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ABSTRACT

In order to determine thermal stresses, heat removal requirements,
and thermal expansions, the spatial distribution of neutron and gamma-ray
energy deposition in a reactor must be known. Such distributions have
been determined for the Los Alamos Molten Plutonium Burnup Experiment

(MPBE), using both Monte Carlo and point kernel integration techniques

to calculate gamma-ray transport. Neutron transport was calculated using

both the diffusion theory and S4 approximations in two dimensions. Pre-
liminary calculations determined the total gamma-ray and neutron energy
escape from the reactor vessel and, thus, the reactor room heat load from
these sources. More detailed calculations provided point values of the

absorbed dose in iron, carbon, nickel, tantalum, and sodium at 70 selected

spatial points throughout the reactor system.
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1. INTRODUCTION

In the design of any reactor system, considerations of thermal stress,
heat removal requirements, and thermal expansion require a detailed know-
ledge of the gamma-ray absorbed dose spatial distribution. Such calcu-
lations have been performed for the proposed Los Alamos Molten Plutonium

(1)

Burnup Experiment (MPBE). This paper presents the calculational method,

as well as the results of calculations performed to date. These methods
and results are discussed in the next two sections.

Section 2 presents a preliminary analysis which was performed using
two-dimensional diffusion theory to determine the neutron flux distributioms.
Efforts were concentrated on determining gamma-ray absorbed doses in regions
far from the core, such as the pressure vessel and borated graphite shields.
In this preliminary study, the only gamma-ray sources considered were the
capture gamma rays produced in selected regions of the system, not including
the core. It is expected that the radiations originating in the core will
be important only for regions close to the core. However, for those regions
far from the core, the energy deposition due to neutron moderation and to
gamma rays from inelastic scattering may be nearly as important as that
due to the capture gamma rays. Final design calculations will account for
such sources. The bulk of these calculations was performed by the Monte
Carlo technique. However, the total energy deposition outside the pressure
vessel was determined by point kernel integration, in addition to Monte
Carlo calculations.

Section 3 presents a detailed analysis of the spatial distribution
of absorbed dose rates in the MPBE reactor. The shielding model and the
neutronics model were both as detailed as practicable. Neutron flux
distributions were determined from a two-dimensional S4 calculation, while
the gamma-ray transport calculations used point kernel integration. Any
future design calculations will use these detailed models to refine the

results presented in Section 2.




2. PRELIMINARY ENERGY DEPOSITION CALCULATIONS

2.1 Calculational Method and Model

The neutron flux distribution in the MPBE reactor was based on a two-
dimensional (R-Z geometry) diffusion theory CRAM(Z) calculation in which
only the regions below the mid-height of the core were considered, it being
assumed that the top half was the mirror image of the bottom half. For
the CRAM problem, a 35 x 27 (R-Z) mesh was specified, and Hansen and
Roach's(3) l6-group cross—section set was employed. The calculated neutron
flux distribution, together with macroscopic capture cross—section data,
was then used to compute the gamma-ray volumetric source at each mesh
point in the system. Data appropriate to thermal neutron capture(4) were
assumed in specifying gamma-ray spectra; for each region, spectrum weighting
according to relative elemental capture rates was included. At this point,
sufficient data concerning spatial and energy distributions of the gamma-
ray sources were available for the energy deposition calculations.

Before proceeding to a discussion of the calculational details, the
geometry and specifications of the model employed will be presented.

Figure 1 shows the idealized model used in the calculations, together with
pertinent dimensions. The region labelled "Hom. Reg.' includes the core
module reflector (margin), the core-sleeve liner, the movable reflector
segments, and the core sleeve; the materials in these regions were com-
bined and specified as a single region. The regional material specifi-
cations used in the problem were as follows:

Core - 37.4 v/o fuel, 47 v/o Na, 9.3 v/o Ta, 6.3 v/o SS

Hom. Reg. - 52 v/o Ni, 20 v/o Na, 28 v/o SS

Side Refl. - 82 v/o Ni, 18 v/o Na

SS Therm. Shield - 80 v/o SS, 20 v/o Na

Bottom & Top Shields, Top Handles - same as SS Thermal Shield

Borated SS Therm. Shield -~ 80 v/o SS (1 w/o B), 20 v/o Na




Vessel - SS

Borated Graphite - 1.28 g/cc C (0.93 w/o B)

