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Abstract

The general description of the radiation field was determined for
several neutron source energies in infinite air and in an air-over-ground
geometry for source heights of 50 and 1125 feet. The effect on dose of
source height and detector height and the effect of the ground on energy,
angular, and time dependence is discussed for both fission and 12.2- to
15-MeV neutron sources. The satisfactory agreement of calculations with
experimental results from operations BREN and HENRE and the agreement
between Monte Carlo and discrete ordinates results lend confidence to
the cross sections used and the computational techniques.
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work. Neither the United States,
nor the Commission, nor any person acting on behaff of the Commission:

A. Makes any warranty or representation, expressed or implied, with respect to the accuracy,
completeness, or usefulness of the information contained in this report, or that the use of
any information, apparatus, method, or process disclosed in this report may not infringe
privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages resulting from the use of
any information, apparatus, method, or process disclosed in this report.

As used in the above, "person acting on behalf of the Commission" includes any employee or
contractor of the Commission, or employee of such contractor, to the extent that such employee
or contractor of the Commission, or employee of such contractor prepares, disseminates, or

provides access to, any information pursuant to his employment or contract with the Commission,
or his employment with such contractor.



INTRODUCTION

In many shelter design problems it is necessary to know the complete

description of the radiation field incident on the shield. That is,

it is desirable to know the free-field description of the radiation

from a particular weapon spectrum as a function of space, energy, angle,

and time. This radiation field also depends on the energy, height,

and angular distribution of the source. The neutron and secondary gamma-

ray distributions were calculated for several source-energy bands and

spectra for source heights of 50 and 1125 ft and for infinite air.

The air was considered as homogeneous with a density of 1.11 mg/cc.

Both steady-state and time-dependent calculations were made. In

general, the most important time intervals are those in which there are

peak intensities. In the problems considered the peaks occurred during

the time intervals in which there were fast neutrons. Thus, in most cases

the time distribution of the radiation field was determined only for fast

neutrons, i.e., with energies greater than 0.1 MeV, and for their secondary

gamma rays. In a few calculations the complete time-dependent behavior

was determined. In the steady-state calculations the secondary gamma-ray

field includes contributions from neutrons of all energies.

Analysis of the calculational results provided information on

the effect of source and detector heights on the radiation field, as

well as the effect of source energy. Table 1 lists the cases studied.

CALCULATIONAL TECHNIQUES

Both Monte Carlo and discrete ordinates techniques were used to

calculate the radiation field. The time dependence of the fast neutrons

and their secondary gamma rays was determined with a time-dependent
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Table 1. Problems Investigated

Source Energy Spatial Range (m) for
(MeV) Source Height (ft)* Infinite Air Core

12.2 - 15 50, 1125 0 - 1+800

10.0 - 12.2 50 0 - 1800

8.18 - 10.0 50 0 - 1800

6.36 - 8.18 50 0 - 1800

U.06 - 6.36 50 0 - 1800

2.35 - k.06 50 0 - 1800

1.1 - 2.35 50 0 - 1800

0.11 - 1.11 50 0 - 1800

0.0033 - 0.11 50 0 - 1800

Fission 50, 1125 0 - U800

Typical
thermonuclear 1125 0 - 1800

*

Spatial range: 0-1500 m.



1 2
version of 05R coupled to a time-dependent version of OGRE. A four-

dimensional (space, energy, angle, and time) analysis package was used
1+

with ACTIFK for the analysis of the neutron histories, and similar rou

tines were built into a modified version of OGRE. Importance sampling

included the exponential transform with an importance function that was

symmetrical about the interface in terms of mean free paths and with the

importance decreasing with distance from the interface. In addition,

gamma-ray source angle biasing as a function of both position and gamma-

ray energy, were used, as well as Russian roulette and splitting for both

neutrons and gamma rays. The neutrons and gamma rays were tracked through

out the air and ground and a flux estimation was made upon leaving each

collision based on the particle's probability of crossing the air-ground

7
interface. The technique of Clark was used to remove the infinite var

iance due to a zero-angle boundary crossing.

