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Abstract – Empirical parameters for a new fast-neutron differential dose albedo formula are presented
for water, concrete, iron, and lead and for ten energy bands between 0.1 and 10.0 MeV. Data are also
presented for 252Cf spontaneous fission neutrons, 14-MeV neutrons, and thermal neutrons. The 24-
parameter approximation, based on modern dose units, agrees with MCNP-calculated values within 10%.
Revised data are also presented for a five-parameter secondary-photon albedo formula, proposed earlier
by Maerker and Muckenthaler, that is within 20% of MCNP values for the four materials. Finally, these
revised albedo formulas are applied to the problem of thermal neutrons transmitted through a three-legged
duct and compared to previous experimental results.

I. INTRODUCTION

The calculation of how radiation incident on a sur-
face is reemitted through the surface toward some point
of interest is a frequently encountered problem in radia-
tion shielding. Transport techniques are generally re-
quired for detailed estimation of reflected doses. But,
under certain circumstances a simplified approach based
on the albedo concept can be used with great effect. These
conditions are1

1. that the displacement on the surface between the
entrance and exit of the radiation is very small
compared to the problem dimensions

2. that the reflecting medium is optically thick

3. that scattering between the radiation source and
surface and between the surface and point of
interest is insignificant.

The use of albedo techniques is central to many radiation
streaming codes and has been widely used as an alterna-
tive to much more expensive transport calculations.

Key to the albedo technique is the availability of
either a large set of albedo data or, preferably, an empir-
ical formula that approximates the albedo over the range
of source energies and incident and exit radiation direc-

tions involved in a particular problem. In this paper only
the neutron albedo, which is generally much greater than
that for photons, is addressed. Previously proposed neu-
tron albedo approximating formulas have been based on
limited energy-angular ranges; a single reflecting mate-
rial; old cross-section data; and, most important, obso-
lete fluence-to-dose response functions. In this paper,
differential neutron dose albedo functions, based on
modern cross-section and response function data, are
presented.

I.A. Previous Neutron Albedo Studies

There are many data in the literature for neutron
albedos and for the associated secondary-photon doses.
Early significant contributions included those of Mae-
rker and Muckenthaler,2 who performed both detailed
calculational and experimental evaluations for concrete,
and Allen, Futterer, and Wright,3 who made albedo cal-
culations for monoenergetic fast neutrons incident on a
variety of materials. French and Wells4 derived an em-
pirical formula for the azimuthally averaged data of Allen,
Futterer, and Wright, which is restricted to incident di-
rections of,70 deg from the surface normal. Also using
the same fast-neutron data, Song, Huddleston, and Chil-
ton proposed a fast-neutron formula with azimuthal de-
pendence.5 Maerker and Muckenthaler in their 1965 study
also proposed a 24-parameter formula obtained by a fit*E-mail: jks@ksu.edu

NUCLEAR SCIENCE AND ENGINEERING: 155, 1–17 ~2007!

1



to their calculated concrete albedos.2 Extensive comput-
erized sets of fast-neutron albedo data are also available,
such as SAIL ~Ref. 6!, BREESE-II ~Ref. 7!, and that of
Wang.8

A neutron albedo approximation for intermediate-
energy neutrons ~0.5 eV to 0.2 MeV! has been proposed
by Coleman et al. for steel-reinforced concrete.9 Formu-
las for the thermal-neutron albedo have been proposed
by Wells10 and Maerker and Muckenthaler,11 and an an-
alytical one-speed transport result by Chandrasekhar12

has also been studied for use as a thermal-neutron albedo
formula.11,13

Although not strictly part of the albedo concept, the
emergence of secondary gamma photons from a surface
upon which neutrons are incident has been studied by
Wells,10 Selph,14 and Cavanaugh,15 and formulas for the
secondary-photon albedo from concrete have been sug-
gested by Wells10 and Maerker and Muckenthaler.11 For
a more detailed survey of previous studies on the neu-
tron albedo, the reader is referred to Selph14 and Shultis
and Faw.1

I.B. Need for Revised Neutron Albedos

Unlike compilations or formulas for albedos for
monoenergetic incident photons, it is difficult to inter-
polate similar neutron albedos because of the many res-
onances in the neutron cross sections. To account for the

usual continuous distribution of fast neutrons, it is pref-
erable to obtain albedos for incident neutrons in various
contiguous fast-neutron energy bins. However, many pre-
vious fast-neutron albedo studies are for monoenergetic
sources and hence are of limited practical utility.

Moreover, most neutron albedo approximating for-
mulas are based on very old neutron interaction data, on
only a few incident directions, and are available for only
a single reflecting material. For example, Maerker and
Muckenthaler’s 24-parameter, fast-neutron, dose albedo
formula for concrete is based on only four incident an-
gles ~45, 50, 75, and 85 deg with respect to the surface
normal!, old cross-section data, and the Henderson ~tis-
sue kerma! fluence-to-dose response function available
before 1962 ~Ref. 2!.

Perhaps the most important reason to revisit the neu-
tron albedo is that unlike photon albedos, neutron dose
albedos are extremely dependent on the dose response
function used. Previous neutron albedo work has mostly
been based on air kerma or the Henderson ~tissue kerma!
response function. But, as seen from Fig. 1, these re-
sponse functions are quite different from modern neu-
tron response functions.a Moreover, the ratios between
these various response functions are strong functions of
the neutron energy, and hence, dose albedos calculated
with one response function cannot be converted to an-
other by simply multiplying by a single conversion con-
stant ~as can be done for most photon dose albedos!.

II. THEORY

To calculate the albedo one first finds the current of
particles emerging from the plane surface of a homo-
geneous half-space that is illuminated uniformly by a
plane-parallel, monoenergetic beam of radiation inci-
dent on the surface at an angle uo with respect to the
surface normal n ~see Fig. 2!. The incident particle flow,
in dose units, across a unit area of the surface is related
to the incident fluence Fo as

Jn
in � 6n{Vo 6Fo R~Eo !�Fo cos uo R~Eo ! , ~1!

aThe air and tissue kermas do not include the quality fac-
tor for the secondary charged particles. Also, the kermas, which
are point dosimetric concepts, generally decrease as the inci-
dent neutron energy decreases because the kinetic energy of
the secondary changed particles ~primarily from scattering in-
teractions! also must decrease. The kermas are seen to have a
minimum and begin to rise at very low energies as a result of
~n, p! reactions with nitrogen. By contrast, the ambient dose
and dose equivalents are based on dosimetric phantoms that
moderate and absorb incident neutrons resulting, generally, in
capture photons that also contribute to the dose. This contri-
bution, not included in the kermas, causes these response func-
tions to become relatively flat below 10 keV.

Fig. 1. Comparison of modern neutron dose functions with
kerma response functions, used in much early albedo work.
Sources are Henderson,16 tissue0air kerma,1 NCRP-1971
~Ref. 17!, ICRP-1987 ~Ref. 18!, and ICRP-1996 ~Ref. 19!.
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where R~Eo ! is the fluence-to-dose conversion factor ~re-
sponse function! for the incident radiation of energy Eo .
The total flow or current out of a unit area of the surface
in a unit solid angle about the direction V~u,c!, n{V � 0,
again in dose units, can be expressed as

Jn
out~u,c! � �

0

Emax

Jn
out~E,u,c!R~E ! dE

��
0

Emax

F~E,u,c!cos uR~E ! dE , ~2!

where Jn
out~u,c, E ! and F~u,c, E ! are, respectively, the

angular energy-dependent flow and fluence at the sur-
face, and Emax is the maximum neutron energy.

