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Energy scale

1 eV  =  1.6 x 10-19 J

1 kg

1 m

9.8 J

1 electron

1 V

1 eV

1 C

1 V

1 J



Gravitation
Free fall of 1 kg from 1m high
mgh ＝ ~10 J = 6 x 1019 eV = 6 x 107 TeV

It is large energy but it cannot causes high energy radiation. 
 Because each nucleon may get small energy.

6 x 1019 eV / (1000 x 6 x 1023) = 1 x 10-7 eV = 100 neV
Compare to other Energy,  
 it is several order magnitude smaller.

On the surface of neutron stars, “g” is 1011 larger
100 neV -> 10 keV !

LHC = 13 TeV



chemical energy
Battery voltage is related to the chemical interactions.

Ni-Cd 
battery (1.2V)

Alkaline manganese 
battery (1.5V)

It is the same order of ionizing energy



Thermal Energy

8.6171E-5 eV/K

at room temperature, it is about 25 meV = 0.025 eV

k is Boltzmann constant 

Energy of gas molecular is proportional to the temperature. 
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∆tの間に面を通る流量を求める。
流れが面に垂直な場合　通過する体積は、v∆t∆S

流量は密度を掛けて∆I = ρv∆t∆S

∆tの間に面を通る流量を求める。
通過する体積は、v cos θ∆t∆S

面に垂直な単位ベクトルを考えると、
(v · (n = v cos θ

流量は密度を掛けて∆I = ρ(v · (n∆t∆S

面積ベクトルを−→
∆S = ∆S(nとすると

∆I = ρ(v · (∆S∆t

d

dt
∆I = ρv∆S (1)

x− y平面の場合

It is much lower than the ionization energy

Thermal neutron energy



Ionizing radiation

GravityHeatChemical

ionizing radiation

https://www.env.go.jp/en/chemi/rhm/basic-info/1st/index.html

Low-energy quanta cannot ionize an atom. 
The total amount of thermal or chemical energy can be very large, 
but the energy carried by each quantum is too small to cause 
ionization.
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6.1.3. Counting, current, integrating mode

in radiology and radiotherapy, radiation detectors are operated in current 
mode. The intensities are too high for individual counting of events. in nuclear 
medicine, on the contrary, counting mode is primarily used. observing individual 
events has the advantage that energy and arrival time information are obtained, 
which would be lost in current mode. in the case of a personal dosimeter, the 
detector is used in integrating mode. The dose is, for example, measured monthly. 
furthermore, instead of real time observation, the information is extracted at a 
much later time after the actual interaction. 

Electrons

Electron
from

interaction

Gas
Ions

Electrons

Holes

Light quanta

Scintillator Light sensor

FIG. 6.1.  Principle of operation of (a) a gas filled detector, i.e. an ionization chamber; 
(b) a semiconductor detector, i.e. a silicon detector; and (c) a scintillation detector. The former 
two detectors are capacitors. The motion of charge results in an observable signal. The light of 
a scintillation detector is usually detected by a photomultiplier tube. 

6.1.4. Detector requirements

The quality of a radiation detector is expressed in terms of sensitivity, 
energy, time and position resolution, and the counting rate a detector can handle. 
obviously, other aspects such as cost, machinability and reliability are also very 
important. The latter will not be discussed in this chapter.

6.1.4.1. Sensitivity

in radiation detection, the sensitivity depends on (i) the solid angle 
subtended by the detector and (ii) the efficiency of the detector for interaction 
with the radiation. The first point will be obvious and is not discussed further. 
In nuclear medicine, relevant X ray and γ ray energies are in the range of 
~30–511 keV. The detection efficiency is governed by the photoelectric effect 
and compton scattering only. The attenuation length (in centimetres) of the 

Radiations causes some effects in matter. The amount of those 
effects may indicate the energy of the radiation.
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other case. Nevertheless, the large difference, by an order of magnitude, is 
characteristic of the energy resolutions.

Table 6.1.  MeaN eNerGies W To Produce iNforMaTioN 
carriers

detector type W (eV)

Gas filled (electron–ion) 30

semiconductor (electron–hole) 3

inorganic scintillator (light quantum) 25

inorganic scintillator + photomultiplier tube (electron) 100

inorganic scintillator + silicon diode (electron–hole pair) 35

in nuclear medicine, time resolution is mainly of importance for PeT. Time 
resolution depends primarily on two factors, the rise time and the height of the 
signal pulses. The effect of the former can be understood by considering that it 
is easier to measure the position of a pulse on a timescale with an accuracy of 
100 ps if the rise time is 1 ns, than if it is 10 ns. The pulse height is important 
because there is noise as well. The higher the pulse relative to the noise, the 
easier it is to determine its position. in addition, time jitter due to pulse height 
(energy) variation will become less important. if time resolution is the issue, the 
fast response and fast rise time of inorganic scintillators and the fast response of 
the light sensors make the scintillator the preferred detector. 