Top & Bottom Refl. - 47 v/o Ni, 46.7 v/o Na, 6.3 v/o SS

Gas Space - 44.4 v/o Na, 38.4 v/o void, 10.5 v/o Ta, 6.7 v/o SS

As mentioned previously, the gamma-ray source data were based on a
neutronics calculational model in which symmetry about the core midheight
was assumed. In applying the gamma-ray source data to the model shown in
Fig. 1, certain assumptions had to be made. For the side reflector, thermal
shield, vessel, and bottom shield, the captures in each region were assigned
the values obtained from the corresponding CRAM problem. However, it was
necessary to estimate the axial source distribution for Z values greater
than 21 inches above the core midplane (see Fig. 1); an exponential
variation was assumed. The calculated source distribution data needed no
modification for the bottom shield and vessel bottom, but the CRAM capture
figures were halved, since the problem was normalized to 20-MW-power pro-

duction over the entire core height (14 inches).

2.2 Point Kernel and Monte Carlo Calculations

In calculations of energy deposition and energy escape, two quite
different, but fortunately complementary, techniques are available —-
point kernel integration and Monte Carlo.

Point kernel calculations, using the QAD code, provide a simple and
inexpensive means of determining total energy escape and energy deposition
at a very few selected points. Briefly, the QAD code takes a source speci-
fied as a function of energy and position, represents it as a finite number
of point sources, and finds the gamma-ray energy flux from these sources
at any specified detector point. More precisely, this code takes arbitrary
second—degrée surfaces for boundaries, which are defined by input parameters.
The code then integrates a point kernel over any arbitrary cylindrical,
rectangular, or spherical region, using a three-dimensional quadrature
specified as input. The source term is specified at the input source

mesh points (which determine the quadrature points) as a separable function



of the spatial coordinates. This procedure is described in Section 3.2.1,2.
Within the accuracy limitations always associated with buildup factors,
the point kernel calculations provide relatively accurate predictions
of energy fluxes at points far removed from the source region (deep pene-
trations), where Monte Carlo calculations are at their worst. In addition,
the point kernel integrations were employed to predict energy fluxes at a
transducer location on the reactor pit wall. This technique, in contrast
to the Monte Carlo, inherently determines point fluxes, and so is most
useful for this type of calculation.

On the other hand, for regions close to the source region, Monte
Carlo calculations (MCG code, an adaptation of a neutronics Monte Carlo
code(s)) supply a wealth of information on energy deposition, including
a detailed spectral breakdown and specification of the physical processes
involved (Compton scatter or photoelectric effect plus pair production).
This détail, as well as information such as total photon crossings by
energies at a boundary or total flux at a boundarybéo which Monte Carlo
is admirably suited, is either inherently absent from a point kernel
integration or requires a prohibitive amount of effort to extract. For
example, the buildup factor approach to scattered photons precludes the
possibility of extracting information concerning the spectral distributions
of the photons at any point of interest. In addition, the Monte Carlo
player is always kept aware of the relative error in his calculation,
whereas the error due to the use of buildup factors is a more elusive
quantity. The printout obtained from the MCG code gives the relative
error of each of the physical quantities tallied; relative error is

defined as the standard deviation of the mean divided by the mean.

2.3 Results

The Monte Carlo (MCG) results for the energy deposition due to capture
gamma rays originating in the side reflector, vessel, and shield regions
are summarized in Table I. The blank spaces in the table indicate that
the statistical accuracy for the calculated heat deposition in the
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particular region was poor, and hence the results were not dependable.
However, as will be seen later, the QAD results can be used with confi-
dence to fill in some of the missing information in Table I. It should

be mentioned that for the MCG calculations, most of the regions considered
were divided into several subregions; a detailed breakdown of the results
is available.

One of the purposes of this study was to obtain a value for the total
energy escape into the regions outside the pressure vessel, in order to
determine heat removal requirements for these regions. The capture gamma
contribution to the total energy escape calculated by QAD and MCG is shown
in Table I1. The agreement between QAD and MCG is excellent. Also shown
in Table II are the neutron contributions to the total energy escape. As
can be seen from Table I, the capture gamma-energy deposition in the
borated graphite regions (side and bottom) is 2.85 kW. This does not
include the contribution from the bottom shield, since MCG calculations
were not performed for this source region. However, the QAD results
(Table II) give 0.26 kW for the bottom shield contribution to regions out-
side the pressure vessel. Using the latter result, the capture gamma
energy deposition in the borated graphite is in the range from 2.85 to
3.11 kW. Based on the 3.51-kW figure shown in Table II, the amount deposited
outside the borated graphite (i.e., in the reactor pit walls) is 0.4 to
0.66 kW. To this must be added 0.2 kW due to the neutrons, thus giving
between 0.6 and 0.9 kW available for deposition in the reactor pit walls.
If 0.9 kW is distributed uniformly over an area defined by a cylindrical
strip 42 inches high (three times the core height) and at a radius of
11 feet (reactor pit radius), the energy current obtained is about 4 mW/CmZ-
Although the 42-inch height assumed in arriving at the 4_mW/cm2 figure

