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ABSTRACT

A Monte Carlo calculation of the gamma-ray fluxes and dose rates

resulting from neutron captures in air was performed. For this calcula

tion the source was assumed to be monoenergetic, and both the source and

detector were assumed to be suspended in an infinite body of air. The

neutron source was taken to be either a point isotropic or a line-beam

source, and the dose rate and angular distribution of capture gamma rays

at the detector were determined. For the point isotropic source and a

50-ft separation distance it was found that the dose rate varied with the

neutron source energy approximately as E- ' . When curves for the various

monoenergetic line-beam sources and a 65-ft separation distance were

plotted as a function of the beam angle, they were relatively flat over

the region from 30 to 180 deg, becoming flatter as the source energy

increased.

iii





TABLE OF CONTENTS

Page No.

Abstract . . iii

Introduction . 1

I. Details of the Calculation 2

Assumed Composition of Air and Corresponding Cross
Sections 3

Geometry 3

General Method of Calculation ............. 5

Determination of Constants for Gamma-Ray Dose Rate . . 7

Test Calculations ll+

Calculation of Dose Rate from First Collisions ... 1^

Comparison with Results Obtained with Transport
Equation 15

Check on Statistics ........ 18

II. Results of Point Isotropic Neutron Sources ... 20

III. Results for Line-Beam Neutron Sources 25

App. A. Modification of Air-Scattering Code 29



INTRODUCTION

Very little quantitative work has been done previously on the problem of

determining gamma-ray dose rates produced in air when low-energy neutrons are

allowed to leave a source and are eventually captured in the air. The gamma

rays which are produced by the radiative capture process in air are largely

of rather high energy, ^ 5 to 10 Mev, and hence, are quite penetrating. In

the majority of the shielding problems which occur in connection with the

shielding of fission sources the gamma-ray dose rate which results from these

air captures is negligible when compared with the dose rate produced by gamma

rays which leave the source shield surface directly. However, situations may

arise in which the source itself is heavily gamma-ray shielded, at least in

the directions which are favorable for air scattering to the detector, but

a large neutron leakage is allowed and perhaps auxiliary neutron shielding

material is placed around the detector position. In many of these situations,

the fact that the air-capture gamma rays are quite penetrating and often pro

duced at positions which are very favorable for allowing the gamma rays to

penetrate the auxiliary shield, makes it possible for the air-capture gamma

rays to give a major contribution to the gamma-ray dose rate at the detector.

It is desirable to idealize the problem to that of determining the air-

capture gamma-ray dose rate and angular distribution at a detector which is

located an arbitrary distance from a point monoenergetic source of neutrons,

where both the source and detector are considered to be embedded in an in

finite sea of air. The calculation should include the contributions from

captures which take place during the slowing-down process as well as the

contributions from captures which occur during the diffusion at thermal

energies.

If an attempt is made to solve this problem analytically for point

isotropic sources by use of the standard age-diffusion equation, an immediate

difficulty arises from the fact that, in many cases, a large contribution to

the dose rates at the detector comes from neutrons which are captured at ener

gies very close to the source energy. The age-diffusion results are known

to break down in these cases. Even for the case of thermal diffusion alone



(i.e., the case where the neutrons are emitted from the source at thermal

energy), for the separation distances of interest in these calculations,

the contribution to the gamma-ray dose rate at the detector from the neutron

flux distribution given by the nonasymptotic part of the solution to the trans

port equation is of the same order of magnitude as the contribution from the

neutron flux distribution given by the asymptotic part (or diffusion equation

result) of the solution to the transport equation. Hence, it appears that the

most profitable approach to this problem is by means of the Monte Carlo tech

nique. This technique has the benefit of being relatively easy to extend to

cases of line-beam, or gun-barrel, neutron sources, in addition to being more

rigorous.

This report presents the results of parameter studies for both point

isotropic and line-beam neutron sources which were performed by the Monte

Carlo technique. The processes and assumptions which were incorporated in

the calculation are contained in Section I, together with the results of some

test calculations and comparisons which were performed to evaluate the accu

racy of the results. Section II presents the results of a parameter study

•from point isotropic sources and a detector located a distance of 50 ft from

the source, and Section III gives the results for line-beam sources with the

detectors at distances of 25 and $5 ft. A detailed description of the modi

fications which were made in an existing Monte Carlo code to enable it to

perform this calculation is given in Appendix A. The original code, together

with a complete description of its operation and use, is given in the reference

cited.

