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measured using a β-ray counter based on scintillat-46

ing fibers (Fig. 2) with a veto counter system for47

suppression of cosmic muon events. These counters48

were covered by lead blocks with a thick of 32 mm49

for the suppression event of external gamma rays50

from 214Bi, 208Tl, and 40K in the concrete. With51

this thickness, 85% of these background could be52

suppressed at Eγ = 2 MeV.53
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Fig. 1: Setup for the β ray measurement. A schematic of
cross section of the detector.

The detector used scintillating fiber (SCSF-54

78MJ, Kuraray), and the Hamamatsu PMT55

(R9880U-210). The fiber sheet was covered by alu-56

minum sheets (inner side) and black polyvinyl chlo-57

ride sheets (outer side) for a light shielding and al-58

pha rays shielding. The effective area of scintillat-59

ing fibers is 30× 10 cm2 (see Fig. 2.).60

Fig. 2: The β-ray counter based on scintillating fibers with
an effective area of 30 cm× 10 cm.

2.2. Detection efficiency61

A 90Sr source was set under the β-ray counter62

for the estimation of the detection efficiency be-63

fore this counter was covered with the veto counters64

and shielding blocks. The background rate without65

the source was 1.02± 0.04 s−1 after the veto coun-66

ters and shielding blocks was covered, where the67

error represents a standard deviation of 60 mea-68

surements of one hour. Using the 90Sr source with69

23.6 kBq an absolute detection efficiency was esti-70

mated to be (8.89± 0.04)× 102 Bq−1 by calculat-71

ing (NSr −NBG)/ASrT , where NSr is the number of72

count for 90Sr, NBG is the number of background,73

ASr is radioactivity of 90Sr, and T is measuring time74

of one h.75

2.3. Sample76

Four sample sheets with a size of 30 × 10 cm2
77

used: (1) 11-µm thick polyethylene and a den-78

sity of 1.4 g cm−3, (2) 20-µm thick Al foil with79

2.7 g cm−3, (3) 100-µm thick polyvinyl chloride80

with 1.3 g cm−3, and 90-µm thick papers with81

1.3 g cm−3. These samples were left on the alu-82

minum plate connected to earth and wood plate in83

a windless room before being inspected because the84

effect of piled isotopes with and without static elec-85

tricity, where the radioactivity concentration will86

be saturated by the equilibrium between the pile87

on the sample and the decay. In order to gain the88

radon progenies yield in the measurement ten layers89

of sheets were set in the detector for each material.90

2.4. Monte Carlo simulation91

In the β-ray inspection, a difference is occurred92

to be the detection efficiency of β rays emitted from93

top surface and inner of the stacked sample sheets.94

This correction coefficient in each material was cal-95

culated by the Monte Carlo (MC) simulation.96

3. Results and discussions97

3.1. Time spectra of the count rate98

The measurement time spectrum for the99

polyethylene sheets is shown in Fig. 3. The black100

dots are data, the red curve is the fitting for three101

radioisotope chain: 218Po →214 Pb →214 Bi, the102

green dashed line is the background rate, and the103

blue dashed line is a simple exponential function104

which is (3.22±0.04) exp(−t/ln2 τ1/2)+1.02±0.01105

with τ1/2 = 0.95±0.02 h. The red function is given106

as Eq. (1), where λj = 1/ln2 τ (j)1/2, x0
(j) is the initial107

intensity of count rate for each radon progeny, and108

j = 1, 2, and 3 represent 218Po, 214Pb, and 214Bi,109

respectively. τ (1)1/2, τ (2)1/2, and τ (3)1/2 are half lives of110

218Po (3.1 min), 214Pb (26.8 min), and 214Bi (19.9111

min), respectively.112

3.2. Radioactivity concentration113

The concentration of radioactivity on the sample114

A is given as115

A =
∑

j

(C(tj)−RBG)∆tj
ηεkρ
εSrS

, (2)
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Results
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AbstractーThe surface concentration of 214Bi on the sample was measured. The behavior of radon progenies in the air is discussed by a research for the
progenies attaching on the sample after the radon decay. Thus, understanding the behavior of progenies in the air makes to clear the causal relation
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Fig. 1. A schematic of experimental setup.

Therefore, the beta rays originated from 214Bi can be
observed as events when the coincidence fulfills followings:
hit the scintillating fibers, emitted Cherenkov radiation, hit the
scintillator detector, and not hit the veto counter.

