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Articlf history: Exposure estimates inside space vehicles, surface habitats, and high altitude aircrafts exposed to space
Received 21 November 2008 radiation are highly influenced by secondary neutron production. The deterministic transport code
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HZETRN has been identified as a reliable and efficient tool for such studies, but improvements to the
underlying transport models and numerical methods are still necessary. In this paper, the forward-
backward (FB) and directionally coupled forward-backward (DC) neutron transport models are derived,
numerical methods for the FB model are reviewed, and a computationally efficient numerical solution is
presented for the DC model. Both models are compared to the Monte Carlo codes HETC-HEDS, FLUKA,
and MCNPX, and the DC model is shown to agree closely with the Monte Carlo results. Finally, it is found

Keywords:
Neutron transport
Radiation constraints

Space radiation in the development of either model that the decoupling of low energy neutrons from the light ion
Dose transport procedure adversely affects low energy light ion fluence spectra and exposure quantities. A first
Space radiation transport order correction is presented to resolve the problem, and it is shown to be both accurate and efficient.
HZETRN © 2010 Elsevier Ltd. All rights reserved.
1. Introduction breaks down for low energy neutrons which are produced nearly

isotropically (Alsmiller et al., 1965). This is significant for heavily
Radiation exposure guidelines are a primary concern for the shielded space vehicles, surface habitats, and high altitude aircraft

design of personal shielding, spacecraft, instrumentation, and where secondary neutron production is important in exposure
mission planning. Consequently, there is significant interest in calculations (Getselev et al., 2004).
developing computational tools that allow shield analyses not only Several neutron transport models have been developed for

in simplified geometries, but in more complex final design models HZETRN, with recent efforts focused on identifying an optimal
as well (Wilson et al., 2003). The deterministic transport code bi-directional neutron transport model and solution method. The
HZETRN (Wilson and Badavi 1986; Wilson et al., 1991, 2003, 2006; terms model and method are used extensively throughout this
Cucinotta, 1993; Shinn et al., 1991), developed at NASA Langley paper; model is used to refer to the set of governing transport
Research Center has emerged in recent years as a reliable and equations, while method is used to refer to the analytic or
efficient tool for such studies. It has shown reasonable accuracy in numerical techniques used to solve a model. Heinbockel et al.
deep space galactic cosmic ray (GCR), solar particle event (SPE), and (2000) and Clowdsley et al. (2000a,b) developed the forward-
low earth orbit (LEO) simulations when compared to either Monte backward (FB) neutron transport model. It assumes that low energy
Carlo results or experimental data (Wilson et al., 2005). However, neutrons can be split into forward and backward components, and
such verification and validation has revealed a deficiency in the low multiple reflections from forward to backward (or vice versa) can
energy neutron transport procedure (Shinn et al., 1994). HZETRN be ignored. Feldman (2003) expanded on the work of Heinbockel
utilizes the straight ahead approximation in which all fragments and Clowdsley by developing the directionally coupled forward-
are assumed to propagate in the same direction as the projectile. backward (DC) neutron transport model. It also assumes that low
The assumption is accurate for high energy charged particles but energy neutrons can be split into forward and backward compo-

nents, but multiple reflections are accounted for in the governing
" Corresponding author. Tel.: +1757 864 1420. transport equations. The numerical methods used for each model

E-mail address: Tony.C.Slaba@nasa.gov (T.C. Slaba). were significantly different as well.
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Heinbockel et al. (2000) and Clowdsley et al. (2000a,b) used
a multigroup method for solving the FB model. Multigroup
methods have a long history in nuclear reactor theory and assume
that fluences or cross sections are constant over small regions, or
groups, of the energy spectrum (Marchuk and Lebedev, 1986).
Marchuk and Lebedev (1986) gives a more general description of
this method. Feldman (2003) used a collocation technique along
with first order finite differencing for the DC model. Collocation and
finite differencing methods use polynomial expansions of the
solution to transform a differential equation into a system of linear
equations (Deuflhard and Bornemann, 2002). In this case, the
system was sufficiently large that it had to be solved numerically.
Deuflhard and Bornemann (2002) and Demmel (1997) give more
detailed descriptions of these numerical methods.

Recently, Slaba et al. (2006), Slaba (2007) and Heinbockel et al.
(2007) developed three methods for solving the FB model which
they called the collocation method, the fixed-point series method,
and Wilson’s method. The latter two methods are both based on
Neumann series solutions wherein each term of the series solves
a simple set of equations related to the original model. The work
allowed for intensive verification of the multigroup method, and
the collocation method was identified as the most accurate and
computationally efficient (Slaba, 2007). Slaba (2007) also indicated
that a combination of the methods could be used to obtain
a computationally efficient Neumann series solution to the DC
model.

