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Abstract

Radiation streaming through penetrations has been of great concern in radiation shielding
design and analysis. This study developed a Monte Carlo method and constructed a data
library of results calculated by the Monte Carlo method for radiation streaming through a
straight cylindrical duct in concrete walls of a broad, mono-directional, mono-energetic
gamma-ray beam of unit intensity. It was demonstrated that average dose rate due to an
isotropic point source at arbitrary positions can be well approximated using the library with
acceptable error. Thus, the library can be used for efficient analysis of radiation streaming due

to arbitrary distributions of gamma-ray sources.
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1. Introduction

There are- about tens of thousands of penetra-
tions through radiation shielding structures in a
commercial nuclear power plant, such as electrical
conduits, air ventilation ducts, fluid transfer pipes,
pressure relief openings, or personnel entry ways.
Since penetrations are unavoidable and in many
instances radiation streaming through penetrations
is the critical consideration in protection against
exposure of personnel, the radiation streaming has
been one of the important and difficult problems
throughout radiation shielding design and analysis.

Most of the penetrations are straight cylindrical
ducts vertical to concrete shielding walls, which
are objects of this study. Moreover, the ducts are
assumed here to be air-filled and unlined, since it
is the worst case. The radiation streaming through
such a duct may be analysed by single scattering
method,! Albedo method,>> and Monte Carlo
method.*™® But they may be used for .order-of-
magnitude calculations where sufficient margin is
available, except the Monte Calro method which
is accurate but requires a lot of computing time.*°

The more accurate the result of an analysis is to
be, the more computing time is required. The
purpose of this study is to develop a Monte Carlo
method and to construct a data library of results
calculated by the Monte Carlo method in order to
obtain efficiency and accuracy at the same time
due to the use of the library in analyzing the
radiation streaming through a straight cylindrical

duct in concrete walls.
2. Streaming Kernels

Consider a radiation streaming problem through
a straight cylindrical duct in an infinite concrete
slab of thickness p with a monoenergetic, isotro-
pic Y-ray point source, S,( £, §, E)—called pomnt
source from now on—which is placed as shown in

Figure 2.1. Let us define

X,i(p,¢, E;ro,p) = average dose rate over the
duct crosssectional area
at duct outlet due to a unit

point source (2.1)

If the X, values are known, it might be straightfor-
ward to calculate the dose rates for arbitrary
source distributions whose small part can be cons-
idered to be an isotropic point source. This study
is to determine the X,, values with accuracy sulffi-
cient for shielding analysis. The variables are,
however, too many to directly calculate the X,
values by Monte Carlo method.

Consider another 7-ray streaming problem
with the same configuration as above, except that
the source term is a broad, monodirectional,
monoenergetic beam of particles incident upon
the wall with an angle &, S,({, E)—called plane
source from now on—as shown in Figure 2.2. De-
fine
X,i(¢, E;ro,p) =average dose rate over the

duct crosssectional area at
duct outlet due to a unit
plane source (2.2)

Kpi(¢, E;7o,p) = cos ¢ Xpi(¢, E;ro, p) (2.3)

The unit plane source generates one particle per
unit time per unit area of the wall surface. Then
K,; becomes the dose rate due to the parallel
beam of unit intensity, i.e., one particle per unit
time per unit area normal to the beam. K, will be
called streaming kernel of plane source or simply
plane streaming kernel.

In the case of isotropic point source, the radia-
tion intensity is reduced by two reasons as the
distance from the source point increases—1) mate-
rial attenuation, and 2) geometrical attenuation
according to the inverse-square-law. Let us sup-
pose X, can be written as

Kpt(pyng;'byp)

yr 2.4)

Xpt(PungW'pr) =



82

then K,, might be considered to be the dose rate
when only the material attenuation is considered.
K, will be called streaming kernel of point source or
simply point streaming kernel.

Let us now suppose with some bravery thai 1,
can be approximated by K, since there is only
the material attenuation in the case of plane
source. It is intuitively recognized that the dose
rate X,; asymtotically approaches cos § X,1/47rP2
as P increases, i.e.,

Jim 476% Xpe(p, ¢, Es 70, p) = cos ¢ Xpul¢, E; 70,9). (2.5)

Then, in view of Egs. (2.3) and (2.4)

Jim Kpe(p, ¢, Eiro,p) = Kpi(¢, Eiro, p).- (2.6)
Thus, If the assumption
Kp!(Pa S E; rOnp) =~ Kpl(f’E; To,p) (27)

is justified (see Section 5), the effort of calculation
can be reduced greatly, since the number of vari-
ables is reduced from five to four. Once K is
determined by the Monte Carlo method, X, can
be obtained as