III. RESULTS AND DISCUSSIONS

The sample was exposed for 6 h in the room air with
windless. As a result, the spectra of count rate with 10 min is
shown in Fig. 2. The black dot is data. The red solid line is
fitting exponential function. The green dashed line represents
the background rate. The half-life time constant of the simple
exponential function is 39.5±2.2 min. The count rate related
to 214Bi reduces to un-observation amounts 4 h 40 min later.
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Fig. 2. The time spectrum of count rates for the polyethylene sample.

The integral blue shaded area responds to radioactivity
concentration on the sample. This radioactivity is estimated
by using corrected efficiency for 214Bi, where the efficiency
is calculated from the experimental efficiency for 90Sr and a
ratio of efficiency for 214Bi to that for 90Sr by a Monte Carlo
simulation, GEANT4. As a result, this radioactivity (4 h 40
min exposes) is 18.0±0.5 Bq/m2.

The relation between the radioactivity concentration and the
time that the sample is exposed in the room air is shown
in Fig. 3. The black dot is data and the red solid line is
fitting function: (17.9± 0.5){1− exp(−(t/(1.68± 0.06)))}.
This result suggests that 214Bi of 17.9± 0.5 Bq/m2 attaches
on our surroundings and the concentration becomes to be
saturated just after the radon decay in the air. Furthermore,
it also suggests the radon progenies (218Po, 214Pb, 214Bi,
214Po, etc.) do not fall down to ground, and some components
behavior in the air. Therefore, the potential by inhaling the
progenies should be considered for natural exposure dose.
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Fig. 3. The relation between the radioactivity concentration and exposure
time.

IV. SUMMARY

The radon progenies in the air is focused by the recent
study. The behavior of radon progenies is discussed indirectly
by measuring the radioactivity concentration of 214Bi on the
sample based on Cherenkov detection. The results suggest the
potential of inhaling radon progenies. In future, the radioac-
tivity of radon progenies in air will be measured directly.

REFERENCES

[1] Foundation for Promotion of Cancer Research, 2015. Cancer statistics
in Japan 2015.

[2] Funatogawa I., Funatogawa T., Yano E., 2013. Bull World Health Organ.
91 (2013) 332-340.

[3] Subramanianand J., Govindan R., 2007. Lung Cancer in Never Smokers:
A Review. J. Clin. Oncol., 25 (2007) 561-570.

[4] Samet J. M., Avila-Tang E., Boffetta P., Hannan L. M., Olivo-Marston
S., Thun M. J., Rudin C. M., 2009. Lung Cancer in Never Smokers:
Clinical Epidemiology and Environmental Risk Factors. Clin. Cancer.
Res. 15 (18) (2009) 5626-5645.

[5] Choi H., Mazzone P., 2014. Radon and lung cancer: Assessing and
mitigating the risk. Clev. Cli. J. 81 (9) (2014) 567-575.

[6] UNSCEAR 2008 report vol. 1. Source effects and risks of ionizing
radiation.

[7] Martinez J. E., Juste B., Ortiz J., Martorell S., Verdu G., 2017. Air
Radon equilibrium factor measurement in a Waste Water Pre-Treatment
Plant. Rad. Phys. Chem. 2017.
<https://doi.org/10.1016/j.radphyschem.2017.03.011>.

[8] ICRP publication 71. Age-dependent Doses to Members of the Public
from Intake of Radionuclides: Part 4 Inhalation Dose Coefficients. A
report of a Task Group of Committee 2 of the International Commission
on Radiological Protection. Adopted By The Commission In September
1995.

Setup

PMT6

PMT7

PMT1

PMT8

PMT9
PMT3

PMT4

10− 0 10 20 30 40 50

4−10

3−10

2−10

1−10

1

10

210

h7h7
90Sr	events

Np.e. (Cherenkov)

Co
un

ts
/s
ec

(veto) (veto)

(calo)

Silica	aerogel
10	x	10	x	1	cm3

n	=	1.042

• Lung cancer patient increases to 8-13% per every rising 100 Bq/m3

radon[1].
• Annual radioactive dose is 1.15 mSv by 222Rn (45 Bq/m3 in the air)

inhalation [2].
• Radon inhalation is a strong candidate of the reason of lung cancer in

the nature [3, 4].
• However, a reason why the radon contributes to the lung cancer have

been not understood.
• This study focuses to radon progenies (218Po, 214Pb, and 214Bi) in the air.

