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ABSORBED FRACTIONS FOR PHOTON DOSIMETRY

1. INTRODUCTION

Traditionally the caleulation of photon exposure has
been petformed by the integration of 2 point-source
kernel consisting of simple inverse-square and expo-
nential attenuation factors and the results expressed in
roentgen. The accuracy of this type of approximation

is limited becaitse such simple kernels cannot ade- .

quately consider the dose from scattered radiation or
the effects of boundaries, For internal emitters, the
calculation of absorbed dose in rads is preferred to a
dose calculation expressed as a roentgen exposure in
air, Recent calculations of buildup factors and new
techniques [or treating boundary problems by means
of Monte Carlo sampling have improved the methods
of calculating the photon dose directly in rads. These
methods rigorously consider the contribution to the
absorbed dose from both direct and scattered radiation
and give results jn & form directly applicable to
tbsorbed-dose calculation, . .

While the results obtained with these newer methods
do not differ greatly from those obtained with simple
exponential kernels for initial photon energies greater
than a few tenths of an MeV, estimates of the absorbed
dose are significantly different for photons of lower
energy. It is perhaps the increased use of low-energy
photon’ emitters in clinical practice that has provided
the chief impetus for the development of exact photon-
scatterifig calculations for dosimetry problems.

Monte Carlo calculation of photon diffusion pro-
vides & direct and accurate means of calculating ab-
sorbed dose from internal photon emitters in situations
where the source and absorber geometries are defined.
Calculations have béen carried out for point and
uniform-source distributions within bounded, tissue-
equivalent materidl, The photon absorbed fraction ¢
is simply the fraction of the emitted photon energy
that is absorbed in the region of interest (/-3). It is
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clear that the absorbed fraction can be determined only
after specifying the source and absorbet geometry, the
photen energy and the intervening material. Results.
of such calculations are presented in this pamphlet for
a sufficient number of geometries and energies to
permit accurate interpofation. More recently the term
specific absorbed fraction & has been proposed to
represent the absorbed fraction per gram of absorbing
medivm (4),

2. CA[:CULATION OF ABSORBED DOSH

As stated above, the photon absorbed fraction can
be expressed as

__photon energy absorbed by target
" photon energy emitted by source '

¢ (H
The scurce may be a point, line, surface or volume,
The target volume may or may not enclose thie source,
and the target volume may, under certain conditions
of common clinical interest, be the same as the source
volume, ‘

The quantity of photon energy emitted by a source
depends on the source activity and the energy of the
emitted photons. In general, a radionuclide will have
move than oné photon energy component in its decay
scheme, Since the scattering and absorption of photons
is energy dependent, each energy component must be
considered separately. It is convenient in absorbéd-dose
calculations to use for each photon component (as well
as for particulate radiations, ref. 4) an equilibrium
absorbed-dose constant A; which gives the total

,energy in g-rad/uCi-h emitted by that component. The

equilibrium absorbed-dose constant for a photon of
fractional abBundance n, in photoris emitted (corrected

* Special consultant to MIRD.
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TABLE 1. EQUILIBRIUM ABSORBED DOSE
CONSTANT FOR AN INFINITE TISSUE-LIKE

MEDIUM*
L3
! ‘ Principal fractional
energy abundance A
Radlo- camponents of photon  {g-rad/
nuclide  Half-life {MeY) {No./dis.}  uCi-h)
®Nat  2.58y  0.511 1.80  1.959
1.277 0.99 2.4693
HNa 15 h 1.37 1.00 2.918
2,753 t.00 5.864
ICq 4.7 d 0,48 0.04 0.081
0.83 0.04 0.106
1.3 0.77 2.149
i8¢ 3.4 d 0.141 C.40 0.204
2l 27.8 d 0.004 {x-ray} 2.9 0.0118
0.324 0.09 0.062
HFy 45 d 0.145 0.008 0,002
0.191 0,025 0.010
0.337 0.003 0.002
1.102 0.56  1.314
1,290 - 0.44 1.209
®Cy 5.27 vy 1.172 0.9% 2,472
1.33% 0.99 2,809
L 1 6.0 W 0,002 0.986 0.0042
: . “0.0183 {xrayl  0.046 0,00177
0.0206 {x-royl 0.010 0,00045
9.140 0,90 0,248
0.142 0.004 0.00122
g 13 hr  0.027 ix-ray) 1.04 0.0596
0.1595 1.00 0,340
0.53 0,02 0.028
L] 60.0 d  0.027 {x-ray) 1.126 0.0457
0.03% {x-ray) 0.242 0.0140
. o.035 0.07 0.00522
Wy 8.05 d 0,080 0.022 0.004
0.284 0.053 0.032
0,344 0.82 0.637
0.638 G.0% 0.122
0.724 0.03 0.046
1Y 5,27 4 0.029 (x-ray) 0.40 0,037t
0.081 0.40 0,069
onsdo 0.001 0,003
Wes 30 Yy 0,032 (x-ray} 0.07 0.0048
© 0.4816 0.85 1.199
WHg 45 by  0.068 (x-ray) 0.57 0.0828
0.077 0.20 0.032¢9
0.079 (x-ray} 0,18 0.0302
0.191 0.01 0.0041
WAy &64.8 hr  0.049 [x-ray) 0.027 0.004
. 0.41177 Q.95 0.834
0.6758 .01 0.014
. 1.084 0,002 0.005
Mg 47 d 0,073 {x-roy) 0.15 0.0233
0,279 0,81 0.481
Radium} ' ‘ 3.3

* Ducay schames ured in these calcutations are taken from Handbook of
Fhysics ond Chemistry {1968-1967), Radlological Handbook (1960} and
Hucleor Bate Shests, Charoclerlstic x-radiotfon of the daughtar nuclide
that accomponles the orbital sleciren capture and the internal conversion
procens b ehtered under the respactive parent nuclide whersvar algnificant,

I dud. 14t e L dlaii. *

} 92%Ra ond dacay products with 0.5 mm plotlsum fitter; H. E. Johns

e
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for internal conversion) per disintegration, and energy
E, in MeV, will be

1602)(10—5( crg )><1 ( rad
el‘g—g
% 3.70 xlo'( d““‘/se") X 3.60 X ma(%
X ﬂiE;( N([iev
Ay =213 nE, g-rad/pCi-h. @

Table 1 lists values of A; for the photons of several
commonly used radionuclides.

