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ABSTRACT 

LAHET CODE SYSTEM BENCHMARKING IN THE ACCELERATOR PRODUCTION OF 
TRITIUM NOVEMBER 1995 SMALL SCALE TRITIUM PRODUCTION EXPERIMENT 

J.D. Court, EJ. Pitcher, G.J. Russell, P.D. Ferguson, and B.W. Patton 
Manuel Lujan, Jr., Neutron Scattering Center 

Los Alamos National Laboratory 
Los Alamos, New Mexico 87545 

LANSCE-12, MS H805 

(505) 667-6069 

An experiment conbdcted at the Los Alamos Neutron 
Science Center in November 1995 was used to benchmark 
tritium production calculations using the LAHEiT Code 
System (LCS). 800 MeV protons incident on tungsten 
targets, with a lead moderator/reflector, were used to create 
a neutron flux incident on aluminum spheres and capsules 
containing 3He for the production of tritium from the 
3He(n,p) 3H reaction. Tritium production was calculated in 
four aluminum spheres inserted into the central cavity of the 
target assembly, as well as several cylindrical capsules 
placed at different positions in the target assembly. Bare 
and cadmium covered gold foils were placed in the 
assembly,. and calculations of "*Au production were 
compared to experimental measurements. Finally, nylon 
films were inserted in the beam path to record the beam 
profile through the exposure of the film, These beam profde 
measurements are also compared to LCS calculations. 

I. INTRODUCTION 

The LAHETw Code System,' a descendent of the HETC 
code2 originally developed at Oak Ridge National 
Laboratory ( O m )  in the 1960 '~~  is used extensively in the 
design of the targethlanket assembly of the Accelerator 
Production of Tritium (APT) project. In order to be able to 
quantitatively assign an accuracy to the calculations, an 
experiment was devised to demonstrate the production of 
tritium in an assembly similar to the APT targethlanket 
design, and allow the benchmarking of the LCS codes 
against measured quantities. 

Three irradiations were done on an experimental 
assembly, with most of the data taken in the fnst 
experimental run. The assembly consisted of an 800 MeV 
proton beam incident on a split tungsten target for the 
production of spallation neutrons. This target assembly was 
surrounded by a lead reflector/moderator, and aluminum 
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spheres containing 3He were placed in the central cavity to 
measure the production of tritium. Small cylindrical 
aluminum capsules, also containing 3He, were also placed at 
different positions in the experimental assembly to compare 
differential tritium production measurements against 
calculations. In addition, cadmium covered and bare gold 
foils were placed in the assembly around the central 
aluminum spheres to give an indication of relative neutron 
fluxes. The production of Ig8Au through neutron absorption 
was calculated for both types of foils. 

Radiochromic films were placed in the beam path to 
study the beam spread due to the beam-target interactions. 
These nylon films were modeled in the calculation and 
comparisons of the actual beam spreading against the 
measured films provide an indication as to the validity of the 
scattering physics models present in LAHET. 

The comparison of experimental measurements to 
calculated quantities in this experiment will allow the APT 
targethlanket design to incorporate a calculational margin to 
allow for any systematic error included in the calculations 
due to any physics model assumptions or any inconsistencies 
in the evaluated nuclear data. 

II. MONTE CARLO CALCULATION 

The forte of the Monte Carlo calculation has always 
been the ability to define complicated three dimensional 
geometries and the ability to use the extensive continuous 
energy cross sections available for the materials in the 
model. The drawback has always been the inordinate 
amount of computational time it requires to follow each 
simulated particle from its conception, to its death through 
capture or escape. With the progress of computational 
capabilities in the last decade, the Monte Carlo method has 
become more practical for some of the more difficult 
calculations that would have previously taken too long to 
accomplish. The advent of parallel computing allows for 
even greater possibilities for the most time consuming of 
problems. 
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The actual experiment was composed of three 
irradiations of three different target assembly configurations. 
The first two irradiations were composed of approximately 
l ~ l O ' ~  protons each, with the third composed of 
approximately 6 ~ 1 0 ' ~  protons. These irradiations can be 
accomplished in the experimental facility in a matter of 
hours. Computationally, this cannot be done. Using normal 
analog Monte Carlo transport, 3x106 simulated protons 
requires approximately three weeks to transport with a 
computational model that is as intricate as the experimental 
setup. 