X,i(py¢, Esro, p) ~ Fpils: Eiro.p) 2.8)
4xp?
A
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Fig.2.1. Dose Rate due to a Point Source
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and then using this the streaming problem can be
analyzed efficiently for an arbitrary distribution of

7-ray isotropic source.
3. Simulation with the Monte Carlo Method

On the basis of the Monte Carlo method, two
computer programs were written separately for the
plane source and point source, which are named
as DOGPL and DOGPT, respectively. The proce-
dures and algorithms of the two programs are
essentially the same with the exception of the
ways how to sample the source particles. The
procedures are summarized in Table 3.1.

The positions, directional angles, and energies
of the particles are treated with continuous vari-
ables through theiryandom walks. The macrosco-
pic cross sections of concrete are obtained from
the mass attenuation coefficients in reference 10.
To estimate the average dose rate over the duct
crosssectional area at the duct outlet, either X,
or X, a surface crossing estimator!? is used with
the flux-to-dose conversion factors in reference
11. The programs were written in Fortran77
mounted on a SPARK workstation of Sun Mic-

>
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Fig.2.2. Dose Rate due to a Point Source
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Table 3.1. Procedures of Monte Carlo Simulation

1. Determine geometric variables.
2. Sample a source particle.
3. Simulate random walks.
i) Calculate the distance to the duct boundary.
fi}) Sample a streaming length to the next collision.
iii) Score if the path line intersects the duct cross sectional area at outlet.
iv) Determine the next collision point
If the collision point is out of the system, kill it and go to Xi).
V) Reduce the particle weight for the implicit photoelectric effect.
vi) Weight cutoff and Russian Roulette.
Vi) Geometric splitting and Russian Roulette.
Vil Sample a collision type among Compton scattering and pair~production.
If Compton scattering, sample a new direction and an energy from the Kiein-Nishina
distribution by the Kahn’s method.!?!3
If pair-production, sample a new direction from isotropic distribution, make its energy
0.511 MeV and double its weight.
iX) Energy cutoff (0.01 MeV<E <10 MeV).
X) Determine cross section data for the new energy, and go to i).
Xi ) If the particle is killed at iv), vi), Vi), and iX), go to Vii) when there are particles in the
BANK, or terminate the random walk otherwise.
4. Test whether or not the variance is reduced within a given criterion. If not, go to 2.

5. Stop the run.

rosystems, Inc. The random number generator
used in the programs is one built in the compiler,
named as FUNCTION RAND() that is a non-
linear additive feedback random number gener-

ator.
4. Results of Plane Streaming Kernel

The plane streaming kernel K,(&, E; r,, p) has
been evaluated for 20 source energies(E) from
0.05 to 10MeV, 36 source incident angles({) from
0 to 70 degrees, 5 duct radii( 7,) from 10 to 30cm,
and 16 wall thicknesses(p) from 0 to 100cm with
the computer program DOGPL. The quantity of
the data is too large to represent here in full. They
are, therefore, plotted in Figures 4.1 thru 4.3

according to the source incident angle for the duct
radii of 10, 20, and 30cm. Figures 4.4 and 4.5
shows the plot of the plane streaming kemel with
wall thickness and source energy as abscissa, re-
spectively, for the duct radius of 10 cm.

Some irregularities are shown on the curves of
the figures, that are considered to result from the
statistical fluctuation, although the relative error R,
defined as below, was limited within 5%.

X2 - X2 (4.1)
N -1

Sx 1

R = = = =
vNX X

where N is the number of source particles sam-

pled, and X and s2 are sample mean and
variance. It was experienced during the calcula-
tions that statistical error generally increases as
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Plane Streaming Kernel, K, (mrem/hr)

Plone Streaming Kernel, K, (mrem/hr)

Plane Streaming Kemel, K, (mrem/hr)

Plane Streaming Kernel, K, (mrem/hr)
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wall thickness, source incident angle, and source
energy increase, and duct radius decreases. The
fact that the relative error R is limited within 5%
means that the true solution is within +5% about
the evaluated solution with the confidence of
68%, or within £10% about the evaluated solu-
tion with the confidence of 95%.

