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Abgtract

Gamma-ray flux-to-dose conversion factors obtained with a philosophy
consistent with that used for neutron convergion factors have not been

available for use in design work. To eliminate this inconsistency and

develop more realistic gamma-ray conversion factors, gamma-ray dose rate

- distributions were determined in a slab phantom of a standard msn com-
-, position.

Calculations were made with the discrete ordinates code ANISN with

,.SOME_cheCKS'by the Monte Carlo code OGRE. Based on these results, a
recommended curve to convert gamma~-ray flux to maximum dose rate delivered
~to a body was prepared for design use.

Tt is also recommended that a new unit, the maximum exposure dose

(MED) be used in shield design work to express the product of the flux,
dose-rate conversion factor, and quality factor for both gamma rays and
. neutrons. o
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INTRODUCTION

' 3 The response functionkor flux-to-dose conversion factor used for
converting a calculated neutron flux to a dose rate is the maxiumum

dose rate in the dose-rate distribution calculated by Snyder and Neufeldl
for a unit flux.(or current) of monoenergetic neutrons that are incident
normally on a phantom represented by a slab of tissue. This is the
conversion factor that is stipulated for use by the Federal Register2

and generally has the force of law for reactor design. However, the
Federal Register and the ICRP Committees3’h do not make adegquate recommenda-
tion regarding response functions for gamma rays, and no calculatioﬁs

in tissue phantoms have been avallable previously for use in reactor

or shelter design. (Alsmiller and Moran5 obteined an approximate

value for 10-MeV photons incident on a slab tissue phantom but their
work was p?imarily for much higher incident photon energies.) .

The ICRP Committees ignore the problem and the Federal Register
merely states, "For determining exposures to X or gamma rays up to 3 MeV,
the dose limits ... may be assumed to be equivalent to the 'air dose.’
For the purpose of this part 'air dose' means that the dose is measured
in a properly calibrated appropriate instrument in airlat or near the
body surface in the region of highest dose rate;" Note that for gamma
rays with energies > 3 MeV, no responée function is stipulated.

The result is that air kerma and sometimes the tissue kerma in a
free field as calculated by Henderson6 have heen used in design work.

It must be pointed out that using these kerma givesa smaller calculated

dose'than the maximum dose that could be delivered to a body since
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backscattering is noﬁ considered. In addition, the practice is certainly
inconsistent with that adopted for neutrons.

"In order to eliminate this inconsistency and provide standard gamma~
ray dose response functions for design use, dose rates were calculated
for gamma rays of various energies incident on a 30-cm-thick slab with

T

the composition of the "standard man." In the following sections the
method of calculations and the results are discussed briefly.

The meximum dose rate in the dose-rate distribution curve and the
integral dose rate {dose-rate distribution integrated over the slab)
as a function of incident photon energy =a.re shown in both tabular and

graphical form and comparisons are made between discrete ordinates and

Monte Carlo calculations of these quantities.

Calculational Model and Method

The dose-rate distribution in a slab phantom was calculated with
the discrete ordinates code ANISN8 using a S;gP5 approximation. Some
check calcuiations were made with 0GRE,9 a Monte Carlo code. " An updated
OGRE 1library was the source of the cross sections used in both types
of calculations.

The Monte Carlo caleculation used point values of the cross sections
obtained by interpolation from the library, but for the discrete ordinates
calculations, which were energy groups or bands, the library values
‘were weighted on the basis of a flat flux spectrum using the MUG code.10

The group transfer coefficients were obtained by a double integration

over the two energy groups involved in the photon transfer.



In the Monte Carlo calculation palr production was treated as an
absorption, but the discrete ordinates calculation considered transport
of the 0.5-MeV gamma rays created as the result of the pair-production
reaction. The {y,n) reactions and other potential spallation reactions
were ignored since the energies considered were not high enough for
such reactions to make a significant contribution.

The phantom was a 30-cm~thick slab with the composition of the
"standard man" (see Table I}, which includes the eleven elements of
significance contained in bone and tissue of an average man. The average
density was taken as 1 g/cc.

For the disoréte ordinates calculations the slab was divided into
36 increments. Starting with the source side there were eight 0.25-cm
increments followed by 28 l-cm increments. The dose rates represented
the average for the increment, which may be taken as the midpoint value.

Two group structures were used in order to reduce the calculation
time and still maintain a sufficient fineness of energy structure.

