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Abstract~ The EGS3 Monte~Carlo electron-photon transport simulation package has been 
used to calculate dose equivalent per unit fluence vs depth curves for broad parallel beams 
of mono-energetic electrons, positrons and photons incident on a 30-em-thick slab of ICRU 
four-element tissue. The electron kinetic energy range covered is 100 keY to 20 GeV and that 
for photons is 11 keY to 20GeV. It'was found that by making minor modifications, EGS3 
is in reasonable agreement with other codes for electron energies down to 100 keY. Complete 
dose equivalent vs depth curves as a function of electron and photon energy are presented to 
allow proper calculations of the maximum dose equivalent for a mixed photon and electron 
spectrum since there are substantial variations in th~ loca,tions of the peak dose equivalent. 
Explicit calculations demonstrate that l/r2 corrections give an accurate means to convert 
results for broad parallel beams to those for point source geometries. The relative con­
tributions of various physical processes to the peak dose equivalent are presented, 

\. INTRODUCTION 

THE BIOLOGICAL effects of radiation incident on 
the human body are very complicated. In both 
radiation protection and medical therapy situ­
ations, it is common practice to simplify 
the situation and quantify the radiation field 
and the biological risk associated with it in 
tenTIS of the quantity dose equivalent which is 
usually numerically equal to the absorbed dose 
to tissue for photons and electrons. The advan­
tage of this simplification is that absorbed dose 
to tissue is a well defined physical quantity 
(energy deposited per unit mass) which can be 
measured or deduced in a variety of ways. In 
radiation protection situations it sometimes oc­
curs that the measured quantity is particle 
Huence and hence a set of conversion factors is 
needed to transform the measured fiuence to the 
required quantity, namely dose equivalent. A 
further simplification often employed for radi­
ation protection purposes is to associate the 
biological risk with the peak value of the dose 
equivalent in the body. Proper assessment of 
this peak value from the measured fiuence spec­
trum requires knowledge of dose equivalent vs 

depth curves as a function of particle energy. 
This paper reports a series of calculations which 
provide the factors to enable this conversion to 
be made for electrons or photons over the entire 
energy range of practical interest. Both electrons 
and photons are dealt with because the trans­
port of these particles in a material is strongly 
coupled. Incident photons set electrons in mo­
tion and at energies above a few Me V the 
resultant displacement has a major effect on the 
distribution of dose equivalent. Conversely, an 
incident electron produces bremsstrahlung pho­
tons which, at higher energies contribute a 
significant fraction of the dose equivalent at the 
peak. 

EGS3 is a general purpose Monte-Carlo 
electron-photon transport simulation package 
developed at SLAC by Ford and Nelson (F078; 
Ne80). Because of its flexibility it is being used 
at the National Research Council of Canada 
(NRCC) in a wide variety of radiation protec­
tion and medical dosimetry-related problems. 

The present study was undertaken for two 
purposes. One was to investigate the accuracy of 
EGS3 at low electron and photon energies. The 
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physical models used in the simulation package 
are thought to become less accurate for electron 
energies below about I MeV and for photon 
simulations in whkh fluorescent x rays are 
important (,,; 100 keV). However, these re­
strictions do not appear to be significant in 
energy deposition problems in tissue or water 
down to incident electron energies of 100 keY or 
photon energies down to II keV. The second 
purpose of this study was to generate a set of 
fluence to maximal dose equivalent conversion 
factors and a complete Sel o(depth-aose curves' 
for monoenergetic electron and photon beams 
to be used to calculate depth-dose curves for 
arbitrary spectra calculated or measured in 
other situations. Throughout this paper the 
maximal dose equivalent is defined as the peak 
value of the dose equivalent for hroad parallel 
beams of radiation incident normally on a 
30-cm-thick slab of ICRU four-element tissue. 
Because of the large differences in depth-dose 
shapes, knowledge of the entire depth-dose 
curve is essential if the maximal dose equivalent 
for a spectrum is to be determined. 

The next section presents a brief overview of 
the EGS3 simulation package, the data used in 
these calculations and the user code written for 
these calculations. Section 3 presents the results 
and compares them to those obtained pre­
viously. Section 4 discusses the influence of a 
change from a broad parallel beam geometry to 
a beam from a point source. The last section 
presents a separation of the dose equivalent at 
the peak into its various components. The Ap­
pendix presents a set of depth-dose curves for 
protons and electrons. 

The unit used for dose equivalent is the sievert 
(1 Sv = 100 rem) and that for absorbed dose is 
the gray (l Gy = 100 rad). The dose equivalent 
in Sv is considered to be numerically equal to 
the absorbed dose to tissue in Gy, although 
there is some evidence that this is not the case 
for low-energy photons (ICRU29). The no­
tation 6.5E-S stands for 6.S x 10-'. 

2. THE CALCULATIONS 

2.1 The EGS3 code 
The calculations have been done using the 

EGS3 Monte-Carlo simulation package which 
is described in detail in F078 and Ne80. A brief 
description has appeared in R082 which also 
describes several minor errors in EGS3 which 

have been corrected at NRCC. For some of the 
high-energy cases studied here, it was also neces­
sary to make a minor modification to several 
EGS3 subroutines to ensure cos e ,,; I. The code 
considers all physical processes believed to be 
important in the transport of electrons or posi­
trons above I MeV or photons above the K 
edge. In photon transport, the code considers 
Compton scattering (Klein-Nishina cross sec­
tion applied to free electrons), pair production 
(with an approximate treatment of triplet prod­
uC\ion): and' t~e photoelectric effect (photo­
electrons are tracked but K x rays and Auger 
electrons are considered to be deposited locally). 
Cross sections from Storm and Israel are used 
(St70) except for pair-production cross sections 
above about 50 MeV where theoretical estimates 
are used. Electron-positron transport is simulated 
using the condensed history technique with 
energy-loss fluctuations accounted for through 
the random nature of the elastic scattering 
events. Bremsstrahlung production, positron 
annihilation in flight, elastic Moller and Bhabha 
scattering from electrons and Moliere multiple­
scattering from atomic nuclei are all taken into 
account. The approximations used for the pho­
toelectric events determine the low-energy cutoff 
for photon transport but this is not expected to 
be a significant shortcoming in tissue where the 
highest K x ray has an energy well below 
10 keY. As has been shown elsewhere (R083) if 
the default step-size algorithm in the EGS3 
system is modified (e.g. to give a 4% energy loss 
per step), then, at the cost of greatly increased 
computing time, low-energy electron transport 
simulations with EGS3 give accurate results. 

In the final stages of this work, a minor error 
in EGS3 was found. Correcting the error in­
creases multiple scattering for low-energy elec­
trons. This has 20% effect on the peak of the 
100-keV depth dose curve and virtually no effect 
on the depth-dose curves for incident electrons 
with energies above 2 MeV. The results pre­
sented for electrons with incident energies below 
lOMe V were computed with the NRCC's cor­
rected version of EGS3 and this correction will 
be reflected in EGS4 which will be released by 
SLAC. 

2.2 The NRCC user's code 
An EGS3 user code called DOSE2 was devel­

oped for these calculations. It considers a semi-
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infinite plate of arbitrary material which can be 
broken up into any number of regions along the 
depth axis. Energy deposition can also be 
recorded as a function of radius but radial 
regions are not employed. Incident electrons, 
positrons or photons can be considered for 
broad parallel beams, finite parallel beams or 
collimated isotropic sources. The broad parallel 
beam case is accomplished by considering an 
incident pencil beam and scoring the total en­
ergy deposited per unit areal density in semi­
infinite slabs at each depth. Air effects are not 
considered. 