may appear to be small, it is not too unrealistic. For the sources which

contribute to the incident energy current in the reactor pit wall, well
over half of the source intensity is contained in a 42-inch-high region,
centered about the core midheight. In any event, it is surprising that
the deposition of 0.9 kW in the walls of a massive concrete structure should

be only one-fifth of what 1is considered acceptable.
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3. DETAILED SPATIAL DISTRIBUTION OF GAMMA-RAY ENERGY DEPOSITION
IN THE MPBE REACTOR STRUCTURE

3.1 Summary

The absorbed gamma dose rate has been determined for five materials
of interest -~ iron, carbon, nickel, tantalum, and sodium -- at 70 spatial
points within the MPBE reactor. The term 'reactor" as used in this section
refers to all components within an envelope defined radially by the
borated-graphite outer radius, below by the outside of the vessel bottom
wall, and above by a horizontal plane 185 cm above the core midplane.
Figure 2 shows the cylindrical-geometry model used for all the calcu-
lations reported below. It represents the reference MPBE design as of
February 1966.

Gamma energy flux and absorbed dose rate distributions were determined,
using the QAD code, by a point kernel quadrature integration over the
distributed sources considered. The only sources considered were capture,
prompt-fission, and equilibrium-fission-product gamma rays. Capture gamma-
ray sources include gamma rays from decay of product nuclei with half-lives
of the order of hours or less. Also, the only source regions considered
were those for which an S4, two~-dimensional neutronics (DDK)(6) calculation
was available. These regions are bounded by and inclusive of the stainless
steel side thermal shield (not including the borated stainless steel
shield), the upper reflector, and the bottom reflector. In Fig. 2, these
regions are defined by R < 79.4 and -53.8 < Z < 92.5 cm. Hopefully, these
neutronic calculations will be extended in the future to permit additional
capture—gamma source regions to be considered.

The calculated absorbed dose rates in iron are presented in Table III
for the 70 detector points chosen. The spatial coordinates are relative
to the center of the core (see Fig. 2). Further detailed breakdowns for

several of the source region contributions to these dose rates can be

found in Appendices A and B. Figures 3 through 11 give the total absorbed
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dose rate in iron for several axial traverses. Figures 12 through 20 also
give the detailed contributions to the absorbed dose rate in iron for these
same axial traverses. Also,in Appendix A are the calculated absorbed dose
rates in carbon, nickel, tantalum, and sodium from severgl source regions.
A word of caution: Calculated absorbed dose rates for detector points
outside or near (within =2 mean free paths of) the boundary of the source
regions considered may be lower than reality. This is because some source
regions in proximity to the point are neglected. However, additional
absorbed dose rates in several regions (e.g., the side reflector, thermal
shields, and pressure vessel) may be crudely estimated at the detector
points by using the results of Section 2. Attention is especially drawn

to the large energy deposition rate (14.2 kW) in the borated stainless

steel thermal shield from the 10

B(n,a)7Li reactions.

Gamma sources which have not yet been considered are those from
inelastic scatter. It is conjectured that these sources will be no larger
than those sources which were considered. Inelastic-scatter gamma rays
will hopefully be determined when time permits, and any absorbed dose rates

from them will be additive to those presented in this report.

3.2 Calculational Model and Method

Figure 2 shows in detail the model used for this study. Dimensions
for the model were current as of February 1966. Material compositions of
all regions within the envelope defined by R = 79.4 cm, Z = -53.8 cm, and
Z = 92.5 cm were determined from the DPC(7) calculation which was used to
prepare the input for the DDK calculation. For all regions outside this
envelope, the material compositions are those determined for the reference
design of February 1966. All calculations of gamma-ray flux and absorbed
dose rate were performed with the QAD code. Although the calculation is
inherently three dimensional, all the specified detector points (points at
which fluxes and absorbed dose rates are determined) were in the ¢ = 0
plane, where we use cylindrical coordinates (R, ¢, Z). The results in

