratio from nuclear fission yield is 

presently calculated as 3.3 x 10-4 with correction for 

radioactive decay, because it is assumed that the major 

source of 99Tc in Japan to now arises from fallout. 

Compared to the theoretical ratio, the activity ratios in the 

paddy field soils are one order of magnitude higher. 

However, the activity ratios in paddy field soils of this 

study are the same order of magnitude or one order of 

magnitude less than those in undisturbed soils in Japan 

reported previously as (1.2 – 39) x 10-3. The average 

activity ratios found in this study for upland field soils are 

seven times higher than the theoretical ratio but those for 

other soils are close to the theoretical one. Among the soils 

used in this study, the average activity ratio for paddy field 

soils is the highest. The ratios in paddy field soils are twice 

as much as those in upland field soils and one order of 

magnitude higher than those in other soils maybe because 

of different degrees of the soil reduction. The higher or 

similar activity ratios found in this study as compared to 

the theoretical one suggest 99Tc accumulation in the soils, 

even under aerobic conditions. 
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Fig. 33. Activity ratios of 99Tc and 137Cs in soil samples collected in Japan.
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The radioactive nuclide technetium-99 (99Tc) 
is a fission product of 235U formed during the reprocessing 
of nuclear fuel and is a long-lived radionuclide (T1/2 = 2.1 
� 105 y). This radioactive material has been accumulated 
and distributed in the environment. The availability of Tc 
by plants is dependent upon its physicochemical forms. 
The pertechnetate anion (TcO4

-), which is most stable form 
of Tc under aerobic solutions, can be taken up by 
agricultural crops and vegetables. In extended laboratory 
and field studies, plant availability of Tc is reduced over 
time. This phenomenon is considered to be a result of the 
formation of insoluble Tc by the reduction from Tc (VII) to 
Tc (IV). We previously suggested that microbial reduction 
caused the insoluble Tc in waterlogged paddy soils. 
However, it is not unclear whether the insoluble Tc formed 
in soils or in water covering paddy soils and whether 
microorganisms affected physicochemical forms of Tc 
directly or indirectly. In this paper, we describe the changes 
of physicochemical forms of Tc in the water covering 
paddy soils and direct effects of microorganisms on its 
physicochemical transformation. 

Fourteen soils collected from paddy fields (9 
samples) and upland (5 samples) were waterlogged and 
incubated for 7 days at 25˚C. After the incubation, the 
water covering the soils were collected in newly prepared 
test tubes. These samples (1.6 – 2.0 ml) were incubated 
statically with soluble 95mTcO4

- at 25˚C for 4 days again. 
The cultures were in contact with air. After the incubation 

with 95mTc, the samples were sequentially separated into 
four fractions: one insoluble fraction (> 0.2 µm) and three 
soluble fractions (TcO4

-, cationic, and other forms). The 
radioactivity of 95mTc in each fraction was measured with a 
NaI (Tl) scintillation counter. 

Dominant species of Tc was pertechnetate 
anion, but the insoluble Tc was also observed in the 
samples of the water covering soils (Fig. 34). On an 
average, 13% of the 95mTcO4

- changed to insoluble forms 
and the maximum ratio of the insolubilization was 76% of 
the P38 sample, which was collected from a paddy field 
(gray lowland soil). No statistically differences in the 
average amount of insoluble Tc between paddy and upland 
soils were found. The amount of cationic and the other 
forms of Tc were less than 1% of total. Although 
technetium is normally present as the pertechnetate anion 
in aerobic solutions, our results show that insoluble Tc can 
occur in the water covering specific soils like P38 even 
under aerobic conditions. 

Pertechnetate could be affected indirectly by 
physicochemical modifications of the local environment 
(Eh and pH) leading to reduction of TcO4

-. Indeed, values 
of Eh and pH in P38 were low enough to reduce Tc (VII) 
to Tc (IV). Then, we determined the insolubilization of Tc 
in a P38 solution passed through a 0.2 µm-pore-size 
membrane filter. Insoluble Tc was 4.8% of the untreated 
sample, but when microbial particles, which were killed by 
autoclaving, were added to the filtrate of P38, insoluble Tc 
was 2.6% of the untreated sample. These results indicate 
little indirect insolubilization of Tc in P38. 