Although it appears to underestimate them, 
the statistical uncertainties were estimated by 
doing all calculations in 10 batches and com­
puting the rms variation on the average. In 
general, results presented for peaks on depth­
dose curves have a statistical uncertainty of less 
than I % to ensure that uncertainties in the 
physical input data are the dominant source of 
uncertainty in the final results. It should be 
noted that a small bias towards high values is 
introduced in choosing the peak value of the 
dose equivalent because the maximum value is 
selected from several bins which often have 
nearly equal values. This biasing was always less 
than 1%. 

A small modification to the EGS3 package 
has been made to allow for an exponential 
transformation of photon pathlengths. This 
variance reduction technique proves useful 
where a biasing towards events at shallow 
depths improves the information on the buildup 
region. Careful optimization has not been done 
but efficiency has been increased by a factor of 
2-3 in several cases. Biasing is only done for 
forward going photons. For cos e ;;. 0 (where e 
is the Z direction cosine with the Z axis being 
the depth axis), the number of mean free paths 
is chosen as . 

MFP = - B . In R, 

B = 1./(1. - C' cos 0) 

and the weight is changed to 

WT' = WT, B· e-MFP'C-cos8, 

where C is an input variable ranging from 0 (no 
effect) to -4 (shorten an initial pathlength by a 
factor of 5) and R, is a random number distrib­
uted uniformly on the interval (0, I). 

2.3 The cross section data and parameters 
The slab was considered to be standard 

4-e1ement unit density tissue as defined by the 
ICRU (i.e. in ICRU Report 19-H, 10.1% by 
weight; C, 11.1%; N, 2.6%; 0, 76.2%). Calcu­
lations were also done with water as the phan­
tom material to compare to previous calcu­
lations. 

Figure 1 presents a summary of the photon 
cross section data as used by the EGS3 system. 
Note the 3.5% discontinuity in the gamma mean 
free path at 50 MeV which occurs because the 
data of Storm and Israel (8t70) are used for the 
pair production cross sections below 50 MeV 
and a different normalization is used above this. 
This discontinuity leads to a corresponding 
discontinuity in the calculated fluence to max­
imal dose equivalent conversion factor for pho­
tons at 50 MeV. 

The corresponding input electron cross­
section data is somewhat more difficult to sum­
marize because in various energy regions data 
sets were used corresponding to different energy 
cutoffs. Let [AE, AP] denote a data set for which 
all electrons with total energy less than AE keV 
(kinetic energy = AE-511) and photons with 
energy less than AP keV are considered to 
deposit their energy locally. All electron inter-
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FIG. 1. Photon cross sections for ICRU tissue as 
prepared by PEGS3 for use by EGS3. The gamma 
mean free path between interactions is shown on the 
left scale and the fractions of the total cross section 
given by photoelectric, Compton and pair production 
processes are given by the right-hand scale. The 3% 
discontinuity in the cross section at 50 MeV is the 
result of a prOblem matching pair production nOr-

malization factors. 
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actions which create scattered electrons with 
energies less than AE keY or bremsstrahlung 
photons with energy less than AP keY are 
treated as part of a continuous energy loss 
mechanism. Figure 2 presents restricted stop­
ping powers for electrons in tissue for two sets 
of energy cutoffs as well as the unrestricted 
stopping power (for e - in muscle from Be64). 
Electrons continuously lose energy as they slow 
down and they can also lose energy via discrete 
events, either elastic scattering from electrons 
with both resulting electrons having energy 
above AE or by bremsstrahlung emission of a 
photon with energy above AP. Figure 3 presents 
the mean free path of electrons between such 
discrete events. The discontinuity in these curves 
occurs at the threshold for elastic scattering (at 
511 + 2 x (AE -511) keY). The curve with 
AE = 521 is far below the energy range for 
which EGS3 was intended. The fact that the 
electron mean free path does not increase mono­
tonically as the electron energy decreases means 
that EGS3 does not properly handle the 
change in cross section as the electron loses 
energy during each step. However no effects of 
this problem have been noted, especially since 
the continuous energy loss mechanisms domi­
nate in the regions where the changing cross 
section might have an effect. 

FIG. 2. The restricted electron stopping powers in 
tissue for the two sets of cutoffs used for these 
calculations. The notation [AE, AP] means the stop­
ping power includes only those interactions creating 
electrons with total energies less than AE keY or 
photons with energies less than AP keV. The re­
stricted stopping powers were computed by the 

PEGS3 part of the EGS3 system. 

e- IN ICRU TISSU€ 

, 1 __ ,_1_ 
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ELECTRON KINETIC ENERGY (MeV) 

FIG. 3. Electron mean free paths in ICRU tissue 
between discrete interactions in which either knock­
on electrons with total energies above AE keY or 
bremsstrahlung photons with energies above AP keY 
are created. The arrows denote the threshold energy 
for the production of knock-on electrons for that 
particular data set. The values were calculated by 

PEGS3. 

The parameters to be set for each run are: 
ECUT, PCUT, the electron and photon energy 
cutoffs; AE & AP, the cutoffs in the input data 
set; ESTEPE, the fractional energy loss per step 
in electron transport; C, the exponential path­
length transformation variable (for initial pho­
tons only); the number of histories to follow; 
and the widths of depth bins. The last three were 
set arbitrarily to ensure adequate statistics and 
depth resolution. ESTEPE was only used with 
incident electrons since the EGS3 default step­
size algorithm was adequate for incident pho­
tons. The value of ESTEPE was chosen by 
decreasing it at several benchmark energies to 
find the largest value below which a change of 
less than 2% was observed in the peak dose 
value. The choice of values for ECUT was 
considerably more difficult and is discussed in 
Section 3.3. Note that run times per history can 
vary by over an order of magnitude depending 
on the choices of ESTEPE, AE and AP. Tables 
1 and 2 summarize the parameters used al­
though these are presented as a matter of record 
rather than as an indication of optimized 
choices. 

2.4 Normalization of results 
The results are quoted in terms of dose equiv­

alent per unit incident fluence. Fluence takes 
into account the angle of incidence and, with the 
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Table 1. EGS3 parameter values used jor electron depth-dose calculations 

Cutoffs (keV) I ESTEPe 2 (j histories VAX 
Energy Range Electron Photon CPU Ti!lle(s) 

100 ... 900 keV 521 10 0.04 10,000 800 ... 2400 

1 • 10 MeV 711 10 0.04 10,000 600 ... 2600 

20 • 50 MeV 1500 100 10,000 450 ... 1000 

70 ... 20,000 HeV 1500 100 4,000 500 ... 1700 

lUser cutoffs BCUT using {S2l, 101 or [1500, 100J data sets. 

2The default electron step-size algorithm in EGS3 has been modified to change TMX.S 
such that the continuous energy loss in each step 113 a set fraction, ESTEPE, of 
the electron kinetic energy, see RoS3. 

Table 2. EGS3 parameter values used Jor photQ1! depth-dose calculations 

VAX 
Photon Energy Cutoff (keV) 1 C' II histories CPU Time 

Range Electron Photon +10 3 10 38 

11 . 600 keY 521 10 0 400 2 ... 27 

0.8 10 MeV 700 10 -3 300 10 >41 

20 ... 20,000 MeV 1500 100 -1.5 80 ... 2 0.7 • 8 

lUser cutoffs using [521, 10J or [1500, 100J data sets as appropriate. 