Appendix A have the coordinates given in this order.
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If a point kernel integration scheme is used, a reasonable buildup
factor must be chosen to adjust the uncollided results. Buildup factors
are probably the principal intrinsic source of error in point kernel calcu-
lations because one material must be chosen to represent the entire reactor.
From the common materials for which buildup factor data are readily avail-
able, iron was chosen as being most representative of the MPBE reactor as
shown in Fig. 2. Thus, data from Goldstein and Wilkins(s) for the infinite-
medium, point-isotropic, iron energy absorption buildup factor (henceforth
abbreviated Bea) were used as the basis for the buildup factor data in
QAD. Reference 8 gives tabulated values of Bea as a function of initial
gamma energy and of gamma-ray mean free paths (symbolized as uor) at this
initial energy. Unfortunately, QAD accepts Bea data only in the form of
the coefficients of a third-order polynomial fit to Bea as a function of

HTs at a fixed energy:

3
B (uomiE) = ) 18, (B )10t
i=0

€))

The values of Bi(Eo) were tabulated by Capo for various values of Eo

of interest to the aircraft nuclear propulsion project. However, only
three of these values corresponded to any of the ten initial energies used
for MPBE (see Table IV). Values of Bea were, therefore, logarithmically
interpolated from Ref. 8 for the required values of Eo’ with M T held
constant in each case. The resulting values of Bea (uor;Eo) were fit by
third-order polynomials in uor by use of the PFIT code in the LASL computer
code library. Table IV presents the initial gamma energies used in the
QAD calculations and the corresponding polynomial coefficients Bi(Eo)°
Energy fluxes at each initial gamma-ray energy are converted to absorbed

dose rate in material k by the factor
1.602 x 10_13(W-sec/MeV) . xza(cmz/g),

where

A
Xeg = €DErgy absorption mass attenuation coefficient ~- a function of

the gamma-ray energy.
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Thus, for an uncollided energy flux wj(MeV/cmz—sec) of gamma rays at energy

Ej’ the uncollided absorbed dose rate at energy E, in material k is given

h|
by
_ -13 k
Hj(W/g) = 1.602 x 10 Xea,j wj,
and the total absorbed dose rate as calculated by QAD is then simply
10
~-13 k
H(W = 1.602 x 10 B . Y.
Wie) * Z ea,i Xea,j 3
j=1

Values of xza and xm were determined for the ten gamma-ray energy

groups by the SIGMAD code. This code computes gamma-ray attenuation coef-

(11)

ficients from the data of Grodstein(lo) and Storm, et al., and from

an analytical expression for the Compton scatter component. Here,

A .
xm = total mass attenuation coefficient for attenuating material m ~-
a function of gamma-ray energy.

3.2.1 Gamma-Ray Sources

3.2.1.1 Volume-Integrated Sources

As was mentioned previously, only capture, short-lived
product nuclei decay, prompt-fission, and equilibrium-fission-product (EFP)
gamma rays were considered, the principal source omitted being inelastic
scatter gamma rays. Capture gamma-ray sources integrated over the volume
of each source region were determined from the DDK edit, with two
exceptions that will be explained later. With these same two exceptions,
the prompt-fission and EFP sources were determined from the core power
and two assumed power spatial distributions.

Total (volume-integrated) capture rates, as determined from the DDF
edit, are normalized to 1 fission neutron, so they must be renormalized.
The renormalizing factor assumes an average fission neutron yield (;) of

3.0 for 239Pu and is given by

K

(3.1 x lOlo(fission/w—sec)][Z x 107(W)][3(neutrons/fission)]

18.6 x 1017(neutrons/sec).

15



The assumption that VvV = 3.0 is supported by the DDK calculation, which
determined a value of 2.994 for V. In general, to determine the spectral
distribution of the capture sources in a region, each element in the region
must be considered separately. For any given region, let
Ci
E

J
i
J

captures in material i per fission neutron,

ne ne>

representative energy for the jth gamma-ray energy group (MeV),

0>

f the photon yield in energy group j from capture in material i

(photons/capture),

and
i
Y
3

N>

the energy yield in energy group j from capture in material i
(MeV/capture).

Then for any energy group j, the total gamma source for the region is
i 1
S, (E,) =K Y, C° (MeV/sec).
¢ (Ey) zi j © (Mev/sec)

In some regions, one particular material dominates the capture source, so
for simplicity all captures were assumed to be in that material. A case
in point is the gas space, where CTa = 0.02396 and CTOTAL = 0.02514.
Wherever possible, the effective capture gamma-ray energies determined

(12)

recently were used to simplify the calculations.