The photon energy absorbed per uCi-h by the target
is the product of the photon absorbed fraction and
the equilibrium absorbed-dose constant. For a source
emitting photons of different cne:’gles the average
absorbed dose D from penetratang photon radiations
delivered to a target of mass m in g is

= ?E }; & A,r rad, e))

where A is the cumulated activity in uCi-h and &
is the absorbed fraction,for the particular target
volume, source location and photon energy. It is
often desired to calculate the average absorbed dose
rate, R:_

R=2 564 rdh @
, .

where A is the activity in pCli,

Equation 4 is equally valid for point, line, surface or
volume distributions of activity providing A is the
total activity in the source region. A commonly
encountered situation occurs when the source volume
is the same as the target volume, as in the case of the
self dose from an internal distribution of radio-
activity, In this case Equation 4 can be re-written as

R=CX A rad/h, G
where C is the concentration of activity in uCi/g.

3. GENERATION OF ABSORBED FRACTION DATA

In general, absorbed fractions for finite media must
be calculated by means of Monte Carlo techniques.
This is performed by expressing the equations for
photon scattering and absorption as probability dis-
tributions, normalizing these probability distributions
so that they can be sampled efficiently using a series of
random numbers having a uniform distribution, and
then sampling the probability distributions an appro-
priate number of times to determine the average
energy lost in successive interactions by source pho-
tons. Since photon diffusion is treated stepwise in these
calculations, it is possible to include the effects of
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FIG. 1. Simplified Aow dlagrem of o
Sort progrem for target volumes of elfip.
soldal shape of seml-mojor oxes ay, , , , ay
shown at right. {Courtesy of 8:il. . Radiol,

boundaries. The number of photon histories required
to give meaningful results depends on both the energy
of the photon and on the target geometry.

As = practical matter, to reduce computer costs,
almost all of our machine computations of absorbed
fractions have been performed in two parts, a Monte
Carlo and a separate Sort program. The Monte Carlo
program is used to simulate photon diffusion. The
Sort program is to calculate absorbed fractions from
the Monte Carlo resuits. '

In the Monte Carlo program the initia! direction of
a source photon is sclected by means of internally
generated random numbers to simulite an isotropic
source. The distance the photoh travels before its
first interaction is found by sampling the exponential
probability distribution appropriate to the energy of
the photon, and tht new position coordinates are
calculated. Next, the type of interaction is selected
randomly with probabilities proportional to the ratios
of the photoelectric and Compton cross sections to the
total scattering cross section, If a photoelectric event
s indicated, the photon history is terminated and the
position coordinates and energy transfer are recorded.
If a Compton interaction is indicated, the Klein
Nishina scattering distribution is sampled using a
method originated by H, Kahn (5) to determine the
encrgy transfer and scattering angle. The energy lost
to the Compton electron and the position coordinates
of the interaction are recorded, and the history con-
tinued with a randomly chosen azimuthal scattering
angle, Histories are continued until a photoelectric
event takes place, or the energy of the scattered quanta
is less than 10 keV.,

The basic Monte Carlo data of position coordinates

A
Supplement No. 1

L ™,

e frap,

PAMPHLET NO. 3

and energy transfer are stored on magnetic tapes, each
tape containing 40,000 to 125,000 independent photon
histories. These tapes dre used as fnput data for a
family of Sort programs which determine absorbed
fractions by simply adding the energy tosses in various
target volumes (/). A typical Sort program s itlus-
trated by the flow diagram shown in Fig. |, whete a
point source in the center of a concentric array of
ellipsoidal targets is indicated.

As illustrated in Fig. 1, 2 set of position coordinates
is used to determine the largest ellipsoid within which
a given interaction has occurted. The energy loss asso-
ciated with this interaction is added to all ellipsoids
containing the interaction if certain ctiteria are met.
The logic of the program is stich that the energy trans-
fer from photons coming from outside the boundary
of an ellipsoid is excluded from the tabulation of
energy transfer to that ellipsoid. In this way contribu-
tions from backscattered photons are not included in
the calculation of absorbed fraction.

Monte Carlo calcutations of the energy absorbed by
each target volume are subject to statistical fluctua-
tions. The amount of this variation is determined by
dividing the total sample of 40,000 to 125,000 histories
into censii containing several thousand histories and
calculating the absorbed fraction for each census. The
standard deviation of the mean absorbed fraction for
each target volume is calculated internally by the Sort
program. As would be expected, the statistical varia-
tion is dependent on the target volume, being larger
for the smaller phantoms which contain fewer inter-
actions. Typically, the standard deviation of the mean
for the smallest target of a given set is from | to 297,
For the larger targets, 0.1-0.2%7 is typical. .
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"PHANTOM SHAPE: ELLIPTICAL CYLINDER
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FIG. 2. Varlation of absorbed fraction with anergy and mass for
eftiptical cylinders, central point source.

