
AFRRI 
CONTRACT 

REPORT 

AFRRI CR67-1 
RRA-T71 
FEBRUARY 1967 

CC 

© 
OD 
in 

-T© »■> — 

CALCULATED GAMMA-RAY DOSE DISTRIBUTIONS 

IN A PHANTOM 

EXPOSED TO FALLOUT AND SIMULATED FALLOUT 

R.L. French,RRA 
K.W. Tompkins, RRA 
C.W. Garrett, AFRRI 

n 
D r> c 

y<! SEP 14 1967 

B 

Prepared Under Contract by 

RADIATION RESEARCH ASSOCIATES , INC. 
Fort Worth, Texas 

for 

ARMED FORCES RADIOBIOLOGY RESEARCH INSTITUTE 
Defeni« Atomic Support Agency 

Reproduced by fHe 
CLEARINGHOUSE 

for federal Seien he 81 Technic a I 
Information Spnngftald Va 2 2131 

Bethesdo, Maryland 

DiitribuHon of this document is unlimited 



AFRRI CR67-1 

RRA-T71 

February 1967 

CALCULATED GAMMA-RAY DOSE DISTRIBUTIONS IN A PHANTOM 

EXPOSED TO FALLOUT AND SIMULATED FALLOUT 

R. L. FRENCH, RRA 

K. W. TOMPKINS, RRA 

C. W. GARRETT, AFRRI 

Report Prepared by 

RADIATION RESEARCH ASSOCIATES, INC. 

Fort Worth, Texas 

Under Contract No. DA-49-146-XZ-479 

fi. S. BURKIE 

Captain, MC, USN 

Director 

ARMED FORCES RADIOBIOLOGY RESEARCH INSTITUTE 

Defense Atomic Support Agency 

Bethesda, Maryland 

Distribution of this document is unlimited 



ACKNOWLEDGMENTS 

The authors are grateful to J. H. Price who made special modi¬ 

fications to the COHORT Monte Carlo code to accommodate the depth- 

dose problems, to D. G. Collins for many helpful discussions on the 

utilisation of COHORT, and to L. Olmedo for his assistance with 

the analytic calculations. A special acknowledgment is due Dr. 

James T. Brennan, formerly Edrector of the Armed Forces Radiobiology 

Research Institute and currently the Mathew J. Wilson Professor in 

Research Radiology at the University of Pennsylvania, for suggesting 

the Investigation. 



ABSTRACT 

Ganma-ray depth-dose distributions In a phantom exposed to 

fallout and to simulated fallout were calculated by the Monte Carlo 

method. The phantom consisted of a tissue equivalent vertical 

right cylinder of 60 cm height and 30 cm in diameter. The center 

of the phantom was 3 ft 8 in,(111.8 cm) above a smooth ground 

235 
surface uniformly contaminated with U fission products. The 

energy and angle distribution of the gamma rays incident upon the 

phantom were taken from previous Monte Carlo calculations. 

The depth-dose distributions were found to be relatively in¬ 

sensitive to fallout age over the period investigated (1 hour to 

9 days). The dose rate at the center of the phantom is approxi¬ 

mately 65 percent of the free-fleld dose rate, while that at the 

lateral surface is approximately 80 percent. Except near the 

extremities, the dose rate along the vertical axis of the phantom 

varies at approximately the same rate with height above ground as 

does the free-fleld dose rate. Approximately one-half of the dose 

rate at the center of the phantom is from photons which have suffered 

previous collisions in the phantom. 

The depth-dose distributions were calculated for two arrange¬ 

ments of artificial sources which, although not duplicating the 

fallout energy spectra, were intended to produce similar depth-dose 

distributions. The patterns produced by revolving the phantom on 

its vertical axis while exposed to a point ^Co source at a horizon¬ 

tal distance of 200 ft (61 m) are similar to those from the fallout, 

except for internal positions near the bottom of the phantom. A 

special arrangement of Co, Cs and Ce sources produced sub¬ 

stantially the same depth-dose patterns throughout the phantom as 

did the fallout. 
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An additional calculation was performed of the depth-dose dis¬ 

tribution within a phantom positioned at the center of a 4 ft dia¬ 

meter by 5 ft deep foxhole located in a 1.12-hr fallout field. The 

distribution in the horizontal ^ildpl&ne of the phantom was found to 

be quite similar in shape Lo the above ground case except for a 

sharper dropoff of the dose away from the lateral surface. As 

would be expected, however, the axial distribution is quite different 

from that found above ground. 
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I. INTRODUCTION 

The Armed Forces Radlobiology Research Institute (AFRRI) has 

been engaged in a continuing study of the radiation fields asso¬ 

ciated with fallout and laboratory irradiation devices (fallout 

simulators) which could be used to study the biological effects of 

exposure to fallout. This report describes a recently-completed 

phase of this effort in which depth-dose distributions in cylindri¬ 

cal phantoms were computed for several relevant geometries: (1) 

above idealized fallout fields of several ages, (2) in two different 

fallout simulators, and (3) in a foxhole placed in a fallout field. 

Investigations of the physical nature of fallout fields have 

been underway for many years. Both experimental and theoretical 

techniques have been employed. During the era of atmospheric 

nuclear testing, several studies of actual fallout fields were 
12 3* 

conducted. ' * Artificial fallout fields have been temporarily 

constructed using isotope sources, more permanent labora¬ 

tory irradiation devices have been used as fallout simulator8^,1^,^1 
12 13* 

and others have been proposed. ’ Wheruas there is much in the 

literature on the free-field properties of gamma rays from fallout 

and fallout simulators, (Spencer's"^ work being a notable example) 

there is very little that is concerned with depth-dose data. Imirie 

and Sharp ^ measured some depth-dose and absorption profiles in 

masonite man phantoms placed in an actual fallout field to deter¬ 

mine the relative contribution of beta and gamma radiations. Bond 

reviewed depth-dose patterns obtained experimentally for 

several source geometries including fallout and clearly showed the 

importance of understanding depth-dose distributions. 

Although this early work served to define the problem, the 

techniques employed were not very precise when compared to present 

* - The references quoted are illustrative and do not exhaust the 
available literature. 



day standards. Further, no definitive calculations of fallout- 

related depth-dose distributions have been reported. The study 

reported herein was performed by Radiation Research Associates, Inc. 

(RRA) under contract to and in collaboration with the AFRRI, and 

consisted of using Monte Carlo techniques to compute the gamma-ray 

depth-dose patterns in tissue-equivalent homogeneous phantoms 

placed at appropriate locations in the geometries considered. Beta 

rays from fallout which cannot penetrate as deeply into the body as 

can gamma rays were not considered in the present study. 

17 18 
Earlier studies ’ characterized the gamma-ray fields at 

selected point receiver positions in the geometries of interest by 

describing the photon angle and energy distributions of the free 

fields from which the dose* in tissue was obtained. (The "free 

field" is a radiation field existing in unshielded or shielded re¬ 

gions without the field-perturbing biological specimen present.) 

These earlier results, which are summarized in Chapter II, were 

used as source data to compute the depth-dose distributions along 

the central (vertical) axis and along a midplane diameter of a 

phantom placed at the point receiver positions. 

A Monte Carlo approach was selected for performing the depth- 

dose calculations because it allows a more accurate treatment of 

the radiation environment and of the finite size and geometry of 

the phantom than do analytic methods for solving the radiation 

transport problem. However, to provide guidance for the Monte 

Carlo calculations and to determine the degree of validity of a 

* - Actually, the kerma in tissue was the quantity computed in the 

earlier studies and in the present study. As charged particle 

equilibrium in a low-z material is closely approximated for all 

free-field positions, the numerical values of the kerma in 

tissue and the absorbed dose in a small piece of tissue are 

nearly identical. To be consistent with the terminology of 

the referenced works, we shall use the term "dose" throughout 
this report. 

2 



simpler method, calculations were also performed using exponential 

attenuation and infinite medium dose buildup factors. Chapter III 

describes the methods used in the depth-dose calculations. 

The results of the depth-dose calculations, given in Chapter 

IV, are expressed as the fraction of the free-field dose rate in 

tissue at the point receiver position over which the phantom was 

superimposed. Obtained as intermediate and auxiliary results were 

the differential energy spectrum of the flux density at a number of 

positions in the phantom and the fraction of the total Incident 

energy which is absorbed in the phantom. The various results were 

compared and analyzed to determine their sensitivity to fallout age, 

to determine the extent to which the fallout simulators do simulate 

fallout depth-dose distributions, and to establish the validity of 

the calculations! methods. 