I. DETAILS OF THE CALCULATION

The Monte Carlo machine code which was used for this problem was a

modification of the code used to calculate neutron air scattering. The

original code has been described completely elsewhere; therefore, the dis

cussion here will be limited to a very brief description of the general

features of the code as modified to perform the present problem. A detailed

description of the exact code changes are given in Appendix A.

1. CD. Zerby, "A Monte Carlo Calculation of Air-Scattered Neutrons,"
0RNL-2277 (April, 1957)-



Assumed Composition of Air and Corresponding Cross Sections

The air was assumed to have a density of 0.001205 g/cc and to consist of

nitrogen and oxygen in weight percentages of 76.5 and 23-5, respectively. The

total cross sections for oxygen and nitrogen were taken from the graphs pre-
2

sented in BNL-325. Analytic expressions, fit to the data, were used in the

energy range of interest in the present problem. The total cross section was

considered to be identical with the scattering cross section except for the

absorption cross section of nitrogen. The absorption cross section for oxygen

is extremely small and was neglected. The absorption cross section for nitro

gen at 0.025 ev was taken to be I.786 barns. This absorption cross section is

due to the (n,p) and (n,7) reactions. The (n,p) and (n,y) reactions were taken

to have cross sections of I.706 barns and 0.086 barn, respectively, at 0.025 ev

and were assumed to have a l/v dependence. Theoretical investigations for

nitrogen have indicated that "for almost all conceivable applications cr can

be taken as decreasing indefinitely as l/v, but its true behavior can only be
3

determined by fixing the existence and location of the negative energy levels."

The scattering probability for the neutrons was taken as isotropic in the center-

of-mass system which is essentially exact for nitrogen and oxygen over the

range of energies of interest in this problem. All of the results are normalized

to one neutron per second leaving the source.

Geometry

The geometry of the source and detector are shown in Fig. 1. The source

was taken to be either a point isotropic source of monoenergetic neutrons of

energy E , or a point source which emitted a monoenergetic line beam of neu

trons of energy E at an angle 6 with respect to the source-detector axis.

The detector was located a distance g from the source and the space about the

detector was divided into a number of solid angles with their apexes at the

detector point. The polar angle was divided into a number of equal angle

intervals and the azimuthal angle was divided into a number of equal angle

intervals. The meridian and parallels of latitude scribed on a sphere

2. D. J. Hughes and J. A. Harvey, "Neutron Cross Sections," BNL-325 (1955).
3. H. Lustig, H. Goldstein, and M. H. Kalos, "The Neutron Cross Sections

of Nitrogen," NDA-86-1, p. 17 (1957).
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centered at the detector point established the intersection of the set of

solid angles with the arbitrary sphere. Because of symmetry, the lower 2it

space is just a reflection of the upper 2* space.

General Method of Calculation

The gamma-ray dose rate at the detector was obtained by an adaption of

the method of statistical estimation. The histories of the neutrons were

generated in exactly the same manner as described in the report on air

scattering. Each neutron carried with it a weight, W^, which is the proba-

bllity that the particle will make the i collision provided W^ has a value
of one at the start. That is,

(1) W = w„

where H and £ are the macroscopic scattering and total sections,
respectively, at position r) and energy E_£ (position and energy at the 1
collision). At each collision a statistical estimate was made of the capture

gamma-ray dose-rate contribution at the detector from that collision. The

neutron was then allowed to scatter randomly and continue with its reduced

weight. The capture gamma rays were assumed to be emitted isotropically from

a capture event and the dose-rate contribution at the detector from the JL
collision of a neutron was given by

where

1 -

'L
-brx

AW, 1 - *%l1

L. WrB

W,
th

h = neutron weight at the J? collision,

*.<•)'V th
= probability that the 2 collision results in a capture,

= probability that a capture collision will be radiative

(a constant since both capture cross sections were

assumed to vary as l/v),



r^ = scalar distance from the Ji collision point to the

detector,

b ~ average attenuation factor for the capture gamma-ray

dose rate in air, which includes the effect of buildup,

A = constant which represents the average tissue dose rate

(mr/hr) which would result if all the gamma rays from
one neutron air capture per second were incident on a

square centimeter of tissue.

This gamma-ray dose-rate contribution was stored in the appropriate solid
angle interval at the detector under the assumption that all the gamma rays
which gave the contribution entered in the interval which contained the radius

vector from the detector to the collision point. The line-of-sight assumption
for determining the angular distribution of the gamma-ray dose rate should be

quite good in this case. The gamma-ray dose-rate contribution which entered

in each solid angle interval was in turn stored with respect to the energy,

at capture, of the neutron which gave rise to the contribution. This was

accomplished by dividing the energy range from the neutron source energy to

zero into an arbitrary number of equal intervals and entering each gamma-ray
dose-rate contribution into the interval which contained the neutron energy
at capture.