5. Approximation of Point
Streaming Kernel

The approximation of Eqs. (2.7) and
(2.8)—replacement of the material attenuation of a
radiant source with one of a parallel source—is
accompanied with some error, unless the point
source is sufficiently far from the wall. The appro-
ximation error in percent, defined as

Er= Kpl(f: E; 70:,’) - Kpt(pr ¥} E; 70, P)
Kpt(pafs E; rOtP)

x 100, (5.1)

is shown in Table 5.1 for the duct of radius 7, =
20 cm. The error in some cases is too great to
justify the approximation. The error occurs from
the fact that the incident angle of a particle from a
point source varies from place to place where the
particle arrives on the wall, while that of a plane
source particle invariant. The incident angle of
plane source should be carefully selected for the
good approximation of point streaming kernel,
that might take a value different from the angle ¢
of the point source as shown in Figure 2.1. Note
that the incident angle of plane source is assumed
to be { of the point source in Eq. (5.1). If the
optimized angle of the plane source is denoted as
& , the exact expression of the approximation be-
comes, instead of Egs. (2.7) and (2.8),

Kpt(ﬂ,(,E;ro,p) ~ Kpl(ny;anP) (52)

and

sz(f,E; "O,P)- (53)

Xpt(P) Y’E; YQ,P) ~ 47{[)2
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Let us classify the point sources according to
the position of them as shown in Figure 5.1. A
point source in Region 1 can see the whole area
of the detector surface without any obstruction.
Thus let Z =0, since the plane source can see the
whole area only when the incident angle is zero.
A point source in Region 2 can see only the
partial area of the detector surface. It has been
demonstrated through several trials that é: slightly
less than the angle ¢, such that #,=1 mip, as
shown in Figure 5.2, provides a good approxima-
tion. A point source in Region 3 cannot see the
detector at all. If £,<5mfp, C is selected to be
slightly less than the angle {, such that #;=¢,+
1mfp, as shown in Figure 5.3. Otherwise, é‘ is
such that £/ =6mfp+0.3(%,
—5mfp). Here, mfp is mean free path of source

determined

particles in concrete, 2, is traverse length through
concrete of the line from the source point to the
top of the detector, and £, is that of the line
starting from the source point with the desired

angle {. The error after this optimal choice of é’ ,

defined as

K¢, E;ro0,p) — Kpi(p, ¢, Eiro,p)
Kpe(p, ¢, E;ro,p)

in Table 5.2 for the duct of radius

larger

Er

x 100, (5.4)

is shown

7,=20 cm. It was observed that the

Concrete Wall

p=1mfp
pt

Fig.5.2. When Point Source is in Region 2

the radius of the duct is, the smaller the error is.
For 7,>10 cm and p<100 e¢m, the error is below
about 30 %, if d/7, is greater than 6. When d/7, is
less than 6, the error does not exceed 50 %. By
using the library of K, therefore, a streaming
problem can be solved easily with a short time
comparable with point kernel method, but with a
error smaller than single scattering or Albedo
methods, although it should be noted that the
error may reach 50 % when the source is close to
the inlet of the penetration.

Region 3 Concrete Wall

Region 2

Region 1

Region 2

Region 3

Fig.5.1. Point Source Regions for the Approxima-
tion of K,

Concrete Wall

Fig.5.3. When Point Source is in Region 3



J. Korean Nuclear Society, Vol. 25, No. 1, March 1993

Table 5.1. Approximation Error(€r) for 7,=20 cm Before Optimization
When {’=0 degrees and E=1 MeV
d/?. |p=10 cm| 20 cm 30 cm 40 cm 50 cm 60 cm 70 cm 80 cm 90 cm | 100 cm