Some conclusions concerning the results obtained and the 

validity of the computational methods used are given in the final 

chapter of this report. The appendix contains a tabulation of the 

radiation environment data used as input to the depth-dose calcula¬ 

tions. 

3 



II. RADIATION ENVIRONMENTS 

To calculate the transport of photons in the phantom, it was 

first necessary to obtain the energy and angle distributions of the 

photons incident upon the phantom. The results of earlier Monte 

17 18 
Carlo calculations, ’ in which the free-field angle and energy 

distribution of the number flux density was determined at point 

receivers for the geometries under investigation, were used for this 

purpose. 

The idealized fallout radiation environments were determined 

for a receiver located 3 ft (0.914 m) above fallout uniformly 

deposited on a smooth ground surface.The fallout was assumed to 
235 

consist of non-volatile U fission products; fallout ages of 1.12 

hours, 23.8 hours, 4.57 days and 9.82 days were separately examined. 

One of the two simulated fallout radiation environments studied 

was that produced by a point isotropic ^Co source (-1.25 MeV) ele¬ 

vated 3 ft above the ground and placed 200 ft (61 m) horizontally 

from a similarly elevated receiver. The other was that produced by 
fif) 1*^7 1AA 

a special arrangement of Co, Cs (-0.67 MeV) and Ce (-0.10 MeV) 
18 

sources known as the AFRRI Compact Simulator. 

The radiation environment in a 5 ft deep by 4 ft diameter fox- 
1 ft 

hole dug in a fallout field was also based on earlier calculations, 

but it was necessary to make a correction to a minor component and 

extend the calculations to additional positions in the foxhole (see 

Sec. 2.3). This section summarizes these free-field calculations 

which are more fully described in the earlier reports.17,18 

2.1 Fallout 

For the fallout fields the basic computations were of the 

energy and angle distribution of the photon flux density above in¬ 

finite plane isotropic sources of monoenergetic gamma rays with 

4 



energies of 0.10, 0.14, 0.25, 0.40, 0.67, 0.85, 1.25, 1.75, 2.50 

and 3<50 MeV. The results of these individual calculations were 

235 
weighted by the U fission product decay spectra of Nelms and 

19 
Cooper and then combined to obtain data for fallout of several 

different ages. 

Figure 1A shows the geometry used in the fallout calculations. 

Also shown in Figure 1A for illustrative purposes is the phantom 

superimposed over the receiver point. For each source the uncolllded 

and scattered flux densities at the receiver point were computed 

in each of ten energy Intervals between 0.04 and 3.5 MeV and eighteen 

equal receiver polar angle (6) intervals between 0° and 180°. In 

addition to the flux densities, the dose rate arriving through each 

ten-degree interval of receiver angle was computed. All results 

were integrated over azimuthal angle (4>) to provide distributions 

as a function of polar angle only. 

For calculations of the uncollided components, exponential 

and inverse square attenuation were considered and an air composi¬ 

tion of 22 percent (number density) oxygen and 78 percent nitrogen 

20 
was assumed. Grodstein's gamma-ray cross sections and an air 

-3 3 
density of 1.29 x 10 g/cm were used. The calculations required 

an integration of the attenuation kernel over the surface of the 

infinite plane source. The receiver polar angle (6) was selected 

as the variable of integration and, using a machine program, an 

increment A6 of one minute was used in integrating over each ten- 

degree interval of receiver angle. 

The air- and ground-scattered flux densities were computed with 
21 

the LOS Monte Carlo Program. In these calculations a ground com¬ 

position corresponding to Nevada Test Site soil was used. The LOS 

program allowed essentially exact representation of the air/ground 

geometry and composition. The infinite plane source, which could 

not be treated directly by the program, was approximated by a set 

of 23 point isotropic sources, each of which represented an annular 

5 



A. Fallout Field 

B. Point Isotropic Source 

Figure 1. Geometry Assumed for Fallout and 60Co Point Source Radiation 

Environment Calculations 
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area on the infinite plane source. These point sources were care¬ 

fully positioned to obtain a smooth integration and extended to a 

distance of 1600 ft from the receiver. 

In a point isotropic source calculation, the L05 Monte Carlo 

Program selects source emission directions at random and follows 

each photon through a path or random walk generated by random samp¬ 

ling from collision probability distributions and scattering angle 

distributions for the material being penetrated. Upon each colli¬ 

sion, statistical estimation is applied to compute the probability 

that the scattered photon will go directly from the scattering 

center to the receiver without further interaction. These proba¬ 

bilities are scored at the receiver according to the photon's energy 

and the angle through which it arrives. An adequate number of 

photon paths or histories" must be computed to insure a representa¬ 

tive distribution of scattering events in the media about the source 

and receiver. The Monte Carlo estimate of the flux density at the 

receiver is then the sum of the probabilities accumulated from all 

histories divided by the total number of histories. 

For the fallout calculation, a total of 23,000 histories were 

run (2,300 for each source energy). These numbers were generally 

adequate to keep the indicated standard deviation of the total flux 

density for each source energy below 10 percent. Each photon his¬ 

tory was terminated upon the 15th collision or upon the photon 

energy being degraded below 0.04 MeV. 

The results of the fallout calculations were found to compare 

favorably with those of other investigators, both experimental^’^ 

and theoretical.14 The results from the fallout radiation environ¬ 

ment calculations that were used as input to the depth-dose calcula¬ 

tions are given in Tables Al, A2, A3 and A4 of the appendix for 

fallout ages of 1.12 hrs, 23.8 hrs, 4.57 days and 9.82 days, 

respectively. In these tables, the photon flux densities are 

listed for each energy-angle bin. Also tabulated is the total flux 

7 



density in each energy bin (summed over all angles) and in each 

angle bin (summed over all energies) , tissue dose rate as a func¬ 

tion of angle, and the total flux density and tissue dose rate at 

the receiver point. 

2.2 Simulated Fallout 

60. 
The radiation environments of fallout as simulated by the Co 

point isotropic source for several source-receiver separation dis¬ 

tances and by the AFRRI Compact Simulator were calculated by the 

18 
105 Monte Carlo procedure. 

The geometry for the 6°Co point isotropic source is shown in 

Figure IB. Of those distances examined, the separation distance 

of 200 ft for the source was selected because it best approximated 

the energy and angle distribution from an infinite plane fallout 

source. The flux densities at the receiver were sorted into the 

energy and angle groups described above for the fallout calcula¬ 

tions. As was the case for fallout, the flux densities were inte¬ 

grated over the azimuthal angle, ¢. Thus the environment computed 

for the ^Co point source is that which would be experienced by 

a subject rotated on its vertical axis during exposure. The 

scattered components of the computed flux densities which were used 

as input to the depth-dose calculations are given in Table A5 of^ 

the appendix. The uncollided component, 1.362 x 10 photons/cm - 

sec per source photon/sec, was taken from Table I of Reference 18. 

The AFRRI Compact Simulator, which is a conceptual design, 

consists of a uniform disc source located on the ground surface, 

a ring source above the perimeter of the disc source, and a slab 

of water of equal radius positioned above and concentric with the 

disc and ring sources. The geometry is shown in Figure 2. The 

ring source serves as a virtual source for that portion of an in¬ 

finite plane source not included within the finite disc source 

while the water serves as a scattering medium for gamma rays from 

8 



DISC SOURCE 

Figure 2. AFRRI Compact Simulator 
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both the disc and ring source to simulate skyshine from an infinite 

plane source. The relative concentrations of the 60Co, 137Cs and 

Ce in the disc and ring sources and the thickness of the water 

slab were selected to give the best approximation of the energy 

and angle distributions 3 ft above 1.12-hr fallout. 

The radiation environment of the AFRRI Compact Simulator used 

for the depth-dose calculations was that computed for a receiver 

located on the axis and 3 ft above the disc source (Table A6 of 

the appendix). It was found in the original study, however, that 

the simulator produced substantially the same environment at posi¬ 

tions located off of the axis by as much as 30 ft. 

The characteristics of the 1.12-hr fallout and the simulated 

fallout radiation environments are compared in Figure 3. The angle 

distributions of the total dose rate in tissue given in Figure 3A, 

have^the same gross shape for 9>80 degrees; but below 80 degrees, 

the Co angle distribution bears no resemblance to that from fall¬ 

out. Neither the AFRRI Compact Simulator nor the 6°Co point source 

provides a good simulation of the free-field energy spectra of 

fallout as may be seen in Figure 3B. This deficiency results from 

the complete lack of photons with energies greater than 1.33 MeV 

from the simulator sources, although such photons are relatively 

abundant in actual fallout. 