The differential dose albedo is defined as the ratio of
the outward to inward flows,b namely,1,20

aD~Eo ,uo ;u,c! [
Jn

out~u,c!

Jn
in

, ~3!

which, from Eq. ~2!, yields

aD~Eo ,uo ;u,c! �
1

Jn
in �

0

Emax

Jn
out~u,c, E !R~E ! dE . ~4!

Finally, in this study, the albedo of Eq. ~4! is averaged
over various fast-neutron energy intervals or a fission
spectrum to obtain albedos for a corresponding range of

incident neutron energies by selecting the incident neu-
tron energy from the appropriate distribution.

III. MCNP CALCULATION OF THE ALBEDO

We used the MCNP general-purpose Monte Carlo
code21 to calculate the albedo reflected from thick slabs
of various materials. In particular, we considered a ho-
mogeneous cylindrical slab surrounded by a vacuum. The
incident neutrons were modeled by a point monodirec-
tional source positioned just inside the center of the cir-
cular scoring ~reflecting! surface. This was done to
facilitate scoring because all particles crossing this sur-
face must be outgoing ~reflected! particles. The slab thick-
ness and radius were sufficiently large ~1000 cm! so that
negligible numbers of neutrons were transmitted through
the slab or radial surface. The energy of the source neu-
trons was sampled uniformly over an energy group or
from a fission neutron distribution.

For the albedo calculation, the outgoing current from
the reflecting surface must be tallied in terms of the out-
going polar angle u and the outgoing azimuthal angle c.
MCNP provides a surface current tally, called the F1
tally, that scores the number of particles crossing a sur-
face in all directions, namely,

Tally F1 � �
A
�

�1

1 �
0

2p�
E

J ~ ?r, E,u,c!

� R~E ! dE d cos u dc dA , ~5!

where R~E ! is a user-specified response function. How-
ever, by default MCNP does not allow the user to bin this
current tally in terms of both u and c. Therefore, the
tally was modified through the use of the TALLYX user
routine. This option, which permits the user to modify a
tally, was used here to disaggregate the F1 tally for re-
flected particles into a set of angular bins or subtallies,
each of which corresponded to a small range of the u and
c reflection directions.

In this study we used Nu� 9 intervals equally spaced
between 0 and 90 deg in polar angle and Nc� 18 inter-
vals equally spaced between 0 and 180 deg in azimuth.
Because the reflected photon field is symmetric about
c�180 deg, particles reflected with c . 180 deg can be
binned in the corresponding ~360 deg � c! bin. Thus, a
total of Nu � Nc � 162 angular bins was used. The bin
number ibu corresponding to a particular value of u and
c is

ibu � int�uNu90 �� Nu int�cNc

180 �� 1 . ~6!

To score related quantities, such as the outgoing angles
for a particle passing through the surface, the user must
specify the scoring bin limits on the “FU card.” Here, the
appropriate FU card would be FU1 1 160i 162.

b Many early albedo studies used slightly different defini-
tions, such as the ratio of outward flow to incident fluence or
the ratio of outward fluence to incident fluence, and it is im-
portant to distinguish among them when comparing different
albedo results.

Fig. 2. Particles incident and reflected from the surface
of a half-space.
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The tallies in each scoring bin are normalized to one
source photon and thus represent, in the notation of Sec. II,

tally bin~i ! �
2

Jn
in �

D cos ui

�
Dci

�
0

`

Jn
out~E,u,c!

� R~E ! d~cos u! dc dE , ~7!

where D cos u Dc is the solid angle covered by bin~i !.
The factor of 2 in this result arises from the c-symmetry
used in the binning process. Finally, if u and c are the
centroid angles of a bin with a tally denoted by T ~u,c!,
the differential dose albedo is estimated from

aD~DE,uo ;u,c! �
T ~u,c!

2D cos u Dc
, ~8!

where D cos u varies from bin to bin and DE represents
the energy distribution from which energies of the inci-
dent neutrons are uniformly sampled.

IV. RESULTS

The MCNP albedo model was used to calculate the
albedo for nine monodirectional angles of incidence uo
of 5, 15, 25, 35, 45, 55, 65, 75, and 85 deg on infinite
slabs of natural iron, water, natural lead, and NBS 04
concrete. NBS 04 concrete represents “ordinary” con-
crete as proposed by the American National Standards
Institute.22 The dose albedo was calculated for two re-
sponse functions, namely, the ambient dose equivalent
and the effective dose equivalent for anteroposterior ge-
ometry.18 Thirteen different incident energy distribu-
tions were considered: ten fast-neutron contiguous energy
groups with group boundaries of 0.1, 0.2, 0.4, 0.6, 0.8, 1,
2, 4, 6, 8, and 10 MeV; a room-temperature thermal-
neutron spectrum; a 252Cf fission neutron spectrum; and
monoenergetic 14-MeV neutrons.

The many statistical tests provided by MCNP were
carefully examined to ensure meaningful results were
obtained for all 162 angular tally bins. For the MCNP
simulations performed in this study, a sufficient number
of histories were run to ensure that the relative error for
every tally bin was ,10%. Furthermore, when possible,
a sufficient number of histories were run to obtain rela-
tive errors of ,1%. In addition, all simulations were
performed until the variance of the variance ~VOV! was
below 0.1, and the histories were examined to make
sure the VOV decreased inversely with the number of
histories. This second step was particularly important
since the VOV is particularly sensitive to large history
scores and can indicate if these large scores are being
undersampled.

To verify that valid albedos were calculated, a com-
parison of our MCNP model was made to the most de-
tailed previous albedo study, performed by Maerker and

Muckenthaler.2 They used the Henderson response func-
tion and a concrete composition of H 9.43 � 1021, O
4.76 � 1022, Ca 7.80 � 1021, and Si 1.185 � 1022 atoms0
cm3, with a density of 2.35 g0cm3. To their experimental
measurements they fit the following 24-parameter ap-
proximating formula:

aD2
~DEo ,uo ;u,c!

�
1

1 � ~K1 cos uo 0cos u! (m�0

8

Gm Pm~cos us !

�
1

1 � K2~DEo ,uo ,u! (k�0

4

Bk Pk~cos us ! , ~9!

where

K2~DEo ,uo ,u! � (
i�0

2

cosi u (
j�0

2

aij cos j uo . ~10!

The 24 parameters Gm , Bk , K1, and aij vary with the
source energy band DEo . We used the same response
function and concrete composition to calculate albedos
with MCNP. An example comparison between the ap-
proximating formula of Eq. ~9! and our calculated albe-
dos is shown in Fig. 3. The parameters for Eq. ~9! were
obtained by a fit to experimental data, and considering
their fit was not always within 10% of the data, the agree-
ment between our results and Maerker and Mucken-
thaler’s approximation is quite reasonable.

In general, the neutron albedo exhibits several char-
acteristics, as seen in Fig. 3. Albedos resulting from neu-
trons incident at nearly normal angles ~i.e., 5 deg! are
essentially independent of azimuthal angle. In addition,
the results for this case indicate that more neutrons are
emitted normally to the surface than are emitted at graz-
ing angles. As the angle of incidence increases, the al-
bedo data become peaked in the forward direction, and
the overall magnitude of the albedo increases. This re-
sult is again expected because, for grazing angles of in-
cidence, neutrons usually do not penetrate deeply into
the reflecting media. As a result, the neutrons have a
high chance of being reemitted. For normal incidence,
neutrons usually penetrate much more deeply into the
reflecting media, which decreases the probability of their
reemission. In addition, if a neutron penetrates a large
distance into the reflecting media, the highest probabil-
ity of escape is in a direction normal to the slab because
this represents the shortest escape distance for reemission.