Values of fi were determined for six energy groups, principally

|
from the data of Troubetzkoy and Goldstein.(l3)

The discrete gamma-ray
energies and intensities from Table II of Reference 13 were used, wherever
available, to find a weighted average energy in each group. Photons in a
group which were not accounted for in the line-spectra tabulation were then
assigned the median energy of the group in the weighting process. 1In other
words, the weighted average energy per photon for material i in the jth

group,i?, is given by

. . - -1
=i i i i i i
%3 {Z v fpo ¥ [fj -2 fjv] Ej} [fj]

v \%
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tx1
]

A
v the energy of the vth line in group j for capture in material
i (MeV),

=
[}

A
3 the median energy of group j (MeV),

A
the photon yield at the energy of the vth line in group j, for
capture in material i (photons/capture).

rh
]

jv
In some cases, insufficient line-spectra data were available to enable the
use of this weighting scheme, so E? was assigned the group median energy,
or a value was estimated from the curves of the differential capture

spectra in Ref. 13, Decay gamma rays from product nuclel with half-lives

of the order of hours or less were included in the detailed capture spectra.

24 65 182

Specifically, = Na, "Ni, and Ta" decay are included. For sodium, the

decay gamma rays provide 4.14 MeV to the total energy release of 11.86 MeV.

In any case,

i 1=
Y, = f, E,.
h| 3

In Table V, all the capture sources are summarized by region and energy
group.
Turning now to the fission sources, let us consider first the

core. The total fission rate at 20 MW is
7 10, .. 17
[2 x 10" (W)][3.1 x 10" (fission/W-sec)] = 6.2 x 107 ' (fission/sec),

and the prompt fission source 1s then simply

ST(Ej) = [6.2 x 1017(fission/sec)][Y(E ) MeV/sec)].

3

From Ref. 12,
Y(1.25 MeV) = 4.92 (MeV/fission)
and
Y(4.0 MeV) = 2.31 (MeV/fission)
constitute the effective prompt fission spectrum. This spectrum is for

235 (14)

U fission, but as Goldstein points out, experimental evidence

17



reveals no observable difference among the prompt-fission spectral shapes
of 235U, 233U, and 239Pu. The yields quoted above are for the prompt-
fission source only. Goldstein notes that to a reasonable approximation,
the EFP gamma rays have the same spectral shape as the prompt-fission
gamma rays. If one includes the gamma rays due to radiative capture in
239Pu (a value dependent upon o = oc/of, and therefore, upon the neutron
spectrum) as being equivalent to approximately 1.8 MeV/fission, then the
sum of the gamma-ray energy yields for EFP's (5.5 MeV/fission) and 239Pu
capture is equal to the yield for prompt fission.

In summary of the above argument, the EFP and 239Pu capture
gamma-ray sources are conservatively accounted for by simply doubling the
yields given above for prompt fission.

Fission and capture sources in the bottom reflector control and
fuel-follow ends were determined from an interaction rate calculation using
the DDK converged-flux dump and macroscopic fission cross sections for
these regions. The macroscopic fission and capture cross sections were
determined from the DDK edit, using Hansen and Roach's cross sections(s)
expanded to a table length of 12. This expansion is performed by a
FORTRAN code called XSTRA, which adds capture,fission, and total scatter
cross sections to the table. The interaction rates were determined by a
FORTRAN code called VOLS, which uses the DDK flux dump and cross-section

data.

3.2.1.2 Source Distributions

Preliminary calculations of absorbed dose rates from core
fission sources were performed with two trial spatial distributions. Both
distributions were for a core region extending to the hexagonal sleeve
(i.e., displacing the margin), for reasons to be explained below. Based

(1)

upon the power density distributions given by Hannum and Kirkbride for
MPBE, the fission source spatial distribution function was first approxi-~-
mated by a cosine in both R and Z. Thus, the radial and axial source

functions for QAD are, respectively,
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S(R) = cos El(R - 52), 0 < R < 23.1,
S(Z) = cos Cl(Z - Cz), - 17.4 < Z < 16.5,
where
El = 0.03982 radians/cm,
z, = 0.0476 " ,
and
52 =L, = 0

Observe that the edge-to-center flux ratio is radially
cos (0.03982)(23.1) = 0.606;

and the minimum axially
cos (0.0476)(17.4) = 0.676.