Steady-state discrete ordinates calculations for infinite air were

Q

made with ANISN, and the results for air over ground were obtained with

9 10
the two-dimensional code DOT. ' The coupled neutron gamma-ray transport

was solved as one problem using a first-collision source to minimize ray

effects. Spatial intervals of 30 m for the air were used, except near

the source, where smaller intervals were employed.

The air, density 1.11 mg/cc, was assumed to consist of 21$ oxygen

and J9% nitrogen; the ground was assumed to be l6% hydrogen, 57$ oxygen,

19$ silicon, and 8% aluminum, at a density of 1.7 g/cc.

The neutron cross sections used in both the Monte Carlo and discrete

ordinates results were based on those of ENDF/B except for silicon, which

were taken from the 05R Library. To minimize the differences of cross



sections used in the two codes, the fine-group structure for the discrete

ordinates calculations was chosen to best represent the detailed structure

in the total cross section. These fine-group cross sections (lOi+ groups)

were then reduced to 22 neutron groups with ANISN by using the equilibrium

energy spectrum in infinite air. The effect of zone weighting was found

12
to be minimal, and a P^ expansion of the angular distribution of scatter

ing was used for both neutron and gamma rays in the discrete ordinates cal

culations. The neutron Monte Carlo calculations employed approximately

1000 energy points and a Pq expansion of the angular distribution.

The gamma-ray-production cross sections were taken from several

13
sources. Tables 2 and 3 give the neutron-to-gamma-ray-transfer cross

sections for air and ground, respectively. New gamma-ray-production

Ik 15
cross sections have been measured ' for nitrogen and oxygen since

these calculations were begun; however, the effects-of using these newer

cross sections on the results reported here have not been evaluated at

this time.

VALIDATION OF METHODS

In order to determine if the cross sections and calculational tech

niques were reasonable, calculations were made of the neutron and gamma-

ray Henderson dose for comparison with experimental results from opera- .

tions BREN ~ and HENRE. Figures 1 and 2 show the comparisons

of both discrete ordinates and Monte Carlo calculations with measurements

of neutron and gamma-ray dose. The agreement is good except for the

secondary gamma-ray dose from the BREN experiment. Since the calculated

gamma-ray dose is dominated by gamma rays produced by thermal capture

in the ground, it is expected that variations in the ground composition
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Fig. 1. Comparison of Measured and Calculated Neutron and Secondary

Gamma-Ray Doses from the BREN Reactor Operating at 27 ft Above the Ground.

Calculations do not include fission gamma rays. Monte Carlo;

Discrete Ordinates; X,A ref. IT; 0,0 ref. 18.



Table 2. Gamma-Production Probabilities for Air

Neutron Group

Upper Energy
(eV) 15.0(+6)» 12.2(+6) 10.0(+6) 8.l8(+6) 6.36(+6) l*.96(+6) l*.06(+6) 3.0l(+6) 2.1+6(+6) 2.35(+6) 1.83(+6)

Production

Probability 0.6691*60 0.71611*0 0.1*50780 0.253960 0.059958 0.012598 0.003175 0.000891 0.000000 0.000000 0.000000

Gamma Group
Upper Energy

(eV) Cumulative Probability

10.0(+6) 0.0297 0.0193 0.0071* 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

8.0(+6) 0.1395 0.091*3 0.0505 0.0022 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

6.5(+6) O.3U1U 0.31^7 0.1+031* 0.2901 0.1839 0.0011 0.0000 0.0000 0.0000 0.0000 0.0000

5.0(+6) O.U56U 0.1+220 0.5138 0.1*082 0.3025 0.001*9 0.0000 0.0000 0.0000 0.0000 0.0000

U.0(+6) 0.52U1 0.1*935 0.6002 0.6571 0.3201 O.OU76 0.0333 0.0000 0.0000 0.0000 0.0000

3.0(+6) 0.6539 O.6189 0.7065 0.7329 0.1*627 0.3900 0.5160 0.5000 0.0000 0.0000 0.0000

2.5(+6) 0.6875 0.7^90 0.8291 •0.8771 0.7739 0.7323 0.9986 1.0000 0.0000 0.0000 0.0000