Position resolution can be obtained easiest by pixelating the detector at a 
pitch corresponding to the requested resolution. in nuclear medicine, position 
resolution is an issue in γ ray detection in the gamma camera and in single photon 
emission computed tomography (sPecT) and PeT detection systems. in the 
latter, pixelated scintillators are used and the position resolution of a detector 
is determined by the pitch. More recently, studies have been published on the 
use of monolithic scintillator blocks in PeT. light detection occurs by means 
of pixelated sensors. in principle, this is analogous to the gamma camera. a 
relatively broad light distribution is measured using pixels that are smaller in size 
to define the centre of the distribution, thus obtaining a position resolution that is 
even better than the pixel size. 

6.1.4.3. Counting rate and dead time

an achievable counting rate depends on (i) the response time of a detector, 
i.e. the time it takes to transport the charge carriers to form the signal or to emit 

The number of electron
How much charge are we seeing?
Average energy to ionize ~10eV
662 keV / 10 eV = 66,200 electron 

66,200 electron x 1.6 x 10-19 C/electron = 1.06 x 10 -14 C

Can we measure 0.01 pC ?



Electron Counting
How many electron do we need to observe?
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1µA =
10−6

1.6× 10−19
個/秒 = 6× 1012個/秒 (12)

(13)

電流計で読み取れるのは 1µA程度。電子の数は？
We can see→ 0.1s

6 x 1011electron is needed to “See”

7 x 104 electron is not enough to “See”

Ammeter can measure about 1μA. How many electron?

e/s e/s 



66,200 electron pass in 10 ns. 
Current ＝ Charge/ Time 
0.01 pC / (10 x 10-9) = 1 uA 

Cannot see in Ammeter but may be detected by electronics.

Electronics can measure voltage. 
Current to Voltage 
1 uA x 50Ω = 50 uV

Is it possible?

We need very good amplifier.
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CHAPTER 6

height will eventually become independent of the deposited energy. This is the 
Geiger–Müller region. 
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FIG. 6.3.  (a) Pulse height as a function of applied high voltage for gas filled detectors; 
(b) cylindrical detector geometry. 

Instead of one wire in a cylindrical geometry, many equidistant parallel 
anode wires at a pitch of 1–2 mm can be positioned in a plane inside a box with 
the walls as cathode planes. This multiwire proportional chamber (MWPC) is 
employed in autoradiography. The technique of photo-lithography made it 
possible to introduce micro-patterned detectors that operate analogously to 
the MWPC. Examples are the micro-strip gas chamber and the gas electron 
multiplier. Spatial resolutions are of the order of 0.1 mm.

6.3. SEMICONDUCTOR DETECTORS

6.3.1. Basic principles

As shown in Fig. 6.1(b), a semiconductor detector is a capacitor. If upon 
interaction with radiation, electrons are lifted from the valence band into the 
conduction band, the transport of the charge carriers in an applied electric field is 
observed. However, if a voltage difference is supplied to electrodes on opposite 
sides of a slab of semiconductor material, in general, too high a current will flow 
for practical use as a detector. At room temperature, electrons are lifted from the 
valence band into the conduction band by thermal excitation due to the small gap 
(Egap ≈ 1 eV). The resulting free electrons and holes cause the current. A solution 
is found in making a diode of the semiconductor, operated in reverse bias. Silicon 

Electron multiplication
Accelerated electron hits an atom.

Secondary electrons may be emitted.

Accelerated electron :  
Energy (eV) = Electric field (V/m) x mean free path (m)

It must be bigger than ionizing energy

Electric field is 1/r 
Using a thin wire, strong electric 
field can be obtained near the wire.



202

CHAPTER 6

height will eventually become independent of the deposited energy. This is the 
Geiger–Müller region. 

Limited
proportional
region

Geiger–
Müller
region

Full
ionization

Recombination

Radiation

Cathode

Anode
wire

Cylinder geometry

High voltageVT

Proportional
region

2E

E

(a) (b)

P
ul

se
 h

ei
gh

t (
lo

g 
sc

al
e)

FIG. 6.3.  (a) Pulse height as a function of applied high voltage for gas filled detectors; 
(b) cylindrical detector geometry. 

Instead of one wire in a cylindrical geometry, many equidistant parallel 
anode wires at a pitch of 1–2 mm can be positioned in a plane inside a box with 
the walls as cathode planes. This multiwire proportional chamber (MWPC) is 
employed in autoradiography. The technique of photo-lithography made it 
possible to introduce micro-patterned detectors that operate analogously to 
the MWPC. Examples are the micro-strip gas chamber and the gas electron 
multiplier. Spatial resolutions are of the order of 0.1 mm.

6.3. SEMICONDUCTOR DETECTORS

6.3.1. Basic principles

As shown in Fig. 6.1(b), a semiconductor detector is a capacitor. If upon 
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Neutron detection
Charged particles directly ionize. 

Photons cause photo-electric reactions. Secondary 
electrons ionize. 

How about neutron.

Recoil reaction : Kicked charged particle may ionize. 

Nuclear reaction (Charge exchange reaction) (n,p) (n,α) 

Fission reaction. Fission products ionize,.



1 barn = 10-24 cm2



d (cm)
S (cm2)

V (cm3) ρ (g/cm3)

ρdS (g) / S (cm2) = ρd (g/cm2)  
ρd (g/cm2) / A (g/mol) = (mol/cm2)

1 barn = 10-24 cm2 

Physical Cross 
section of nucleus : 

U = 1.7 barn  
B = 0.18 barn

Gas (~10-4 mol/cm2) has poor probability of hits for 1 barn cross section.