10− 0 10 20 30 40 50

4−10

3−10

2−10

1−10

1

h7h7Sample	sheet	events
Sample	sheet
- 10×10	cm' Polyethlyene
- d	=	0.02	mm
- ρ =	1.15	g/cc
- 10	layers	measurement

Trigger	events
Veto	cut
Veto	cut	&	Calo.	Hit
Veto	Hit
Veto	Hit	&	Calo.	Hit

Np.e. (Cherenkov)

Co
un

ts
/s
ec

(ac)(ac)

0 2 4 6 8 10 12 143

3.5

4

4.5

5

5.5

6

6.5

7

7.5

8

time (h)
0 2 4 6 8 10 12 14

)
-1

co
un

t r
at

e 
(s

0

0.5

1

1.5

2

2.5

3

BGBG

0 2 4 6 8 10 12 140

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2

Background

Counting	rate	time	spectra

Sample	set
Trig ∩ Veto

Trig ∩ Veto ∩ AC

Trig ∩ Veto ∩ AC ∩ Calo

Background
Sample	set

Background
Sample	set

10− 0 10 20 30 40

1

10

210

310

410

histhist

Co
un

tin
g	r
at
e	
(s

-1
)

Co
un

tin
g	r
at
e	
(s

-1
)

Co
un

tin
g	r
at
e	
(s

-1
)

Time	(h)

Time	(h)

Time	(h)

Co
un

ts
/b
in

Background
Sample	set

2

Fig. 1. A schematic of experimental setup.

Therefore, the beta rays originated from 214Bi can be
observed as events when the coincidence fulfills followings:
hit the scintillating fibers, emitted Cherenkov radiation, hit the
scintillator detector, and not hit the veto counter.

III. RESULTS AND DISCUSSIONS

The sample was exposed for 6 h in the room air with
windless. As a result, the spectra of count rate with 10 min is
shown in Fig. 2. The black dot is data. The red solid line is
fitting exponential function. The green dashed line represents
the background rate. The half-life time constant of the simple
exponential function is 39.5±2.2 min. The count rate related
to 214Bi reduces to un-observation amounts 4 h 40 min later.
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Fig. 2. The time spectrum of count rates for the polyethylene sample.

The integral blue shaded area responds to radioactivity
concentration on the sample. This radioactivity is estimated
by using corrected efficiency for 214Bi, where the efficiency
is calculated from the experimental efficiency for 90Sr and a
ratio of efficiency for 214Bi to that for 90Sr by a Monte Carlo
simulation, GEANT4. As a result, this radioactivity (4 h 40
min exposes) is 18.0±0.5 Bq/m2.

The relation between the radioactivity concentration and the
time that the sample is exposed in the room air is shown
in Fig. 3. The black dot is data and the red solid line is
fitting function: (17.9± 0.5){1− exp(−(t/(1.68± 0.06)))}.
This result suggests that 214Bi of 17.9± 0.5 Bq/m2 attaches
on our surroundings and the concentration becomes to be
saturated just after the radon decay in the air. Furthermore,
it also suggests the radon progenies (218Po, 214Pb, 214Bi,
214Po, etc.) do not fall down to ground, and some components
behavior in the air. Therefore, the potential by inhaling the
progenies should be considered for natural exposure dose.
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Fig. 3. The relation between the radioactivity concentration and exposure
time.

IV. SUMMARY

The radon progenies in the air is focused by the recent
study. The behavior of radon progenies is discussed indirectly
by measuring the radioactivity concentration of 214Bi on the
sample based on Cherenkov detection. The results suggest the
potential of inhaling radon progenies. In future, the radioac-
tivity of radon progenies in air will be measured directly.
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Fig. 3: Result of the β-rays inspection. The time fluctuation
of count rates for the poly ethylene sample.

