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ABSTRACT

The MCNP 4.2 code was used to calculate the thermal neutron flux distributions for

(n, y)reaction in mainshell, annular plate, and subshell of the calandria of a CANDU
6 plant during operation. The thermal neutron flux distributions in calandria mainshell,
annular plate, and subshell were in the range of 10"~10" neutrons/cm’-sec which is
somewhat higher than the previous estimates calculated by DOT 4.2 code. As an application
to shielding analysis, photon dose rates outside the side and bottom shields were
calculated. The resulting dose rates at the reactor accessible areas were below design
target, 6 uSv/h. The methodology used in this study to evaluate the thermal neutron
flux distribution for (n, y)reaction can be applied to radiation shielding analysis of CANDU

6 type plants.

Key words: MCNP 4.2 code, thermal neutron flux distribution, (n, v) reaction, calandria,

photon dose rates

INTRODUCTION

Though the MCNP code[1] based on Monte
Carlo method has been used very extensively and
successfully over a decade in a wide variety of
applications, radiation shielding calculation in CA-
NDU reactors has not been carried out by using
the code. Recently, the thermal neutron flux distri-

butions for (n, y)reaction[2] in mainshell, annular
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plate, and subshell of the calandria have been ob-
tained by using the two-dimensional discrete ordi-
nates transport code, DOT 4.2. Then the QAD-CG
code has been used to calculate the photon dose
rates at the accessible areas in CANDU 6 reactor.
The DOT code uses space and angle discretization
in two-dimensional geometry and group cross-sec-
tion data. On the contrary, the MCNP code can

simulate the three-dimensional reactor geometry
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completely and use continuous cross-section data

or discrete one. In addition, shielding calculation
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Table 1. Fission neutron spectrum used in

MCNP4.2 runs

over entire reactor geometry can be done by using Energy Fraction of Neutrons
the code. Range(eV) per Fission
In this study, Monte Carlo calculations of ther- 149E+7~122E+7 40489X107*
mal neutron flux distributions for (n, y)reaction 122E+7~1L11E+7 7.2582X107¢
. . . 1.11IE+7~6.07E+6 5.9696X 1072
in calandria mainshell, annular plate, and subshell 6.07E+6~368E+6 2.8362X10"!
in a CANDU 6 reactor were carried out and the 3.68E+6~2.23E+6 55141X107!
photon dose rates at the accessible areas such as 223E+6~135E+6 6.0629X10°*
in airlock fuel loadi d th 1.35E+6~8.21E+5 4.7288X107!
main airlock area, new fuel loading area, and the 8.21E +5~4.98E +5 30088 X 10"}
stairway in the main lobby area are also calculated. 498E+5~3.02E+5 1.6975X 10!
The calculational model used in this work is based 3.02E+5~183E+5 8.9190X1072
~ + -1
upon Point Lepreau power plant, a CANDU 6 reac- 183E+5~6.74E+4 6.6967% 10'
6.74E+4~4.09E+4 1.0663X1072
tor. The MCNP code version 4.2 was used. 409E+4~248E+4 5.1082X 1072
248E+4~150E+4 24337X107°
150E+4~0
z
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Figure 1. Cross-sectional view of calandria at X=0.
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CALCULATION OF THERMAL
NEUTRON FLUX DISTRIBUTIONS FOR
(n, v) REACTION IN CALANDRIA

The reactor core was divided into 15 cells to
account the power output distributions in core.
Time-average channel power distribution and time-
average bundle power distributions[3] provided
by the Point Lepreau power plant were used to
determine the source sampling in each source cell
for this calculation. The fission neutron spectrum
from GAM II[4] was used for energy distribution
of the source neutrons as shown in Table 1. Fis-
sion neutrons having energies below 0.015MeV
were ignored because of low yield.

The geometrical set up for the MCNP 4.2 calcu-
lation is shown in Figure 1 and the materials that
constitute each region are given in Table 2. The
subshell and the annular plate were divided into
8 regions horizontally and vertically, respectively,
and the mainshell 32 regions horizontally due to
its long length, 397.52cm. Such divisions in caland-
ria shell are to obtain cell fluxes in each cell by
using F4 tally, track length estimate tally.