Total Area of target in Unit area  
= NA(1/mol)ρ(cm2)x ρd/A(mol/cm2) 
= 0.6 ρ(barn)x ρd/A(mol/cm2)



https://web.mit.edu/8.13/www/JLExperiments/38/tgm-neutron-detectors.pdf

Helium-3 Proportional Counters utilize the He (n,p) H3 reaction for 
the detection of thermal neutrons.

He-3 Neutron Detectors provide an output pulse which is proportional 
to 764KeV for thermal neutrons. The cross section of He-3 for thermal 
neutrons is 5330 barns. 
The cross section follows a 1/v relationship (v = neutron velocity) up 
to about 0.2 MeV.

where Q = 764KeV.

Helium-3 Neutron Proportional Counters



https://web.mit.edu/8.13/www/JLExperiments/38/tgm-neutron-detectors.pdf

Boron Tri-fluoride (BF3) Proportional Counters are largely sensitive 
to Thermal Neutrons. 

BF3 Neutron Proportional Counters

In 93% of the reactions Q=2.31 MeV, leaving the Lithium nuclide 
in the first excited state. The other 7% of the reactions have Q = 
2.79 MeV, with the Lithium nuclide in the ground state.

BF3 neutron detectors contain boron enriched to >90% B10 

The thermal neutron cross section for B10 is 3840 barns. 
This is considerably less than the cross section of He-3 for thermal 
neutrons. The cross section drops off as 1/v up to about 0.1 MeV (v 
= neutron velocity).



The coating-material form typically includes 
metallic uranium, UO2, or U3O8 [28]. A very thin layer (0.02‒2 mg/
cm2 surface thickness) is electroplated (sometimes evaporated or 
painted) on the inner walls. The thin layer is directly exposed to the 
detector gas. After a ssion event, the two ssion fragments travel in 
nearly opposite directions. The ionization caused by the ssion 
fragment that entered the gas is sensed by the detector; the 
fragment traveling in the opposite direction is absorbed in the 
detector wall.

Fission Chambers



10 B-Lined Detectors

DOI:10.1007/978-3-031-58277-6_15

Detectors lined with 10 B lie between 3 He and BF3 proportional counters 
and fission chambers in terms of neutron-detection efficiency and 
gamma-ray insensitivity.  
Structurally, 10 B-lined detectors are similar to fission chambers̶with 
the neutron-sensitive material, boron (in form of enriched 10 B or 10 B4C), 
plated in a very thin layer (~0.2‒0.5 mg/cm2 ) on the walls of the 
detector

https://doi.org/10.1007/978-3-031-58277-6_15


0.2 mg/cm2

235 g/mol
= 10-6 mol/cm2 :  6x1017 U/cm2

Total target area = 5000 b x 6x1017 /cm2 = 3 x 10-3 

0.3% of neutron hits

A standard power reactor core has an average neutron 
flux of about 3 x 1013 n/cm2s

0.3% of 3 x 1013 n/cm2s is 1011 hit/cm2s

ion chamber :  1011 x 1.6 x 10-19 C/s/cm2 =1.6 x 10-8  A/cm² 

16 nA/cm² 



Helium-4 and CH4 Fast-Neutron Detectors

DOI:10.1007/978-3-031-58277-6_15

Helium-4 and CH4 fast-neutron detectors rely on the recoil of 
light nuclei to ionize the gas in the tube. 

If the recoiling nucleus is only a hydrogen nucleus (proton), the 
maximum possible energy transfer is the total neutron kinetic 
energy E. For heavier elements, the maximum energy transfer is 
always less.  
For a nucleus of atomic weight (A), the maximum energy transfer 
is

15 Neutron Detectors 339

Fig. 15.13 High-voltage response of boron-lined, high-dose neutron detector for range of gamma dose rates 

15.4.3 Helium-4 and CH4 Fast-Neutron Detectors 

Helium-4 and CH4 fast-neutron detectors rely on the recoil of light nuclei to ionize the gas in the tube. The interaction is the 
elastic scattering of the neutron by a light nucleus. If the recoiling nucleus is only a hydrogen nucleus (proton), the maximum 
possible energy transfer is the total neutron kinetic energy E. For heavier elements, the maximum energy transfer is always 
less. For a nucleus of atomic weight (A), the maximum energy transfer is [4] 

EðmaxÞ= 4AE 
ðAþ 1Þ2

ð15:3Þ 

For a single scattering event, the actual energy transferred to the recoiling nucleus lies between 0 and E(max), depending on 
the scattering angle, and has equal probability for any value in this range. 

Equation 15.3 shows that the target nucleus must have low atomic weight to receive a significant amount of energy from 
the neutron. Hydrogen is the most obvious choice; it can be used in a gaseous form or, more commonly, in liquid or plastic 
scintillators (see Sect. 15.5). Popular gas detectors usually employ methane (CH4), which has a high hydrogen content, or 

4 He, 
which has a maximum energy transfer of 0.64 E(n). (Helium-3 gas is also a suitable candidate by these criteria, but it is usually 
not used because of the stronger thermal reaction described in Sect. 15.4.1.) Figure 15.14 illustrates the elastic-scattering cross 
sections for 1 H and 4 He, showing that they match the shape of the fission-neutron energy spectrum fairly well [26]. Note that 
the cross sections are substantially lower than those given in Fig. 15.6 for 3 He and 10 B. The efficiency for detecting a fast 
neutron by an elastic-scattering interaction is about 2 orders of magnitude lower than the efficiency for capture of a thermal 
neutron (see Table 15.1). Thus, a single 4 He or CH4 tube has an intrinsic efficiency of ~1.5% [26]. 

