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New calculations of the skyshine dose distribution of neu-
trons and secondary photons have been performed at Jefferson
Lab using the Monte Carlo method. The dose dependence on
neutron energy, distance to the neutron source, polar angle of
a source neutron, and azimuthal angle between the observa-
tion point and the momentum direction of a source neutron
have been studied. The azimuthally asymmetric term in the
skyshine dose distribution is shown to be important in the
dose calculations around high-energy accelerator facilities. A
parameterization formula and corresponding computer code
have been developed which can be used for detailed calcula-
tions of the skyshine dose maps.

I. INTRODUCTION

The complexity of neutron skyshine radiation calcu-
lations has drawn a fair amount of attention in litera-
ture from the early publications and up to the present
time [1-4]. Both analytical [1] and Monte Carlo (MC)
[2] approaches have been successfully used to describe
the phenomenon. MC methods, generally more powerful
and flexible in describing complex geometries and envi-
ronments, require large computing resources, but become
more attractive and easier to use as CPU power and com-
puter memory become cheaper and more readily avail-
able. To be more confident in using MC to solve compli-
cated problems, one needs comparisons with established
qualitative and analytical quantitative methods, in sim-
ple or general cases. Skyshine calculation is a good ex-
ample of such a problem, as the series of analytical and
MC calculations shows reasonably good agreement and
provides opportunities for analytical parameterizations.

At the Thomas Jefferson National Accelerator Facil-
ity (Jefferson Lab) we need a reliable set of skyshine
calculation techniques to be able to predict and man-
age effectively the radiological impact of the experiments
conducted in three end stations with CW electron beams
from the nominal 4 GeV accelerator.

We are using the GEANT/CALOR MC (GCALOR,
Ref. [5,6]) in our calculations, so we need to calibrate or
benchmark its results against the other methods, so that
we can use full-scale MC models with confidence. An-
other purpose of the present study deals with the prob-
lem of azimuthal asymmetry of the neutron skyshine ra-
diation caused by operation of a high-energy particle ac-
celerator. The neutron source term cannot always be
assumed symmetric around the vertical axis. If there
are fixed-target experiments in the experimental halls
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with relatively thin roof shielding, and/or the roofs are
not horizontally flat then using the standard azimuthally
symmetric approach could lead to underestimating of
the skyshine dose in the forward direction, and overes-
timating it in the backward direction. Thus, in parallel
with the testing of the applicability of GCALOR MC,
we intended to study the azimuthal asymmetry of the
skyshine.

II. CALCULATION METHOD

The model setup chosen was close to the standard for
such calculations. The density and composition of soil
were taken to be the same as in Ref. [1], and the neu-
tron source was positioned 15 m above the surface of the
ground. We found no significant difference between the
mode] of the atmosphere used in [1] and the model us-
ing variable density dependent on the altitude. We used
the model consisting of the atmosphere layers with the
parameters specified in Fig. 1.
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FIG. 1. Standard atmosphere density as a function of al-

titude (curve), and layers of constant density in the GEANT
model of the atmosphere (histogram).

