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I. INTRODUCTION 

MONTE CARLO APPLICATIONS AT 
HANFORD ENGINEERING DEVELOPMENT LABORATORY 

L. L. Carter, R. J. Morford, and A. D. Wilcox 

. The current use of Monte Carlo
1
at Hanf_ord Engineering Development Laboratory 

(HEDL) is dominated by neutron and photon transport problems relevant to the 
Fast Flux Test Facility (FFTF) and the Fusion Material Irradiation Test (FMIT) 
Facility. The Monte Carlo effort is oriented towards engineering applications 
in contrast to code development. This paper will summarize our applications 
during the last three years. 

We utilize the KENO(l) code for criticality problems and the general purpose 
code, MCNP, (2,J) for all other applicatiops. The KENO code has been adapted 
to run on either the CYBER or UNIVAC computer systems at Hanford. The MCNP 
code with its associated cross section library is maintained on the MFE computer 
system at Livermore, California by Los Alamos Scientific Laboratory (LASL) and 
we utilize this computer system for our calculations for the FMIT Facility._· We 
have adapted an older version of MCNP to the CDC-7600 at Berke_ley for solving 
FFTF problems. 

The majority of the current applications of Monte Carlo involve design problems 
for the FMIT Facility. This ·accelerator based facility,( 4) now in the early 
stages of construction on the Hanford site, will provide a fusion-like 
radiation environment for testing potential fusion reactor materials. The 
neutron sourc-e, produced by a 0.1 Amp beam of 35 MeV deuterons incident upon 

·a flowing.lithium ~arget, is highly anisotropic ~nd features a rapid spectral 
variation with angle. The spectrum·in the forward direction is characterized 
by a broad peak at "'14 MeV with a high energy. ta i1 extending to "'50 MeV. While 
the broad peak provides the major portion of the source for material damage 
studies, other neutron energies are important in the overall design of the 
facility. Because of the importance of the very high energy neutrons between 
20 and 50 MeV for shield ~esign, neutron cross sections between 20 and 60 MeV 
were appended to an existing (ENDF/B and ENDL based) MCNP library for the most 
.import~nt isotopes.(S) . 
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Monte Carlo is a particularly useful tool for FMIT applications because of the 
two- and three~dimensional configurations, the anisotropic sources, the aniso
tropic neutron scattering at higher ene_rgies (especially above 20 MeV), many 
penetrations through shields with the resulting need to evaluate neutron 
streaming, and steep neutron flux gradients within the prime test region near 

'the (d,Li) source. Its utilization as a tool to solve FFTF related problems 
is typically more difficult primarily because of the large expected number ·of 
coll is ions that a. ne~tron experiences from birth to .absorption in fast reactor 
materials. 

Neutron transport through thick iron-dominated materials is important in. both 
FMIT and FFTF applications. A calculational benchmark(6,7) for monoenergetic 
sources of 2,. 14 and 40 MeV has recently been completed using cross sections 
tested against integral experiments. This calculational benchmark may be used 
to validate multigroup cross section libraries and transport codes. 

In the next three sections we summarize Monte Carlo applications encompassing 
the last three years. Our manpower allocation for Monte Carlo is small with 
four engineers contributing an eq~ivalent of "'One full-time man. Approximately 
three-fourths of .the effort is on FMIT and one-fourth on FFTF problems. 

II. APPLICATIONS FOR FMIT FACILITY 

The (d,Li) neutron source has been characterized by thick target measurements 
for ten different angles. using time-of-fl_ight techniques and the cyclotron· at 
the University of California at Davis. The spectra at the four angles depicted 
in Figure l (measured data(B) without smoothing) are shown to illustrate neutron 
energy regimes that are important at various directions. Of particular impor
tance from a shielding point of view is the flattening of the spectrum between 
30 to 45 MeV at the angle of 8°. This flattening is significant for ang1es 

.. 
from about 6° -.to 20°. These source neutrons are the primary neutrons that 
penetrate thick shields in the forward d1rect1on. 