2.0(+6) 0.7613 0.8311* 0.9065 0.9337 O.878I 0.8557 0.9992 1.0000 0.0000 0.0000 0.0000

1.66(+6) 0.8652 0.9328 0.9976 1.0000 1.0000 1.0000 1.0000 1.0000 0.0000 0.0000 0.0000

1.33(+6) 0.9236 0.9603 0.9982 1.0000 1.0000 1.0000 1.0000 1.0000 0.0000 0.0000 0.0000

1.0(+6) 0.9236 O.9603 0.9982 1.0000 1.0000 1.0000 1.0000 1.0000 0.0000 0.0000 0.0000

8.0(+5)- 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 0.0000 0.0000 0.0000

6.0(+5) 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 0.0000 0.0000 0.0000

U.0(+5) 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 0.0000 0.0000 0.0000

3.0(+5) 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 0.0000 0.0000 0.0000

2.0(+5) 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 0.0000 0.0000 0.0000

1.0(+5) 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 0.0000 0.0000 0.0000

5-OC+U) 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 0.0000 0.0000 0.0000

CO



Table 2. (cont.)

Neutron Group
Upper Energy

(eV) l.ll(+6) 5.50(+5) l.ll(+5) 3.35(+3) 5.83(+2) 1.0l(+2) 2.90(+l) 1.07(+1) 3.06(+0) 1.12(+0) 0.1+1M+0)

Production

Probability 0.000000 0.000000 0.000002 0.000029 0.000093 0.000219 0.0001+02 0.000695 0.001232 0.002021* 0.02131*3

Gamma Group
Upper Energy

(eV) Cumulative Probability

0.0338 0.0338 0.0338 0.033810.0(+6) 0.0000 0.0000 0.0338 0.0338 0.0338 0.0338 0.0338

8.0(+6) 0.0000 0.0000 0.0871 0.0871 0.0871 0.0871 0.0871 0.0871 0.0871 0.0871 0.0871

6.5(+6) 0.0000 0.0000 0.7155 0.7155 0.7155 0.7155 0.7155 0.7155 0.7155 0.7155 0.7155

5.0(+6) 0.0000 0.0000 0.8103 0.8103 0.8103 0.8103 0.8103 0.8103 0.8103 0.8103 0.8103

l*.0(+6) 0.0000 0.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000

3.0(+6) 0.0000 0.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000

2.5(+6) 0.0000 0.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000

2.0(+6) 0.0000 0.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000

l.66(+6) 0.0000 0.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000

1.33(+6) 0.0000 0.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000

1.0(+6) 0.0000 0.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000

8.0(+5) 0.0000 0.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000

6.0(+5) 0.0000 0.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000

l+.0(+5) 0.0000 0.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000

3.0(+5) 0.0000 0.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000

2.0(+5) 0.0000 0.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000

1.0(+5) 0.0000 0.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000

5.0(+l+) 0.0000 0.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000

*

Read as 15.0 x 106.

MD
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such as hydrogen content would have a large effect. TJie contribution from

reactor gamma rays was included in the calculation of the secondary gamma-

ray dose. The HENRE results have not been renormalized to account for anis-

otropy of the source. The correction factor for anisotropy is probably

between O.65 and 0.83, and the corrected experimental results would be

22,28
higher; ' thus, better agreement between measurements and calculations

would result. This agreement for the nominal fission (Godiva leakage

spectrum) and for the nominal lU-MeV sources provides reasonable confidence

in the cross sections used.

An intercomparison between the Monte Carlo and discrete ordinates

results was made in various degrees of detail as an additional check of

the calculational techniques. That is, results of dose versus range

for a 12.2- to 15-MeV neutron source (see Fig. 3) illustrate that there

is good agreement for both neutrons and secondary gamma rays. The corner

in the discrete ordinates curve is due to connecting the calculated

values at three points by straight lines. The Monte Carlo results

of secondary gamma rays include only those gamma rays produced by inelastic

scattering and fast-neutron capture and therefore should be smaller than

the discrete ordinates results. A more detailed comparison - that

of neutron energy spectra at a slant range of 900 m - is shown in Fig.

