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A B S T R A C T

Structural materials such as stainless steel (SUS) in nuclear reactor are exposed by the environment of ionizing
radiations so that their corrosion and degradation take place. These radiation effects depend strongly on the
quality of radiation (energy, kind) around the materials. The metallic materials with various thickness have been
examined in previous works on the radiation effects, but not with a common thickness. The different thickness
would give the different radiation quality, leading to the different results of radiation effects on the materials. In
this work, when radiation sources of 137Cs, 90Sr and 90Y were assumed to be put in the front of a plain SUS304
plate as a typical material submerged in water, energy spectra of secondary photons and electrons at the front
and back sides of plate were simulated with changing the thickness of plate, and spacing between the source and
plate by using a Monte Carlo calculation code of PHITS.

In the case of 137Cs gamma-ray (monochromatic 662 keV), the energy spectra at the front side was smaller
than those at the back side due to the existence of plate. Then the dependence of spectra on the plate thickness
was observed more clearly at the back side than at the front side. In the cases of 90Sr and 90Y beta-rays (max-
imum 546 and 2284 keV), the energy spectra were clearly different from those in the case of gamma-ray. At the
front side, the energy and flux of electrons were higher than those of photons. Also, the energy spectra of
electrons and photons were not dependent on the plate thickness. At the back side, the energy and flux of
electrons were much lower than those of photons reversely. It was clearly shown how the energy spectra of
photons and electrons varied with the incident radiation type, the spacing, and the thickness.

The average energies of secondary radiations were further estimated, and the changes of incident radiation to
the secondary ones were discussed especially in terms of the lowering of radiation energy.

1. Introduction

Since metallic structural materials in nuclear reactor are placed in
the environment of radiations, their corrosion and degradation occur.
These radiation effects depend on the quality of radiation around the
materials. The radiation quality such as linear energy transfer (LET) is
determined by the type and energy of radiation. The quality further
depends on the kind and thickness of structural material. Generally, the
effect has been evaluated based on the dose given by primary and in-
cident radiation. But the incident radiation interacts with the materials
and then its quality changes. So, it is important to take this change into
consideration for the evaluation of effects.

Radiations that affects the materials at the loss-of-coolant accident
(LOCA) are mainly gamma (γ)- and beta (β)-rays emitted from 137Cs,

90Sr, and 90Y which are major radionuclides (Okumura et al., 2013) as
seen in Fukushima Dai-ichi Nuclear Power Station (1F) (Nagaishi et al.,
2014). γ-ray is a type of electromagnetic waves with monochromatic
energies and interacts with matter through photoelectric effect,
Compton scattering, and electron pair production to generate secondary
electrons as well as scattered photons. On the other hand, β-ray (minus)
as an electron is emitted with a continuous energy distribution. The
electrons are fairly influenced by atomic coulomb fields in matter be-
cause they are very light compared to other charged particles (e.g.
proton). Therefore, β-ray strongly interacts with matter, and is quickly
decelerated and absorbed by matter. When γ- and β-ray interact with
matter, the primary radiations become secondary radiations of photons
and electrons with lower and continuous energy so that the quality of
radiations depends on matter. Therefore, it is important to evaluate the
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quality of secondary radiations around the structural material for
evaluating its radiation effects as well as the quantity.

In the research field of radiation chemistry, primary yields (G-va-
lues) of radiolysis products of water are well known to strongly depend
on LET (or stopping power) (Allen, 1961). The secondary radiations of
lower and continuous energies give higher LET than the primary one
before interacted. So, the G-values for the secondary radiations would
be different from those for the primary one. Currently in works on the
radiation effects of materials, they have been examined with various
thickness, but not with a common thickness. The material of different
thickness would give the different energy spectra of secondary radia-
tions especially around the material.

In this work, when radiation sources of 137Cs, 90Sr and 90Y were
assumed to be put in the front of a plain SUS304 plate as a typical
material submerged in water, the energy spectra of secondary photons
and electrons at the front and back sides of plate were simulated with
changing the thickness of plate, and the spacing between the source and
plate by using a Monte Carlo calculation code of the Particle and Heavy
Ion Transport Code System (PHITS) (Sato et al., 2018). In these simu-
lations, the following four items were examined and discussed.