The absolute error of the absorbed fractions is larger
than that due to the sampling variation since the
absorption coefficients on which the calculations are

- based have an uncertainty of at least 257 (6,7,

The logic of the Monte Carlo program assumes that
scattered photons of less than 10 keV are absorbed
by the photoelectiic effect at the point of their fast
Compton interaction. Recent Monte Carlo studies of
the spectral distribution of scattered photons have
shown that the use of this 10 keV cutoff has no effect
on the calculated values of absorbed fraction (8).
Recent studies indicate that the effects of coherent
scatter on absorbed fraction -are small (8), and it is
neglected in our calculations. Pair production is also
not considered in our calculations because its cross
section in low atomic number materials at the maxi-
mum energy (2.75 MeV) for which absorbed fractions
are reported here is so smail that the error introduced
by neglecting pair production is less than 17,

Sort programs are used to calculate the absorbed
fraction in snmphﬁed unit-density target geometries
that approximate anatomical shapes. The models that

*

ELLIPTICAL CYLINDER

PONT HOURGE 1' ELLIPSOIDS
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FIG. 3. Vorialien of abtorbed fraction with energy ond larget
geomelry, 70 kg target mass. A
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have been studied include eliipsoids, elliptical cylin-
ders, right circular cylinders and spheres,

4. VARIATION OF ABSORBED FRACTION BETWEEN
TARGETS OF DIFFERENT MASS AND
IDENTICAL SHAPE

The variation "of absorbed fraction with initial
photon energy for central point sources in elliptical
eylinders is shown in Fig. 2. Tt is seen that for small
values of mass, the absolute value of the absorbed frac-
tion is not very sensitive to variations in initial photon
energy between 0.1 MeV and 1 MeV, This is because
the increased transmission of high-energy photons is
jargely compensated by the increased energy transfer
from first-collision Compton events, In larger target
volumes, direct transmission of primary photons is less,
and the absorbed fraction is more energy dependent,
For all target sizes, the absorbed fraction approaches
unity at low energies since the photoclectric process
dominates energy transfer in this region. The exact
relationship between target mass and absorbed frac-
tion depends on the target shape. However, results
similar to those given in Fig. 2 are observed with all
target geometries. Although the conclusions here refer
specifically to point sources at the center of target
volumes, similar behavior is observed for a uniform
distribution of activity or for point sources at other
locations,

5. VARIATION OF ABSORBED FRACTION BETWEEN
TARGETS OF DIFFERENT SHAPE AND
IDENTICAL MASS

The variation of absorbed fraction with initial
photon energy for different target geometries having a
70-kg mass is shown in Fig, 3, The relative dimensions
for the different target geometries used for these
curves are the same as those used in Tables 4-6 and 9.

The ellipsoids and the elliptical cylinders for which
the absorbed fractions are shown in this figure have
the same maximum cross section dimensions, The
ellipsoidal target is, however, 50%7 higher. Notwith-
standing this difference in height, the absorbed frac-
tions for central point sources in ellipsoids and ellip-
tical cylinders are almost identical. Note, however,
that for uniform distribution of activity the absorbed
fractions for ellipsoids are significantly less than those
for elliptical cylinders.

Therefore, for centrally located sources in the trunk
of the body, the use of an elliptical cylinder as a model
for total-body absorbed-dose calculation is justifiable
regardless of the patient’s height, In the case of uni-
formly distributed activity in the body, an ellipsoidal
mode! is a better approximation for calculation of
total-body absorbed-dose since the human figure
tapers toward the head and feet,

Spherical target volumes have a larger average ra-
dius than elongated targets of equal mass. The
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absorbed fraction for spherical targets is therefore
larger than for elongated targets for both point source
and uniform distribution of activity.

6. ABSORBED FRACTIONS FOR FINITE SPHERICAL
TARGETS IN AN INFINITE MEDIUM

" It is sometimes of interest to determine the absorbed
fraction from point sources for finite target volumes
located in 2 larger volume of scattering material. The
absorbed fraction in this case must include the back-
scattered radiation from the surrounding medium.
Figure 4 shows the results of such calculations. These
_curves give the radius of a sphere surrounding a point
* gsource required to absorb 5097 and 9097 of the
emitted photon energy. Figure 5 shows the absorbed
fractions for spheres of various radii in an infinite
medium as a function of energy, The data shown in
Figs. 4 and 5 can be used to obtain curves of energy
absorption as a function of distance for point sources
of various radionuclides in infinite tissue media. The
same data can also be used to calculate specific ab-
sorbed fractions & at various distances from a point
source, However, it {8 more accurate to use Monte
Carlo histories to calculate the intensity of the radia-
tion at the point &f interest and then obtain specific
ahsorbed fraction from calculated energy fluence (8).

7. ABSORBED FRACTION! COMPARISON OF MONTE CARLO
AND MOMENTS METHOD RESULTS

Since most of our calculations have been for finite
targets, the results shown in Figs. 4 and 5 for an
unbounded medium are the only Monte Carlo results
we have obtained that arc suitable for comparison
with M. Berger's moments-method results, presented
in MIRD Pamphlet No. 2 (9). Berger's results are for
water while ours are for a tissue composition having
slightly different absorption and scattering cross sec-
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FIG. 4. Radlus of sphere needed to absorh 50% ond 90% of the
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tions. These effects can be reduced by expressing both
sets of results in terms of mean free paths, the recip-
rocal of the total attenuation coefficients used in the
respective calculations. The Monte Carlo data shown
in ‘Table 2 has beeni interpolated from curves such as

. shown in Figs. 4 and 5 to present results for the photon

energies studied by Berger, The last digit shown in our
restilts is not very significant because of graphical
interpolation. Howéver, it is seen that the two methods
give comparable results, .

The Monte Carlo Code used for calculating the
absorbed fractions presented in this pamphlet have
been compared to the absorbed fractions as deter-
mined by a Code devised by Snyder and Ford (10).
The result of this comparison for the limited cases
studied was quite good (I1).