Finally, despite all of the attention given to neutron transport
models and methods, accurately coupling these models back into
HZETRN remained unresolved. The impact of such a coupling has
not been previously studied in detail and must be examined if
any of the neutron transport models are to be used in design
studies.

In this paper, we first give a summary of the neutron transport
models and methods developed thus far and present an efficient
method for solving the DC model. Comparisons are made between
the FB and DC models and the Monte Carlo codes HETC-HEDS
(Gabriel et al., 1995; Townsend et al., 2005), FLUKA (Fasso et al.,
2003, 2005), and MCNPX (Briesmeister, 2000; MCNPX 2.6.0
Manual, 2008). The impact of decoupling low energy neutrons from
the light ion transport procedure in HZETRN is also examined, and
a first order correction is presented. Fluence spectra and dose
quantities are given to exhibit the accuracy of the proposed
correction.

2. HZETRN description

The one-dimensional Boltzmann transport equation for charged
and neutral particles with the continuous slowing down and
straight ahead approximations is given as (Wilson et al., 1991)

Bla] =

with the linear differential operator

5[8] = e 5 7250 -8 0 2

where ¢; is the fluence of type j ions at depth x with kinetic energy E
(AMeV), A; is the atomic mass of a type j particle, Si(E)is the stopping
power of a type j ion with kinetic energy E, oj(E) is the total
macroscopic cross section for a type j particle with kinetic energy E,
and oj(E,E') is the macroscopic production cross section for inter-
actions in which a type k particle with kinetic energy E' produce

3 / 0 (E. E') (%, E')dE (1)
<

a type j particle with kinetic energy E. Macroscopic cross sections
are obtained by multiplying the corresponding microscopic cross
section by the target particle mass density (Wilson et al., 1991).
Hereafter, it is assumed that all cross sections are macroscopic
whether it is explicitly written or not.

Wilson and Badavi 1986; Wilson et al. (1991, 2003, 2006;
Cucinotta, 1993; Shinn et al., 1991) obtained approximate solutions
to equation (1) by introducing the scaled quantities

¥i(x.1) = v;Sp(E)gj(x. E) 3)

sik(r.1') = Sp(E)aj(E.E'), (4)

where Sy(E) is the proton stopping power, r is the residual proton
range

E
dE’

Sp(E')’

0
and the scaling parameter v; = 22 /Aj. For neutrons, v is taken as
unity in fluence scaling relations and zero in range scaling relations.
This will be explained in more detail shortly. Equation (1) is now
given in terms of the variables x and r as

r =

(5)

a oo
> %ﬁm+qﬂ%mmzi/%amwwmw

(6)

which can be inverted using the method of characteristics
(Haberman, 1998) and written as the Volterra type integral equa-
tion (Wilson et al., 2006)

yj(x,r)=e *Qj(r,x)l//'(o rux)
+ZV}</ / S si (X 1) (x—x r)drdx, (7)
r+vx/
with
G(r,x) = /Uj(r+Vjt)dt. (8)
0

Note that »; in equation (3) and vj/y, in equation (6) are both
fluence scaling relations, and v, = 1 in both cases to provide
a nontrivial scaling (see equation (3)). Conversely, wherever »
appears as the argument of a fluence or cross section in equations
(7) and (8), it is a range scaling relation and v, = 0. This convention
is taken to reflect the absence of atomic interactions in neutron
transport (Sp(E) = 0).

From here, the problem is split into two parts: heavy ions (A > 4)
and light particles (A < 4). For heavy ions, it is noted that projectile
fragments have energy and direction very near that of the projec-
tile, while target fragments are produced nearly isotropically with
low energy and travel only a short distance before being absorbed.
This approximate decoupling of target and projectile fragments is
discussed in detail by Wilson et al. (1991) and suggests that heavy
target fragments can be neglected in the heavy ion transport
procedure (their contribution to dose is approximately accounted
for after the transport procedure). The production cross section can
now be recast as

Sik(r,7') = aj(r)o(r—r). (9)



TC. Slaba et al. / Radiation Measurements 45 (2010) 173-182 175

Equation (9) physically describes the nearly equal energy (or
velocity) of the projectile and secondary particles. The final
marching procedure for heavy ions was developed by Wilson et al.
(2006) as

