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ABSTRACT

Ganma-ray flux-to-dose-rate conversion factors for energies

between 0.01 and 1.0 MeV were computed using the Monte Carlo

method for a 30-cm-thick slab having the standard-man composition.

Agreement between the computed factors and standard factors

(ANSI/ANS-6.1.1-1977) was optimal for energies above 0.1 MeV

and was at most 30% lower (at 0.02 MeV) for energies below

0.1 MeV. The computed factors were also in agreement with

experimentally-obtained factors.



INTRODUCTION

In March of 1977 the American National Standards Institute (ANSI)

approved the ANSI/AIJS-6.6. l-^y^tandard for neutron and gamma-ray

tissue flux-to-dose-rate conversion factors and declared it to be "for

use by shield designers." Recently, the photon conversion factors

suggested by this standard, especially for energies below 1.0 MeV,

have been questioned. At the time the original work was done, the basic

data were determined by the discrete ordinates method using a multigroup

representation of the photon cross sections.2 The results were confirmed

at the higher energies with Monte Carlo calculations, but the results at

the lower energies were not.

A new proposed standard, "Criteria for Testing Personnel Dosimetry

Performance," which is now being considered by ANSI Committee N13,

suggests factors that differ by as much as 55% from the ANS-6.1.1 standard.

Even though this proposed standard is not intended to serve shield

designers there is no reason why these standards should contradict each

other. Thus, the primary objective of this paper, written with the

belief that equivaxent standards should be consistent, is to provide

additional flux-to-dose-rate conversion factors by using Monte Carlo

methods for energies in the 0.01-1.0 MeV region. These new factors

may then be used by future reviewers of the standard to help resolve

the existing discrepancy.



EXPLANATION OF METHOD

The Tnechod used to calculate the new flux-to-dose-rate factors is

consistent with Claiborne and Trubey's method.^ They computed flux-

to-dose-rate factors using ANISN," a discrete ordinates multigroup

radiation transport code that utilizes an S15 P5 approximation to the

transport equation quadrature and angular scattering law expansion, and

checked their results against values computed using a special version

of OGRE," a Monte Carlo coJ° Agreement for values obtained with these

two programs was almost perfect. Unfortunately, only one value was

checked, at 0.5 MeV, for energies in the 0.01-1.0 MeV range; the range

that now has become questioned.

In order to obtain new flux-to-dose-rate factors for energies in

the uncertain range, a new and interactive version of OGRE was imple-

mented on a minicomputer." This allowed virtually unlimited computing

time at no extra cost and permitted on the order of 10 case histories

for each energy considered. As a consequence, the standard deviation

of the computed values were reduced to about one-seventh of the previous

calculations made by Claiborne and Trubey.

The human phantom was simulated by a laterally-infinite "30-cm-thick

homogeneous slab of tissue having the ll-element standard-man composition

(Table 1) and a density of 1 g/cm3.



This slab was divided into two regions which were further subdivided

into intervals for the purpose of her ting (energy absorption) estimation.

The first region, facing the gamma-ray source, was partitioned into ten

1-cm-thick intervals vhile the second region, adjacent to the first

region but on the opposite side of the gamma-ray source, was partitioned

into ten 2-r.m-thick intervals. Heating estimates were calculated for the

twenty-one boundaries so formed.

For each problem the slab was assumed to be irradiated by a normally-

incident beam having an energy between 0.01 and 1.0 MeV inclusive. The

normal incidence of the beam on the phantom is necessary because the

important parameter i.'> the maximum absorbed dose rate which was assumed

to be equal to the energy absorption rate. Other distributions (isotropic,

cosine, etc.) result in lower maxima.1

DISCUSSION

The three major energy-depositing interactions a photon may undergo

as it travels through matter are, as shown in Figure 1, photoelectric

absorption, pair production, and Compton scattering. When OGRE simulates

these interactions, pair production is treated as an absorption, i.e.,

the electron-positron pair is ignored. This apparent deficiency j£ the

simulation has no effect on the results presented in this paper because

the energy range under consideration is below the threshold for pair

production, 1.022 MeV, the combined rest energies of the electron-

positron pair. Hence, heating in the slab is only due to photoelectric



absorption and Compton scattering. To reduce the variance, the photons

were never terminated by absorption. The effect of absorption by

photoelectric or pair-production interactions was taken into account

by reducing the statistical weight.

Heat deposition in the slab was computed by statistical estimation

for each interval boundary. That is, the probability of depositing

energy was computed for each boundary that rould be crossed by a photon

emer^ins iron a collision. The total energy absorption at a boundary

was obtained by summing the estimator over all collisions according to

C = ̂ y y E:.W:. r— r —
j"i i=l J

where

N = total number of histories,

K. = total number of collisions for the ĵ h_ particle,

£.. = path length in mfp from the collision site to the interval

boundary in the direction of the particle,

v (E!.) = total macroscopic cross section of the medium,

E! . = energy of jth particle emerging from the ith collision,
ij

W.. = statistical weight of jĵh_ particle emerging from the ith collision,

y.. = direction cosine of j^h particle emerging froui ith_ collisions (>0),

a (E!.) = average fraction of energy deposited per collision in

medium for energy E!.,



— (El.) = ratio of scattering to total cross section in medium at

scattering site at energy E1..,

f(F! .) = average fractional energy retained by the photon in Compton

collisions at energy E!.,

f = F/G

where

l_ r, L l + L_
6:x I (1 + 2:I)TJ 1 + 2a

£n (1 + 2a)

G = -r

a = energy in electron rest mass energy units.

