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The present report describes the radiation shielding effect of
houses in Japan against the radicactive cloud resulting from a major
reactor accident accompanied with atmospheric release. The shielding
factor of houses, the ratio of indoor exposure rate to outdoor one, has
been studied for the semi-infinite and finite clouds which contain y-
emitting radionuclides released from a reactor facility.

The shielding factor of houses against y-rays from the radioactive
cloud decreases gradually with release delay time and keeps a minimum
during the period from 50 to 1000 hours after reactor shutdown while
133%e predominates in the cloud. Radiciodines mixed in the cloud raise
slightly the shielding factor, and the factor depends little on the
shape of the cloud. A set of shielding factors for the use of
emergency planning was consequently proposed as 0.4 for simple

ferroconcrete residentizl house and 0.9 for other ordinary ones.

Keywords: Reactor Accident, Atmospheric Release, Radioactive Noble
Gas, Radioiodine, Sheltering, Shielding Factor, Residential
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1. INTRODUCTION

The impact on inhabitants in the neighborhood of nuclear facilities should
be minimized in an emergency. Efforts have been made for this purpose
preparing the emergency plan, countermeasures and networks for nuclear emergency
as well as the safety design of the plant. [t is generally said that the
sheltering is one of the facile and effective countermeasures, in particular, in
the early phase of the accident!. The sheltering means in this case that the
inhabitants hide themselves intc the neighboring structures, preferably into
the inner rooms or areas, closing windows and doors tightly during the passage
of the radicactive cloud, The advantages of the sheltering are mitigation of
the radiological impact from the radioactive materials in the cloud and
prevention of panic by ensuring the annoucement from the emergency headquarters.

In the former advantage of the sheltering, the house provides the
protection against both external and internal exposure to radioactive materials,
namely reducing the doses due to inhalation and skin-attachment of radionuclides
by preventing ingression of the cloud and reducing the whole body external dose
by shielding the radiation originating outside the house. Two types of
radiation sources are possible for external exposure: the radicactive cloud
source and the ground-deposited radionuclides source.  The present report
considers the shielding effect of houses against the former source which is
dominant in the early phase of the accident.

The noble gas such as xenon and krypton and the volatile material such as
iodine are most possible to be released in a major reactor accident, The
noble gas nuclides are principal external sources because they are unlikely to
retain in the human body. On the other hand, the radioicdines are the most
dominant sources to the thyroid exposure, Hence the noble gas nuclides should
be considered in the shielding study in the fist place,

Many studies?’™~% have been made to assess the structure shielding effect
in reactor accidents accompanied with atmospheric release. Burson and
Profio?’ have studied the radiation shielding provided by vehicle and structure
against the radioactive cloud and fallout sources, and then their results have
~ been employed as a guidline in nuclear emergency planning over the world, The
building materials used now in Japanese houses are quite different from those

which they considered, For this reason, it is important to assess more
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realistically the radiation shielding effect on the basis of the actual
characteristics of houses in Japan,

The present report describes the radiation shielding effect of typical
houses in Japan against principally the radioactive noble gas cloud.  Some
influential factors on the shielding effect will be discussed. The shielding
factor of houses for the use of emergency planning will be proposed as a

consequence of the study.

2. METHOD OF CALCULATION

9.1 Definition of Shielding Factor of Houses

The shielding factor of houses SF is defined as the ratio of indoor
exposure rate ¥ (C -‘kg -1. g ') to outdeor one ¥, (C + kg "'+ s 7') and

easily shown to be:
SF = — (1)

The ratio is named confusingly in some different ways, such as reduction factor
and protection factor, [t was decided for clarification to allocate in this
report terms of “"shielding factor”, “reduction factor” and "protection factor”
for the reduction ratio of external dose, for that of both external and

internal doses and for the reciprocal of the reduction factor, respectively.
2.2 Model of Houses

Since the houses have actually a complicated structure, it is quite
difficult to estimate directly their shielding factors. Thus it must be
necessary to make a simple model of the houses for its own sake.  There are two
important factors that should be considered in modeling: structure of the house
and building materials used in it. 0f particular interest for modeling,
simplification of house structure must be one of the most important subjects.