In this calculation the neutron was degraded in energy at each scattering
by the standard relations for elastic collision until the neutron energy
reached 0.025 ev. After the neutron energy was degraded to thermal (0.025 ev),
the neutron was permitted to scatter and diffuse without further energy loss.
A neutron history was terminated in one of two ways. First, if the neutron

weight after the J, collision wereless than 1/600, i.e., if Wj ^ 1/600,
then W^+1 was set equal to zero and the history was terminated. This meant
that a neutron with a source energy of 0.025 ev was permitted to make approxi
mately k5 collisions before its history was terminated. Since the capture
cross section decreases with increasing neutron energy, a neutron with higher

initial energy would, of course, make many more collisions before the history
was terminated by this criterion. Secondly, a neutron history was terminated

if the J, collision occurred at a point sufficiently far from the detector



that r.ArT,(r^,Ep) > 32. In this case W* - was also set equal to zero and the
history was terminated. This was because a neutron which makes a collision at

a distance greater than 32 mfp from the detector has such a small probability

of making a significant contribution to the dose rate on any of its succeeding

collisions that it cannot appreciably affect the estimate of the total dose

rate at the detector. For the neutron energies of interest in this problem

32 mfp corresponds to a distance of approximately 800 meters for an air

density of 0.001205 g/cm . In each of the problems run the total neutron weight

which was lost because of this condition was recorded and it is easily shown

that the error introduced by this condition is, indeed, completely negligible.

Determination of Constants for Gamma-Ray Dose Rate

The constant A which appeared in Eq. 1 was defined as the average tissue

dose rate (mr/hr) which would result if all the gamma rays from one neutron

air capture per second were incident on one square centimeter of tissue. The

spectrum of gamma rays from thermal-neutron capture by IT has recently been
I4

remeasured by Bartholomew and Campion. Table 1 gives the results of these

measurements for the gamma rays with energies above 3 Mev which come from the

decay of the excited IT" nucleus. A diagram of the energy levels of N"5 and
the decay scheme for the gamma rays observed is shown in Fig. 2. This dia

gram was used to estimate the number of gamma rays with energies less than

3 Mev which would be expected to result from the decay but which were not
k

measured by Bartholomew and Campion. Table 2 lists the approximate energy

of each gamma ray, E., the average number of these gamma rays emitted per

capture, N , and the flux-to-dose-rate conversion factor, C, for each gamma

ray. It was assumed that the capture gamma-ray spectrum is independent of

the energy at which the neutron is captured. Therefore, since the distri

bution in Table 2 gives the correct energy release per capture, i.e.,

22

(2) Total energy per capture = ^ ^E.N. = 10.83 Mev
i=l 1 1

1+. G. A. Bartholomew and P. J. Campion, Can. J. Physics 35; 13^7 (Dec. 1957).
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Table 1. Observed Distribution of Gamma Rays from N14 a
Captures

Gamma Ray

A

B

Bl
Cl
C

D

E

F

G

Gi
H

Hl
I

J

K

Energy (Mev)
Corrected for

Recoil

10.833 +0.008
> 9.152C

9.152 + 0.010

9.02 + 0.03

8.5^ + 0.0U

8.313 + 0.013

7.305 + 0.012

7.57 + 0.03d
(7.16^)"
6.323 + 0.008

5.559 + 0.005

5.530 + 0.008

5.293 + 0.007

5.263 + 0.010

4.U97 + 0.011

3.669 + 0.016

3.520 + 0.016
(3.267)"

No, of Gamma

Rays per 100

Radiative Captures,
Absolute Intensity

11

Each < 0.3

1

0.2

0.2

h

9

^

0.7
0.8

17

18/
32e

35]
22j

57e

16

17

•a

15
6

b. Refer to Fig. 2.
c. All gamma rays between 9.152 and 10.833 Mev.
d. This radiation is ascribed to background. Its intensity repre

sents an upper limit for the 7'57-Mev nitrogen transition.
e. Intensities of component gamma rays are tentative.

it follows that

22

1=1

-2 -1 -1N.C = 1.3 x 10 mr.hr /capture*sec(3)

Next, it was necessary to determine a value for the constant b in Eq. 1.

The variation of the total dose rate with distance for a point isotropic source

of monoenergetic gamma rays may be expressed as
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accounts for essentially the entire absorption coefficient, ju, in both air and

water for gamma rays of the energies involved in the air-capture process.