In all cases, including capture sources, the source spatial distribution
function was assumed to be azimuthally constant, so S(¢) = 1.0 was used.
Observe that there is no normalization of S(R), S(Z), or S(¢), because

the source is internally normalized by QAD to the proper volume-integrated
source (see Section 3.2.1.1).

For the second trial spatial distribution, the fission source was
assumed to be uniformly distributed over the core volume. As would be
expected, this spatial distribution predicted higher heating rates for all
regions outside the core than did the cosine distributions. The question-
able applicability of the power density distributions from Reference 1 to
the core model being considered, in addition to a natural desire for con-
servatism in shielding calculations, led to the adoption of the uniform
fission source distribution for further calculations. This distribution

was also used for the core capture sources.
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As was mentioned above, the core was assumed to extend all
the way to the hexagonal sleeve, displacing the margin. This assumption
may be conservative, but it was introduced for the following two reasons:

(1) There is a distinct possibility of using mixed cores (carbide,
oxide, and/or liquid plutonium) in the MPBE vessel for an
irradiation facility. In such a case, it is highly probable
that the core will need to be extended to the hexagonal sleeve
to achieve criticality.

(2) As might be inferred from its name, the margin region is designed
to allow for a margin of uncertainty in the calculations pre-
dicting the core critical radius. Extending the core to the
hexagonal sleeve in the shielding model simply adopts the maxi-
mum error in core radius allowed for in the mechanical design.

The margin region, however, was not overlooked. Unfortunately, the
neutronic calculations from which the capture sources are constructed

were not performed specifically for the shielding study. Thus, some
esthetically unpleasant, but practically reasonable, adjustments had to

be made. The core capture sources were determined from a DDK calculation
for the reference design core, which has a nickel margin region. For a
core extending to the hexagonal sleeve, intuition suggests that the core
leakage might be less, and, therefore, the core captures greater. To
conserve total captures in the combined core and margin regions, the
margin capture source was then superimposed on the core in the region
given by 19.2 < R < 23.1 (see Fig. 2). The margin volume-integrated
capture source and source distribution were constructed from the reference
DDK calculation. Because all volume-integrated capture source and source
distribution determinations were from the reference DDK calculation, an
inconsistency always exists between the model used to calculate the source
and the model used for the QAD shielding calculations. The predicted
absorbed dose rates outside the hexagonal sleeve (>2 mean free paths or

=4 cm) should then be most realistic for the February 1966 MPBE core design
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(i.e., with a 19.2 cm equivalent cylindrical radius), but should also be
a reasonable approximation for the mixed cores or for liquid plutonium
cores which extend into the margin.

All capture-source spatial distribution functions were
determined from spatially dependent interaction-rate calculations performed
with the VOLS code. These calculations used the DDK absorption cross
sections and converged-flux dump, except that the calculations for the
bottom reflector control and fuel-follow-end regions used capture Cross
sections. The determination of the capture cross sections was explained
previously (Section 3.2.1.1).

The input source mesh for S(R), S(Z), and S(¢) was in most
cases determined by considerations of adequacy of the quadrature, rather
than accuracy of representation of the source spatial distribution function.
Several difficulties with the quadrature were encountered for detector
points close to a quadrature point. Although singular points were avoided
by placing the ¢-coordinate of all the quadrature points off the ¢ = O
plane, irregularities were noted in the dose rate values for detector
points in the vicinity of the Z = 16.5 cm plane, for 23.1 < R < 42.25 cm.
Calculations were redone for these points with a new quadrature, and the
corrected values were used for Table III.

In transforming from the reference DDK problem to the
shielding model, the mid-points of the DDK mesh intervals were used for
some of the coordinates of the volumetric source [units of (MeV/cm3—sec)].
These mesh intervals are specified by I and J, the R- and Z-coordinate
channel numbers, respectively. The volumetric source, as calculated by
the VOLS code, is an average value over the subregion defined by I and J.
Table VI presents the values of R and Z corresponding to the mid-points
of the I and J channels, respectively. Also in Table VI are the trans-
formed values of Z for the shielding model of Fig. 2.

As can be seen from Fig. 2, the margin control region was
assumed to be all nickel. Such an assumption is conservative in the sense

of underpredicting the gamma-ray attenuation of this region. However,

21



the sources were determined from the three DDK regions representing the
margin control and, therefore, were predominantly tantalum capture sources.
These sources were then superimposed on the shielding model with their

proper magnitude and spatial distribution as determined from the DDK

problem.