2Exponential path length transformation variable - not optimized, 

exception of a nonnally incident beam, it is not 
given by the number of incident particles di­
vided by the area. For a point isotropic source 
D cm from a fiat phantom, collimated to a finite 
solid angle Q, the incident on-axis fiuence for N 
histories is given by 

N 
</>, = QD 2' 

where Q = 4n (1 - y,)/2 is the solid angle sub­
tended and y, is cosine of the maximum angle 
allowed by the collimator. 

To compare the present results to some of the 
previous work and to experimental data, it is 
essential to know the conversion factors from 
fiuence to exposure for photons below 10 MeV. 
The collision kenna K, for a medium (to be 
distinguished from the total kenna; see At79) is 
given by 

K, = 1.602 X 10-10 E,</> Ilm [Gy], (1) 
p 

where E, is the photon energy in MeV; </> is the 
photon fiuence in y Icm2

; and Ilml P is the mass 
energy-absorption coefficient in cm'lg for the 
medium. 

It should be noted tliat under conditions of 
charged-particle equilibrium, the collision 
kenna equals the absorbed dose to the medium 
and hence equation (1) is often used as a 
fonnula for the absorbed dose. Exposure X is 
defined as 

X=K, ~ 
\ 

e \ 
air W air 

[e/kg] 

= 4.740 x 1O- i2 E,</> Il,"\ 
P air 

[Cjkg] 

= 1.837 X 10-8 E,</> Il,"\ 
P air 

[R], (2) 

where use is made of the fact that 
I R = 2.58 X 10-4 Cjkg (exactly) and the best 
estimate of elW is 1/33.8 GIJ where W, the 
average energy to create an ion pair in dry air, 
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is 33.8 eV/ion pair as recommended in ICRU 
Report 3 I. Another quantity frequently intro­
duced in these types of calculations is the ab­
sorbed dose to air (more properly the air col­
lision kerma) which is given by 

K =X-I WI 
C air e air 

[J/kgj 

=0.00872X [J /kg = Gy to airj, 

where X is in R. 
Table 3 presents conversion factors based on 

equation (2) and Hubbell's mass energy absorp­
tion coefficients (Hu77; these differ from values 
in Hu69 by ,,; 1% except at 30 keY, and agree 
with Storm and Israel's values). At most ener­
gies, these values are within 2% of the values 
given in ICRP Report 21. Table 3 also presents 
the conversion factors used by Dimbylow and 
Francis (Di79) which differ by - 6% to + 8%. 

The choice of these conversion factors is im­
portant for experimental comparison purposes 
but are an unnecessary complication in 
presenting the Monte-Carlo results which com­
pute dose equivalent per unit fiuence. To con­
vert to dose equivalent per unit exposure, one 
should use Column 2.of Table 3. 

3. RESULTS 
This section presents the calculated fiuence to 

maximal dose equivalent conversion factors. 
The present results are shown in Fig. 4. 
Tbe fluence is that incident on the slab. This 
conversion factor is conceptually different from 
the dose equivalent index which iI; defined as the 
peak value of the dose equivalent in a 30-cm 
diam. sphere of ICRU tissue. More notably, at 
least wben non-parallel beams are used, fluence 
to dose equivalent index conversion factors refer 
to the fluence at the location of the center of tbe 

Table 3. Conversion factors from jiuence to exposure in dry air using W = 33.8 eV/ion pair and mass 
energy-absorption coefficient/rom Hubbell (l977) compared to those used by Dimbylow and Francis (1979). 
Conversion factors from ./luence to absorbed dose to air (more properly the air collision kerma) are given 
by mUltiplying Column 2 by 0.00872 Gy to aiflR. Here, and in all other tables, the exponent in the second 

column applies to the other columns as well 

~. 
R.cUl 2 Difference 

Present D179 % 

0.01 8.54 E-IO 8.06 -5.6 
0.015 3.59 &-10 3.38 -5.9 
0.02 1.94 £-10 1.83 -5.4 
0.03 8.29 £-11 8.00 -3.5 
0.04 4.93 &-11 4.72 -4.2 
0.05 3.71 E-11 3.58 -3.5 
0.06 3.32 £-11 3.29 -0.8 
0.08 3.52 £-11 3.61 2.5 

0.10 4.26 E-11 4.42 3.7 
0.15 (i.88 E-11 7.19 4.6 
0.2 9.82 £-u 10.3 4.9 
0.3 1.58 E-I0 1.65 4.2 
0.4 2.17 E-10 2.25 3.' 
0.5 2.73 E-I0 2.82 3.5 
0.6 3.25 E-10 3.39 4.2 
0 •• 4.24 IHO 4.41 4.1 

1.0 5.12 £-10 5.35 4.5 
1.25 6.11 £-10 6.31 3.2 
1.5 1.02 £-10 7.30 4.1 
2.0 8.61 £-10 8,93 3.7 
3.0 1.18 £-9 1.19 5.1 
4.0 1.37 £-9 1.45 5.6 
5.0 1.60 E-9 1.69 5 •• 
6.0 1.82 £-9 1.93 6.3 
•• 0 2.24 E-9 2.39 6 •• 

10.0 2.66 £-9 2.81 •• 1 
20.0 4.80 £-9 
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FIG. 4. A summary of the fiuence to maximal dose equivalent conversion factors calculated 
in this work for broad parallel beams of electrons or photons incident normally on a 
30-cm-thick slab of ICRU tissue. The 3% discontinuity in the photon values reflect the 

discontinuity in the cross section data presented in Fig. 1. 

sphere when the sphere is absent. As will be seen 
below, these distinctions are not very important 
for parallel beams but they can be significant in 
practice. 

3.1 Photon results below 10 MeV 
Table 4 summarizes the present calculated 

photon fluence to maximal dose equivalent con­
version factors over the energy range 10 keV to 
lOMe V for broad parallel beams of photons 
incident on a 30-cm-thick semi-infinite slab of 
ICRU four-element tissue. Table 4 and Fig. 5 
also present comparisons to a wide range of 
other calculations, each of which are discussed 
briefly. 

3.1.1 Nelson and Chilton. Very close agree­
ment is obtained with the results in 
Ne82, which is gratifying since the geometry 
and tissue material are identical and similar 
processes are considered in the Monte-Carlo 
calculations. 

3.1.2 Trubey/ANSI. Claiborne and Trubey's 
(Cl70) combined discrete ordinate and Monte­
Carlo results for photons on the II-element Oak 
Ridge National Laboratory (ORNL) tissue were 
the basis of the ANSI recommended conversion 
factors (AN77). These results have been further 
refined by Tapia and Trubey (Ta80) below 
I MeV using Monte-Carlo calculations. Below 
300 keV, even these later results (Ta80) are 
significantly larger than the EGS3 results re­
ported here. Nelson and Chilton's work sug­
gests these differences are almost entirely due to 
the different tissue compositions. Even small 
amounts of heavier elements cause a significant 
increase in the photon cross section because the 
cross section for the photo-electric effect, which 
dominates at these low energies, varies as Z3., 
(Hu69). In as much as tissue does contain these 
heavier elements and since Tapia and Trubey's 
results are more conservative, their values 
should be used for photons with energies below 
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Table 4. Photon jluence to maximal dose equivalent conversion factors in Sv . em l for broad parallel beams 
oj photons with energies between IO keY and 10 MeV incident on various phantoms (described in the text). 