A cut-out view of the test cell ts shown in Figure 2 with the deuteron beam 
1mpinging_upon the flowing lithium from the left. A plan view of the test ce.ll 
(does not show p1pes and equipment within the test cell) at the elevation of 
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the neutron source is shown in Figure 3. Basic neutronic problems in and 
around the test cell include: (a) a determination of bulk shield thicknesses; 
(b) nuclear heat deposition within the test cell, thermal shield, and adjacent 
bulk shield; (c) neutron ~treaming through various penetratio~s; (d) neutron 
activation within the test cell and beyond the experimenters side wall; 
(e) confirmation of adequacy of collimator design; and (f) the generation of 
detailed neutron flux maps within the prime test volume. In addition, 
neutronics calculations are required for shield design, including neutron 
activation, for the LINAC and various service areas. 

. . 
The Monte Carlo calculations we have made "for FMIT are 1 isted in Figure 4. 

Many of these problems required the variation of one or·more parameters in a 
number of separate calculations. In such cases, the "Minutes of CDC-7600 
Execution Time" in the right hand column of Figure 4 represents a typical 
time for an individual run rather than for the series. 

A "Satisfaction Factor" is included in Figure 4 as an attempt to quantitatively 
assign an overall return from the investment in machine time and expenditure 
of manpower. The Satisfaction Factor is defined as 

when g p m r are assigned values between 0 (failure or very poor) and 100 
(excellent or above expectations) under the definitions~ 

g = adequacy of the geometric model in relation to the real world 
s,ituati on, 

p = adequacy of the physics models compared·:to state-of-the-art and/or 
desired accuracy (including cross section data and source data), 

m = reasonableness of manpower effort required, and 
r = return 6btained from calculation, relative to need, for the 

expenditure in machine time (this also includes the adequacy 
of .statistical errors). 

The Satisfaction Factor has the range O~S$100 depending upon the values assigned 
to the four parameters. In this paper the Satisfaction Factors were normalized 
so that val_ues of 'V50 indicate marginal satisfaction with the calculation, 
values less than 'V50 are indicative of dissatisfaction with the calculation 
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(the output data is of only limited us~fulness), and a value greater than ~10 

is indicative of overall satisfaction with and usefulness of the data in the 
engineering application. 

Problems 1 to 7 of Figure 4 are relevant to the design of the shields around 
the test cell. Initial studies (problem 1) addressed dose rates through slab 
shields for normally incident monoenergetic neutron sources with energies 
between 15 and 50 MeV. (S,9) Comparisons were made between these calculations 
and pertinent discrete ordinates calculations summarized in the literature. (lO) 
The monoenergetic calculations subsequently provided useful benchmarks for 
c6mparisons with discrete ordinates calculations based upon an upgraded 
multigroup library. (ll) They also provided initial assessments of material 
worths for high energy neutron sources. 

Careful biasing of the monoenergetic calculations enabled us to obtain satis
factory statistical precision for shield thicknesses corresponding to a ·· 
reduction in the dose rate through the shield by about ten orders of magnitude. 
This was accomplished by adjusting cell importances(3) to obtain a roughly 
constant sampl~ population throughout the shield in conjunction with the use _ 
~f Russian roulette( 3) as the neutron energy decreased. Russian roulette was 
used to discriminate against the lower energy neutrons (<~l MeV) near the source 
side of the shield. Without the use of energy dependent biasing, we observed 
that a large fraction of the computer time was expended on those neutrons near 
the source face of the shield. These neutrons have a small probability of 
eventually penetrating the shield. 

Using the information obtained and techniques learned from the monoenergetic 
source calculations, it was fairly straightforward to make the pertinent bulk 
shield calculations for the back and side walls of the test cell.(s, 9) The 
important source energy regime was determined to be ~30 to SQ MeV for the back 
wall and ~20 to 40 MeV for the side walls. The important energy regime for the 
side walls is increased upwards by very high energy neutrons (>30 MeV) that 
suffer elastic collisions within test assemblies and then scatter toward a 
side wall. Even though the probability of such events is low, their importance 
is large enough so that these neutrons are not negligible. 