In order to reduce the amount of computation time, a 
variance reduction technique must be used. Importance 
sampling was implemented in LAHET to increase the 
population of high-energy particles throughout the model. 
This was primarily undertaken for the cells that were in the 
outermost reaches of the lead blanketheflector. No 
importance sampling was done in MCNP. This allowed a 
250,000-proton calculation to achieve the statistical 
accuracy of the previous three million-proton calculation, 
and with a reduction of approximately one-tenth in 
computation time. Each run required large amounts of disk 
storage space, so a series of 250k proton calculations were 
combined to achieve these results. 

The computational results reported here are the 
combination of sixteen LCS calculations, using consecutive 
random number sequences to eliminate correlation. The 
mean values of the tallies, as well as the relative errors, were 
combined statistically to arrive at the final results. 

In some cases, it was determined that convergence had 
not been achieved after the sixteen runs. MCNP provides 
ten statistical checks for each tally to determine whether 
convergence has been achieved. Unfortunately, this 
information is provided on an individual basis for each run, 
and therefore does not apply to the combination of the runs. 
In order to judge convergence of the final answers of the 
calculation, three criteria were applied: 

1. Overall relative error should be at the 10% level or 
better. 

2. The relative error should follow the 1/dN 
dependence relative to the number of histories. 

3. The values calculated in each of the individual runs 
should fall statistically about the mean value 
obtained from the combination of the individual 
rUnS. 

III. LAHETMCNP MODEL 

Unless otherwise noted, the default settings, as reported 
in the LCS user's guide,' were used in the LAHET 
calculations in this report. The exceptions are shown in 

Table 1. With these settings, the Bertini3 model is used to 
simulate the intranuclear cascade phase. The multi-stage 
pre-equilibrium model4 is then invoked prior to the 
evaporation phase. The Rutherford-Appletons (RAL) 
fission model is used to simulate high-energy fission in 
tungsten and lead. The Fermi6 breakup model replaces the 
Dresner' evaporation model for the de-excitation of light 
nuclei. LAHET version 2.83* was used, including the new 
neutron and proton elastic scattering treatment. 

Table 1. Non-default physics model settings in the LAHET input 
deck. 

Line 
4 
- Record SettinP DescriDtion 

12 IPREQ = 1 use pre-equilibrium model following 
the intranuclear cascade 
Default: no m u i l i b r i u m  model - .  
will be used 

5 1 NBERTP = nucleon-pion-muon transport 
-1 Default: nucleon-pion transport only 

6 1 NSPRED = step size for the multiple scattering 
-5 treatment is reduced by a factor of 

1/5 of the default for both primary 
and secondary particles 
Default: calculate multiple 
scattering for primary charged 
particles 

Default: do not transport heavy 
charged particles 

6 9 ICPT = 1 transport heavy charged particles 

The model was constructed from as-built drawings as 
well as machine fabrication drawings, when available. 
Photographs of the experimental assembly were also 
available for relative positioning and general overall 
information. Extensive notes were also available from the 
experiment that added definition to the model. Figures 1 
through 3 are cross-section geometry plots produced by 
MCW? and show the LCS geometry model as it is 
represented in the code. 

Figure 1. Elevation view of the LCS geometry modeL Center of plot 
is at position (-0.8,0,61.9). 



Figure 2. Plan view of the LCS geometry model. Center of plot is at 
position (-0.8,0,61.9). 
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Figure 3. Cross-sectional view of the LCS geometry model. Center of 
plot is at position (-0.6,0,46.6). 