The study of the skyshine neutron and photon dose at
the ground/air interface was performed systematically in
19 intervals of neutron kinetic energy 7, from thermal to
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400 MeV, and 5 equal intervals in cos ©,,, where O, is the
neutron emission polar angle relative to the vertical axis,
0 < cos©,, < 1. Ten of 19 energy intervals coincided with
the energy intervals used in Ref. [1] to allow comparisons;
the remaining intervals filled the gaps. Source neutrons
were generated and evenly distributed within the T, and
cos @, intervals chosen, and then the full cascades of sec-
ondary interactions were generated by GCALOR. The
scoring technique used all the neutrons and photons en-
tering or exiting the ground to calculate the equivalent
n and v flux at the surface. The surface was binned ra-
dially in 42 intervals in the range from 0 to 2 km, and
in 9 equal intervals in ¢, where ¢ is the azimuthal angle
between the direction of the neutron momentum and the
line from the source position to the point at the surface
where the skyshine n or v is scored. The setup has left-
right symmetry with respect to the neutron azimuthal
direction.
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FIG. 2. Skyshine dose distribution as a function of radial
distance from the source of low energy (7, < 0.414 eV) neu-
trons. The results of GCALOR calculation are shown by
small symbols. Error bars show statistical errors if they are
larger than the symbol size. Three intervals in the polar angle
of neutron emission are shown using different symbols: cir-
cles for close to vertical neutrons emitted at © < 37°, squares
for 53° < © £ 66°, and triangles for neutrons emitted al-
most horizontally with 78° < @ < 90°. Corresponding solid,
dashed, and dash-dotted lines represent the parameterization
functions. The upper set of lines on top of the calculated
values shows the parameterization of the sum (neutron and
secondary photon) skyshine dose, Dsum(r) from Eq. (8). The
lower set of lines shows the secondary photon contribution to
the sum dose, D,(r) from Eq. (4). The star symbols cor-
respond to the values of neutron skyshine dose calculated in
Ref. [1] at four distances in the same angular intervals, for the
same interval in T;,.

The dose equivalent was determined from the number
of neutrons and photons per unit area crossing the ground
surface divided by their direction cosine to the normal to
the surface. The resultant fluence was converted to dose
equivalent by using the conversion coefficients given in a
reference by the U.S. DOE [7].
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FIG. 3. Same as Fig. 2, but for the neutron kinetic energy
interval 498 keV< T, <743 keV.

Neutron Skyshine Imponrtance Functions

A AL e
10 L Neutron kinetic energy 14 MeV
[ =4
g 10
=
[7} K
€10
S
[
Q. -8
——
£ 10
o
2. 10 o
° e
51" 2
S10 g
@ . 2
[«% (4]
=) g
2 * 0.0<cos8 <02
8107 * e 04coos005
* —e— 08<cos®<10
10 [T WY | L il i byl
1 10 10 10°

R (m)
FIG. 4. Same as Fig. 2, but for the neutron kinetic energy
interval 13.5 MeV< T, < 14.9 MeV.




II1. RESULTS

The calculated dose distributions, averaged over ¢, are
shown in Figs. 2 to 5, as functions of the radial distance
from the source r, in 3 intervals of cos ©,.
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FIG. 5. Same as Fig. 2, but for the neutron kinetic energy
interval 125 MeV< T, <150 MeV.

The source neutron kinetic energies chosen for display
coincide with the energy intervals of Ref. [1]; agreement
is very good in these energy intervals. The comparison
in the whole range of neutron energies from thermal up
to 400 MeV is given in Figs. 6 and 7 for the two inter-
vals in cos O, in 4 intervals on r at each figure. There
is a systematic difference between the two calculations
in the source neutron energy range from approximately
0.1 keV to 0.5 MeV at large distances, and also some
other discrepancies including resonance-like behavior of
the difference at T, &2 60 — 70 MeV, r = 1005 m and
cos ©,, = 0.9. In general, the agreement looks convincing
enough to conclude that the GEANT/CALOR Monte
Carlo can be used in the skyshine calculations with a
good degree of confidence.

Figs. 8 to 11 give an illustration of the calculated ¢-
dependence of the skyshine dose. The ¢-distributions
were accumulated for four radial intervals with mean
radii 11, 135, 400, and 1000 meters, in each of 19 x 5§
intervals on T, and cos®,. The normalization is cho-
sen such that the average value of the ¢-dependence
functions was 1. We may see from the figures that,
indeed, the azimuthal asymmetry of the skyshine dose
may be important. The most prominent asymmetry is
observed in the highest neutron energy interval and at
0 < cos O, < 0.2 when the neutrons are emitted almost
horizontally. The difference in the skyshine dose between

the forward and backward directions can reach more than
a factor of 1000. The decreasing asymmetry is observed
at the 0.8 < cos®,, < 1 interval when the setup becomes
close to the azimuthally symmetric case, and also at lower
energies.
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FIG. 6. Skyshine dose distribution as a function of kinetic
energy of source neutrons emitted in the angular interval
© X 37°. The results of GCALOR calculation are shown
by symbols. Error bars show statistical errors if they are
larger than the symbol size. Four intervals in the radial dis-
tance from the source are shown as different series of points.
Histograms correspond to the values of neutron skyshine dose
calculated in Ref. [1]. Corresponding dashed lines represent
the parameterization functions.