where C(tj) and RBG are the counts of signal and116

background for 10 min, εSr is the estimated abso-117

lute efficiency for 90Sr, ηε (0.37) is the ratio of the118

90Sr efficiency to that for the radon progenies, kρ is119

the correction coefficient, and S is the effective area120

of 30 × 10 cm2. ηε was estimated by calculating121

detection efficiency for these radionuclides in MC122

simulation. kρ is the correction for the difference123

between the inner layers and top layers, and 1.15,124

1.25, 2.02, and 1.91 for polyethylene, aluminums,125

polyvinyl chloride, and papers, respectively. As a126

result, this poly ethylene sample sheet has the con-127

centration of contamination of 17.0±5.8 Bq m−2 in128

a layer, where the error contains the standard devi-129

ation of background rate, a fluctuation of counting130

error, and uncertainty of the number of counts by131

a dead time between the sample set and start time.132

3.3. Impact for exposure time in the air133

The relation between the exposure time in the134

air and the radioactivity concentration on the135

polyethylene sheet is shown in Fig. 4. Black dots136

are data when the sample set on the Al plate,137

red dots are data when the sample set on the138

wood plate, and red curve is fitting function of139

(17.9±0.5)(1−exp(−(t/(1.68±0.06))) as the expo-140

sure time t. The sample sheet put on the insulator141

is charged first, and the sample put on the metal142

is discharged. The charged sample had the concen-143

tration of radioactivity of the radon progenies more144

than discharged sample clearly. As a result, this145

difference suggests the radon progenies in the air is146

tend to absorb by the static electricity. Further, it147

implies the progenies after the radon decay do not148

pile down and float in the room air from attaching149

the progenies on the sample with the exponential150

function.151
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Fig. 4: The relation between the exposure time in the air and
the radioactivity concentration on the polyethylene sheet.

3.4. Decay time constant152

In the result of the count rate, the time constant153

of half life decided from the simple exponential fit-154

ting indicates a fluctuation of the ratio of radon155

progenies (218Po, 214Pb, and 214Bi) on the sample156

sheet at just before inspection. Figure 5 shows the157

relation of the time constant of half life and the ex-158

posure time. The black and red dots are data on the159

Al and wood plate, respectively. A red lines repre-160

sent mean life time and standard deviation when161

the sample was exposed over one hour; the life time162

was observed to be 39.5 ± 2.2 min. Therefore, the163

ratio of radon progenies in the air164

3

Experiment	2

• The radioactive surface concentration
of Polyethylene sample sheets
depending on exposure time in the air
was observed at Exp. 1.

• The radon progenies tends to be
captured to charged sample strongly.

• The counting rate time spectra was
fitted with a function as

• The result at Exp. 1 suggests that 218Po only falling scenario is rejected.
• It is considered the sample captures not only 218Po but 214Pb and 214Bi in the air.
• The radon progenies are suspended in the air after the radon decay.
• A risk of radioactive internal exposures by inhalation of radon progenies should

be considered, and the progenies behavior might become a clue to search the
reason of occurring the lung cancer.

• In short exposure time, Exp. based on Cherenkov originated from 214Bi could
make to clear the behavior of the radon progenies in the air.
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Fig. 5: Result of the β-rays inspection. The time fluctuation
of count rates for the poly ethylene sample.

3.5. The ratio of radon progenies on the sample165

The free parameters x(1)
0 , x(2)

0 , and x(3)
0 in Eq. (1)166

are, respectively, the initial intensity of the count167

rate for 218Po, 214Pb, and 214Bi, and the ratio im-168

plies the concentration ratio attached on the sample169

just before inspection. The relation between the ra-170

tio and the exposure time for sample put on the Al171

plate is shown in Fig. 6. The black, red, and blue172

dot are the ratio of radon progenies 218Po, 214Pb,173

and 214Bi, respectively. The reason why the er-174

ror in data with t < 1 h is large is to observe less175

concentration of radioactivity on the sample. As176

a result, on the sample the ratio of 218Po at just177

time after the exposure is existed, those of 214Pb178

and 214Bi are dominant after one hour later, and179

218Po :214 Pb :214 Bi become to approximately 0:1:1180

after two hour later.181
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Fig. 6: The relation between the ratio and the exposure time
for sample put on the Al plat.