In order to reduce the computer time required
to obtain results with sufficient precision, several
variance reduction techniques were used in this
work: By using importance sampling, it is possible

to spend more time for sampling in important re-

gions such as the mainshell, annular plate, and -

the subshell and less time in unimportant regions.
Energy cutoff technique was adopted to kill partic-
les that have a energy out of the range of interest.
The weight window technique, a space-energy-de-
pendent splitting and Russian roulette technique,
were also employed to keep the weight dispersion

within reasonable bounds throughout the calcula-
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Table 2. Material composition

. Atomic Density

Material Element [ (atoms/barn-cm]
H 1.097E4
D 5.638E-2
Core 0 2.825E-2
Zr 1.443E-3
U-235 8.605E-6
U-238 1.187E-3
D,0O H 1.839E-4
Reflector d 6.599E-2
(p=11/cm® O 3.309E-2
Vault H 6.639E-2
Water (H.0) 0] 3.346E-2
C 1.387E4
Stainless Si 1.271E-3
Steel 304L Cr 1.734E-2
(p=7.9/cm®) Mn 1.732E-3
Fe 5.812E-2
Ni 8.107E-3
Stainless Si 1.670E-3
Steel 410 Cr 1.080E-2
(p=79/cm®) Mn 8.550E-4
Fe 7.220E-4
H 9.583E-2
C 1.143E-2
Ordinary 0 4.531E-2
Concrete Mg 6.018E-3
(p=23/cm®) Al 1.534E-4
Si 1.783E-3
Ca 7.498E-3
Fe 1.112E-4
H 4618E-3
Ilmenite C 8.930E-4
Concrete 0] 4.293E-2
(p=3.36/cm*) Mg 1.257E-3
Al 2.598E-3
Si 2.507E-3
Ca 8.983E-3
Fe 1431E-4
Air® 0 4.536E-5

a. Treated as oxygen
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tion.

The neutron cross-sections used in this MCNP
runs were based on ENDL-85[5], ENDF/B-IV[6],
and TMCCS files. The uranium cross-sections
were extracted from ENDF/B-IV and other mate-
rial cross-section data come form ENDL-85. The
TMCCS files were used for thermal neutrons. The
data in the TMCCS files represents thermal neut-
ron scattering by molecules and crystalline solids.
The upper energy bound used for thermal neutron
tally was set to 0414 eV for comparison of the
resuits from DOT4.2.

CALCULATION OF PHOTON DOSE
RATES AT ACCESSIBLE AREAS

The shield system of CANDU 6 reactor was mo-
deled as- shown in Figure 2 for MCNP runs to

Air

Air Acesabie
o3 Dy
Cpergicn

/ 975.0cm / 700.0!:11'/
Dose Dose Dose

Point 3 Point 2 Point 1

Dose
Point 4

Calandria Wall
{2.8¢cm) \

calculate the dose rates at various dose points out-
side the concrete vault walls during the reactor
operation.

These points in details are shown in Figures
3 and 4 for the areas outside the primary side
and the bottom shield, respectively. The dose poi-
nts are located at the outer surface of the reactor
wall concrete, the new fuel loading area, the stair-
way in the main lobby area, and main airlock area
as shown in Figure 3. Figure 4 also shows eight
specific dose points on contact with the bottom

shield.

Gamma Dose rates are calculated as
D = (z:DF(E)¢(E)dE

where DF.(E) is the flux-to-dose-rate conversion
factors from ANSI/ANS-6.1.1-1977(N-666)[7] and

listed in Table 3 for photon. The conversion factors

= Center of Reactor
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Figure 2. Calculation model for CANDU 6 shield system at Y=O0.
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Table 3. Gamma-ray flux-to-dose-rate conversion factors

