
Perspectives in Science (2019) 12,  100414

Available  online  at  www.sciencedirect.com

ScienceDirect

jo ur nal homepage: www.elsev ier .com/pisc

A  portable  radioactive  plume  monitor  using
a  silicon  photodiode�

Yuki  Tamakumaa,b,  Ryohei  Yamadaa,1,  Kazuki  Iwaokab,c,
Masahiro  Hosodaa,b,  Tomohiro  Kurokid,  Hiroyuki  Mizunod,
Koji  Yamadad,  Masahide  Furukawae,  Shinji  Tokonamib,∗

a Hirosaki  University  Graduate  School  of  Health  Science,  66-1  Honcho,  036-8564  Hirosaki,  Japan
b Institute  of  Radiation  Emergency  Medicine,  Hirosaki  University,  66-1  Honcho,  036-8564  Hirosaki,  Japan
c National  Institutes  of  Quantum  and  Radiological  Sciences  and  Technology,  4-9-1  Anagawa,  Inage,  263-8555
Chiba, Japan
d Fuji  Electric  Co.,  Ltd.,  Gate  City  Ohsaki,  East  Tower  11-2,  Osaki  1-Chome,  Sinagawa-ku,  141-0032  Tokyo,
Japan
e Faculty  of  Science,  University  of  Ryukyus,  1  Senbaru,  Nishihara-cho,  903-0213  Okinawa,  Japan
Available online  29  June  2019

KEYWORDS
Radioactive  plume;
Continuous  air
sampling;

Summary  In  this  study,  a  portable  radioactive  plume  monitor  using  a  silicon  photodiode  was
developed for  the  detection  of  a  radioactive  plume  (e.g. 131I, 134Cs  and 137Cs)  in  an  emergency
situation. It  was  found  that  the  background  count  rate  was  proportional  to  ambient  dose  equiv-
alent rate  and  the  detection  limit  for  the  monitor  at  20  �Sv  h−1 as  an  ambient  dose  equivalent
Silicon  photodiode;
Detection  limit

rate was  evaluated  to  be  187  Bq  m−3 using  the  ISO11929  method.  These  results  suggest  that  the
detection limit  for  the  system  can  be  decreased  effectively  by  lead  shielding  with  optimized
thickness.
© 2019  The  Authors.  Published  by  Elsevier  GmbH.  This  is  an  open  access  article  under  the  CC
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Introduction
Immediately  after  the  Fukushima  Daiichi  Nuclear  Power
Plant  (FDNPP)  accident,  the  System  for  Prediction  of  Envi-
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onmental  Emergency  Dose  Information  (SPEEDI;  Imai  et  al.,
985) was  not  functioning  well.  The  Nuclear  Regulation
uthority  (NRA)  of  Japan  decided  not  to  use  the  SPEEDI  any

onger  when  judging  whether  an  evacuation  of  residents  was
eeded  or  not  in  a nuclear  emergency  (NRA,  2014).  To  fill  the
ap  caused  by  not  using  the  SPEEDI,  many  measuring  devices
or  radioactive  plume  detection  must  be  widely  deployed
round  nuclear  facilities  (NRA,  2012).  Thus,  a  compact  and
nexpensive  radioactive  plume  monitor  should  be  devel-
ped.  In  this  study,  a  portable  radioactive  plume  monitor

sing  a  silicon  photodiode  was  developed,  and  the  perfor-
ance  test  of  the  developed  monitor  was  carried  out  to
etermine  its  detection  limit.
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Figure  1  Schematic  diagram  of  the  portable  radioactive
p
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for  20  �Sv  h−1 as  an  ambient  dose  equivalent  rate,  which  was
lume  monitor.

aterials and methods

utline  of  the  portable  radioactive  plume  monitor

 schematic  diagram  of  the  monitor  is  shown  in  Fig.  1.
he  system  consists  of  a  silicon  photodiode  (S3590-09,
amamatsu  Photonics  Co.,  Ltd.),  a  bias  supply,  a  pre-
mplifier,  a  linear  amplifier  and  a  multi-channel  analyzer
MCA)  (APG7300A,  Techno  AP  Co.,  Ltd.).  The  thickness  of  the
epletion  layer  of  the  silicon  photodiode  is  set  at  0.3  mm.
irborne  radionuclides  are  continuously  collected  on  the  fil-
er  using  a  pump  which  can  collect  the  air  at  a  flow  rate  of
0  L  min−1,  and  radiation  released  from  the  radionuclides  is
etected  by  the  silicon  photodiode.  According  to  the  report
y  UNSCEAR  (2014),  the  main  radionuclides  of  concern  for
nternal  and  external  exposures  because  of  the  FDNPP  acci-
ent  were 131I, 134Cs  and 137Cs.  It  is  well  known  that  most
rtificial  radionuclides  emit  beta  particles  as  well  as  gamma
ays.  So  a  radioactive  plume  can  be  detected  by  measur-
ng  beta-particles  emitted  from  such  target  radionuclides  as
31I, 134Cs  and 137Cs.