The materials specified in the LCS model are consistent 
with the available knowledge of the actual apparatus 
materials. Most of the materials were well known, such as 

the exact composition and pressures of the gas in the spheres 
and capsules. Others, such as composition of the lead shield 
and the plastic suspension matrix for lutetium oxide powder, 
had to be estimated. The materials section of a MCNP input 
deck explicitly delineates the elemental and isotopic 
compositions of the materials, as well as the relative 
proportions. The code then makes use of the ENDF/B-VI 
continuous energy data sets to construct the correct nuclear 
cross section values for the respective material. In LAHElT, 
materials are specified exclusively by isotope. The materials 
specifications within the LAHET and MCNP input decks are 
consistent with one another. 

The code also allows for any region or geometric 
element to be divided into sub-elements, called cells, which 
can give added definition to desired calculations. Each cell, 
whether a complete geometric object or a sub-cell of a larger 
structure, is defined by a set of surfaces, and is assigned a 
specific material and material density. These surfaces, cells, 
and materials define the model. 

The model constructed of the target assembly 
encompasses only the assembly and none of the surrounding 
structure such as support structures or external walls, etc. 
Therefore, any external effects, such as room return, neutron 
production outside the bounds of the model, etc., will not be 
included in the final results. Based on measurements carried 
out during the experiment, room return was shown to be 
insignificant." 

The quantities tallied in the calculations were the tritium 
production in the aluminum spheres and real time chamber, 
the tritium production in the Livermore gas capsules, the 
energy deposition in the radiochromic nylon films, and the 
production of "*Au in the gold foils. The lack of cross 
section data for lutetium and ytterbium prevented any 
calculational results for these experimental measurements. 
Statistically significant results were obtained for almost all 
tallies with the exception of some of the gold foil results. 
Each of the calculational results is explained in the 
following sections. 

N. PROTON BEAM CHARACTERIZATION 

The proton beam profile and direction were measured 
during the experiment using nylon radiochromic films. 

a Tritium production was measured in a gas capsule filled 
with 3 atm of 3He and located approximately 2 m from the 
right rear of the assembly. Tritium production was 
measured to be at least a factor of 250 lower in this capsule 
than in capsules located in the lead channel, and about a 
factor of 2000 lower than in capsules located in the central 
target region. 



Films were p-..ced adjacent to four tungsten target plates in 
the central target region and exposed to the proton beam 
(which dominated all other exposure sources, e.g., neutrons 
and gammas). The films were placed downstream of target 
1, and upstream of targets 3, 4, and 6. Analysis of these 
films revealed the beam centroid position and spatial profile 
as a function of depth in the target. Data from the 
experiment must be analyzed to determine the characteristic 
of the experimental beam, so that a representative beam can 
be simulated in the calculations. This is accomplished 
through the analysis of the radiochromic films. The 
centroids of the films give an indication as to any drift 
relative to the experimental axis of the beam. The model 
can then be adjusted to duplicate this drift. Using optical 
density measurements of the films, intensities can be 
determined, giving a spatial profile to the beam at several 
points in the assembly. 

A. BeamDrift 

The x-centroid data provided by the nylon films gives 
an indication as to the center of the beam as a function of 
depth into the assembly. The x-centroid data is summarized 
in Table 2. Inconclusive data as to any drift in the y- 
direction prevented any corrections along this axis. A 
Gaussian was fit to the data to obtain a o-value for the 
spatial distribution. This sigma was then used as an 
indication of the relative accuracy of the determination of 
the x-centroid. This Gaussian d is also listed in Table 2. 

Table 2. Measured x-centroid data from radiochromic film. 

Film Beamline x-Centroid Gaussian Q 

Number Position (cm) (cm) (cm) 
1 40.95 0.002 0.523 
3 76.03 0.247 0.802 
4 95.02 0.336 1.548 
6 134.50 0.225 3.790 

A linear fit can be applied to the data to determine the 
angular deviation of the beam from the assembly axis. In 
order to achieve this, the associated Gaussian is used to 
weight each point in the linear fit. This fit is shown in 
Figure 4. 