k. The agreement is still fairly good with differences in the 10- to

15-MeV energy range primarily being due to the effect of the weighting

of the multigroup cross sections. A more differential comparison, that

of the angular distribution of the 12.2- to 15-MeV fluence at 300 m

due to a 12.2- to 15-MeV source, is shown in Fig. 5- The disagreements

are as large as a factor of 2.5 in the wings of the angular distribution

near u = +1, but are fairly good where the intensity is high. These

results are very sensitive to the angular distribution of within-group



o

UJ

UJ
o
en

o
CO

o
d

o

UJ
CO
o
o

en

lU

ORNL-DWG 68-6471

SOUKCE ENEKGY 12.20 TO 15-00 MEV

"40LT BOO 5073 TOOU"

SLflNT RANGE (METERS:

TOO

Fig. 3. Comparison of Monte Carlo and Discrete Ordinates Results for

Neutron and Secondary Gamma-Ray Dose Due to a 12.2- to 15-MeV Neutron

Source at an Altitude of 50 ft.



o
01

UJ

10"

10*

zh

15

SOURCE ENERGY 12.20 TO 15-00 MEV

MONTE CARLO

DISCRETE ORDINATES

ORNL-DWG 68-6470

NOMINAL RANGE

900M

o
Ol

o

>
UJ

§ io-
z
o
Ol

_ H

UJ
CJ
z
UJ

_J
u_

en

10"

5

10

tr

t

™* 1

2.0 4.0 6.0 8.0

ENERGY(MEV)

I J

10 12 14 16

Fig. h. Comparison of Monte Carlo and Discrete Ordinates Results

for Neutron Fluence at 900 m Due to a 12.2- to 15-MeV Neutron Source at

an Altitude of 50 ft.



o

en

UJ

o

01
ID
O

CO

CD

CX
01

CO

>
UJ

r:

\
co
z
o

en

en

-a-

10"

10

10"

10"

10"

16

ORNL-DWG 68-6474

SOURCE ENERGY 12.20 TO 15.00 MEV

X

X

x

T
NOMINAL RANGE

300M

H 0ETECT0R ENERGY
X 12.2-15.0 MEV

MONTE CARLO

DISCRETE

ORDINATES -

-1.0 -.60 -.20 .20 .60

COSINE OF POLAR ANGLE

1.0

Fig. 5. Comparison of Monte Carlo and Discrete Ordinates Results

for the Angular Distribution of the 12.2- to 15-MeV Neutron Fluence at

a Range of 300 m Due to a 12.2- to 15-MeV Neutron Source.



IT

scattering and illustrate the broadening effects of using. P cross sec

tions in the discrete ordinates calculations when compared to the angular

distribution obtained using Pr, cross sections in the Monte Carlo calcula

tions.

The agreement of the results of the two calculational methods provides

credibility for the transport techniques. This, combined with the agreement

with experimental data, gives additional confidence in the validity of the

results presented here.

RESULTS

Results of the calculations for a source height of 50 ft are given

21+
in ref. 23 and are available from RSIC. The Monte Carlo results in

ref. 23 are given for 13 ranges out to 1375 m, for 9 neutron detector

energy intervals and 2 angles, 7 gamma-ray energies and k angles, and

10 detector-dependent time bins. The discrete ordinates results, also

given in ref. 23, are for 22 neutron energies, 18 gamma-ray energies,

13 spatial intervals, and kO angles. Besides the full differential

results, various integrals over angle, time, and energy intervals are

determined. The data file in RSIC includes an editing and folding code

so that results for different source-energy spectra or detector responses

may be obtained.

The results for infinite air are given in ref. 25 and contain data

for 15 spatial intervals, 22 neutron and 18 gamma groups, and 17 angular

directions. Integrals over angle and weighted sums over energy are

made to provide for neutrons the angular variation of Henderson dose,

Snyder-Neufeld dose, tissue kerma, midphantom dose, concrete kerma,

air kerma, ionizing silicon kerma, and nonionizing kerma. For gamma

rays, results are given for Henderson dose, concrete kerma, air kerma,

and silicon kerma.
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EFFECT OF THE GROUND ON STEADY-STATE RESULTS

The results presented in this section are examples of some of the

calculations and illustrate the effects of the source and detector height

variations. In particular, to determine the effect of the air-ground

interface, three source geometries are considered: (l) a source located at

50 ft above the ground, (2) a source at 1125 ft, and (3) infinite homogeneous

air. Detector positions varied from the ground level to a height of 1200 ft.