23 Foxhole 

The geometry of the 4 ft diameter by 5 ft deep foxhole is 

shown in Figure 4. The radiation field in the foxhole may be 

classified into three components. The "air-scattered" component 

is that which has scattered in air above the ground and enters the 

foxhole, reaching the receiver without further collision. The 

"wall-scattered" component contains all photons which have scattered 

from the foxhole wall or floor before reaching the receiver. 

Lastly, the 'uncollided" component is that which emanates from the 

fallout source on the ground and penetrates the foxhole lip to 

10 



A. Dose Angle Distribution 

Figure 3. Gamma-Ray Energy and Angle Distributions from 1.12-Hr Fallout, 
60Co Point Source, and AFRRI Compact Simulator (normalized to 
unit dose rate) 
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Figure 4. Foxhole Geometry



arrive at the receiver without suffering a collision. All three 

components were considered in generating the photon energy and 

angle distributions on the surfaces of the phantom. 

The uncollided component was computed by straight-forward 

analytical means. The air-scattered component was derived from 

the above-ground free-field case by assuming the foxhole was, in 

effect, a collimator. The wall-scattered component consists of 

air-scattered photons which enter the foxhole through its aperture 

and subsequently scatter from the wall or floor and those which 

first undergo a collision in the ground and then enter the foxhole 

through the wall or floor. The latter constitute a small fraction 

of the total wall-scattered component (which itself contributes 

less than 10 percent to the total flux density in the foxhole) 

and was ignored. The former was computed with the LOS Monte Carlo 

procedure assuming the energy and angle distribution of the 

"collimated" above-ground free-field results as a source term for 

the photons incident upon the walls and floor. 

The original foxhole calculations were performed for only 

one receiver - that located on the axis 2.5 ft below the ground 

plane. Since the radiation environment may be expected to vary 

considerably with position in the foxhole, it was necessary in the 

present study to perform calculations for the additional receiver 

positions shown in Figure 4. During the course of these calcula¬ 

tions, it was discovered that an error had been made in the origi¬ 

nal wall-scattering calculations for the 2.5-ft position. The 

error resulted from an error in converting the photon flux density 

to an equivalent area source in defining the pseudo-source term 

for the wall-scattering calculations. Corrected calculations were 

performed which reduced the contribution of the wall-scattered 

component at the center receiver from 24.8 to 5.1 percent of the 

total dose rate. 

\ 
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Although calculations were performed explicitly for the alr- 

acatt.red end uncolllded component, at the added receiver po.ltlone 

in the foxhole, the corrected well-scattered component computed for 

the center position was ..,„„ed to apply at the new positions. This 

..sumption was Justified by simpllfed elbedo calculations which in¬ 

dicated that the well-scattered dose rate at the new receiver posi¬ 

tions should not vary by more than approximately 25 percent from 

that at the center position. Further Justification stems from the 

fact that the wall-scattered component is only 5.1 percent of the 

total at the center position. 

The energy and angle distribution of the photon flux density 

at each of the five receiver positions in the foxhole are given in 

Tables A7 through All of the appendix. These data were used to de¬ 

fine the photon distributions incident upon the phantom in the depth- 

dose calculations. 

14 



III. METHODS 

For the depth-dose calculations, the phantom was superimposed 

over the point receiver locations for which the free-field radia¬ 

tion environments were obtained. In the above ground cases, the 

axial midpoint of the phantom was placed 8 in, above the point re¬ 

ceiver and hence,3 ft, 8 in. (111.8 cm) above the ground surface. 

In the foxhole the phantom midpoint was located at the midpoint of 

the foxhole axis 2 ft 6 in.below the ground surface. 

The phantom used in the calculations was a torso model con¬ 

sisting of a tissue equivalent vertical right cylinder of 60 cm 

height and 30 cm diameter. For tissue equivalence, the phantom 

was composed of a homogeneous mixture of the elements indicated 

in Table I. 

Table I. Composition of Tissue Equivalent Phortom 

Percent 
Element by Weight 

Carbon 15.6 

Hydrogen 9.8 

Oxygen 71.0 

Nitrogen 3.6 

Total 100.0 

Partial Density Atomic Concentration 

_c°»"3) _(atoms cm~3) 

0.1585 7.944 x 1021 

0.0996 5.948 x 1022 

0.7214 2.714 x 1022 

0.0366 1.573 x 1021 

1.0161 9.614 x 1022 

To compute the distribution of the ganma-ray dose in the 

phantom, it is necessary to consider the gamma rays incident over 

its entire surface and their transport until they are absorbed in, 

or escape from, the phantom. In the above-ground cases photons 

which escape the phantom may be scattered back into it, but because 

15 



of the small size of the phantom compared to the scattering mean- 

free-path in air, the probability of this occurring is so small 

that it may be safely neglected. In the foxhole, this assumption 

is not as easily Justified because of the proximity of the foxhole 

walls. Although these ''re-entering" photons would occur with 

greater frequency, solid angle and albedo considerations indicate 

that they would comprise no more than 2 percent of the total incident 

flux density. Therefore, they were also neglected. 

In performing the radiation transport calculations, the photon 

flux density as a function of energy must be determined at a suitable 

number of positions in the phantom to allow, after conversion to 

dose, construction of dose or dose fraction profiles. The Monte 

Carlo procedure used to perform the depth dose calculations is a 

22 23 
multi-purpose code package known as COHORT. ’ Section 3.1 gives 

a brief description of COHORT with emphasis on those features 

actually used in the present study. The reader is referred to the 

COHORT documentation for a more complete description. 

The input data and parameters used in the Monte Carlo calcula¬ 

tions and the procedures used in the reduction of the Monte Carlo re¬ 

sults to the desired form are described in Section 3.2. The simplified 

analytic methods used for the exploratory depth-dose calculations in 

the above-ground geometries are described in Section 3.3. 

3.1 COHORT Description 

The principal codes of the COHORT package are the SOURCE (SOI 

and S02), HISTORY (HOI), and ANALYSIS (A01 and A02) codes. Figure 5 

illustrates the functions and relationships of the principal codes. 

The SOI code is used to generate the initial parameters defin¬ 

ing the spatial distribution, direction, energy and weight of primary 

gamma rays or neutrons. The S02 code, not used in the depth-dose 

study, generates a similar set of parameters for secondary gamma 

rays using as input neutron distribution data from a previous COHORT 

calculation. 

16 
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The basic assumption in the SOI code is that the distribution 

defining the source can be separated into independent distributions 

which define the spatial, direction, and energy parameters. To obtain 

specific starting parameter values for each particle whose history is 

to be traced, Monte Carlo techniques are used to draw samples from the 

specified probability distributions. For the depth-doae calculations, 

photons must be started inward from a pseudo-source covering the 

phantom when it is exposed to the desired radiation field. Although 

SOI could handle the depth-dose calculations, each calculation would 

have to be broken into a number of individual problems because of 

the above-mentioned restriction requiring independent spatial, 

direction and energy distributions. 

Thus, to reduce the amount of external data handling in the 

depth-dose calculations, SOI was modified to accept as direct input 

the free-field gamma-ray energy and angle distributions assumed to be 

incident upon the phantom, and to compute the necessary probability 

distributions from these data^ The code was also revised to perform 

correlated rather than Independent sampling from these distributions- 
24 

This special version of SOI, designated RRA-62, differs from the 

regular version only in the input data formats and in the routines 

used for cylindrical volume sources with an anisotropic angle 

distribution. 

The operation of the Modified SOI code in generating photon 

starting parameters corresponding to exposure to a given radiation 

field may be summarized as follows: 

1. From the input energy and angle distribution and the 

phantom dimensions, the fractions of the total number 

of photons which enter the bottom, side (lateral) and 

top phantom surfaces are computed. These fractions 

are used as probabilities in determining which surface 

a given photon enters. 

18 



2. If the photon is started from the top or bottom surface, 

its spatial coordinates are selected assuming a uniform 

probability distribution over the surface. 

3. If the photon is started from the lateral surface, its 

spatial coordinates are selected from a uniform distribu¬ 

tion on azimuth and from a height distribution specified 

in the input. 

4. The energy distribution of the photon current entering each 

of the three surfaces of the phantom is computed in the form 

of a probability distribution which is sampled to assign an 

energy to the photon entering the surface. 