Based on the good agreement between Eq. ~9! and
our MCNP results, it seemed that this approximating equa-
tion would be suitable for use as an approximation of the
neutron albedo for other reflecting media. Unfortu-
nately, after significant testing it became apparent that
the Maerker and Muckenthaler approximation could not
be extended to other materials over a wide range of en-
ergies. Values for the 24-fit coefficients for the albedo
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approximation of Eq. ~9! were determined by minimiz-
ing, with a multidimensional simplex procedure,23 the
absolute maximum deviation between the MCNP albedo
data and the fit. However, the fits obtained using this
procedure resulted in deviations in excess of 50% for
many cases. For instance, the fit for 6.0- to 8.0-MeV
neutrons incident on concrete resulted in a minimum max-
imum deviation of only 14.24% but resulted in mini-
mum maximum deviations of 32.34% for iron, 56.53%
for lead, and 16.70% for water.

IV.A. A New Fast-Neutron
Albedo Approximation

Because the Maerker and Muckenthaler approx-
imation did not provide sufficient accuracy for the
fast-neutron albedo for lead and iron, an alternative ap-
proximation was formulated. To obtain this new approx-
imation, the neutron albedo was separated into two
components. The first component consisted of the neu-
trons emitted from the reflecting media as a result of a
single scatter within the media, and the second compo-
nent consisted of the neutrons emitted from reflecting
media that had undergone two or more scatters. Indeed,

in Eq. ~9! the first term apparently is an approximation
for single-scattered neutrons while the second term at-
tempts to account for multiple-scattered neutrons.

Initial attempts sought to find better approximations
for these two components of the albedo. For elastic scat-
tering, the single-scatter dose albedo is rigorously given
by24

aD
1 ~Eo ,uo ;u,c!

�
ms~E,us

c!

m~Eo !

R~E !

R~Eo !
�1 �

m~E !

m~Eo !

cos uo

cos u �
�1

�
sin us

c

sin us
�1 �

cos us

A �1 � � sin us

A �2��102� ,

~11!

where E � Eo @~1�a!� ~1�a!cos us
c#02, a� ~A �1!20

~A � 1!2 , and ms~E,us
c! is the differential scattering in-

teraction coefficient for scattering through an angle us
c in

the center-of-mass system. After extensive experimenta-
tion it was determined that the effect of ms~E,us

c! on the
overall albedo dominates the structure of the albedo for

Fig. 3. Neutron differential Henderson albedo aD~Eo ,uo ;u,c! for 6- to 8-MeV neutrons incident on a slab of concrete for
uo � 5, 35, 55, and 85 deg. Comparison of MCNP results ~crosses! and Maerker and the Muckenthaler analytic approximation
~surface! of Eq. ~9!.
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most energies. For the case of hydrogenous media, this
effect is particularly pronounced since the laboratory scat-
tering angle cannot exceed p02.

Efforts were also taken to use other approximations
for the portion of the albedo that results from neutrons
that undergo multiple scatters within the reflecting me-
dia before being reemitted. For heavy A materials, scat-
tering results in little energy loss, and often, scattering is
nearly isotropic. Thus, a number of approximations of
the thermal-neutron albedo were analyzed to determine
their overall effectiveness at approximating this multi-
scattered albedo component. In particular, an analytical
result for one-speed particles in an isotropically scatter-
ing medium due to Chandrasekhar12 was investigated,
namely,

a �
k

4p

1

1 � cos uo 0cos u
H~k, cos uo !H~k, cos u! ,

~12!

where k is the probability of scattering when an inter-
action occurs ~i.e., the ratio of the scattering to the
total interaction coefficients! and H~k, cos u! is Chan-
drasekhar’s H-function.1,12 An approximation of the
H-function that is within 5% for k between 0.8 and 1.0
can be expressed as

H~k,m! �
A � Bk� Cm� Dm2 � Em3

1 � Fk� Gk2 � Hk3 � Im
. ~13!

This approximation was obtained by fitting Eq. ~13! to
actual H-function data. Values for the constants are given
in Table I. Indeed, Eq. ~12! with only a single parameter
k was found to fit the thermal-neutron albedo for iron
and lead with minimum maximum deviations of only 5.5
and 4.0%, respectively. However, it is a poor approxima-
tion to the thermal-neutron albedo for water and con-
crete, with minimum maximum deviations of 45 and 33%,

respectively, a result not unexpected since scattering from
hydrogen is far from isotropic in the laboratory system.

Using these and other approximations with numer-
ous free parameters, we obtained results that suffered
from the same shortcomings as Maerker and Muckentha-
ler’s attempt at adding the two albedo components. In
hindsight, this is not too surprising because even though
Eq. ~11! represents the first-scattered component ex-
actly, Eq. ~12! is not very good for multiple scattering by
light A materials since the scattering is far from isotropic
in the laboratory system.

At this point, an attempt to recombine the terms into
a single term was undertaken. Notice that both compo-
nents given by Eqs. ~11! and ~12! include a term of the
basic formc

1

1 � C cos uo 0cos u
, ~14!

where C equals 1 for the multiscattered component and
m~E !0m~Eo ! for the first-scattered component. Even
though this parameter is different for the two compo-
nents, it was found through a series of trials that the
rollover effect of the differential albedo is best approxi-
mated for a value of C, which is a function of both cos u
and cos uo . Therefore, if the rollover effect of the two
albedo components can be combined, then it should be
possible to combine the two components into a single
expression for the albedo.

The value of ms~E,us
c! dominates the structure of

the neutron albedo for most energies. Because this cross
section is typically represented by a Legendre expan-
sion, it was used to approximate the first-scatter behav-
ior in the overall approximation. In addition, since the
multiscattered component of the albedo also exhibits pref-
erential forward scattering for grazing angles of inci-
dence, a Legendre expansion should help offset some
of the inaccuracies inherent in the relation proposed by
Chandrasekhar. In fact, when the two albedo compo-
nents are combined into a single term and a Legendre
expansion is applied to the result, an approximation of
the albedo is obtained that is more accurate than Maerker
and Muckenthaler’s approximation. After much experi-
mentation, we arrived at the following form of a single-
term approximation:

aD~DEo ,uo ;u,c! �
H~k1,cos uo !H~k2,cos u!

1 � K1~Eo ,uo ;u!0cos u

�(
i�0

N

Bi Pi ~cos us ! , ~15!

c As u r 90 deg, this term causes the albedo to decrease
or “roll over” from the larger values at small values of u. This
rollover effect is quite apparent in the examples of Fig. 3.

TABLE I

Fit Parameters for the Chandrasekhar H-Function
Approximation of Eq. ~13!

Parameter Value

A 0.075272288
B �0.063133359
C 0.021092012
D �0.026070382
E 0.009381680
F �3.179279300
G 3.485739800
H �1.294988700
I �0.005750418
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where

K1~Eo ,uo ;u! � (
i�0

2

cosi u (
j�0

2

Aij cos uo
j . ~16!