The fit to the data indicates that the beam has a drift of 
approximately 0.4" to the right. This also requires a shift of 
the model origin from (O,O,O,) originally at the face of the 
first lead plate, to (0,0,39.7). This shift is accomplished 
through the use of a global transformation in the LCS model, 
and allowed for the accurate representation of the beam 
transport through the model. 

B. BeamSpatk Profile 

The exposure of the nylon films by the protons in the 
beam allowed optical density measurements to give an 
indication of the spatial profile of the beam. The 
experimental data was presented as integrated dose as a 
function of beam radius. In the calculation, the nylon film 
was divided into concentric cylindrical cells to tally energy 
deposition in the nylon films as a function of beam radius. 
Limited data for the optical density to dose conversion 
factors prevent comparison of total integrated dose between 
the experiment and the calculation, but normalized doses 
give an indication as to the comparative beam spreading 
calculated by the code. 

L ............... : ............... .! ................ ................ : ................ :..............-I 
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Figure 4. x-centroid data provided by radiochromic fiim. The fit is 
linear, weighted by the u of the Gaussian fit to the data. The indicated 
error bars are the Gaussian u of the data. 

In order to represent the experimental beam in the 
calculation, some form of spatial distribution for the 
experimental beam must be determined, and then 
mathematically represented in the LCS calculation. The 
beam dynamics provided by the Los Alamos Neutron 
Science Center (LANSCE) 800 MeV accelerator indicate a 
Gaussian distribution in the beam. A particle transporting 
through matter undergoes small-angle scattering, due mostly 
from Coulomb scattering from nuclei. It is roughly Gaussian 
for small deflection angles, but at larger angles it behaves 
like Rutherford scattering having a larger tail than does a 
Gaussian distribution. It is sufficient to use a Gaussian 
distribution for the central 98% of the beam." 
Mathematically, a Gaussian distribution can be modeled in 
LAHET to provide a spatial dependence for the beam. 

Initially, a calculation was done with an 800 MeV 
proton beam with no initial spatial distribution (pencil 
beam). This allows the determination of the beam scattering 
the targets without influence from the initial beam spatial 



distribution. From this, the initial beam spatial distribution 
can be determined. At the first nylon film, posterior to the 
first tungsten target, a Gaussian fit is applied to the 
experimental data, as well as the calculated data. Through 
differencing in quadrature of the associated 0-values of the 
fits, the a of the initial experimental beam can be calculated.. 
These data are shown in Figure 5. 

With the pencil beam, most of the dose is concentrated 
in the central peak, as is to be expected. The Gaussian fit 
only fits the first nine points, but this comprises 94% of the 
integrated dose. Unfortunately, the experimental data isn't 
fit well with a Gaussian, but Rz for the fit is 0.98. From 
these two 0-values, it was found that a value of 4.34 mm for 
the a-value of the incident beam would yield the a of the 
experimental beam found at the first film. This was the 
spatial distribution input into LAHET for the calculation. 

0 10 20 30 40 50 
Baam Radius (mm) 

Figme 5. Initial LCS dose calculation using an incident proton beam 
with no spatial distribution and plotted against the measured 
radiochromic data from f i i  1. The two curve fits are Gaussian fits to 
the data, yielding their respective d s .  

A series of calculations were done to compare the 
calculated beam profiles with the measured beam profiles 
for the four nylon radiochromic films. These comparisons 
are shown in Figures 6 through 9. The plots shown are of 
normalized doses, the area under each dose curve having 
been normalized to unity. This is done to eliminate the 
uncertainty in the experimental optical density to dose 
conversion factors in the experimental data. The original 
optical density to dose conversion factors were based on 
film calibrations done with Compton electrons scattered by a 
'%o gamma source, and was normalized to 185 krad- 
cm2/pC. This was later benchmarked with an 800 MeV 
proton beam, which resulted in a conversion factor of 356 
krad-cmz/pC. Table 3 summarizes the total integrated doses 
for the four films, using both dose conversion factors, as 
well as the 0-values and the R2 values for the Gaussian fit to 

the data. The experimental data shown in these figures is 
somewhat different than the preliminary data used in the 
incident beam calculations, causing changes in the Gaussian 
fit to the data. 
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Figure 6. Nylon radiochromic film exposure data indicating proton 
beam spatial distribution at film 1, downstream of target 1. 
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Figure 7. Nylon radiochromic f i i  exposure data indicating proton 
beam spatial distribution at film 3, upstream of target 3. 