3.6. Difference of concentration in sample materi-182

als183

The concentration on the sample materials were184

compared, where each sample put on Al plate185

at the exposure time over 6 h. As a result,186

the concentration for poly ethylene is the high-187

est in the samples. The mean concentrations188

of aluminums, polyvinyl chloride, and papers are189

2.9± 0.2, 2.9± 0.2, and 3.0± 1.4 Bq m−2, respec-190

tively (see Table 1). Here, saturated concentration191

for polyethylene (17.9± 0.5 Bq m−2) lists in Table192

1.193

If the dust capturing the radon progenies accu-194

mulates on the sample, the surface concentration of195

radioactivity contamination should be uniformity196

regardless of the material. It is considered that the197

difference of the concentration is originated by the198

capturing ratio depending on material properties.199

In brief, it can be considered that there are also the200

components which not capture to the dust. This201

fact suggests that an existence of radon progenies202

in the air after the radon decay. And, it has a po-203

tential to inhale the radionuclides, and to revise the204

radiation exposures dose in the nature.205

Table 1: The concentration for each material

Sample material Surface concentration
Polyethylene 17.9± 0.5 Bq m−2

Polyvinyl chloride 2.9± 0.2 Bq m−2

Aluminum foil 2.9± 0.2 Bq m−2

Paper 3.0± 1.4 Bq m−2

4. Conclusions206

In this study, the radioactivity concentration re-207

lated the radon progenies attached on the surface in208

the room was measured based on the β-ray detec-209

tion, where the concentration was calculated from210

time spectra of the count rate. The rising curve211

of the concentration as exposure time in the room212

air was observed, and it is clear the static electric-213

ity on the sample facilitates to capture the radon214

progenies. The half-life in the time spectra become215

to stable after one hour later, thus it suggests cap-216

tured progenies ratio becomes to stable. The dif-217

ference of concentration yield in comparison with218

sample materials. These results provide the follow-219

ing: a suggestion of floating the radon progenies in220

the room air and the potential for the revision of221

4

Polyethylene	sample

222Rn
218Po 214Pb

214Bi

where 𝑥G
(I), 𝑥G

('), and	𝑥G
(D) are incident intensity of radioactivity for 218Po, 214Pb,

and 214Bi, respectively.
• The Cherenkov photons originated from 214Bi β rays were observed at Exp. 2.
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Fig. 3: Result of the β-rays inspection. The time fluctuation
of count rates for the poly ethylene sample.

where C(tj) and RBG are the counts of signal and116

background for 10 min, εSr is the estimated abso-117

lute efficiency for 90Sr, ηε (0.37) is the ratio of the118

90Sr efficiency to that for the radon progenies, kρ is119

the correction coefficient, and S is the effective area120

of 30 × 10 cm2. ηε was estimated by calculating121

detection efficiency for these radionuclides in MC122

simulation. kρ is the correction for the difference123

between the inner layers and top layers, and 1.15,124

1.25, 2.02, and 1.91 for polyethylene, aluminums,125

polyvinyl chloride, and papers, respectively. As a126

result, this poly ethylene sample sheet has the con-127

centration of contamination of 17.0±5.8 Bq m−2 in128

a layer, where the error contains the standard devi-129

ation of background rate, a fluctuation of counting130

error, and uncertainty of the number of counts by131

a dead time between the sample set and start time.132

3.3. Impact for exposure time in the air133

The relation between the exposure time in the134

air and the radioactivity concentration on the135

polyethylene sheet is shown in Fig. 4. Black dots136

are data when the sample set on the Al plate,137

red dots are data when the sample set on the138

wood plate, and red curve is fitting function of139

(17.9±0.5)(1−exp(−(t/(1.68±0.06))) as the expo-140

sure time t. The sample sheet put on the insulator141

is charged first, and the sample put on the metal142

is discharged. The charged sample had the concen-143

tration of radioactivity of the radon progenies more144

than discharged sample clearly. As a result, this145

difference suggests the radon progenies in the air is146

tend to absorb by the static electricity. Further, it147

implies the progenies after the radon decay do not148

pile down and float in the room air from attaching149

the progenies on the sample with the exponential150

function.151
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Fig. 4: The relation between the exposure time in the air and
the radioactivity concentration on the polyethylene sheet.

3.4. Decay time constant152

In the result of the count rate, the time constant153

of half life decided from the simple exponential fit-154

ting indicates a fluctuation of the ratio of radon155

progenies (218Po, 214Pb, and 214Bi) on the sample156

sheet at just before inspection. Figure 5 shows the157

relation of the time constant of half life and the ex-158

posure time. The black and red dots are data on the159

Al and wood plate, respectively. A red lines repre-160

sent mean life time and standard deviation when161

the sample was exposed over one hour; the life time162

was observed to be 39.5 ± 2.2 min. Therefore, the163

ratio of radon progenies in the air164
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