In order to clarify direct effects of 
microorganisms on the insolubilization of Tc, organic 
substrates were added to the P38 sample to promote 
microbial growth. The addition of substrates resulted in the 
enhancement of insoluble Tc (115% of untreated sample). 
The potential direct effects on insolubilization of Tc are 
biosorption and bioaccumulation. Added pertechnetate 



anion added does not sorb on microbial cell surface 
because the surface generally has a negative charge. From 
these results, we concluded that insoluble Tc in P38 
resulted from bioaccumulation by 
microorganisms.
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Fig. 34. Relative amount of insoluble, pertechnetate, 
cationic, and other forms of technetium in the water 
covering soils. F and P mean upland fields and paddy 
fields samples, respectively. 
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It has been reported that high concentrations of radon can occur in 

water supplies from groundwater. Since the ingestion of radon-rich 

water presents a possible risk to human health, several investigators 

have studied the fate of ingested radon in the body. These studies 

identified the stomach wall as the most significant organ. An 

important factor regarding the dosimetry for the stomach is the rate of 

radon loss from the stomach. The objective of the present study is to 

estimate the rate of radon loss from the stomach by in vivo counting 

of radon progeny (214Pb and 214Bi).  

Two adults served as volunteer subjects for in vivo counting. After the 

i n g e s t i o n  o f 

radon-rich water samples, each subject was measured with a NaI(Tl) detector fixed over

the stomach. The detector was shielded with lead of 50 mm 

t h i c k n e s s  t o  m i n i m i z e  e f f e c t s 

(V-15) 
Environmental Science 

of gamma rays from other organs than the stomach. In vivo counting 

was started a few minutes after the ingestion. The measurement of 

each subject lasted more than 100 minutes.  

The in vivo counting data on 214Pb and 214Bi could give only indirect 

information on the behavior of radon in the body. This is because (1) 

the measured gamma rays are the third and fourth emissions in the 
222Rn decay chain, and (2) the behavior of radon in the body could be 

different from that of radon progeny. Thus, a bio-kinetic model was 

developed to interpret the in vivo counting data. The model includes 

parameters for the behavior of radon as well as its progeny. The 

retention of radon was estimated by fitting these parameters to the 

experimental data.  

As an example, the fitting process of the 214Bi retention curve for 

subject A is shown in Fig. 35. Previous models for dosimetric 

purposes often assumed that radon transfers from the stomach to the 

small intestine with a half-time of below 20 min. Curve 1 was 

calculated using a half-time of 20 min for all ingested radon and its 

progeny. There was a big difference between calculated and 

experimental data. Thus, the parameters were changed accordingly; 

first, it was assumed that half the amount of radon progeny stayed as  

(V-15) 
Environmental Science  

a long-term retention fraction (Curve 2). However, this assumption 

could not explain the long half-time observed from the experimental 

data. Even if all of the ingested radon progeny was retained in the 

stomach (that is, no transfer occurred), the half-time for 214Bi was 

calculated to be about 40 min. This value was smaller than the half-

times observed from the experiments. The long half-time suggested 

the existence of long-term retention fraction for radon as well as 

radon progeny. Curve 3 shows a good fitting; this curve was 

obtained assuming that 60 % of ingested radon decreased with a 

half-time of 240 min. The value of half-time was much larger than 

that used in previous dosimetric models (below 20 min). The present 

research suggested that a part of the radon stayed longer in the 

stomach than was expected in previous models. 
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Table 5.  Alpha counting efficiencies of the scintillation cell from a Monte Carlo calculation 