Yi(x + hr) = e SWyi(x,r + vjh) + kz::—iojk (r + u%)
>j

h
X l//k <X, r+ (Vj + Vk)i)
e~ 0i(rvhh _ oo (r+@+vi)Hh

ok (r + (v + Vk)%) —a(r+ ng)

+ o(h2)

(10)

where h is the step size. For light particles, both projectile and
target fragments are included in the transport procedure. The broad
energy distribution in collision events also indicates that equation
(9) cannot be used. The final marching procedure for light particles
was also developed by Wilson et al. (1986, 1991, 2003, 2006);
(Cucinotta, 1993); Shinn et al. (1991) as

14 Vi v h
Yi(x +h,r) = e SWy(x, r +vih) + Zi / e 5ira) L'y
r+vih/2

h
x Fy(r,1'; )y (& '+ ij) dr' + O(hz),

(11)
where the integrand has been simplified using
h
Fﬁ(r., r':h) = /sjk (r+vz1')dz. (12)
0

The nature of the boundary condition, or environment, deter-
mines how equation (10) and (11) are evaluated and coupled. For
most SPE environments, there are a negligible number of heavy ion
projectiles, and only equation (11) is evaluated. For GCR environ-
ments, equation (10) is evaluated for heavy ions. equation (11) is
evaluated for light particles, and the summation term appearing in
equation (10) is added. The summation is taken only over heavy ion
projectiles, and it physically accounts for light ion production from
heavy ion projectiles.

The marching equations (10) and (11) will be referred to
throughout this paper as the HZETRN marching algorithm, with the
proper equations evaluated and coupled for a given environment. It
is important to note also that all particles, including neutrons, are
propagated in the straight ahead direction in the HZETRN marching
algorithm.

3. Neutron transport models

To derive the neutron transport models, we first decompose the
particle fluence and neutron production cross section into straight
ahead and isotropic components. This approximation is justified by
Wilson et al. (1991) who showed that projectile fragments are
produced with energy and direction very near that of the projectile,
while target fragments are produced nearly isotropically with very
low energy. For particle fluences, the decomposition is given simply
as (Wilson et al., 2005)

$(x,E) = ¢ (x,E) + ¢}° (x,E). (13)

To decompose the neutron production cross section, we first
distinguish between the nuclear reactive and elastic parts

ok (E,E') = 0" (E,E') + 0%, (E,E), (14)

nk nk
where ag’k(E, E’) = 0 for k + n. The angularly dependent nuclear
reactive neutron production cross section can be represented as
(Wilson et al., 2005)
Tk (EE,Q,Q) = g(Ar,E,0)a} (E.E), (15)

nk
with (Ranft, 1980)

Ne=%/2 0<f<m/2
Ar.E.0) = , 0<o=<m/2 16
g(Ar.E.0) {Ne—”z/‘”, T2<0<T (16)

and 4 = (120 + 0.36Ar)/E, where E is the produced neutron kinetic
energy in MeV, Ar is the atomic mass of the target nucleus, 4 is the
production angle with respect to the direction of propagation, and
N is a normalization constant such that

™
27r/g(AT,E, 6)dd = 1. (17)
0

The parameterization constants, 120 and 0.36 have units MeV
and MeV/amu, respectively, so that 4 is dimensionless.

The nuclear reactive neutron production cross section can now
be decomposed into forward (scattering angle § < [0,7/2]) and
backward (scattering angle 6 € (7/2,7]) components

o' (E,E") = F(Ar,E)a" (E,E") + F)(Ar,E)a’, (E,E')
=V (E,E) + a7 (EE), (18)

where the forward and backward coefficients are

m/2

FOO(Ar,E) = / g(Ar.E. 6)df (19)
0

FO)(Ar,E) = 1—F(Ar,E). (20)

The straight ahead and isotropic coefficients are therefore
defined as (Clowdsley et al., 2000b)

FS9(Ar,E) = 1—F°(Ar,E) (21)

FS°(Ar,E) = 2F)(Ar,E), (22)

so that the nuclear reactive neutron production cross section can be
expressed in terms of isotropic and straight ahead components

Thi(E.E) = PU(Ar, E)oly (E.E') + F*(Ar, E)y (E, F)
=0y (E.E) + 0 (E.E). (23)

nk

The decompositions in equations (18) and (23) are depicted in
Figs. 1 and 2 for a 500 MeV proton projectile and an Aluminum
target. It should be noted in Fig. 2 that the straight ahead
component of the nuclear reactive neutron production cross
section is dominant at high fragment energies, while the isotropic
component is dominant at low fragment energies as suggested
earlier.