Table 3. Measured x-centroid data from radiochromic film 

As stated earlier, a Gaussian fit to the experimental data 
at film 1 is not a good fit. The fit is better after the beam is 
allowed to interact with more target material. At films 3 and 
4, the central 85% of the beam is well represented by the 



Gaussian fit. For the calculated data, at the first three films, 
1,3, and 4, the central 89% of the beam is well represented 
by the Gaussian fit. At the final film, the Gaussian fit to the 
calculated data is good to 100% of the dose, but only 
because the Rutherford scattering tail is now off of the film. 
For the experimental data, a decrease in the dose from what 
is predicted by the Gaussian is encountered, but must be an 
artifact of the measurement technique. 
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Figure 8. Nylon radiochromic film exposure data indicating proton 
beam spatial distribution at film 4, upstream of target 4. 
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Figure 9. Nylon radiochromic f i i  exposure data indicating proton 
beam spatial distribution at film 6, upstream of target 6. 

Each film shows that the experimental beam contains 
more dose in the central peak than the calculated beam. 
Although there is good agreement in the beam profiles at the 
first film, this is to be expected, because the calculation was 
forced to match at this film. At films 3 and 4, the 
calculation predicts a wider beam than the experimental data 

exhibit. This may be indicative of a non-parallel beam 
incident on the experimental assembly. At film 6, when the 
beam shape is dominated by the scattering physics of the 
beam-target interactions, and initial beam dynamics have 
little effect on the shape, the experimental and calculated 
beam shapes match quite well. Comparing total integrated 
doses, in all cases except film 4, the calculated dose falls 
within the bounds of the two experimental dose estimates. 

V. TRITON PRODUCTION IN THE SPHERES AND 
REAL TIME CHAMBER 

Three hollow aluminum spheres, containing 3He, were 
inserted into the central cavity for the measurement of 
tritium production. These are labeled spheres 2, 3, and 4 in 
Figures 1 and 2. One, sphere 6, was placed in a removed 
section of the lead blanket above and slightly behind the 
fifth tungsten target (Figure 1). The final sphere in the 
assembly, sphere 5,  contained nitrogen only. Each sphere 
had an inner radius of approximately 8.25 cm. For purposes 
of tallying, the spheres were divided into sixteen equi- 
volume cells, by placing concentric spherical surfaces inside 
the sphere. The gas contained 98.8% 3He, 2.1% H2, and 
0.1% 4He, at 24 psia. To determine the amount of tritium 
produced in the spheres, the code MCNP first calculates the 
track length estimate of flux in a given sphere. This flux is 
then multiplied by the microscopic cross section for the 
reaction producing the triton, and the density of the material 
from which the reaction takes place. The cross-section 
values come from the MCNP continuous energy data set 
derived from ENDF/B-V. Figure 10 shows the ENDF/B-V 
tritium production cross section for 3He. 

=rrP 4b 
04/10/91 09:22:44 
2003.500 

mt 1l 

-205 2 0 0 3 . 5 0 ~  

Figure 10. 
ENDFIB-V (2003.50~) used in MCNP. 