These gas counters are operated as proportional counters, with voltages in the range of +1200–2400 V. Gas fill pressures 
are typically 10–20 atm. Relative to helium, the polyatomic gases CH4 or H2 again require higher operating voltages, have 
slightly lower efficiencies, are limited to lower pressures, and exhibit faster signal rise times. The gamma-ray sensitivity of the 
two types of counters is comparable. Neutron counting can be done in gamma-radiation fields of roughly 1 R/h if a moderately 
high threshold is set [27]. 

Figure 15.15 shows a pulse-height spectrum from a 4 He proportional counter collected with a 252 Cf neutron source. The 
observed spectrum shape is the convolution of the following effects:

• the 252 Cf spontaneous fission neutron spectrum, as illustrated in Fig. 13.2;
• the probability of transferring an energy between 0 and E(max) to the recoiling nucleus;
• the probability of multiple neutron scatters and the probability of losing recoiling nuclei in the tube walls; and
• the detection of low-energy noise pulses and gamma-ray pileup events.

https://doi.org/10.1007/978-3-031-58277-6_15


eV, barn and …

You studied the definition and meaning in textbooks and lectures.

Please apply those units to real world. You will feel what are they.



After the accident



How was RI released?

Chernobyl Fukushima

Explosion steam explosions  
at the core

Hydrogen explosion 
outside of the core

Ejection of RI By explosion and fire. Evapolation

Source: OECD NEA



G. Katata et al.: Atmospheric release from the Fukushima Daiichi Nuclear Power Station accident 1041

Table 5. Characteristics and total inventories of radionuclides for Units 1–3 at FNPS1 (Nishihara et al., 2012).

Radionuclide State in atmosphere Half-life Boiling point (�C) Total inventory (PBq)
131I Gas/aerosol 8.0 days 180 6.02⇥ 106
132I Gas/aerosol 2.3 hours 180 8.85⇥ 106
132Te Aerosol 3.2 days 1400 8.68⇥ 106
133I Gas/aerosol 21.0 hours 180 1.26⇥ 107
137Cs Aerosol 30.0 years 670 6.98⇥ 105
134Cs Aerosol 2.1 years 670 7.18⇥ 105

ment vessels are assumed because even for the period when
the special events were not reported, air dose rates near the
boundary of FNPS1 increased when the measurement point
was located downwind. Concerning the release height, the
venting is assumed to be from the stack at a height of 120m
above the ground level; hydrogen explosion, a volume source
whose size is determined from film; and other leakages from
the building from a height of 20m.
During the period from 21:00 of 14 March to 04:00 of 15

March, the safety relief valve (SRV) was opened three times
to decrease the pressure of the reactor pressure vessel (RPV)
at Unit 2 and, according to these operations, the environmen-
tal monitoring data clearly showed increases of air concen-
tration and air dose rates downwind. Thus, we assume the
three releases are at the periods which are the same as those
corresponding to decreases in the RPV pressure. The release
is assumed to occur from the stack via the RPV.
From 04:00 of 15 March to 11:00 of 16 March, although

it was expected from environmental monitoring data that a
number of large releases occurred, the reason is still not clear.
Thus, the source term is estimated in detail by the compar-
ison of calculation results for a unit release every hour to
every several hours with relevant increases of air dose rates.
Concerning the release height, the release from the Unit 2
building is assumed until 16:00 of 15 March. After 16:00 of
15 March to 06:00 of 16 March, the mixture of releases from
the Unit 2 building and Unit 3 stack is assumed because the
venting at Unit 3 started at 16:01 of 15 March. Since the ra-
tio of release amounts from Units 2 and 3 is not clear, the
vertical line source from 20 to 120m height is applied.
After 17 March, wet venting operations at Unit 3 on 21:30

of 17 March, 05:30 of 18 March, and 11:25 on 20 March was
reported (TEPCO, 2011a). However, except for these venting
operations, the events which caused the atmospheric releases
are not clear. For this period, Tanabe (2012) discussed the
possibility of a core fuel material re-melt at Units 3 and 1
on 21 March and 22–23 March, respectively, due to a water
shortage to cool the molten cores. The white and gray smoke
observed at Unit 3 at 15:55 on 21 March and at 16:20 on
23 March indicated possible fires (Prime Minister of Japan
and His Cabinet, 2011; TEPCO, 2011a). These events prob-
ably caused the release from the building. Thus, we assume
the continuous releases except for the period of venting op-

erations. The duration of the continuous release is roughly
estimated by assuming that the certain specific rate tween
two released times of sampled air used for the source esti-
mation. Because the sampling time irregularly changed day
by day, the duration for continuous release of specific release
rate is consequently different as shown in Fig. 5. Thus, this
difference in release periods has no physical meaning after
17 March.

