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NUCLEONIC ANALYSIS OF THE ETF NEUTRAL-BEAM-INJECTOR-DUCT
AND VACUUM-PUMPING-DUCT SHIELDS

by

W. T. Urban
T. J. Seed
Donald J. Dudziak

ABSTRACT

A nucleonic analysis of the Engineering Test Facility
neutral-beam-injector-duct and vacuum-pumping-duct shields has
been made using a hybrid Monte Carlo/discrete-ordinates method.
This method used Monte Carlo to determine internal and external
boundary surface sources for subsequent discrete-ordinates cal-
culations of the neutron and gamma-ray transport through the
shields. Confidence was provided in both the hrbrid method and
the results obtained through a comparison with three-dimensional
Monte Carlo results. Also determined in the analysis were the
energy and angular distributions of neutrons and gamma rays enter-
ing the neutral-beam-injector duct from the toroidal plasma
chamber, as well as exiting the duct into the neutral-beam-
injector chamber. In addition, the energy and angular distri-
butions of neutrons entering the vacuum-pumping chamber were
determined.

INTRODUCTION

the marriage of three-dimensional (3-D)

sional (2-D) discrete-ordinates calculations.

The Engineering Test Facility (ETF) conceptual shielding for the neutral-

beam-injector (NBI) and the vacuum-pumping (VP) ducts has been analyzed through

Monte Carlo calculations with two-dimen-

Figure 1 illustrates schematically
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Fig. 1. Schematic of the ETF geometry considered for the MCNP
Monte Carlo calculations (not to scale).

the geometrical relationships of these ducts to the ETF torus and to one another.
Presented herein is a description of the method used and the results obtained
in the analysis of the NBI and VP ducts and their respective shielding.

A primary objective of this effort was to provide data with which the NBI-
and VP-duct shields could be evaluated in terms of the ETF design criteria.
Even though the shield designs considered were only conceptual, the results of
this analysis provide hard information upon which subsequent shield designs can
be evaluated. Furthermore, a secondary benefit has been the deterinination of
the radiation flow, both neutron and gamma ray, into the NBI and VP chambers.
This information may well be of greater importance than the analysis of the duct
shields, as it can be used to evaluate radiation effects in these chambers. In
particular, it can provide the starting point for assessing the implications of

these radiation effects and how they impact on the viability of the NBI configu-

ration itself.
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Evaluation of the NBI and VP ducts and shielding requires first that an
accurate knowledge of the neutrons and gamma rays entering the NBI duct be
available. For this reason the geometry considered must include the toroidal
plasma chamber and its associated inboard and outboard shields, as well as the
two ducts and their shielding. Furthermore, it is recognized that the shield
thicknesses, compositions, and sizes of the ducts are conceptual at this stage
of the design and subject to change. The parameters used in this analysis rep-
present the best available at the initiation of this effort, at which time they
were frozen.

The analysis of large ducts and their associated shielding is consistently
a problem.l Although deterministic methods such as discrete ordinates can
easily provide the desired pointwise responses at deep penetrations in a shield,
they are hampered by streaming effects associated with neutron transport in a
vacuum, and their geometry limitation. On the other hand, Monte Carlo methods
can readily handle 3-D geometries and streaming down ducts but cannot reasonably
provide pointwise responses over an entire shield. The approach taken here has
been to marry the two methods in such a manner as to take advantage of the
strong points of each method.

Conceptually, the application of a hybrid Monte Carlo/discrete-ordinates
method is straightforward. Simply stated, Monte Carlo was used to determine
spatial, angular, and energy - dependent source distributions of neutrons
and gamma rays incident on the duct walls and appropriate external boundaries.
The incident flow of radiation was then transformed into surface sources for
use in 2-D discrete-ordinates calculations to obtain spatially dependent fluxes
throughout the shields.

Three-dimensional calculations were performed using the continuous-energy

Monte Carlo code MCNP,2 and 2-D calculations were performed using the triangular-

mesh discrete-ordinates code TRIDENT—CTR.3 Both codes are available to the
fusion community through either the Radiation Shielding Information Center (RSIC)
or the National Magnetic Fusion Energy Computer Center (NMFCC).

An attempt was specifically made to use only computer codes and nuclear
data available to the entire fusion nucleonics community by RSIC or the NMFCC.
Thus, the calculational method should be reproducible and generally available to
shield designers. The only exception to achieving this objective was in the

processor code required to link the MCNP and TRIDENT-CTR calculations by a sur-

face source.



It has been an objective in this work to extract as much useful information
from the calculations as possible. Thus, some of the data presented may appear
extraneous relative to the primary objectives stated at the beginning of this
section. However, this information has been included because few calculations
of this complex a configuration are performed with the rigor used in this work,
and such data may prove useful to fusion reactor shield designers for "back-of-
the-envelope" or scaling calculations. It was an objective to obtain Monte Carlo
results with relative errors of less than 10%. However, also reported are some
results that have errors greater than 10%, with the understanding that the
larger their error the less statistically reliable are the results. This reduc-
tion in reliability results because the variance oi the variance increases and,
therefore, a small calculated error is possible even when the answer is far from
converged. Such information is provided in lieu of anything better, buc should
be used with extreme caution. Finally, reference to TRIDENT-CTR results in this
report is equivalent to hybrid MCNP/TRIDENT-CTR results because all TRIDENT-
CTR calculations employ surface sources determined by MCNP.