The present results are for a semi-infinite, 30-cm-thick slab of Jour-element ICRU tissue 

Svocm 2 

" Dimbylow & llohlfeld & Tapia & ANSI leRP2l" Nelson & 
Preaent 1 Francis 2 Grosswendt 3 Trubey -Trubey Chilton 5 

MeV D179 Hoal TaSG ANn Nea2 

0.010 5.40 E_Iz
b
) 7.18 9.31 9.42 7.67 6.85 

0.015 2.97 £-12 3.35 4.06 5.42 3.08 3.0Z 
0.020 1.68 E-12 1.76"'(5) 2.03 2.29 3.28 1.64 1. 7l. 
0.030 a.83 £-13 9.10 (21) 10.3 11.4 16.2 7.16. 8.97 
0.040 6.55 £-13 6.45 (21) 7.01 7.78 10.0 4.34 6.54 
0.050 5.86 £-13 5.40 (22) 5.82 6.63 8.06 3.36 5.99 
0.060 5.76 E-13 5.18 OJ) 5.38 6.50 7.33 3.08 5.64 
0.080 6.27 E-13 5.60 (16) 5.52 6.78 7.25 3.36 6.28 

0.100 7.33 E-13 6.33 (31) 6.28 7.75 7.86 4.10 7.28 
0.150 9.40 (38) 9.12 10.5 6.66 
0.200 1.39 E-12 1.28 (6) 1.22 1.39 0.95 
0.300 2.03 E-12 1.92 (9) 1.82 2.01 2.11 1.53 
0.400 2.63 E-12 2.43 (10) 2.38 2.61 2.74 2.10 
0.500 3.18 E-12 3.02 (10) 2.90 3.14 3.19 2.64 
0.&00 3.65 E-12 3.58 (9) 3.37 3.67 3.78 3.16 
0.800 4.66 E-12 4.60 (9) 4.33 4.58 4.67 4.11 

1.0 5.49 E-12 5.58 (9) 5.18 5.42 5.50 4.95 
1.5 7) 7.20 (8) 6.98 6.78 
2.0 8.73 E-12 9.21 (16) 8.56 8.90 8.33 
3.0 1.13 E-11 1.20 (2) 1.11 1.16 1.09 
4.0 1.35 E-11 1.40 (2) 1.35 1.40 1.32 
5.0 1.55 E-ll 1.61 (2) 1.56 1.62 1.53 
6.0 1.73 £-11 1.81*(2) 1.78 1.83 1. 73 
7.0 1.91 &-11 2.03*(2) 2.03 
8.0 2.10 E:-Jl 2.21*(2) 2.19 2.24 2.13 

10.0 2.43 E-li 2.61*(2) 2.60 2.65 2.52 

lStatlstical uncertainties (1% in all cases. 

20bta ined by converting data tabulated in D179 from Sv/Gy to air to Sv.cm 2 using the data 
presented 1n Table 3 and then doing a log-log interpolation. nata 1s the maximum value in 
a 30 cm diameter ICRU-tissue sphere. Values shown with an '" do not OCCHr on the central 
axis. Value in brackets is the statistical uncertainty in the last digit. 

30btained by digitizing graphical data in Ho82 and converting it from Sv/Cy to air to 
Sv.cm 2 using conversion factors in col 2 of Table 3. Data is the maximum value in a 30 cm 
diameter ICRU-tissue sphere. 

4rCRP21 presents the collision kerma in water as defined in eq'n 1. 

5Stati9tical unc.ertainties (3%. 

6Value at 11 keV. 

7Value for 60Co • E" 1.250 MeV is 6.42 x 10- 12 , 

300 keV. Above 300 keV, the present results 
agree well with the ORNL values up to several 
MeV. In the energy region above this, the 
present values are consistently lower because the 
effects of electron transport become important. 
When electron transport is ignored in EGS3, for 
10-MeV photons the maximal dose equivalent 
conversion factor is 2.62 x IO- ll Sv· em', in 
good agreement with Claiborne and Trubey's 
value. 

3.1.3 ICRP Report 21. For photons with 
energies below 10 MeV, the ICRP values are 
based on a collision kerma-to-water approxi­
mation to the maximal dose equivalent (see 
equation (I)). This approximation ignores elec­
tron transport, photon scattering and attenu­
ation, and recapture of bremsstrahlung pho­
tons. Above 3 Me V these effects appear to 
cancel each other out and the approximation is 
remarkably accurate. However the appro xi-
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o DIMBYLOW a FRANCIS 
• HOHLFELO e. GROSSWENDT 
o TAPIA S TRUBEY 
• NELSON a CHILTON 

PRESENT REStJLTS 

~ 

Ey( keY) 

FlO. 5. A comparison of the present calculations to 
previous calculations for photons in the energy range 
l()-1000keV. The results of Dimbylow and Francis, 
and Hohlfeld and Grosswendt are for a 3Q..cm spher­
ical phantom and are thus not directly comparable to 
the other slab calculations. The major part of the 
difference with Tapia and Trubey arises because of 
their use of a more realistic tissue composition in 
which the trace elements play a significant role at 

these low energies. 

mation gives a significant underestimate of the 
dose equivalent at lower energies, especially 
near 100 ke V where scattered radiation pro­
duces a large fraction of the dose equivalent (see 
Section 5). This difference has significant impli­
cations for many dosimetry problems in wilich 
a ratio of mass energy absorption coefficients is 
used to transfer dose from one material to 
another. 

3.1.4 Dimbylov and Francis; Hohifeld and 
Grosswendt. These results are both Monte-Carlo 
calculations of the dose equivalent index for four­
element ICRU tissue. Direct comparisons are 
somewhat difficult, especially for those energies 
at which the peak dose equivalent is off the 
central axis of the sphere. There is also some 
confusion about conversion factors from fiuence 
to absorbed dose to air (see footnotes 2 and 3 
of Table 4). In particular, the method adopted 
here is different from that used in H082 in as 
much as they compared their results in Sv/Gy to 

air directly to those of Di79 which implies they 
have used the same conversion factors for 
fiuence to absorbed dose to air. The present 
comparison assumes different conversion fac­
tors were used in each case. 

Overall, the agreement is satisfactory given 
the statistical uncertainties in the other calcu­
lations and the geometric differences. It is some­
what puzzling that Di79 which considered elec­
tron transport, and H082 and Cl70 which did 
not consider electron transport, all obtain essen­
tially the same values at photon energies above 
6 MeV. 

3.2 Photon results above 10 MeV 
Table 5 and Fig. 6 give the present results for 

the fiuence to maximal dose equivalent con­
version factors for broad parallel beams of 
photons with energies above 10 Me V and com­
pares them to several previous results. All pre­
vious results are for a water slab but values 
calculated with EGS3 for a water slab were only 
slightly larger than for tissue (.;; 5% difference) 
and are not reported here. The discontinuity in 
the present results near 50 MeV refiects the 
discontinuity in the input cross section data 
discussed in Section 2.3. 