Photon Energy DF(E) Photon Energy DF(E)
E(MeV) (cSv/h) (photons/cm?-sec) E(MeV) (¢Sv/h) (photons/cm?-sec)
0.01 3.96E-6 14 251E-6
0.03 5.82E-7 18 2.99E-6
0.05 2.90E-7 2.2 342E-6
0.07 2.58E-7 26 3.82E-6
0.1 2.83E-7 2.8 4.01E-6
0.15 3.79E-7 3.25 441E-6
0.2 5.01E-7 3.75 4.83E-6
0.25 6.31E-7 4.25 5.23E-6
0.3 7.59E-7 4.75 5.60E-6
0.35 7.87E-7 5.0 5.80E-6
04 9.85E-7 5.25 6.01E-6
0.45 1.08E-6 5.75 6.37E-6
05 1.17E-6 6.25 6.74E-6
0.55 1.27E-6 6.75 7.11E-6
0.6 1.36E-6 7.5 7.66E-6
0.65 144E-6 9.0 8.77E-6
0.7 1.52E-6 110 1.03E-5
0.8 1.68E-6 13.0 1.18E-5
1.0 1.98E-6 15.0 1.33E-5
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are used with the DE(dose energy) and DF(dose
function) cards to convert from a flux tally to a
dose tally. The gamma flux can be obtained by
using F5 tally, point detector tally, and then the

dose rates are directly estimated from the formula.
The log-log interpolation modes between energies
and flux-to-dose conversion factors are used.
The photon weight card and detector contribu-
tion card were used together with the variance
reduction technique in the calculation of thermal
neutron flux distributions in calandria. The pur-
pose of using the photon weight card is to control
the number and weight of neutron-induced pho-
tons produced at neutron collisions. The detector
contribution card reduces the number of contribu-
tions to point detector tallies from cells away many
mean free paths from the detectors, thus can save
computing time. The energy cut-off for lower ene-

rgy photon is 0.01 MeV. The MCPLIB file based

1% HF15% 1994F

on the data of Storm and Israel[8] is used for

photon cross-section table.

RESULTS AND DISCUSSION

The thermal neutron flux distributions for (n,

Flux (neutrons/cm?-sec)

N
T

10 —o— DOT4.2 73

~—e— MCNP4.2(Continuous)

—a— MCNP4.2(Discrete)

%
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Distance Along Y-Axis Given in Fig.1 (cm)

Figure 5. Thermal neutron flux distributions

in the calandria mainshell.

Table 4. Thermal neutron flux distributions in calandria mainshell

Interval Thermal Neutron Interval Thermal Neutron
Along Y-Axis Flux Along Y-Axis Flux

(em) (neutrons/cm?sec) (em) (neutrons/cm?-sec)
—198.76~ —186.33 490E+12 0~1242 2.77E+13
—186.33~—173.92 1.01E+13 12.42~24.85 2.70E+13
—173.92~—161.49 145E+13 24.85~37.27 2.62E+13
—161.49~ —149.07 165E+13 37.27~49.69 2.52E+13
—149.07~ —136.65 1.87E+13 49.69~62.11 2.58E+13
—136.65~ —124.22 2.05E+13 62.11~74.54 241E+13
—124.22~—111.80 2.29E+13 74.54~86.96 2.36E+13
—111.80~—99.38 2.33E+13 86.96~99.38 2.33E+13
—99.38~ —86.96 242E+13 99.38~111.80 21.3E+13
—86.96~ —74.54 245E+13 111.80~124.22 1.94E+13
—74.54~—62.11 2.82E+13 124.22~136.65 1.95E+13
—62.11~ —49.69 2.60E+13 136.65~149.07 1.80E+13
—49.69~ —37.27 2.63E+13 149.07~161.49 157E+13
—37.27~—24.85 2.72E+13 161.49~173.92 1.34E+13
—24.85~—1242 2.62E+13: 173.92~186.33 9.75E+12
—12.42~0 2.81E+13 186.33~198.76 481E+12
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Y)reaction in calandria wall were calculated by
using MCNP4.2 code. In this work, relative error,
R, is less than 0.05 which is generally reliable for
all tallies. The results at mainshell, annular plate,
and subshell are given in Tables 4 through 6 and
plotted in Figures 5 through 7, respectively. The

