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Abstract – Recently developed line- and conical-beam response functions are used to calculate neutron
skyshine doses for four idealized source geometries. These calculations, which can serve as benchmarks,
are compared with MCNP calculations, and the excellent agreement indicates that the integral conicaland line-beam method is an effective alternative to more computationally expensive transport calculations.

I. INTRODUCTION

be treated as a point source and that the source containment structure causes a negligible perturbation on the skyshine radiation field. Once source radiation enters the
atmosphere, it does not interact again with the source
structure, and, consequently, the energy and angular distribution of source radiation penetrating any overhead
source shield or escaping from the containment structure
is independent of the subsequent transport of the radiation through the air to the detector. In most skyshine calculations at distances far from the source, the source and
its containment have a negligible effect on the transport
of the radiation through the air once the radiation has left
the source structure. 5
The second key approximation is that the effect of
the air-ground interface is negligible and that the ground
can be replaced by a continuation of the infinite-air medium. Neglect of the air-ground interface introduces little
error for gamma-ray skyshine, 8 and for neutron skyshine
problems it is usually conservative 9,10 except at very small
source-to-detector distances, when the presence of the
ground acts as a reflector to the skyshine and increases
the radiation dose.
The integral line-beam method is based on the availability of a line-beam response function ~LBRF!. The
LBRF Ri ~E, x, f! is the expected neutron skyshine dose
at a point isotropic detector in an infinite homogeneous
air medium a distance x from a point source that emits a
neutron with energy E at an angle f with respect to the
source-detector axis. The subscript i refers to the dose
from neutrons ~i 5 n! or from secondary photons
~i 5 p!. The skyshine dose rate Ri ~x! at a detector a
distance x from a collimated point source that emits
S~E, V! dE dV neutrons per unit time with energies in dE

Accurate calculation of the neutron and secondaryphoton skyshine doses is a difficult computational challenge, especially at large distances from the neutron
source. To reduce the computational effort, several simplified methods have been developed. One of these methods, the integral line-beam method, has been applied to
both gamma-photon and neutron skyshine problems. The
efficacy of this method has been well established for the
gamma-photon skyshine problem. 1–7
Although the integral line-beam method can also be
applied to the neutron skyshine problem, 1,2 comparisons
of results with other benchmark calculations are few, and
they are complicated by the variety of different dosimetric units used in past neutron skyshine calculations. Conversion between two neutron dosimetric units generally
requires knowledge of the neutron energy spectrum, information which generally is unreported. In this paper
we use recently developed response functions for both
the neutron and secondary-photon skyshine doses in the
integral line-beam method and compare the results ~expressed in modern dosimetric units! with results obtained with the MCNP code.

II. THE INTEGRAL LINE-BEAM METHOD

The integral line-beam method is based on two key
approximations. The first is that the neutron source can
*E-mail: jks@ksu.edu.
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about E into directions dV about V is found by integrating the LBRF over all source energies and over all
radiation emission directions allowed by any source collimation, namely,
Ri ~x! 5

E E
`

2p

dE

0

dc

0

E

umax ~c!

dusinuS@E,V~u,c!#

0

3 Ri @x, E, f~u, c!# .

~1!

Here u and c are the polar and azimuthal angles of V in
a spherical coordinate system centered at the source and
with the upward vertical as the polar axis. The emission
angle f is related to u and c by 4,6
cos f 5 V{u 5 sin u cos c cos z 1 cos u sin z , ~2!
where V is a unit vector in the neutron emission direction, u is a unit vector from the source toward the detector, and z 5 tan 21 ~h0x!, in which h is the detector height
less the source height. For a shielded source, S~E, V! in
Eq. ~1! describes the neutrons penetrating the shield into
the atmosphere.
For the special case where the source is symmetric
about the azimuth, i.e., S~E, V! r S~E, u!, and the source
and detector are at the same elevation, the skyshine dose
of Eq. ~1! for an infinite-air medium reduces to
Ri ~x! 5 2p

E E
`

du sin u S~E, u!Rci ~x, E, u! ,

0

~3!
in which the conical-beam response function ~CBRF!
Rci ~x, E, u! is related to the LBRF by
Rci ~x, E, u! 5

Although the CBRF may be calculated numerically
from Eq. ~4! using the approximate LBRF of Eq. ~5! and
numerical integration, it is more efficient in integral linebeam calculations to use directly an approximation of
the neutron and secondary-photon CBRFs. For source
neutrons with energies between 0.01 and 14 MeV, the
secondary-photon CBRF Rcp ~x, E, u! can be approximated by the empirical function of Eq. ~5!. The neutron
CBRF can be approximated by 10
Rc ~x, E, u! 5 E~ r0ro ! 2 e a ~ rx0ro ! b~ rx0ro !1c .