erformance  test  in  Fukushima  Prefecture

 performance  test  of  the  developed  monitor  was  carried
ut  in  Namie  Town,  Fukushima  Prefecture,  which  was  in  an
vacuation  zone  set  by  the  Japanese  government  (UNSCEAR,
014).  The  background  counts  caused  by  gamma-rays  were
easured  with  the  monitor  at  11  sites.  The  background
easurement  interval  was  set  as  10  min.  The  gamma-ray
ulse  height  distributions  were  obtained  using  a  3-in.  ×  3-
n.  NaI(Tl)  scintillation  spectrometer  (EMF-211,  EMF  Japan
o.,  Ltd.)  at  the  same  site,  and  these  were  unfolded  using

 response  matrix  method,  which  was  reported  by  Minato
2001),  for  the  evaluation  of  the  absorbed  dose  rates  in  air.
he  ambient  dose  equivalent  rates  were  calculated  by  mul-
iplying  the  absorbed  dose  rates  in  air  by  the  conversion
actor  of  1.25  (Omori  et  al.,  2016).  The  detection  lim-
ts  for  beta-particles  were  calculated  using  two  methods

hich  were  reported  by  the  International  Organization  for
tandardization  (ISO)  (ISO11929,  2010)  and  Kaiser  (1970). In
he  ISO  method,  the  detection  limit  is  calculated  using  Eqs.

d
u
h
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1)  and  (2). On  the  other  hand,  the  method  by  Kaiser  uses
q.  (3).

∗ =  k  · 1
V  ·  ε� ·  εs

√(
2r0

t

)
(1)

# = 2y∗ +  k2(1/(V  ·  ε� ·  εs ·  t))
1  −  k2{u2

rel(V)  +  u2
rel(ε�)  +  u2

rel(εs)}
(2)

# =
(3/2)

[
(3/t)  +

√
(3/t)2 +  4r0 ·  (2/t)

]
V  ·  ε� · εs

(3)

ere,  y*  is  the  decision  threshold  (Bq  m−3),  k  is  the  quantiles
f  the  standardized  normal  distribution  for  the  probability
f  0.95  (i.e.  k  =  1.65),  V  is  the  sampling  volume  (m3),  ε�

s  the  counting  efficiency,  εs is  the  collection  efficiency,  r0

s  the  background  count  rate  (cps),  tg is  the  measurement
ime  (s),  y# is  the  detection  limit  (Bq  m−3),  and  urel(x)  is  the
elative  uncertainty  for  the  parameter  x.  In  this  study,  the
elative  uncertainties  for  the  sampling  volume,  the  count-
ng  efficiency  and  the  collection  efficiency  were  assumed  as
ero  because  these  values  were  not  evaluated.  The  sampling
olume,  the  counting  efficiency  for  beta-particles  and  the
ollection  efficiency  were  assumed  to  be  0.1  m3,  0.05  and
,  respectively,  because  it  was  supposed  that  the  sampling
ow  rate  and  measurement  time  were  10  L  min−1 and  10  min,
nd  the  collection  efficiency  was  not  accurately  calculated.
he  filter  which  had  a  collection  efficiency  of  almost  1  was
sed.

erformance  test  in  Okinawa  Prefecture

he  continuous  measurement  of  airborne  radionuclides
sing  a  pump  which  had  a  maximum  air  flow  velocity  of

 L  min−1 was  carried  out  in  Okinawa  Prefecture.  Accord-
ng  to  the  previous  report  (Furukawa  et  al.,  2015),  absorbed
ose  rates  in  air  in  Okinawa  Prefecture  were  higher  com-
ared  with  the  other  prefecture.  The  sampling  flow  rate  was
et  as  2.5  L  min−1. The  radiation  emitted  from  the  radionu-
lides  collected  on  the  membrane  filter  was  measured  for
wo  days.

esults and discussion

erformance  test  in  Fukushima  Prefecture

he  relationship  between  the  ambient  dose  equivalent  rates
valuated  using  a  3-in.  ×  3-in.  NaI(Tl)  scintillation  spec-
rometer  and  the  count  rates  of  the  portable  radioactive
lume  monitor  is  shown  in  Fig.  2.  The  background  count
ates  caused  by  gamma-rays  were  directly  proportional  to
he  ambient  dose  equivalent  rates  (y  =  174x0.708,  R2 =  0.877).
he  result  suggests  that  this  monitor  would  be  suitable  for
amma-ray  measurements.