(1) Analysis of energy spectra of secondary radiations of photons and
electrons generated from SUS304 and water by their interaction
with γ-rays from 137Cs (3.1.1)

(2) The estimation of average energies of secondary radiations gener-
ated from SUS304 and water by their interaction with γ-rays from
137Cs (3.1.2)

(3) Analysis of energy spectra of secondary radiations of photons and
electrons generated from SUS304 and water by their interaction
with β-rays from 90Sr and 90Y (3.2.1)

(4) The estimation of average energies of secondary radiations gener-
ated from SUS304 and water by their interaction with β-rays from
90Sr and 90Y (3.2.2)

The main component of structural materials such as stainless steel
(SUS) is iron. So SUS304 was used as a typical material in this work.

2. Calculation procedure

2.1. Determination of calculation condition

In this subsection, three parts important for calculation were de-
termined at fast: (1) thickness of observation region, (2) spacing be-
tween radiation source and SUS304, and (3) observed surface area of
SUS304.

In the first part, the thickness of observation region was determined
in the followings. In water radiolysis, hydrogen peroxide (H2O2) is
formed as a molecular product and generally acts as an oxidizing agent
for the corrosion and degradation of structural materials (Hanawa
et al., 2010). On the other hand, it is known that H2O2 is thermally
(self) decomposed (H2O2→H2O+1/2O2) under conditions of high
temperature (Takagi et al., 1985) and catalyst contact. Thus, the
reachable range of H2O2 which can be involved in the oxidation of
materials would be determined from a relation between the decay rate,
k and diffusion coefficient, D of H2O2. In preliminary experiments, the
decomposition rates were obtained at room temperature (298 K) with
changing pH and with addition of solids such as MnO2 and zeolites.

Fig. 1 roughly shows the relationship between the H2O2 decay rate,
k (reciprocal of lifetime, τ) and diffusion length, L at 298 K. The one-
dimensional L can be calculated from k and D ( =L D2 ). The
measured k (10−3～10−2 s−1) in the presence of the solids at 298 K was
comparable to the reported value (J. Takagi et al., 1985 (Itoh, 1988)) in
aqueous solutions at high temperature (423–473 K). When it is assumed
that H2O2 do not react with any solutes, the influence range for the
radiation effects of materials was evaluated as the linear diffusion
length of H2O2 with its lifetime. In the case of zeolites loaded in the

adsorption vessel used for the decontamination of radioactive water
(Matsumura et al., 2018), the range became much shorter than 1 cm.
From this range and range of β-ray in water as described below, the
thickness of observation region was determined to be 1mm in the work.

In this second part, the spacing between radiation source and
SUS304 was determined in the followings. Since γ-ray is of high
transparency, the position of γ-ray source was determined based on the
position of β-ray source. Table 1 shows the energies of γ-ray and β-rays
emitted from the major radionuclides of 137Cs, 90Sr and 90Y. Table 2
shows mean free path (MFP) and continuous slowing down approx-
imation (CSDA) ranges in water and SUS304. The monochromatic en-
ergy of γ-ray emitted from 137Cs is 662 keV (Katakura et al., 2016).
From the linear attenuation coefficient (Hubbell et al., 1995), MFP in
water is 116mm. β-rays emitted from radionuclides have continuous
energy distributions. The average energies become considerably smaller
than the maximum ones. The CSDA ranges of β-rays in water and
SUS304 can be estimated from NIST's ESTAR program (NIST Physical
Measurement Laboratory (ESTAR program)). The CSDA range can be
obtained by integrating the reciprocal of the total stopping power with
respect to energy. When the energy of electron is 196 keV, the CSDA
range in water is 0.044 g/cm2. Water density is 1.0 g/cm3 (T. Sato et al.,
2018). Therefore, maximum range is 0.44mm. The range of 934 keV in
water is 0.402 g/cm2 (4.02mm). Since 90Y is a daughter nuclide of 90Sr,
it was assumed that it exists at the same place as 90Sr. From the above
data, the spacing between the radiation source and SUS304 was de-
termined to be 0.0, 0.5, and 1.0mm.