The number of groups and either the "high energy" or the "low energy"
group structure were selected {see Table ITI)depending on the source

energy. For the highest source energy in either of the group structures,

‘all 23 groups were included, but for the next lowest energy source only

22 groups were used, etc. Discrete ordinates calculations were made
for two types of sources: a straight-in or 0° monodirectional flux
(same as curreﬁt) and a plane isotroplc flux. The two types represent
limiting cases for a slab opposite a distributed source in a symmetric

configuration.




TABLE I. ELEMENTAL PERCENTAGES AND NUMBER DENSITIES
' CONTATNED IN A STANDARD MAN

Kumber

Density
Element % . (atoms/g)

x 10%%
H 10 0.05977
o 60 0.02259
C ol 0.01204
N 2.9 0.00125
Ca 1.2 0.177-3%
P | 1.1 0.214-3
8 0.2k 0.451-3
K 020 0.308-4
Na 0.20 0.52L-4
c1 0.20 0.3k0-4
Mg | 0.03 0.Th3-5

¥Read as 0.177 x 10 3.




For the Monte Carlo calculations in the slab, g total of 21 plane
detectors was used. Starting at the source side, eleven plane detectors
1 cm apart followed by ten more 2 cm apart were assumed present., In
all the calculations 2000 case histories were used with no importgnce
sampling but with statistical estimation of the energy absorption. Only
the straight-in monodirectional source condition was calculated with

the Monte Carlo code.

Results and Discussion

The maximum gamma-ray dose rates in the dose-rate distributions
that were calculated for the slab phantom as a function of inciderit
photon energy are shown in Table IT along with the calculated kerma
for the "standard man" compbsition and the tissue kerma calculated by
Henderson.6 In all cases these maxima occurred within the first 2 cm
except for the OGRE result for the 0.,5-MeV source, which occurred at
2.5 cm, Note that the high- and low-energy structures overlap; the
low-energy structure covers the_energy range of group 15 through 23
of the high-energy structure. This arrangement was used as a compromise
between maintaining a large number of groups for each source energy
and reducing the amount of calculational effort as well as getting an
indication of the effect of group structure. Figure 1 is effectively
a plot of the results in Table IT. The discrete ordinates curve is
drawn through the higher of the dose rates obtained for the two source
typeé (for %11 practic;l purposes, the normally incident flux) using
the first 14 groups of the high-energy structure and all 23 groups of

the low-energy structure. In plotting the ANISN results the incident
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photon energy was taken as equal to the midpoint value of the group
range. More properly a bar graph should be shown, but this is of no

significance in practical applications.

Table IIT shows the total or integral dose rate obtained by inte-
grating the dose-rate distribution over the slab thickness. Figure 2
is a plot of these results using the first 14 source groups of the high-

energy structure and all source. groups of the low~energy structure.

The average value is obtained by dividing by the slab thickness, 30 em,

Note that unlike the maximum dose rate, the integrated dose is guite
different for the two source types. Both are normalized to a unit inei-
dent flux in the forward hemisphere but in the isotropic case the current
is only half the value of %he straight-in case, for which fiux and current

are equal. As the source energy decreases and the slab penetration

decreases the ratio of the straight-in to the isotropic dose approaches

2, which implies that the effect of backscattering from the slab is

small.

Figure 3 shows plots of dose~rate distributions for three represen-—
tative source energies. Peaking of the dose—disfribution curve was
not apparent for source energies greater than 2 MeV. With smaller
source energies the maximum dose rate occurred at increasing depths
until a meximum of 2 cm was reached for the 0.0S—O.lé MeV source; for
still smaller energies the peak depth decreased.

As Table IT shows, all the estimated statistical deviations were
within 2% for the Monte Carlo calculation of the maximum dose rate.
The uncertainty is small since there is no statistical error associated

with the uncollided flux which is dominant at this position. The
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TABLE III. INTEGRAL DOSE RATES IN A SLAB PHANTOM™
b
| Romanny Tneidont, w10 Dose Kevet

Group Group Fnergy YRS Incident Flux

No.  Range, MeV ANISN OGRE (cm rads/hr)/(Y/em®sec)
High Fnergy Structure:

1 14-16 3.308-4%  3.%400-k 2.325-4

2 12-1h 2.920-} 2.0h2-h

3 10-12 2.5k2-4 2.329-4° 1.764-k

L 8-10 2.164-1 1.485-h

5 T8 1.877-4 1.274=-4
6 6.5-7 1.733-4 1.167-h

T 6.0-6.5 1.637-h 1.096-4

8 5.5-6.0 1.539-% 1.023-h

9 5.0-5.5 1.h39-4  1.394-k 9.496-5
10 4.5-5.0 1.337-h 8.747-5
11 L.o-4,5 1.233-k 7.982-5
12 3.5-4.0 1.125-4 7.195-5
13 3.0-3.5 1.013-4 6.385-5
1k 2.6-3.0 9.077-5 5.627-5
15 2.2-2,6 8.088-5 4.928-5
16 1.8-2.2 7.040-5 6.935-5 4,199-5
17 1.35-1.8 5.825-5 3.379-5
18 0.9-1.35 4,387-5 2.449-5
19 0.6-0.9 3.060-5 1.635-5
20 0.4-0.6 2.107-5  2.098-5 1.078-5
21 0.2-0.k 1.256-5 6.149-6
22 0.1-0.2 6. 150-6

23 0.1-0.01

Low Energy Structure:

1 2.48-2.72  8.604-5 5.293-5

2 1.92-2.48 7.583-5 4.576-5

3 1.68-1.92  6.510-5 , 3.836-5
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TABLE IIT (cont)

.Dose_R&tesb,for
Normally Incident Flux
{em rads/hr){(y[cmzsec)

ANISN Dose Rates®
‘for Isotropically. ...

Group Group Energy IQC1d?PF Elug__

No. Range, MeV =~ ANISN - OGRE' “(em radé/hr)/fYYszsec)
L 1.12-1.68  5.300-5 3.036-5
5 0.88-1.12  h.017-5 2.210-5
6 0.72-0.88  3.300-5 1.772-5
T 0.68-0.72 2.926-5 2.916-5 1.548-5
8 0.62-0.68 2.531-5 1.434-5
9 0.58-0.62 2.331-5 1.319-5
10 0.52-0.58 2.128.5 1.205-5
11 o.u8-0.52' 2.128-5 2.098-5 1.090-5
12 0.42-0.4k8 1.919-5 9.744-6
13 0.38-0.%2  1.708-5 8.585-6
14 0.32-0.38 1.489-5 T.405-6
15 0.28-0.32 1.267-5 1.251-5 6.224-6
16 0.22-0.28 1.031-5 5.016-6
17 0.18-0.22 8.191-6 3.932-6
18 0.12-0.18" 6.028-6 2.838-6
19 0.08-0.12 3.996-6 1.852-6
20 0.06-0.08 3.06h-6 1.425-6
21 0.04-0.06 2.321-6 1.091-6
22 0.02-0,0% 1.592-6
23 o

.01-0.02

aDosefy@tq distribution integrated over 30-cm-thick slabj; ll-element
standard man! composition.

bNormalized to one photon/cmzsec crossing the surface.

“Normalized to a flux of unity in the forward hemisphere or 1/2 photon/
em?sec crossing the surface.

dRead as 1.326 x 10_5.
eMﬁonﬁe Carlo result for 10-MeV gamma ray.
fParentheses include the estimated standard deviation in %..

&1n the Monte Carlo and the tissue kerma calculations, monocenergetic
sources at the group mid-point energy were used.
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statistics for deeper penetration were not as good, particularly for
the lower energies. This is shown in Figure 3 by the "error bars" for
the 0.5-MeV source. It was for the penultimate detector of thig caiculaﬁian

that the largest estimated standard deviation (7.5%) occurred.

| L _ Conclusions

It may be generally concluded after a detalled study of the tables

and figures that:

1. The good agreement between the discrete ordinates and the
Monte Carlo results indicate that truncation errors, the effect
of monoenergetic or hand sources and the effect of transporit
of the 0.5-MeV annihilation gamma rays are small.

2. The effect of group structure is small providing that the
structure is not too coarse at the lower energies.

3. The difference in the maximum dose rate as a result of a
normally incident flux or an isotropically incident flux {when
normalized to equal fluxes in the forward hemisphere) is
not significant except at the lower energies.

L, The differences between the ﬁaximum dose rates in a slab
phantom and kerma in a free field are insignificant above
about, 2 MeV but as the incident photon energy decreases the
difference increases at 0.07 MeV.

5. Comparison with Henderson's5 tissue kerma shows the "standard

man" kermsa are higher by at most a few percent. Most of this
undoubtedly results from the atoms of higher atomic numbers
that are not present in the Henderson5 four-element tissue

model.
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Recommendations

We recommend that the maximum dose rates for the slab phantom as

shown in Figure 3 he used as a standard gamma-ray response function

in design work. We further recommend that this calculated dose rate
{as well as similar phantom dose rates for neutrons) be called the

maximum exposure dose (MED) when multiplied by the Quality Factor.
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