The results for the 50-ft source height and a detector on the ground and

the results for infinite air provide the limiting cases of a surface burst

with the detector on the ground and the case of a source and receiver high

in the air. Results for both fission and 12.2- to 15-MeV sources are pre

sented since these tend to be the extremes in the effect of source energy

spectra on the results of interest. The effects of the ground on the neu

tron and gamma-ray dose are shown, and then the effects on more differen

tial qualities, such as energy spectra and angular distributions, are discussed.

Figure 6 shows the variation with ranges of the U-uR2 Henderson

dose in infinite air for fission and 12.2- to 15-MeV sources. Even

at a range of 2500 m the exponential attenuation of the neutron dose

curves for the fission source and for the li+-MeV source have not reached

the same slope. (After about 3000 m they tend to be parallel.) The

secondary gamma-ray dose for a 12.2- to 15-MeV source is a factor of

10 greater than that for a fission source. Thus, if there is approximately

10$ of a 12.2- to 15-MeV source in a mixed spectrum, the secondary gamma-

ray dose will be equally divided between components from the fission

and the 12.2- to 15-MeV source.
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Because most of the following discussion involves comparisons of

dose, it is necessary to know whether results for other response functions

vary in the same way.

Figure 7 shows a comparison between tissue dose and other types of

responses versus range for a 12.2- to 15-MeV source in infinite air. The

shapes of the curves for ranges less than 600 m are different; however,

they become almost parallel for larger ranges. Thus these different re

sponses are not significantly different in shape but are different only in

magnitude. The conclusions regarding the effect of source and detector height

on dose curves are as a first approximation also true for other responses.

Figures 8 through 10 illustrate the effect of the ground on the

neutron and gamma-ray dose as the source height or detector height is

varied. Figure 8 shows the effect of varying the height of a 12.2- to

15-MeV source for a detector 1 m above the ground. The infinite air results

are shown for comparison. For the neutron dose the effect of changing from

a source height of 15 to 31+3 m is essentially the same as that predicted by

French. The results for the 3!+3-m source height show a different relax

ation length from the infinite air result. The prediction scheme of French

would give the same relaxation length for all source heights. Thus these

calculations show that at short ranges the ground acts as a reflector,

but at large ranges the ground behaves as an absorber. This behavior is

l ft
similar to that reported previously. The shorter relaxation length for a

source height of 3*+3 m for infinite air is due primarily to the detector

being near the ground. The same conclusions hold for the secondary gamma-ray

dose curves shown in Fig. 8. For a fission source, Fig. 9, the relaxation length
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to 15-MeV Source.
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for the neutron dose also varies with altitude, and the results are similar

to the 12.2- to 15-MeV case. However, for the secondary gamma-ray dose a

completely different behavior is noted. That is, the ground enhances the

secondary gamma-ray dose even for source heights of 31+3 m. This is due

primarily to thermal capture in the ground. As the slant range increases

results for infinite air and for the 3l+3-m source height approach each

other as the importance of thermal capture in the ground decreases.

When the detector is at a height of 393 m, the effect of source height

is less pronounced (Fig. 10). The effect of the source height for this

case has the same trend and approximate magnitude as that predicted by

23
French; however, two things not included in the prediction scheme of

French should be noted: (l) all three curves have different relaxation

lengths, and (2) for a source at 3*+3 m and a detector at 393 m the curves

still lie below those for infinite air. For these source and detector

heights the prediction scheme of French would give the same relaxation

length as infinite air.

