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Charged-particle transport calculations are most often car-
ried out using the Monte Carlo technique. For example, the
TIGER (Ref. 1) and EGS (Ref. 2) codes are used for electron
transport calculations, while HETC (Ref. 3) models the trans-
port of protons and heavy ions.

In recent years there has been considerable progress in
deterministic models of electron transport.** Many of these
models are also applicable to protons. In this paper we Pre-
sent discrete ordinates solutions to the Spencer-Lewis'®'?
equation for protons. In its present form, our code calculates
the energy deposition profile and primary proton flux in x-y
geometry due 10 proton beam irradiation. Proton energies up
to 0.4 GeV are permissible.

The Spencer-Lewis equation for the proton angular flux

o(x,050) is
'] 9 2
[a-s + nxa + 9}5; + 0(3)]¢(1-)’o3.n)
=f a (5,0 = Mo (xys. 0 d + Qups, ) . (1)
dr

where
Q,.0, = x and y components of the velocity direc-
tion, respectively
a(s) = total interaction cross section, including
nuclear and coulomb collisions HEPRODUCED FROM
o(s, 8’ ~ 1) = differential scattering cross section for BEST AVAILABLE COPY

nuclear and coulomb collisions

s = path length, which is used as our energy
variable in the continuous slowing down
approximation (CSDA).

Once @ of (x, .5, §) is found, the energy deposition profile .
(EDP) can be given by :

EDP(xy) = [ | [®tnsrds @ :

ds i
where |dE/ds| is the proton stopping power, and |
&(x,0.5) =f ¢(x,0.5.80)dfd 0] :
4r .

is the scalar fux.

For energies below 0.4 GeV, protons lose energy primar- .
ily ihrough coulomb collisions with electrons. This is modeled .
using the CSDA. The required stopping powers are obtained N
from the computer code SPAR (Ref. 13), which has been i
included in the main program as a subrautine. 1
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Nuclear coulomb collisions do not produce significant
energy losses; however, they can cause (normally very small)
angular deflections. These collisions are modeled using
Rutherford scattering with the screening parameter given by
Moliere.'* As with electron transport calkculations, the scatter-
ing integral in Eq. (1) is carried out numerically using discrete
directions. Due to the extreme anisotropy (even more so than
for electrons) of proton coulomb scattering, however, good
accuracy would require a huge number of discrete directions
rendering numerical solutions unfeasible on present-day com-
puters. To overcome this probiem, the SMART scattering
matrix technique® developed for electron transport is used.
This scattering matrix enables us to model a very large num-
ber of minute deflections by relatively few larger deflections.

At the present time, our code treats only primary protons.
Primary protons are removed through (p,n) and (p.p)
nuclear collisions. The cross sections for these reactions are
obtained from the NCDATA code'® that interpolates values
from analytic fits to the nonclastic cross-section data gener-
ated by Bertini'®'? using an internuclear-cascade model.

Because of the statistical nature of charged-particle inter-
actions, all protons of a given energy will not have identical
ranges. This phenomenon is referred to as range straggling.
Coulomb collisions with nuclei contribute to siraggling by
imposing a variety of angular deflections to the proton trajec-
tories. A somewhat larger contribution comes from fluctua-
tions in the rate of energy loss due to electron collisions. The
former cause of straggling is modeled through our treatment
of multipie scattering from nuclei; however, the CSDA implies
the same stopping power for all protons of a given cnergy so
that the latter type of straggling is not modeied by the
Spencer-Lewis equation. In most cases, siraggling can be
neglected; however, it can be significant for problems involv-
ing monoenergetic sources. For these problems an analytic
first collision source'® (made feasible by the relatively large
effective mean-free-path obtained from SMART scattering
theory'!) is used. To simulate straggling from energy loss
fluctuations, source particles of the same energy are given
slightly different stopping powers. Typically, ten different val-
ues are used. These values are chosen such that the average
stopping power and the percentage of range straggling (avail-
able from Ref. 19) are preserved.

Dose profiles have been calculated for several source and
target geometries. Figure | shows Sy and Monte Carlo results
for the dose profile integrated over the y direction in a two-
dimensional target due to a normally incident beam of
200-MeV protons. The target consists of an aluminum region
(1.Scm < x< Scm, 0 < y < 1.87 cm) sandwiched between two
lead regions (0 <x< 1.5cm, 5.0cm<x<7.0em, 0<y<
1.87 cm) with the source located at (0.936 cm).

The Sy and Monte Carlo results are in excelient agree-
ment, except near the peak. The discreparncy there is proba-
bly due to the fact that the HETC calculations do not include
multiple nuclear scattering, to diamond-differencing errors,
and to differences in the treatment of straggling.

The results for Fig. | do not include attenuation from in-
elastic nuclear collisions. When these collisions are included
there is an ~25% reduction in the peak height, which is con-
sistent with the probabilities of nuclear collision given in
Ref. 19.

The next phase of code development will be to include sec-
ondary protons. Since the CSDA does not apply to inelastic
nuclear collisions, it will be assumed that each inelastic colli-
sion kills the primary proton and produces a new proton that
shows up in Q(x,y,5 {1) at the appropriate s value, The nec-
essary differential cross sections (p,p), (p.n), and (n,p) will
be interpolated using NCDATA.

Since protons tend to travel in straight lines, it may appear
that ray effects could be significant. No ray effects have been
observed thus far, however, and nuclear collision, first colli-
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Fig. 1. Energy deposition profile calculated using the Monte
Carlo (HETC) and S, methods.
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sion sources, and the effects coupled neutron-proton transport
should help prevent this problem.
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DESCRIPTION OF WORK

Tyrnsport of heavy cosmic-ray nuclel through
als is computed in the straigitt-ahead approximetion. In
%!&deﬂ“ :

are through a nuclear reaction. The -ahsad
fails for low-energy, light auclel, is encel-
Jont for modeling bec ays
have mean per nucleon encesding 1 GeV/ (b) heavy
nucldl:ﬂhdulumolw offects,
and (©) interact rarely in materials; B dominated
by proton intersictions are best simulated by a Monte
Carlo calculation. ; ‘
Our trahsporf\code obtains the sxact, solution
of the following

N

)Nz k)

o +~‘- 1,(%)']-. )

This equation describek the changs ja the flux as it traverses

x path length x (g-cm™")\in a
is the differential flux ¢

empirical methods develogi
and reported in Refs. 4, §, 7,
the formulation of the acleu

siven

1E

and 8. We are now'gC

(N N) = o(¥,.0) x&xtgquﬂ.; D
where ¢(N,,N;) Is thé partial crose section for f ’

nuclide N, in collsic .MWM.I(M-I)'E N'

collidin;’whhpt biis, S, is a scaling factor, ¢, Is
enhancement factoy for @
enhancement factqr for the production of light nuclel 3 =

i
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Fig. 1. Galactic cosmic radistion doss 10 red bons marew
compared with aluminum shielding thickness.