Cell type Radon 218Po 214Po Thoron 216Po 
110A 0.681 0.763 0.884 0.781 0.827 
300A 0.637 0.742 0.864 0.736 0.780 
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Fig. 36.  Comparison of the radon concentration between the standard and proposed 

techniques. 
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For simplicity and rapidity, a measurement technique 
was designed so as to measure both radon and thoron 
concentrations with a single scintillation cell. In 
principle, it is based on two measurements that use the 
difference in half life between radon and thoron. (Note 
that long-lived thoron progeny are not considered in the 
present study because the measurement terminates 
within 1 h.)  
Alpha counting efficiencies of the scintillation cell 
were estimated with a Monte Carlo calculation. Both 
Pylon model 110A and 300A Lucas cells are used in 
the present study. The 110A cell is a cylindrical vessel, 
53 mm in diameter and 70 mm high. Its inner volume 
and active area are 1.51x10-4 m3 and 1.88x10-2 m2, 
respectively. On the other hand, the dimensions of the 
300A cell are 70 mm diameter and 124 mm height. 
The inner volume and active area are 2.7x10-4 m3 and 
2.77x10-2 m2, respectively. The Pylon model AB-5 
scintillation detector is also incorporated into the 
measuring system. The following conditions are set up 
in the calculation:  
(1) The inner walls are covered with ZnS scintillators 
except for the transparent plate (glass) at the bottom 
attached to the detection surface of the photomultiplier.  
(2) Radon or thoron gases are uniformly distributed in 
the cell after injection. 216Po atoms behave like the 
gases because the half life is very short (0.15 s). The 
other progeny attach to the inner wall immediately after 

they are formed in the cell. 
(3) If alpha particles reach the wall, the scintillation 
will definitely occur and can be detected. 

Table 5 shows the alpha counting efficiencies for the 
individual radionuclides of both cells. Using these 
alpha counting efficiencies, conversion factors for the 
radon concentration were calculated and compared 
with experimental values. Since the conversion factor 
is generally provided at radioactive equilibrium, it can 
be expressed as the following equation: 

CF =
1

ηRn +ηRaA + ηRaC'( )× Vc × 60
 

 (1) 
where, 
 CF: conversion factor of radon concentration 
(Bq m-3 cpm-1); 

 ηRn,ηRaA,ηRaC’ : alpha counting efficiencies 
for radon, 218Po and 214Po, respectively; 
 Vc: inner volume of cell (m3). 
 
In the case of the 110A cell, a conversion factor of 47.4 
was obtained. There is a 3% difference between this 
and the experimental conversion factor of 48.7. In the 
case of the 300A cell, this calculation provided 27.9 Bq 
m-3 cpm-1, also within 3% of the experimental value of 
27.0. From these two agreements, the counting 
efficiencies for thoron and 216Po are reasonable in this 
calculation. 
After taking air samples with thoron, the count(CTn) on 
the initial phase can be expressed as follows: 

 CTn = Vc × ηTnXTn +ηThA XThA( )
t0

t0 + tm

∫ dt  

 (2) 
where 
t0: beginning of the measurement (s); 
tm: measurement period (s); 



ηTn,ηThA: alpha counting efficiencies for thoron and 
216Po, respectively; 
XTn, XThA: activity concentrations for thoron and 216Po, 
respectively (Bq m-3). 
 
Assuming that XTn=XThA because of the radioactive 
equilibrium between thoron and 216Po, therefore, the 
initial thoron concentration (XTn0) can be obtained as 
follows: 

 XTn0 =
CTn

Vc × ηTn +ηThA( ) e−λ Tnt

t0

t 0 + tm

∫ dt
 

 (3) 
where 

 λTn: decay constant of thoron (s-1). 
 
If radon is present as well as thoron, counts due to 
radon and its progeny must be subtracted from those in 
the measurement period. Therefore, another 
measurement is necessary after the thoron decays. The 
count comes from radon and its progeny only, so eqn. 
(3) can be rewritten as follows: 

 XTn0 =
C1 − kC2

Vc × ηTn +ηThA( ) e−λ Tnt

t0

t 0 + tm

∫ dt
 

 (4) 
where 
 C1: counts in the first measurement period; 
 C2: counts in the second measurement 
period. 
The constant “k” can be determined with the existing 
ratio of radon and its progeny in the cell and 
measurement timetable. It can be approximately 
assigned to be 0.2 with timetables given as below. 
For a total measurement period of 15 min, an 
optimized timetable was determined. Since two 
measurements have to be made in 15 min, the second 