Equations (13), (14) and (23) are substituted into equation (1),
and the HZETRN marching algorithm is used to solve



176 T.C. Slaba et al. / Radiation Measurements 45 (2010) 173-182

o, (E,500)

r(t)
o, (E,500)

|

o, (E,500)

T T T 1T

Differential Neutron Production Cross Section (mb/MeV)

I - P I J
200 300 400
Energy (MeV)

<
—
Sk
(=]

Fig. 1. Forward, backward, and total neutron nuclear reactive production cross section
for a 500 MeV proton projectile and Aluminum target.

/ 0 (E, E') 657 (x E') dE, (24)
E

where the production cross section kj(E,E') is piecewise defined as

o"SY(E,E") + ¢ (E,E), j =n
]k (E E,) = { ’g;kgE E/g nk( ) :]]';tn ) (25)

The only difference between equations (1) and (24) is the form
of the neutron production cross section; equation (1) uses the total
nuclear reactive neutron production cross section, while equation
(24) uses only the straight ahead component. It is clear from Figs. 2
and 3 that the impact of using only the straight ahead component of
the nuclear reactive neutron production cross section will be
a reduced or under-predicted neutron fluence spectrum below

10°

c,h (E,500)

o, (E,500)

" (F,500)

Sup

TN NET. VI ST I |
0 100 200 300 400
Energy (MeV)

Differential Neutron Production Cross Section (mb/MeV)

Fig. 2. Straight ahead, isotropic, and total neutron nuclear reactive production cross
section for a 500 MeV proton projectile and Aluminum target.
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Fig. 3. Neutron and “He fluence spectra at 50 g/cm? in an Aluminum target exposed to
the February, 1956 Webber (Quenby and Webber, 1959) SPE.

~200 MeV. An examination of the HZETRN marching algorithm
indicates that a residual under-prediction will occur in the low
energy light ion spectra as well. More will be said about this later in
the paper.

We are now left to solve

o

Bl¢r] = > / i (E, E'$E° (x, E') E’

kinE
+/ﬁm@H)?@EME+mWD, (26)
E

with the isotropic neutron source term

©

2(X,E) Z/ ;;f" (E,E" ¢} (x,E')dE". (27)
E

The isotropic component of the charged particles is obtained by
solving

B[¢°] = / 0 (E. E') §i° (x, E')dE (28)

E

which will be handled later. For now, we return to equation (26)
and note that the sum over particle type is dropped since the range
of a low energy charged particle is much shorter than its nuclear
mean free path length (Wilson et al., 1991) as seen in Fig. 4.

In this case, the isotropic neutron transport equation reduces to

o] / Gon(E.E)$i° (%, E')dE' + (%, E). (29)
E

The isotropic neutron fluence is now decomposed into forward
and backward components according to

ISOXE

= $L(X.E) + ¢5(x,E). (30)

The terms forward and backward have different meanings when
applied to fluences and cross sections. The forward component of
the isotropic neutron fluence refers to all neutrons propagating in
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the forward direction; the backward component of the isotropic
neutron fluence refers to all neutrons propagating in the backward
direction. The forward component of the neutron production cross
section refers to those neutrons produced with scattering angle in
the interval [0,7/2] (no change in direction of propagation); the
backward component of the neutron production cross section
refers to those neutrons produced with scattering angle in the
interval [7/2,7] (change in direction of propagation from forward to
backward or vice versa).

The nuclear reactive neutron production cross section is
assumed to take the form of equation (18), thereby splitting it into
forward and backward components. The elastic portion is also
decomposed, but it is accomplished by considering the relationship
between scattering angle, pre-collision energy (E’) and post-colli-
sion energy (E) given by Haffner (1967)

2 0
E_F AT+2ATC052+1 (31)
(Ar+1)
Forward scattering occurs for # € [0,7/2] or for E' € [E,E/3], and

backward scattering occurs for § € (7/2,x] or for E’ € (E/3,E/a] where

~(Ar—1)?