Organization of this report is as follows. Section II contains an overview
of the ETF configuration and the calculational procedure. Sections ITI and 1V,
respectively, contain descriptions of the models and calculations for MCNP and
TRIDENT-CTR. Section III presents some intermediate calculational results, e g.
MCNP torus results. However, Sec. V is where the majority of the results are pre-
sented, discussed, and compared. Section V also contains a brief discussion of

the accuracy of the results. Sections VI and VII contain conclus’ons and refer-

ences, respectively.
II. CALCULATIONAL PRCCEDURE

The configuration of Fig. 1 was broken into three distinct geometrical
segments to facilitate acquisition of the required information and to minimize
the duplication of calculational effort. Segmentation of the problem was accom-
plished, from a calculational viewpoint, through che use of trapping surfaces
in the MCNP calculations. When a particle crosses a trapping surface, the
spatial coordinates, direction cosines, energy, weight, and time are written
to a file. The Monte Carlo calculation can then be continued with the "trapped”

particle information being used to define a secondary source plane. Trapping



surfaces were located at the torus outboard shield inner radius/NBI-duct mouth
interface, and at the NBI-duct/VP-duct mouth interface. This procedure not only
allows the problem to be broken into more tractably sized geometries but also
allows one to go back and rerun one part of the problem that is slightly per-
turbed without redoing the entire calculation starting from the torus. For
example, a slightly different VP-duct shield could be analyzed starting with
the trapping surface source at the NBI-duct/VP-duct mouth interface.

Segmentation of the configuration is required for the (r,z)-geometry
TRIDENT-CTR calculations. The NBI duct is considered as one problem and the
VP duct as the other. The TRIDENT-CTR calculations are independent of the way
in which the problem is modeled with MCNP as long as suitable surface sources
are obtained.

Because of the hybrid MCNP/TRIDENT-CTR approach used and the segmentation
of the problem, a number of calculational steps were undertaken in this
analysis. In ovder to provide an overview for thc more detailed discussions
that follow, these steps are listed below.

1. An MCNP czalculation was made using only the torus geometry, including
the inboard and outboard shields as well as the duct penetration
through the outboard shield. From this calculation the energy- and
angular-dependent neutron and gamma~ray flows, both entering the NBI
duct and incident on the outbo.urd shield first wall adjacent to the
NBI duct, were obtained.

2. Using the results from step 1 to define a surface source at the NBI
duct mouth, an MCNP calculation was performed to determine the
spatially dependent energy and angular distribution of :.eutrons and
gamma rays incident on the duct walls. Because no transport in the
duct shielding was considered, this calculation was essentially one
of ray tracing.

3. The neutron and gamma-ray flow incident on the torus outboard shield
from step 1 and that incident on the duct walls from step 2, were
used to generate boundary and internal surface sources for am (r,z)-
geometry TRIDENT-CTR calculation, from which the neutron and gamma-ray
flux dis*ributions throughout the NBI shield were obtained.

4. Using thL- (low of neutrons and gamma rays incident on the torus out-

board shield and entering the NBI duct from step 1, MCNP calculations



were made to obtain the neutron flux in the duct and also selected
responses in the NBI shielding for comparison with TRIDENT-CTR results
from step 3. This calculation also provides, by a trapping surface,
the energy- and angular-dependent neutron and gamma-ray flow entering
the VP duct and incident on the NBI-duct wall adjacent to the NBI-
duct/VP-duct interface.

5. Results from step 4 were used to define a surface source at the VP-duct
mouth that was incorporated into an MCNP calculation to determine
the spatially dependent energy and angular distribution of neutrons
and gamma rays incident on the VP-duct walls. This calculation was
essentially one of ray tracing as no transport was allowed in the
VP-duct shielding.

6. The neutron and gamma-ray flow incident on the NBI duct wall adjacent
to the NBI-duct/VP-duct interface from step 4, and that on the VP-duct
walls from step 5, were used to generate boundary and internal surface
sources for an (r,z)-geometry, TRIDENT-CTR calculation to obtain the
neutron and gamma-ray flux distribution throughout the VP-duct shield.

7. Using the flow of neutrons and gamma rays incident on the NBI-duct wall
adjacent to the NBI-duct/VP-duct interface and entering the VP duct
frem step 4, MCNP calculations were made to obtain the neutron flux in
the duct and also selected responses in the VP-duct shielding for com-

parison with the TRIDENT-CTR results from step 6.
ITI. MONTE CARLO MODELS AND CALCULATIONS

Monte Carlo calculations were made using the three distinct geometrical
segments of the overall problem as described at the beginning of Section II.
The purpose of these calculations was two-fold: (1) to obtain data from which
surface sources for use with TRIDENT-CTR could be constructed, and (2) to allow
an intercomparison of Monte Carlo and discrete-ordinates results at sclected
locations in the ducts and their shields. A spin-off of these calculations was
that detailed information was obtained relating to the radiation entering,
traversing,and exiting each duct.

Because of the way in which the problem was approached, five different

Monte Carlo models were required, one of which was solely for the purpose of



benchmarking the TRIDENT-CTR results. These consist of one torus model and two
models each for the NBI and VP ducts. Calculational continuity between the
geometrical segments was maintained through the use of trapping surfaces at the
interfaces between the segments. The sequence of these calculations and the use
of trapping surfaces was described in Section II.