Shown in Figure 1 is the model of house proposed for estimating the
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shielding factor. The mode! is concerned with single-story houses which are
less protective than multi-story ones against the external radiation but which
are comparatively popular in the rural region where nuclear power stations are
sited. Por simplification, the house is represented as a hemispherical shell
consisting of three elemental pats: wall, roof and window. Each part has
single- or multi-layer of building materials and its specific solid angle
subtended at the center of the house;Qi:, Q2 and Qs for window, roof and

wall, respectively,

2.3 Calculational Model

It is not realistic to evaluate the shielding factor of houses by the Monte
Carlo calculation in many cases because of its considerable computing time.
Simplification is of importance in calculation and thus averaging is one of the
most useful measures for its sake, In our calculational model, averaging
procedure has been applied to obtain the mean values of shielding factors over
the elemental parts of the house and over the energies of 7y -rays incident to
the surface of the house.

The shielding factor of houses as a whole, SF, is given as an average of
the shielding factors for the elemental part of the house, (SF): , and is shown
to be:

Y (SF)Yi - Qe
SF = (5 (2
i Qs

where Q; is the solid angle subtended at the center of the house by the
elemental part "i” and is used as a weighting factor in averaging. The
shielding factor, (SF): , is given as an average of the shielding factors in

each energy group, <SPF>;;, and is given to be:

Y, ¢(E; ) - <SF>i; A E;
SF): = 3
0 Ly 64 L 9

where ¢ (B; ) is the fluence of 7 -ray with energy of E; and is used as a
weighting factor in averaging, and A E; is the energy interval of the energy
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group "j”. Thus the shielding factor of houses as a whole can be evaluated
by averaging the factors over the elemental parts of house and 7y -ray energies.
The attenuation factor A of 7 -ray exposure through the material of

single-layer can be written as

A:B(B,t)'e_u(ﬁ't). t (4)

where B(E,t) and # (E,t) are the dose buildup factor and the attenuation
coefficient of the material for y -ray of energy E, respectively, and t is the
thickness of material. In the case of multi-layered materials, while the
exponential part of the formula could be given as a product of those of the
single-layer, the buildup factor specified to the multi-layer must be used in
the calculation, Aithough some empirical formulae have been proposed for the
buildup factor of muti-layered materials, there is no experimentally positive
proof that permits their application to the ordinary building materials.

Hence we assumed in the calculation that the attenuation of exposure through the
multi-layer would be approximately given as a product of attenuation factors
for each of the single layers, Then the shielding factor, <SF> ij, for the

n-n nn

element ”i” and for the energy group "J" is just given by

- Ej » L * ti
SF>y; = I« { B(E; yLik) = e ul ) k} (5)

where B(E; ,tie), 4 (B; ,tix) and tix are the dose buildup factor, the
attenuation coefficient and the thickness, respectively, of the "k"th building
material of the elemental part "i”

In the calculational mode! mentioned above, the calculational process is
divided into two steps: calculation of energy spectrum of 7 -ray incident on the
surface of the house and calculation of shielding factor, [n the former
calculation, of importance are the configuration of house and cloud, and the
nuclidic composition of the cloud. In the latter calculation, of importance
are the shielding data of building meterials and the house structure. These

are going to be mentioned in the following sections,
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2.4 Choice of House Structure

Since many different types of house have been built year by year, it is not
easy to define a typical house. In addition, it must be true that houses in
the urban area are quite different from those in the thinly populated area
where nuclear power plants have been constructed, Hence in this study, some
typical residential houses were chosen according to the statistical survey on
the house structure and building materials!'®’ . The houses were classified
into three types: wooden, prefabricated and ferroconcrete houses, and the
building materials used in the each were selected on the basis of their
percentage in the ordinary houses in Japan. The single-story house was focused
on because they are still popular in the rural seaside area where all the
nuclear power plants are in operation in Japan.

Table 1 gives well used building materials together with their typical
density. Table 2 shows typical combinations of materials for each type of
house. The shielding factors were evaluated for all the possible combination
of materials in Table 1 and the shielding characteristics was investigated for
each type in Table 2,

Another important factor in the calculational model is the solid angle Q:
subtended by wall, window and roof. It is reported that the areal ratio of
wall to floor ranges 1.2 ~ 2.0 nof/m' and the window occupies generally about
20 % of surface of the house in the case of ordinary residential houses'®’ .
The solid angle for the elemental part is regarded as the surface area in our
house model shown in Figure 1 and then a set of relative solid angle was

determined as shown in Table 2,
2.5 Shielding Data of Building Materials

The shielding calculation had been executed so far using the shielding data
of the typical shielding materials such as water and concrete because few data
are available for ordinary building materials. However it must be favorable to
calculate the shielding factor using experimentally positive shieding data.
As mentioned in Section 2.3, the shielding data necessary for the calculation
are the linear or mass attenuation coefficient and the dose buildup factor for

the photon.
A set of attenuation coefficients of 19 building materials was obtained
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experimentally in the energy range from 44 to 1250 keV (see Table 3)'V . It
is also reported that for energy range from 1250 to 3000 keV, the mass
attenuation coefficient of the element having the atomic number corresponding
to the building material is available in the shielding calculation'® (see
Table 4) .