= Qh+1) (32)
Az +1

S N — 33
(Ar + 1) 53)

The neutron elastic production cross sections are then decom-
posed into forward and backward components

n _ Jo¢ (E.E"), E'c[E,E/B]
Ton YEE) = { " 0, otherwise (34)

L) (g gy — { O (E.E), E'e(E/B,E/a]
o (EE) = { ( 0, )otherW1se (35)

The complete neutron production cross section can now be
expressed as forward and backward components according to

o (E,E') = o\t (E,E) + o\ (E.E'), (36)

with

o) (EE) = e (EE) + i\ P (E,E) (37)

o (E.E) = o) (EE) + ol ) (EE). (38)

From Feldman (2003), substitution of equations (30) and (36)
into equation (29) results in the DC neutron transport model

B<+> - / o) (E,E) ), (x, E')dE' + / o' (E,Enet (x, E')dE'
E E
+ n{,(x E)
(39)
B ¢b :/o,m (E,E')¢" (x,E')dE' + /0,1 (E,E')¢), (x,E')dE'
E E
+Mh(%,E),
(40)

with the source terms nﬁ(x, E) and 1 (x, E) each taken to be one half
of the isotropic source term 7,(x,E), and the linear differential
operators are

B = [+ oa(B)|00x.B) (41)
BOW] = | - g+ 70(B)] 6x.B). (42)

Note that the minus sign in equation (42) accounts for a direc-
tional change in propagation. In equation (39), the second integral
represents neutrons produced in the forward direction by back-
ward propagating neutrons. In equation (40), the second integral
represents neutrons produced in the backward direction by
forward propagating neutrons.

Slaba (2007) then showed that by making the simple approxi-
mation q&{l(x, E) :d)ﬁ (x, E) one obtains

] -

nn (E,E') @ (x, E'YE' + 7, (x, E) (43)

M~

B [9h] = | own(E.E)ép (x. E)dE + b (x. E). (44)

M~

Equations (43) and (44) define the FB neutron transport model.
The physical difference between the models can be deduced by
examining the collision integrals. The DC model accounts for
multiple changes of direction (from forward to backward or vice
versa) in the coupling source integrals, while the FB model only
accounts for a single change of direction. That is, after the initial
decomposition of the isotropic neutron source term into forward
and backward components, it is assumed in the FB model that all
forward neutrons propagate forward, and all backward neutrons
propagate backward. The two models will be compared later in the
paper.

4. FB Neutron transport methods

Heinbockel et al. (2000) and Clowdsley et al. (2000a,b) used
a multigroup method for solving the FB neutron transport model.
The computational procedure is developed by partitioning the
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energy grid with respect to the elastic interaction parameter
a defined in equation (32). Equations (43) and (44) are then inte-
grated with respect to energy for some discrete set of energy
values. The order of integration is switched in the collision integral
and a mean value theorem is applied to evaluate the integrals. The
result is an upper triangular system of first order ordinary differ-
ential equations solved using back substitution. Though the
computational procedure turned out to be relatively efficient, the
target dependent energy grid made energy grid convergence
testing difficult, and selection of the free parameter in a mean value
theorem came down to trial and error for several materials.
(Slaba et al., 2006)), Slaba (2007) and Heinbockel et al. (2007)
developed three different methods (collocation method, fixed-
point series method, Wilson’s method) for solving the FB model
and found them to be in good agreement with the multigroup
technique. The collocation method (Slaba, 2007; Heinbockel et al.,
2007) is implemented by assuming that forward and backward
neutron fluences can be expressed as a sum of linear basis splines

N
E) = Y Bi(E)¢} (x.E) (45)
j=1
N
Y2 (x,E) ZB (E)% (x, E;) (46)

with

(E—- J 1)/(Ej —Ej-1), Ee[Ejq,E]
Bj(E) = (E ]+ )/( j+1 — j)7 Ee (EjvEJ'H] : (47)
0, otherwise

The approximations are substituted into the FB model resulting
in two upper triangular systems of first order linear ordinary
differential equations. Using back substitution, the analytic solution
to the systems are obtained (Slaba, 2007; Heinbockel et al., 2007)

$h(x.En_j) = e ™4 (0, Ey_j)

+/ aN]N1<X X/ (X/ EN J)dX/+ (1 —(310)
0

j-1
X D AN Nk / e in i XXl (xr, En_j)dx,
=0 :
0

(48)
$h(x.En j) = emmai 0GR (L Ey )
L
4 / eI X (¢ Ey dx 4 (1 dp)
X
j-1 L /
x> an gk [ @G, By d,
k=0 J
(49)

where ¢ is the Kronecker delta, L is the thickness of the material,
and the coefficients {a;;} are defined

a; = —on(E;)B;(E;) + /O'nn(Ei,E')Bj(E')dEl. (50)
E;

Fluence (particles / (cm’ - MeV))

- SA
. HETC - HEDS
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]00 L1 auul L prnl L1 anul Lol )
107 10" 10° 10' 10° 10°
Energy (MeV)

Fig. 5. Forward neutron fluence at 20 g/cm? in a 30 g/cm? water target behind a 20 g/
cm? Aluminum shield exposed to the February, 1956 Webber SPE.