Tritium production cross section (mk205) for %e in 

Triton production is mostly from thermal neutron 
capture, so the production is spectrally dependent. Figure 
11 shows the production of tritium as a function of incident 
neutron energy, and illustrates dependence of the triton 
production on the neutron spectrum. Although some 



reactions take place at higher energies, between 70% and 
80% of all tritons born are a result of reactions with neutrons 
whose energy is less than 0.1 eV. Also shown are the 
relative differences between spatial dependence in the 
sphere. The innermost cells have a higher percentage of 
tritons born from neutrons at higher energies compared to 
cells at the outside of the sphere. This occurs from the 
reduction of low energy reactions due to the thermal flux 
depression towards the interior of the sphere. 
Approximately 94% of all triton-producing reactions occur 
with neutrons below 1 eV. Less than 1% occur above 100 
eV. 
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Figure 11. The fraction of triton production as a function of neutron 
energy shown for volumes within the %e filled sphere 2. 

As you travel into the sphere, the neutron spectrum gets 
harder and triton production decreases. This is shown in 
Figure 12 for the first three spheres counted in experiment 1. 
By looking at the tritium production in the 16 qui-volume 
cells created in the sphere, triton production can be 
calculated spatially for the sphere. Using 1.018 cm as the 
range of 0.191 MeV tritons in 24 psia 3He, Figure 12 shows 
that almost 45% of tritons in the sphere are born within 1 
mfp of the sphere walls. Since the tritons are born with a 
certain energy and momentum, they travel a distance before 
coming to rest. They may or may not remain in the volume 
where they were born. Depending upon the gas density 
within the sphere, a fraction of the tritons can be implanted 
into the aluminum wall of the sphere. 

Located at the end of the experimental apparatus was a 
cylindrical chamber that was divided down the long axis into 
two separate cavities. These right- and left-side chambers 
can be seen in Figure 2. During the irradiation, gas mixtures 
were circulated through the two sides. One side contained 
3He, and measurements were made in real time to count the 
tritium production. Tritium production in this chamber is 
calculated in the same manner as in the spheres. 

1 9 4 5 6 7  
Radial Midpoint of EquCVoluma Cell (cm) 

8 9  2 

Figure 12. Triton production as a function of depth into the spheres. 

Table 4 summarizes the calculated and experimental 
tritium production. Spheres 2,3, and 4 were present for the 
first irradiation only, whereas sphere 6 was present for all 
three. There were three different combinations of gas 
mixtures in the real time chambers for the three runs. In the 
first run, the right chamber contained gas similar to the 
sphere gas, with 100% Hz gas in the left side. For the 
second irradiation, the right side contained 87.3% 3He, 
10.1% Ar, with the remainder H2. The left side contained 
99% 4He and 1% H2. The final irradiation had the 99% 4He 
mix in the right side, with the left containing a mix of 94.1% 
3He, 3.1% Hz, and 2.8% Xe enriched to 50% '%Xe. The 
triton production is reported as the number of tritons 
produced per incident proton, or t/p. The experimental Up 
measurements have been adjusted to take into account any 
fraction of the tritium that has been implanted into the 
aluminum walls of the spheres and real time chamber. 

Table 4. Calculated Up for aluminum spheres and real time tank. 

VI. TRITON PRODUCTION IN THE LIVERMORE 
GAS CAPSULES 

Personnel from Lawrence Livermore National 
Laboratory also participated in the experiment, supplying 
and analyzing small aluminum capsules, in the form of one 
inch diameter right circular cylinders, which contained 3He 
mixed with various inert gasses. These capsules were 
placed in different positions throughout the assembly to 



measure I fferential tritium production. Most c the 
capsules were placed in an array placed in the central cavity 
region between targets 3 and 4. 

A. Array Capsules 

--one capsules were located in an array directly in 
the beam. The position of the array with respect to the 
spheres and tungsten targets can be seen in Figures 1 
through 3. Figure 13 shows how the capsules are arrayed, 
and the identification procedure. These were positioned in 
the center of the experimental apparatus, where the sphere 
results indicated the highest thermal flux occurred. This led 
to very low statistical error in this region. Calculations were 
not done for the two test capsules, which contained ambient 
air, and the H181 - H190 series of capsules, which contained 
100% hydrogen. 