5. The polar angle (0) distribution of the photon current 

within each energy group for each surface is computed. 

The distribution, expressed as a set of probabilities for 

the appropriate surface and energy group, is sampled to 

obtain a particular polar angle for the photon. 

6. If the photon is started from the top or bottom surface 

of the phantom, its azimuthal angle (¢) is assigned by 

sampling from a uniform distribution; if from the lateral 

surface, the sampling is from a cosine distribution. 

7. The procedure assigns weights to individual photons such 

that the results will be normalized to unit free-field 

dose rate. 

The SOI code records the starting parameters for the required 

number cf photon histories on a "source tape" that is used as input 

to the HOI code. Additional input required for HOI is the geometry 

of the phantom and energy-dependent cross-section data for each 

element included in the phantom. 

The HOI code traces the paths of individual photons through a 

random walk generated by sampling from collision probability 

distributions and scattering angle distributions for the phantom 

materials The collision probability distributions are generated 
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from consideration of the cross sections for Compton scattering, 

pair production and absorption. Absorption is not allowed to 

terminate a walke Instead, the photon weight is reduced upon each 

interaction by the probability that the particular interaction was 

an absorption. The scattering angle distributions are generated 

from the well-known Klein-Nishina formula. Each photon history 

is terminated upon reaching a specified minimum energy, a specified 

maximum number of collisions, or escaping /rom the defined geometryt 

In the process of tracing photon histories, the location of 

each Interaction and the resultant photon energy and direction are 

recorded on tape. The resultant "collision tape" from HOI may then 

be analyzed by the A01 or A02 codes to determine the photon flux 

density at specified positions. Additional output from HOI includes 

the amount of energy deposited in arbitrarily defined volume regions 

of the phantom through photon collision and photon absorption. This 

output is of limited usefulness in the depth-dose study, however, 

because an excessive number of photon histories must be traced to 

obtain a suitable degree of spatial resolution. 

The "collision tape" output from HOI may be analyzed in various 

ways to obtain the desired results from the transport calculations 

The A01 analysis code, which uses statistical estimation to determine 

the scattered flux density in arbitrary energy and angle groups at 

specified point receiver locations, was not used in the depth-dose 

study. 

The A02 analysis code, which was found to be the best suited to 

the depth-dose study on the basis of information yielded and cost 

considerations, computes the "expectation" track length in each 

volume region which is intercepted by a projection of each photon 

flight from a collision. These track lengths are sorted according 

to volume region and photon energy. An estimate of the average 

photon flux density in a given region may then be obtained by divid¬ 

ing the total track length in that region by the region volume. 
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One of the advantages of A02 over A01 is that it includes the flux 

density contribution from uncollided phr-tons since the initial flight 

of a photon from its point of origin is included. The A02 code was 

modified for this study to compute the dose deposited in each volume 

region by multiplying the flux density contributed by each photon 

25 
track by a flux-to-dose rate conversion factor supplied as input 

and then summing over-all energy groups. 

3.2 Monte Carlo Depth-Dose Calculations 

The SOI calculations were relatively straightforward for the 

above-ground cases. For these cases, the free-field energy and 

angle distribution tables given in the appendix were used as input 

for the special version of SOI. Special calculations of the total 

flux density above a 1.25-MeV plane isotropic source showed that 

it varied by 12 percent over the height of the phantom. In the 

depth-dose calculations it was assumed that the Incident flux density 

from all of the sources except the ^Co point source had a similar 

height dependence. No such adjustment is required for the ^Co 

source geometry. To make a first order correction for this de¬ 

pendence, the phantom's lateral surface was divided into five equal 

intervals and the appropriate probability was input for each. The 

relative energy and angle distribution of the free-field flux density 

was assumed not to vary over the height of the phantom. 

A special treatment was required for the foxhole case since the 

height dependence of the energy and angle distribution could not be 

neglected. This treatment consisted of dividing the phantoms lateral 

surface into five intervals and using a different angle distribution 

for each. Each lateral interval was further divided into six sub¬ 

intervals and different probabilities were input for each to account 

for the vertical dependence of the total flux density. It should be 

noted that the five source distributions for the phantom's lateral 

surface, generated along the axis of the foxhole at the receiver 

locations shown in Figure 4, were assumed to be valid on the lateral 

surface, 6 in.off the axis. As discussed below, the depth-dose 

distributions are not sensitive to differences in the energy 
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and angle distributions; thus the approximation appears to be 

reasonable. 

The HOI and A02 calculations were performed in a straightforward 

manner, and no special treatment was required for the foxhole. The 

only thing which differed from run to run were the data on the 

source tapes for HOI and on the collision tapes for A02, The cross 

sections used for these calculations were taken from Grodstein's 
20 

compilation. The library used contained values for 85 energies in 

the interval 0.01 to 3,64 MeV. 

The volume regions into which the phantom was divided for the 

HOI and A02 calculations are shown in Figure 6 and listed in Table 

II. Also given in Table II are the region volumes and the location 

of the midpoint of each region. The volume regions are concentrated 

along the horizontal midplane and the vertical axis since it was 

desired to compute the radial and axial distributions of the dose. 

The dimensions of the volume elements are smallest near the phantom 

surface where the largest dose gradients were expected. 

Ideally, the volume regions would be of small size to obtain a 

high resolution of the spatial dependence of the dose. In order to 

obtain valid results, however, each region had to be large enough 

to intercept a statistically significant number of photons. The 

regions shown in Figure 6 were arrived at through exploratory 

calculations and represent a compromise among several considera¬ 

tions including spatial resolution, statistical accuracy, and 

computing economy. 

The principal factor affecting the statistical accuracy of the 

Monte Carlo calculations was, of course, the number of photon 

histories traced in the HOI runs. Exploratory calculations led 

to the selection of 10,000 photon histories as the minimum problem 

size to give acceptable statistical accuracy. To further 

improve the statistical accuracy, four different computer runs of 

approximately 10,000 histories each, using different random number 

22 



L 
(cm) 

Figure 6. 

■ ^ïjj 

R (cm) 

Division of Phantom into Volume Regions for 

Monte Carlo Calculations 

23 



■K 
U 
G ^ 

§ 
a ^ 

T3, 
¿105 
X 

O 
> 

h ca s 
a» -a u 
ä S w 3 3 CM 
O O 0Ä 

cc 

>< 
U 

M <a Q 
4) TJ O 

g §~ 
■ - pj 

O B 
a cj •—' 

Sl*-> 

o 
> 

^ «a s 
4) TJ u 
a g 
a. 3 cm 
P o J 

«a 

R) 
TJ 

O P 
PQ 

CM 

I 

|BS 

* 

24 



sequences, were made for each problem. The final results for most 

positions in the phantom had standard deviations of less than 5 per¬ 

cent. 

In performing the Monte Carlo calculations, each photon was 

allowed to undergo 25 collisions or be degraded in energy to less 

than 0.04 MeV before termination. However, it was found that 

approximately 96 percent of all photon histories were terminated by 

escape from the phantom. Only 3 percent and 1 percent were ter¬ 

minated by minimum energy and maximum number of collisions, 

respectively. An average of only 3.8 collisions were suffered by 

each photon before its history was terminated. 

The print output taken from the A02 runs consisted of the total 

photon track length in each volume region and in each of ten energy 

groups : 

0.04 - 0.06 MeV 

0.06 - 0.10 

0.10 - 0.18 
0.18 - 0.30 

0.30 - 0.50 

0.50 - 0.75 

0.75 - 1.00 

1.00 - 1.50 

1.50 - 2.50 

2.50 - 3.50 

The photon flux density in each energy group was obtained by dividing 

the track length by the volume of the region. The dose rate in each 

region was obtained by multiplying the photon flux density in each 

energy group by the corresponding flux-to-dose rate (in tissue) 
25 

conversion factor and then summing over energy. The dose rate 

thus computed for each region may be regarded as a "dose fraction"* 

since the source strength normalization is to the unit free-field 

dose rate in tissue at the point receiver location. 

* "Dose fractiori'is defined on page 31. 

25 



A sCatistical analysis was perfonned of the depth-dose dis¬ 

tributions from the four different runs made for each case. 

Standard deviations were computed for each position in the phantom 

using the equation 

I (6X )2 n 
S . V - 

N K-l 

where 6Xn is the difference between the dose fraction for the 

run and the average of all runs. 