measurement period of 5 min was fixed (10-15 min 
after sampling). The beginning of the first 
measurement was also fixed to start 20 s after sampling. 
Relative standard deviations of the thoron 
concentration were calculated under several different 
first measurement periods. Thoron and radon 
concentrations were assumed to be both 100 Bq m-3 in 
the calculation. When the end of the first measurement 
was set at around 100 to 150 s, the relative standard 
deviation became the smallest. Thus the first 
measurement was made between 20 and 120 s. In 
order to verify the validity of this optimized timetable, 
the radon concentration was compared between 
standard and proposed techniques. In the standard 
technique, the radon concentration was determined 
after reaching radioactive equilibrium between radon 
and its progeny. There was a relatively good agreement 

between the two as shown in Fig. 36. It is obvious that 
an adequate timetable will result in prompt 
determination of radon and thoron concentrations if 
alpha counting efficiencies are individually and 
precisely given. 
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Many types of passive integrating 222Rn monitors have 

been developed for large-scale and long-term 

measurements. However, most of the monitors are 

sensitive to not only 222Rn, but also thoron (220Rn) in 

different extents. To precisely measure 222Rn concentration, 

it is necessary to evaluate the influence of 220Rn on the 
222Rn measurements. On the other hand, recent surveys 

have revealed that the exposure to 220Rn and its progeny 

should not be neglected in some areas. Therefore, 

measurements of 220Rn are indispensable for more precise 

assessment of public exposure to 222Rn and 220Rn. 

   Fig. 37 illustrates the construction of the new type of 

passive integrating 222Rn and 220Rn monitor developed in 

this study. The 222Rn monitor is commercially available, it 

is a cylindrical pot made of anti-statically treated plastic. 

The allyl diglycol carbonate (CR-39) is used as the alpha 

particle detector. The 220Rn monitor is reformed from the 
222Rn monitor by adding 4 holes (�=12 mm) covered with 

cellulose fiber filter (Whatman® No.41) on the wall of the 

pot bottom. In order to discriminate 222Rn from 220Rn in the 
220Rn monitor, an original 222Rn monitor is attached to the 
220Rn monitor using a piece of double-coated tape. The 

new 222Rn and 220Rn monitor has a total volume of only 

110 cm3 and a weight of as low as 20 g. 

The etched-track densities on the CR-39 detectors set in 

the 222Rn and 220Rn monitors (NRn and NTn) can be 

expressed as the following equations: 
BTCFQTCFQN TnTnRnRnRn ++= 11  

BTCFQTCFQN TnTnRnRnTn ++= 22  

where QRn and QTn are the mean concentrations of 222Rn 

and 220Rn in the exposed period, CFRn1 and CFTn1 are the 
222Rn and 220Rn calibration factors for the 222Rn monitor, 

CFRn2 and CFTn2 are the 222Rn and 220Rn calibration factors 

for the 220Rn monitor, T is the exposure time, and B is the 

background track density of the CR-39 detector. Therefore, 

provided the etched track densities, calibration factors and 

the exposure time are known, 222Rn and 220Rn 

concentrations can be derived from the simultaneous 

equations. 

The 222Rn and 220Rn calibration factors for the new 

monitor were determined through the calibration 

experiments in a 222Rn/220Rn chamber. The averaged 222Rn 

calibration factors for 12 sets of 222Rn and 220Rn monitors 

were estimated to be 2.62 ± 0.20 and 2.64 ± 0.16 tracks 

cm-2 (kBq m-3 h-1)-1, respectively. The mean 220Rn 

calibration factors were 1.32 ± 0.14 tracks cm-2 (kBq m-3 

h-1)-1 and 0.10 ± 0.01 tracks cm-2 (kBq m-3 h-1)-1 for the 
220Rn and 222Rn monitors, respectively. 220Rn calibration 

factor of the 220Rn monitor was more than 10 times that of 

the 222Rn monitor. It is expected that 220Rn can be evaluated 

from the different etched-tracks on the detectors in the 
222Rn and 220Rn monitors. Furthermore, 220Rn calibration 

factor for the 222Rn monitor was also quantified. Therefore, 

the new monitor is not only useful for 220Rn measurements, 

but also helpful for more precise measurements of 222Rn. 

On the other hand, due to its low cost, simple construction 

and small size, it is considered to be practical for 

large-scale and long-term field surveys. 
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Fig. 37. Schematic construction of the new passive 222Rn and 220Rn monitor. 