In many situations one is interested in a detailed description of the

radiation field at the air-ground interface. As noted before, the effect

of the ground on the radiation field is a function of range, and the entire

set of results is a very large array of numbers. Therefore, only repre

sentative results will be given here. A more complete presentation of the

results is given in refs. 23 and 25. The neutron energy spectra at a slant

range of 900 m for a 50-ft source height (dashed line) and for infinite air

(hashed lines) are shown in Fig. 11. The solid line is a Monte Carlo calcu

lation for a source height of 50 ft. The energy spectra essentially agree

in shape but are different in magnitude by about the same factor as that
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Fig. 11. Energy Distribution of the Fast-Neutron Fluence at a Slant

Range of 900 m Due to a 12.2- to 15-MeV Source. /// Infinite Air;

Discrete Ordinates Results for Source Height of 50 ft; —f— Monte Carlo

Results for a Source Height of 50 ft.
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between the dose curves at the 900-m range (Fig. 8). That is, the correc

tion at this range that would be predicted by the procedure of French would

be adequate for the fast-neutron spectra.

For a fission s.ource the results are slightly different (see Fig. 12).

The presence of the ground reduces the <2-MeV component by about the same

amount as it reduces the dose (see Fig. 9); however, the high^energy compo

nent is not reduced as much. A constant reduction factor for all energies

would not be a very bad assumption, however.

In calculations of the transmission of radiation through slits and

entranceways, the angular distribution at the air-ground interface is

needed. Figure 13 shows the angular variation of the neutron dose at

900 m for a 12.2- to 15-MeV source. The angle is measured from the source

receiver axis; thus, a cosine of +1 is along the direction from source to

receiver. For the air-ground results the dose is plotted as a function

of polar angle in the azimuthal angle interval nearest the plane perpendic

ular to the ground along the source detector axis. Of course, the dose

is not azimuthally symmetric and the polar variation would be different

for other azimuthal angles. Note that the ground does change the magni

tude of the dose as noted before, but the shape is essentially the same

as that for infinite air. Essentially the same effects were observed for

a fission source.

In summarizing the effect of the ground on the steady-state neutron

field, the fast-neutron energy spectra and angular distribution can, as a

reasonable first approximation, be taken from infinite air results with a

modification in intensity only.
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Height.
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For secondary gamma rays the problem is more complex. The effect of

the ground on the gamma-ray energy spectrum at a range of 900 m for a 12.2-

to 15-MeV source is shown in Fig. ik. Again, the shape of the spectra for

infinite air and air/ground is essentially the same with an intensity

variation proportional to the dose (see Fig. 8). For a fission source

(Fig. 15) the effect of the ground is much larger. Figure 9 shows that

the dose is essentially the same at this range, whereas Fig. 15 shows that

the spectrum is different. There is a higher component from nitrogen cap

ture and a lower component (below 3 MeV) due to inelastic scattering and

neutron capture in the ground.

The angular distribution of the secondary gamma-ray dose at 900 m due

to a 12.2- to 15-MeV source is shown in Fig. l6. As before, the air-ground

results are plotted as a function of the polar angle from the source

receiver axis. The effect of the ground is most pronounced for a 50-ft

source height, indicating an angular distribution that is perhaps 30$ more

peaked in the forward direction. The angular distribution for gamma-ray

dose due to a fission source is essentially the same as that for the 12.2-

to 15-MeV source.

EFFECT OF THE GROUND ON TIME-DEPENDENT RESULTS

Effects of the ground on time-dependent quantities are pronounced in

some time intervals but are very small for other intervals. The short-

time dose rate for both 12.2- to 15-MeV and fission sources at .a slant

range of 900 m due to a source at 50 ft is shown in Fig. 17. The dose

rates for a fission source are much more spread out in time due to the

spread in the source energies. Results for different source-energy

groups and ranges are given in ref. 23. If the time scale is normalized
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Fig. 14. Secondary Gamma-Ray Energy Spectra at a Slant Range of 900 m

Due to a 12.2- to 15-MeV Neutron Source. /// Infinite Air; Discrete

Ordinates Results for a Source at 50 ft; —t— Monte Carlo Results for a

Source at 50 ft.
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Fig. 17. Short-Time Neutron and Secondary Gamma-Ray Dose Rates Due

to Fission and 12.2- to 15-MeV Neutron Sources.
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by the minimum time of arrival of radiation at the detector and the dose is

normalized to unity, then both neutron and fecondary gamma-ray dose-rate

distributions are similar (see Fig. 18). Results are given for 150, 300,

600, 900, and 1200 m for both neutron and gamma-ray dose rates; the dashed

curves are gamma-ray dose rates. It is difficult to distinguish between

these curves which clearly illustrates a conclusion that the short-time

neutron and gamma-ray dose rates may be obtained to a first approximation

(+ factor of 3) from a single curve fit to these results. The source energy

spectra are important factors in determining the time-dependent dose rate

as indicated by the difference in shape of the two figures.