2 11.0 3.5 4.0 -9.7 -141 | -168 | -186 | —203 | -211 | -219
4 4.0 0.1 -4.2 -85 “110 | -134 | -148 | -155 | -161 | -16.7
6 16 -13 -48 7.7 —98 | -11.7 | —-1298 | -136 | -141 | -144
8 12 ~1.1 -39 —6.3 -82 -96 | -107 | -111 | -118 | -125
10 0.6 -1.3 —34 55 —6.7 -79 -88 -9.7 -98 | -102
12 0.6 ~1.1 -33 -438 58 -7.0 —8.1 -82 838 -88
14 0.1 -13 -29 438 56 -65 7.1 —74 -80 82
16 0.2 -12 28 -43 48 -59 —6.8 7.0 -6.7 -76
18 -02 -1.0 -21 -33 44 -54 -6.0 —62 -65 -70
20 0.2 -13 2.1 -33 -4.1 -49 54 56 5.8 -6.1
22 0.0 ~1.1 22 -30 -40 -46 52 53 -56 57
24 —0.1 -0.9 -19 238 ~3.7 44 -48 -51 -53 5.8
26 0.1 -18 -16 27 33 -4.0 -45 —46 —49 5.0
28 0.0 038 -18 26 -3.1 -38 -40 -43 4.4 49
30 0.0 0.8 -16 —24 238 -35 -38 -4.0 -4.0 45
When {’=30 degrees and E=1 MeV
2 24 | -102 | —206 | —288 | -349 | -390 | -426 | —455 | -478 | -493
4 —22 -85 | -136 | -184 | —210 | —218 | -212 | -183 | -125 -49
6 -038 —59 | -105 | -124 -124 | -105 -4.5 59 | -248 56.6
8 -13 -5.0 -8.1 —92 76 -28 6.0 236 53.5 88.4
10 -12 —4.1 —6.1 65 -47 02 125 333 642 72.6
12 -10 -36 -57 -5.7 -33 23 143 389 60.8 56.0
14 ~06 —3.0 a1 —4.0 -16 4.0 163 42.3 525 | 362
16 0.4 22 -39 -3.0 -05 5.7 18.7 414 407 | 304
18 ~1.1 26 -35 29 —02 6.1 194 403 287 22.1
20 -0.7 20 ~3.1 -23 0.0 5.1 17.1 353 25.7 16.1
22 -0.5 2.1 -3.2 —24 -0.3 48 16.4 30.9 216 145
24 06 ~18 25 -18 0.4 5.7 17.2 279 20.0 15.1
26 -0.7 -19 —24 -18 08 58 170 24.0 15.2 12.7
28 =03 -15 —25 -12 0.7 638 18.0 242 13.0 12.4
30 -07 -13 —22 -17 0.7 52 16.2 213 102 838
When {'=60 degrees and E=1 MeV
2 -104 | -155 | -140 69 114 384 673 985 1325 165.3
4q -6.6 -13 24.7 63.1 67.7 65.0 62.9 66.6 75.0 81.3
6 -37 47 39.9 39.3 383 442 53.5 64.5 74.4 81.0
8 -3.1 52 345 26.7 30.3 395 47.6 54.8 62.7 720
10 -23 5.9 27.7 224 269 347 431 50.5 59.1 65.8
12 -18 6.8 21.3 19.0 29 322 39.0 46.0 54.0 632
14 -1.3 6.0 19.0 172 23.4 312 38.1 435 50.2 58.8
16 14 5.2 15.0 145 20.0 27.2 32.4 386 432 487
18 -1.1, 5.9 13.3 15.4 213 27.7 323 376 42 8 48.4
20 -12 4.0 116 118 17.1 225 26.1 314 350 39.2
22 —22 4.2 105 116 16.4 226 273 30.8 36.4 403
24 -13 4.0 107 | 114 163 20.9 265 299 353 374
26 -038 4.1 8.5 9.3 141 176 230 26.8 318 35.8
28 0.7 35 71 8.1 11.2 16.4 205 25.0 294 323

30 -0.1 3.6 7.0 8.1 11.4 15.6 20.0 23.3 26.0 294
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Table 5.2. Approximation Error(l?r) for r,=20 cm Before Optimization

When {' =0 degrees and E=1 MeV

d/r, |p=10 cm| 20 cm 30 ecm 40 cm 50 ¢cm 60 cm 70 cm 80 cm 90 cm 100 em
2 11.0 35 -4.0 -9.7 -14.1 -16.8 -18.6 -203 =211 -219
4 40 -0.1 -472 -85 -11.0 -13.4 ~14.8 ~155 -16.1 -16.7
6 16 -13 -4.8 -7.7 -9.8 -11.7 -129 -13.6 -14.1 -14.4
8 1.2 -1.1 -39 -6.3 -82 -9.6 -10.7 -11.1 -118 ~12.5

10 0.6 -1.3 -3.4 -55 -6.7 -79 -88 -9.7 -99 -10.2
12 0.6 -11 -33 -4.8 -5.8 -~7.0 -8.1 -8.2 ~-8.8 -88
14 0.1 -1.3 -29 -4.8 -56 -65 -71 -74 -80 8.2
16 0.2 -1.2 —-2.8 —4.3 —4.8 -59 -68 -7.0 ~6.7 -7.6
18 -0.2 -1.0 -2.1 -3.3 -4.4 -54 -6.0 -6.2 -6.5 -7.0
20 0.2 -13 2.1 -32 -41 -49 -54 -56 58 -6.1
22 0.0 -1.1 —-2.2 -3.0 —~4.0 —4.6 -5.2 -53 -5.6 57
24 -01 -09 -19 -2.8 -3.7 -44 48 -5.1 -53 -58
0.1 -0.8 -1.6 -2.7 -33 -4.0 -45 -4.6 -46 -50