~6!

Compilations of the parameters a, b, and c in these
approximations for 14 discrete energies between 0.01 and
14 MeV and for multiple emission angles are available. 11,12 The compilations give the skyshine dose in three
modern dosimetric units, namely, the effective dose equivalent for an anthropomorphic phantom ~AP iradiation geometry! and the dose equivalents on the principal axis at
a depth of 10 mm for radiation incident in plane parallel
beam ~PAR! and isotropic ~ISO! irradiation geometries
on the ICRU sphere. The fluence-to-dose conversion factors were taken from Ref. 13. A double interpolation
scheme can be used to make these approximations continuous in all three independent variables. 10

umax

dE

0

231

1
2p

E

2p

dc Ri ~x, E, f! ,

~4!

0

where f 5 cos 21 ~sin u cos c!.
The angular integrals in Eqs. ~1! and ~3! are readily
evaluated numerically by using Monte Carlo methods 1,2
or by using standard numerical quadrature. 3–7 The integration over the source energy is usually treated by a discretization approximation wherein source neutrons are
assigned to energy bins, each of which is treated separately as a monoenergetic source. The results for each
bin are then summed to give the total skyshine dose.
II.A. Approximation of the Response Functions
Critical to the integral line-beam method is a simple
approximation of the LBRF and the CBRF. It has been
found that the neutron and secondary-photon LBRFs can
be approximated well for neutron source energies from
0.01 to 14 MeV in air of density r by 1,10
Ri ~x, E, f! 5 E~ r0ro ! 2 ~ rx0ro ! c
3 exp~a 1 brx0ro ! ,

i 5 n, p .

~5!

Here the reference density ro 5 1.20 g0,.
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III. APPLICATION TO THREE SIMPLE
SKYSHINE PROBLEMS

In this section, the use of recently developed approximate response functions 11,12 for the neutron skyshine
problem is demonstrated and results are compared with
MCNP calculations for a point isotropic monoenergetic
neutron source in four idealized skyshine geometries. For
such a source, S~E ' , V! 5 Sn d~E ' 2 E!04p, where E is
the energy of source neutrons and Sn is the source strength.
The energy integrals in Eqs. ~1! and ~3! are thus avoided.
The four geometries considered in this technical note are
~a! a source on the axis of a roofless cylindrical shield
~open silo!, ~b! a source behind an infinite-wall shield,
~c! a source inside a roofless rectangular shield, and ~d!
a point isotropic source in an infinite-air medium. All of
the shields collimating the sources are assumed to be
black; that is, all neutrons or photons reaching the shields
are completely absorbed.
The MCNP ~Ref. 14! calculations were performed
using version 4A and the ENDF0B-V cross sections distributed with the code. The integral line-beam calculations were performed with the SKYNEUT code,15 which
uses the response functions recently developed by Shultis and Faw 11 and Gui, Shultis, and Faw. 10 For all calculations, dry air of mass density 1.20 g0, at 208C and
1 atm was specified with the ANSI-6.4.3 ~Ref. 16! composition, which is, by mass fraction, nitrogen 0.75519,
oxygen 0.23179, carbon 0.00014, and argon 0.01288. The
effect of the air-ground interface was neglected, with all
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calculations being based on an infinite-air medium. Perturbations caused by the air-ground interface and air humidity are discussed elsewhere. 9,10
The dose unit employed in all the following examples is the effective dose equivalent for an anthropomorphic phantom ~AP irradiation geometry! with the fluenceto-dose conversion factors taken from Ref. 13. However,
it should be noted that the neutron ~but not the secondaryphoton! dose is also multiplied by a factor of 2 as recommended in Ref. 17. This doubling of the ICRP-51
neutron dose is in conflict with current U.S. regulatory
practice, which rejects the ICRP-45 recommendation and
uses unmodified NCRP-38 conversion factors. 18
III.A. Open-Silo Geometry
In this problem, a point isotropic monoenergetic neutron source is shielded by a roofless cylindrical black wall
~silo! of inner radius r, as shown in Fig. 1. The source,
which emits monoenergetic neutrons of energy E, is located on the axis of the silo at a vertical distance h s below the silo top. A detector is located at a vertical distance
h d below the silo top and at a radial distance x from the
silo axis. For this problem, a positive h s ~or h d ! denotes
the source ~or detector! is below the silo top, while a negative h s ~or h d ! denotes the source ~or detector! is above
the silo top. For this geometry with azimuthal symmetry,
Eq. ~1! simplifies to give the skyshine dose at a distance
d from the source as
Ri ~d ! 5

Sn
2p

E E
p

d 5 @x 2 1 ~h s 2 h d ! 2 # 102 ,
z 5 tan

21

@~h s 2 h d !0x# ,

~8!
~9!

and
vo [ cos umax 5 h s 0~r 2 1 h s2 ! 102 .