In this third part, the surface area of SUS304 was determined in the
followings. Since seawater was injected at the 1F accident, the corro-
sion of SUS in the presence of chloride ion in the seawater is mainly
pitting one (John Sedriks et al., 1979). The pitting corrosion test in
Japan is conducted with test pieces of 100mm×150mm and
20mm×30mm according to JIS G 0577, 0578 and 0590 (JIS G 0577:
2014 (JIS G 0577, 2014); JIS G 0578: 2013 (JIS G 0578, 2013); JIS G
0590: 2013 (JIS G 0590, 2013)). In the tests, a surface area of

Fig. 1. Relationship between lifetime (reciprocal of speed) and diffusion length
of H2O2 at 298 K.

Table 1
Energy of gamma and beta-rays emitted from radioactive nuclides (Katakura
et al., 2016; Eckerman et al., 1994).

Radioactive nuclide 137Cs (137mBa) 90Sr 90Y

Radiation (quality) γ β- β-

Energy (keV) maximum 662 546 2284
average 196 934

Recoiled electron (keV) Radiation (quality) e – –
maximuma 478
averageb 253

a Maximum energy at Compton edge.
b Obtained from average energy of Compton-scattered photon.
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10mm×10mm in the test pieces is taken and defined as a measure-
ment area (JIS G 0577: 2014 (JIS G 0577, 2014); JIS G 0578: 2013 (JIS
G 0578, 2013); JIS G 0590: 2013 (JIS G 0590, 2013)). From these tests,
the observed surface area of SUS304 was define to be 1.0 cm2

(10mm×10mm).
Finally, the calculation conditions were set as schematically shown

in Fig. 2. The SUS304 plate was placed in water. The irradiation posi-
tion (I in Fig. 2) of primary radiation was set within 1.0mm from
SUS304. Therefore, three positions of 1.0mm, 0.5mm and 0.0mm from
SUS304 were selected. Only 90Sr was set at the position of 0.0, 0.5 mm
according to the CSDA range in water. As described above in the

corrosion test, the test surface of 10mm×10mm was assumed to be
the observed area. Therefore, the shape of SUS304 was a square of
100mm×100mm in the X, Y axis directions and had a surface suffi-
ciently larger than the observed area. Then, when the energy spectra of
photons and electrons were simulated in water at the front and back
sides of the SUS304, the thickness of SUS304 was changed from 1mm
to 20mm (II in Fig. 2).

The virtual detector of T-Track in the PHITS simulation was set at
the observation area (III in Fig. 2) of 10mm×10mm×1mm in the X,
Y, Z-axis directions centering on the origin of SUS304. The T-Track
obtained the fluences of photons and electrons in the specified region.
The energy range in the simulation was 5–2400 keV. The radiations
emitted from the radionuclides at the front side were assumed to ir-
radiate to SUS304 vertically without isotropic irradiation, and then the
angle was defined as θ= 0°.

2.2. Material

The Compositions and densities of SUS304 and water used in this
work were referred from the material composition table in PHITS (Sato
et al., 2018). The structural material was SUS304. The density was
8.03 g/cm3 (Sato et al., 2018). The relative amounts of atom by weight
in SUS304 were C 4.82E-3, Si 6.42E-2, P 3.21E-3, S 1.61E-3, Cr 1.53E
+0, Mn 1.45E-1, Fe 5.55 E+0, and Ni 7.39E-1. The surroundings of
SUS304 was water. The density was 1.0 g/cm3 (Sato et al., 2018). The
relative amounts of atom by weight in water were H 1.12E-1 and O
8.88E-1.

2.3. Radiation sources

γ-ray emitted from 137Cs (137mBa) has a monochromatic energy of
662 keV (Katakura et al., 2016). β-rays emitted from 90Sr and 90Y have
energy distributions with maximum energies of 546 and 2284 keV
(Eckerman et al., 1994).

2.4. Photons, electrons and positrons cross-section libraries and re-try
number and precision (statistical error)

Photons cross-section and library are available from Klein-Nishina
cross-section (Klein et al., 1929), Bethe-Heitler cross-section (Bethe
et al., 1934) and PHOTX library (Radiation Shielding Information
Center, Oak Ridge National Laboratory, 1995 (PHOTX, 1995). Electrons
and Positrons cross-section are from Bethe-Heitler cross-section (Heitler
et al., 1954) and Heitler cross-section (W. Heitler et al., 1954
(Farhataziz et al., 1987).