3.3 Analytic Calculations* 

Previous studies indicate that approximately 80 to 85 percent 

of the free-field dose at a position 3 ft above an infinite plane 

fallout source is from uncollided photons. Hence, most of the dose 

near the phantom surface results from the first collision of the 

uncollided photons incident upon the phantom. Moreover, explora¬ 

tory calculations for a representative photon energy of 1.25 MeV 

indicated that approximately one-half of the dose rate at the 

center of the phantom is from photons which have suffered no prior 

collision in either air or ground or in the phantom. Because these 

uncollided photons contribute a large fraction of the total dose, 

a FORTRAN procedure was developed to perform separate analytic 

calculations for this component. Infinite water dose build-up 

factors were Incorporated in the procedure to provide an approxima¬ 

tion of the dose from higher collisions in the phantom, and provi¬ 

sion wes also made for allowing the fallout to be buried at an 

arbitrary depth below the ground surface to give an approximation 
26 

of the ground roughness effect. This FORTRAN procedure, desig¬ 

nated RRA-57, was designed to treat individual source energies 

separately so that the results could be weighted and combined for 

arbitrary fallout energy spectra. 

* These analytic calculations were performed for the above-ground 

case only. 
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Figure 7. Geometry for Calculating UncolÜded Flux Density in Phantom 

from a Fallout Source 
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The geometry is shown in Figure 7. The uncollided flux density 

at a receiver position in the phantom from a differential area, 

dA, on the plane isotropic monoenergetic source emitting one photon 

per unit time per unit area is 

dF 

■(u t + u t + u t ) 
g g a a p p 

4ii(t + t + t )‘ gap 
dA 

where u , y and y are the linear attenuation coefficients of 
g a p 

the ground, air and phantom, respectively, and t , t and t are 
g a p 

the path lengths in the ground, air and phantom, respectively. 

Expression of dA in terms of 0 and 4> leads to the following 

equation for the dose rate of the uncollided component at the 

receiver: 

D 
D 2v 

it tt/2 -(y t + y t + y t ) 

/ / 
0 0 

g g a a 
P P tan0d0d<|i 

where G is the flux-to-dose rate (in tissue) conversion factor 
25 

An approximation of the dose rate at the receiver from photons 

scattered in the phantom but not in air or ground is 

p ïï tt/2 -(y t + y t + y t ) 
D - / / [B(y t ) - l]e 88 33 P P tan0d0d* 
h ¿ 0 0 P P 

where t ) is the dose buildup factor for a point isotropic 
P P o? 

source in an infinite water medium. 

In order to obtain an idea of the accuracy of the RRA-57 

scattered dose calculation, the ratio of the total dose (from 

uncollided plus phantom-scattered photons) to the dose from un¬ 

collided photons was computed for several radial positions in the 

phantom midplane and compared with similar ratios computed with the 
21 

L05 Monte Carlo procedure. These ratios may be called "phantom 

buildup factors". The L05 calculations considered the finite 

geometry of the phantom and assumed a monoenergetic, isotropic 
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source uniformly distributed over the lateral surface of the phantom, 

whereas the RRA-57 calculations assumed the source to be uniformly 

distributed over the ground surface and used infinite water build¬ 

up factors. 

The L05 and RRA-57 phantom buildup factors for several source 

energies are compared in Table III. In most cases they agree within 

10 percent and the difference is less than 25 percent in the worst 

case. It was expected that the agreement would be worse near the 

lateral surfaces of the phantom since the infinite medium buildup 

factors do not account for boundary effects as do the L05 calcula¬ 

tions. In regions close to the phantom's lateral surface, the 

analytic approximation underestimates the scattered contribution 

from photons entering the phantom near the region since B(u t ) 
P P 

approaches 1 as approaches 0. However, this effect appears 

to be offset by the fact that the contribution in the region from 

photons penetrating a significant portion of the phantom is over¬ 

estimated by infinite medium buildup factors. It should also be 

noted that the effect of the difference in the source distributions 

between the RRA-57 and L05 calculations is not known and may also 

tend to offset or obscure the boundary effects. 

Table III. Comparison of Phantom Dose Buildup 

Factors Computed with RRA-57 and L05 

Receiver 

Location, R 

_(cn) 
0 

4 

8 

11 

14 

_Source Energy (MeV)_ 

0.25_0.67_1.25 

A-57 L05 A-57 L05 A-57 L05 

7.04 

6.55 

4.93 

3.58 

2.18 

7.40 

5.80 

4.41 

3.46 

2.22 

3.11 

2.95 

2.55 

2.15 

1.61 

2.55 

2.51 

2.30 

1.96 

1.43 

2.04 

2.00 

1.84 

1,66 

1.39 

1.95 

1.88 

1.74 

1.56 

1.25 

2.50_ 

A-57 L05 

1.51 1.46 

1.49 1.46 

1.42 1.42 

1.35 1.34 

1.23 1.17 
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A second FORTRAN procedure, designated RRA-58, was prepared 

to calculate the dose in the phantom resulting from radiation which 

has scattered before striking the phantom. This procedure is similar 

to the one described above, the principal difference being that the 

source is an arbitrary photon energy and angle distribution inci¬ 

dent upon the phantom. Consider photons incident upon the phantom 

with a given energy in a polar angle interval - 62 (see Figure 7). 

Assuming azimuthal symmetry and a uniform distribution of photons 

within the polar angle interval, the equation for the fraction A 

of the incident photons which penetrate without interaction to the 

receiver is 

0 
1 71 2 -u t 

^1 tf(cos0 - cos0 ) ^ ^ e sin6d6d$ 
1 2 0 

where: up - linear attenuation coefficient of phantom 

tp - total path in the phantom to a given receiver position 

for a ray incident with angles 0 and ¢. 

The gamma-ray dose buildup factor is given by 

. e9 2 77 2 -M t 

"(cosOj^ - cos62) ¿ ^ B(liptp) e P P 

- 02) - ^ A(0 I g X-- sin0d0d(f 
1 2' 

Using the above equations, the RRA-58 procedure computes a set 

of attenuation factors A-^ and buildup factors B- £ for each angle inter- 

va! (01 - e2) about 0 and each energy group E. Thé attenuation fac¬ 

tors, along with the flux-to-dose rate conversion factors, are folded 

with the free-field scattered photon energy and angle distributions 

to obtain the uncollided component in the phantom due to incident air- 

and ground-scattered photons. Similarly, the buildup factors are 

folded in, and the portion scattered in the phantom is obtained by 

subtracting the uncollided component from the total. 
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IV. RESULTS AND COMPARISONS 

The principal results of the Monte Carlo and analytic calcula¬ 

tions are summarized in Tables IV and V respectively. Doses in the 

phantom are expressed as "dose fractions"; the fraction of the free- 

field dose rate in tissue at the point receiver positions over which 

the phantom was superimposed. 

The results of the various calculations were analyzed to 

determine: 

1. The general characteristics of the depth-dose distribu¬ 

tions in the phantom. 

2. The sensitivity of the distributions to fallout age. 

3. The extent to which the simulated fallout fields 

reproduce the fallout depth-dose distributions. 

4. The validity of the simplified analytic calculations. 

The analysis was accomplished through comparison of the results 

given in Tables IV and V and through examination of auxiliary 

results given elsewhere in this chapter. 

41 Comparison of Depth-Dose Distributions 

The case of principal interest is the 1.12-hr fallout field 

since this particular age of fallout has been studied extensive- 
. 14,17,18 ,,, 
-‘-y* Figure 8 compares the Monte Carlo and analytic calcu¬ 

lations for this case. The Monte Carlo standard deviations on the 

radial distribution are quite small (-2 to 8 percent). Owing to the 

use of much smaller volume regions, the standard deviations on the 

axial distribution are larger near the bottom and the top of the 

phantom. 

The Monte Carlo results indicate a dish-shaped radial distri¬ 

bution with a dose fraction of 0.81 near (0.5 cm) the lateral sur¬ 

face of the phantom as compared to one of 0.66 at the center. For 

-20<L<+20 cm, the axial distribution is approximately a straight 

line which closely follows the height-above-ground dependence of 

the free-field dose rate. 

31 



T
a
b

le
 

IV
. 