Therefore, the point isotropic dose buildup factors which have been published for
5

gamma rays of various energies in water may be assumed to apply also for air

for corresponding numbers of mean free paths between the source and detector.

Figure 3 shows plots of e~^T"B (nr) versus r for various energy gamma rays
in air, as obtained from the water data. The heavy curve in Fig. 3 is the

weighted dose attenuation curve for the spectrum given in Table 2. If this

heavy curve were a straight line, then a value of b could obviously be obtained

which would make the expression given on page 5 for the dose-rate contribution

from each collision exactly correct. This, of course, is not the actual case;

however, it can be seen from Fig. 3 that over the entire distance of interest

(i.e., from 0 to 800 m) the heavy curve lies between the dashed curves given by
-b r -b r _5 _± a _±
e and e , where b and b are 1.66 x 10 v cm and 2.32 x 10 ' cm ,

respectively. Thus, the maximum error which can be introduced into the calcula

tion by the choice of b may be determined by performing calculations with each

of these extreme values. Variations in the value of this constant should, of

course, have a greater effect on the results for cases with higher source energies

since the higher source energies cause the captures to take place further from

the detector and hence increase the importance of the exponential attenuation

factor.

In order to estimate the possible error introduced by the choice of b,

several sample calculations were performed. These calculations were designed

to give gamma-ray dose rates at a distance of 50 ft from monoenergetic point

isotropic sources of neutrons. Neutron source energies of 1, 100, and 1000 ev
-5 -1 -5 -1

were used in conjunction with values of b of 0, 1.66 x 10 cm , and 3-32 x 10

In each of the calculations for a particular source energy the same random numbers

were used so that the individual neutron histories were exactly the same. Hence,

the correlation between the results for different values of b at a given source

energy should be very good. The results of these calculations are given in

Table 3 and shown plotted in Fig. k. The results for a particular source energy

are seen to be relatively insensitive to the exact value of b used over the range

cm

E. Goldstein and J. 2. Wilkins, Jr., "Calculations of the Penetration of
Gamma Rays, " NYO-3075 (195*0 .
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Table 3. The Effect of the Value of the Exponent b on Calculated
Values of the Air-Capture Gamma-Ray Dose Rate

Gamma-Ray Dose Rate

-1 f mr/hr )
E (ev) b (cm" ) (^source neutron/sec J

1.0 0 2.27 x io":H:
1.66 x io-5 2.16 x io"rr
3.32 x 10-5 2.07 x 10"12

100 0 6,hi x io~15
1.66 x 10"5 5.91 x 10-^-3
3.32 x 10~5 5.I4.5 x 10"15

1000 0 3.27 x io-J-3
1.66 x 10° 2.Qh x 10"f-J
3.32 x 10-5 2.50 x IO"15

of interest. From this comparison, it is seen that even for a source energy of

1000 ev there is only a ^5.5$ difference between the results expected for
-5 -1 -5 -1

b = 1.66 x 10 cm and b = 2.32 x 10 cm . This percentage difference

becomes smaller, of course, as the source energy is decreased.

On the basis of the above comparison it was decided to use the value of
-5 -1

1.66 x 10 J cm for b in the remainder of the calculations. This choice of b

was influenced by several considerations. First, the dose rate does not appear
VlT*

to be extremely sensitive to the exact choice of b. Secondly, the curve of e"
-5 -1with b equal to 1.66 x 10 cm appears to fit the heavy curve of Fig. 3 very

well at the closer separation distances, where most of the dose-rate contribu

tion comesfrom. Finally, this choice of b should result in a conservative

calculation in the sense that it gives an upper limit for the dose rate; however,

it is an upper limit which should be very close to the correct answer.

Test Calculations

Calculation of Dose Rate from First Collisions

It was desirable to make several test calculations with the code to insure

the fact that it was running properly. It was pointed out in the air scattering

report. that when the point source emits a monodirectional beam of neutrons

Ik



the distances to the first-collision points are selected systematically. There

fore, this method is essentially a numerical integration for the gamma-ray dose

rate from captures which take place on the first collision.

A test of the accuracy of the calculation for the gamma-ray dose-rate

contribution to the detector from first collisions can easily be made for the

particular condition where a monodirectional beam of neutrons is directed at

180 deg from the detector point. In this case, the analytic expression for the

dose-rate contribution is given by

00 D =

a£ (e )
n, 7 o

kn

A£ (E )e

bag

-ZT(E0)(x-g) .^
e e

E. 1&T +b)

dx

For the particular case where g = 15 m, E = 0.025 ev, and the air density
3 °is assumed to be 0.001205 g/cm , the analytic solution gives a value of

-15 -1 -19.295928 x 10 J mr-hr /source neutron-sec . The machine result for the
-13

same initial condition and 500 samples gives a value of 9-29599 x 10

mr-hr" /source neutron-sec" , or a per cent error of only a/0.0007.