Activation i~ an important consideration for the experimenters side wall (see 
Figure 3) ~ince access to this wall is required for maintenance ~nd removal of 
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test assemblies. The wall material and thicknesses were optimized using 
one-dimensional ANISN calculations subsequent to a benchmark comparison 
(problem 3) with MCNP. This benchmark comparison, using the pointwis.e library 
of MCNP, verified that the multigroup library for ANISN would require the 
application of appropriate self-shielding factors. 

Streaming calculations (problems 4 and 5) typically require an overspecifi
cation of the geometry in order to adequately assign spatial importances and 
focus the calculational effort in the vicinity of the streaming paths. This 
introduces additional complexity so the geometry factor, g, for problems 4 
and.5 has only been rated at 70%. Version 2 of MCNP may help to alleviate 
some of these difficulties. ( 

The heat removal system for the test cell utilizes gas cooling because water 
cooling would introduce the possibility of a lithium-water accident. The gas 
cooling is economically sensitive to the total amount of heat (and its spatial 
distribution) deposited from nuclear interactions within the walls of the test 
cell. Monte Carlo is attractive to use for the calculation since three
dimensional heat deposition information is needed due to an anisotropic source 
distribution. Although calculational limitations exist, and hence problem 
6 was rated with an r value of 70, it would have been at least as difficult to 
obtain sat,isfactory results with deterministic codes. 

Shortcomings in the nuclear data base impacted the detsrmination ·of heat deposi
tion. Data sensitivities included the gamma production cross sections, neutron 
KERMA factors, and cross sect ions for the neutro_n trilnsport. Unfortunately, 
energy balances in ENDF/B continue to have shortcomings for the generation of 
cross section ·libraries and for the calculation of neutron KERMA factors. (l 2) 
Corrections of the cross section data were made over various energy regimes fqr 
some of the elements. Improvements for iron are anticipated in the .future with 

( 13) a new evaluation. by LASL using improved gamma production data and energy 
balances. 

The heat deposition within the concrete beyond the thermal shi~ld is sensitive 
to the proper transport of the higher ene_rgy ("'14 MeV) neutrons within the 
thermal shield. An ·integral measurement of the transmission of (d,Li) neutrons 
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through an iron block has recently been completed. Comparisons between the 
calculated (probl~m 7 of Figure 4) and measured transmitted currenis will 
provide an overall check on the data base. 

Monte Carlo tends to be efficient for the calculation of neutron fluxes averaged 
over sufficiently large volumes. Hence, problems 8 and 9 of Figure 4 received 
reasonably good Satisfaction Factor ratings. The evaluation of the collimator 
design for the track length recorder(l 4) (problem 10 and Figure 6) also 
received a high Satisfaction Factor since ray tracing from the source and 
collisi_on points near the throat of the collimator is a standard feature of 
MCNP using the point detector estimator. 

An accurate method for the calculation of neutron flux maps within the material 
test modules is essential. In the current FMIT design the deuteron beam 
impinges upon the lithium target with a time-averaged distribution perpendicu
lar to the beam that is roughly bivariate normal. The full-width-half-maxima 
are ~3 cm and ~1 cm along the horizontal and vertical directions, respectively, 
with a correlation coefficient of ~o. Superimposed upon the spatial distribu
tion of the deuteron density is the highly anisotropic distribution of the 
emerging neutrons which changes as the deuterons penetrate into the lithium. 
The resulting phase space density of the neutron source makes it difficult to 
apply discrete ordinates calculations in one, or even two, dimensions. Hence, 
we resort to Monte Carlo techniques for the generation of neutron flux maps. 
This is not straightforward since a rapid retrieval of energy dependent fluxes 
in a region of steep gradients is required. 

Three-dimensional flux maps are generated in two steps. A Monte Carlo calcu
lation is first made to determine fluxes averaged over small surface segments. 
The grid for the surface flux tallies is defined as follows: Small parallele
pipeds are described within the test as_sembly by slicing the assembly with a 
number of planes normal to the x, y, and z axes, respectively. Each rectangular 
side of a parallelepiped is ~ tally ~urface for a surface flux estimator. 