The MCNP Monte Carlo calculations used cross sections from the MCNP Recom-

2,4 Editing of the results made

mended Monte Carlo Cross-Section (RMCCS) Library.
use of energy breakpoints consistent with a standard Los Alamos 42 energy-group
structure that contains 30 neutron and 12 gamma-ray energy groups.5 This
energy-group structure is presented in Table I.

Materials used in the MCNP calculations were carbon armor, stainless steel,
and a homogeneous mixture of stainless steel and borated water. The homogeneous
mixture consisted of 70 vol% stainless steel and 30 vol% borated water (0.4 at.?%

10B). Isotopic compositions of these three materials are contained in Table II.

A. Torus Calculations

The torus model contained both the inboard and outboard shields, and an
effort was made to minimize geometrical approximations of either of these shields
or the plasma geometry. Figures 2 and 3 are elevation and plan views,
respectively, of the torus MCNP model. The outboard shield consisted of 0.3 m
of stainless steel followed by 0.9 m of the homogeneons mixture of stainless
steel and borated water. The inboard shield consisted ¢f 0.0? m of carbon armor,
0.205 m of stainless steel and 0.615 m of the homogereous mixture of stainless
steel and borated water.

The plasma was represented as a uniformly distributed source of 2.25-pJ
(14-MeV) neutrons which are produced with an isotropic angular distribution.
This source was D-shaped in cross section with its axis of revolation congruent
with the toroidal axis. Normalization of the source was such as to represent
a volumetric source strength of 1.38 x 1018 plasma neutrons/m3 s. This source
strength corresponds to a plasma volume of 290 m3 and a power of 1 130 MW (at
17.6 MeV/reaction). This normalization results in an incident neutron-energy
flow rate on the outboard shield due to neutrons with energies between 13.5 and

15.0 MeV of ~ 2.4 MW/mZ.



TABLE 1

30/12 ENERGY-GROUP STRUCTURE

E-Upper Group  E-Lower E-Upper Group E-Lower
(MeV) (MeV) (MeV) (MeV)
1.700+01 1 1.500+01 6.140-05 24 2.260-05
1.500+01 2 1.350+01 2.260-05 25 8.320-06
1.350+01 3 1.200+01 8.320-06 26 3.060-06
1.200+01 4 1.000+01 3.060-06 27 1.130-06
1.000+01 5 7.790+00 1.130-06 28 4.140-07
7.750+00 6 6.070+00 4.140-07 29 1.520-07
6.070+00 7 3.680+00 1.520-07 30 1.390-10
3.680+00 8 2.865+00

2.865+00 9 2.232+00

2.232+00 10 1.738+00

1.738+00 11 1.353+00 Gamma Rays

1.353+00 12 8.230-01 1.000+01 1 9.000+00
8.230-01 13 5.000-01 9.000+00 2 8.000+00
5.000-01 14 3.030-01 8.000+00 3 7.000+00
3.030-01 15 1.840-01 7.000+00 1 6.000+00
1.840-01 16 6.760-02 6.000+00 5 5.000+00
6.760-02 17 2.480-02 5.000+00 6 4.000+00
2.480-02 18 9.120-03 4.000+00 7 3.000+00
9.120-03 19 3.350-03 3.000+00 8 2.000+00
3.350-03 20 1.235-03 2.000+00 9 1.000+00
1.235-03 21 4.540-04 1.000+00 10 5.000-01
4.540-04 22 1.670-04 5.000-01 11 1.000-~01
1.670-04 23 6.140-05 1.000-C1 12 1.000-02



TABLE II

ATOM DENSITIES OF MATERIALS

Element fggms/m3

Stainless Steel

Ni 1.15 + 28
Cr 1.67 + 28
Fe 5.44 + 28
Mn 1.75 + 27
Mo 1.51 + 27

Stainless Steel-Borated Water Mixtureb

Ni 8.050 + 27
Cr 1.169 + 28
Fe 3.808 + 28
Mn 1.225 + 27
Mo 1.057 + 27
0 1.005 + 28
B-10 1.200 + 26
H 2.010 + 28
Carbon Armor
c 8.030 + 28

) 15 + 28 = 1.15 X 1023,

b70 vol% stainless steel and 30 vol% borated (0.4 atom/o 10B) water.
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Fig. 2. FElevation cross section through the torus at a toroidal
location not including NBJ duct; MCNP model (nurbers on
figure are surface numbecs from MCNP plotting routine).

Fig. 3. Plan view at the torus midplane; MCNP model.
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A rectangular trapping surface with sides approximately 0.5 m greater than
the actual NBI-duct opening and whose center was congruent with the duct center
was used at the torus outboard shield inner radius/NBI-duct mouth interface.
Use of the larger trapping surface allows for including lip penetration contri-
butions to neutron and gamma~ray results in subsequent NBI-duct calculations.
The efficiency of the trapping surface was increased by trapping all particles
crossing the outboard shield inner radius in a positive (outboard) direction
over the axial extent of the trapping surface. These particle crossings were
rotated, at a constant axial height, around the torus to the trapping-surface
location where they were uniformly distributed. Furthermore, the direction
cosines were rotated to preserve the particle direction relative to the outboard
shield inner radius, and the particle weights were adjusted to reflect this
variance reduction procedure.

MCNP was run in the coupled neutron/gamma-ray mode. A total of 120 000
source neutrons were started, which resulted in 122 360 trapped neutrons and
19 565 trapped gamma rays. These trapped neutrons and gamma rays provide the
basis for continuing the calculation into the NBI duct. The results of this
intermediate calculation (i.e., the torus caléulation) are presented below.