Re-try number was 4.0 E+7 in this work. The numbers after ±
were values of statistical errors obtained from the re-try number of
PHITS Monte Carlo simulation.

3. Results and discussion

3.1. Simulated calculation with 137Cs γ-ray irradiation

3.1.1. Energy spectrum with γ-ray irradiation
Fig. 3a shows that the spectra of secondary radiations of photons

and electrons were calculated at the front and back sides of SUS304
with changing the spacing and thickness indicated in Fig. 3b. The
shapes of spectra were irrespective of the existence of SUS304. In order
to observe the shape changing clearly, the spectra were shown at the
fixed thickness of SUS304 (1mm) in Fig. 4. However, the shapes sig-
nificantly changed with the spacing.

At the front side of SUS304, a photon peak under any conditions
could be seen in the energy region of 125–135 keV, in which the
weighted center (average energy) was obtained from Fig. 3a (a) and
Fig. 4 (a) to be 148 ± 22.2 to 157 ± 18.7 keV. The numbers
after ± were values of statistical errors obtained from the re-try

Table 2
Mean free path (MFP) and continuous slowing down approximation (CSDA)
range of water and SUS304 (Katakura et al., 2016; Hubbell et al., 1995); NIST
Physical Measurement Laboratory (ESTAR program; (Eckerman et al., 1994).

MFP (mm) CSDA range (g/cm2)

energy (keV) γ-ray 662 – – – –
β-ray – 196 546 934 2284

Water 116 0.044 0.200 0.402 1.129
SUS304 16.8 0.065 0.289 0.573 1.551

Fig. 2. Conceptual diagram of analysis conditions. I. Position of the radiation
source from the structural material: 0.0, 0.5, 1.0mm respectively. 90Sr was set
at the position of 0.0, 0.5 mm because of its CSDA range in water. II. Thickness
of structural material: 1 mm, 2mm, then set to 20mm in steps of 2mm. III.
Observation area of energy spectrum of photons and electrons of secondary
radiation: the observation area was set in the area of 10mm×10mm×1mm
on the X, Y and Z axes of both of the front and back sides of structural material.
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Fig. 3. (a). Dependence of energy spectra of secondary radiations in water on SUS304 thickness, and on spacing between gamma-ray source of 137Cs and SUS304. (a),
(c), and (e) were the front side at the spacing of 0.0mm, 0.5mm and 1.0mm, respectively. (b), (d), and (f) were the back side at 0.0mm, 0.5mm and 1.0mm,
respectively. The solid line denotes photon, and the dashed line electron. (3b). Correspondence table between thickness of SUS304 and color. . (For interpretation of
the references to color in this figure legend, the reader is referred to the Web version of this article.)
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number of PHITS Monte Carlo simulation. According to the Compton
scattering (1), the scattered energy, E of photon becomes smaller than
the incident one, E as its scattered angle, θ becomes larger.

=
+

E E
cos1 (1 )E

m ce 2 (1)

where me denotes electron rest mass, c speed of light, and mec2 511 keV.
In the case of 137Cs γ-ray (662 keV), the scattered energy changes from
662 keV at θ=0° to 288 keV at θ=90° and 184 keV at 180°.

The peak and weighted center reflected the Compton back scat-
tering at θ > 90°. The ratio to the photon flux at the peak for 1mm-

thickness SUS304 increased with increasing the SUS304 thickness up to
2.30 ± 0.03 for 20mm SUS304, reflecting the reflection of photon by
SUS304. On the other hand, those did not depend almost on the spacing
between the 137Cs and SUS304. However, in Fig. 3a (c) and (e) at the
spacing larger than 0.0 mm, a gap was observed at 180–185 keV to-
gether with the appearance of peak at 275–295 keV. In Fig. 3a (c) and
(e), the flux did not depend on the thickness in the energy region higher
than 180–185 keV, compared with that in Fig. 3a (d) and (f) at the back
side. From this, it is considered that the photon spectra in the higher
region at the front side reflect the interaction of incident photons. As
discussed in the next paragraph, not only the primary radiation but also
the secondary ones affected the spectra at the back side. The peak po-
sition at 275–295 keV somewhat depended on the spacing. The peak at
0.5 mm spacing was observed at 275–280 keV, corresponding to the
deflection angle of 94–96°, while the peak at 1.0 mm at 290–295 keV,
corresponding to that of 88–89°. The electron flux decreased sharply at
the Compton edge of 475–485 keV in Fig. 3a (c) and (e) as shown in
Table 1.