3 Source term estimation and local-scale dispersion
analysis

The estimated source term is shown in Table 6 and the tem-
poral variation of the release rates are depicted in Fig. 5. The
release rates shown in Table 6 and Fig. 5 are not decay nor-
malized values to the shutdown time but are valid at the re-
lease time. The events in the reactors (TEPCO, 2011a, 2012;
Tanabe, 2012) are also shown in Fig. 5, but it is not clear from
the reverse estimation that the events shown in Fig. 5 mainly
caused the atmospheric releases, particularly after 15 March.
The estimated values show total release rates from Units 1 to
3.
The major differences of the estimated source term in this

study from our previous work (Terada et al., 2012) are de-
scribed below.

3.1 Afternoon of 12 March

In the afternoon of 12 March, the wet venting started at
14:00 and the extreme decrease of the pressure of the pri-
mary containment vessel of Unit 1 (PCV-U1) from 14:00
to 15:00 indicated atmospheric discharges of radionuclides.
The source term estimation for this venting is possible using
data from an automatic monitoring post at Kamihatori (5 km
northwest from FNPS1). The hourly averaged air dose rates
increased to 1590 µGy h�1 from 14:00 to 15:00, and then
rapidly decreased (Fig. 6a). TheWSPEEDI simulation shows
that this high air dose rate was due to the large releases during
the wet venting of Unit 1. The estimated release rates were
2.9⇥ 1015 and 2.9⇥ 1014 Bq h�1 for 131I and 137Cs, respec-
tively. In Fig. 6a, the red line is the result of the WSPEEDI
simulation using the estimated source term. The timing of a
peak appearance by the plume arrival and the values of the

www.atmos-chem-phys.net/15/1029/2015/ Atmos. Chem. Phys., 15, 1029–1070, 2015

Atmos. Chem. Phys., 15, 1029–1070, 2015 
www.atmos-chem-phys.net/15/1029/2015/ 

Exposed activities



Activities

Same amount of radioactivities.
Decay rates (Bq) are different.
Decay rates (Bq)・life (s) is the 
number of atom.

Decay rate of 133Xe and 131I are 
high but those amounts are less 
than 137Cs.



90Sr/137Cs
90Sr and 137Cs are fission products. Yields are almost the same. 

The amount of those nuclei in the core should be the same.

Boiling point of Cs is 670.8 ℃. While, that of Sr is 1,382 ℃.

Chernobyl Fukushima
Explosion at the core outside of the core

Ejection of RI By explosion and fire. Evapolation

90Sr/137Cs ~0.1 ~0.001



134Cs/137Cs
www.nature.com/scientificreports/

4Scientific RepoRts | 6:31376 | DOI: 10.1038/srep31376

is shown as the same color chart used in Fig. 1b. Here, the 134Cs/137Cs ratios for 200-m grid square are median 
values for each grid square in which one hundred measured data were obtained on average. "e average ratios 
of 134Cs/137Cs in four high-deposition areas shown in Fig. 2a, e.g., the north-northwest, upper-west, lower-west, 
and south, are 0.95, 1.06, 1.05, and 1.05, respectively. "e 134Cs/137Cs ratio (0.95) in the north-northeast area is 
virtually the same as the inventory of Unit 1 (0.94). However, because the AUH survey does not portray enough 
accuracy to clearly distinguish the areas speci#cally in$uenced by Unit 2 versus Unit 3 (as discussed in detail 
within the Materials and Methods section below), it is therefore assumed that the areas of the upper-west, lower- 
west, and south were speci#cally a%ected by Units 2 and 3. Hence, the associated local contamination distribution 
characteristics around FNDPS were deemed as the following:

(1) "e area of blue blocks (Unit 1) toward the north-northwest direction (Area G), and
(2) "e area of red and green blocks (Units 2 and 3) from the west to the south.

Uncertainty of both measurements, in-situ gamma spectrometry measurement and the AUH survey, is dis-
cussed in the Materials and Methods section.

Numerical simulations on atmospheric dispersion and deposition of radionuclides were carried out by the 
Worldwide version of SPEEDI (WSPEEDI-II)14 with a new deposition scheme via Katata et al.5. "e temporal 
change in release rate of 137Cs from March 12–24, 2011 estimated by Katata et al.5 is shown in Fig. 3. "e three 
dark-shaded time periods depict when the plume mainly $owed toward the Paci#c Ocean, which resulted in a 
temporary absence of cesium ground deposition data. "e #gure shows that relatively large release quantities 
continued until almost March 21, 2011 and that six distinct instances of major releases had contaminated the 
soil surface. "us, the WSPEEDI-II simulations for the following release periods were carried out to identify the 
deposition areas created by the subject major releases:

•	 Release periods from 15:30 Japanese Standard Time (JST) to 16:00 JST on March 12, 2011 (Case 1).
•	 From 21:00 JST on March 14, 2011 to 02:00 JST on March 15, 2011 (Case 2).
•	 From 07:00 to 11:00 JST on March 15, 2011 (Case 3)
•	 From 16:00 JST on March 15, 2011 to 01:00 JST on March 16, 2011 (Case 4).
•	 From 09:00 to 11:00 JST on March 16, 2011 (Case 5), and
•	 From 00:00 JST on March 20 to 06:00 JST on March 21, 2011 (Case 6).