28 0.0 -0.8 -1.8 -2.6 ~3.1 -3.8 -4.0 4.3 -4.4 -49
0.0 -0.8 -1.6 -24 -24 ~3.5 -3.8 -4.0 -4.0 —-45

When (' =30 degrees and E=1 MeV
2 79 29 -2.3 -7.1 -10.7 -12.8 -148 -15.8 -17.0 ~17.4
4 22 -0.1 -3.0 -6.0 -95 -12.3 -14.6 -17.0 —185 -21.0
6 15 -0.3 -2.6 5.0 -71 -97 =121 -14.6 —-189 —-25.2
8 0.6 -0.4 -19 -4.0 -54 6.8 -9.0 -12.4 -18.8 -213

10 05 -0.7 -19 -32 -43 65 -84 -125 —188 —15.7
12 04 -04 2.2 -33 -3.8 55 -8.2 -12.0 —14.2 -15.2
14 05 0.0 -09 -19 -27 —4.6 -7.3 -12.2 -11.1 -12.0
16 0.6 0.5 -1.1 -1.2 —2.1 -3.3 -5.6 -10.7 -99 -9.3
18 ~-0.2 -0.4 -1.0 -14 -2.0 -2.8 ~-4.6 -76 -10.5 -85
20 0.1 0.0 -09 -09 -11 -18 -37 -58 ~-71 -88
22 0.3 -0.4 -12 —-14 -2.2 -3.7 -57 -6.4 -8.1 ~7.6
24 0.2 -0.2 -07 -0.9 -15 -28 -4.7 -4.9 -5.6 -5.1
26 0.0 -0.5 -0.7 -1 -12 -25 —4.6 -54 -6.0 ~-51
28 04 -0.2 -10 05 -13 -14 -3.5 -4.6 -4.4 -35
30 00 -0.2 -0.7 -1.1 -13 -26 -45 6.2 59 -4.09

When { =60 degrees and E=1 MeV
2 1.8 2.7 -0.8 -6.7 -149 -16.0 -105 -6.7 -45 —-4.5
4 2.1 3.2 -57 -10.0 -104 -57 0.7 7.3 32 24
6 2.4 29 -56 4.8 1.7 10.1 12.2 105 -73 3.0
8 13 12 -5.7 2.0 6.1 11.1 95 6.1 5.0 44
10 1.3 12 -3.6 14 9.4 10.0 86 7.3 48 34
12 12 15 -3.7 21 9.6 99 85 81 6.5 50
14 11 09 -24 34 93 104 104 93 8.8 82

16 0.6 0.2 —2.3 3.0 6.9 7.8 8.3 8.1 79 6.5
18 0.5 1.1 -09 4.6 9.0 9.6 9.8 93 102 | 109
20 0.2 -0.5 -1.6 24 59 6.3 59 6.1 6.2 6.5
22 0.1 -0.1 ~-1.9 34 5.6 7.4 7.5 7.1 7.8 9.6
24 -02 =0.1 -1.0 4.1 6.4 6.7 7.3 7.0 7.5 7.6
26 0.3 0.3 —-2.4 2.6 5.1 4.5 48 49 5.1 6.7
28 03 -0.1 2.5 1.8 3.1 41 37 39 3.5 4.3
30 08 0.1 -15 2.1 39 41 4.3 35 15 24
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6. Conclusions

For radiation streaming problems through a
straight cylindrical duct within concrete walls due
to a broad, monodirectional, monoenergetic
gamma-ray plane source, a Monte Carlo method
was developed as described in Section 3. A data
library of plane streaming kemel, which is evalu-
ated by the Monte Carlo method, was constructed
as summarized in Section 4. The data library can
be used to approximate point streaming kernel for
a point isotropic gamma-ray source located at
arbitrary place inside the wall with a reasonnable
error as described in Section 5.

The library can be used for the efficient and
accurate analysis of streaming problems having
gamma-ray source of arbitrary distribution whose
infinitesimal volume is thought to be an isotropic
point source. The total contribution from the
source distribution is then obtained by a simple

integration of

x= [ [ Xoulo.5,Eiro,)S(5,5,B) Vilors) dE

Kpt P,S',E rpr)
= [, [ LBty p)aviions) e

/ / Kpl(i’izro”’ L 5(0,, E) dVi(p.<) dE
6.1)
where X is the average dose rate over the duct
crosssectional area at duct outlet, and S(°, ¢, E)
is the source distribution over the volume V; and
in the energy range E;, and K}, is the data library
of plane streaming kernels obtained in this study.
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