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Abstract 

We describe tools under development for use in deep penetration shielding problems in 
accelerator environments. The LAHETTM monte carlo code is now being upgraded 
in anticipation of a merger of this code with MCNPTM. Variance reduction via 
Geometry Splitting/Russian Roulette has recently been added to LAHET and is now 
being tested in the design of shielding for the Long Pulse Spallation Source Facility. 
In addition, we demonstrate methods of visualizing fluence based quantities such as 
equivalent dose and heating throughout the target and shielding. 

1 Introduction 

The use of monte carlo code simulation in deep penetration problems in acceler- 
ator technology represents an increasingly important alternative to the traditional 
Moyer Model approach [l]. The monte carlo technique takes into account the de- 
tailed structure of target and surrounding shielding, and can also directly simulate 
energy deposition processes, materials damage parameters, and provide input for fur- 
ther transmutation and activation calculations. The major drawback of monte carlo 
is the computer time involved, and a large body of variance reduction techniques has 
evolved to ensure proper convergence of the desired tally within reasonable running 
times. 

Many of the variance reduction techniques present in a library based code such 
as MCNP[2] have yet to be adapted to higher energy physics based codes such as 
LAHET[3]. With the advent of new, high intensity facilities needed for projects such 
as Accelerator Production of Tritium, Accelerator Transmutation of Wastes, and 
various neutron production spallation target facilities, the need for such techniques 
is growing rapidly. In this paper we will describe the upgrade now in progress of 
the LAHET Code System which is specifically designed to meet the needs of medium 
energy high intensity proposals. Introduction of Geometry Split ting/Russian Roulette 
into LAHET itself is now complete, and we discuss the application of this capability 
to the shielding design of the proposed Long Pulse Spallation Source Facility. 

LAHET and MCNP are trademarks of the Regents of the University of California, Los Alamos 
National Laboratory 



2 The LAHET Code System 

The LAHET (Los Alamos High Energy Transport) Code System (LCS), consists of 
the physics based LAHET monte carlo code, and the library based coupled neu- 
tron/photon/electron MCNP code. LAHET transports and models the interactions 
of baryons and mesons using the same geometry input cards as MCNP. The user has 
a choice of the BERTINI or ISABEL intranuclear cascade models, and the code in- 
cludes pre-equilibrium, evaporation, Fermi breakup, and fission physics. Alternative 
level density parameterizations are available, as well as a library of neutron and pro- 
ton elastic scattering data. Additional programs are available to analyze data from 
LAHET and MCNP. 

LCS involves production of a number of files. All neutrons with kinetic energies 
less than 20 MeV are written to a file which is then read in as a source by MCNP. 
Data produced by LAHET for interactions, surface crossing, multiple scattering, etc. , 
is also written out per user specifications for analysis by the HTAPE code. In high 
energy problems this can result in large data files, where disk space may be at a 
premium. In addition, LAHET does not include many of the standard variance 
reduction techniques of MCNP. 

In order to better meet the needs of the medium energy accelerator community, 
we have undertaken a number of improvements to the LCS. These include: 

0 Merger of LAHET and MCNP: Enables the user to take advantage of the exten- 
sive MCNP variance reduction techniques, source description, and convergence 
tests. It also eliminates the need for large interim files now present in LCS. 
Where library data is not present the LAHET physics routines will be sub- 
stituted. The code will be highly modular so that new routines can be easily 
implemented. 

0 Expansion of Data Libraries: Generation of continuous energy data libraries for 
neutrons and protons up to the pion threshold (about 150 MeV). Data for all 
isotopes of approximately 26 elements will be generated using FKK-GNASH 
formalism, and the merged MCNP/LAHET code modified to read new data 
formats and perform ckarged particle transport. 

0 Improvement in LAHET Physics: Energies between 20 MeV and 200 MeV 
are difficult, since standard intranuclear cascade formalisms do not include nu- 
clear structure effects. Several physics improvements to LAHET are planned 
to address this problem. Work is already begun on generating elastic cross sec- 
tion data from 50 to 400 MeV using a global medium-energy nucleon-nucleus 
phenomenological optical model potential [4]. This work will also be used to 
generate total cross section data. Improvements are also planned in nuclear 
masses, sub-actinide fission, pre-equilibrium and low energy cascade routines. 

As a preliminary to this work, Geometry Splitting/Russian Roulette has been 
added to the current LAHET code. Cell-wise importances, as used in MCNP, have 
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been adapted for LAHET. Separate importances can be implemented for muons, if 
desired. Splitting/Roulette has long been present in LAHET for neutrons written 
to the file which is passed to MCNP, controlled by the user defined variable SWTM 
(neutrons with weight less than SWTM are killed with probability (1-weight/SWTM), 
all others are kept and given weight SWTM). The new scheme further weights the 
neutrons written to the interim file by the inverse of the importance of the cell. Similar 
modifications have been made to the weight controls already present for decaying 
pions and emerging muons. An example of the use of this capability is presented in 
the following section. 

3 LPSS 

The Long Pulse Spallation Source (LPSS) facility is a proposal to construct a new 
1-MW spallation neutron production target at the end of the current 800 MeV linear 
accelerator at  Los Alamos. The facility will use the existing proton beam which 
is produced in 1 msec pulses. Production of neutrons with such a time structure 
is useful for experiments where good wavelength resolution is not necessary, while 
still allowing time-of-flight measurements (e.g., production of ultra cold neutrons). 
This represents an improvement over current reactor sources. The facility will sit 
in an existing building at the end of the Linac, and must be shielded to meet a .1 
mrem/hour requirement at the shield limit. 