$. DOSE RECIPROCITY THEOREM

The absorbed dose delivered at the center of a target
containing a uniform distribution of activity is greater
than the average absorbed dose received by the target.
Application of the dose reciprocity theorem allows
specific absorbed fractions at the center of a tiniform
distribution of activity to be calculated by dividing the
appropriate central point source absorbed fraction

" YABLE 2. COMPARISON. OF MONTE CARLO
{MGH) AND MOMENTS METHOD (NBS)
RESULTS* :

mip tor 50%, absorption mfp for 90% sbsorption

. NBS NS
E(MeV) MGH MGH MGH MGH
2.0 1.15 1.01 31,132 t.o
1.0 1.36 0.9% 3.74 1.00
0.5 1.58 1.01 4.16 1.01
0.1 215 1.0 5.02 .00
0.0B 2.16 0.98 5.04 0.97
0.06 1.98 - 0.96 4.84 0.78
0.04 1.52 0.94 1.84 0.98
0.03 1.1¢ 0.%4 3.30 0.97

* Radivs In mean frée poths réquired to absork 50% und 90% of
anargy amittad by o polnt source In an infinite medivm,

TABLE 3. TISSUE COMPOSITION USED IN
ABSORBED-FRACTION CALCULATIONS
Etement % moss
Oxygen 71.39
Carbon 14,89
Hydrogen 10.00
Nitrogen 1.47
Chlcrina .10
Sodlum 0.1%
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TABLE 4. ABSORBED FRACTIONS FOR CENTRAL POINT SOURCES IN ELUIPTICAL
; . CYLINDERS OR ELLIPSOIDS* :

@

Mass 0,020 0,030 0.040 0.040 0.080 0,100 O0.140 0,160 0.279 0,364 0.662 1.460 2,750 Ra-
tg) MeY  MeY Me¥ MeV  Me¥Y MsV  MeV  MeV MeY Me¥Y MeV MoV  MeV  divmt

0.956 0.697 0.453 0.263 0.212
0.971 0.749 0.509 0.305 0.247
0.980 0.785 0.551 0.340 0.276
16 0.985 0.811 0.585 0,388 0,301
20 0.995 0.88) 0.689 0.448 0.388
a0 30 0.998 0.914 0,749 0.534 0.447
40 0.998 0.934 0.788 0,581 0.49)
50 0.999 0.946 0.817 0.619 0.527
80 0,999 0.956 0.838 0,649 0.557
<70 0.999 0.963 0.855 0,674 0,583
80 0.999 0.948 0.869 0.696 0,806
90  0.999 0.972 0.881 0.715 0.462%
100 0.999 0.974 0.890 0.731 0.443
120 0.99% 0.981 0.904 0.759 0.4674
140 0.99% 0.985 0.918° '0.782 0,700
160 0.999 0.987 0,928 0.801 0.722

20000000 H0000000

0.924 0.4605 0,387 0,203 0,186 0,159 0,160 0.1461 ©.17V 0.17é6 0.176 0.157 0.125 0.163
.202 0.200 0.201 0.214 0.218 0.216 0.193 0.154 0.201
233 0.229 0.230 0.242 0.245 0,243 0.237 0,174 0,227
.258 0.252 0.253 0.265 0.267 0.263 0.236 0.190 0.247
.280 0,372 ©.272 0.283 0.285 0.281 0.252 0.204 0.263
L3568 0.342 0.340 0.348 0.348 0.340 0.306 0.25) 0,320
L4130 0,391 0,387 0.391 0,387 0.379 0.341 0.282 0,357
456 0,429 0.423 0.424 0.421 0.409 0.368 0.306 0.385
A91 0.460 0.453 0.450 0.447 0.433 0.390 0.325 0.408
.520 0,487 0,478 0,473 0,449 0,453 0.409 0.342 0.427
545 0,517 0,500 0,493 0.486 0.47) ©
.567 0.532 0.520 0.511 0.505 0,486 0
.587 0.551 0.538 0.527 0.520 0.500 0
.604 0.568 0.554 0.542 0.534 0,513 0.4463 0.391 0.483
634 0,597 0.583 0,567 0.556 0.535 0
660 0.622 0,607 0.589 0.579 0.555 0
L681 0.644 0.4629 0.409 0.598 0.572 0
Y80  0.999 0.989 0.934 0.Bl18 0,740 0.700 0.682 0,648 0,827 0,615 0.587 0,530 0.452 0,554
200 0,999 0.990 0,944 0.832 0.756 0.717 0.4678 0.665 0.643 0.4630 0.601 0.542 0,463 0.568

* The principal oxes of the slilptical cylindars and tha ellipsofds ara In the ratios of 1/1.8/8,19 and 1/1.8/9.27, respactivaly,
1 Welghted volus for ““ld)iflcny product spactrum plven by H, E Johns, 1953,

JA25 0.356 0.444
439 0,369 0.458
.452 0,380 0,471

483 0.407 0.505
.50 0.425 0.523
514 0.439 0.539

TABLE 5.° ABSORBED FRACTIONS FOR CENTRAL POINT SOURCES IN SPHERES

200 0.99¢ 0.99¢9 0.998 0.976

&
Mass 0.020 0.030 0.040 0.040 0.100 0.140 0.140 0.279 0.662 2,750
{kg) MaY MeV . MeV MeV MaV Me¥V  MeV MeV MeV Ma¥
2 G.989 0.794 0.537 0.322 0.243 0.233 0.234 0.241 0.235 0.148
4 0.996 0.878 0.658 © 0.421 0.317 0.301  0.297 - 0.302 0,293 0,209
] 0.9%9 ¢.916 0.727 0.488 0,370 0.348 0.342 0.344 0.330 0.238
8 0.99¢ 0,938 0.772 0.540 0.413 0,385 6.379. 0.377 0.359 0.259
10 0,999 0.952 0,804 0.581 0.448 0.418 G.409 0.405 0.382 0.277
20 0.99¢ 0.982 0.6894 0.709 0.569 0.529 0.517 0.500 0.4681 0.339
30 0.999 0,991 0.932 0.780 0.644 0.400 0.587 0.562 0.514 0.380