ICRP Report 21 explicitly states (p. 15) that 

• • 
• • .. • 

• • 0 0 

" • 

'PRESENT RESULTS 

• ICRP 21 
.6. ALSMILLER S MORAN 
o BECK 

IO·Il~·~-~~,L-~-~~~~-~~C!C 
10 100 1000 to 000 

Ey(MeV) 

FIG. 6. A comparison of the present calculations to 
previous calculations for photons in the energy range 
10 MeV to 10 GeV. The previous calculations were all 
for a water slab but the differences were found to be 
small. The data from Be70 and AI68 were for 5-cm 
or 7.5-cm bin widths and therefore should be in­
creased slightly (RlIO%) for comparison purposes 

(see Table 5). 
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Table 5, Photonfluence to maximal dose equivalent conversion factors in Sv . cm 2 for broad paraUel beams 
of photons with energies above tO~MeV incident on a 30-cm~thick semi-infinite slab of ICRU tissue or water 

Sv.cm 2 

.!. Present ICRP21 3 Water Collision Alsmiller BeckS 
Peak 1 Scm Z Kenna '+ & Horan 5 

bins 

10 2.43 E-11 2.53 2.48 2.' 
20 4.16 £-11 4.34 4.36 7 4.2 
30 5.77 B-l1 6.30 6.30 
40 7.32 E-11 8.17 6.20 
47.5 8.36 £-11 
'0 9.25 E-11 9.92 10.1 8., 
" 9.78 E-11 

100 1.53 £-10 1.52 1.98 1.99 1.8 1.6 
200 2.27 £-10 2.20 3.02 2.6 2.1 
'00 3.18 £-10 2.94 4.79 3.' 2.' 

1000 3.79 E-IO 3.50 5.67 4.4 3.' 
2000 4.35 £-10 3.86 6.46 
5000 5.21 E-I0 4.77 7.5 {O 6.1 6 4.4 6 

10000 5.77 £-10 5.14 8.17 6.7 4.7 
20000 6.19 E-I0 5.63 8,68 7.2 , .1 

lStatistical uncertainty <1%. 

2Average dose equivalent to the Scm bin surrounding the peak. For comparison to the other 
high energy calculations which were done for 5 cm bins. 

3ICRP21 states these values are baaed on the work of AIsmiller & Moran, incressed from the 
5 em bin calculations to estimat.e the peak value. However, below 100 MeV it appears t.o be 
based on the Water Collision Kerma values (as done below 10 MeV). 

~Eq'n 1 using the mass energy-absorption coefficients of Hu69. 

STabulated values frolll Al68 and Be70 for lIIS)!;imum value of average absorbed dose to water in 
7.5 and 5 em wide bins irradiated by broad psrallel beams of photons. 

6Value for 5200· MeV. 

7The value baaed on a Dlore recent value of Ilen/p (Hu77) is 4.20 )( 10- 11 Sv.cm2.. 

above lOMe V its recommended conversion fac­
tors are based on the work of Alsmiller and 
Moran (A168), but increased to estimate the 
peak value since the tabulated results in Al68 
were for the average dose in 7.5-cm-wide bins. 
However, based on the comparison in Table 5, 
it appears that between 10 and 100 Me V the 
ICRP values are actually those given by the 
water collision kenna approximation, as was the 
case below 10 MeV. 

Column 2 of Table 5 gives the average dose 
equivalent obtained in a 5-cm bin about the 
peak value for energies above 100 MeV. It 
shows the average value is 1-11% less than the 
peak value whereas ICRP Report 21 estimates 
of peak values were 16--45% greater than the 
average values. However, the present results are 

significantly lower than Alsmiller and Moran's 
values even taking this factor into account. This 
can be explained by the fact that they did not 
take into account the density effect correction 
for high-energy electron stopping powers. Es­
pecially below 1000 MeV, the present results for 
5-cm bins are in excellent agreement with the 
calculation of Beck (Be70), who took the den­
sity effect into account. 

3.3 Electron results below 100 MeV 
The results for electrons below 10 Me V are 

quite sensitive to the electron energy cutoff and 
step-size parameters chosen for the calculations. 
For example, for 500-keV electrons, restricting 
the electron step-size to a 4% energy 
loss reduces the peak dose equivalent value by 
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10% compared to the result using the EGS3 
default step-size. Also, for a given electron 
energy cutoff ECUT, the results can be sensitive 
to the value of the electron cutoff energy AE of 
the data set used. There is a complex interplay 
of effects which occurs. These are discussed in 
detail elsewhere (R083; R083b). The parameters 
in Table 1 were chosen by reducing the energy 
loss per stoOP until no significant (.;; ~ 1%) 
changes occurred and by using the highest val­
ues of AE and ECUT which did not introduce 
significant changes. The change to EGS3 men­
tioned in Section 2.1 had a distinct effect on the 
depth-dose curves for incident energies below 
I Me V. It also had a minor effect on parameter 
selection. However the original parameters have 
been retained and the effects will be discussed 
elsewhere. 

The results are summarized and compared to 
previous calculations in Table 6. The agreement 

is generally satisfactory but there are small 
systematic differences between ETRAN and 
EGS3, especially when the entire depth-dose 
curve is considered. 

Figure 7 presents a comparison of the entire 
depth-dose curves for broad parallel beams of 
20-MeV electrons as calculated by three 
different codes. The agreement with Nahum's 
results is remarkable and occurs at other ener­
gies, but there is a slight difference compared to 
the ETRAN results. These differences are typi­
cal of those at other energies as well, but are 
insignificant for radiation protection purposes. 
These differences are discussed in detail else­
where (R083b). 

3.4 Electron results above 100MeV 
Table 7 and Fig. 8 compare the present results 

to previous work for electron beams above 
100 MeV. The ICRP Report 21 values are based 

Table 6. Electron jluence to maximal dose equivalent conversion factors in Sv . em 2 for broad parallel beams 
of electrons with energies be/ow IOO-MeV incident on a 30-cm-thick semi-infinite slab of [eRU tissue or 

waler 

E, Present 
M,V Tissue 1 

(3) 

0.100 1.92 E-9 
0.200 1.23 E-9 
0,300 9.66 E-lO 
0.400 8.29 E-I0 
0.500 7.68 8-10 
0.600 7.168-10 
0.700 6.63 E-I0 
0.800 6.48 E-I0 
0.900 6.35 8-10 
1.0 6.15 E-lO 

1.5 5.59 8-10 
2.0 5.33 8-10 
3.0 5.00 &-10 
4.0 4.77 &-10 
5.0 4,74 E-lO 

7.0 4.41 8-10 
10 4.17 8-10 

20 3.65 E-I0 

30 3.53 &-10 
40 3.-'19 8-10 
50 3.52 &-10 
70 3.57 E-lO 
100 3.74 E-I0 

IStatietieal uncertainty .. IX. 
2For a water phantom. 

Sv.cm 2 

ICRP21 Z Other 2 

HO i 

/3) 

1.94 1.72 1.80 CYLT~ 
1.22 1.07 

7.70 7.12 7.35 CYLT" 

6.18 5.79 5.79 CYLT " , 
5.71 Bea2 

5.31 5.05 
5.01 4.8 

4.68 4.48 4.66 Na75, 4.40 CYLT4 
4.42 Be82 

4.22 4.15 4.08 Be69,4.18Na75. 
4.03 Bea2 

3.73 3,86 3.75 Be69,3.80Na75, 
3.63 Rea2 

3.57 3.68 Na75, 3.-'13 Be82 
3.37 Be82 

3,56 3.86 3.38 Bea2 

3.78 4.1~ 

3Using default parameter values specified in Table 1. 
4Using an NRCC version of CYLTRAN (an extended ETRAN. see ~76); uncertainty <±2% 
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Table 7. Electron jiuence to maximal dose equivalent conversion factors in Sv . em 2 for broad parallel beams 
of electrons with energies above lOORMeV incident on a 30-cm-thick semi-infinite slab of ICRU tissue or 

waler 

E. 
MeV 

100 
200 
500 

1000 
2000 
5000 

10000 
20000 

Pre.sent 
Tissue! 