D
e
p
th

-D
o
se
 
D

is
tr

ib
u
ti

o
n
s
 

B
a
se

d
 

o
n
 
M

o
n
te
 
C

a
rl

o
 
C

a
lc

u
la

ti
o
n
s

 

(d
o
s
e
 
f
r
a
c
ti

o
n
)

 

o s w 

M 
XI 

c¿ 
m eg 
fSI (*« 

M 4-1 
J3 3 

I O 
CM i—( 

<0 
«H 

a , 
o Oi ■H 

4-1 4-1 
•H o 
m 
o 
Pu 

X 
CM CM 

O Ov -í O O 00 
m n in ^ fsi 

srmHoovo^iHH 

'O'S-CNOO'itNfncN 
^■•tfrnvovOcMinoN 
OO'O'CNinoicM^- 
vommvovovor^p^ 

oooooooo 

X 
mvovomvOfsmr^. 
ooooo^vomvoo .. 
mrnmmcnHtNin 

^ o 
en <t eoe^»a^en<foOf-t-<T 

xocoiCNininr^r^ 
'O^OvOp^r^r^r^r^ ........ 
OOOOOOOO 

X 
'd-'tfrOrHOfnO'i 
r-4>3-cMr^<noN<fO 
r^tNcNiOiHtn-o-m 

oooxoxr^-a-tN 
iHOOO'f^^-fsl^ 
'ÎvOOOrHvOmr^CO 
\Ovovor^r^p>.r^.p^ 

ooooo’ooo 

X 
OSfHOOOvO-íiOm 
ino\rHCNr^-3-iHO • ••••••• 
MfMOfsmtsifnvo 
+4 
oomcNcnnino'» 
'O-r'OOr^rvoO'i 
oovor^rHH^moo 
'OvOvor^r^r^.r^p^ 

OOOOOOOO 

« 
« 
X 
-íONinr^ini-ioNm 
r-irHinootntn^m 

• •••*•## 
ootN-Hcsm-o-mcM 

•Hi—ImvOi-Ht^r^^- 
l^-OmcsitNOOvOiH 
inr^c'iiHvoöO'—i voiovop'i^r^r^oo . 
OOOOOOOO 

mr^^'ïiHiHiotn 
oovooommcsir^ 

• •••••«a 
cNvoo'iHcMfn-j-a- 

X 
inorO'íCTN-j’inmooCTivo 
p'lnr^voo'CMOO-irvooom ........... 
oiooNONf'i'JONr^ro^ov _i_i _i i 

oiH-j-^foovooinp^vom 
«ívoomvOCTNaíCNinmn 
p^ooHr-imovoP'Com^ 
tNeNPO'ï-a-sOvOOsOOOO ........... 
OOOOOOOOrHrHCN 

X 
tn rv -g- o 
<m cm i>- » cn m cm oo cm cm 

o en h \x> oo a. 
r^op'f’i'í’invoiOrHincM 

H rH rH ■« 
OXCnoO'MC'Hr-CTNCNrH 
inp-cooooOr-icn<roocri 
cnai^moovovo-a-mn-m 
lOiDvOvD sCvO'sO^D'^lDvO • ••*••*•••• 
ooooooooooo 

X 
O'i'irMcn-TinoovoPom 
^•cnsroooHn-r»co<rcn 

oOffiinxi^r^cMvfMfcMao 

nip-cMcnooocOCTiinfnoo 
cnmcncjxoorHHinr-ir^^-t 
Hi^oocnrn-ïaooovooovo 
CT'vovovovovominm'í'í 
«•••••••••• 

OOOOOOOOOOO 

X 
mvOCMOO^OlTiHOinOOO 
vOHP'inp'inooooroi^- 
... . ....... 
CTiinoo^Hincnnair^oO'3' 

rH 
44 
rOvOvorOcMCOOCMMfroaN 
x^cn-jin-ío-Jinmo 
O'foo-í'J’oomor^cMoo 
ai'OiûOvoioiO'Xinin--f ........... 
OOOOOOOOOOO 

X 
Ovrr-io<^^fr^as-3eNcn 
mm-íoooNr-ivoocTiinin 

ino-ícMinoom^rai-jin 
CM H rH 

r^-JOOXrHtMOrOmoo 
m-jrHvocMr^Xvût^OMf 
ror^cMooaiincnrSvocnoo 
aiior^vovoixiovommin 

• ••••••• 
OOOOOOOOOOO 

mmooo o o o m m • •••• ••••• 
ONr>.cnvoooooovocnr^CT\ 
CM CM CM rH rH CM CM CM 

I I I I I 

3 
O 

ca 

u 
X 

I 
CM 

TJ 
U 
ca 
o 
a 
X 
(U 

TJ 
<U 
4J 
<0 
U 
O 

X 
PH 

32 

*
*
 

S
ta

n
d
a
rd
 
d

e
v

ia
ti

o
n

 



T
a
b
l
e
 
V
.
 

D
e
p
t
h
-
D
o
s
e
 
D
i
s
t
r
i
b
u
t
i
o
n
s
 
B
a
s
e
d
 
o
n
 
A
n
a
l
y
t
i
c
 
C
a
l
c
u
l
a
t
i
o
n
s
 

(
d
o
s
e
 
f
r
a
c
t
i
o
n
)
 

o 
u 
o 
vO 

0) 
a 

3 
O 
to 

a 
o 
a. 

o 
vf 
o oo ON 00 00 vO 
u-1 vO 00 O ^ CN 

r~ oo oo oo 

ro O oí O O 

r-^ r^- 
O 
<r 
r-- 

o >H I-» CM 
<r <r o 

oo 

O O O O O O O ooooooooooo 

u 
tfl 
a 
e 
O 4J 
u « 

ro o CM m 00 CM 
O iH CO LO 00 00 O' 
r% p*» r-* c** r-* 

o o o o o o o 

-a-ooMtini-iNONOcovOMrcM 
ONONNOCMOOmcMOOOO«ON 
ON 00 00 00 P^ P^ I— P^MD^OnO 

ooooooooooo 

(0 u 
•V) 3 

i o 
CM iH 
00 fH 

• n) 
On Pm 

fl 
T3 

I 
P*. 
m 

• nj 
-4- Pm 

3 
43 
•H 
M 

On NO <r c-| CO CM O 
O I-H sr P^ o Q o 
i>. pp oo oo oo 

o o o o o o o 

Ml 
3 
43 

oop'invOMrocMONiHoo 
r^oNNOCMoONOcnooNOOo 
ONOOOOOOPPP^r^-P^vOvOP^ 

ooooooooooo 

M 

to 
*H 
T3 
to 
Pd 

\D o VO CO 00 
r-í CSJ m 00 o rH O 
r^. pN. r--. oo oo oo 

o o o o o o o 

•H 

NOrHONONinONr-lr^ONOOin 
n't-Hf^rOONNO-O-—lONOOfH 
OnOnOOOOP^P^-P^P'-nOnOP^ 

000000 0*0000 

iM 
43 

I 
00 

ci 
CM 

oo mt m on <* <h ao 
O r-l 'S- pp ON o ON 

p^ P-» p^ oo 

o o o o o o o 

ClNOCMCMNOfMClOO 
ooop'cnoo^ocno 
OnOnOOOOP'P^PpP^. 

• ••••••« 
oooooooo 

O ON CM 
ON PP O 
NO NO 

• • • 

o o o 

Pi 
43 3 

I o 
CM 

• tö 
H Pm 

i—i oo m oo cn »j o 
iH iH Vj m ON o H 
p>. p^ pN. pp. oo oo 

o o o o o o o 

»Í i-H C» rH rH 
on on m cm oo 
on 00 00 OO P^ 

I^CniHClrH'O- 
m Cl rH ON 00 ON 
C» P^ P^ NO NO NO 

ooooooooooo 

a 
0 
•H 

(0 
0 
a 

a 
Pi 
0 

hJ 

s O <f 00 ci -o m o 
Cl ON 00 NO CM OO O 

CM CM CM CM rH f-H 
I I I I I I 

o 
o o 
rH CM 8 

33 



D
O

S
E
 F

R
A

C
T

IO
N
 

D
O

SE
 F

R
A

C
T

IO
N

 

Figure 8. Depth-Dose Distribution in Phantom Exposed to 1.12-Hr 
Fallout Field 
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The fine structure in the curve near the upper and lower 

extremities of the phantom can probably be attributed to the 

combined effect of the boundaries and of the characteristics of the 

radiation field. Were it not for the relatively small fraction of 

low-energy photons which enter through the end surfaces, the dose 

would be expected to decrease as the end surfaces are approached 

because of the effect of the boundary on the scattered component. 

However, the photons entering these end surfaces produce an opposite 

effect; the fine structure can be attributed to these two effects 

acting in opposition to one another. 

The analytic results differ from the Monte Carlo results in 

two respects: 

1, They tend to give slightly higher (~8 percent) dose 

fractions in the central regions of the phantom. 