40 0.999 0.995 ¢.954 0.826 0.46%8 0.452 0.639  0.6408 0.554 0.411 -
50 0.999 0.994 0,944 0,859 0.738 0.492 0.479 0.844 0.58¢6 0.436
60 0.999 0.997 0.974 0.882 0.770 0.725 0.712 0.675 0.613 0.457
7¢ 0.999 0.998 0.980 0.900 0.796 0.752 0.739 0.700 0.437 0.476
8o 0.99¢9 0.998 0.983 0.915 0.8:18 0.775 0.762 0.722 0.457 0,492
90 0,999 0.99¢9 0.986 0.926 0.836 0.794 0.781 0.741 0.675 ¢.507
100 0.999 0.999 0.988 0.935 0.851 0.811 0.799 0.758 0.6%91 0.52¢
120 0.999 0.999 0.991 0.948 0.876 0,839 0.827 0.786 0.71% 0.544
140 0.999 0.999 0.993 0.958 0.895 0.8460 0.849 0.809 0.742 0.564
140 0.9¢9 0.999 0.995 0.965 0.910 0.878 0.867 0.829 0.761 0.582
180 0.999 0.9%¢ 0,996 .97 0.923 0.892 0.882 0.845 0,778 0.598

0.933 0.904 0

894 0.858 0792 _0.812

by the target mass, The dose reciprocity theorem states
that the absorbed dose delivered to a point from a
uniform-volume distribution of activity is equal to the
average absorbed dose delivered to that volume by
the same amount of activity concentrated at that point
(4,12,13), Using exact scattering calculations at 0.040
and 0.662 MeV, Ellett, Callahan and Brownell (2) have

34 L

shown that the reciprocity theorem holds for the case
of a 2.2-kg centrally located region within a 70-kg
target, It is expected that for most regions of activity
within the trunk use of the dose reciprocity theorem
will pive acceptable results, The dose reciprocity
theorem extends the usefulness of the point-source

sabsorbed-fraction data. For example, the absorbed

JOURNAL OF NUCLEAR MEDICINE

5
i
4




e T e

e

FRACTION OF PHOTON ENERGY ABSORBED

. = RN
\\w Qi

3
\\\_L\ ~X
' \

04

-3

g T ™ T i ¥ T T
VoY 604 DGR GO D10 G20 O30 G40 O€b owD o 20 30

MITIAL PHOTON ENERGY MEV

FIG. 5. Fractlon of pholon energy from point sources absorbed In
sphares of different radil in an infinite Hsaue medivm,

fractions obtained for various sourcé positions along
the central axis of an elliptical eylinder can be used
to determine the ahsorbed dose at points along the

central axis (e.g., gonadal dose) from a uniform

distribution of activity in the target.
9, SCALING OF THE ABSORBED FRACTION FOR DIFFERENT
MASS DENSITIES AND ELECTRON DENSITIES

All of the calculations of absorbed fraction pre-
sented here (except for Table 7) refer to a unit-density

" TABLE 4. ABSORBED FRACTIONS FOR
CENTRAL POINT SOURCES IN RIGHT
CIRCULAR CYLINDERS*

¢

Moss 0.040 0.080 0.160 0.364 0,662 1,440
{kg) MeV MeaV MaV¥ MeV MeV+  MeV

0.258

2 0.528 0.224 0.24¢  0.229 0.200
4 0,645 0.336 0.290 0,295 0.288 0.257
4 0.712 0.3%91 0.335 0.333 0.324 0.28B4
8 0,757 0.435 0.370 0.363 0,354 0.311%
10 0.789 0,471 0.39% 0,387 0.376 0.332
20 0.878 0,593 0.501 0.472 0.453 0,40}
3G 0.917 0,448 C. 548 0.523 G.504 0.444
40 0.940 0.721 0.618 0.57% 0.543 0.480
50 0.954 0.761 0.658 0.405 0.575 0.509
40 0.964 0.792 0.491 0.433 0.602 0.533
70 0.971 0.818 O0.71¢% 0.4658 0,625 0.55)
BO 0Q.977 0.838 0.743 0.679 0.646 0.572
90 0.981 0.B56 0.763 0.4698 0.664 0.588
100 0.984 0.87t 0.78! 0.714 0.680 0.5603
120 0.98¢ 0.894 0.811 0.742 0.708 0,429
140 0.992 0.9}t 0.834 0.765 0.730 0.65%
160 0,994 0.924 0.852 0.784 0.74% 0.649
180 0.994 0.933 0.846 ©0.800 0.765 0.485
200 0.994 0.939 0.877 0.813 0,777 0.4%8

* The principal axes of the right circular eylinders are in the ralio of
1/1/0.78,
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TABLE 7. ABSORBED FRACTIONS FOR
CENTRAL POINT SOURCES IN RIGHT
" CIRCULAR CYLINDERS*
adivs {cm)
Hetght
{cm} 3 L} _ 10
0.040 May
5 0.219 0.299 0.379
10 0.264 .03 n.582
15 0.279 0.442 0.682
20 0.283 0.458 0.7M
5 0.092 0.128 0.174
10 0,113 0179 - 0.292
15 g.119 0.200 0.345
20 0.122 0.210 0,409
0,140 MeV
5 0.09% 0.124 0.148
10 0,118 0.170 0.261
15 0.122 0.189 0.318
20 0.129 0. 198 0.353
0,364 MeV | '
5 0.103 0.137 0.103
10 0.124 0.180 0.248
15 0.1 0.19¢ 0.318
20 0.134 0.208 0.348
5 0.104 0.140 0.185
10 0.124 0.18) 0.245
1] 0.131 0.199 0.311
20 0.134 0.208 0,339
1.450 MeV
5 0.093 0.124 0.148
10 0.1 0.160 0.234 .
15 0.117 0.175 G.273
20 0.120 0,184 0.298
* These data ware obiolned for Dr, G, K. Bchr of Clncinnatl Ganbral
Hospital ond are prosented hare through his courtesy,
Tha masé densily of the malerial iz unity,

tissue composition as shown in Table 3, The electron
density of the mixture is 3.308 X 19* electrons/g.
Our studies indicate that 0,25%, by weight of sodium
chloride has little effect on the vatue of the absorbed
fraction below 40 keV, i.e., less than 1%, For initial
energies greater than 40 keV, trace constituents having
an atomic number of less than 18 have a negligible
effect on the absorbed fraction. It should be hoted that
at some energies the results given in Tebles 4-9 differ
slightly from those we have previously published (7,2)
for a tissue having an electron density of 3.41 X 10%

‘electrons/g.