~10!

Figures 2 and 3 compare the skyshine dose calculated by the MCNP code with that determined using the
integral line-beam method. The results shown are for an
open silo of 2-m inner radius, with the source and the
detector at the same elevation ~h s 5 h d 5 1 m!. The excellent agreement between the two sets of results shows
that the integral line-beam method could be used to estimate the skyshine dose economically with acceptable
accuracy.
It can be seen from Fig. 2 that the line-beam method
results agreed very well with the MCNP results for neutrons with energy $3.25 MeV. For the 3.25-MeV neutrons, the MCNP results for the secondary photons at
x # 300 m are not shown because their relative errors
exceed 20%, higher than the maximum recommended
value of 10% ~Ref. 14!. Figure 3 illustrates the effect of
changing the source elevation. As expected, the skyshine
dose decreases as the source is lowered into the silo. For

1

dc

0

The subscript i denotes the skyshine dose attributed to
the radiation of type i ~i 5 n for neutrons, and i 5 p for
secondary photons!. For this geometry, cos f is given by
Eq. ~2!, and

vo

dv Ri ~d, E, f! ,

~7!

where v [ cos u, vo 5 cos umax , and umax is the maximum polar angle at which neutrons can escape the silo.

Fig. 1. Geometry for the open-silo skyshine problem. The
point source is on the silo axis at the origin of the spherical
coordinate system and at a vertical distance h s below the silo
top. A detector is located at ~x, h s 2 h d ,0!. The silo wall is assumed to be black.

Fig. 2. Comparison of the MCNP and integral line-beam
method results for an open silo of 2-m inner radius. Results
shown are for point isotropic monoenergetic neutron sources
on the silo axis and 1 m below the silo top. The point isotropic
detector is also 1 m below the silo top.
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uated for neutron sources ~14- and 3.25-MeV! on the vertical axis of a silo ~2-m inner radius! and located 1 m
below the silo top. Also shown are the previous results
obtained from MCNP and integral line-beam method calculations. As expected, excellent agreement among the
three sets of results is obtained. However, the integral
conical-beam method results are closer to the MCNP results than those obtained using the integral line-beam
method. For the 3.25-MeV neutrons, the LBRF overestimates the secondary-photon dose at source-detector distance x # 500 m. Actually, both the LBRF and the CBRF
for the secondary photons produced by the 3.25-MeV
source neutrons are not very accurate for x # 300 m, and
their use at these distances should be undertaken with
caution. Fortunately, because the secondary-photon doses
at these distances are normally ,1% of the total dose,
their use will not result in serious error in the total skyshine dose.
III.B. Infinite-Wall Geometry
Fig. 3. Comparison of the MCNP and integral line-beam
results for an open silo of 2-m inner radius. Results shown are
for 0.05-MeV point isotropic neutron sources at 1 and 5 m below the silo top and on the silo axis. For both cases, h d 5 h s .

0.05-MeV neutrons, the integral line-beam method results based on the approximate LBRFs are slightly higher
than the MCNP results at x # 300 m. The secondaryphoton dose decreases as x decreases at x # 150 m. This
is because the neutron energy is below the inelastic scattering thresholds for oxygen and nitrogen. In addition, at
this distance, only a small fraction of the source neutrons
are thermalized and are thus available for the production
of capture gamma radiations.
The calculated skyshine dose using the integral linebeam method only accounts for the skyshine dose due to
neutrons emitted from the source with a polar angle u #
umax ~i.e., v $ cos umax!, which is determined by the silo
wall. Contributions from neutrons emitted with a polar
angle $ umax that first scatter from the silo wall and then
reach the detector are neglected. However, this underestimation is compensated somewhat by neglecting the
shielding of neutrons emitted with a polar angle u # umax
and that are scattered by air inside the silo before traveling skyward. These simplifications, however, do not
cause serious error in the far-field skyshine dose. 6
Because the silo problem has azimuthal symmetry,
the skyshine dose can be evaluated from Eq. ~3! using
the CBRF. For this monoenergetic silo problem, Eq. ~3!
reduces to
Ri ~d ! 5

Sn
2

E

Figure 5 depicts the geometry of the skyshine problem for a point isotropic monoenergetic neutron source
located at a perpendicular distance r behind an infinite
black wall and at a vertical distance h s measured from
the horizontal plane touching the top of the wall. A detector, located on the opposite side of the wall, is at a
horizontal distance z d measured normally from the x axis
and at a vertical distance h d beneath the same horizontal
plane through the top of the wall. For this geometry,
Eq. ~1! reduces to

1

vo

dv Rci ~d, E, u! .