An experiment!'?: '?? for the buildup factor for some building materials
shows that a linear formula for the buildup factor, B = 1 +a ut, is available
for the thin materials and for photon energy range of interst, where a is a
constant fixed dependently on the material and the photon energy range (see
Table 5). Since the formula cannot be applied to the materials whose
thickness are over one mean free path of the photon, we employed the buildup

factors for the infinite medium®®’ in the calculation.
2.6 Calculation of BEnergy Spectrum of 7 -Rays Emitted from Cloud

As described in Section 2.3, the energy differential fluence, energy
spectrum, at the reference point above the ground was used as a weighting facter
in averaging shielding factor over the 7 -ray energies. The 7 -ray energy
spectra were calculated for the radioactive cloud distributed around or over the
house, Two types of distribution form of the cloud were chosen for the
calcutaion. One is the semi-infinite radioactive cloud distributed uniformly
from the ground up to the region where it has little significant effect to the
spectrum at the reference point, The other is the overhead cloud in shape of
horizontally trailing cylinder with 120 m in height and 50 m in diameter. The
dimension of the cloud was determined based on a typical spreading size of
faussian plume at the border of the site. The spectrum was calculated for
both source configurations,

The one dimensional discrete ordinates transport calculation code, ANISN-
JR'® |, was used in spectrum calculation for the semi-infinite cloud. The r
~ray energy ranging from 20 to 3000 keV was divided into 18 energy groups as
given in Table 6, and Ps and S:2 (12 angles) approximation was used in the
calculation. Figure 2 shows the structure of spatial meshes. The space
neighboring the ground was especially divided into small meshes. The space
has ‘a2 white boundary at the upper end where the outgoing photon current
balances with incoming one and hence the net current is zero, and a vacuum

boundary at the lower end where the incoming photon current is zero in all
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directions. As the air and soil layers have thickness about ten times and
six times the mean free paths of the most energetic 7 -ray in them, respectively,
the boundaries have no effect to the energy spectrum at the reference point 1 m
above the ground. _

The two dimensional discrete ordinates transport calculation code, DOT
3.518)  was used in the spectrum calculation for the cylindrical cloud. The
same eneregy group structure as that for the semi-infinite cloud and Ps and Ss
(48 angles) approximation were used.  Figure 3 shows the structure of spatial
meshes.  Since it is difficult to take into account the effect of reflection
of 7 -rays by the ground under such a cylindrical condition, the following
correction was made. A set of energy-dependent correction factor 8 (E; ) for
the ground reflection was obtained by comparing the spectrum over the ground
boundary with that over the vacuum boundary in the slab geometry. The
spectrum calculation in the slab geometry was made with ANISN-JR code.  The
energy spectrum over the ground for the cylindrical cloud, ¢ (E; ), was
obtained as a product of that over the vacuum boundary, and B (E; ) as

presented below:
¢ (EJ ) = (b (EJ ) vae * B (EJ ) (6)
BUE;) = ¢E:) PEi) vac (1)

where ¢ (B; ) vac and ¢ (E; ) are the specra over the ground and the vacuum
boundaries, respectively.

Two different types of cloud contents were supposed. One is a set of
monoenergetic v -ray emitters whose energies were alloted to each energy group
in the transport calculation and whose emission intensity was normalized to be
one 1 -ray per second per cm®. The other is a mixture of radioactive noble gas
nuclides generated in the reactor core during operation, In the tranport
calculation, the source concentration was normalized to be 37 kBq(l wxCi) per
cm®, Since the nuclidic composition of the noble gas mixture varies with time
after reactor accident or shutdown, the time dependent composition should be
considered in the shielding study, Details are to be in the next section.
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2.7 Calculation of Nuclidic Composition in Radicactive Cloud

The radioactive cloud resulting from & major reactor accident could be a
mixture of various radionuclides with different life time, The noble gas such
as xenon and krypton is most possible to be released in reactor accidents and
the mean energy of 7 -rays emitted from them varies with the release delay time
after reactor shutdown.

The isotope generation and depletion code, ORIGEN-JR'®’, was used in the
calculation of inventory in the reactor core at the moment of reactor shutdown
and following moments up to 2000 hours. The calculation was carried out for a
typical PWR of 1100 MNe. The initial average uranium enrichment, power density
and operating time were determined to be 3.2 %, 30 MW/ton and 500 days,
respectively, according to a typical operational condition of PWR.