3.3 Results

3.3.1 Selection of Detector Points and Absorbing Materials

Most of the first 67 detector points were chosen to get a repre-
sentative sample of absorbed dose rates. Other points were added to this
selection, in order to obtain reasonably smooth curves of the absorbed
dose rate as a function of Z at various radii. The final three points at
R = 110.0 cm were chosen to predict absorbed dose rates in instruments in
the void space outside the pressure vessel. Figures 3 through 11 show the
absorbed dose rate in iron, H(Z), as a function of Z for R = 0.0, 11.55,
23.1, 26.9, 30.7, 42.25, 53.8, 92.2, and 110.0 cm. Detailed curves of the
contributions from each source region are given in Figs. 12 through 20
for these same radii. Appendix A provides tables of the detailed contri-
butions of several sample source regions to the absorbed dose at each
detector point. The data for all source regions are available on computer
listings in the authors' files. Appendix B gives a summary of the data
for absorbed dose in iron for those detector points not appearing in any
of the curves of Figs. 12 through 20.

Iron was selected as the absorbing material typical of the

MPBE reactor structure. However, in order to include almost every material

for which absorbed doses may be of interest, calculations were also per-
formed to determine the dose rates in carbon, nickel, tantalum, and sodium.
These five materials cover a wide range of atomic numbers, the extremes
being 6 (carbon) and 73 (tantalum). From these dose rates, a crude estimate
of absorbed dose rates in a material k may be obtained by using the values
for the material with the atomic number nearest to that of material k.

In general, the absorbed dose rate in a given gamma-ray flux increases
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with atomic number, so it will be known whether the estimate is conserva-
tive or not. More precise estimates can, of course, be obtained with
increased effort by using the builtup gamma-ray fluxes (see the sample

data in Appendix A). Briefly, the procedure is to find (see Section 3.2)

k _ -13 E : k
H"(W/g) = 1.602 x 10 Bea,j Xea,j wj’ (L
k|
where
Bea j wj = the builtup gamma-ray energy flux as given in Appendix A.
bl

It is important to understand that, regardless of the absorbing material
considered for a particular detector point, the builtup gamma-ray energy
flux is determined for the actual materials present in the model of Fig. 2.
Observe that the absorbing material enters in Eq. (1) via the Xza,j
factor only. If one assumes an infinite electron linear stopping power
(-dE/dx) for all the shielding and absorbing materials, then Eq. (1)
describes the absorbed dose rate in an infinitesimally small sample of the
absorbing material at the detector point. There is then no perturbation
of the gamma flux; however, because of the infinite stopping power, the

energy deposition in the absorbing material is characteristic of that

material alone -- not its surrounding medium.

3.3.2 Precautions

The absorbed dose rates at detector points outside the envelope
enclosing all the source regions are incomplete and may be a gross under-
estimation of the actual values. Even points inside (within about two
mean free paths, =4 cm) the envelope R = 79.4 cm, Z = -53.8 cm, and
Z = 92.5 cm may be underestimated by up to a factor of two. However,
the Monte Carlo gamma-ray study (Section 2 of this report) gives total
power (kW) deposited in several regions from capture sources in the borated
stainless steel thermal shield, vessel side, vessel bottom, and bottom
shield. These heating calculations were based upon an older model and a

diffusion-type (CRAM) neutronics calculation. Assumptions concerning the
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spatial distribution of the absorbed dose rate would have to be made before
using the results of the Monte Carlo study. Note from Table I that the
vessel heating is primarily from the vessel capture source, i.e., self-
heating. Also from Table I, one can infer the total gamma-ray power
released (i.e., gamma-ray source power) by capture sources in the following

four regions of interest:
& r Total Source

Region Power (kW)
Borated SS Thermal Shield 16.35
Vessel Side 10.4
Vessel Bottom 2.59
SS Thermal Shield 222.0

In addition to the 16.35 kW of gamma-ray power released in the borated
stainless steel thermal shield, there are 14.2 kW from the loB(n,a)7Li
reactions (including the 0.48-MeV photon emitted in 94 percent of these
reactions).