The LPSS target design is still undergoing modifications, but for the purposes of 
this study we modeled a split tungsten target with beamlines at 45", go", and 135" 
relative to the incoming 800 MeV, 1.0 MWatt proton beam. The spallation target 
is surrounded by shielding of iron, then concrete. In order to model this effectively 
with LAHET, the shielding was divided into concentric spheres in 25 cm incremental 
radii. The importance of each of these cells was increased by a factor of 4.0 in the 
direction of increasing radius. The effect of this procedure is to produce four particles 
for every one passing a spherical radius, each with one quarter of the parent particle 
weight. In the opposite direction, one out of every four particles is killed in moving 
from high to low importance cells, with the survivor's weight adjusted accordingly. 

Special care is taken to match cell importance at boundaries where materials 
change so as not to inadvertently kill particles where they are needed most. Figure 1 
shows a contour plot of neutron dose (plan view) from LAHET (neutrons greater than 
20 MeV), in mrem/hour, using ICRP-60 fluence to dose conversion factors. Beam is 
incident from the left, and the split target is located around the origin. The target is 
surrounded by 4.5 meters of iron, then 1 meter of concrete. The contours correspond 
to decade differences in dose; a few numbers are included for reference. 

768000 primary protons were simulated in this plot, and the code was run on an 
HP735. 

The plot is formed by overlaying a 500x500 bin rectangular grid onto the LAHET 
geometry slice, and represents a thickness of 1.0 meter through the center of the 
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system. The plot is done online as LAHET is running; each bin is filled with the 
neutron track length in that bin, weighted by particle weight, the inverse of the bin 
volume, and fluence-to-dose conversion factor [ 5 ] .  Similar plots may be formed for 
quantities derived from fluences, particularly neutron fluence, and fluence weighted 
by heating factors, if available. 

4 Moyer Model Comparison 

The line-of-sight shielding model proposed by Moyer for the Bevatron upgrade in 1961 
estimates dose equivalent per interacting proton, H, from hadrons at a point outside 
the shielding as: 

where: 

F(E) = fluence to dose conversion factor 

B(E) = buildup factor 

E = energy of neutron causing the dose 

x = shield thickness 

r = distance outside the shielding 

X = effective removal mean free path 

n E,B = yield of neutrons per unit solid angl e at 8 per unit energy interval 
at E 

Assuming that X is approximately independent of energy above 150 MeV, the inte- 
gral over E can be replaced by the fluence of all hadrons with energies greater than 
150 MeV. The lower energies particles are taken account of in B(E), which can be 
replaced by a multiplicity m(E,), where E, is the incident proton energy. The angular 
distribution of secondaries can be written as 

Dose equivalent in an equilibrium cascade is proportional to the high-energy fluence 
(a condition not assumed in the full monte-carlo calculation). These substitutions 
give the original Moyer formula: 

H = h(E,)ezp( -@)exp( -z /X) / r2  (3) 
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Multiplicity is generally taken as an exponential: 

so the working expression for the dose at radius r outside shield of thickness d at 
angle 8 is: 

h*Ep" 
H(E,, 8, d / X )  = -ezp(-PO)ezp(-d(B)/X)  

r2 

The parameters h,, m, p, and X have been evaluated by a number of authors, and 
are usually fits to data. Some commonly used values are: 

m = 0.8 

H0=2.6e-14 Sv . m2 (varies from 1.4-3.0e-14) 

Xiron = 160 gm/cm2 (varies from 140-200) 

p = 2.3 radian-' 

The use of the Moyer model in the LPSS setup must take into account several 
considerations. This is a thick target interaction, with considerable structure around 
the split tungsten target, especially in the horizontal plane. The vertical plane is 
much cleaner. There is also a beryllium layer out to 30 cm surrounding the target, 
which will cause some attenuation before the iron shield starts. This is not an 'optimal 
target', where the cascade develops fully with little or no lateral attenuation. The 
situation also is different from the typical 'beam dump' scenario, where the target 
and shield are one in the same. The cascade will develop differently depending on 
the primary target material, which affects the value of m. In addition, the pure 
exponential multiplicity dependence is valid for very high energies, and the 800 MeV 
LAMPF beam is not quite in this range. 

Table 1 contains the Moyer doses using the above formula for 90" (vertical) and 
0" (along the beamline). at  E=800 MeV, for a 1 mAmp beam intensity. Values read 
from the LAHET calculations are also given. The geometry for this calculation was 
slightly different than that used in Figure 1. We note that the LAHET calculations 
are slightly higher than the Moyer calculations, but still in good agreement. 

5 Summary 

Geometry Splitting/Russian Roulette has been included in the LAHET monte carlo 
simulation code, and is now being tested on a variety of high intensity accelerator 
applications. The work is a precurser to the formal merger of LAHET and MCNP 
now underway. 
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iron (m) Moyer 90" LAHET 90" Moyer 0" LAHET 0" I 
0.50 4.6222933-08 4.e8 1.71039E+10 l.el0 
1 .OO 1.009733+07 2.e7 3.73630E+08 4.e8 
1.50 392129. 1 .e6 1.45100E+O7 2.e7 

I. 

2.00 19273.4 5.e4 713 175. 8.e5 
2.50 1077.82 3 .e3 39882.6 2.e4 

Table 1: Moyer Calculation 
Doses at the surface of shielding of various thicknesses calculation with the Moyer 
model. Values are given 90" from the beamline, most appropriate to straight overhead 
from the target. The values from the LAHET calculation were read from plots similar 
to Figure 1, and are approximate. In this calculation the LAHET shielding stopped 
at  r=350cm. 
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Fig. 1. Plan view of neutron dose. Contours are in decade increments, 
in mrem/hour. 