Here, as well as throughout this report, Monte Carlo results are often
reported in terms of neutron or gamma-ray flow. Flow is simply defined to be
the number of particles per unit area per unit time incident on (i.e., crossing)
a surface in either a positive or negative direction with respect to the
surface in a given arbitrary angular bin.

The energy distributions of the neutron and gamma-ray flow across the trap-
ping surface in a positive direction (i.e., from the plasma chamber into the
ouboard shield or NBI duct) are presented in Figs. &4 and 5, respectively.
Approximately 25% of the neutrons have energies between 13.5 and 15.0 MeV and
approximately 69% have energies below 1.353 MeV. Approximately 67% of all

gamma rays have energies below 1.0 MeV. Neutron spectral data have fractional

errors (i.e., relative standard deviations) ranging from approximately 0.8 to
7.5%. The value of the normalized total neutron flow is 4.14 x 1014
neutrons/cm2 s and its fractional error is 0.5%. Gamma-ray spectral data

14

errors vary from 2 to 14% and the normalized total gamma-ray flowis 1.05 x 10
gamma rays/cm2 s with an error of 1.0%. Fractional errors, in terms of a per-

centage, quoted above and throughout this report are at the 68% confidence level.

11



(Y

-y
Qo

©

P
Qo

—

5!

|
[

—
Q

|
[~

[
Qo

Fraction of neutron flow

10 P

10710°107°10710710710™ 10° 10" 10°
Energy (MeV)

Fig. 4. Neutron flow in the outboard direction at the torus outboard

shield, at and around the NBI duct mouth. Neutron flow
normalized to one neutron.(MCNP results.)
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the NBI duct mouth. Flow normalized to one gamma
ray. (MCNP results.)



The angular distribution of the neutron flow across the trapping surface
in the positive direction is shown in Fig. 6 for two energy groups; less than
13.5 MeV and greater than 13.5 MeV. Each curve has been normalized to one
incident neutron in order to more readily allow comparison of the two histo-
grams. The abscissa, labeled cosine(theta), represents the cosine of the angle
that the particle track makes with the outward normal to the trapping surface.
Examination of the angular distribution on a more detailed energy structure re-
vealed that the angular distribution of energy groups below 13.5 MeV could be
well approximated by the average over-all groups below 13.5 MeV. Furthermore,
it was found that the angular distribution for neutrons below 13.5 MeV was a
good approximation of the gamma-ray angular distribution shown in Fig. 7. This
latter result is not surprising in that it is the low-energy neutrons that
give rise to the gamma rays through interactions in the inboard and odtboard
shields. Figure 8 presents the ratio of these twe angular distributions,
i.e., gamma - ray to neutron (less than 13.5 MeV). At all values of

cosine (theta) the ratio is within 10% of unity. The angular distributions of
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Fig. 6. Angular distribution of neutrons at the outboard shield first wall.
Theta is the angle between the normal to the trapping surface and the
neutron direction. Each curve is normalized to one neutron. {MCNP

results.)
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the NBI duct mouth. Normalized to one gamma ray. (MCNP results)

Figs. 6 and 7 are the spatial averages over the trapping surface as upon close
examination, no significant spatial variation of the angular distributions over
the trapping surface was found.

Although it is the radiation flow that is important in determining the
secondary source to be used in continuing the calculation, flux is a more com-
monly reported quantity. Figures 9 and 10 present, for information, the absolute
neutron and gamma-ray flux spectrum at the trapping surface. The energy-inte-
grated neutron and gamma-ray flux values are 1.55 x 1015 neutrons/cm2 s and
4.63 x 1014 gamma rays/cm2 s, respectively. The fraction of the neutron flux in
the energy range 13.5 to 15.0 MeV is approximately 0.11 and all but about 1% of
Lhese neutrons are at an energy of 14 MeV; i.e., the plasma source neutron start-
ing energy. The total neutron and gamma-ray fluxes are approximately a factor of

four times larger than the corresponding neutron and gamma-ray flows. Recall
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that the flow only accounts for particles going in the outboard direction,
whereas the flux considers particles going in both the inboard and outboard
directions across the surface of interest and weights each particle by the secant

of its angle with respect to the surface normal.

B. NBI-Duct Wall Surface Source Calculations
The NBI-duct wall surface source for use with TRIDENT~-CTR was generated from

radiation flow incident on the NBI-duct walls. The geometry used to calculate
the incident angular distribution consists of a rectangular duct (0.8 by 1.2 m
by 6.65 m in length) with the source plane at one end. This geometry is
illustrated in Fig. 11. It is important to note that the surface source is
not perpendicular to the duct centerline and that it is really a cylindrical
surface segment resulting from the duct intersection with the torus outboard
shield inner radius (see also Fig. 3 ), This NBI model contains neither the duct

shield nor the torus outboard shield, so once particles crossed the duct wall,

their histories were terminated.
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Fig. 11. Schematic of NBI duct illustrating surface numbers of the
duct walls and extent of outboard shield (not to scale).

Although the calculation is simply one of ray tracing, a considerable num-
ber of edits are required to obtain the spatially dependent angular distribution
of particles crossing the walls of the duct. Also, variance reduction techniques
such as splitting are not easily applicable in this problem. Hence, a large
number of source particles are required to obtain reasonable statistics in the
spatially dependent angular bins.