The number of fitting parameters is N � 12 @k1, k2,
9 Aij , and ~N � 1!Bi # . The number of terms used in the
Legendre expansion, N � 1, determines the accuracy of
the approximation. For most reflecting media and neu-
tron energies, the use of a nine-term expansion results in
fits with a maximum deviation of ,10%. However, for
extreme cases, such as 8- to 10-MeV neutrons incident
on concrete, water, iron, and lead, a nine-term expansion
results in maximum deviations of 6.96, 12.05, 31.06,
and 10.46%. By contrast, a 13-term expansion ~24 pa-
rameters! results in maximum deviations of 6.95, 9.08,
8.97, and 8.13% for the same reflecting media. Besides
approximating the albedo for all the discrete energy
groups, the 24-parameter formula also worked well for
thermal neutrons, 252Cf fission neutrons, and 14-MeV
neutrons.

The fit coefficients for the albedo approximation of
Eq. ~15! were determined by minimizing, with a multi-
dimensional simplex procedure,23 the absolute maxi-
mum deviation between the MCNP albedo data and the
fit. The resulting coefficients for four reflecting materi-
als and different source energy groups are presented in
Tables II through V. Example comparisons between the
MCNP data ~crosses! and the values from the approxi-
mation of Eq. ~15! ~grid vertices! are shown in Fig. 4.

Overall, the results obtained using the approxima-
tion of Eq. ~15! fit well the raw MCNP albedo data. The
maximum deviation is within 10% for all cases. The ex-
amples shown in Fig. 4 compare the fit to the MCNP
albedo data for 6- to 8-MeV neutrons incident on con-
crete. For this energy interval, use of Maerker and Muck-
enthaler’s relation resulted in maximum deviations of
14.24, 32.34, 56.53, and 16.70% for concrete, iron, lead,
and water, respectively. By contrast, using the approxi-
mation given in Eq. ~15! results in maximum deviations
of 6.32, 7.61, 8.52, and 7.15%, respectively, for the same
reflecting materials.

IV.B. Secondary-Photon Albedos

The MCNP code also was used to obtain a set of
secondary-photon albedo data based on modern re-
sponse functions.d The secondary albedo arises from the
production inelastic and capture gamma rays that are
radiated from the reflecting surface. In general, the
secondary-photon albedo is independent of the azi-
muthal angle as a consequence of the isotropic emission
of secondary gamma rays. Also of note is that the mag-

nitude of the secondary-photon dose albedo is usually
considerably less than that of the neutron dose albedo,
and consequently, a high-accuracy approximation for the
secondary-photon albedo is generally not needed. Thus,
in this study, a relatively simple approximation was
developed.

Maerker and Muckenthaler provided detailed calcu-
lations for thermal neutrons incident on concrete and
proposed a relation to approximate the secondary-photon
albedo, namely,2

aD2

~n,g!~uo ,u! � cosA1~u!@A2 � A3 cos~uo !

� A4 cos2~uo !#A5 , ~17!

where the parameters A1, A2, A3, A4, and A5 are func-
tions of the reflecting media and the energy of the inci-
dent neutrons. This approximation was used in the present
study to represent the secondary-photon albedos.

The fit coefficients for the albedo approximation of
Eq. ~17! were again determined by minimizing, with a
multidimensional simplex procedure,23 the absolute max-
imum deviation between the MCNP albedo data and the
fit. The resulting coefficients for four reflecting materi-
als and different source energies are presented in Tables VI
through IX. An example comparison between the MCNP
data ~crosses! and the values from the five-parameter
albedo approximation of Eq. ~17! is shown in Fig. 5.

This approximation is not as accurate as the approx-
imations presented for the neutron albedo. Use of this
approximation can result in deviations in excess of
20% in some cases. Therefore, for problems in which
the secondary-photon albedo needs to be calculated
accurately over a small range of reflected directions,
Eq. ~17! should be used carefully. For most problems,
the secondary-photon albedo is usually small in compar-
ison with the neutron albedo, and the use of this approx-
imation should yield acceptable results.

V. EXAMPLE APPLICATION:
A DUCT PROBLEM

As an example of the utility of the albedo approxi-
mations, we modified MCNP to use the albedo functions
developed in this study for solving problems of thermal
neutrons streaming through multilegged ducts.24 The mod-
ified MCNP code applies the albedo to a particle when it
reaches a duct surface, whereas in standard Monte Carlo
transport calculations, the particle is tracked throughout
the duct wall, which may result in emission of a neutron.
Using the albedo technique at the duct surface is much
more efficient than using standard Monte Carlo tech-
niques, in which an incident particle may undergo many
interactions before reemerging from the surface, thereby
requiring significantly more computational effort than is
required for the albedo technique.

d For photon energies above 100 keV, the various photon
response functions are nearly equal, but at low energies signif-
icant differences occur.1
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TABLE II

Parameters for the 24-Term Approximation of Eq. ~15! of the Neutron Albedo
for Concrete Based on Ambient Dose Equivalent

B0 B1 B2 B3 B4 B5
B6 B7 B8 B9 B10 B11
B12 A0,0 A0,1 A0,2 A1,0 A1,1Energy

~MeV! A1,2 A2,0 A2,1 A2,2 k1 k2

0.10 to 0.20 0.0310058 0.0079036 0.0087912 0.0062737 0.0029994 0.0009364
0.0000529 �0.0001221 �0.0001975 �0.0000960 0.0000477 0.0000535
0.0000954 0.0039811 0.5068846 0.0105815 �0.5428182 0.1168724
0.3424365 0.2091158 0.3370075 �0.5585166 0.9159864 0.9704829

0.20 to 0.40 0.0305840 0.0033702 0.0070808 0.0043717 0.0015211 0.0004325
0.0003188 0.0003548 0.0002247 0.0000251 �0.0003007 �0.0000684

�0.0000817 0.0068881 0.4763392 0.0387856 �0.5787132 0.2292421
0.0207392 0.1804531 0.1076931 �0.0612162 0.9114627 0.9772167

0.40 to 0.60 0.0378538 0.0212337 0.0141692 0.0037221 0.0003630 �0.0004349
�0.0010647 �0.0005923 �0.0010205 �0.0002173 �0.0000607 0.0005663
�0.0000469 0.0906067 0.1070549 0.4564914 �0.3424352 0.0523915

0.0252979 0.0853344 0.0096570 0.1060794 0.9174654 0.9953164

0.60 to 0.80 0.0336213 0.0151799 0.0081274 0.0040338 0.0011740 0.0006816
0.0007243 0.0006396 0.0006094 0.0001064 �0.0000868 �0.0002743

�0.0001044 0.0025973 0.5611226 0.0411399 �0.4697157 0.1524706
0.0026744 0.1334834 �0.0968205 �0.0893064 0.8871664 0.9898409

0.80 to 1.00 0.0521323 0.0181552 0.0222947 0.0075743 0.0020112 0.0013746
0.0001755 0.0001753 �0.0007409 �0.0006731 �0.0006460 0.0006971
0.0003944 0.0081107 0.6205748 0.0188183 �0.3031898 0.0370416

�0.1091755 0.2708193 0.0324836 0.1329039 0.8479228 0.9822085

1.00 to 2.00 0.0426823 0.0191216 0.0264995 0.0075764 0.0030333 0.0018739
0.0007958 0.0013026 0.0008426 �0.0001858 �0.0003491 �0.0000478

�0.0001557 0.0155465 0.5072831 0.1025068 �0.4244413 �0.0676436
�0.0769485 0.0919803 0.0789341 0.1405899 0.8410215 0.9827538