Results
Deposition patterns of 137Cs over East Japan calculated by WSPEEDI-II for the six subject cases are shown in 
Fig. 4. "e deposition patterns of 137Cs for Cases 2 to 5 over the Fukushima Prefecture are also shown in Fig. 5. 

Figure 2. Autonomous unmanned helicopter (AUH) survey; spatial maps of (a) 134Cs+ 137Cs deposition over 
the 5-km area of FDNPS27 and (b) the 134Cs/137Cs ratio over the 3-km area. "e spatial distribution maps are 
created using ArcGIS version 10.3 (http://www.esri.com/) with administrative boundary data and background 
map by "e Geospatial Information Authority of Japan (http://maps.gsi.go.jp/).

Under the stable irradiation, the 
activity ratio almost linearly 
increases with the irradiation 
period, namely the fuel burn up. 
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Temporal variations of observed air dose rates at several points over East Japan15–19 are provided in Fig. 6 for 
discussion. Herea"er, the described reactor events that occurred in Units 1 through 3 are referenced from Tokyo 
Electric Power Company Inc. (TEPCO)8.

Case 1 (from 15:30 to 16:00 JST on March 12, 2011). During the release period of Case 1, the 
hydrogen explosion of Unit 1 occurred at 15:36 JST. Figure 4a for Case 1 shows that the plume #owed toward 
the north-northwest (NNW) direction, and ultimately formed a contamination contour (via dry deposition) 
along the northeastern coast of the Fukushima Prefecture. $e plume then changed its direction toward the 
north-northeast (NNE) direction, resulting in a virtual zero-trajectory for measurement on the land over East 
Japan (Fig. 1b). However, Fig. 2b clearly shows the narrow band of Unit 1’s 134Cs/137Cs ratio toward the NNW 
(Area G), which corresponds to the #ow direction of the simulated plume from the hydrogen explosion. A"er 
the hydrogen explosion, three monitoring posts of the Fukushima Prefecture15 (Shinzan [3.9 km NNW from 
FDNPS], Namie [8.6 km NNW], and Kiyohashi [8.2 km north]) located at the downwind region of the subject 
narrow band showed increases of air dose rates at around 17:00 JST on March 12, 2011. Continuous monitoring 
data for air dose rates at Namie until the end of March 2011 showed that the maximum increase in ground-shine 
occurred during Case 1, with no further drastic increase (in ground-shine) observed a"er the night of March 12, 
2011; however, some peaks did appear due to cloud-shine (Fig. 6a). $ese results essentially indicated that the 
blue band in Fig. 2b corresponding to the Unit 1’s 134Cs/137Cs ratio was created by large amounts of releases asso-
ciated with the Unit1’s hydrogen explosion.

Case 2 (from 21:00 JST on March 14, 2011 to 02:00 JST on March 15, 2011). During the release 
period of Case 2, the safety relief valve (SRV) of Unit 2’s reactor pressure vessel (RPV) was opened at 21:20 JST, 
followed by respective decreases of RPV pressure at 21:20 and 23:00 JST on March 14, 2011, and at 01:10 JST on 
March 15, 2011. According to Tanabe20 and Katata et al.5, the coincidence of the timing of air dose rate increases 
in the environment with the decreases of RPV pressure indicates that atmospheric releases very likely occurred 
from Unit 2 per the actuation of the SRV.

In the WSPEEDI-II simulation (Figs 4b and 5a), the plume #owed toward the south to south-southwest (SSW) 
direction and formed a high-contamination-area contour (by dry deposition) along the southeastern coast of 
the Fukushima Prefecture. $e plume then moved westward and encountered a rain-band at the mountainous 
regions of the Gunma and Tochigi Prefectures and the central part of the Fukushima Prefecture, resulting in a 
large amount of wet deposition at those locations.

Hot spots at the western part of the Gunma Prefecture coincide with the areas of Unit 2’s 134Cs/137Cs ratio 
(Area A in Fig. 1b), suggesting that a large release quantity during the night of March 14, 2011 was, in fact, from 
Unit 2. $e deposition at the central area of the Tochigi Prefecture also appeared through both simulation and 
observation, though the observation data (in Fig. 1b) does not seem quite as clear as compared to the simulation 
data. $ese results hence support the investigations made by Tanabe20 and Katata et al.5.

In Fig. 1b, deposition corresponding to Unit 3 is seen in the area around the Gunma, Tochigi and the south 
of Fukushima Prefectures (Area B in Fig. 1b). According to Fig. 4, Case 2 and Case 6 a%ected the objective area. 
Although it is not included in Fig. 4, the WSPEEDI-II simulation for the plume discharged during the period 
between Case 2 and Case 3 (Case 2–3) shows the deposition on the similar area. According to the air dose rates 
observed at Utsunomiya City19, the capital of the Tochigi Prefecture, the large increase appeared on March 15 
which corresponds to Case 2 and Case 2–3 and the small on March 20–21 to Case 6. Because the dominant source 
of Case 2 is Unit 2, the deposition corresponding to Unit 3 (Area B) was likely due to a release that occurred in 
Case 2–3. $e area of green circles at the west part of the Fukushima Prefecture in Fig. 1b might be also created 
in this period. However, as the WSPEEDI-II simulation could not reproduce the deposition in this area, it is not 
veri&ed.