IV. PARAMETERIZATIONS

As a basis for the parameterization of the data we used
the fact established earlier in Ref. [2] that the function in
Eq. (1) fits well to the calculations for radial distances
r 2 100 m:

Du(r) = L exp (—Ai) , M

r a

where a stands for » or v, @ and ) are parameters, and
Dy, 4(7) is the skyshine dose from the neutrons or pho-
tons crossing the air/ground interface, averaged over the
azimuthal angle ¢.
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We have found that we can avoid the divergence at
small r in the Eq. (1) by using the form

Dyr) = 2B [y [-—g(z—)]} @

T

where parameters A and B correspond to @ and A, A, =
In Q. and B, = A}, and C, is an additional parameter,
corresponding to the value of the function at small r:

}in}) ﬁa(r) = (. (3)

The function type Eq. (2) fits very well to the neutron
and photon spectra, with the exclusion of several T,, x
cos ©,, intervals. To be able to fit the data as close as

possible we introduced two extra parameters (U, and V).

keeping the structure of the equation and the meaning of
the C, parameter the same:

exp(A, — Bgr) +exp(Uy — Vor)

D, (r)= "

1o [‘ = i:expwa)” - @

Using Eq. (4) allowed us to parameterize the data very
closely; the average x?/N fit quality parameter was about
2. The fitting parameters were obtained using the min-
imization routine MINUIT [8]. The parameterizations
are shown in Figs. 2 to 7 as lines.

The azimuthal angle dependences of the type shown in
Figs. 8 to 11 were fitted to the equation

F(¢)=Fh {eXP [— (-}%)h] + fz} ) (5)

where fi-f4 are four parameters, with only three being
independent due to the imposed condition

1 L3
- [ Fus=1 (6)

Thus, the parameterized skyshine dose distributions
Dgum can be presented in the form of the product of
the “regular” (symmetric) skyshine importance function
Dsum, and the “dose directional factor” function F':

Dsum(rs d’) = ﬁsum (T)F(¢, 1"), (7)
where
Daum(r) = Da(r) + D, (7). (8)

Such fitting procedures were performed in each interval
on Ty, cosO,, and as a result we obtained the parame-
terization function

Dsum(r,¢,Tmen) = Esum(ra Tm@n)F(d’,Ty Tmen)- (9)
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FIG. 12. Skyshine dose map calculated for the neutrons
with fixed kinetic energy 75, = 14 MeV and cos(©) = 0.1 us-
ing the parameterization function SKYD. Neutron skyshine
dose rate distribution around the source point is shown as a
color (density) plot with lines of equal dose rate plotted as
white contours. The logarithmic color scale for the dose rate
is shown as the right scale in the figure; one step in color and
the distance between neighboring lines of equal dose rate cor-
respond to a factor of 10 in dose rate. The dose rate in pSv/n
is indicated on the labels attached to the white contours.
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FIG. 13. Same as Fig. 12, but for cos ©,, = 0.9.

The FORTRAN subroutine SKYD was developed

which reads the parameter files and uses the interpolation




procedures to return the neutron skyshine importance as
a function of all the variables including azimuthal direc-
tion.