The density of the tissue-equivalent material used
in all calculations is unity. For material of idéntical
atomic composition but density other than unity, the
values of absorbed fraction presented in Tables 4-10
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may be used as follows: A tabular value of absorbed
fraction corresponding to a mass m in a unit-density
medium will correspond to a mass of m/p? in a medium

“of density p. This conversion is rigorously correct.

The backscatter corrections of Table 12 will also refer
to the scaled values of mass, but can be used to give a
very approximate correction for backscatter to a region
of lower density surrounded by a 70-kg sphere. How-
ever, for most organ models involving two media of
differing density, ‘it is desirable to perform original
Monte Carlo calculations,

Similarly, these tables may be used for materials of
slightly different stomic composition by means of con-
version based on clectron density, If 8 new material
has an electron density (electrons/g) n and the refer-
ence material n, a tabular entry referring to a mass m
of the reference material will refer to 2 mass (n./n)’m
of the new material. However, if the atomic composi-
tion differs significantly, it is necessary to perform
original Monte Carlo calculations,

If both mass density and composition change, both
corrections will apply and the tabular entry will corre-
spond to a mass (m/p?) (n,/n)¥. It should be noted
that in all cases, the vaiues of absorbed fraction re-
main constant but the corresponding mass changes.

10. ABSORBED FRACTIONS FOR POINT SOURCES

‘Table 4 gives values of absorbed fractions as a

»*

function of target mass for central-point-source photon
emitters. This data is applicable to both elliptical
cylinders and ellipsoids containing a central point
source ([), (see also Fig, 3). The principal axes corre-
sponding to width, thickness and height of these targets
aré in the ratios of 1/1.8/6.19 and 1/1.8/9.27, re-
spectively. These ratios correspond to 36 cm X 20 cm
cross-sectional dimensions for a 70-kg target,

Table 5 gives values of absorbed fractions for central
point sources in bounded spheres, i.e., without back-
scatter. As noted above, the absorbed fraction for
spheres is greater than that for anatomical models
such as elliptical cylinders or ellipsoids of equal mass.

‘Table 6 presents values of absorbed fractions for
central point sources in right circular cylinders. Note
that the principal axes corrdsponding to width, thick-
ness and height of the right circular cylinders used for
obtaining the absorbed fraction data of Table 6 are
in the ratio 1/1/0.75. The cross-sectional dimensions
for these cylinders are different from those of elliptical
cylinders of equal mass used in preparing the data
given in Table 4. The dimensions of the cylindrical
targets used in preparing Table 6 are close to those of
spherical targets and have similar values of absorbed
fraction (see Fig. 3). For this reason the central
point-source absorbed-fraction data for elliptical cylin-
ders given in Table 4 is more usefui for clinical
applications.

TABLE 8. ABSORBED FRACTIONS FOR POINT SOURCES AT DISTANCES 1/2, 1/6 AND 1/12
HEIGHT OF ELLIPTICAL CYLINDERS*
¢
0.080 MeV 0.662 MeY 2,750 Me¥Y

Maoss
{kg} 1/2 ’1/6 /12 1/2 i/6 1/12 . 1/2 1/6 112

2 0.166 0,158 0.149 0.1746 0.145 0,151 0.125 G114 0.105

4 0.212 0.203 0.187 0.215 0.204 0,186 0,154 0.145 0.133

& 0,247 0.238 6.217 0.242 0.230 0.211 0.174 0.164 0,152

] 0.276 0.246 0,242 0.243 0.250 0.230 0.190 0.179 0.166
10 0.301 0.2¢1} G.264 0.28} 0.266 0.245 0.204 Q.192 0.178
20 0.368 0,378 0.343 0.340 0.323 0.299 0.251 0.238 0.220
30 0.447 0.437 0.399 0,379 0.3481 0.335 0.282 0.268 0.249
40 0.491 0.482 0.442 0.409 0.3%0 0.362 0.306 0.292 ¢.271
50 0,527 0.518 0.477 0.433 0.413 0.384 0.325 0.212 0,289
40 0,557 0.548 0.507 0.453 0.434 0,403 0.342 0.328 0,304
70 0,583 0.575 0.533 0.470 0.452 0.41% 0.356 0,343 < ¢9.318
80 0. 606 0.598 0,556 0.488 0,447 0.434 0.369 0.356 G.33
90 0.624 0.518 0.576 Q.500 0,402 0.448 0.380 0.348 0,341
100 0.4644 0.638 0.595 0.513 0,495 0.460 0.3 0.378 0,351
120 0.674 0.668 0.628 0.535 0.518 0.482 0,409 0.397 0.348
140 0,700 0.4694 0.653 0,555 0,537 0.501 0,425 0.413 0,384
1460 0,722 0.717 0,476 0.572 0.555 0.518 ) 0.439 0.428 0.397
180 0.740 0.736 0.6956 0,587 0.571 0.533 0.452 0.440 0.410
200 6,756 0,753 0.713 0.401 0,585 0.547 0.4463 0. 451 0.421

* The principal axes of the afifptical cylfnders are In the ratio of 1/1.8/4,19,

A1
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TABLE 9. ABSORBED FRACTIONS FOR A UNIFORM DISTRIBUTION OF AcCTivity IM ELiapSOIDS*