The  detection  limits  calculated  by  the  ISO  method  and
aiser’s  equation  are  shown  in  Fig.  3. The  detection  limit
ecided  by  the  NRA  for  early  protective  measures,  was  eval-
ated  to  be  187  Bq  m−3 using  the  ISO  method.  This  value  was
igher  than  the  detection  limit  of  100  Bq  m−3 at  20  �Sv  h−1
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Figure  2  The  relationship  between  the  ambient  dose  equiv-
alent rates  evaluated  using  a  3-in.  ×  3-in.  NaI(Tl)  scintillation
spectrometer  and  the  count  rates  of  the  portable  radioactive
plume monitor.  The  dotted  line  indicates  a  power  approxima-
tion.

Figure  3  The  relationship  between  the  ambient  dose  equiv-

Figure  4  The  spectrum  obtained  measuring  radiation  from
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alent rates  evaluated  using  a  3-in.  ×  3-in.  NaI(Tl)  scintillation
spectrometer  and  the  detection  limits  calculated  by  the  ISO
method  and  Kaiser’s  equation.

as  an  ambient  dose  equivalent  rate  under  emergency  situ-
ation  decided  by  the  NRA  (2015).  It  is  suggested  that  the
detection  limit  for  the  system  can  be  decreased  effectively
by  using  lead  shielding  optimized  for  the  thickness.  Further-
more,  the  counting  efficiency  and  the  collection  efficiency
should  be  calculated  to  evaluate  a  more  accurate  detection
limit.

Performance  test  in  Okinawa  Prefecture

The  spectrum  obtained  when  measuring  the  radiation
released  from  airborne  radionuclides  collected  on  a  mem-

brane  filter  for  continuous  air  sampling  in  Okinawa
Prefecture  is  shown  in  Fig.  4.  This  result  showed  that  alpha
particles  from  radon  progenies  (212Po, 214Po  and 218Po),  which
are  risk  factors  for  lung  cancer  (WHO,  2009),  were  detected

A

T
N

irborne  radionuclides  collected  on  a  membrane  filter  for  con-
inuous air  sampling  in  Okinawa  Prefecture.

y  the  silicon  photodiode.  Generally,  a  silicon  semiconduc-
or  detector  is  used  for  the  measurement  of  radon  progenies
Tokonami  et  al.,  1996).  However,  the  result  suggests  that
he  portable  radioactive  plume  monitor  using  the  silicon
hotodiode  would  be  suitable  for  measurements  of  radon
rogeny  concentrations.  It  is  planned  to  carry  out  an  exper-
ment  to  determine  the  equilibrium  factor,  which  is  the  ratio
etween  radon  concentration  and  equilibrium  equivalent
adon  concentration.

onclusion

 portable  radioactive  plume  monitor  using  a  silicon  photo-
iode  was  developed  and  its  performance  tests  were  carried
ut  to  determine  the  detection  limit.  A  strong  correlation
as  observed  between  the  ambient  dose  equivalent  rates
valuated  by  a 3-in.  ×  3-in.  NaI(Tl)  scintillation  spectrom-
ter  and  the  count  rates  measured  by  this  monitor.  The
etection  limit  was  evaluated  to  be  187  Bq  m−3 using  the
SO  method.  This  suggests  the  need  for  lead  shielding  opti-
ized  for  thickness.  Alpha  particles  can  be  detected  by

his  monitor,  so  the  portable  radioactive  plume  monitor
ould  be  suitable  for  measurement  of  radon  progeny  con-
entration.  In  the  future,  it  is  necessary  to  consider  the
ollowing  matters:  (1)  the  counting  efficiency  and  the  collec-
ion  efficiency;  (2)  the  accurate  evaluation  of  the  relative
ncertainty;  and  (3)  how  much  the  detection  limit  of  this
onitor  will  decrease  if  it  is  covered  by  a  lead  shield.  The

ounting  efficiency  for  beta  particles  of  target  radionuclides
ill  be  calculated  by  using  a  beta  particle  standard  source
f 137Cs  or  by  measuring  beta  particles  from 214Pb  which  has
imilar  maximum  beta  energy  to  that  of  the  target  radionu-
lides.
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