Peak 5c1ll bin 

3.74 £-10 3.78 3.74 
4.26 E-lO 4.50 4.26 
5.84 £-10 5.99 5.87 
7.19 £-10 7.48 1.07 
8.48 E-lO 
1.03 E-9 1.09 5 1.01 5 
1.21 E-9 1.27 1.17 
1.41 E-9 1.43 1.31 

lStatistical uncertainty (1%. 

ICRP Z 

4.1S 1i 

5.14 
7.72 
9.26 

11.1 
1.32 5 
1.54 
1.85 

Alsmiller 3 

Ii Moran 

4.44 
5.28 
6.94 
8.89 

1.17 S 
1.36 
1.58 

Beck) 

3.67. 
4.19 
5.69 
6.78 

0.8S 5 
0.94 
1.03 

2ICRP21 values for water baaed on an estimate of the peak dose from the 5 em 
binned values in AlbS. 

3Tabulated values fr~ Al6a and Be70 for 
respectively. 

4Not based on A168. 

SEe" 5.2 GeV. 

on the peak values estimated from the values in 
Al68 for average absorbed dose to water in 
7.5-cm bins. As pointed out in Section 3.2 for 
high-energy photons, the peak estimation tech­
nique overestimates the peak but does not ac­
count for all of the differences between the 

"'", 40 

~ 
'. 

.;-
'?Q 10 

... . . 
:; .. 

20 MeV e~ ON WATER 
BROAD PARALLEL BEAM 
(0,,9_19 cm 

-EGS [591,101 
x NAHUM 

• BERGER S.SELTZER 

~~-L-nO~2--L-no~,--L-nO~6--L-CO~.--L-~~~~ 
DEPTH (Z/f o ) 

FIG. 7. A comparison of various calculations of the 
depth-dose CUrve for a broad parallel beam of 
20-MeV electrons incident on a water phantom. The 
Berger and Seltzer results are from Be69 and those of 

Nahum from Na75. 

1.5 and 5 em w-ide w-ater bins 

present results and those in ICRP Report 21 or 
A168, where the density effect correction to the 
electron stopping powers was not used. As was 
the case for photons, the present results are in 
good agreement with Beck's values below 
1000 MeV although the current results are 
15-30% higher above that energy. 

3.5 Positron results 
Positron depth-dose curves can be different 

from electron curves both because of the intrin-

_ PRESENT 
• !CRPlll 
x Al.SMILL£R 8 MORAN 
~ BECK 

BROAD IWW.L£L BEAM Of .- ON WATER 

'" 

: 

FIG. 8. A comparison of the present calculations to 
previous calculations of the maximal dose equivalent 
per unit incident fluenee for broad parallel beams of 
electrons in the energy range 100 MeV to 20 GeV. 



D. W. O. ROGERS 903 

sically different scattering cross section (which is 
fonnally quite different from that for electrons 
for low energies) and because of the dose deliv­
ered by the pair of 511-ke V photons created 
when the positrons annihilate. 

This latter effect would not be important at 
higher energies where the majority of the posi­
trons go through the slab. For lower energies, at 
depths greater than the positrons range, the 
effect does create a dose equivalent of the order 
of I % of the peak dose equivalent. 

Figure 9 shows the difference between the 
maximal dose equivalents for electrons and 

,positrons. Despite the relatively large statistical 
uncertainty, it is clear that the net effect is for 
the positron values to be the same as the 
electron values except between roughly 5- and 
IOO-MeV incident energies where they are 
about 5% lower. This difference can usually be 
ignored except for very precise work. 

3.6 Depth-dose curves 
The Appendix contains a complete set of 

depth vs dose equivalent curves for normally 
incident electrons and photons. These curves 
allow an estimate of the depth-dose equivalent 
curve to be made for an arbitrary incident 
spectrum of electrons and photons. 

4. GEOMETRIC EFFECTS 

The values presented in Section 3 refer to a 
broad parallel beam incident normally on a 
slab. In practice one often deals with an iso-

% 

:~ 5r t: -'~I~-~-T'---·-:·-r~fT~;;~~ 

0,. .L :1 1 
~ ~ l 
~ f • • • ::.: : J ~ . 
W -5.- a ~ u. , 
l1.. [ • • 0 

O_lot. __ ._L------->.~_.<.._L 
01 I 10 100 1000 10000 

Ee (MeV) 

FIG. 9. The percentage difference between the max­
imal dose equivalent per unit incident ftuence for 
broad parallel beams of e + and e - incident on water 
and tissue phantoms. Despite rather larger statistical 
uncertainties, it is clear that the e + values are about 
5% less than the.- values between 5 and 100 MeV. 

tropic point source. The depth-dose curves and 
conversion factors in this case are given by 

where C.(D) is the dose equivalent at a depth of 
D em, per unit incident on-axis fiuence for an iso­
tropic source x em from the slab; and q(D) is the 
corresponding conversion factor for a broad 
parallel beam as found in the appendix. For a 
7-MeV photon source, this relationship has 
been verified using the current Monte-Carlo 
code to hold to better than 2% for sources 
30--100 em from the slab. 

Note that these point-source conversion fac­
tors are in terms of the incident on-axis fiuence 
which, as discussed in Section 2.4, is not just the 
number of particles hitting the slab per unit 
area. Note also that both the parallel beam and 
point source factors apply to broad beams. 
Collimated beams will have somewhat reduced 
dose equivalent per unit fiuence because of 
outscatter. The size of the reduction will depend 
on the relative importance of scatter con­
tributions to the dose equivalent at a given 
location but, for example, the dose equivalent 
on axis in a parallel, 15-em diam, 7-MeV photon 
beam is roughly 2-5% less than in a broad 
parallel beam. 

s. DOSE COMPONENTS 

EGS3 has been modified at NRCC to pass an 
information word along with each particle. This 
feature makes it easy to score separately the 
contributions to the dose coming from different 
classes of events. A users code called SCA TI has 
been written which does this at a cost of about 
25% increase in computing time compared to 
DOSE2. 

For incident photons, SCATI keeps track of 
the fraction of the dose due to electrons set in 
motion by (i) the photons of the primary beam; 
(ii) photons Compton scattered one, two or 
three times; (iii) photons interacting via pair 
production; and (iv) photons generated by 
bremsstrahlung emission and electrons set in 
motion by a previous interaction. 

Note that these are not necessarily exclusive 
subsets. In particular, "'pair" events can include 
"brem" events and vice versa. 
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For incident electrons, SCA TI keeps track of 
the fraction of the dose due to (i) local energy 
loss by the primary electron via soft bremsstrah­
lung photons and knock-on electrons below the 
energy cutoffs (i.e. the restricted stopping power 
energy loss); Oi) knock-on electrons (with initial 
energy above the energy cutoffs); (iii) electrons 
which stop, i.e. fan below the energy cutoff; and 
(iv) electrons set in motion by bremsstrahlung 
generated photons. 