2.00 to 4.00 0.0536824 0.0368921 0.0403338 0.0217656 0.0090350 0.0046990
0.0021446 0.0005244 0.0001379 0.0001479 �0.0004783 0.0003796
0.0005167 0.0105851 0.6537740 0.0051540 �0.2736292 �0.1618472
0.1189543 0.1314398 �0.0932544 0.0772621 0.8234569 0.9856915

4.00 to 6.00 0.0424133 0.0346687 0.0396506 0.0293448 0.0235230 0.0136585
0.0051490 0.0020811 0.0003325 �0.0001421 �0.0004255 0.0003504
0.0005509 0.0045969 0.5821891 0.0456769 �0.4186330 �0.1650871

�0.2687116 0.1078766 �0.2627333 0.6521974 0.8620418 0.9878383

6.00 to 8.00 0.0270956 0.0194425 0.0210710 0.0232430 0.0194952 0.0078456
0.0034819 0.0018932 0.0004575 �0.0000806 0.0000372 0.0000662
0.0000925 0.0062071 0.4570325 0.0920852 �0.6049687 0.0548874

�0.0929804 0.1547564 �0.1318118 0.2333674 0.9162310 0.9897253

8.00 to 10.0 0.0180805 0.0145099 0.0164061 0.0165331 0.0167839 0.0106333
0.0064786 0.0036072 0.0008010 0.0000491 0.0000519 0.0001539
0.0000806 0.0037420 0.3646476 0.0001464 �0.6755323 0.0651354

�0.0711332 0.1228438 �0.2694049 0.2622954 0.8009821 0.9894347
252Cf 0.0492288 0.0288697 0.0315514 0.0161952 0.0082183 0.0045599

0.0011045 0.0000180 0.0002632 �0.0000838 �0.0001202 0.0000480
0.0001129 0.0188406 0.5613750 0.0631271 �0.4040545 0.1344005

�0.1193347 0.1884397 �0.1341707 0.0375134 0.8000004 0.9837270

14.00 0.0457945 0.0257283 0.0337529 0.0240880 0.0149561 0.0073844
0.0028565 0.0013726 0.0001499 0.0000352 0.0000069 0.0001317

�0.0002029 0.0142216 0.4789449 �0.0732640 �0.4813939 0.0096573
�0.4082376 0.0908468 0.0318662 0.2474061 0.8211740 0.9870799
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TABLE III

Parameters for the 24-Term Approximation of Eq. ~15! of the Neutron Albedo
for Iron Based on Ambient Dose Equivalent

B0 B1 B2 B3 B4 B5
B6 B7 B8 B9 B10 B11
B12 A0,0 A0,1 A0,2 A1,0 A1,1Energy

~MeV! A1,2 A2,0 A2,1 A2,2 k1 k2

0.10 to 0.20 0.0532938 0.0017214 0.0047599 0.0017235 0.0038739 0.0017985
0.0008183 0.0009651 �0.0004182 0.0002260 �0.0000209 0.0002403

�0.0001396 0.0207696 0.4421412 �0.1439761 �0.3949910 0.3493605
0.0826687 0.1690127 0.4046224 �0.5592011 0.8364217 0.9889952

0.20 to 0.40 0.0428664 0.0057989 0.0089092 0.0043192 0.0046892 0.0021049
0.0014485 0.0011974 0.0003991 0.0002262 �0.0003519 0.0001614
0.0000392 0.0166858 0.3420655 �0.1078319 �0.5640892 0.3592397

�0.2137942 0.1167663 �0.0682997 0.0249608 0.8001289 0.9832264

0.40 to 0.60 0.0498565 0.0169553 0.0158442 0.0065786 0.0035137 0.0013000
0.0002785 0.0004662 �0.0002562 �0.0000707 0.0000887 0.0002501
0.0000234 0.0157846 0.5071555 �0.0740615 �0.4392525 0.0066950

�0.0667203 0.0433824 0.1832674 �0.1338951 0.9221095 0.9879640

0.60 to 0.80 0.0541371 0.0089104 0.0180305 0.0055529 0.0026773 0.0006289
�0.0005249 �0.0002200 0.0002923 0.0001070 0.0003477 0.0002955
�0.0000638 0.0249460 0.4319382 �0.0812262 �0.4565376 0.0797066
�0.0802077 0.1451714 �0.1225046 0.1561723 0.8074403 0.9860243

0.80 to 1.00 0.0273588 0.0133481 0.0144728 0.0051136 0.0017275 0.0010622
0.0001053 0.0001647 0.0003204 �0.0002975 �0.0007973 �0.0003560

�0.0004633 0.0095447 0.2918528 �0.0192545 �0.6169142 �0.0820497
�0.1109212 �0.0183574 0.0455991 0.0641485 0.8594692 0.9881279

1.00 to 2.00 0.0396122 0.0160942 0.0254778 0.0120196 0.0052634 0.0017163
�0.0000163 �0.0007315 �0.0000126 0.0000443 �0.0000793 0.0001041

0.0000018 0.0139711 0.4298761 �0.0270629 �0.4854542 0.1253156
�0.4907624 0.1101582 �0.2390671 0.6185012 0.8405386 0.9948031

2.00 to 4.00 0.0699672 0.0470624 0.0583992 0.0477498 0.0277122 0.0129019
0.0051368 0.0028880 0.0008639 �0.0002046 �0.0002689 0.0006237
0.0006355 0.0241450 0.7713394 �0.1091949 �0.3214795 �0.3194750
0.0104924 0.2157251 0.2203833 �0.2757922 0.8841745 0.9716388

4.00 to 6.00 0.0383584 0.0333513 0.0406763 0.0382366 0.0271660 0.0151085
0.0071172 0.0021780 �0.0002839 �0.0000926 0.0003122 0.0007226
0.0005182 0.0076436 0.4048834 �0.0392213 �0.5529857 �0.0688028

�0.3777743 0.0800085 �0.0077119 0.2373894 0.8427911 0.9886515

6.00 to 8.00 0.0366453 0.0363076 0.0463791 0.0448332 0.0363180 0.0242095
0.0132009 0.0056037 0.0007640 �0.0009652 �0.0001809 0.0008290
0.0003877 0.0079033 0.4434946 �0.0716627 �0.5959346 �0.1655178

�0.1807104 0.1021265 0.0179065 0.0781227 0.8637481 0.9811557

8.00 to 10.0 0.0235136 0.0251327 0.0334662 0.0336685 0.0291116 0.0219503
0.0140041 0.0075519 0.0028613 0.0002568 �0.0001438 0.0000136
0.0005766 0.0074658 0.3461263 �0.0148531 �0.7061847 �0.0741588

�0.3756055 0.0988650 0.0051997 0.2985481 0.8757374 0.9869155
252Cf 0.0459410 0.0242135 0.0329226 0.0331010 0.0318835 0.0149376

0.0076217 0.0061894 0.0037884 0.0009262 �0.0008405 �0.0001239
�0.0006190 0.0155636 0.4976990 �0.1072952 �0.5499798 �0.0629111
�0.2609887 0.1593948 �0.3307752 0.3993058 0.8123170 0.9947029

14.00 0.0128098 0.0174085 0.0166469 0.0083089 0.0014990 �0.0007495
�0.0004953 0.0004738 0.0004850 �0.0001278 �0.0003312 �0.0002862

0.0000611 0.0138527 0.1844362 0.2328879 �0.8331926 0.1608196
�0.0257022 0.1951785 �0.1405954 0.0531641 0.8620238 0.9869965
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TABLE IV