Figures 12 to 15 show the examples of dose maps that
can be calculated using the parameterization function,
for neutrons of fixed kinetic energy emitted at fixed polar
angle. The effects of increasing azimuthal asymmetry are
clearly seen at higher energy and the polar angle close to
horizontal.
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FIG. 14. Same as Fig. 12, but for T, = 140 MeV.
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The application of this procedure to the solution of a
skyshine problem at Jefferson Lab is illustrated by Fig.
16. GEANT was used to model the experimental setup
including target and beam line structures inside the ex-
perimental end station building. The beam line and the
target are not centered in the hall. The electron beam
line is shifted by & 5 m from the central diameter of the
hall, as indicated in the figure; the target is also shifted
by & 5 m upstream from the middle point of the beam
line in the hall. This makes the problem azimuthally
asymmetric from the beginning.
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FIG. 16. A schematic map of Hall C and the surrounding
CEBATF site is shown. The coordinates: the z-axis is parallel
to the direction of the electron beam entering the hall as in-
dicated by the arrow; the z — z plane is parallel to the ground
surface; the y-axis is vertical. The hall is shown in the cen-
ter of the figure as a white circle. The corner of the CEBAF
site boundary nearest to the hall is shown by the two arrows.
The z — z coordinate distribution of neutrons exiting the hall
roof is illustrated by a scatter-plot on top of the hall circle.
The neutron skyshine dose rate distribution around the hall
is shown as a color (density) plot with lines of equal dose rate
plotted as white contours. The logarithmic color scale for the
dose rate is shown as the right scale in the figure; one step
in color and the distance between neighboring lines of equal
dose rate correspond to a factor of 2 in dose rate. The dose
rate in pSv/hour is indicated on the labels attached to the
white contours.

The electron beam interactions were modeled using
the GEANT/DINREG MC routine [9] to generate ver-
tices of electron and photon nuclear interactions and pro-
duce secondary neutrons. GEANT/CALOR tracked

the hadronic cascades through the roof of the end sta-
tion made of concrete and shielded by soil. The thick-
ness of the dome-shaped roof was roughly equal to 2 m




of concrete. Biasing processes were adopted to increase
by a factor of 2000 the neutron production cross section
without perturbing the e,y interactions, and also to am-
plify the hadronic cascade propagating through the roof
by a factor of 64. The energy, direction, and coordinates
of the outgoing neutrons were stored. The distribution
of neutron exit coordinates is shown in the middle of
Fig. 16 as a scatter plot. For each exiting neutron, the
skyshine dose was calculated using the SKYD routine
at every position of the map, and then added together.
The resulting lines of equal dose show the azimuthally
asymmetric skyshine dose distribution around the hall.

The asymmetry is caused, apart from the the original
asymmetry of the problem, by the forward-peaked angu-
lar distribution of the secondary neutrons produced by
the 4-GeV electron beam in the target and in the beam
line.

The azimuthal direction of the maximum skyshine dose
is determined by the coordinate, angular and energy dis-
tribution of neutrons entering air at the roof, which in
turn depends on the angular and energy distribution of
source neutrons and the variable effective thickness of
roof shielding.

V. CONCLUSIONS

In conclusion, we used GCALOR Monte Carlo to cal-
culate the skyshine dose distributions of neutrons and
secondary photons as a function of such parameters as
the distance from the neutron source from 0 up to 2 km,
the energy of source neutrons ranging from thermal to
400 MeV, their emission angle from 0 to 90° from ver-
tical, and the azimuthal difference between the neutron
momentum direction and the direction from the source
to the observation point. The results averaged over the
azimuthal angle agree well with previous skyshine cal-
culations. Strong azimuthal asymmetry of the skyshine
dose at high neutron energies and at emission angles close
to 90° makes the results of skyshine calculations in real
environments, especially in the case of fixed target ex-
periments at high-energy accelerators, sensitive to the
assumption of the azimuthal symmetry of the neutron
source. The parameterization formula and correspond-
ing computer code have been developed which can be
used for detailed calculations of the skyshine dose maps.
The parameterization can be used both in analytical es-
timates of the skyshine doses and in Monte Carlo calcu-
lations where it helps to save essential computing time.
The FORTRAN function SKYD and the parameter files
are available upon request.
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