~11!

This equation is readily evaluated numerically using
Gaussian quadrature. Figure 4 presents the results evalNUCLEAR SCIENCE AND ENGINEERING
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Fig. 4. Integral conical-beam method results for the opensilo skyshine problem. Also shown are results of Fig. 2 obtained
using the integral line-beam method and results calculated
directly using the MCNP code.
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Fig. 5. Geometry for the infinite black wall problem. A point isotropic neutron source is located at a distance r behind the
wall and a vertical distance h s below the top of the wall. A detector is located at ~x d , h s 2 h d , z d !, while the source is located at
the origin of the coordinate system.

Ri ~d ! 5

Sn
4p

E

2p

dc

E

1

vmin

0

dv Ri ~d, E, f! ,

~12!

where E is the energy of the neutrons emitted by the monoenergetic source. As before, the subscript i is used to denote the radiation type. This geometry has been analyzed
by Shultis, Faw, and Deng 6 for the gamma-ray skyshine
problem, and they have shown that
d 5 @x d2 1 ~h s 2 h d ! 2 1 z d2 # 102
and
z 5 tan 21

F

hs 2 hd
1 z d2 ! 102

~x d2

G

.

~13!

~14!

Because the minimum value of u is 0 deg, the upper
limit of v, vmax 5 cos umin , is equal to 1. The determination of vmin 5 cos umax is slightly more involved. When
the radiations are emitted in the direction toward the detector, that is, for the intervals ~0 # c # p02 1 j! and
~3p02 1 j # c # 2p! where j 5 tan 21 ~z d 0x d !, umax
occurs when the beam just grazes the top of the wall. For
these ranges, umax 5 tan 21 $r0@h s cos~c 2 j !#%. When
the radiations are emitted away from the detector, that is,
for the range ~p02 1 j # c # 3p02 1 j!, it is assumed
that all radiations emitted contribute to the skyshine dose
and umax becomes p02 ~or vmin 5 0!. Thus, the umax for
the infinite-wall geometry is given by



tan 21

F

umax 5 

r
h s cos~c 2 j !

G

,

0 # c # p02 1 j,

~15!

3p02 1 j # c # 2p ,
 p02 ,

p02 1 j # c # 3p02 1 j .

The assumption that all of the radiations emitted in
the direction away from the wall contribute to the skyshine dose tends to overestimate the actual skyshine dose
because the initial portion of these backward beams is
shielded by the infinite wall. However, because the contribution of the shielded portion of the backward beams
is much smaller than the contribution from beams that
are emitted toward the detector, the error due to the above
assumption is usually small. 6
Figure 6 presents the skyshine dose evaluated using
the integral line-beam method together with the results
calculated using the MCNP code. The results shown are
for a 14-MeV point isotropic neutron source located at
1 m behind the infinite black wall and with a horizontal
offset z d of 0 m for three values of h s ~h s 5 h d !: 0, 0.5,
and 1 m. Again the agreement is remarkably good.
III.C. Open-Roof Rectangular Building Geometry
Most radiation facilities are normally well shielded
on the sides, while much less shielding is provided by
NUCLEAR SCIENCE AND ENGINEERING
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building is located at a distance y1 from the source along
the y axis, while the left wall is located at a distance y2
from the source. A detector is placed at the coordinate
~x d , yd , h s 2 h d !. For this geometry, the skyshine dose
for radiation of type i at the detector is given by
Ri ~d ! 5

Sn
4p

E

2p

0

dc

E

1

vmin ~c!

dv Ri ~d, E, f! .

~16!

In Eq. ~16!, vmin is a function of the azimuthal angle c. It
can be shown that the following relations hold:
d 5 @~x 2 1 x d ! 2 1 ~h s 2 h d ! 2 1 yd2 # 102

~17!

and
z 5 tan 21

Fig. 6. Comparison of the MCNP ~symbols! and the integral line-beam method results ~lines! for the infinite-wall skyshine problem. The results are for a 14-MeV point isotropic
neutron source located 1 m behind an infinite black wall and at
a horizontal offset z d of 0 m for three vertical distances below
the top of the wall: h s 5 0, 0.5, and 1 m. In each case, the
detector is at the source elevation.

the roof. Hence, the geometry analyzed here is of practical significance. The geometry of the problem is depicted in Fig. 7. A point isotropic monoenergetic neutron
source is located on the z axis at a vertical distance h s
below the horizontal plane through the top of the roof.
The front and rear walls are located at distances x 2 and
x 1 , respectively, from the source. The right wall of the

H

hs 2 hd
@~x 2 1 x d ! 2 1 yd2 # 102

J

.