Parameters for the 24-Term Approximation of Eq. ~15! of the Neutron Albedo
for Lead Based on Ambient Dose Equivalent

B0 B1 B2 B3 B4 B5
B6 B7 B8 B9 B10 B11
B12 A0,0 A0,1 A0,2 A1,0 A1,1Energy

~MeV! A1,2 A2,0 A2,1 A2,2 k1 k2

0.10 to 0.20 0.0558987 0.0023528 0.0024396 0.0006283 0.0002252 0.0005829
�0.0000269 �0.0000076 0.0000198 �0.0000241 �0.0000023 0.0000176

0.0000056 0.0211978 0.5874357 �0.1463577 �0.3633696 �0.2294366
0.0281927 0.0666451 �0.0789938 0.0592571 0.8116018 0.9912418

0.20 to 0.40 0.0500629 0.0042147 0.0045578 0.0019449 0.0015217 0.0009231
0.0002355 �0.0000006 0.0000737 �0.0000236 �0.0000842 0.0000151

�0.0001222 0.0171735 0.5094106 �0.1322565 �0.4581400 �0.1971223
�0.0238649 0.0226677 �0.0800756 0.0924186 0.8022838 0.9830990

0.40 to 0.60 0.0572949 0.0072558 0.0093308 0.0064029 0.0060143 0.0020942
0.0005229 0.0002147 �0.0003718 �0.0001010 �0.0002718 �0.0000931

�0.0000863 0.0151566 0.6345752 �0.1400677 �0.3631013 �0.1609658
�0.0181668 0.0556704 �0.0204593 0.0473351 0.8779085 0.9912042

0.60 to 0.80 0.0374910 0.0064014 0.0086570 0.0073005 0.0066616 0.0015417
0.0004225 0.0004135 �0.0004770 �0.0000946 0.0000506 �0.0002702

�0.0005456 0.0106124 0.4169844 �0.0916683 �0.5844201 �0.1010548
�0.1155415 0.0328702 �0.0593905 0.1271705 0.8536718 0.9887343

0.80 to 1.00 0.0584633 0.0130224 0.0183176 0.0161752 0.0149129 0.0038738
0.0014475 0.0009744 �0.0004953 �0.0000157 �0.0000858 �0.0000673

�0.0007575 0.0158747 0.6515040 �0.1677025 �0.3263391 �0.3792064
0.1666693 0.0526834 0.1836432 �0.1818777 0.8018481 0.9938379

1.00 to 2.00 0.0530010 0.0188155 0.0267216 0.0250196 0.0237658 0.0055260
0.0016786 0.0009315 �0.0002921 0.0003044 �0.0003449 0.0000121

�0.0006660 0.0197107 0.5819071 �0.0596983 �0.3944350 �0.2676750
�0.0459249 0.0385525 0.3035811 �0.1487739 0.8542292 0.9925053

2.00 to 4.00 0.0397078 0.0267902 0.0383964 0.0381639 0.0359253 0.0168128
0.0065428 0.0031976 0.0011212 0.0001523 �0.0011819 �0.0005838
0.0003421 0.0106837 0.4601275 �0.0459297 �0.6127313 �0.2896862

�0.2001542 0.0771358 0.0189377 0.3086182 0.9307469 0.9831710

4.00 to 6.00 0.0429480 0.0390275 0.0537080 0.0568942 0.0538668 0.0404909
0.0254998 0.0156083 0.0085227 0.0033289 �0.0009162 �0.0014155

�0.0006500 0.0070241 0.4809715 �0.0589891 �0.5612269 �0.2228249
�0.3539149 0.0308492 0.0258892 0.2674945 0.8908337 0.9806583

6.00 to 8.00 0.0338077 0.0308618 0.0413024 0.0467627 0.0471813 0.0410459
0.0313908 0.0232711 0.0170424 0.0112588 0.0047711 0.0005880

�0.0006031 �0.0056719 0.5490080 �0.1058596 �0.5172456 �0.5892470
0.0002879 �0.0241546 0.3607939 0.1003439 0.9443846 0.9975493

8.00 to 10.0 0.0198070 0.0140910 0.0175012 0.0213214 0.0231222 0.0225639
0.0199688 0.0171652 0.0148174 0.0132233 0.0097253 0.0051359
0.0019843 0.0081692 0.2576149 �0.0022423 �0.7766307 �0.3020114
0.1691786 �0.0049809 0.3300473 �0.3745058 0.9147022 0.9732737

252Cf 0.0111404 0.0133828 0.0146153 0.0148671 0.0149662 0.0131436
0.0096794 0.0062412 0.0034405 0.0015927 0.0006972 0.0002460

�0.0000275 0.0043138 0.1994782 0.0061004 �0.8403319 0.0224057
�0.0203116 0.0870102 �0.1643755 0.0782730 0.8010939 0.9826734

14.00 0.0396915 0.0374025 0.0501896 0.0557815 0.0559450 0.0501798
0.0406900 0.0314361 0.0230933 0.0149423 0.0062647 0.0011605

�0.0019741 0.0191170 0.5675920 0.1735340 �0.6088180 �0.0213167
�0.4895494 0.2610349 0.3805100 �0.0003166 0.9800740 0.9948286
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TABLE V

Parameters for the 24-Term Approximation of Eq. ~15! of the Neutron Albedo
for Water Based on Ambient Dose Equivalent

B0 B1 B2 B3 B4 B5
B6 B7 B8 B9 B10 B11
B12 A0,0 A0,1 A0,2 A1,0 A1,1Energy

~MeV! A1,2 A2,0 A2,1 A2,2 k1 k2

0.10 to 0.20 0.0129219 0.0203124 0.0203507 0.0133489 0.0052986 0.0005921
�0.0009612 �0.0007030 �0.0001533 0.0000032 �0.0000561 �0.0001328
�0.0000893 0.0036126 0.4117485 0.0827997 �0.6838040 0.0550869

0.0334064 0.1729190 0.1066032 �0.4833454 0.8967318 0.9901377

0.20 to 0.40 0.0184540 0.0243669 0.0266709 0.0175327 0.0064331 0.0004416
�0.0011766 �0.0005657 �0.0002026 �0.0000695 �0.0002964 �0.0005765
�0.0003576 0.0120361 0.4492530 0.1897889 �0.6425737 �0.0350966

0.2890114 0.3064913 �0.0450006 �0.3401521 0.8451869 0.9562095

0.40 to 0.60 0.0115668 0.0166603 0.0147648 0.0076651 0.0021182 �0.0005477
�0.0009023 �0.0001264 0.0001958 0.0002109 0.0001216 �0.0000306

0.0000077 0.0079243 0.2082212 0.1332742 �0.7846735 0.0996876
0.0948313 0.1604304 0.0968823 �0.3261282 0.8592585 0.9824912

0.60 to 0.80 0.0182030 0.0269427 0.0237484 0.0142403 0.0046316 0.0001613
�0.0004657 �0.0000652 0.0001062 �0.0002561 �0.0002065 0.0000119

0.0000239 0.0049888 0.4634968 0.3571756 �0.6575601 0.2666836
0.0507981 0.1954288 0.1470037 �0.5248015 0.9595597 0.9688572

0.80 to 1.00 0.0141696 0.0166203 0.0180389 0.0098593 0.0023972 �0.0005659
�0.0011356 �0.0006341 �0.0002396 �0.0001605 �0.0003385 �0.0001092
�0.0000137 0.0056358 0.2789036 0.1977545 �0.7653953 0.0953145