The full time-dependent secondary gamma-ray dose rate due to an instan

taneous 12.2- to 15-MeV source at a range of 300 m in infinite air is shown

in Fig. 19. The solid histogram shows Monte Carlo results; the circles

27
are time-dependent discrete ordinates results. The dashed-line histogram

is the gamma-ray dose curve for a source height of 50 ft above the air-ground

interface. Several things should be noted. The gamma-ray dose rate is

essentially constant until the neutron wave front reaches the detector

(^5.6 usee at this range) and then falls rapidly for several decades. In

infinite air the dose rate drops six orders of magnitude by the time neutrons

are thermalized in air (10 sec). For the air-ground case the moderation

in the ground is much faster (the ground contains approximately 1% water),

and thus the gamma-ray dose rate falls less rapidly, since thermal-capture

gamma rays are present at relatively short times.. For this source energy

the area under the thermal-capture part of the infinite air curve is

approximately 1% of the total. The gap in the Monte Carlo results for

-4 -3
infinite air in the time interval from 10 to 10 is due to the importance
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sampling used. That is, this portion of the curve contains a small frac

tion of a percent of the total dose and thus was completely undersampled

in the Monte Carlo calculation in which the importance sampling was set up

to determine the dose rate due to fast- and thermal-neutron induced gamma

rays, but not for gamma rays from intermediate energy neutron reactions.

.This clearly illustrates the effects of importance sampling on results that

are not emphasized in the sampling scheme.

SUMMARY AND CONCLUSIONS

The effect of the ground on the secondary gamma-ray field is a stronger

function of neutron source energy than of source height. To further illus

trate this effect, Fig. 20 shows the fractional components of both capture

and inelastic secondary gamma-ray dose versus range for a 12.2- to 15-MeV

source. Note that the dominant component is the inelastic production in

air. The next largest component, %10#, is thermal capture in the ground.

It is therefore easy to understand why the secondary gamma-ray energy and

angular distributions are not strongly affected by the ground since by far

the largest components come from the air. For a fission source or a Godiva

leakage spectrum, inelastic scatterings in the air and ground are less than

10* of the total,and the dominant contributors are from intermediate energy

and thermal-neutron captures in the air and ground (Fig. 21). Thus the

spatial variation of gamma-ray energy and angular distribution behaves more

like the spatial variation of the thermal flux and not the fast flux.

To reiterate, the spatial, energy, and angular distribution of the

fast-neutron radiation field can be reasonably approximated from results

of infinite-air calculations using the techniques of French.26 However,

the ground has a significant effect on the variation of thermal flux,

the secondary gamma-ray field, and the time dependence of these fields.
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Fig. 20. Fractional components of Secondary Gamma-Ray Dose Due to

a 12.2- to 15-MeV Neutron Source. IN = Inelastics and Fast-Capture Gammas,

I.C. = Intermediate Captures (Neutrons with Energies Between 0.414 eV and

0.11 MeV),'T.C. = Thermal-Capture Gamma Rays. Source Height is 50 ft.
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To properly determine these characteristics of the radiation field the

air-ground interface must be included.

The description of the radiation field due to 9 source bands and

several spectra has been determined for infinite air and for a source

height of 50 ft. Additional calculations for a fission and 12.2- to 15-

MeV source at a height of 1125 ft provide information on the effect of

source heights. Also, results for detector heights above the ground per

mit a determination of the ground effect on the detector location. Thus

the radiation field for sources from ground level up to approximately

20,000 to 30,000 ft has been determined.
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