The second step utilizes the surface fluxes from the Monte Carlo calculation 
to rapidly g~nerate energy dependent neutron fluxes at positions of interest 
by using an· accurate interpolation method within an auxiliary computer pr_ogram. 
In a test proble~,(lS) l ,200,000 neutron histories were sampled on a CDC-7600 
computer in 28 minutes. The auxiliary program calculated the energy dependent 
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flux at ~1700 spatial points per minute for positions within the test module 
where the· total flux changes by an order of magnitude within a few centimeters. (lS) 
This calculation (problem 11 of Figure 4) utilized more than 2,000 surfaces 
for the tabulation of the neutron flux during the Mbnte Carlo calculation. 

The calculation of neutron streaming through the chaseway between the LINAC and 
an adjacent RF Equipment Room required an overspecification of the geometry to 
obtain appropriat~ biasing with cell importances.(J) The optimized calculation 
performed reasonably well and received an overall Satisfaction Factor of 67 
(problem 12 of Figure 4) in spite of a rather low geometry factor rating of 70. 

III. APPLICATIONS FOR FFTF 

Criticality calculations are made at HEDL using the KENO Monte Carlo code. (l) 
We show as an example the geometry in Figures 8a and 8b which was used in a 
criticality calculation(lG) for the Fuel Storage Facility (FSF) of the FFTF. 
The geometry model utilizes rectangularcoordinates toapproximate annular 
rings. :The most reactive ·arrangement occurs when the outer driver assemblies are 
clustered together (see Figure 8a). To simp1ify _the model, the half-space 
model of Figure Ba incorpor·ates a reflecting boundary condition for the lower 
surface. 

The lattice capability of KENO enables routine calculations of storage arrays. 
An improved geometry package (a comb1natorial geometry package is not available 
in the KENO version used at HEDL) along with automated features for computing 
scattering cross sections per absorber atom and selecting the appropriate self
shielded cross sections would be a substantial improvement over our current 
version of KENO. 

The Monte Carlo calculations for the FFTF are listed in Figure 9. Calculations 
14 to 18 utilized the MCNP code. 

Measurements within the In-Reactor Thimble (!RT); located near the center of 
the FFTF core, are being made to characterize the clean core during initial 
startup of the reactor. Monte Carlo calculations (see geometry in Figures lOa 
and lOb) of neutron and photon fluxes within the !RT are summarized in Ref. 17. 
The concern is that neutron streaming within the !RT assembly may require 
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corrections to reaction rates calculated with diffusion theory. This .Monte 
Carlo calculati6n is pushing the state-of-the-art for the following reasons: 

•A typical neutron suffers a large number. (>SO) collisions before 
absorption so that the computation time required to analyze a source 
neutron is large compared to more ideal situations. 

• Even with considerable homogenization, the geometry is still complex. 

• The flux within a small volume is needed: This led to the use of a 
point- detector estimator with the associated costs of computing mean 
free paths from collisions to detector. 

• The eigen}function at steady-state should be determined in the Monte 
Carlo calculation. This was deemed impractical so the fission source 
distribution from a diffusion theory calculation was used. 

Because of the above difficulties, the Satisfaction Factor shown in Figure 9 
is only 20. Some useful information was obtained by using a lower energy 
cutoff of 0.5 Mey to obtain the responses of the higher energy threshold reac
tions of interest. These results indicate that streaming is important for 
locations within the !RT above and below the core. but that the measurements 
at mid-core should be only slightly perturbed by streaming within the !RT. 

Similar calculational difficulties were ~xperienced in the determination of 
the neutron flux at the Low Level Flux Monitors (LLFM)(lB) (see Figures lla 
and llb). Some of the difficulties were due to an inadequate specification 
of the geometry, for the optimization of importance biasing, because of time 
constraints. The geometry package in the current version of MCNP (version lB 
was used for the calculations) would help alleviate the difficulties. 