0.0376798 0.2119139 0.1314868 �0.0684558 0.9245704 0.9800317

1.00 to 2.00 0.0164421 0.0207049 0.0215597 0.0092660 0.0007758 �0.0020370
�0.0015547 �0.0001573 0.0005514 0.0002771 �0.0001149 �0.0000278

0.0001882 0.0077076 0.3279836 0.2694326 �0.7092761 �0.1326348
0.1940659 0.2269972 0.1750762 �0.0551756 0.9105451 0.9915097

2.00 to 4.00 0.0226896 0.0313581 0.0291665 0.0135662 0.0003836 �0.0025622
�0.0009443 0.0008327 0.0009503 �0.0002490 �0.0004774 �0.0001232

0.0004094 0.0103071 0.4304798 0.4783325 �0.6627982 0.0418333
�0.1594746 0.2574273 �0.0209579 0.3672793 0.9669937 0.9876719

4.00 to 6.00 0.0165370 0.0238119 0.0210479 0.0106129 0.0034434 0.0010876
0.0007730 0.0015651 0.0011396 0.0001474 �0.0001968 �0.0001304
0.0000037 0.0121924 0.2629612 0.2150514 �0.7965685 �0.0144339
0.1634773 0.1745254 0.0287459 �0.1913277 0.8380902 0.9891834

6.00 to 8.00 0.0148640 0.0201575 0.0163847 0.0111439 0.0051654 0.0010073
0.0021364 0.0027179 0.0010844 0.0000464 0.0000689 0.0001915
0.0002195 0.0110018 0.2889479 0.2411449 �0.8271057 �0.2590476
0.2762631 0.1484251 0.4382038 �0.5486105 0.9078802 0.9725868

8.00 to 10.0 0.0149725 0.0203694 0.0171314 0.0105427 0.0065417 0.0029309
0.0022414 0.0018008 0.0003975 �0.0001573 �0.0000975 0.0000669
0.0000906 0.0091251 0.3496518 0.2914835 �0.7279292 �0.2725006
0.6601474 0.1653099 0.5326599 �0.7786617 0.9327370 0.9961565

252Cf 0.0371479 0.0258430 0.0307108 0.0308909 0.0317781 0.0326513
0.0323403 0.0323324 0.0322866 0.0313035 0.0258584 0.0166355
0.0064871 �0.0072767 0.4471703 �0.0214340 �0.5745561 0.4863048

�1.3685842 �0.0238093 �0.7921728 1.5318002 0.8808124 0.9998973

14.00 0.0128763 0.0209132 0.0192572 0.0143676 0.0111819 0.0087258
0.0056577 0.0028383 0.0008183 0.0000196 0.0000215 �0.0000210

�0.0000637 0.0009609 0.3134141 0.1612224 �0.7289138 �0.4863645
0.7385826 0.0801827 0.4249718 �0.6998956 0.9121793 0.9937053
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Fig. 4. Neutron differential ambient-dose–equivalent albedo aD~Eo ,uo ;u,c! for 6- to 8-MeV neutrons incident on a slab of
concrete for uo � 5, 35, 55, and 85 deg. Comparison of MCNP results ~crosses! and the results obtained using the approximation
of Eq. ~15! ~surface!.

TABLE VI

Parameters for the Five-Term Approximation of Eq. ~17! for the Ambient Dose Equivalent
for Secondary Photons from Concrete

Energy
~MeV! A1 A2 A3 A4 A5

0.10 to 0.20 1.2256033 0.0638375 0.1287182 �0.0365617 0.0137941
0.20 to 0.40 1.2328238 0.0218045 0.0417456 �0.0102296 0.0203584
0.40 to 0.60 1.2478099 0.1814403 0.0733548 0.1078396 0.0022300
0.60 to 0.80 1.2597181 0.0507181 0.1065247 �0.0262779 0.0056767
0.80 to 1.00 1.2604353 0.0218006 0.0396005 �0.0101063 0.0109961
1.00 to 2.00 1.1804842 0.0345058 0.0422212 �0.0119163 0.0077079
2.00 to 4.00 0.9267063 0.5350051 0.0652701 �0.1112095 0.0010900
4.00 to 6.00 0.8145848 0.4692991 �0.3926117 0.2092658 0.0022836
6.00 to 8.00 0.6978850 0.1410359 �0.1356589 0.0612874 0.0117359
8.00 to 10.0 0.6228144 0.0861592 �0.0837287 0.0349653 0.0250683
Thermal 0.6683126 0.2879494 0.2936914 �0.1094149 0.0998052
252Cf 0.9308342 0.0430707 �0.0140312 0.0095817 0.0139569
14.00 0.6149221 0.0851669 �0.0743139 0.0271471 0.0294899
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If a thermal neutron streaming through a duct reaches
the duct surface, the albedo can be used to obtain the
weight and direction of any particle reflected from the
surface. The albedo needed for such a calculation is
the differential “number” albedo. This albedo, denoted
by a~uo ;u,c!, is defined as in Eqs. ~1! through ~4! but
with R~E ! � 1; i.e., the flows refer to the number of
particles flowing through a unit area of the surface.1 For
thermal neutrons the number albedo equals the dose al-
bedo since the thermal-neutron response function R~Eth !
cancels out in the dose ratio of Eq. ~3!.

As a particle streams through a duct, the orientation
of the surface from which the particle is reflected is
different at each point of reflection. Therefore, to con-
struct a transport code that uses albedo techniques, a
method must be developed for transforming from the
global coordinate system to the local coordinate system
of the reflection point, and back again.24

When a thermal neutron traveling in a duct with
weight Wo hits the duct surface, the rejection tech-
nique can be applied to the number albedo to obtain the
reflected directions u and c with respect to a local

TABLE VII

Parameters for the Five-Term Approximation of Eq. ~17! for the Ambient Dose Equivalent for Secondary Photons from Iron

Energy
~MeV! A1 A2 A3 A4 A5

0.10 to 0.20 0.8727888 0.3910898 �0.1651363 0.0705975 0.0006783
0.20 to 0.40 0.8868781 0.1682039 �0.0892619 0.0421833 0.0007284
0.40 to 0.60 0.8977394 0.0637598 �0.0159727 0.0013926 0.0010851
0.60 to 0.80 0.8745456 0.1903683 �0.1307043 0.0501842 0.0004495
0.80 to 1.00 0.8765674 0.0403735 �0.0417100 0.0173702 0.0060748
1.00 to 2.00 0.8257353 0.8330504 �0.9675792 0.4149715 0.0007585
2.00 to 4.00 0.7707039 0.0321307 �0.0335682 0.0126081 0.0442171
4.00 to 6.00 0.7122030 0.5731707 �0.6470894 0.2664282 0.0054015
6.00 to 8.00 0.6969441 0.0559594 �0.0626762 0.0247631 0.0735622
8.00 to 10.0 0.6942459 0.1688198 �0.1956101 0.0782608 0.0261653
Thermal 0.4764265 0.7414173 0.0931285 �0.1350677 0.1645858
252Cf 0.7553329 1.1404155 �1.1852769 0.4367836 0.0010909
14.00 0.7365907 0.7625878 �0.9469593 0.4063371 0.0051079

TABLE VIII

Parameters for the Five-Term Approximation of Eq. ~17! for the Ambient Dose Equivalent for Secondary Photons from Lead