Figure 13. Position and designation of the Livermore Gas Capsules in 
the interior array. 

The comparison between calculated and experimental 
triton production is shown in Table 5. The triton production 
is reported in disintegrations per minute per cubic centimeter 
of 3He at standard temperature and pressure to compare with 
the experimental data. Most of the tritium produced in the 
capsules was implanted in the walls of the capsule. The 
experimental production numbers include all tritium 
produced, by counting the interior gas in the capsules, and 
then melting the aluminum capsules to release all implanted 
tritium. Test capsules provided a control to determine any 
tritium produced through spallation in the aluminum, and 
this background was subtracted from the final amount. 
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the interior array. 
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The capsule identification designates the gas mixed with 
the 3He in the capsules. H designates hydrogen, Kr 
designates krypton, and Ar designates argon. The Xe 
labeled capsules contained Xe gas enriched to 50% ‘%Xe. 
There is no recent evaluated data cross section library for 
the MCNP code for this isotope, so an old cross section 
library was used. This untested library may be the cause of 
the large discrepancy shown in the Xe capsules, as well as 
the real time chamber run containing Xe gas. 

B . Other Livermore Gas Capsules 

Livermore capsules were placed in other regions of the 
assembly. Figure 14 shows the placement of the capsules 
located in the upper left lead guide tube channel. The guide 
tubes are placed in the lead blanket plates for easy handling 
and removal. The four guide tubes can be seen in Figure 3. 
The position and designation of the capsules placed in the 
area of the removed lead plates are shown in Figure 15. 
These results are shown in Table 6. 

VII. GOLD FOIL CALCULATIONS 

Three sets of gold foils were positioned at each of the 
interior spheres, as shown in Figure 3. Each foil pair 
consisted of a bare and a cadmium covered foil. In the LCS 
calculation, the production of lg8Au from the (n,y) reaction 
with lg7Au can be calculated in the same manner as triton 
production from 3He. 
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Figure 14. Position and designation of the Livermore Gas Capsules in 
the upper left guide tube. Center of graph is at position (-0.6, 
17.14,61.85) 
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Figure 15. Livermore gas capsules placed in the gap in the lead 
blanket. 

Table 6. Triton production in the other Livermore gas capsules. 

The gold foil calculation represents the most difficult 
tally for the Monte Carlo calculation. The extremely small 
surface area and volume of the foils prevent the transport of 
many particles into the foils so that adequate statistics can be 
achieved. The problem is compounded when a highly 
absorbent material is placed nearby. Such is the case with 
the cadmium-covered gold foils. The highest statistical 
errors of the calculation occur in the cadmium-covered gold 
foils. These results are shown in Table 7. Several tallies 
have not converged after 16 calculations of 250,000 protons 
each. These tallies are noted with an asterisk. The gold foils 
that could not meet the convergence criteria were the ones in 
the lower flux areas, namely around sphere 6 (the top 
sphere), and at the first sphere in the assembly, sphere 2. 

For purposes of comparison, a weighted average was 
taken of the three bare foils and three cadmium covered foils 
at each position. As previously shown, the energy range of 
interest for the triton production lies below the cadmium 
absorption peak. To study this energy range, the cadmium- 
covered foil results (a measure of reactions from higher 
energy neutrons) is subtracted from the bare foil results 
(reactions from all energies), to arrive at the number of 
reactions taking place below the cadmium cutoff energy. 
This is shown in Table 8. 



Table 7. Gold foil results for the 1wA~(n;u)198A~ reaction. indicate that adequate sampling is not done in these regions. 
As beam energy increases, the depth into the lead at which 
the calculations are accurate increases, so one would expect 
greater agreement between experiment and calculation for 
higher energies. As a measure of the sub-cadmium flux, the 
average error for the gold foils is 4.5%. Generally, for the 
interior region, the results show that a 10% margin for code 
accuracy is and adequate assumption for the types of 
interactions measured in this experiment. 
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