At the back side in Fig. 3a (b), (d), (f) and 4 (b), the energy spectra
were almost the same, and no difference was observed due to the
spacing. However, the dependence of the energy spectra on the thick-
ness was clearly observed as the shielding effect of SUS304 against the
incident γ-rays. According to the linear attenuation coefficient, the
mean free path (MFP) of γ-ray of 662 keV in SUS304 is 16.8mm (63%
attenuation) as shown in Table 2. For example, in the case of 0.0mm
spacing in Fig. 3a (b), the total photon flux at 18mm thickness was
attenuated to 58.6 ± 3.3% of that at 1mm (17mm difference). Com-
pared to the back side, the energy spectrum of the front side was small
due to the increase of thickness, and almost no change was observed at
14mm.

3.1.2. Average energy with 137Cs γ-ray irradiation
The average energies of secondary radiations of photons and elec-

trons generated from water and SUS304 were plotted as a function of
the SUS304 thickness as shown in Fig. 5.

The average energies of photons and electrons, Eav (2) were eval-
uated from the energy spectra, each energy (ei) and flux (fi) as follows.

= =

=
E

e f
fav

i
n

i i

i
n

i

1

1 (2)

At the front side (a), the Eav of photon (solid line), Epav was the
highest at the SUS304 thickness of 1mm, and then monotonously

Fig. 4. Dependence of energy spectra of secondary radiations at a fixed SUS304 thickness of 1mm on spacing between gamma-ray source of 137Cs and SUS304. The
solid line denotes photon, and the dashed line electron. The black line denotes 0.0mm spacing, the red line 0.5mm, and the blue line 1.0mm. (For interpretation of
the references to color in this figure legend, the reader is referred to the Web version of this article.)

Fig. 5. Revised. Average energies of secondary radiations generated by gamma-
ray from 137Cs. (a) Front side. (b) Back side. The case of 0.0mm spacing (circle),
0.5 mm (triangle) and 1.0mm (diamond). The solid line denotes photon and the
dotted line electron. The closed symbol denotes average energy of secondary
radiations and the open symbol that of secondary and tertiary electrons (see
text, Eq. (5)).
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decreased as the thickness increased. For example, the Epav at the
spacing of 1.0 mm was from 326 ± 2 keV at 1mm thickness to
309 ± 2 keV at 20mm thickness (5.2% decrease). The decrease can be
considered to reflect the fact in Fig. 3a that at 1mm thickness the flux of
scattered photons in the lower energy region below 185 keV was
minimum due to the poor reflection of photon and then that in the
higher energy region increased relatively.

On the other hand, the Epav increased with increasing the spacing
from 0.0mm to 1.0 mm. When the thickness was 1mm, the energy was
from 157 ± 19 keV at 0.0 mm spacing to 326 ± 2 keV at 1.0 mm
where the radiation source was apart from SUS304 and then the peak at
275–295 keV appeared. The Eav of electrons, Eeav was lower than the
Epav, and increased as the spacing increased, too. The Eeav was linked
with the Epav because electrons are mainly generated by the Compton
scattering between photons and atom. The Eeav did not depend on the
thickness, different from the Epav.

At the back side (b), the Epav and Eeav were independent of the
spacing at the front side. For example, in the case of 1mm spacing the
Epav and Eeav at 1mm thickness were 327 ± 2 keV and 221 ± 19 keV,
respectively, while those at 20mm thickness were 308 ± 3 keV and
213 ± 17 keV, respectively. Therefore, the energies decreased with
increasing the thickness. However, the change in average energy was
within 10%.