Eleven nuclides of krypton and xenon shown in Table 7 were chosen for the
nuclidic component of the cloud. They could be principle sources of external
exposure of inhabitants in reactor accidents. The release of radioiodines was
also considered. Although the radioiodine is considered to be a major source
of internal exposure of thyroid, they may also be the external source because
of its 7 -ray emission, Radiciodines in question are also presented in Table
7. 1In the case of iodine release, it was assumed exaggeratedly that when the
whole noble gas in the reactor core would be released, iodine be by 25 %.
This is because the iodine gas release must be necessarily accompanied with the

release of a large amount of noble gas.

3. RESULTS AND DISCUSSION
3.1 Monoenergetic 7 -Ray Sources
3.1.1 7 -Ray Bnergy Spectrum at 1 m above the Ground

7 -ray energy spectra at the reference point 1 m above the ground were
calculated for monoenergetic 7 -ray sources of submersion and overhead plume.
Figure 4 shows 7 -ray energy spectra for three 7y -ray energy source groupes:
3rd (1000 ~ 1400 keV), 7th (300 ~ 400 keV) and 11th (100 ~ 130 keV) energy

groups presented in Table 6. The spectra are shown normalized at their source
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energy group. The spectrum consists of two parts: the part of direct 7 -rays
belonging to the source enery group and the other part of scattered 7 -rays with
a broad shape of spectrum below the source energy group. The latter is due to
single or muitiple collision with air or soil media. The spectrum shape shows
well energy degradation and absorption of r-rays by the media,

The spectrum for the overhead plume source has larger component of
scattered 7 -rays than that for the submersion source, [t is merely because 7
-rays emitted from the overhead plume have higher probability of scattering
during their passage to the reference point than those emitted from the
submersion. In other werds, while the overhead plume source is distributed
more than 100 m far from the reference point, in case of submersion the 7 -ray
emitting cloud spreads to just beside the reference point. This feature

appears the more conspicuous for the lower energy source,
3.1.2 Shielding Factor against Monoenergetic r -Ray Cloud

The shielding factor has been estimated for monoenergetic 7 -ray sources
of submersion and overhead plume, Figure 5 shows shielding factors as a
function of 7 -ray source energy for three different types of house .  The
shielding factor increases consistently with the source energy. Reflecting
scattered component, the shielding factors for overhead plume are a little less
than those for submersion but difference between them is not notable. As can
be seen in the figure, since the distribution form of cloud does not affect the
shielding factor of houses, the factor for submersion may be allowed to give a
typical shielding factor in a reactor accident.

The shielding protection rises in the order of prefabricated, wooden and
ferroconcrete houses, The prefabricated house provides feeble shielding
protection, but the wooden house is effective in shielding. While
ALC (Autoclaved Light Weight Concrete) panels used in the prefabricated house do
not contribute so much to the shielding because of their low density ( o =
0.58 g/cm®), clay rooftiles and mortar used in the wooden house have a great
contribution to the shielding because of their comparatively high densities { p
= 1.93 and 2.35 g/cm®, respectively). Since the materials described just
above have the almost same corresponding atomic number, the density of the
building material can be concluded to be one of the important factors in

shielding. The ferroconcrete house provides more effective shielding
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protection than those discussed above. This is because concrete used in the
wall and roof has high density of 2.35 g/cm® and large thickness of 15 cm.

The shielding factor of the ferroconcrete house decreases with the source
energy differently from others in the energy region less than 200 keV. While
the buildup factor for the infinite concrete medium was used for the
ferroconcrete house, the buildup factors in slab geometory were employed for the
prefabricated and wooden houses. In most cases, the buildup factor in the
infinite medium exceeds that in the slab geometry in low energy region because
of the backscattered 7 -ray component in the medium, For the above reason,
the shielding factor of the ferroconcrete house is concluded to be overestimated
in the energy range less than 200 keV. In other words, more shielding

protection must be expected for the ferroconcrete house in this energy region,

3.2 Radioactive Noble Gas Sources
3.2.1 Nuclidic Compositioﬁ in Radioactive Noble Gas Cloud

A noble gas inventory in the reactor core was computed using ORIGEN-2 code
to evaluate nuclidic fractions in the cloud, Table 8§ shows a set of nuclidic
fractions (in %) of krypton and xenon in the core at 0.05 ~ 800 hours after
reactor shutdown, which results from a 500-day operation, A noteworthy
nuclide in the table is '*3Xe, It predominates in the noble gas cloud and
attains over 90 % of fraction from 50 to several hundreds hours after reactor
shutdown. It can be said from this that '®3Xe is the overwhelming source for
external exposure one day after the accident.  Although ®°Kr becomes a major
nuclide in the cloud after a thousand hours, it must be noteless in terms of
external exposure because of its very feeble 7 -ray emission (0.43 % per
disintegration).