The fixed-point series method (Slaba, 2007; Heinbockel et al.,
2007) is a Neumann series solution to the FB model. The forward
and backward components are expressed as

- Zw:f(g’q (x,E) (51)
k=1

PBE) = 5 Y E). (52)
k=1

where the kth zero order term satisfies

BOR] = &, x.E) (53)
[by] = & x.B), (54)

and for k > 0 the kth set of source terms are defined
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Fig. 6. Backward neutron fluence at 20 g/cm? in a 30 g/cm? water target behind a 20 g/
cm? Aluminum shield exposed to the February, 1956 Webber SPE.



TC. Slaba et al. / Radiation Measurements 45 (2010) 173-182 179

g (x,E) =

o (E,E)fS (x, E')dE/ (55)

MY~

Bx,E) = [ om(EE)bY (x,E)dE. (56)

M~

The initial set of source terms Eﬁ(x, E),Eg(x, E) are simply the
forward and backward components of the isotropic neutron source
term 7,(x,E).

Wilson’s method (Slaba et al., 2006, 2007; Heinbockel et al.,
2007) is a combination of the collocation method and fixed-point
series method. The forward and backward neutron fluences are
expressed as the sum of a zero order and first order term

¢ (x,E)

¢o(x,E) = bo(x,E) + by (x,E). (58)

Equations (57) and (58) are substituted into the FB model, and it
is assumed that the zero order terms satisfy

fol = 1h(x,E) (59)

= fo(x.E) + fi(x,E) (57)

B [bo] = mh(x,E). (60)
The FB model is now reduced to

=S

] = / Gan(E, Efy (%, E')dE' + & (x, E) (61)
E

Vby] = / 0un(E,E')by (x. E')dE + £ (x,E), (62)
E

where the source terms 5€ (x,E) and Ell’(x, E) are calculated from the
zero order terms by

& xE) = [ om(E E)f(x,E)dE (63)

T~

flf (X,E) = [ onn(E,E")bq(x,E')dE". (64)

T~

Equations (61) and (62) are solved using the collocation method.

Slaba et al. (2006, 2007) and Heinbockel et al. (2007) showed
that the three methods produce almost identical results in a variety
of shielding configurations exposed to both SPE and GCR environ-
ments and compared quite well with the multigroup technique in
all cases (Slaba, 2007). The work also revealed that the collocation
method was the most computationally efficient of the four methods
in terms of both memory requirements and run time. Hereafter, any
neutron spectra labeled “FB model” are assumed to be generated
using the collocation method.

5. DC Neutron transport methods

Feldman (2003) developed a numerical solution for the DC
model. A collocation method was used to discretize the energy
spectrum as in equations (45) and (46), and first order finite dif-
ferencing was used to approximate the spatial derivatives and
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Fig. 7. Total neutron fluence at 20 g/cm? in a 30 g/cm? water target behind a 20 g/cm?
Aluminum shield exposed to the February, 1956 Webber SPE.

decouple the transport equations. Discretization of the energy and
spatial domains in this way resulted in a large system of linear
equations that was solved numerically using LU factorization. LU
factorization relies on writing the coefficient matrix as the product
of a lower triangular and an upper triangular part so that forward
and backward substitution can be used to obtain a solution
(Demmel, 1997). It was reported that even single layer slab calcu-
lations quickly exhausted the memory capabilities of a desktop PC,
and run times of over 20 h were reported even on specialized
computers with adequate memory (Feldman, 2003).

We present here a computationally efficient Neumann series
solution to the DC model based on the numerical methods verified
for the FB model. The forward and backward components of the
isotropic neutron fluence are expressed as a sum of zero order terms

HE) = S ) (65)
k=1

BE) = 3 bW E), (66)
k=1

where the kth zero order term satisfies
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Fig. 8. Proton fluence at 20 g/cm? in a 30 g/cm? water target behind a 20 g/cm?
Aluminum shield exposed to the February, 1956 Webber SPE.
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BOO] = [ ol (BN (x E')AE + &, (x ) (67)

T~

B [by’] ol (E,ENDY) (x, E')dE’ + &, (x,E), (68)

Il
"’\8

and can be solved using the collocation method outlined previ-
ously. Note that solutions to equations (67) and (68) include
neutron production with scattering angle between 0 and /2.
Neutron production with scattering angle between 7/2 and = is
accounted for in the kth set of source terms

& (%, E) /on (E.E)bY (x, E')dE (69)
E

D E) = / o) (E.EVFY (x,E')dE’ (70)
E

for k > 0. The initial set of source terms, E’;(x,E) and Eg(x, E), are
simply the forward and backward components of the isotropic
neutron source term 7p(x,E).