Comparison with Results Obtained with Transport Equation

Next, it was desired to obtain an approximate check on the machine results

for a case which involved many collisions. The only case which appeared to

have the possibility of yielding a satisfactory analytical solution was that of

a point isotropic source which emits monoenergetic 0.025-ev neutrons to scatter

isotropically in the center-of-mass system without energy degradation. Since

there is little difference between the Laboratory system and the center-of-mass

system for a neutron scattering collision with either oxygen or nitrogen, it is

possible to obtain a very good approximation to the neutron flux distribution in

space for this case from the solution of the time-independent, monoenergetic

transport equation for a point isotropic unit source located at the origin of

an infinite, homogeneous, isotropically scattering medium. The transport

equation for this case may be expressed as

15



51,(5) A-V0(r,a) +Z^(r,ii) -y^ /0(r",a)dn +̂

where

SI ~ a unit vector,

0(r,a) = neutrons.sec /cm per steradian about the direction at position r,
Of \
Vrt = source term which represents a point isotropic unit source at

the origin.

The total flux, <j)(r), or the total number of neutrons.sec /cm , at r,
is given by

(6) |(r) = / 0(r,H)da

The usual solution for <j)(r) consists of an asymptotic part which persists
at large distances, ^(r), and anonasymptotic part, $N0HAS(r). The asymp
totic part, or diffusion approximation result, is given by

(7) $ (r) =f^"^
v • *AS^ ' kx K r

where K satisfies

(8) 4^ tanh"1 4- =1
K HT

and

(9) p = 2 a ' T
^s K2 h\

The nonasymptotic part of the flux, j>NQKAp(r), may be expressed as

(10) <6 (r) = =
-N0MAS ^j.2

where c= *Z>jZ> and £(c, HTr) is afunction which has been tabulated by Case,
deHoffman, and Placzek for various values of c and il^r.•rpr°

6. K. M. Case, F. deHoffman, and G. Placzek, "Introduction to the Theory
of Neutron Diffusion," p. 91, Los Alamos Scientific Laboratory (1953).
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The air-capture gamma-ray dose rate at a detector located a distance g

from the point source is therefore given by

AL \ -br2
(11) D(g) --tjSlZ / $(r )e-^_ dV

J r2
All Space

where r and r are distances from the field point to the source and de

tector, respectively. Equations 9 and 12 may be used to separate this total

dose rate into contributions from the asymptotic and nonasymptotic parts of

the flux expression. The contribution from the asymptotic part of the flux

is given by

At fa f ->&i->"a
<«> w-££; J ^^f-av

All Space

whereas the contribution from the nonasymptotic part is given by

r» • / -ia r -br

All Space

Equation 12 can be integrated directly to give

I

Ja / I v n- • / • - . v - j™V«> -if fiHl^ £• (B$) ♦ «t i<K -»"]? ♦•* K[<K ♦ »*]}\
where

x oo

(15) Ei(x) = / j- dy and E^x) = ~ dy
-OO X

Equation 13 can be reduced to

17



^ W*> =kJ£i-\ I ^^{4^-'0-«J8(« +r)]l dr

where a = £„g and & = b/2, ; however, the actual evaluation must be performed
numerically.

The evaluation of Eqs. Ik and 16 was performed, with the help of the tables

of <=(c, r) given by Case et al., for a detector located 15 m from a point

isotropic source of 0.025-ev neutrons. The values of the cross sections used

were £m=5-^02 x10"4 cm"1, £ =4-7364 x10"^ cm""1, and L =7-038 x10"5 cm"1
T ^ s a

which resulted in K = 3.215 x 10"^ cm, £ = O.8797, and C = O.8706. The inte-
-12 12grations yielded D^ = 5-02U x 10 mr/hr and DN0KAg = 2.118 x 10 mr/hr or

—12
D = 7*1^2 x 10 mr/hr. The Monte Carlo result for 500 sample histories was

—12D = 6.U101 x 10~ mr/hr. Hence the results agree to within ~ 10$ where it
should be remembered that the two problems were not exactly the same. The

Monte Carlo calculation took the scattering to be isotropic in the center-of-

mass system, whereas the check calculation assumed the scattering to be isotropic

in the laboratory system. This would be expected to lead to a slightly smaller

value for the Monte Carlo result. In view of this fact, and the fact that a

numerical integration which used interpolated values of e(e,r),was required in

the check calculation, the results are considered to be in satisfactory agree

ment. It is felt that all of the results presented in this report for total

dose rates are probably good to within 10 to 20$.