Since the noble gas is chemically inactive, its relative nuclidic fraction
in the atmospheric environment is expected to be the same as in the reactor core,
If we consider the period from reactor shutdown to plume arrival to the house,
we can obtain a set of nuclidic fractions at any moment of exposure from Table
8.
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3.2.2 Energy Spectrum and Mean Energy of 7 -Rays from Cloud

T —ray energy spectra at the reference point 1 m above the ground have been
calculated for submersion and overhead plume of noble gas nuclides. Figure 6
shows a series of spectra at 0.05, 3.0, 20, 125 and 800 hours after reactor
shutdown. The spectra in the figure are shown being normalized at the energy
group indicated by an arrow. As time passes, higher energy portion disappears
gradually in the spectrum, Major portion of v -rays after 125 hours is
considered to result from '*3*Ye which emits r -ray of 81 keV, As in the case
of monoenergetic y -ray cloud sources, the spectra for submersion include less
scattered component of 7 -rays than those for overhead plume do.

Figure 7 shows the mean energies of 7 -rays at the reference point 1 m
above the ground, drawn as a function of time after reactor shutdown, Both
submersion and overhead plume have lower mean energy than that of the direct 7
-rays at the reference point because of the component of scattered and energy-
lessened v -rays. The mean energy of the source itself decreases with time
and attains less than 100 keV about 100 hours after reactor shutdown. Since
the overhead plume includes much scattered r -ray component than the submersion
does, the mean energy of the former is less than that of the latter but they
become close each other after 100 hours.  Then the shielding factor is

considered to vary with time accordingly.
3,2.3% Shielding factor against Radioactive Noble Gas Cloud

The shielding factor of houses was estimated for the two types of
radioactive noble gas cloud of which the nuclidic fraction, energy spectrum and
mean energy of 7 -rays at the reference point were discussed above, Figure 8
shows shielding factors as a function of time after reactor shutdown for three
different types of house, As in the case of monoenergetic 7 -ray cloud
sources, the shielding protection rises in the order of prefabricated, wooden
and ferroconcrete houses.

The shielding factor decreases gradually with time and keeps a minimum
after 50 hours, which corresponds to the time-dependent change of 7 -ray mean
‘energy, The houses provide a little greater shielding protection agaist the
overhead plume than against the submersion, This is also because the

overhead plume includes more fraction of scattered y -ray than the other,
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[t is suggested that there be delay time before the occurence of
uncontrolled release of radicactive materials in the accident and the delay
varies from about half an hour to one day depending on the plant and accident
sequence!”’ ., It should be taken into consideration that the change of 7 -ray
mean energy and accordingly the shielding factor of houses decreases with delay

time of release,
3.3 Consideration to Releaqe of Radioiodines

Todine is another possible principal material to be released in reactor
accidents because of its high volatility. It is expected that the amount of
iodine to be released is much less than that of noble gas because it may be
reduced by wash-out and fixation during leakage, The iodine gas release must
be necessarily accompanied with the release of a large amount of noble gas.
The shielding factor of houses were calculated under a hypothesis that a
quarter of iodine and all of noble gas in the reactor core would be released.

Figure 9 shows comparison of energy spectra between due to noble gas cloud
and iodine-mixed one.  Although mixture of radiciodines into the noble gas
cloud has no significant effect in the spectrum immediately after the accident,
the difference between two spectra becomes noticeable as time passes. While
the compoment of 7 -ray over 100 keV can be observed in the spectrum for
iodine-mixed noble gas cloud after 300 hours, it is not observed in the spectrum
for pure noble gas cloud, Figure 10 shows comparison of 7y -ray mean energy
between due to noble gas cloud and iodine-mixed one as a function of time after
reactor shutdown. The mean energy for iodine-mixed noble gas cloud is less
than that for pure noble gas cloud till several hours later but this
relationship reverses after then. The difference between the two is estimated
to be about 100 keV at and after 50 hours,

Figure 11 shows the shielding factors of houses against the iodine-mixed
noble gas submersion as a function of time after reactor shutdown, in comparison
of those against pure noble gas one. The house provides less shielding
protection against the iodine-mixed submersion than the pure one because of
higher energy component of 7 -rays due to radioiodines. The release of
radioiodines affects the shielding factor also in its decreasing manner as
being more gradual, As can be seen in the figure, the shielding factor rises
slightly again after several hundreds hours. A quarter of iodine activity in
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the core was assumed to be released in the calculation but this hypothesis is
fairly radical in the case of accident of water reactor . It was reported
that while 96 PBq(2.5 X 10° Ci) of noble gas were released into the atmosphere,
only about 555 GBq(i5 Ci) of iodine were released in the accident of TMI-2.