To achieve statistically reasonable results using the trapped particles
from the torus trapping surface would require long machine runs with the torus
geometry. However, the energy and angular distribution of neutrons and gamma
rays entering the NBI duct were known as a result of the torus calculation
described previously. Therefore, what was done was to construct semi analytic
angular distributions based on the torus trapping surface results and to use
these angular distributions for the NBI calculations. The distributions were
assumed to be azimuthally symmetric with respect to the normal to the trapping
surface source. Furthermore, the source was assumed to be spatially uniform,

which is consistent with the results of the torus calculation.
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Two MCNP calculations were then performed using these sSemianalytic sources.
Note that the calculations were energy independent as all that is needed from the
czlculation is the spatially dependent angular distribution of particles incident
on the walls of the duct. Also recall that the angular distribution for neutrons
with energies less than 13.5 MeV is applicable to the gamma rays as discussed
previously. In each case 250 000 particles were started. As the particles
crossed the duct walls they were tallied according to the wall crossed, spatial
segment, and angular bin. Fifteen angular bins were considered and were chosen
10 quadrature for TRIDENT-CTR.

Following each calculation, the data for the four walls were averaged to

to represent an S

obtain a single spatially dependent (along the NBI-duct axis) angular distribu-
tion. This distribution, together with the appropriate neutron and gamma-ray
energy distributions from the torus run,provided the basis for the NBI-duct wall
surface source for TRIDENT-CTR.

There follows a presentation of a number of figures depicting the incident
flow of particles on the duct walls. The surface numbers referred to in these
figures are defined in Fig. 11. Furthermore, it should be noted that those
histograms labeled "less than 13.5 MeV" are also representative of the gamma~ray
distribution. The ordinate in all cases is relative with the exception of the
ratio plots or where otherwise noted. When referring to these histograms,
the extent of the outboard shield along the duct can be found by referring back
to Fig. 11. Finally, the fractional errors for the spatial segment data plotted
in Figs. 12 through 16 vary from less than 0.5% near the source to 7% for the
segment furthest from the source.

Although not of direct use in the surface source generation for TRIDENT-
CTR, it is of interest to examine the incident spatial distribution of particles
on each individual duct wall. Figures 12 and 13 contain the relative flow
of particles incident on each of the four walls as a function of distance along
the duct axis for the greater than, and less than, 13.5-MeV neutron source
angular distributions, respectively. Figure 14 presents the four-wall average
spatial distributions for these two sources.

Because the TRIDENT - CTR NBI duct calculation is a 2 - D calcula-
tion, the inner duct wall is represented as a cylinder whose axis is congruent

with the rectangular NBI-duct axis. Consequently, there is azimuthal symmetry

18
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about the z-axis both in geometry and in the source. Therefore, it is of
interest to the shield designer to know the variation of the incident neutron
magnitude on each of the four duct walls relative to the average value used in
determining the surface source. This information is provided in Figs. 15 and
16 wherein the peaking factor (i.e., the ratio of the incident number of
particles /cm2 for each wall to the average number of particles /cm2 is plotted
versus distance along the duct axis for the two source angular distributions.
These two figures again illustrate that the relative number of particles incident
on each of the duct walls is different and that their relationships to one
another also change with distance from the duct mouth. When examining these
figures one should keep in mind the orientation of the source plane relative to
the duct axis and the extent of the outboard shield as previously discussed;
i.e., refer to Fig. 11.

In the calculations just described, the source angular distribution in
each case was assumed to be azimuthally symmetric about the normal to the source
plane. This assumption is, of course, an approximation to reality, but the
effect of this approximation is shown below to be minimal. This is because the
angular distributions for the four duct walls are averaged tc obtain the spatial-
ly dependent angular distribution for use in determining the surface source for
TRIDENT-CTR. An estimate of the error introduced by this approximation can be
obtained by comparing the four-wall average spatial distributions of Fig. 14 with
similar four-wall average data obtained using the actual trapped neutrons from
the torus calculation. Figure 17 presents a ratio of these quantities, the semi-
analytic and trapped source calculated results, for the case of neutron energies
less than 13.5 MeV. The agreement is quite good, with the ratio having a value
within ~ 6% of 1.0 for all spatial segments but the one furthest from the duct
mouth (i.e., the source plane), where the ratio is 1.12. Figure 18 provides
the same ratio for neutrons above 13.5 MeV. Except for the last 4 segments the
ratio is within ~ 12% of 1.0. In the last 4 segments, i.e., beyond 7.9 m, the
four-wall average data obtained using the trapped neutrons as a source have
fractional errors greater than 10% and get progressively larger, thereby making
the ratio for this region of the histogram statistically less reliable.

Peaking factors were also computed for each of the four walls using the
trapped neutron source. As would be expected from the foregoing discussion,
beyond several meters down the duct the peaking factor data become statistically

unreliable and all that can be concluded is that the surface-by-surface peaking
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factors exhibit very similar behavior at distances close to the source as that

observed for the peaking factors derived from the calculations that used the

semianalytic source.