2. They do not exhibit the fine structure near the upper 

and lower extremities. 

It was expected that the analytic calculations would generally 

overpredict the dose fractions owing to the use of infinite medium 

buildup factors (see Section 3.3). It is perhaps surprising that 

the overprediction was not larger than 8 percent since the Monte 

Carlo calculations indicated that the average photon undergoes only 

3.8 collisions before escaping from the phantom. However, an 

analysis (discussed below) of the individual components contributing 

to the total dose at various positions in the phantom provides some 

insight into the agreement of the Monte Carlo and analytic calcula¬ 

tions. 

Table VI lists the percent of the total dose contributed by 

photons which have 1) suffered no prior collisions in either the 

air and ground or the phantom (DB-DB), 2) scattered in the phantom 

but not in the air and ground (DB-PS), 3) scattered in the air and/or 

ground but not the phantom (AS-DB), and 4) scattered in the air and/or 
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ground and in the phantom (AS-PS). These data are for 1.12-hr 

fallout and are based on the analytic calculations. The analytic 

calculations for the other cases indicated a similar composition. 

(No such component breakdown is available from the COHORT Monte 

Carlo calculations.) 

Note that in the central regions of the phantom, on the order 

of 50 percent of the dose is from photons which have suffered no 

prior collisions in the phantom (sum of DB-DB and AS-DB). The 

analytic calculation of the dose from these non-phantom-scattered 

photons should be essentially exact; hence, the 8 percent difference 

in the total dose fractions noted above may be attributed to the 

scattered component alone. This corresponds to an overestimate of 

approximately 16 percent in the scattered component of the analytic 

calculations. 

In the analytic results it may be presumed that the absence of 

fine structure near the upper and lower extremities is a conse¬ 

quence of using infinite medium buildup factors. The excellent 

agreement between the analytic and Monte Carlo radial distributions 

near the lateral surfaces is fortuitous; the analytic calculations 

underpredict the dose fraction in these positions, relative to the 

central positions, because they do not include reflection of 

photons from deeper within the phantom. (See Sec. 3.3). 

Figure 9 shows the Monte Carlo calculated depth-dose distri¬ 

butions for the phantom exposed to 23.8-hr fallout. A smoothed 

curve approximation of the Monte Carlo results for 1.12-hr fallout 

is included for comparison. The 23.8-hr results tend to be 

slightly lower near the phantom surfaces and higher near the center 

than did those for the 1.12-hr fallout However, it must be 

concluded that within the statistical accuracy of the results, the 

two ages of fallout produce essentially identical depth-dose distri¬ 

butions in the phantom. This conclusion is supported by the analytic 
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l 23.8-HR FALLOUT 
-1.12-HR FALLOUT 

Figure 9. Comparison of Depth-Dose Distributions for 23.8-Hr 

and 1.12-Hr Fallout 
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results (see Table V) which differed by not more than 2 percent 

at any point in the phantom from those computed for 1.12-hr fallout. 

Originally it was planned to perform Monte Carlo calculations 

for two additional ages of fallout; 4.57 and 9.82 days. These ages 

were not included in the Monte Carlo calculations because their 

energy spectra do not differ from that of 1.12-hr fallout as much as 

does that of 23.8-hr fallout, which was found to produce essentially 

the same depth-dose distributions as 1.12-hr fallout. Moreover, the 

analytic calculations performed for the two additional ages of fall¬ 

out given in Table V are within approximately 1 percent of those 

for the earlier ages. 

The Monte Carlo depth-dose distributions for a 1.12-hr fallout 

field as simulated by the AFRRI Compact Simulator are compared with 

those from 1.12-hr fallout in Figure 10. The radial distribution 

for the simulator is similar to that for the actual 1.12-hr fallout. 

The axial distribution is also similar but is slightly lower than 

that from the fallout. The depth-dose distributions for the 

AFRRI Compact Simulator computed with the simple analytic method 

are within 2 percent of the analytic results for the 1.12-hr fallout. 

Figure 11 compares the Monte Carlo depth-dose distributions 

for the ^Co point source at a horizontal separation distance of 200 ft 

(61 nj) from the phantom with those produced by 1.12-hr fallout. The 

radial distribution for the ^Co point source agrees very well in 

both shape and magnitude with that from the fallout. The axial 

distribution for the Co is also similar to that from the fallout 

for -20<L<+20 cm. The Co dose fraction is lower near the bottom 

of the phantom because the bottom surface is not exposed to a strong 

uncollided component as is the case with fallout. However, this 

difference is probably not of large significance since the cylindri¬ 

cal phantom itself is not representative of man near the axial 

extremities. Analytic calculation for the Co agreed with the Monte 
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Figure 11. Comparison of Depth-Dose Distributions for 60Co Point Source 
and 1.12-Hr Fallout 
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Carlo calculations to about the same extent as they did for the 

other sources. 

Included in Figure 11 is the dose fraction measured by Menkes28 

at the center of a phantom for unilateral exposure to a 60Co source 

at a horizontal distance of 60 m (-197 ft). Menkes’ phantom was 

constructed of masonite (density - 1.00 *0.02 gm/cm3) and had a 

diameter of 30.5 cm and length of 66 cm as compared to the diameter 

of 30 cm and length of 60 cm for the phantom assumed in the present 

study. Although some difference between the calculated and measured 

dose fraction could be expected because of the minor differences 

in phantom dimensions, composition and density, the two agree within 

the standard deviation of the calculated value. Menkes measured 

' >se fractions for other positions in the phantom but, because of 

the unilateral exposure used in the experiment, a valid comparison 

can be made with the Monte Carlo results only for the center position. 

The depth-dose distributions computed by Monte Carlo for the 

phantom positioned at the center of the 4-ft diameter by 5-ft deep 

foxhole located in a 1.12-hr fallout field are compared with the 

distributions for the above ground 1.12-hr fallout case in Figure 

12. No analytic calculations were performed for the foxhole. It 

is seen that the radial distribution is quite similar in shape to 

the above-ground case, with the greatest difference being the 

sharper drop-off of the dose away from the lateral surface This 

is to be expected as the incident radiation in the foxhole is signi¬ 

ficantly softer than that above the ground. 

As would also be expected, the axial distribution is completely 

different from that found above the ground. There is a significant 

drop-off in the total flux density from the top to the bottom of 

the foxhole. This, coupled with the fact that photons reaching the 

lower region of the foxhole have suffered a considerable number of 

collisions and therefore have a lower average energy, causes a 
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decrease of an order oí magnitude in the dose from the top of 

the phantom to the bottonn 

It should be recalled that the ordinate scale on Figure 12 is 

the ratio of the dose in a phantom volume region to the free-field 

dose at the center of the foxhole. Since the upper part of the 

phantom was in a significantly higher incident flux density region, 

ratios above one were obtained. 

4.2 Differential Energy Distribution of Absorbed Dose 

The above-ground comparisons indicated that the depth-dose 

distributions from fallout are simulated reasonably well (except 

near the axial extremities) by both the AFRRI Compact Simulator and 

by the ^Co point source. Also obtained were the energy distribu¬ 

tions of the dose deposited in the phantom by the different sources. 

Figure 13 compares the differential energy spectrum of the dose 

fraction at the center of the phantom based on the Monte Carlo cal¬ 

culations for the 1.12-hr fallout, the AFRRI Compact Simulator, the 
60_ 

Co point source, and the foxhole case. The dose energy spectra 

of the two simulators are both vastly different from that produced 

by fallout at energies above 1 MeV, and they show only a gross 

similarity below 1 MeV. The dose energy spectrum at the center of 

the phantom located in a foxhole resembles that for the above-ground 

1.12-hr fallout case more closely than it does that for the simulated 

fallout. However, the lower energy photons contribute a much longer 

portion of the dose in the foxhole than above ground. The hump 

in the vicinity of 2 MeV is from the fallout gamma rays which pene¬ 

trate directly through the "lip" of the foxhole. 

The energy spectrum can be expected to vary with position in the 

phantom. Figure 14 compares the differential energy distribution of 

the Monte Carlo dose fractions at the top, center, bottom and side 

of the phantom exposed to 1.12-hr fallout with the differential 

energy distribution of the free-field dose. It is noted that the 
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Figure 14. Differential Energy Distribution of Dose at Various Positions in Phantom 

for 1.12-Hr Fallout 
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distribution at the bottom and side resembles the free-field 

distribution more closely than does the distribution at the top and 

at the center. This is typical of the variation observed in the other 

radiation fields. 