~18!

The angle between the emission direction and the sourcedetector axis, f, is still given by Eq. ~2!.
As for the infinite-wall case, it is obvious that the
minimum value of the polar angle u is 0 deg; thus
vmax 5 1. There are four possible values for umax , which
occur when the source beam just clears the top corners
of the rectangular room. With j 5 tan 21 @ yd 0~x 2 1 x d !#,
the azimuthal angles corresponding to these four values
are denoted by c1 , c2 , c3 , and c4 , which can be shown
to be 6
c1 5 tan 21 ~ y1 0x 2 ! 2 j ,

~19!

c2 5 tan 21 ~x 1 0y1 ! 1 p02 2 j ,

~20!

c3 5 tan 21 ~ y2 0x 1 ! 1 p 2 j ,

~21!

c4 5 tan 21 ~x 2 0y2 ! 1 3p02 2 j ,

~22!

and

Fig. 7. Geometry for roofless rectangular building. The source is on the z axis at a vertical distance h s below the horizontal
plane through the top of the building. A detector is placed at the coordinates ~x d , yd , h s 2 h d !.
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and the maximum polar angles are


tan 21

F

x2
h s cos~c 1 j !

G

,

c4 2 2p # c # c1 ,
tan 21

F

y1
h s cos~c 1 j 2 p02!

G

,

c1 # c # c2 ,

umax 5 
tan

21

F

x1
h s cos~c 1 j 2 p!

G

~23!
,

c2 # c # c3 ,
tan 21


F

y2
h s cos~c 1 j 2 3p02!

G

,

c3 # c # c4 .

Two roofless rectangular building skyshine problems involving point isotropic monoenergetic neutron sources
~14 and 3.25 MeV! were analyzed using the MCNP code.
The dimensions of the room ~x 3 y! were 3048 3
4572 cm ~100 3 150 ft!. The source was located on the z
axis at 0.5 m below the top of the wall, with x 1 5 x 2 and
y1 5 y2 . The detector was placed at the same elevation as
the source. The skyshine dose as a function of x d ~with
yd 5 0 m! was then evaluated. The MCNP results are
presented, together with the integral line-beam method
results, in Fig. 8. It can be seen that the integral linebeam method results agree very well with the MCNP results. As before, the integral line-beam method results
are slightly higher than the MCNP results for x # 300 m.
Because small tally volumes were used in the MCNP calculations, the MCNP results for the secondary-photon
dose for the 3.25-MeV neutron source were not reliable,
and hence the results for these photons are not shown in
Fig. 8.

Fig. 8. Comparison of the MCNP ~symbols! and the integral line-beam method results ~lines! for the roofless rectangular room.

IV. CONCLUSIONS

To demonstrate the application of the integral linebeam method for neutron skyshine problems, four
skyshine problems involving simple geometries were

III.D. Infinite-Air Geometry
The last skyshine problem analyzed using the integral line-beam method is for a 14-MeV point isotropic
neutron source in an infinite-air medium as described in
Ref. 19. The total dose at a detector for this case is the
sum of the uncollided and the collided doses. A simple
computer program was written to calculate the uncollided neutron dose. The collided dose was evaluated using
the integral line-beam method for the open-silo geometry with a 14-MeV source at the top of the silo ~2p geometry!. The same problem was also analyzed using the
MCNP code. The two sets of results are presented in
Fig. 9, which illustrates the excellent agreement between
the results.

Fig. 9. Comparison of the MCNP and the integral linebeam method results for a 14-MeV point isotropic neutron
source in an infinite-air geometry.
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analyzed using the integral line-beam method. The geometries considered are ~a! a source in an open silo, ~b!
a source behind an infinite wall, ~c! a source inside a roofless rectangular building, and ~d! a source in an infiniteair medium. The integral line-beam method results agree
very well with the MCNP calculations for the same problems and were obtained at a fraction of the computational expense required by MCNP ~typically seconds
versus many hours or even days for MCNP!. Thus, for
routine neutron skyshine analyses, the integral linebeam method is an attractive alternative to the more involved transport techniques.
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