C. NBI-Duct Shield Calculations
The purpose of the MCNP NBI-duct shield calculation was to allow an inter-

comparison of the MCNP results with the TRIDENT-CTR results in the duct shield,
and to obtain data from vhich a source could be constructed for use in the VP-
duct calculations. Hence, in this calculation the transport of radiation in
the shield was allowed. To obtain the data required for continuing the MCNP
calculations into the VP duct, a trapping surface was located at and around the

NBl-duct/VP-duct interface.
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The MCNP model for this calculation is shown in Fig. 19. The 0.5-m-thick
shield consists of 0.125 m of stainless steel followed by 0.375 m of 2 homo-
geneous mixture of stainless steel and borated water. The 0.8-m-thick shield
consists of 0.2 m of stainless steel and 0.6 m of a homogeneous mixture of
stainless steel and borated water (see Table II). The stainless steel adjacent
to the plasma is 0.3-m thick. This 2ndel approximates the conceptual NBI shield
wherein the material thicknesses of the model are the arithmetic average of the
corresponding tapers. The effect of this approximation 1is expected to be
minimized because (1) over most of the duct length all that is needed is the
albedo from the shield and (2) at those locations in the shield where MCNP/
TRIDENT-CTR comparisons are to be made, the two shield thicknesses are almost

identical.
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Fig. 19. Plan and elevation views of the NBI duct and shielding MCNP model.
The Roman numerals identify those regions used for MCNP/TRIDENT-CTR
comparisons. (Dimensions in metres.)
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Two different calculations were made using this model; one was a coupled
neutron/gamma-ray calculation and the other was a gamma-ray calculation. Two
calculations were necessary because MCNP does not readily allow a source con-
sisting of both neutrons and gamma rays. For both calculations, a secondary
source plane at and around the torus outboard shield first-wall/NBI-duct inter-
face was used. The source consisted of either the trapped neutrons or the
trapped gamma rays from the torus MCNP calculations. Splitting and Russian
Roulette coupled with particle cut-offs constituted the primary variance reduc-
tivn technique used in the calculations.

Neutron and gamma-ray fluxes were edited at selected locations for compari-
sion with TRIDENT-CTR. Total neutron and gamma-ray heating values were also
obtained. These results were normalized to represent ar incident neutron flow
rate on the torus outboard shield first wall due to neutrons with energies
between 13.5 and 15.0 MeV of ~ 2.4 l“lW/mz. Neutrons and gamma rays crossing the
trapping surface at and around the NBI-duct/VP-duct interface were saved; i.e.,
their spatial coordinates, direction cosines, energy, weight, and time were
written to a file. These data then provide the basis for a secondary source

plane at the VP-duct mouth.

D. VP~Duct Wall Surface Source Calculations

The VP-duct wall surface source for use with TRIDENT-CTR was generated
from the results of MCNP calculations, which determined the angular distribution
of radiation flow incident on the VP-duct walls. These calculations are very
similar to those described in Section III.B for the NBI duct.

The geometric model for this calculation consists of a rectangular duct
(0.8 by 1.2 m by 3.3 m in length) with the source plane at the end. This model
is illustrated in Fig. 20. The model does not contain the VP-duct shield, so
once particles crossed the duct wall,their histories were terminated.

The neutron and gamma-ray sources used consisted of the trapped particles
entering the vacuum duct at the NBI-duct/VP~duct interface as obtained from
the NBI-duct calculations described in Section III.C. This is a departure
from the procedure used in the NBI calculations of Section III.B wherein
semianalytic source angular distributions, based on the source angular dis-
tributions of the trapped particles, were used. The app.c.ch taken for this

VP-duct calculation was judged to be adequate based on the lessons learned
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Fig. 20. VP-duct MCNP model used to obtain TRIDENT-CTR sources.
NBI duct not included in the model but shown to provide

a frame of reference.

from the NBI calculations and because the neutrons entering the VP duct had

a much softer spectrum and the duct was much shorter in length. It was assumed

that the angular distribution of gamma rays incident on the duct walls was the

same as that for the neutrons with energies less than 13.5 MeV. This assumption
was also made for the NBI-duct calculations (see Section III. B) based upon
a comparison of the neutron and gamma-ray source angular distribution data.

The neutron calculation tallied the neutrons as they crossed the duct wall

according to the wall crossed, spatial segment, energy bin and angular bin.

One energy bin above 13.5 MeV and one below 13.5 MeV were considered. Fifteen

angular bins were considered and were chosen to represent an S10 quadrature for

TRIDENT-CTR.

Energy,
on each of the four duct walls were thus provided for use in generating the

it was decided to take

angular and spatially dependent distributions of neutrons incident

required surface sources for TRIDENT-CTR. However,
a conservative approach with TRIDENT-CTR and make the calculation only for the

"hot" wall (i.e., surface 2 in Fig. 20) as discussed in Section IV.B.
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The results of this intermediate MCNP calculation are presented in Figs. 21
through 24. The relative flow of neutrons incident on surface 2 for two energy
groups (i.e., above 13.5 MeV and below 15.0 MeV) is shown as a function of
distance from the duct mouth in Fig. 21. TF: energy distribution of these neu-
trons averaged over the entire surface of wall 2 is shown in Fig. 22. This
spectrum is normalized to 1.0 incident neutron. These two figures clearly show
that only ~ 13% of the total neutrons incident on wall 2 have energies above
13.5 MeV and that this incidence of high-energy neutrons is restricted to the
first 0.6 m of this wall (relative to the VP-duct mouth). Furthermore, only ~3%
of the neutrons incident on this wall have energies between 1.353 and 13.5 MeV,
79% have energies between 6.14 x 10.5 and 1.353 MeV and the remaining 5% are
below 61.4 eV. Because neutron penetration through a shield is so strongly
energy dependent, the information in these two figures quickly provides a clue
as to the area on the outside of the VP-duct shield that will have the
highest radiation levels. This is discussed further in Section IV.B.