Table 5. Thermal neutron fiux distributions in
calandria annular plate

Interval Themal Neutron
Along Z-Axis Flux
(cm) (neutrons/cm?-sec)
340.68~343.42 7.79E+13
343.42~349.01 448E+13
349.01~354.61 3.05E+13
354.61~360.21 211E+13
360.21~365.80 147E+13
365.80~371.40 9.77E+12
371.40~377.00 591E+12
377.00~382.59 2.55E+12

Table 6. Thermal neutron flux distributions in
calandria subshell

Interval Themal Neutron
Along Y-Axis Flux
(cm) (neutrons/cm?-sec)
—297.18~—285.11 542E+12
—285.11~—273.04 9.99E+12
—273.04~ —260.97 1.40E+13
—260.97~ —248.90 1.78E+13
—248.90~ —236.84 2.21E+13
—236.84~—224.78 2.75E+13
—224.78~—212.72 327E+13
—212.72~—198.76 492E+13
198.76~212.72 474E+13
212.72~224.78 3.30E+13
224.78~236.84 277E+13
236.84~248.90 2.28E+13
248.90~260.97 1.77E+13
260.97~273.04 1.32E+13
273.04~285.11 8.54E+12
285.11~297.18 461E+12

Rl

results calculated by DOT4.2 code[23 with P; or-
der of scattering and Ss order of angular quadratu-
res are plotted together with the MCNP4.2 results.
From these results, it can be seen that the MCNP
4.2 results based on continuous cross sections give

considerably higher values than that calculated by
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Figure 6. Thermal neutron flux distributions
in the calandria annular plate.
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Figure 7. Thermal neutron flux distributions
in the calandria subshell.
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DOT4.2 with discrete cross sections. The differen-
ces between MCNP4.2 and DOT4.2 results may
be caused by the different cross-section data set.
For comparison, MCNP4.2 calculations using a dis-
crete cross-section data, D9, were also carried out
in the calandria shell, and the results are also plot-
ted in Figures 5 through 7. Though D9 is different
from the cross-section data used in DOT4.2 calcu-
lations, the results show a good agreement with
that of DOT4.2,

As an application to the calculation of thermal

Table 7. Dose rates at accessible areas in
CANDU 6 reactor

Dose Points Dose Rates(u Sv/h)

1 0.27

la 0.15
1b 0.095
1c 0.042
2 0.10
2a 0.079
2b 0.069
2c 0.052
3 0.03
3a 0.028
3b 0.027
3c 0.024
4 0.015
4a 0.0011
4b 0.00042
4c 0.000047
5 0.71
5a 042
5b 0.25

5¢ 0.10

6 0.053
6a 0.0045
6b 0.0017
6¢ ) 0.0002

neutron flux distributions in calandria shell, photon
dose rates at the accessible areas in CANDU 6
were calculated by using MCNP4.2 code. Operating
core gamma rays including fission product decay
gamma rays do not contribute much to the dose
rates at vérious dose points outside the concrete
vault walls.

The calculated results at 24 dose points are gi-
ven in Table 7. It can be seen that the dose rate
at ceiling area of room R-012 is 0.71 pSv/h, the
highest of all dose rates. The dose rates at the
main airlock and new fuel loading areas as shown
in Figure 3, which should be low considering fre-
quent occupancy of these areas during reactor
operation, are 0.03 uSv/h and 0.015 pSv/h, respec-
tively. The calculated dose rates at all dose points
of accessible areas meet a design target of CANDU

6 reactor, 6 uSv/h.
CONCLUSIONS

In CANDU reactor shielding analyses, it is very
important to confirm the neutron fluxes in caland-
ria and the photon dose rates at the accessible
areas.

The new approach by MCNP 4.2 is able to carry
out full scope calculation of CANDU 6 reactor sys-
tem. It is worth to note that the thermal neutron
fluxes obtained in this work showed higher values
than that calculated by shielding analysis method
curretly being used. In addition, as the photon
dose rates calculated by MCNP 4.2 are much lower
than the design target of CANDU 6 reactor, econo-
mic costs are to be diminished by reducing the
concrete wall thickness.

The Monte Calro calculation used in this work

can be applied to radiation shielding analysis of
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other reactor types such as PWR as well as CA-
NDU reactor.
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