Energy
~MeV! A1 A2 A3 A4 A5

0.10 to 0.20 0.9625199 1.5401880 �2.1370354 1.5138557 0.0000189
0.20 to 0.40 1.0064926 8.8446321 �9.9999504 5.2171597 0.0000019
0.40 to 0.60 0.9896619 8.0910301 �9.9999886 5.0190039 0.0000024
0.60 to 0.80 0.9639104 7.0908947 �9.9279041 5.1394620 0.0000051
0.80 to 1.00 0.9711326 0.0958014 �0.1438290 0.0793675 0.0003579
1.00 to 2.00 0.9178385 0.3052734 �0.4916002 0.2621346 0.0004646
2.00 to 4.00 0.8245898 0.3646463 �0.5314746 0.2586226 0.0016356
4.00 to 6.00 0.7945315 0.1351111 �0.2158038 0.1084514 0.0156090
6.00 to 8.00 0.8075593 1.9551373 �3.3866832 1.8079202 0.0017540
8.00 to 10.0 0.8159494 0.0736450 �0.1292748 0.0696660 0.0422499
Thermal 0.8293945 0.9605026 �0.8077921 0.3992487 0.0109283
252Cf 0.8174528 0.0310898 �0.0489764 0.0248023 0.0206109
14.00 0.8536811 0.0453257 �0.0766899 0.0400009 0.0404982
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TABLE IX

Parameters for the Five-Term Approximation of Eq. ~17! for the Ambient Dose Equivalent for Secondary Photons from Water

Energy
~MeV! A1 A2 A3 A4 A5

0.10 to 0.20 0.6407247 0.0593760 0.1594001 �0.0452385 0.0226027
0.20 to 0.40 0.6655912 0.0094389 0.0252501 �0.0079355 0.0858675
0.40 to 0.60 0.6886491 0.0164475 0.0474505 �0.0165714 0.0348122
0.60 to 0.80 0.7123201 0.0230588 0.0749818 �0.0302738 0.0220694
0.80 to 1.00 0.7340014 0.0432483 0.1365578 �0.0597300 0.0108535
1.00 to 2.00 0.7691070 0.0241902 0.0775496 �0.0357483 0.0184533
2.00 to 4.00 0.8417001 0.2769863 0.9282053 �0.5249802 0.0017484
4.00 to 6.00 0.9106550 0.0213192 0.0754003 �0.0494900 0.0240043
6.00 to 8.00 0.7757766 0.6343027 0.7231793 �0.5882518 0.0011233
8.00 to 10.0 0.6168484 0.2000332 0.0335462 �0.0756631 0.0047815
Thermal 0.3471366 0.0873124 0.1643816 �0.0394940 0.1095107
252Cf 0.7872421 0.0460545 0.1462282 �0.0758350 0.0109788
14.00 0.6069419 0.1044084 �0.0126468 �0.0186599 0.0118985

Fig. 5. The differential secondary-photon effective-dose–equivalent ~AP! albedo aD~Eo ,uo ;u,c! for 1- to 2-MeV mono-
directional neutrons incident on a slab of concrete for uo � 5, 35, 55, and 85 deg. Comparison of MCNP results ~crosses! and the
results obtained using the approximation of Eq. ~17! ~surface!.
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coordinate system, and these directions are then trans-
formed back to the global coordinate system. The track-
ing of the particle through the duct continues with the
particle’s weight adjusted for the probability a~uo ! that
the neutron is reflected, namely,

a~uo ! � �
0

p02

sin u du�
0

2p

a~uo ;u,c! dc . ~18!

The weight of the particle reflected from the surface is
thus changed to

W � a~uo !Wo . ~19!

To score the response along the centerline of the
duct, a last-flight estimator is used. With this estimator,
contributions to the tally are made each time a par-
ticle collides with a surface of the duct. The proba-
bility that the particle is reflected into a solid angle dV
about V~u,c!, for a given angle of incidence uo , is
a~uo ;u,c! dV. Furthermore, dV can be expressed as

dV � dA0R2 , ~20!

where R is the distance between the reflection point and
the tally location and dA is an element of area at the
detector location normal to a straight line drawn be-
tween the point of reflection and the tally position. In the
albedo method, it is assumed that no interactions occur
as the neutron streams through the duct volume. Then,
because the fluence can be defined as the number of

particles passing through a unit area normal to the scat-
tering direction, Eqs. ~19! and ~20! can be combined to
give the fluence contribution to tally as

Fr � Wa~uo ;uD ,cD !0R2 , ~21!

where

Fr � fluence at the detector

W � weight of the reflected particle

uD � polar angle with respect to the detector location

cD � azimuthal angle with respect to the detector
location.

V.A. Comparison to a Benchmark Experiment

In 1967 Maerker and Muckenthaler calculated the
dose along the centerline of a three-legged duct, for ther-
mal neutrons incident at the duct mouth, using a hybrid
Monte Carlo technique.25 More important, they per-
formed a benchmark experiment at the Oak Ridge Na-
tional Laboratory Tower Shielding Facility with the same
source and duct geometries, the results of which they
then compared with the results of their hybrid Monte
Carlo calculations. The geometry used in their experi-
ments and calculations is shown in Fig. 6.

As one test to validate the albedo results presented
here, we modified MCNP to use our albedo approxima-
tion for thermal neutrons to also calculate the centerline

Fig. 6. Geometry for the benchmark duct experiment.25 The cross section of the square duct is 0.91 � 0.91 m ~3 � 3 ft!, and
the lengths of the first, second, and third legs are 4.57, 4.57, and 6.10 m ~15, 15, and 20 ft!, respectively. The steel-reinforced
concrete walls are 22.9 cm ~9 in.! thick. A tightly collimated source of thermal neutrons is incident at the duct entrance at an angle
of 45 deg to one duct wall.
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doses in the benchmark duct. The patches to the MCNP
code to use the albedo technique and the input file are
presented by Brockhoff.24 The results are compared with
the experimental measurements obtained by Maerker and
Muckenthaler in Fig. 7. It can be seen that overall the
modified MCNP results ~line! agree well with both the
experimental results ~triangles! and results obtained with
an unmodified MCNP simulation ~circles!. Minor differ-
ences between the measurements and our MCNP results
we believe can be attributed to slight differences in the
concrete compositions. It is also seen that the albedo-
modified MCNP results tend to overestimate slightly the
response in the vicinity of the duct bends, particularly at
the first bend. This overprediction arises because the neu-
trons are actually more likely to penetrate through the
corners than to be reflected back toward the detector.
Requirement ~2! of Sec. I, namely, that the reflecting
medium be optically thick, is not true at a corner, and
consequently, the albedo method overpredicts the re-
flected component.

The hybrid albedo technique is far more efficient
than the unmodified version of MCNP for the solution of
multileg duct problems. For the problem presented here,
the unmodified version of MCNP required 638 min of
CPU time, compared to 73 min of CPU time for the
hybrid technique for the same number of histories.

VI. CONCLUSIONS

The albedo concept can be a very effective analysis
technique for particle-streaming problems. The new al-

bedo approximation presented here is capable of repre-
senting the differential dose albedo within 10%. More
important, data have been developed based on modern
dosimetric units and modern cross-section data for four
different reflecting materials.

Although space limitations have restricted the
data presented here to that for single-dose response
functions, data are available for aD~Eo ;u,c! based on
~a! Henderson ~tissue kerma!, ~b! ambient dose equiva-
lent, and ~c! effective dose equivalent ~anteroposterior!
response functions. These data are available at ww2.mne.
ksu.edu0;jks0papers.htm.
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