Figure 3. Temporal variation of atmospheric release rate of 137Cs estimated by Katata et al.5. $e number 
means the major releases which contaminated the land mass of East Japan.

Yamamoto, T. (2022). Activity and weight ratios of cesium, uranium, plutonium, and curium isotopes based on elaborate inventory 
calculations of Fukushima Dai-ichi NPP units 1 to 3. Journal of Nuclear Science and Technology, 59(11), 1448–1454. https://
doi.org/10.1080/00223131.2022.2051764



using !xed-wing airplanes and helicop-
ter "yovers, extrapolating to the expo-
sure rate at ground level, and converting 
that value to an area concentration of 
cesium, given the relative proportions of 
134Cs and 137Cs expected. One example 
is shown in Fig. 8. From several of these 
maps, isodose/isoconcentration curves 
are generated, and a map over the entire 
survey area is produced, as in Fig. 9 from 
the NNSA. #is method has the poten-
tial to miss small hot and cold spots in 
the survey area but provides a reasonable 
distribution of the deposition of  
these radionuclides.

A signi!cant number of soil samples 
throughout the region have been col-
lected and measured with gamma spec-
troscopy to obtain cesium concentration. 
A summary map is shown in Fig. 10 
(measurements analyzed by Yasunari 
et al. [9]). #is careful work provides 
a detailed quanti!cation of 137Cs envi-
ronmental contamination. Such data 
will be needed to better inform o$-site 
cleanup or remediation activities. 

A direct correlation between these 
various maps has not been com-
pleted at this time. But, the patterns 
observed are quite similar. Using the 
NNSA maps (Figs. 8 and 9), there is 
a total land area of ~874 km2 con-
taminated with 134Cs and 137Cs in a 
concentration >600 kBq/m2, which 
is the concentration that is predicted 
to correspond to a 10-mSv (1-rem) 
dose in the !rst year (this includes 
areas outside the 20-km evacuation 
zone). We were not able to precisely 
compare this to the Japanese govern-
ment relocation land area, but the 
relocation area is larger. 

III.D. Contamination of Foodstu!s 
#e Committee collected and compiled data for contami-
nation of foodstu$s by 134Cs, 137Cs, and 131I. #ese detailed 
data, as well as detailed spreadsheets, are provided at the 
Japanese Ministry of Health, Labor and Welfare Web site 
[10]. #e data for the period March 19, 2011, through Sep-
tember 21, 2011, indicate that typically <10% of samples 
were found to contain contamination levels exceeding the 
provisional regulation limits (regulatory action levels).  

Actions taken by the Japanese government to restrict con-
sumption of contaminated meats are given in [11].

III.E. Water Monitoring
No data were available regarding the partition between 
public water supplies and bottled water that was used after 
the accident. Data do exist for some public water supplies. 
#ese data are provided in summary tables at the ANS 
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Figure 8. Monitoring results [8]. (Courtesy of NNSA.)

Figure 9. Map of isodose curves for Fukushima region from NNSA 
measurements. (Courtesy of NNSA.)

 2000 mrem/y = 20mSv/y



https://www.rcnp.osaka-u.ac.jp/dojo/index_en.php

Survey of Fukushima Soil Radio activities

Osaka university and the 
Japan Atomic Energy Agency 
(JAEA) played a key of role in 
the collection of the soil samples 
in June - July, 2011.

409 scientists from 94 academic 
research institutions, and 3 
private enterprises participated. 

Many radiation scientist in universities volunteered for screening.





Where is radio activities?
The activities of short-lived radionuclides decreased rapidly. 
Activities in early April were 131I : 134Cs : 137Cs = 2:1:1. 
one year after, we observed only 134Cs and 137Cs

134Cs 2.07 years

137Cs 30.04 years

Cs total

131I   8 days



Where is radio activities?
Okuma town has been measuring air dose rate in untouched area. 
Air dose rate should decrease as decay of 137Cs and 134Cs.

Calculation

Measurements

Air dose rate 
decrease faster 
than the 
calculation. 
In two years it 
decreased 1/2.

Where has the 
radioactivity gone?
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Regarding radioactive cesium in the surveyed forests, in the first one year after the accident 
from 2011 to 2012, the percentage of radioactive cesium found in leaves, branches and 
litter layers decreased significantly, while that found in soil increased significantly. This is 
considered to be because radioactive cesium deposited on leaves and branches, etc. of 
trees gradually transferred to the litter layer on the ground due to rain or leaf fall and then 
transferred to soil due to the decomposition of the litter layer. The percentage of radioactive 
cesium in soil is continuously increasing, and over 90% of the radioactive cesium in forests 
is found in soil or the litter layer as of FY 2023, mostly found in the soil surface layer at a 
depth between 0 cm and 5 cm.

The concentration of radioactive cesium found in leaves, branches, and tree bark has 
been decreasing as a whole since the commencement of the survey in FY2011. The 
concentration in litter layers decreased by 90% or more at all locations from FY2011 to 
FY2023. Regarding soil, the concentration is the highest in surface soil (the layer at a depth 
between 0 cm and 5 cm), but changes in the concentrations vary by area and no clear 
tendency is observed.