Figures 10 and II present the relative con­
tributions of the various dose components to the 
maximal dose equivalent as a function of inci­
dent photon and electron energy, respectively. 

For 15-keV photons the majority of the peak 
dose is delivered via primary photons under­
going photoelectric interactions. Between 50 
and 500 keV the fraction of the dose delivered 
by the primary photon beam decreases dra­
matically because multiple Compton scatterings 
become important. For lOO-keV photons it was 
found that 4% of the peak dose was due to 
photons which had Compton-scattered 10 or 
more times. This occurs because (i) the Comp­
ton process predominates; (ii) the differential 
cross section is not strongly forward peaked; 
and (iii) the photon mean free path is relatively 
short (" 6 em). 

For photon energies above I MeV, the major-
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FIG, 10. The percentage contribution of various pro­
cesses to the maximal dose equivalent per unit inci­
dent photon ftuence as a function of photon energy. 
At 100 keV 4% of the peak dose is due to tenth order 
or higher Compton scatter events. The lines are visual 

guides only. 

ity of the dose is once again delivered by the 
primary beam. Multiple Compton scattering 
decreases because the differential cross section 
becomes forward peaked and the mean free path 
becomes much longer. Therefore most 
Compton-scattered photons pass through the 
slab phantom and very rew deposit energy near 
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FIG. II. The percentage contribution of various processes to the maximal dose equivalent per 
unit incident electron fluence conversion factors as a function of energy. The processes are 
defined in the text. The results are strong functions of the energy cutoffs used for the 
calculations. The cutoffs are indicated at the top of the figure. Three sets of calculations are 
presented at 10 MeV for the cases described in the text. The lines are visual guides only. 
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the peak at the front of the phantom. At 6. ACCURACY 
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lOMe V and above, pair production begins to 
predominate and above I 00 MeV a sizeable 
amount of the dose is delivered via bremsstrah­
lung emission since the radiation yield becomes 
substantial for the high-energy electrons gener­
ated in pair production events. The dose com­
ponents presented in Fig. 10 are quite insensitive 
to the parameters chosen for the calculation. 

In the case of electrons, the breakdown of the 
dose is highly dependent on the energy cutoffs 
used since the cutoff energy used for knock-on 
electrons clearly affects the division between 
knock-on and primary energy deposition. How­
ever the overall trends are still evident from Fig. 
II. In particular, for energies below 100 MeV, 
the majority of the peak dose is due to local 
energy loss from the primary electron beam. To 
demonstrate the effects of energy cutoffs, three 
calculations were done with different energy 
cutoffs and/or data sets. In the terminology of 
Section 2.3, three cases were defined: 

Case A 
Case B 
Case C 

ECUT AE PCUT AP 

1500 
1500 
71l 

1500 
521 
521 

100 
100 

10 

100 
10 
10 

Case C corresponds to the values used for the 
5-MeV point and Case A corresponds to the 
values used for the 50-MeV point. For a given 
value of AE the dose from stopped electrons will 
increase as ECUT is increased since higher 
energy electrons are considered stopped. Thus 
case B has a much higher stopped electron dose 
(30%) than Case C (20%). On the other hand, 
for a fixed ECUT the dose fraction due to 
stopped electrons will decrease as AE increases 
since fewer knock-on electrons are generated 
and allowed to stop (the energy is deposited as 
part of the continuous slowing down process 
instead). So Case A (AE = 1.5 MeV) has consid­
erably fewer stopped electrons (1l%) than Case 
B (AE = 521 keY, 30% stopped). As expected, 
the fraction of the dose from knock-on electrons 
decreases as ECUT increases since a larger frac­
tion of the elastic scattering is considered part of 
the continuous slowing down process. 

The statistical uncertainty on the conversion 
factors was kept to less than ± I %. In the worst 
case there may be a I % bias towards high values 
because of selecting a maximum from several 
bins. Although coherent photon scattering may 
affect the very low-energy photon cases slightly, 
the EGS3 code in principle accounts for all 
major physical processes thought to be im­
portant for the energies concerned. For this 
reason these results are thought to be as accu­
rate or more accurate than any of the previous 
calculations, many of which did not include all 
the effects handled by EGS3. There is some 
uncertainty introduced by parameter choice, 
especially for lower energy electron calculations. 
This uncertainty is thought to be less than 2%. 
There is also the uncertainty introduced by cross 
section data. The discontinuity in the photon 
data at 50 Me V indicates the uncertainty is at 
least of the order of 3% for higher energies 
although it is likely closer to 1% for lower 
energies where tabulated cross sections have 
been used. Uncertainties in the electron stop­
ping powers are also of the order of 1-3% but 
the uncertainties in the maximal dose equivalent 
are not always sensitive to these values. The 
overall uncertainty in the calculation is there­
fore in the range 3-5%. 

Experimental data are very hard to measure 
with an accuracy comparable to the uncertainty 
in these calculations. In a recent experiment 
using a carefully calibrated medical ion chamber 
in a nearly monoenergetic 7-MeV photon beam, 
the ahsorbed dose to water per unit fiuence was 
found to be 1.2 ± 3% less than that calculated 
with EGS3 (Ma83). 

As discussed in Section 3.1.2, the minor ele­
ment constituents in tissue lead to a consid­
erable increase in the calculated conversion fac­
tor below roughly 100 MeV. It is therefore 
advisable to use the results of Tapia and Trubey 
(Ta80) in this energy region. 

The effect of photonuclear reactions have 
been ignored in these calculations although they 
do increase the photon cross-section by up to 
3% near the giant resonance (~20 .... 25 MeV). 
The calculations by Ing et al. (In82) of the 
integral absorbed dose of water from a 600 cm' 
beam of monoenergetic photons indicate that 
the photoneutrons contribute considerably less 
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than 1 % of the integral absorbed dose in the 
beam which suggests they will also have less 
than a 1 % effect on the maximal dose equivalent 
values presented here. 

7. SUMMARY 

The fiuence to dose equivalent conversion 
factors presented here provide a unified set of 
factors which apply to electrons and photons 
over the entire energy range of practical interest 
in radiation protection situations. By making 
minor modifications to EGS3 for low-energy 
electrons, it was found to be in reasonable 
agreement with previous calculations, thus giv­
ing confidence in the extension of its use to these 
low energies. 
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APPENDIX A 
This appendix presents tables of the dose equiv­

alent per unit incident ftuence as a function of depth 
for broad parallel beams of photons and electrons 
incident normally on a 30-cm-thick semi-infinite slab 
of ICRU four-element tissue. Different depth grids 
are used to present adequate detail of the shapes of 
the curves. Depths are given in centimeters and refer 
to the back edge of the bin. Values of dose-equivalent 
per unit incident ftuence are given in Sv' cm2

• Statis­
tical uncertainties on each value are presented in 
brackets following the value. The uncertainties are 
rounded to the nearest percent and values ~ 10% are 
shown as a*. Generally, the systematic uncertainties 
discussed in the text are larger than these statistical 
uncertainties. 

It is often useful to have similar conversion 
coefficients for a water phantom. For photons with 
energies between 1 and 20 MeV, these can be deduced 

Tables 8-21. Dose equivalent (or absorbed dose to tissue) per unit incident fluence in Sv . cm 1 for broad 
parallel beams incident normally on a 30-cm-thick semi-infinite slab of ICRU four-element tissue 

Table 8. 