It is interesting to notice that the dose-rate contribution from the

nonasymptotic part of the flux expression accounted for 30$ of the total

dose rate in the above case.

Check on Statistics

Finally, a check was made of the variation in the Monte Carlo results as

a function of the number of sample histories used for one particular problem.

The case chosen was a line beam of 1000-ev neutrons emitted at an angle of

30 deg with respect to the source-detector axis. The detector was located
•7.

65 ft from the source and the air density was taken to be 0.001205 g/cm .

18
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Table 4 gives the dose rate values obtained after 20, 50, 100, 250, 500,

750, and 1000 sample histories. The value obtained for the 1000-history case

was taken as the correct value and the percentage errors of the results for

smaller numbers of histories are included in Table 4. The variation in the

Table 4. Gamma-Ray Dose Rates 65 ft from 1000-ev Line-Beam
Neutron Source and 9Q = 30 deg for Various

Numbers of Sample Histories

Gamma-Ray Dose Rate
After Given

Number of Histories
Per Cent Error

No. of Sample r mr/hr ^ Assumi

Case

ng 1000 History

Histories (^source neutron»sec / to be Correct

20 2.67 x lO-1^ I.87

50 2.87 x 10"15 9

100 2.64 x 10"15 0.75

250 2.49 x 10-15 4.96

500 2.58 x 10'15 1.5

700 2.58 x 10"15 1.5

1000 2.62 x 10"15 0

results appears to be relatively independent of the number of histories

used and there appears to be no recognizable convergence to a unique answer

as the number of histories is increased, at least for the number of histo

ries used in this investigation. However, all of the results appear to

agree to within ^5 to 10$, which allows a fairly good estimate of the

answer to be obtained with relatively few sample histories. This is

typical of a Monte Carlo calculation of this type which employs the method

of statistical estimation and allows the neutrons to make many collisions

with only a small energy and weight decrease at each collision.

In the study which is reported in the remainder of this report, 500

sample histories were used in each of the problems run.

19



II. RESULTS FOR POINT ISOTROPIC NEUTRON SOURCES

A number of calculations were performed to give air-capture gamma-ray

dose rates at a detector located at a distance of 50 ft from various mono

energetic, point isotropic neutron sources. For these calculations neutron

source energies of 0.025, 0.1, 1.0, 100, and 10,000 ev were used. The density

of air used in every problem was 0.001205 g/cc, which approximates sea level

conditions. The results for the total gamma-ray dose rates from these calcu

lations are given in Table 5. All of these results have been normalized to

one neutron per second leaving the source. A plot of the total gamma-ray

dose rate as a function of the neutron source energy is shown in Fig. 5. It

may be noted from the plot that the total gamma-ray dose rate at the detector
-1/5

varies with the neutron source energy approximately as E ' .

Table 5. Results of Monte Carlo Calculations of Capture Gamma-Ray
Dose Rates at Detector Located 50 ft from

Point Isotropic Neutron Sources

Gamma-Ray Dose Rate

„ / \ / mr/hr \
E (ev) ( t-=r 7 )
o vsource neutron/sec'

0.025 6'. 41 x 10"12
-12

0.1 4.22 x 10

1.0 1.99 x 10-12
10.0 9^51+ x 10**1-5

100.0 4.72 x 10"15
10,000.0 1.15 x 10"15

Plots of the angular distribution of the dose-rate contributions at

the detector position are shown in Fig. 6. Since there is complete symmetry

with respect to the azimuthal angle, the plots are given as dose rate per

unit cosa per source neutron per sec versus cosa, where a is the polar

angle measured at the detector position, (a is defined so that a gamma

ray produced on the section of the source-detector axis between the source

and the detector, as well as on the other side of the source, enters the

detector with cosa = -1.) These plots were obtained by drawing smooth

-20-
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curves through the histogram outputs from the machine calculations. As the

neutron source energy is increased, more slowing down and diffusion results,

on the average, before capture. This should cause the capture distribution

to become more uniform over space, and, hence, lead to more uniform dose-rate

angular distributions with increasing source neutron energies. This effect

is seen in the curves of Fig. 6. If an angular distribution had been given

to the scattered gamma rays which constitute the buildup portion of the dose-

rate contribution from each collision, rather than assuming that all of the

gamma rays enter along the radius vector from the collision point to the de

tector, then these dose-rate angular distribution curves would have been even

flatter than those in the figure. However, this should be a rather small

effect.