Meanwhile, cumulative doses of radioactive cesium in forests as a whole have not shown 
any clear changes. According to surveys and other data on the Chornobyl Nuclear Power 
Station Accident, it is thought that radioactive cesium stays in forestry ecosystems and that 
part of such radioactive cesium circulates internally. Cumulative doses in forests as a whole 
change only little over years and radioactive cesium is generally accumulated near the soil 
surface. Accordingly, it is considered that the amount of radioactive cesium that flows out 
of forests is small. Furthermore, it has become clear that changes in the concentrations of 
radioactive cesium in wood are minor even after the lapse of time since the accident and 
that trees absorb radioactive cesium from soil through their roots.
(Related to p.186 of Vol. 1, “Distribution of Radioactive Materials in Forests”)

Included in this reference material on January 18, 2016
Updated on March 31, 2025
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Contaminated soil particles 
move deeper slowly. 
Most of them remain within the 
top 5 cm of soil.
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This figure explains specific decontamination methods.
Even in areas where radiation doses are relatively low, fallen leaves and dirt containing 

radioactive materials are apt to accumulate under the leaves or in gutters of houses or 
in ditches on the street, causing higher ambient doses in the surrounding areas. At such 
locations, fallen leaves and dirt are removed and the relevant places are washed and 
cleaned.

There are areas where radioactive materials adhere to the shrubbery, underbrush or 
fallen leaves. Radioactive materials are removed through mowing of vegetation, pruning and 
removal of fallen leaves.

In areas where radiation doses are relatively high, other decontamination methods, 
in addition to those employed at areas with relatively low radiation doses, may need to 
be employed. For example, as radioactive materials mostly exist within a layer a few 
centimeters below the ground surface, effects of radioactive materials can be mostly 
diminished by stripping topsoil (for example, to a depth of 5 cm) or replacing topsoil with 
subsoil.

Areas where radioactive materials adhere to roofs and walls of buildings or on the paved 
road, relevant parts are washed and cleaned but such method may not be effective in cases 
where radioactive materials adhere firmly depending on the nature of their raw materials.

For farmland, proper methods need to be selected in consideration of the effects on 
agricultural products, as well as the effects on people due to exposure. In farmland plowed 
after the accident, radioactive materials exist little deeper from the ground surface. However, 
if all contaminated soil is removed, the farmland becomes unsuitable for farming. Therefore, 
at such farmland, various methods such as deep tillage (plowing soil as deep as 30 cm in 
principle) or inversion tillage (replacing topsoil with subsoil) (p.70 of Vol. 2, “Measures for 
Reducing Transfer of Radioactive Materials to Crops (1/5) - Decontamination of Farmland -”) 
are being employed.

Included in this reference material on March 31, 2013
Updated on February 28, 2018
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Hamadohri Environmental Radiation Measurements international school 
19-24 July 2026

ieee.org

Climate Change
Initiative NPSSCCI

1

Meeting 16th of April 2024

AGENDA

--Workshop at NSS-MIC
 _Logistics, Publicity material for website and conferences
 -Status of contacts with missing invited speakers (Patrick, Sandro)
 -Publications (Alberto, All)

-Fukushima School (Masa, Cinzia)
-2025 NPSS Workshop : proposal for the evolution 
-More News since last meeting
-Proposal for the generation of an outreach booklet on “Nuclear”
-AoB

School in English
26 students! (24 from abroad / 2 students in Japan )
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Sampling

Measurements

• Sampling (including at restricted area) 
• Air Dose rate measurements

• Measurements of samples (NaI detector)
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Communication with locals

Discussions Visit

Visit Fukushima Daiichi 
Nuclear Power plants

50



51

From Nationality

Japan 11 9

Germany 5 7

Malaysia 4 3

Saudi Arabia 3 3

Thailand 3 3

Singapore 3 3

Indonesia 2 2

Philippines 2 2

United States 2 1

Spain 1 1

United Kingdom 1 1

Pakistan 1

Sri Lanka 1

Zimbabwe 1

Switzerland 1



Hamadohri Environmental Radiation Measurements international school 
July 2027

ieee.org

Climate Change
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1

Meeting 16th of April 2024

AGENDA

--Workshop at NSS-MIC
 _Logistics, Publicity material for website and conferences
 -Status of contacts with missing invited speakers (Patrick, Sandro)
 -Publications (Alberto, All)

-Fukushima School (Masa, Cinzia)
-2025 NPSS Workshop : proposal for the evolution 
-More News since last meeting
-Proposal for the generation of an outreach booklet on “Nuclear”
-AoB

School in English
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The Fukushima school can be found at 
https://indico.rcnp.osaka-u.ac.jp/e/Hamadohri-International-2025 
https://indico.rcnp.osaka-u.ac.jp/e/Hamadohri-International-2026 
and we will repeat 
https://indico.rcnp.osaka-u.ac.jp/e/Hamadohri-International-2027 

https://indico.rcnp.osaka-u.ac.jp/e/Hamadohri-International-2025
https://indico.rcnp.osaka-u.ac.jp/e/Hamadohri-International-2026
https://indico.rcnp.osaka-u.ac.jp/e/Hamadohri-International-2027