It should be kept in mind that none of the heating calcu-

lations performed thus far have considered inelastic-scatter gamma-ray

sources.
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TABLE I

RESULTS OF MONTE CARLO CAPTURE GAMMA HEATING CALCULATIONS

(20-MW Reactor Power)

(a)

kW Deposited in Region
SSs Bor. SS Borated Borated Other
Side Thermal Thermal Vessel Vessel Graphite Graphite Bottom Pit Internal
Source Reflector Shield Shield Side Bottom (Side) (Bottom) Shield Walls Regions
Side
Reflector  528. 29, —— —_— — — —— —— —_ 43.
SS
Thermal
Shield 10.7 201. 5.3 0.4 —— 0.2 —— — 0.01 4.4
Borated
SS Thermal
Shield 0.2 2.4 11.7 1.6 —— 0.4 —— —— 0.05 ———
Vessel
Side — —— 1.5 6.3 —— 1.8 —— —— 0.2 0.6
Vessel
Bottom -— —— e — 1.59 0.03 0.42 0.51 0.04 —
Bottom
Shield == = = - ¢ 6 0 m e e e - - == Not Calculated = - = - = & o = - . e - et e e e e r e e m ===~
Total
of all

Sources 538.9

232.4 18.5 8.3 1.59

2.43 0.42 0.51 0.30 48.0

(a) In the borated SS thermal shield, add 14.2 kW due to 1OB(n,a) interactions. Corresponding figures for side aund
bottom borated graphite regions are 15.5 and 3.1 kW, respectively. It was assumed that the 0.48-MeV photon

emitted in 94% of the 10

B(n,a) events was deposited locally.




TABLE II

HEAT DEPOSITION OUTSIDE PRESSURE VESSEL
(20-MW Reactor Power)

Capture Gamma Contribution (kW)

Source QAD MCG

Side Reflector 0.011 -—

SS Thermal Shield 0.196 0.21
Borated SS Thermal Shield 0.447 0.456
Vessel Side 2.141 2.0
Vessel Bottom 0.453 0.49
Bottom Shield 0.260 Not Calculated
Total 3.51

Neutron Interactions in Borated Graphite

18.6 kW
15. kW

lOB(n,a) contribution (see Table I)
Neutron moderation (estimated)

Neutron Escape through Outer Boundary of Borated Graphite =

0.2 kW

Total of Above - 37.3 kW
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TABLE IIX

ABSORBED DOSE RATES IN IRON AT 70 REPRESENTATIVE POINTS IN MPBE

(@ L (&) 4 ®) 2@ 4 (@) 4 (0
Llem) fem) W/g) (em) (em) Wig)
0 -168.0 9.52 -10 30.7 -108.0 3.33 - 5
-108.0 1.02 - 5 - 53.8 9.86 - 3
- 80.7 4.49 - 4 - 18.6 1.73 - 1
- 53.8 3.74 - 2 0.0 3.33 - 1
- 3.2 2.36 - 1 16.5 2.61 - 1
- 18.6 1.31 + 0 564.5 6.21 - 2
16.5 1.85 + 0 92.5 4.40 = 3
54.5 1.37 - 1 128.0 9.55 - 7
+ 23 208 -3 42.25  -108.0 7.88 - 7
185.0 6.28 - 7 - 53.8 6.31 -3
. 0.0 1.04 - 1
11.55  -108.0 9.66 - 6 16.5 8.53 - 2
- 53.8 5.29 - 2 54.5 2.49 - 2
B e 53.8 -108.0 1.13 - 7
54.5 1.15 = 1 - 33.8 2.95 -3
92.5 3.08 - 3 0.0 4.45 - 2
128.0 5.15 - 6 34.5 1.18 - 2
92.5 1.32 - 3
23.1 -108.0 9.66 - 6 128.0 5.57 - 7
- 53.8 2.11 - 2
T ¢ s -1 55.7 0.0 3.63 - 2
0.0 1.75 + 0 67.55 0.0 .1.57 =22
16.5 9.84 - 1
s 11 79.4 0.0 3.04 - 3
92.5 4.21 - 3 89.7 0.0 2.47 - 4
a8 PR 92,2 -168.0 4.28 -12
‘ - 53.8 1.65 - 5
24.3 0.0 1.25 + 0 0.0 1.24 - 4
26.9 ~108.0 1.15 - 4 34.5 4.84 - 5
e 197 -5 185.0 1.42 - 9
- 18.6 3.20 - 1 129.5 0.0 3.61 - 5
-0 Tt 213.4 0.0 1.46 - 6
54.5 9.70 - 2 110.0 0.0 4.93 - 5
92.5 . 5.38 - 3 60.0 1.83 - 5
128.0 1.05 - 6 120.0 4.09 - 7
29.5 0.0 4.50 - 1

(a) Coordinates are relative to the core center (see Fig. 2).

(b) CAUTION: These values are from capture and fission gamma rays only,
and do not include all possible source regions (see text),
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