In contrast to problems 14 and 15, we rate the calculation of the response of 
the ex-vessel flux monitors (problem 16) a high Satisfaction Factor. Neutrons 
were transported from a specified source incident upon a graphite block to 
detectors located within the block as shown in Figures 12a and 12b .. The calcu
lations increased our understanding of the detector responses and will provide 
input for future improvements in the des.ign of the detectors. The capability 
to rather automatically include the three-dimensional aspects of the geometry 
was a definite advantage over a one- or two-dimensional treatment. 
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Gamma streaming problems are shown in Figures 13 and 14. These. are typical 
streaming problems in the sense that one is interested in the rare particles 
that penetrate through the shield while spending some of their time within the 
gaps. ·Such calculations usually require extensive source biasing along with 
an overspe.cification of the geometry for the near-optional use of cell impor
tances. A useful calculation typically requires familiarity with biasing 
schemes and good intuition about the transport process. The Satisfaction 
Factor for such problems tends to be low, but other calcu1ational approaches 
are even less attractive to use than Monte Carlo. 

IV. MISCELLANEOUS APPLICATIONS 

Problem 19 of Figure 15 is representative of those frequent problems the 
engineer encounters requiring answers to a rather difficult three-dimensional 
transport problem quickly and with a minimal budget allocation. A decision 
was made to build a new Patrol Headquarters building in the 300 Area at Hanford. 
The basement of this building was to meet specified dose criteria for guideline 
criticality accidents in a9jacent buildings. The problem was modeled as two
dimensional with. cylindrical symmetry about the source as shown in Figure 16. 

Neutron and gamma dose rates in the basement were determined in a timely manner 
so that the necessary concrete thickness of the ground floor could be specif_ied 
for construction of the building. 

Neutron transport thro~gh shield materials containing iron has been important 
since the early days of reactor physics. Applications in recent years have 
included fast reactors, fusion reactor concepts~ and accelerators for fusion 
reactor material studies( 4) and cancer therap;. 

Considerable complexity is introduced into transport calculations by the reso
nance structure of iron between 20 keV _and "-'2 MeV. Multi group constants, 
generated with a~ infinite media spectra as a weighting function, tend to 
overpredict the leakage through shields in discrete ordinates calculations~ 
Improvements in accuracy are obtained·by correcting the weighting function in 
Ll1t:! vicinity of cro!!-seetion minimu. to account for preferential leakage. (l 9) 

These compl~x energy and space-dependent -self-shielding problems inherent in 
thick iron shields dictate the need for a shielding benchmark problem to serve 
as a standard reference. 
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Unfortunately, experimental benchmark measurements are often difficult to model 
because of complicated neutron source and detector characteristics. We have 
defined a calculational benchmark which is simple to model with most standard 
transport codes·. This benchmark features a simpl.e geometry, a choice of mono
energetic sources, and a straightforward tabulation of fluxes and radiation 
doses at various iron thicknesses. The Monte Carlo calculation accurately 
models the fine energy structure of the ENDF/B data base and has been validated 
by comparisons with two experimental benchmark measurements: the ORNL iron 
benchmark( 20) and the LLL pulsed sphere. (2l) 

Calculations were made with both ENDF/B-IV- and ENDF/B-V-based cross sectibns. 
The principal advantage of MCNP for this type of problem is that no gross 
approximations (such as the multigroup approximation) are required for the 
cross-section treatment. All the reactions described in ENDF/B are accounted 
for in MCNP. In fact, the only significant difference between the cross-section 
data in the MCNP library and the ENDF/B library from which it is derived (via 
t~e NJOY( 22 ) code processing system) is that resonance data are represented in 
MCNP as linearly interpolated pointwise data, Doppler broadened to a specific 
temperature. The energy grid for this pointwise data is chosen so that the 
relative error between the MCNP and ENDF/B representations is less than a 
user-specified error criterion, usually <3%. 

The calculational benchmark( 5 ,7) shown in Figure 17 is simply a pure iron 
7.86 g/cm 3 slab 3 m thick and infinite in the other two dimensions. Monoener
getic neutrons are normally incident (1 neutron/cm2

) upon the slab; and the 
energy-dependent neutron flux, current, and radiation dose are computed at 
various distances throughout the slab. These output quantities(?) are tabulated 
in a standard group structure(ll) consisti.ng of 47 groups between 0 and 60 MeV. 
The 35 groups below 17 MeV are a subset of a standard.171-group fusion library. (23 ) 

Benchmark calculations were made ·with source energies of 2, 14, and 40 MeV. 
These energies were chosen for applicability to fission systems, fusion systems, 
and accc lcrators with a neutron ene.rgy r.egime somewhat above 14 MeV. 