While many terms in the Neumann series are required to
adequately resolve the neutron fluence spectra (as many as 75
terms for each component), the computation is quite rapid since
the coefficients aj; used in the collocation method and the cross
sections appearing in the source terms (equations (69) and (70))
can be pre-calculated and saved for repeated use. No published data
exists from Feldman’s work, and so any comparisons with data
labeled “DC Model” were generated using the proposed Neumann
series solution.

6. Coupling to light ion transport

In the development of the neutron transport models, we did not
solve for the isotropic charged particle fluence

©

lSO Z/ U]I{ E El ¢lSO(X,E,)dEl. (71)

E

It is important to point out that the summation in equation (71)
is taken over light particles only. This is justified by noting that ¢'5°
is associated with low energy target fragments, and heavy ion
target fragments are not transported in HZETRN due to their
extremely small range (Wilson and Badavi 1986; Wilson et al., 1991,
2006). Their contribution to dose is approximately accounted for
after the transport procedure.

The isotropic neutron fluence has already been obtained via one
of the bi-directional neutron transport models, and so equation
(71) can be expressed in the more explicit form

©

Bl - > /

k:tn‘E

ok (E. B i (x, E')dE + nj(x, E), (72)

with the source terms

1j(,E) / 0jn (E,E')$55° (x, E')dE'. (73)
E
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Fig. 9. >H fluence at 20 g/cm? in a 30 g/cm? water target behind a 20 g/cm? Aluminum
shield exposed to the February, 1956 Webber SPE.

We now approximate equation (72) by suppressing the
remaining collision integrals. Such an approximation is expected to
be quite valid since the nuclear mean free path of these low energy
charged particles is much larger than their range (Wilson et al,,
1991) as seen earlier in Fig. 4. In this case, equation (72) is now
reduced to

B[¢f°] = mi(x.E), (74)
for which an analytic solution exists and is easily found by using
the method of characteristics (Haberman, 1998). The solution was

given by Wilson and Lamkin (1975) in terms of the nuclear
survival probability
] (75)

E
Pi(E) = exp{ /
0
1(x+ Ri(E)) as

and the residual energy E, = Rj*
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Fig. 10. “He fluence at 20 g/cm? in a 30 g/cm? water target behind a 20 g/cm?
Aluminum shield exposed to the February, 1956 Webber SPE.
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Table 1
Dose (cGy) in a 30 g/cm? water target behind 20 g/cm? of Aluminum exposed to the
February, 1956 Webber SPE spectrum.

Table 2
Dose equivalent (cSv) in a 30 g/cm? water target behind 20 g/cm? of Aluminum
exposed to the February, 1956 Webber SPE spectrum.

Depth SA DCLI FBLI DC FB HETC-HEDS Depth SA DCLI FBLI DC FB HETC-HEDS
g/cm? g/cm?
0 6.97 6.99 6.98 6.95 6.93 7.20 0 11.70 11.83 11.50 11.36 11.03 8.87
5 3.78 3.78 3.78 3.75 3.75 4.04 5 6.21 6.18 6.27 5.80 5.84 485
10 2.28 2.28 2.29 226 2.26 2.50 10 3.94 3.87 4.01 3.56 3.69 3.03
20 0.98 0.98 0.99 0.96 0.97 1.10 20 1.87 1.79 1.94 1.59 1.71 1.36
30 0.49 0.48 0.49 0.47 0.47 0.53 30 1.05 0.91 1.07 0.78 0.91 0.63
Figs. 8-10 give the proton, 3H, and “He fluence spectra gener-
d)lso (x,E) = P‘(E ) ( )¢lso (0 E ) ated from the SA, FB, DC, FBLI, and DCLI models at 20 g/cm? in the
Pi(E) S;(E ) T water target. First, note that the spectra predicted by the FB and
E, P(E ) DC models are identical. This behavior is expected since neither of
i N o\ A these models include the suggested light ion coupling, and the
+ / P;(E)S; (E)nf (e Ry (E) - R'(E ).E')dE', (76) charged particle fluences are determined by solutions to equation
E (24). Next, the spectra predicted by the FBLI and DCLI models are
where R{(E) is given by the range energy relation similar but not identical. In fact, the FBLI produced slightly larger
light ion fluence spectra than the DCLI model in all three cases.
E dE’ This trend is caused by the light ion coupling source term in
= Aj/ EI (77) equation (72) and the neutron transport model used. Figs. 5-7
o Sj (E ) showed that neutron fluences obtained with the FB model tended