It can be expected from this that the difference between the two shielding
factors for each house would be smaller in actual cases than that shown in

Figure 11,
3.4 Effect of Window éortion on Shielding Factor

This section describes how the window portion of the house affects the
shielding factor in the case of noble gas release. It is important to consider
this effect because the window provides very feeble shielding protection and
any residential house is windowed for lighting rooms. Figure 12 shows the
shielding factor of ferroconcrete house as a function of Qwin ,» relative solid
angle subtended by window at the center of the house (see Figure 1). The
shielding factors are plotted for two types of submersion whose nuclidic
composion are those at 3 and 300 hours after the accident. The houses of
Quwin = 0.0 and Quwin = 1.0 can be regarded as a greenhouse and a protective
shelter, respectively. Since Qwin can be treated as a linear factor to the
shielding factor in our calculational model, the shielding factor increases
linearly with Quwin as a matter of course, What we have to take notice of is
drastic change of the shieling factor, i.e. from 0.1 to 0.95 and from 0,01 to
0.93 for the submersions at 3.0 and 300 hours, respectively, This means that
if inhabitants hide themselves behind the internal wall, protective effect can
be expected more than that shown in Figures 8 and Il because of substantial

zero of Qwin .

4, SHIELDING FACTOR AS A GUIDELINE IN EMERGENCY PLANNING

The shielding factor of houses in reactor accident has been investigated
and its characteristics has been discussed about so far. This chapter descibes
- a guideline of shielding factor in emergency planning, which would facilitate
decision making and execution of countermeasures for the public around the
facilities. It is obvious from the above discussion that the shielding factor
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the core was assumed to be released in the calculation but this hypothesis is
fairly radical in the case of accident of water reactor . It was reported
that while 96 PBq(2.5 X 10® Ci) of noble gas were released into the atmosphere,
only about 555 GBq(i5 Ci) of iodine were released in the accident of TMI-2.

It can be expected from this that the difference between the two shielding
factors for each house would be smaller in actual cases than that shown in

Figure 11.
3.4 Effect of Window éortion on Shielding Factor

This section describes how the window portion of the house affects the
shielding factor in the case of noble gas release. It is important to consider
this effect because the window provides very feeble shielding protection and
any residential house is windowed for lighting rooms. Figure 12 shows the
shielding factor of ferroconcrete house as a function of Quwin , relative solid
angle subtended by windew at the center of the house (see Figure 1),  The
shielding factors are plotted for two types of submersion whose nuclidic

composion are those at 3 and 300 hours after the accident. The houses of
Quin = 0.0 and Quwia = 1.0 can be regarded as a greenhouse and a protective
shelter, respectively. Since Qwin can be treated as a linear factor to the

shielding factor in our calculational model, the shielding factor increases
linearly with Qwin as a matter of course, What we have to take notice of is
drastic change of the shieling factor, i.e. from 0.1 to 0.35 and from 0.01 to

0.93 for the submersions at 3.0 and 300 hours, respectively. This means that
if inhabitants hide themselves behind the internal wall, protective effect can
be expected more than that shown in Figures 8 and 11 because of substantial

zero of Quwin .

4. SHIELDING FACTOR AS A GUIDELINE IN EMERGENCY PLANNING

The shielding factor of houses in reactor accident has been investigated
and its characteristics has been discussed about so far. This chapter descibes
- a guideline of shielding factor in emergency planning, which would facilitate
decision making and execution of countermeasures for the public around the
facilities. It is obvious from the above discussion that the shielding factor
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depends on building materials and building structure, and weakly on time after
reactor shutdown, release of radioiodines and cloud spreading form. But it is
not realistic to show all the data of shielding factor for possible combination
of materials, structure and release case, Simplicity and wide applicability
should be considered in selecting a guideline in emergency planning, Numerous
guidelines may complicate the procedure and mislead the decision.  Thus two
representing values of shielding factor were finally chosen as a guidline
through the following discussion.