Since tertiary electrons generated from the interaction of secondary
photons could be involved in water radiolysis, the average energy, Epav
of photon as mentioned above was further converted to that of electron.

Assuming that the interaction of photons was only the Compton scat-
tering on the basis of the Epav in Fig. 5, the average energy of electron
generated by Compton scattering, Eecomp were evaluated from Epav and

= E
m c

pav
e 2 (3, 4) as follows.

=E E F1ecomp pav pcomp
(3)

=
+ +

+ + +

+ +

+
+

F
ln (2 1)

1 ln (2 1)
pcomp

4
3

3
2

1
2 (2 1)

1 1
3(2 1)

2( 1) 1
2

4 1
2(2 1)

3

2 2 (4)

According to these equations, the average energy of the tertiary
electrons is much smaller than the average energy of the secondary
photons. For example, the photons with the average energy of
157–327 keV were converted to the electron with 29–92 keV. Assuming
that all photons were converted to electrons in the observation region,
the whole average energy of electrons, Eetav (5) was evaluated from the
Eeav of secondary electrons and the Eecomp of tertiary electrons as fol-
lows.

=
+

+

= =

=

E
E f E f

f f
etav

ecomp i
n

p eav i
n

e

i
n

p e

1 1

1

i i

i i (5)

where the total flux ( = fi
n

p1 i
) of secondary photons and the total flux

Fig. 6. Dependence of energy spectra of secondary radiations in water on SUS304 thickness and on spacing between beta-ray source of 90Sr and SUS304. (a) and (c)
were the front side at the spacing of 0.0mm and 0.5mm, respectively. (b) and (d) were the back side at 0.0mm and 0.5mm, respectively. The solid line denotes
photon, and the dashed line electron. Line color is as shown in Fig. 3b. (For interpretation of the references to color in this figure legend, the reader is referred to the
Web version of this article.)
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( = fi
n

e1 i) of secondary electrons. At both of the front and back sides, the
Eetav became significantly lower than those of the secondary and in-
cident photons. In radiation chemistry of water, electron or photon of
0.1–20MeV (Farhataziz et al., 1987), in which LET is within
0.18–2.0 eV/nm (Nagaishi et al., 2017), can be considered to give the
same primary yields (G-value) of radiolysis products of water. The LET
increases with decreasing the incident energy of radiations lower than
0.1MeV. It can be noted that the electrons with the Eetav would give the
different G-values. For example, the G-value of H2O2 as an oxidizing
agent increases with increasing the LET (LET effect).

3.2. Simulated calculation with β-ray irradiation

In this section, 90Sr and 90Y were selected as the β-ray sources. Since
the range of β-ray in water is low, two types of the spacing of 0.0 mm
and 0.5mm were set in the simulation of β-ray from 90Sr. The other
conditions are the same as in the case of previous section 3.1.

3.2.1. Energy spectrum with 90Sr and 90Y β-ray irradiation
Figs. 6 and 7 show the energy spectra from SUS304 irradiated with

β-rays from 90Sr and 90Y, respectively. The shapes at the front and back
sides significantly changed with the spacing. However, the shapes due

Fig. 7. Dependence of energy spectra of secondary radiations in water on SUS304 thickness and on spacing between beta-ray source of 90Y and SUS304. (a), (c), and
(e) were the front side at the spacing of 0.0mm, 0.5mm and 1.0mm, respectively, (b), (d), and (f) were the back side at 0.0mm, 0.5mm and 1.0mm, respectively.
The solid line denotes photon, and the dashed line electron. Line color is as shown in Fig. 3b. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)
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to the change in the SUS304 thickness were clearly observed at the back
side but not at all at the front side.

The energy spectra were clearly different from those of γ-ray. At the
front side, the energy and flux of electrons were higher than those of
photons. Also, the energy spectra of electrons and photons were not
dependent on the thickness. At the back side, the energy and flux of
electrons were lower than those of photons. On the other hand, the
energy spectra of electrons and photons were dependent on the thick-
ness. The electron flux decreased with increasing the energy more
slowly than the photon one. When the incident β-rays are decelerated in
the Coulombic field of atom in matter, the decelerated energy is also
released as secondary photons of bremsstrahlung. Therefore, the max-
imum energy of photon is always distributed in matter with energy
much lower than the maximum energy of incident β-ray.