* The principal axes of tha slffpsolds are in tha ratic &f 1/1,8/9.27,

&
Mass 0.020 0.030 0.040 0.060 0.080 0.100 0.160 0.384 0.462 1.460 2.750
lkg" MaV MeV MeV MeV Mav MeaV MaV MaV MaV MaV Mevy
2 0,702 0.407 0,317 0.131 +» 0.072 0.099 0.113 0.112 0,134 0.09¢ 0.094
4 0.762  0.485 0.325 0.176 0.127 0.133  0.144 0.148 0.155 0.133  0.120
é 0.795  0.529 0,345 0.206 0.157 0,155 0,183 G.170 0.173 0.155 0.134
8 0.815  0.560 .0.346 0.228 0.17% 0.172 0.178 0.187 0.189 0.171 . 0.147
10 0.830  0.583 0.385 0.247 0.196 0.185 0.190 0.200 0.202° 0.183  Q.158
20 0.868  0.44% 0.460 0.308 0,250 0.233  0.234 0.245 0.250 0.223 0.187
30 C.B84  0.485 0.508 0.346 0.284 0.265 0.264 0.273 0.280 0.248  0.207
40 0.893  0.70y  0.541 0.374 0.310 0.290 0.287 0.2904 0.301 0.247 0.222
50 0.900  0.727 0,567 0.2397 0.232 0.212 0.305 0.312 0.317 0.282 ©.235
40 0.905  0.741  0.585 0.416 0.351 0,330 0.321 0.327 0.330 0.2904 0.247
70 . 0.909 0.753 0,600 0.432 0.368 0.344 0.335 0.340 0.341 0.306 0.257
80 0.912  0.763  0.613  0.445 0.383  0.38' 0.348  0.251 0.35) ' 0.314 0.245
20 0.918  0.772  0.424 0.45% 0.397 0.374 0.359 0.342 0.340 0.925 0.374
100 0.918  0.780 0.434 0.471 0.40% 0.386 0.369 0.371 0.368 0.334 0.28%
120 0.924 0,793 0,452 0.492 0.43) 0,407 0.388 0.389 0.384 0.450 0.298
140 0.929  0.804 0.470 0.511  0.450 0.425 0.405 0,405 0,399 0.344 0.310
140 0.933  0.814 0.688 0.528 0.445 0.440 0.421 0.420 O0.415 0.378  0.321
180 0.937  0.821 0,708 0.544 0.480 0.454 0.436 0.433 0.432 0.991  0.331
200 0.940  0.828  0.729  0.559 0.491 0.464 0.451 0.446 : 0.449 0.40% 0©0.240

o1

TABLE 10. ABSORBED FRACTIONS FOR UNIFORM DISTRIBUTION OF ACTIVITY IN SMALL
SPHERES* AND THICK ELLIPSOIDS*
¢
Muoss 0.020 0.030 0.040 0.0460 0.080 0.100 0.160 0.364 0.4482 1,480 2.750
{kgl MaV MeV  Mav MaV MeV Mey’ MeV MaV MeV - MaV Mev
0.3 0.484 0,157 Q.19t 0.109 0.084 0.0BS 0,087 0.09% 0.0%4 0,092 0.077
- Q.4 c.712 0,388 a,242 Q.1 0.094 0.093 c,.097 0.108 0.108 0.0%9 0.083
0.5 0.71 0.412 0,229 0.131} 0.104 0.099 0.104 0.118 0.117 0.104 0.089
0.4 Q,745 0.4 0.244 0.140 0.1 0.105 0.1 0.122 0.124 0.109 ¢.093
1.0 0.780  0.486 0.289 0.147 0.135 0.125 0,130 0.142 0.144 0.125 0.104
2.0 0.818  0.559 0.360 0.212 0.173  0.160 0.162 0.174 0.173  0.153  0.127
3.0 0.840 0.400 0.405 0,245 0.201 0.188 0.184 0.197 0.195 0.174 0.143
4.0 0.856 0,629 0.438 0.271 0.222 0.209 0.205 0.216 0,213 0.190 0.154
5.0 0.848 0.652 0,464 0.294 0.241 0.227 0.222 0.231 0,228 0.204 0.147
4.0 0.874 0.671 G.485 0,312 0.258 0.241 0,234 0.245 0.240 0.214 0177

* The princlpal axes of the amoll sphares and thick aliipolds arae In the retios of 1/1/1 and 1,/0.847 /1,322,

Table 7 lists the results of calculations that were
performed for small right circular cylinders. The tissue
formula used in these calculations was (CsH ON),
the electron density is 3.41 X 10% electrons/g, and the
mass density is unity.

Table 8 lists the values of absorbed fractions for
an axial point photon source in elliptical cylinders
located at a distance 1/2, 1/6 and 1/12 from the end
of the height of the cylinder, The values for the distance
of 1/2 the height are the same as in Table 4, These
tables illustraie the effect of varying the position of a
point source along the axis. The variation is sur-
prisingly small for the rather elongated cylinders used

A
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e,
N,

in this calculation. The results indicate that for axial
sources within a cylindrical target the absorbed frac-
tion for a central point source may be used for other
axial locations with an error of less than 1097,

Il.  ABSORBED FRACTIONS FOR A UNIFORM
DISTRIBUTION OF ACTEVITY

‘Table 9 lists the absorbed fractions for a uniform
distribution”of activity in elongated targets. The prin-
cipal axes corresponding to width, thickness and height
of these targets are in the ratio 1 /1,8/9.27. These target
dimensions are exactly equal to those of the ellipsoidal
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% Sphere
Thick Eltipsoid

FIG. 6. Modsls for organs of various
shapes usad in Tables 10 and 11, {Courtesy
of Brit. . Radiol.}

Flat Ellipsoid

targets used to obtain the point source absorbed
fraction data of Table 4.

Tables 10 and 11 give absorbed fractions for smail
target volumes which may be used as models for
organs containing a uniform distribution of activity.
The target geometries used in these calculations are
shown in Fig. 6. Table 10 lists values applicable to
cither spheres or thick ellipsoids of masses ranging
from 0.3 to 6 kg. In this mass range the difference
between spheres and thick ellipsoids of equal mass is

very small (2). The values given in Table 11 are for

flat ellipsoids. The selection of an appraopriate target
shape (model) must be made with reference to the
organ of interest. However, in the mass range con-
sidered here, the absorbed fraction for a given mass
is a weak function of target shape, Consequently, the
absorbed-fraction data listed in Tables 10 and 11 can
be used to obtain reasonably accurate values of the
absorbed dose in an organ containing a uniform
distribution of activity.