Another quantity obtained from the Monte Carlo results is the 

fraction of the total incident gamma-ray energy absorbed in the 

phantom exposed to each of the various radiation fields. This 

quantity is the sum of the energy deposited at all points in the 

phantom divided by the total energy incident on phantom surfaces. 

The results for the above-ground cases are given in Table VII. 

Table VII, Fraction of Incident Energy Absorbed 

_ in Phantom for Various Sources 

__Source_ Absorbed Energy Fraction 

1.12-hr Fallout 0.460(^0.0011 

23.8-hr Fallout 0.4854*0.0043 

AFRRI Compact Simulator 0.5176*0.0012 

60 
Co Point Source 0.4876*0.0011 

These fractions may, in a sense, be regarded as a measure of 

the quality of the radiation field. It is noted that the 1.12-hr 

fallout field deposits relatively less energy and that the AFRRI 

Compact Simulator deposits relatively more energy than the other 

sources. 

4.3 Ground Roughness Effects 

Exploratory calculations were performed to determine the 

sensitivity of the depth-dose patterns in the phantom to ground 

roughness effects since ground roughness can alter the energy and 

angle distribution of the gamma-ray flux density above fallout.26 

The calculations were performed for the uncollided component inci¬ 

dent upon the phantom using the RRA-57 program which incorporates 

47 



the buried source technique for simulating ground roughness effects. 

The calculations were performed for source energies of 0.67 and 1.25 

MeV and for several source depths rânging from zero (smooth ground) 

to two Inches (very rough ground). 

Figure 15 shows the results of the ground roughness calculations 

for the 1.25-MeV source at depths of zero and two inches expressed 

as the fraction of the free-field dose rate from uncollided photons 

for corresponding source depths. The results for intermediate 

source depths fall between the two extremes shown in Figure 15. 

The largest change in the shape of the depth-dose curves as the 

source depth (or ground roughness) is increased occurs in the axial 

distribution near the bottom of the phantom (-30<L<-20 cm). The 

principal change in the radial distribution is a reduction of the 

dose fraction near the center. These changes are caused by altera¬ 

tions in the angle distribution of the photons incident upon the 

phantom, The results for the 0.67-MeV source were similar, although 

the change in slope near the bottom of the phantom as the source 

depth was Increased was a little more pronounced. 

From this cursory study of the ground roughness effect on 

the dose from the incident uncollided photons and the fact that the 

depth-dose distributions shown in the previous sections do not show 

a strong sensitivity to the energy and angle distributions of the 

incident radiation, it may be tentatively concluded that ground 

roughness is probably not an important factor in determining the 

depth-dose from fallout. Thus, the Monte Carlo calculations 

performed using the radiation environment above fallout on an 

idealized smooth ground surface are probably valid for real fall¬ 

out deposited on actual ground whose surface has some degree of 

roughness. 
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Figure 15. Effect of Ground Roughness on the Depth-Dose Distribution from 
the Uncollided Component incident upon Phantom Exposed to 
1,25-MeV Infinite Plane Source 
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Vo CONCLUSIONS 

From the results of this study, several significant conclusions 

can be drawn and, as often is the case, several important and un¬ 

answered questions have been brought into focus. The study was 

successful in that all of the objectives set forth at the beginning 

of the effort were attained. The methods used proved adequate for 

this task and the desired results were obtained with sufficient 

accuracy to enable valid comparisons of the depth-dose patterns 

between the various geometries considered. 

One of the most striking observations that can be made is the 

insensitivity of the depth-dose pattern to variations in the inci¬ 

dent photon angle and energy distribution. The insensitivity to 

source energy spectra is exhibited in the essentially identical 

depth-dose distributions for all four ages of fallout and the 

AFRRI Compact Simulator, even though the latter lacks the high 

energy photons (>1.33 MeV) present in fallout. Although the inci¬ 

dent angle distribution was quite different, the axial distribution 
r t- 

of the Co point source simulator showed only a minor variation 

from the other above-ground cases and the radial dose profile was 

identical to them. 

The incident photon distributions for the foxhole are very 

dissimilar to the others, yet major variations in the dose patterns 

were exhibited only in the axial direction. Further, the exploratory 

calculations performed to evaluate ground roughness effects on the 

depth-dose distributions displayed the same insensitivity. It may 

be safely concluded that the scattering and absorbing properties 

and the size of the phantom reduce the effects of differences in 

the free-field properties, and that rather large changes in the 

incident photon angle and energy distributions cause smaller changes 

in the depth-dose patterns. 
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Both fallout simulators produced depth-dose patterns that were 

very similar to those computed for actual fallout and either would 

appear to be appropriate simulation devices from this standpoint. 

However, the dose spectrum in each simulator does differ from that 

of fallout due to the absence of the higher energy photons present 

in quantity in fallout. A question left unanswered by this study 

is whether this difference in dose spectra would compromise the use 

of the simulator for biological studies. 

Perforce, the model used in these studies for the actual fall¬ 

out field was highly idealized. Whereas the effect of ground 

roughness on the results was explored, other possible effects such 

as a nonuniform fallout deposition, macroscopic terrain features, 

foliage, structures, etc. which could affect the depth-dose distri¬ 

butions, were not investigated. The insensitivity of the dose 

profiles to the free-field characteristics would indicate that such 

effects may not be large; however, such conclusions must await the 

results of further investigation. 

Regarding the methods employed to calculate these depth-dose 

distributions, the Monte Carlo technique appears to work well. 

Although the foxhole calculations presented special problems, 

sufficient accuracy for the purposes of the study was attained with 

the expenditure of a reasonable amount of computer time for both 

the above-ground and foxhole cases. Agreement with both the available 

experimental data and with the analytic calculations demonstrates 

the validity of the technique. Indeed, the more apprc<lmate but 

faster analytic calculations yielded results close enough to the 

Monte Carlo and experimental data to give that method merit for the 

simpler geometries when high precision is not required. 
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APPENDIX 

Free-Field Gamma-Ray Energy and Angle 

Distributions Used for Depth-Dose Calculations 

Table 

A1 Energy and Angle Distribution of the Photon Number 

Flux Density 3 ft above^l.^-hr Fallout Consisting 

of the Products of one '’’’u Fission per cmZ of 
Ground Surface 

A2 Energy and Angle Distribution of the Photon Number 

Flux Density 3 ft abcve223.8-hr Fallout Consisting 

of the Products of one U Fission per cm of 
Ground Surface 

A3 Energy and Angle Distribution of the Photon Number 

Flux Density 3 ft above-Ä.57-day Fallout Consisting 

of the Products of one Fission per cm2 of 
Ground Surface 

A4 Energy and Angle Distribution of the Photon Number 

Flux Density 3 ft above 9582-day Fallout Consisting 

of the Products of one U Fission per cm of 
Ground Surface 

56 

57 

58 

59 

A5 Energy and Angle Distribution of the Scattered Photon 

Number JTJux Density 3 ft above the Ground and 200 ft 

from a Co Point Source also 3 ft above the Ground 60 

A6 Energy and Angle Distribution of the Photon Number Flux 

Density at the Center of the AFRRI Compact Simulator 61 

A7 Energy and Angle Distribution of the Photon Number Flux 

Density 30 cm above the Center of a Foxhole Exposed 

535I"12-hr Fallout Consisting of the Products of one 
U Fission per cm of Ground Surface 62 

A8 Energy and Angle Distribution of the Photon Number Flux 

Density 15 cm above the Center of a Foxhole Exposed 

^51.12-hr Fallout C°nslsting of t'.e Products of one 

U Fission per cm of Ground Surface 63 

A9 Energy and Angle Distribution of the Photon Number Flux 

Density at the Center of a Foxhole Exposed,to 1.12-hr 

Fallou^ Consisting of the Products of one 235U Fission 
per cm of Ground Surface 6a 
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Table 

AIO Energy and Angle Distribution of the Photon Number ’.Mux 

Density 15 cm below the Center of a Foxhole Exposed 

to ^l^-hr Fallout Consisting of the Products of 

one J:>U Fission per era of Ground Surface 

All Energy and Angle Distribution of the Photon Number Flux 

Density 30 cm below the Center of a Foxhole Exposed 

to 1.12-hr Fallout Consisting of the Products of one 

Fission per enr of Ground Surface 

Note: Read 1.197E-08 or 1.197-08 as 1.197 x 10-8. 

ANG indicates upper bound of 10-degree interval on 6. 

ENG indicates upper bound of energy interval (MeV). 
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