As was mentioned previously, each gamma-ray dose-rate contribution at

the detector was also stored with respect to the energy, at capture, of the

neutron which gave rise to the contribution. Figures 7 through 9 show histo

grams of the gamma-ray dose rate plotted as a function of the neutron capture

energy for the cases considered in this study. From these figures it Is seen

that for relatively low neutron source energies, a large fraction of the

total gamma-ray dose rate at the detector comes from neutrons which are

captured at energies which are within a factor of a of the source energy,

where a=[(A -l)/(A +l)J and Ais the average mass number for air.
This fact alone throws considerable doubt on calculations of capture gamma-

ray dose rates which use the results of the standard age-diffusion equa

tion to give the neutron flux because the age-diffusion results are known

to be in error for neutron energies which are within a factor of a of the

source energy. No curve is shown, of course, for the case where E = 0.025 ev

since no energy degradation was allowed below this energy. It was pointed out

in Section I, however, that in this case approximately 30$ of the total dose-

rate contribution at the detector comes from captures involving that part of

the neutron flux given by the nonasymptotic part of the solution of the trans

port equation.
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III. RESULTS FOR LINE-BEAM NEUTRON SOURCES

For general applications it is convenient to obtain results for

monodirectional, monoenergetic point sources, since the results can then

be integrated to correspond to sources of arbitrary energy and angular

distributions. Therefore, a parameter study was undertaken in which the

line beams of neutrons with energies of 0.025, 0.1, 1, 10, 100, and

1,000 ev were emitted from a point source at various angles with respect

to the source-detector axis and the air-capture gamma-ray dose rates at

distances, g, of 25 and 65 ft from the source were determined. In all

of the calculations the density of air was assumed to be 0.001205 g/cc,

which approximates sea level conditions. It is possible, however, to

transform the results to apply to different separation distances at other

altitudes by the use of an appropriate transformation which has been de-
7

rived elsewhere. If D .. and D n refer to dose rates at the desired
alt si

altitude and at sea level, respectively, and p .. and p , to the air

density at the desired altitude and at sea level, respectively, then the

transformation states that

For example,the calculation for sea level conditions and g = 25 ft can be

used to determine the dose rate for an altitude of 30,000 ft and an approxi

mate separation distance of 65 ft.

The results for the total air-capture gamma-ray dose rates at the detector

are shown plotted versus the angle of emission of the beam for the various

monoenergetic sources in Figs. 10 and 11. It is interesting to note from

these plots that the change in the capture gamma-ray dose rate with distance

appears to be consistent with a l/g dependence of the dose rate on the

source-detector separation distance in this region for the case of

0.025-ev source neutrons. However, as the neutron energy is increased,

the gamma-ray dose rate falls off less rapidly than l/g in this region and

7. CD. Zerby, "Radiation Flux Transformation as a Function of Density
of an Infinite Medium with Anisotropic Point Sources," ORNL-2100 (1956).
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it is seen from the plots that for a source-neutron energy of ^y 1000 ev the

dose rate changes by less than 20$ in going from a separation distance of

25 ft to 65 ft. Hence, for a given air density, these calculations indicate

that the gamma-ray dose-rate contributions from the higher-energy neutrons

become more important relative to the contributions from the lower-energy

neutrons as the source-detector separation distance is increased. On the

other hand, by combining this result with Eq.. 17 it is apparent that, for

a fixed source-detector separation distance, the gamma-ray dose-rate contri

butions from the higher-energy neutrons become less important relative to

the contributions from lower-energy neutrons as the altitude is increased

(i.e., as the air density decreases).

Finally, a calculation was performed to estimate the maximum error

which might be introduced if these point source results were applied to

a source with finite dimensions. With this code it was possible to have

the line beam of neutrons emerge from the surface of a black-absorbing

sphere rather than from a point. In this case, a neutron history was

immediately terminated if its path in space crossed the surface of the

black sphere. Similarly, if the radius vector from any collision point

to the detector passed through the black sphere, then the gamma-ray

contribution from that collision was set equal to zero and the neutron

was allowed to continue on. The maximum discrepancy between the results

for the point source and the black-sphere source should obviously occur

for the case of 0.025-ev neutrons emitted in a line beam at an angle of

180 deg with respect to the source-detector axis. Therefore, a problem

was run to give the air-capture gamma-ray dose rate at 6U ft from a line

beam of 0.025-ev neutrons emitted at 9 = 180 deg from a black sphere with

a diameter of 12 ft. The dose rate per source neutron per second for the
-12

black sphere case was 2.U5 x 10 mr/hr. The result for the point source
-12

case was 3»52 x 10 mr/hr. Hence, even in this very extreme case the

discrepancy was only ^30$. In most practical cases the error introduced

by applying the point source results to a- finite source problem is probably

within the statistical error of the point source results (i.e.,^10 to 15$)•
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Appendix A