TABLE 11. ABSORBED FRACTIONS FOR UNIFORM DISTRIBUTION OF ACTIVITY IN FLAT ELLIPSOIDS*

¢
0,020 0.030 0.040 0.040 0.080 0.100 0_140 0.562 2.75
Mass {kg) MeV MeaY MeV MaV MeV¥ MaV¥ MeV MeV MeV
0,3 0.627 0.306 0.164 0.0%0 0.075 0.072 0,078 0.084 0.0462
0.4 0,654 0.334 0.17¢9 '0.098 0,081 0.079 0.085 0.095 0.049
’ 0.5 0.674 , 0.35¢8 0.192 0.106 0.087 0.085 6.090 0.103 0.074
0.6 0.46%0 ° 0.374 0.204 0.112 0.092 6.090 , v 0.095 0.109 0.079
1.0 0.73}) 0.423 0.243 0.134 0.%109 0.306 0,132 0.128 0.092
2.0 0,779 0.572 0.305 0.173 G.140 0.132 0.140 G.154 0.112
3.0 0.803 0.533 0.344 0,200 0.162 0.154 0.159 Q.171 0.125
4.0 0.820 0.564 $.572 0.221 0.181 0.171 - 0.174 G.185 0.134
; 5.0 0.833 0.588 0.3%4 0.238 0.197 0.185 0.187 0.197 0,144
4.0 0,844 0.4608 0.414 0.254 0.21) 0

i * The principal axes of the flat ellipsoids are in the ratic of 1,/0,5/2,0,

.158 0.198 0.20% 0.156

TABLE 12. FRACTIONAL INCREASE OF ABSORBED FRACTION IN CENTRAL ORGAN DUE TO
BACKSCATTERED RADIATION FROM 70-kg PHANTOM SURROUNDING ORGAN

Energy (MeV) | 0,020 0.030 0.040 0.060 ¢.080

0.100  0.140  0.344 0.662 1,46 2,75

Fractionol 1.01 V.08 .19 1.24 1.28
increoss of

$

1.26 1.17 ¥,05 1.04 1.02 1.01
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12. INCREASE IN ABSORBED FRACTION DUE TO
BACKSCATTER

Tables 4-11 give the absorbed frictions for targets
of finite volume, and these values do not include the

" contribution due to photons coming from outside

the target volume and interacting within it. For the
situation where organs are located within the trunk
of the body, the average absorbed dose will contain a
contribution due to the backseattered photons.
Table 12 may be used to obtain the fractional increase

. in the absorbed dose due to backscatter, This table

gives the ratio of the absorbed fraction for activity

(distributed uniformly in a sphere of 780 g located

within a 70-kg spherical target to that of the same
sphere in vacuum, Our studies show that the values
so obtained are relatively independent of the mass or
shape of the organ containing the activity. Also, the
amount of backscatter is relatively independent of
the exact mass of the scattering volume surrounding
the target, provided this scattering medium i much
larger than the target volume. Consequently, Table 12
should yield adequate estimates of the increase in
absorbed fraction to organs within the trunk of the
body due to backscatter.

ACKNOWLEDGMENTS

Many individuals have assisted in various phases of this work.
However, M. Wachter and A. Callahan were particularly
instrumentat in the development of the original Monte Carlo
program and the Sort Program,

This project has been supported by the Atomic Energy
Commission, the National lnstitutes of Heaith and the Office of
Maval Research,

The work of the MIRD Committee is supported by U. 8.
Public Health Service Research Grant RH 00416, National
Center for Radiological Heaith,

Supplemlent No. {

s

PAMPHLET NO. 3

. REFERENCES

1. Errerr, W. H., CALLAHAN, A, B. Anp BrownEtL, G. L.:

Gamma-ray dosimetry of internal emittets. 1. Monte Carlo
calculations of absorbed dose from pomt sources, Brit. J.
Radiol. 37:45-52, 1964,
,, 2. Erimrr, W, H., CALLAHAN, A. B. AND Brownett, G. L.}
Gamma-ray dosimetry of internal emitters. . Monte Carlo
calculations of absorbed dose from uniform sources, Hrit. J.
Radiol, 38:541-544, 1965. _

3. Reopby, A. R., ELLerr, W. H. Anp Brownett, G. L.
Gamma-ray dosimetry of internal emitters. 111, Monte Catlo
calculations of absorbed dose for low-energy gamma-rays,
Brit. J. Radiof. 421512-515, 1967.

4. LoeviNoer, R. AND BeamaN, M.: MIRD Pamphlet No. i
—A schema for absorbed-dose calculations for biclogically
distributed radionuctides, J. Nucl. Med., Suppl. Ne. 1, 7, 1968,

5.-Kann, H.!: US.AE.C. (RAND) Report, R 1237 April,
1954,

6. GropsteN, G. W.: N.B.S, Circular 583, U.S. Government
Printing Office, Washington, D.C., 1957.

7. McGmnis, R. T.: Supplement to N.B.S. Circular 583,
U.8. Government Printing Office, Washington, D.CC,, 1959,

3. Euizit, W. H., Brownew, G. L. AnD Reppy, A, R.:
Assessment of Monte Carlo calculations for determining the
gamma ray dose from internal emitters. To be published in
Phys. Med. Biol. 13; 1968,

9. Berger, M. J.: MIRD Pamphlet No, 2—Energy deposi-
tion in water by photons from point isotropic sources, J. Nuel.
Med., Suppl. No. 1, 15, 1968.

10. SnyDER, W. S. AND Forp, M. R.i A Monte Carlo code
for estimation of dose from gamma-ray sources, ORNL-3849,
1965, pp. 193-195. _

11, WaLTER S. Snyper, ORNL, November 1, 1965, personal
communication.

12. MavneorD, W. V.: Energy absorption 1V, The mathe-
matical theory of inteprai dose i radium therapy. Brir. J.
Radiol, 18:12, 1945,

13, Loeymicer, R., Japia, E. M, AnD BROWNELL, G. L.
Radiation dosimetry, Ed by Hine, G. 1. and Brownell, G. L.,
Academic Press, New York' 1956, p. 78,

¥