The spatial data in Fig. 21 all have errors less than 10% except for the next
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Fig. 21. Neutron flow incident on vacuum duct wall 2 versus distance
from the duct mouth; i.e., the NBI-duct/vacuum-duct interface.
See Fig. 20 for wall indentification. (MCNP results.)
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to the last segment (11%) and the 1last segment (15%). With the exception of
the energy bins below 1.0 eV and between 1.353 and 13.5 MeV, the spectrum group-
wise data have errors of less than 8% and the error associated with the total
spectrum is 1%.

The spatially dependent neutron flows incident on each of the VP-duct
walls are compared in Fig. 23, whereas the energy spectra over each of the walls
are compared in Fig. 24. Because the data for walls 3 and & are statistically
indistinguishable, their data are represented by a single curve, which is the
average of the wall 3 and 4 data. These figures illustrate graphically that not
only are more neutrons incident on wall 2 but also that they have a harder
spectrum as compared to the other three walls. The fractions of the total
number of neutrons that enter the duct and are initially incident on walls
1, 2, 3, and 4 are 0.101, 0.424, 0.232, and 0.226, respectively. The

remaining fraction, i.e. 0.017, escape from the duct into the VP chamber without
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crossing any of the duct walls. It is the information in Figs. 23 and 24 that
led to the choice of wall 2 for the TRIDENT-CTR calculation. (See Section
V.B.) The errors associated with the wall 1 and the wall 3-4 average are

similar to those previously given for wall 2.

E. VP-Duct Shield Calculations

The VP-duct shield calculations differed from those described in Section

111.D primarily in that neutron and gamma-ray transport in the shield was
allowed. Also, the edits of this calculation were designed to provide a means
of comparison with the TRIDENT-CTR VP-duct calculation.

The MCNP model for this calculation is shown in Fig. 25. As an aid to
relating this model to the NBI duct and the torus, Figs. 19 and 20 are helpful.
The 0.4-m-thick VP-duct shield consists of 0.1 m of stainless steel followed
by 0.3 m of a homogeneous mixture of stainless steel and borated water. The
stainless steel adjacent to the NBI duct is 0.125 m thick. Isotropic composi-
tions of these materials are presented in Table II.

Two different calculations were made using this model; one was a coupled
neutron/gamma-ray calculation and the other was a gamma-ray calculation. Two
calculations were necessary for the reason explained in Section III.C. A
secondary source plane at and around the NBI-duct/VP-duct interface was used in
each calculation. The source consisted of either the neutrons or the gamma
rays that resulted from the use of the NBI-duct/VP-duct interface trapping
plane in the NBI-duct shield calculations described in Section III.C. Except
for that portion of the neutron surface source that extends beyond the VP-duct
cross-sectional area, the source is the same as that described in Section III.D.
The extended source is used here to allow inclusion of the 1lip penetration
contribution to the VP-duct results. Figures 21 through 24 provide an insight
as to the spatial and energy dependence of neutrons incident on each of the
four duct walls resulting from their first flight from the secondary source
plane located at the duct mouth.

The MCNP calculation relied on splitting and Russian Roulette for variance
reduction. Except at locations deep within the shield the number of trapped
neutrons and gamma rays was sufficient to attain adequate statistics for the
edit quantities of interest. The source file was used a second time, but
the MCNP run was started with a different pseudo-random number, to reduce the

relative errors of those regions deep within the shield.
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Neutron and gamma-ray fluxes were edited along the VP duct and at those
locations indicated by Roman numerals in Fig. 25. Total neutron and gamma-ray
heating rates were also edited at those same locations in the shield. Results
were normalized to represent an incident neutron flow rate on the torus outboard

shield first wall because of neutrons with energies between 13.5 and 15.0 MeV of

of ~ 2.4 MW/mz.
{V. TWO-DIMENSIONAL DISCRETE ORDINATES (TRIDENT-CTR) CALCULATIONS

Two-dimensional calculations for both the NBI-duct shield and the VP-duct
shield were performed to generate spatially detailed neutron and gamma-ray
fluxes. These fluxes are required for the calculation of spatially dependent
dose rates, heating rates, activation and other parameters of interest to the
designers. TRIDENT-CTR is a two-dimensional, (x,y) or (r,z) geometry, multi-
group neutral-particle transport code developed at Los Alamos for toroidal
calculations. The use of triangular finite elements gives it the geometric
flexibility to cope with the nonorthogonal shapes of many toroidal and non-
toroidal designs of current interest in the Fusion Reactor community. This
code was specifically used for the NBI-duct shield to allow accurate modeling
of the shield tapers and the shutter shield; see Fig. 26. It was also
required for both ducts because of its internél boundary source capabilities.

in order to pose the original problems in a form amenable to solution by
TRIDENT-CTR [i.e., an (r,z) geometry form], the rectangular cross section of both
ducts was approximated by a circular cross section of the same area, the radius
of which is 0.553 m. The width of both duct shields was set to the design
specifications. Both problems were modeled with the z-axis running down the
center of the ducts and the r-axis traversing the duct shielding. The models
used are shown in Figs. 26 and 27, and the details particular to each duct
problem are discussed in the following Sections; i.e., IV.A and IV.B.