The shielding factor of houses decreases monotonously with time after
reactor shutdown as can be seen in Figures 7 and 11. Considering any timing
of release of radioactive materials from the facilities, it is reasonable to
adopt values of shielding factor in the very early time of the accident, From
Figures 7 and 11, shielding factors of 0.9, 0.7 and 0.4 would be fixed as
conservatively rounded value for prefabricated, wooden and ferroconcrete houses,
respectively. [t is obvious from the discussion in the preceding sections
that the shielding factors must not exceed these specific values in any case of
release. Shielding calculation was executed for them against the noble gas
cloud. Since there are some common building meterials used in both wooden
houses and prefabricated ones, it is better to classify the house into
ferroconcrete house and others to consider a genmeralized guideline. It can be
derived from the above discussion that the shielding factor of ferroconcrete
house never exceed 0.4 at any time of release in the accident, Considering
the demandes for simplicity and wide applicability of the guideline in emergency
use, it can be concluded that shielding factors of 0.4 and 0.9 are applicable
for ferroconcrete house and other ordinary houses, respectively, Finally, it
is important to note that both factors include a margin and then they may lead

an overestimation for the inhabitants’ projected dose.

5. CONCLUSIONS

The shielding factor of houses in major reactor accident was studied for
the monoenergetic 7 -ray cloud source and radioactive noble gas cloud source.
The followings were concluded from this shielding study.

1) The spreading shape of cloud source barely affects the shielding factor,
9) The shielding factor against radicactive noble gas cloud decreases
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depends on building materials and building structure, and weakly on time after
reactor shutdown, release of radioiodines and cloud spreading form. But it is
not realistic to show all the data of shielding factor for possible combination
of materials, structure and release case, Simplicity and wide applicability
should be considered in selecting a guideline in emergency planning. Numerous
guidelines may complicate the procedure and mislead the decision, Thus two
representing values of shielding factor were finally chosen as a guidline
through the following discpssion,

The shielding factor of houses decreases monotonously with time after
reactor shutdown as can be seen in Figures 7 and 11. Considering any timing
of release of radicactive materials from the facilities, it is reasonable to
adopt values of shielding factor in the very early time of the accident. From
Figures 7 and 11, shielding factors of 0.9, 0.7 and 0.4 would be fixed as
conservatively rounded value for prefabricated, wooden and ferroconcrete houses,
respectively. It is obvious from the discussion in the preceding sections
that the shielding factors must not exceed these specific values in any case of
release, Shielding calculation was executed for them against the noble gas
cloud. Since there are some common building meterials used in both wooden
houses and prefabricated ones, it is better to classify the house into
ferroconcrete house and others to consider a generalized guideline. It can be
derived from the above discussion that the shielding factor of ferroconcrete
house never exceed 0.4 at any time of release in the accident. Considering
the demandes for simplicity and wide applicability of the guideline in emergency
use, it can be concluded that shielding factors of 0,4 and 0.9 are applicable
for ferroconcrete house and other ordinary houses, respectively. Finally, it
is important to note that both factors include a margin and then they may lead

an overestimation for the inhabitants’ projected dose.

5. CONCLUSIONS

The shielding factor of houses in major reactor accident was studied for
the monoenergetic 7 -ray cloud source and radioactive noble gas cloud source.
The followings were concluded from this shielding study.

1) The spreading shape of cloud source barely affects the shielding factor,
9) The shielding factor against radicactive noble gas cloud decreases
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gradually with release delay time and keeps a minimum during the
period from 50 to 1000 hours after reactor shutdown ,while '33%¥e
predominates in the cloud,

Mixing of radiciodines into the noble gas cloud raises the shielding
factor insignificantly,

Even if the radioactive noble gas cloud ingresses the house, it would
barely affect the shielding factor,

Shielding factors of 0.4 and 0.9 were proposed for ferroconcrete house
and other ordinary ones, respectively, as a guideline in emergency
planning.
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Table 1 Building materials used well in Japan and their typical density

Building Material Density Building Material Density
( g/cm® ) ( g/cm® )
Cedar Board 0.38 Asbestos Cement Sheet | 1.5 ~ L.©
Plaster L1 Gypsum Board 0.95 ~ 1.4
Mud 1.1 ~ 1.3 | Gypsum Lath Board 0.93 ~ 1.4
Mortar 2.0 ~ 2.15 | Sheet Glass 2.5
Concrete 2.3 ~ 2.35 |Clay Rooftile 1.73
Lightweight Concrete 1.6 Fibreboard 0.99
Autoclaved Lightweight 0.6 Pressed Cement Roof 2.29
Concrete Tile