The heating due to the uncollided flux is computed analytically at

the interval boundaries according to:

Monodirectional case:

-T.Y
l oe

H(E J
o

Isotropic case: E!(T.)H(E )

Cosine case: 2E2(Ti)H(Eo)

where

Y = the initial direction cosine,

T. = depth in mean free paths from source boundary to heating

boundary i,

Ei(T) and Ez(T) are the exponential integrals



£} = — (E ) ̂ ( E ),
o ^ o t o

E = initial energy of photon.
o

Since both regions of the slab are composed of one medium, namely

tissue, the heating at the edge of each region and heating interval

boundaries is characteristic of that medium.

PRESENTATION AND RESULTS

A set of typical dose rate distribution curves calculated using

OGRE is shown in Figure 2. Note that most of the curves do not peak

at the surface but within the first 5 cm of the slab. Table 2 contains

the values for all the dose rate maxima, obtained from peaks of curves

such as shown in Figure 2, and the values given by the fitting function

of the ANS-6.1.1 standard. Table 3 tabulates, after the proper unit

conversion, the dose rate maxima given by the proposed standard as well

as the experimental results calculated by Jones.6"7 The contents of

Tables 2 and 3 are plotted in Figure 3.

The following conclusions can be deduced from Figure 3. There is

no considerable disagreement between the standard and calculated curves

for energies between 0.1 and 1.0 MeV. However, for energies below 0.1

MeV there is considerable disagreement with a maximum deviation from the

standard of 30% occurring at 0.02 MeV. It is also interesting to notice

that, roughly, the experimental values are in better agreement with the

calculated values than with the standard values.



1. should be noted that the basis of the ANS-6.1.1 standard, and

also the present calculation, (the maximum in the energy deposition

distribution) is different from that of the proposed standard. The

latter presents data for a fixed depth, i.e., "shallow" and "deep."

This comparison is with the shallow depth data.

The original discrete ordinates calculation is not as rigorous

a method as Monte Carlo. T'ne physics of the interactions is represented

in a multigroup form (i.e., averaged over an energy width) and by a

Legendre polynomial expansion of the scattering angle distribution.
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TA3L1: 1. ELEMENTAL PERCEMTAGES AND NUMBER DENSITIES CONTAINED
IN A STANDARD MAN

Number
Density

Element % (atoms/g)

H

0

C

N

Ca

P

S

K

Na

Cl

Mg

10

60

24

2.9

1.2

1.1

0 24

0.20

0.20

0.20

0.03

x 1OZ1*

0.05977

0.02259

0.01204

0.00125

0.177-3*

0.214-3

0.451-3

0.308-4

0.524-4

0.340-4

0.743-5

•'Read as 0.177 x 10- 3



TABLE 2. GAMMA-RAY-FLUX-TO-DOSE-RATE CONVERSION FACTORS FOR TISSUE

Photon Energy
(MeV)

0.01
0.015
0.02
0.025
0.03
0.035
0.04
0.05
0.06
0.07
O.OS
0.09
0.10
0.25
0.30
0.40
0.50
0.60
0.70
0.80
0.90
1.00

ANSI Standard
Maximum Dose

(rads/h)/(photons/cm2-s)

3.39-06
1.95-06
1.18-06
8.00-07
5.82-07
4.38-07
3.61-07
2.90-07
2.64-07
2.58-07
2.61-07
2.70-07
2.83-07
6.31-07
7.59-07
9.85-07
1.15-06
1.36-06
1.52-06
1.68-06
1.83-06
1.98-06

OGRE Computed
Maximum Dose

(rads/h)/(photon/cm2•s)

3.35-06
1.46-06
8.25-07
5.75-07
4.11-07
3.38-07
2.80-07
2.46-07
2.34-07
2.38-07
2.44-07
2.62-07
2.79-07
6.1/-07
7.29-07
9.41-07
1.13-06
1.32-06
1.49-06
1.65-06
1.79-06
1.95-06
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TABLE 3 . PROPOSED STANDARD AND EXPIREMENTAL FLUX-TO-DOSE-RATE
CONVERSION FACTORS

S P r o p o s e d Experimental
O'eV) ( r a c i s / h ) / ( p h o t o n s / c m 2 - s ) ( rads /h ) / (photons/cm 2 >s)

0.015 9.66-07
0.02 6.41-07
0.027 4.55-07
0.03 3.51-07
0.038 2.55-07
0.04 2.41-07
0.05 2.01-07
0.06 2.11-07
0.075 2.56-07
0.03 1.95-07
0.10 2.27-07 2.54-07
0.125 3.13-07
0.165 4.08-07
0.20 4.59-07
0.24 5.65-07
0.30 6.83-07
0.40 8.94-07 9.25-07
0.50 . 1.10-06
0.60 1.27-06
0.660 1.41-06
0.80 1.61-06
1.00 1.96-06
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Fig. 1. Simplified Flow Diagram of Energy Conversion
From one Form to Another in the Course of Photon Interactions.
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APPENDIX

The Monte Carlo Method

The Monce Carlo method is a mathematical technique used to estimate

the value of a quantity .̂ hich characterizes a stochastic process. A

stochastic process is composed of events whose occurrence rate is determined

by a probability law. The Monte Carlo method uses random sampling from

this probability law in order to statistically estimate the mean value

of a quantity which characterizes the stochastic process. Thus, if the

Monte Carlo method is to be used, three basic questions must be answered.