Equation (76) can be evaluated rapidly using numerical inte-
gration schemes and imposes small memory requirements.

7. Results

Solutions to equation (1) using the HZETRN marching algorithm
will be labeled “SA,” and it is assumed that all particles (including
neutrons) are transported in the forward direction. Solutions to
equation (24) using the HZETRN marching algorithm with FB or DC
neutrons added and no light ion coupling will be labeled “FB” or
“DC”, respectively. Finally, solutions to equation (24) using the
HZETRN marching algorithm with FB or DC neutrons and the
suggested light ion coupling will be labeled “FBLI” or “DCLI",
respectively. The only difference between FB and FBLI or DC and
DCLI is the presence of the light ion coupling term given in the
previous section. Therefore, neutron fluences predicted by FB and
FBLI (or DC and DCLI) will be identical. In all of the neutron fluence
comparisons, FB and DC will be used, but could be interchanged
with FBLI and DCLI without consequence.

Results are now given at various depths in a 30 g/cm? water
target behind a 20 g/cm? Aluminum shield exposed to the February
1956 Webber SPE spectrum (Quenby and Webber, 1959). The
differences between the various Monte Carlo codes has been
discussed elsewhere (Heinbockel et al., 2009) and will not be
addressed in this paper. Fig. 5 shows the forward component of the
neutron fluences at 20 g/cm? in the water target. The DCLI model
compares quite well to HETC-HEDS and is within the bounds set by
FLUKA and MCNPX; the FBLI and SA solutions predict much higher
neutron fluences for energies below 100 MeV. Fig. 6 gives the
backward neutron fluences at 20 g/cm? in the water target. The
DCLI model again compares quite well to HETC-HEDS and is within
the bounds set by FLUKA and MCNPX; it is a significant improve-
ment over the FBLI model. There is no backward component of the
SA model since all particles are transported in the forward direc-
tion. Finally, Fig. 7 gives the total neutron fluence at 20 g/cm? in the
water target. As in each of the previous figures, the DCLI model
compares well to HETC-HEDS and is within the bounds set by
FLUKA and MCNPX. Most importantly, it now appears that HZETRN
compares as well to the Monte Carlo codes as they compare with
each other.

to be larger than the neutron fluences obtained with DC model.
Clearly, if the FB results are used, the light ion source term in
equation (72) will be larger and so will the isotropic light ion
fluences. The FBLI and DCLI light ion spectra agree quite well even
though the FB and DC neutron fluences in Fig. 7 are almost an
order of magnitude different at the lowest energies. This is not
surprising since few charged target fragments are produced from
neutrons below 20 MeV.

Most importantly, Figs. 9 and 10 show that a significant reduc-
tion in low energy fluence spectra can occur if the suggested light
ion coupling term is not included. Though little difference is seen in
the proton fluence spectra (Fig. 8), the “He spectrum drops by
almost a factor of four if the light ion coupling term is not included.
Similar results are also seen for the other light particles transported
in HZETRN (°H and >He).

Such deviations are significant enough to alter integrated
quantities as well. For example, Tables 1 and 2 give the dose and
dose equivalent values at various depths in the water target. As
expected, these values are all reduced if the light ion coupling is not
included. Dose and dose equivalent values were not available from
FLUKA and MCNPX at the time of this report.

8. Conclusions

A directionally coupled neutron transport model and computa-
tionally efficient solution method were presented. Results compared
very well with HETC-HEDS and were within the bounds set by
FLUKA and MCNPX. A first order approximation was also presented
for coupling the neutron models to low energy light ion transport,
and results indicated that such a coupling is indeed necessary not
only for accurate estimates of low energy fluence spectra, but for
integrated quantities such as dose and dose equivalent as well. It is
recommended that future studies with HZETRN and bi-directional
neutrons use the directionally coupled neutron transport model
along with the first order light ion coupling presented here.
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