Hollow Concrete Block 121 Coated Iron Sheet 7.86
Plywood Board 0.63
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Table 2 Building materials used in the typical houses in Japan and relative
solid angles (Q:) subtended at the center of the house by wall,

roof and window

Type of House Qi Building Material ( thickness )
Wall Mortar (3. 2cm) + Cader board(l.2cm) +
0.6 Gypsum board (0, 9cm)
Wooden House Roof | Clay rooftile(2.8cm) + Cedar board(l.2cm) +
0.2 Gypsum board (0. 9cm)
Window | Sheet glass (0, Scm)
0.2
| Wall Autoclaved lightweight concrete(5.0cm) +
0.6 Gypsum board (0. 9cm)
Prefabricated Roof | Ashestos cement sheet (0. 45cm) + Cedar hoard(l. 2cm)
House 0.2 + Gypsum board (0, 9cm)
Window | Sheet glass(0, 3cm)
0.2
Wall | Concrete(20cm)+ Gypsum board (0. 9cm)
0.6
Ferroconcrete. | Roof | Concrete (20cm)+ Gypsum board (0. 9cm)
House 0.2
Window | Sheet glass (0. 3cm)
0.2
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Table 4 Corresponding atomic number( Zcor ) and classification of building

material
Building Material Density Zcor Material Group
( g/cm® )
Cedar Board 0.38 7
Lauan Board 0.54 8
Plywood Board 0.65 8 I
Particleboard 0.70 7 (7~9)
Insulation Fibreboard 0.30 8
Hard Fibreboard 0.99 8
TATAMI 0,32 9
Wood-Wool Cement Board .54 14
Wood-Chip Cement Board .11 14
Asbestos Cement Sheet A 1.49 15
Asbestos Cement Sheet B .70 16
Autoclaved Lightweight Concrete 0.58 14 I
Hollow Concrete Block 1.52 14 (13~16)
Pressed Cement Roof Tile 2.31 15
Gypsum Board 0.70 15
Gypsum Lath Board 0. 66 15
Clay Rooftile A 1.93 13
Clay Rooftile B 1.65 14
Sheet Glass 2.34 13

Tabel 5 Constant a in linear formula of dose buildup factor for building

material group and incident photon energy range

Constant o
Material Group
68 ~ 100 keV | 100 ~ 662 ke¥ | 662 ~ 1250 keV
I 1.3 1.0 0.7
| 0.7 0.7 0.7
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Table 6 Energy group structure in 7 -ray spectrum calculation

Group No. v -Ray Energy Range ( keV )
1 3000.0 ~ 2000.0
2 2000.0 ~ 1400.0
8 1400.0 ~  1000.0
4 - 1000.0 ~ 700.90
5 700.0 ~  520.0
8 520.0 ~  400.0
7 400.0 ~  300.0
8 300.0 ~  230.0
9 230.0 ~ 170.0
10 170.0 ~  130.0
11 130.0 ~  100.0
12 100.0 ~ 80.0
13 80.0 ~ 62.0
14 62.0 ~ 50.0
15 5.0 ~ 40,0
186 0.0 ~ 33.0
17 3.0 -~ 26,0
18 26,0 ~ 20.0

" Table 7 Radionuclides composing radioactive cloud

Krypton | 8%Kr, ®™ Kr, °®7Kr, %%Kr, ®%r

Yenon 131mye  133) 133m Yo 135§Yp 135m Yo 138Ye

lodine | '3[, 132], 1331, 1347 135]
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Ground

Fig. 1 Diagram of house model, Roof and wall consist of different huilding

materials,
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diameter, Source energy group is indicated by an arrow,
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Fig. 6 7 -ray energy spectra at 1 m above the ground for submersion (solid
line) and overhead plume (broken line) at (a) 0,05, (b) 3.0, (c) 20, (d)
125 and (e} 800 hours after rector shutdown. The spectra are

normalized at the energy group indicated by an arrow,
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Fig. 6 (Continued)
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Fig. 8 Shielding factor of houses against noble gas cloud as a function of time
‘after reactor shutdown. Solid and broken lines represent the factors

for submersion and overhead plume, respectively,
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Fig. 9 Comparison of energy spectra between due to noble gas submersion (broken
line) and iodine-mixed one (solid line) at (a) 0.05 (b) 20 and (c) 800
fours after rector shutdown, The spectra are adjusted at the energy

group indicated by an arrow,
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Fig. 11 Shielding factor of houses against noble gas submersion as a function

of time after reactor shutdown,

Also plotted with broken lines are

those against submersion mixed with radioiodines by 25 % of core

inventory.
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Fig. 12 Shielding factor of ferroconcrete house against noble gas submersion at
3 and 300 hours after reactor shutdown as a function of solid angle

subtented by window.