The nuclear cross-section sets used for both the NBI-duct and VP-duct
shield analyses were derived from the standard Los Alamos 30/12-group coupled
neutron/gamma-ray MATXS library,6 asing the TRANSX code7 on the NMFECC computers.
A P3 scattering order was used, with the cross sections transport corrected

using the Bell, Hansen, and Sandmeier methodology.8 The energy group structure

of the cross~section set is given in Table I.
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CTR calculations. (Dimen- calculations.
sions in metres.)

The key input data to TRIDENT-CTR for both duct problems were the
boundary (or surface) sources generated by MCNP. For the two duct problems
several different space-angle distributions were provided with appropriate
energy group weightings. The source was given as histogram distributions both
angularly and spatially. The anguiar histogram was picked to match the highest
order quadrature set used. Group-dependent quadrature sets were used in both
problems, with an S10 EQN set being the highest order.9 This meant that spatial

interpolations and angular interpolations in groups of a lower order quadrature
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had to be made. The spatial interpolations were fairly simple, and were made
by assuming a linear variation of the source (for a given .gle) between the
centroids of the spatial histograms. The angular interpolations were quite a
bit more complex and were made by overlaying the S10 quadrature structure
on the other gquadrature sets used. This was accomplished by associating an
area on the unit sphere with each direction for each quadrature set. Then
the intersecting areas of the different quadrature sets were used to make the
interpolations. The actual mechanism used to perform this process was to

calculate and use interpolation matrices such that

15
BSN(M) = E SIN (M,MM)*BS10(MM)
MM=1
where BSN = desired boundary source fo.- direction M of quadrature
set N,
SIN = interpolation matrix for quadrature set N,
BS10 = MCNP computed boundary source for SlO'

These interpolation matrices are given in Table III as a guide for future efforts
of this nature.

The spatial and angular interpolations were performed in a preprocessor
program that produced a binary source file compatible with TRIDENT-CTR. The bulk
of the effort devoted to the TRIDENT-CTR calculations was spent in producing

this processor.

A. NBI-Duct Calculations
A spatial mesh was formed on the model shown in Fipg 26 by dividing the

problem domain into 62 bands of triangles. The number of triangles in the bands

varied from 25 to 44, with a total of 1 948 triangles. This meant for a 42-
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TABLE III

ANGULAR SOURCE INTERPOLATION MATRICES?

SI8(1,1)=S18(7,11)=SI8(10,15)=1.0
S18(1,2)=S18(3,5)=S18(6,9)=SI8(10,14)=0.2%3
S18(1,3)=SI18(10,10)=0.248
S18(2,2)=SI8(9,14)=0.777
SI8(2,4)=S18(5,8)=SI8(9,13)=0.454
S18(2,5)=C18(9,9)=0.254
S18(3,3)=S18(6,10)=0.752
S18(3,6)=S18(6,6)=0.5
S18(4,4)=SI8(8,13)=0.546
SI18(4,7)=S18(8,12)=0.693
SI8(4,8)=S18(8,8)=0.273
S18(5,5)=518(5,9)=0.523
SI8(7,7)=S18(7,12)=0.307

S16(1,1)=S16(2,4)=S16(3,6)=S16(4,11)=516(5,13)=S16(6,15)=1.0
S16(1,2)=S16(6,14)=0.569

S16(1,3)=S16(6,10)=0.654

S16(1,5)=S16(1,9)=0.186
S16(2,2)=S16(2,5)=516(5,9)=S16(5,14)=0.431
S16(2,7)=S16(5,12)=0.195

S16(2,8)=S16(5,8)=0.5

$16(3,3)=S16(3,10)=0.346

S16(3,5)=S16(3,9)=0.383

S16(4,7)=S16(4,12)=0.805

SI4(1,1)=S14(1,2)=ST4(1,3)=SI4(1,5)=S14(2,7)=S14(2,11)=1.0
SI4(2,12)=S14(3,9)=S14(3,10)=SI4(3,14)=514(3,15)=1.0
SI4(1,4)=S14(3,13)=0.238

SI4(1,6)=S14(3,6)=0.5

8411 other values are equal to zero.
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group, P3 calculation, 2 454 480 flux moments had to be calculated and stored
(3 x 10 x 42 x 1 948). The actual mesh is shown in Fig. 28.

The boundary conditions were set as follows:

(1) A reflective boundary was set along the =z-axis at r = 0.0 (left

boundary).

(2) An internal boundary source was set along the =z-axis atr = 0.533m

(right internal boundary source), directed into the shield.

(3) A Dbottom boundary source was set along the r-axis at z = 0.0,
directed into the shield but not the NBI duct (reproducing the

source on the outboard shield) .

(4) A vacuum boundary was set along the top and right surfaces of

the problem domain.

The total source was normalized to a total of 1.0 neutron and 0.2414 gamma
rays incident on both source surfaces of the problem. Of these, 95.504% were
contained in the bottom boundary source (incident on the outboard shield) and
4.496% were contained in the right internal boundary source (incident on the
duct wall). Also, separate group spectra, as determined from the MCNP calcula-
tions, were given for the bottom source and the right interior source. The
actual normalizations were performed in the source preprocessor code. To obtain
flux values normalized to a 2.4 MW/m2 wall loading, the values obtained with the

19. This renormalization factor is

1.0 normalization