At the front side in Fig. 6 (a) and (c), the electron flux decreased
more slowly than the photon one with a maximum peak at 75–105 keV.
The flux at 0.5mm spacing reached to the energy region higher than
those at 0.0 mm. Along with this, the photons were generated in the
higher energy region up to around 500 keV. At the back side in Fig. 6
(b) and (d), the flux and energy of photon were higher than electron
regardless of the spacing. It can be considered that the photon gener-
ated by the interaction of incident β-ray with water and SUS304 has
higher permeability than electron to reaches into the back side. The
photon flux decreased obviously with increasing the thickness, and then
electrons generated from the photons were followed by the decreasing
tendency.

At the front side in Fig. 7 (a), (c) and (e) for 90Y, the energy spectra
of electrons and photons behaved as in Fig. 6 for 90Sr. At the back side
in Fig. 7 (b), (d) and (f), the spectra of electrons only at 1mm thickness
was quite different from those in Fig. 6 (b) and (d) for 90Sr. As shown in
Table 2, it can be understood that a part of the incident β-rays from 90Y
penetrated the 1mm-thickness SUS304.

3.2.2. Average energy with 90Sr and 90Y β-ray irradiation
The average energies of secondary radiations of photons and elec-

trons generated from water and SUS304 by β-rays emitted from 90Sr
and 90Y were shown in Figs. 8 and 9, respectively. As in previous sec-
tion 3.2.1, the results for 90Sr was discussed in the first half, and then
those for 90Y in the latter half.

At the front side in Fig. 8 (a), the average energies of electrons for
all the spacing were almost independent of the SUS304 thickness. On
the other hand, the average energy increased as the spacing increased
from 0.0mm to 0.5 mm. The average energy at 1mm thickness was
122 ± 18 keV at 0.0 mm spacing, and 165 ± 8 keV at 0.5mm. As
shown in Fig. 6 (a) and (c), the increase of average energy with the
spacing reflects the relative increase in the existence of electrons with
higher energy. The average energies of photons (43 ± 30 keV) were
much lower than those of electrons and independent of both of the
thickness and spacing (MFP for the 43 keV photons was 39.3mm in
water). When the photon energy is lower than about 100 keV, both of
the photoelectric effect and the Compton scattering occur at the same
time. The proportion of Compton scattering for the 40 keV photons was
nearly 80%. Therefore, the average energies of the tertiary electrons
increase by a few keV compared to those evaluated only by Compton
scattering.

At the back side in Fig. 8 (b), the average energies of electrons were
much lower than those of photons and almost independent of the
thickness, and slightly decreased with increasing the spacing. The
average energy at 0.5 mm spacing was 49 ± 16 keV at 1mm thickness
and 45 ± 6 keV at 20mm. On the contrary, the photons clearly showed
the dependence on the thickness. The average energy at 0.5mm spacing
was 93 ± 29 keV at 1mm thickness and 129 ± 19 keV at 20mm. The
increase of average energy with the thickness showed that the photon at
lower energy was shielded (absorbed) by SUS304 more than that at
higher energy so that the average energy became high. Then the
average energies of electrons generated from the photons was followed

by the variation in the average energies of photons as mentioned above.
At the front side in Fig. 9 (a), the average energies of electrons and

photons gave similar results to those in Fig. 8 (a). The average energy of
electron at 1mm thickness was 419 ± 14 keV at 0.0 mm spacing and
661 ± 2 keV at 1.0mm, while that of photon was 75 ± 14 keV at

Fig. 8. Revised. Average energies of secondary and tertiary radiations gener-
ated by beta-ray emitted from 90Sr. (a) Front side. (b) Back side. The case of
0.0mm spacing (circle) and 0.5mm (triangle). The solid line denotes photon
and the dotted line electron. The closed symbol denotes secondary radiations
and the open symbol tertiary radiations (see text in 3.1.2).