First, how is the stochastic process defined9 Second, how is the

random sampling achieved? And third, what statistical estimator is

used?

The following s ctions of this appendix attempt to briefly describe

how these questions are answered.

Probability Distributions and Random Variables

Since a stochastic process is defined in terms of one or more

random variables, it is appropriate to have a brief discussion on some

of the basic concepts of probability theory.

A probability distribution function F, also known as cumulative

distribution function (cdf), is defined by

F(t) = P(X < t) (1)



The variable X is referred to as a random variable which takes on

values less than or equal to r.. The function P is further defined as

t

P(X % C) = f f(>:)dx. (2)

T'r. - function f is known as the probability density function (pdf)

and, in a discrete sense, its purpose is to assign a probability to each

value assumed by the random variable X. The function f must meet the

following criteria.

1. f(x) > o for all x

f(>:)dx = 1

One function that meets these criteria, for example, is the Gaussian

(or standard normal) density function given by

1 -x 2,,
f (x) = -Tiy*— e for -°° < x < °°.

The corresponding cdf is

1

Both of these functions are shown in Figure 1.
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RANDOM NUMBERS

An important aspect of the Monte Carlo method is its dependence

on an infinite sequence or random numbers, {r.l where i=l,2,..,, in the

interval (0,1). A sequence of numbers is random if the numbers are

uniformly distributed in some interval, namely (0,1), and if no correlation

exists between numbers within the sequence.

A ceTTTOuter cannot generate an infinite sequence that meets both of

these properties, but it can certainly generate a so-called pseudo-

random number sequence which, for all practical purposes, is close

enough to a true random number sequence. The computer makes use of an

algorithm, the pseudo-random number generator (RNG), to generate this

sequence. Mathematically this concept may be expressed as

r. *- RNG(r. ) where 0 < r. < 1 for i=l,2,3... (3)

The r. .. element is the previously ge .erated number in the sequence.

The first r element is called the seed of RNG, and it determines a

particular sequence, usually having a very large period, of the pseudo-

random number generator. The intricacies of the algorithm represented

by RNG shall not be discussed.

MONTE CARLO SAILING TECHNIQUES

The Monte Carlo method makes use of various sampling techniques to

obtain random sample points which are distributed according to some



det..- -i prob.-ibilitv law. A group of these sample points can be

statistically analyzed so as u obtain the mean value of a quantity

which depends on the •probability law.

Referring to Eq. (2) and the criteria for function f, the following

is obvious:

F(-) = f f(x)dx = 1.

This implies that all the values assumed by F will lie in the interval

(0,1;. Making use of this property and the random number sequence

{r.} where 0 < r. < 1, the following is true for some value t.:

F(C±) = r± (4)

and solving for t.,

i} = t±'

This technique, known as the inverse method, is illustrated by the

following example.

Consider the exponential density function defined by

f(t) = iue vt for t > 0 and u > 0

IO elsewhere



whose :orrespcndin^ cdf is

e dx = 1-e

-ut.Making use of Eq. (-), r. = F(t.) = 1-e i and solving for t. as shown

in Eq. (5) .

± = - T: In

The major problem with this technique is that it is not always

possible to solve for t..

Another method used to obtain sample points, called the rejection

method, is more general but less efficient because not all samples are

used. A brief description of this method follows.

First, for a pdf f(x) bounded by the interval (a,b) and with a

maximum at f(x ) where a 4 x < b, a rectangular area is defined as
m m

shown in Fig. 2. Secondly, a point (x~ ., yz-_i)
 i s generated, using the

random number sequence {r.}, as specified by the following two formulas:

and

x 2 i = a + r^b-a)

y2i-l



The randoTn sample ooinc :•:. (or random variable x.) is accepted only if

y,,. . =S f(x,.), that is, if the point (>:,., v2-_i)
 l i e s u n d er the curve

defined by f(x). Otherwise the method is repeated until the condition

y2i_1 is met.

Figure 2

THE ESTIMATOR

The most basic characteristic of a stochastic process associated

with some random variable X is its mean or average value of X. As has

been previously implied, the Monte Carlo method generates a sequence of

random variables X. whose mean, according to the Central Limit Theorem,

approaches the true mean of X as i •* <•>.

Briefly stated, if N random variables X. ,... ,X^ are obtained using

the Monte Carlo method, an approximation of the true mean is obtained by

using the formula

N

V
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