V. SUMMARY 

Twenty applications·of neutron and photon transport with Monte Carlo have been 
described to give an overview of the current ~ffort at HEDL. A Satisfaction 
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Factor was defined which quantitatively ass.igns an overall return for each 
calculation relative to the investment in machine time and expenditure of 
manpower. We frequently encounter low Satisfaction Factors in the calcula
tions. Usually this is due to limitations in execution rates of present day 
computers, but sometimes a low Satisfaction Factor is due to computer code 
limitations, calendar time constraints, or inadequacy of the nuclear data base. 

Present day computer codes have taken some of the burden off of the user. 
Nevertheless, it is highly desirable for the engineer using the computer code 
to have an understanding of particle transport including some intuition for .: 
the problems being solved, to understand the construction of sources for the 
random walk, to understand the interpretation of tallies made by the code, 
and to have a basic understanding of elementary biasing techniques. 
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Figure 4. Monte Carlo calculations for the Fusion Materials Irradiation Test Facility 

Problem Description 

1. Dose rates through slab shields 
for monoenergetic source neutrons 
of 15, 25 and 50 MeV (neutron and 
gamma dose) 

2. Dose rates through back and side 
walls of test cell (neutron and 
gamma) 

3.' Neutron activation through ex
perimenters 1 ·.side· wal 1 • (v.eri'ffi
cation of ANISN cross section 
1 ibrary) 

4. Neutron streaming through gap 
of plug in experimenters' 
side wall 

5. Neutron streaming through lithium 
outlet pipe in floor of test cell 

6. Nuclear heat deposition within 
thermal shield and adjacent 
bulk shield 

7. Transmission of (d,Li) neutrons 
through iron block (including 
some gamma calculations) 

8. Neutron flux for activation 
within test cell 

9. Neutron flux for activation 
within LINAC 

10. Image on track length recorder 
for coll1mator design 

11. Energy and space dependent 
neutron flux maps near source 

12. Neutron streaming through RF 
lines into RF equipment room 

*Geometry not shown. 

Pertinent 
Figure 
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Figure 9. Monte Carlo calculation for the Fast Flux Test Facil_ity. 

Pertinent Minutes of 
Figure Satisfaction CDC-7600 

Problem.Description Number Factor Execution Time 

13. Criticality safety calculations 8a,8b 72 10 
for Fuel Storage Facility (80 90 90 80) 

14. Calculation of streaming ~ lOa, lOb 20 30 
within In-Reactor Thimble (70 60 70 30) 

15. Calculation of neutron flux lla,llb 37 60 
at Low Level Flux Monitors (70 70 70 40) 

16. Response of Ex-Vessel Flux l 2a, l 2b 85 15 
Monitors (100 90 90 90) 

17. Gamma streaming through gap 13 50 10 
at window of IEM cell (70 80 90 50) 

18. Gamma streaming through duct 14 72 10 
between IEM and TACS ce 11 s (80 90 90 80) 
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Figure lOa. Radial view of geometry model for Monte Carlo calculations. 
(See Figure llb for general configuration axially.) 
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Figure lOb. Radial view of In-Reactor Thimble Assembly. 
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Figure 12:a. Vertical view through Ex-Vessel Flux Monitor Detectors (dimensions in inches) 
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Figure 12b. Plan view through Ex-Vessel Flux Monitor Detectors. 
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Figure 15. Miscellaneous Monte ·Carlo calculations. 

Problem Description 

19. Dose within basement of 
Patrol Headquarters due to 
above-ground criticality 
accident (neutron and gamma) 

20. Benchmark of neutron 
transport through iron 

Pertinent 
Figure 
Number 

16 

17 

Satisfaction 
Factor 

76 
(80 100 90 80) 

85 
( 100 100 90 80) 

Minutes of 
CDC-7600 

Execution Time 

10 

120 
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Figure 16. Dose rate in basement of Patrol Headquarters building due to 
·above-ground criticality accident . 
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