Fig. 9. Revised. Average energies of secondary and tertiary radiations gener-
ated by beta-ray emitted from 90Y. (a) Front side. (b) Back side. The case of
0.0mm spacing (circle), 0.5 mm (triangle) and 1.0mm (diamond). The solid
line denotes photon and the dotted line electron. The closed symbol denotes
secondary radiations and the open symbol tertiary radiations (see text in 3.1.2).
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0.0 mm and 124 ± 21 keV at 1.0 mm. At the back side in Fig. 9 (b), the
result only at 1mm thickness became different from that for 90Sr. This
is because the maximum energy of the β-ray from 90Y is 2284 keV and
the CSDA range in SUS304 is 1.94mm. Therefore, it was considered
that in the case of the 1mm-thickness SUS304, a part of the electrons of
β-rays passed through the SUS304. In the case of the average energy at
the thickness larger than 1mm, the energies of electrons became higher
than those of photons unlike 90Sr. This was because there were elec-
trons in the higher energy region relatively more than those in the
lower energy region according to eq. (2). When the spacing between the
source and the SUS304 is 0.0mm, the proportion of Compton scattering
for the 75 keV photon was nearly 90%. Therefore, the average energies
of tertiary electrons increased by a few keV compared to those eval-
uated only by Compton scattering.

Although 90Sr and 90Y were selected as the β-ray sources in this
work, β-rays are also emitted from the γ-ray sources of 137Cs and 134Cs.
These average energies (187 (137Cs) and 157 (134Cs) keV) are nearly
corresponding to that from 90Sr (196 keV). These β-rays are conse-
quently suggested to give similar results to that from 90Sr.

4. Conclusion

The energy spectra of secondary radiations of photons and electrons
at the front and back sides of SUS304 plate in water were simulated by
using a Monte Carlo calculation code of PHITS.

In the case of 137Cs γ-ray (662 keV), the Epav and Eeav at the front
side were nearly independent of the SUS304 thickness. On the other
hand, the Epav and Eeav at a constant 1mm thickness decreased from
326 ± 2 keV and 226 ± 37 keV at 1.0 mm spacing to 157 ± 19 keV
and 121 ± 38 keV at 0.0mm, respectively. However, the total flux did
not depend on the thickness. At the back side, the Epav and Eeav were
independent of the spacing at the front side, and were 327 ± 2 keV and
221 ± 19 keV at 1mm thickness, respectively. The change of Epav and
Eeav to the thickness were within 10%. However, the total flux was
dependent largely on the thickness. The whole energy of electrons in-
volved in water radiolysis became significantly lower than the primary
and secondary photons.

Practically in a pitting test, a test sample plate is put into a cy-
lindrical vessel satisfied with water and irradiated externally by 60Co γ-
ray. The size (diameter) of vessel in this case is corresponding to the
spacing between the radiation source and SUS304 in this work. When
the vessel size changes, the test results would change as mentioned
above.

In the case of 90Sr and 90Y β-ray (maximum 546 and 2284 keV), the
Eeav and Epav for all the spacing at the front side were almost in-
dependent of the thickness. On the other hand, the Eeav decreased as the
spacing decreased while Epav were almost independent. The Eeav at
1mm thickness decreased with decreasing the spacing from
165 ± 8 keV to 122 ± 18 keV for 90Sr, and from 661 ± 2 keV to
419 ± 14 keV for 90Y. At the back side, the Eeav and Epav for all the
thickness were almost independent of the spacing oppositely. The Eeav
for 90Sr at 1mm thickness was 51 ± 16 keV. The Epav at 0mm spacing
increased from 93 ± 40 keV to 139 ± 25 keV as the thickness in-
creased. In the case of 90Y, both of the Eeav and Epav increased with the
thickness. The Eeav and Epav increased from 191 ± 14 keV to

241 ± 9 keV and from 145 ± 12 keV to 185 ± 6 keV at 2mm thick-
ness, respectively.

From the above results, it was clearly shown how the energy spectra
and average energies of secondary radiations varied with the incident
radiation type, the spacing between radiation source and SUS304, and
the plate thickness. And the energies of electrons that gives energy to
water became significantly lower than the incident γ-rays and β-rays.
Therefore, there is a possibility that the electrons with the lower en-
ergies give different primary yields of radiolysis products of water. This
work will be helpful for studying the corrosion and degradation of
structural materials in radiation fields.
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