MODIFICATIONS OF AIR-SCATTERING CODE

This section of the report contains the information necessary to run the

air-capture gamma-ray problem on the Oracle. The code used for this calcu

lation is the "Neutron Air-Scattering Code" described in detail in Appendix B

of ref. 1. For this calculation the following modifications should be made

to the notes given in the reference:

Note I:

a. After item 5 the machine stops L-710. At this time
have the operator correct the following addresses:

Address

65E —

160 —

Correct Word

-^60158 1+0012

-> 43162 1+0800

b. Proceed by putting the code word for the name in the
Q. register as in item 6 and execute with S.O. 1+1710.
Continue as before through step 11.

c. Step 12 requires a paper correction tape as follows:

Address Correction

25069 200AC

Address

301

Correction

65E 7FO5I+ 1+0000

2C9 1+12CA 00000 2EE 00132 0AEA1

2ED 1+B2F2 1+32F6 2EF 00008 B1+03A

2F6 21+7BF 5F052 2F0 011+00 00000

2F7 21+367 5FO5I+ 302 21+302 1+301+3

2F8 21+2F8 1+301+3 303 5F7F3 21+2F0

2F9 5F7F5 2635C 301+ 5F7BC 1+3305

2FA li+001 5F052 305 607BF 382EF

2FB 16000 7FO5I+ 306 1B019 1+1320

2FC 21+2FC 1+301+3 325 5F7BC 1+0000

2FD 5F7F1+ 607ED 326 21+326 1+3000

2FE 382EE 3A7F3 327 7BC27 BC7BC

2FF 1+0000 387E7 328 7BC27 BC7BC

300 5F052 16000 329 7BC27 BC7BC
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Address Correction Address Correction

32A FBC27 BC7BC 352 00000 ^3350

32B 21+32B 1+3000 1A3 5F7FO 1+B1B6

32C 7F527 F57F5 3l+C 21+7DF 5F7BF

32D 7BC17 F57F5 03D 1B001 5F7DC

32E FF527 F1+7F1+ 01+1 1B001 5F7C5

32F 21+7F1+ 5F7BC 31+D 1+1376 5F7EO

330 16000 777BC 28D 1+131+D ^3299

331 ^3307 00000 31+E 21+7BF 5F7DF

307 267BC 1+B30A 3^F ^3299 21+369

308 21+308 1+3000 0B3 00000 000D5

309 FF327 F1+7F3 361 00000 000D5

30A 21+7DF 5F7F1+ 350 21+7DF 5F7BF

30B 1+1336 00000 351 1+12A3 00000

379 FF587 F6000 2AA 12006 1+F29B

37A ^337B 00000 2AF 207F1+ 12006

356 227EO 1+B30C 2B5 12006 1+F29B

30C 2I+7EC 11+009 2C1 2I+7F3 1C019

30D 227ED 1+B28B 2Cl+ 1C019 3B7E8

30E 1+129E 00000 2C6 21+7F5 1C019

OAA 01000 00000 2E9 1C018 3B7E8

37B 1+12A3 00000 FFF

Note X:

The digit A^ which appears in input parameter P-0
can only have values 0 or 2.

Input parameter P-1+ is changed from E-10 to E
with new range 0.025 ev < E £i O.99 Mev.

_2
Input parameter P-5 is changed from E -10 to
E with new range 0 ^E .£.0.99 Mev.
c ° - c — yy

Input parameter P-ll must be zero.
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Note XI:

The output will now consist of one set of data that
will be termed the flux output; however, the data
designated as D.., will be interpreted as:

JIK

D.., = capture gamma-ray dose rate, mr/hr, at the
^1 detector point normalized to one source

neutron per second in the ktn energy interval
°*" "kke neutron creating the gamma rays and in
the ith azimuthal angle interval of the jtn
polar angle interval of the detector.

Note that these quantities are not normalized per unit energy per

unit solid angle.

. The following M values of the output will be altered to have
the meanings given below:

M-5 Total gamma-ray dose rate (mr-hr /source neutron.sec ) (f.p.)

M-6 Standard deviation on M-5 (f.p. )

M-7 Blank

M-8 Blank

M-13 - M-20 Blank
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