Incident Photons 

11. k,V 15. keY 20.keV 

Depth Sv x cmu 2 Depth Sv x cm'·2 Depth Sv x cm"'Z 

0.01 5.1I0E-1Z(1) 0.01 2.97B-12{l) 0.05 1.68E-12(0) 
0.02 5.23E-12{l) 0.02 2.86E-12{ 1) 0.10 1.68E-12(0) 
O.Oj 5.19E-12(1) 0.03 2.88E-12(1) 0.15 1.60E-12{0) 
0.04 4.B7E-12(l) 0.04 2.91E-12{ 1} 0.20 1.59E-12(0) 

0.08 4.59E-12(1) 0.05 2.l:I3E-12{ 1} 0.25 1.57E-12(1) 
0.12 1I.1OE:·120} 0.10 2.72E:-12(1) 0.30 1.51E:-12(' ) 
0.10 3.52E·12(0) 0.15 2.57E-12(0) 0.35 1.117£-12(0) 
0.20 3.06£-'2(1) 0.20 2.41£-12(0) 0.40 1.4:5£-12(0) 
0.24 2.67E-12( 1) 0.25 2.27£-12(0) 0.60 1.35£-12(0) 

0.28 2.34E-12(1) 0.30 2.14E-12(0) 0.80 1.20E-12(0) 
0.32 2.10£-12(1) 0.35 1.99£-12(0) 1. 00 1.07£-12(0) 
0.36 1.75E-12(1) 0.110 1.87£-12(0) 1. 50 8.71£-13(0) 
0.110 1.52£-12(1) 0.60 1.59£-12(0) 2.00 6.47E-13(0} 
0.60 1.07£-12(0) 0.80 1.21£-12(0) 2.50 4.74E-13{0) 

0.80 5.28E-13( 1) 1.00 9.14E-13(0) 3·00 3.4]£-13(0) 
1.00 2.71E-13{21 1.50 5.79E-'3(0) 3.50 2.51E-13( 1} 

1.20 , .41E-13( 1) 2.00 2.89£-13(0) 4.00 1.8jE-13(0) 
1.40 7.1gB-14(2) 2.50 1.48E-13(O) 4.50 i.29E-13( 1) 

1.60 3·52E-14(4) 3.00 7.42E-14{1) 5.00 9.32E-14{1) 

1.80 1.80E-14(5) 3.50 3.73E-14( 1) 6.00 5.98E-ll1(0) 
2.00 g.15E-15(9) 11.00 1.81E-1IH2) 7.00 3.05E-14(1) 
3.00 O.OOE_Ol(O) 4.50 8.75E-15(3) 8.00 1.57E:-11I( 1) 
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from the present tables for ICRU tissue by using the by those for tissue since. to first order, D IX fJ.en/P (see 
conversion factors given in Table 22. The values in equation (1) and Section 3.1.3) and in this energy 
Table 22 are just the values of I'm/P for water divided region the ratio is close to unity. 

Table 9. 

Incident Photons 

30. keY 40. keY 50. keY 60. keY 80. keV 

Depth Sv x cmu 2 Sv x 0111"2 Sv x cm"2 Sv x cm"2 Sv x cm"2 

0.20 8.1:13E-13(0) 6.36£-13(1) 5.21E-13(2) 5. 17E-lj:( 1) S.10E-13( 1) 
0.40 8.69£-13(0) 6.36E-13(1) 5·32E-13(1) 5.116£-13(0) 5.85£-13(0) 
0.60 8.1j6E-13{O) 6.-41£-13(1) 5.62£-13(2) 5.50£-13(0) 6.00E_13(0) 
0.80 8.37£-13(0) 6.117E-13(0) 5.78£-13(2) 5.611£-13(0) 6.15£_13(0) 

1.00 8.16~-13(1l 6.55£-'3(0) 5.86E-13(1) 5.55£-13(0) 6. lBE-H( 1) 
1.50 7.bilE-13(O} 6.33E-13{ 1) 5.13E-13( 1) 5.bIjE-13(O) 6.25E-13(O} 
2.00 6.90E-13((J) 6.15E-13(0) 5.68E-13( 1) 5.76E- 13(0} 6.27E-13(0) 
2.50 6.27E-13{0) 5.86(o;-13{O) 5.70E-13{O) 5.60E-13(0) 6.23E-13(0) 
3·00 5.56&-13(0) 5.57E- 13(0) 5.55&-13(0) 5.62E-13{O) 6.25E-13{O) 

3.50 11.96E-13(0) 5.23E-13(0) 5.28E-13{1} 5.118E-13(0) 6.20E-13(0) 
11.00 1I.IIOE-13(0) 1I.9I1E-'3(0) 5.16E-13(t) 5.27E-13{O) 6.111&-13(0) 
11.50 3.92E-n(0) 1I.61E-13(0) II. 90E-13( 1) 5.211£-13(0) 5.98E-13(0) 
5.00 3.1I0E-13(0) 1I.29E-13(0) 1I.77E-13(l) IL97E-1j(0) 5.83E-13(0) 
6.00 2.8I1E-13(0) 3.88E-13(0) 4.31E-13(1) 1I.70E-13(0) 5.55E-13(0) 

7.00 2.16E-13(0) 3.29E- 13(0) 3.B3E-13(1) 4.32E-'3{0) 5.22E-13(0) 
8.00 1.65E-13(0) 2.79E-13(0) 3 .1I8E-13( 1) 3.96E- 13(0) 11.908-13(0) 
9.00 1.25E-13(0) 2·36E-13(0} 2.99E-13(1) 3.60E-'3(0} 1I.56E-13(O) 

10.00 9.51E-111(0) 1.96E-13( 1) 2.71E-13{1} 3.28E-13(0) 1I.19E-13(0) 
15.00 1I.1I0E-111(0) 1.20E- 13(0) 1.82E-I3(0) 2.35E-13{O) 3.24E-13(0) 

20.00 1.02E_tll( 1) 11.70E-llI(0) 8.93E-l11(1) 1.26E-13(0) 1.96E-13(0) 
25.00 2.08E-15(2) 1.73E-t4(1) iI.18E_14( 1) 6.38E-1i1(0) 1.09E-13(0} 
30.00 4.82E-16(1I) 5.82E-1S{ 1} 1.62E-14(3) 2.73E-14(1} 5.118_111(0) 

Table 10. 

Incident Photons 

100. keY 200. keY 300. keY 400. keY 500. keY 

Depth SV x cm.!II2 Sv x cmu 2 Sv x cm--Z Sv x cm--2 Sv x cm--2 

0.20 6.57E-13(1) 1.29E-12(0) 1.94E-12(0) 2.116E-12(1) 2.85E-12{t) 
0.110 6.90E-13(O) 1.33E-12( 1) 1.97E-12{ 1) 2.60E-12(0) 3.09E-12(1) 
0.60 6.9I1E-13( 1) 1.35E-12(0) 1.99E-12(0) 2.62E-12(1} 3.12E-12{t) 
0.80 7.13£-13(0) 1·36E-12(1) 1.99£-12(l) 2·58E-12(0) 3.17£-12(0) 

l.00 7,20E-13(0) 1.398-12(0) 1.99E-12(0) 2.63E-12(1) 3.18E-12(1) 
1.50 7.2bE-13(0) 1.388-12(0) 2.03£-12(0) 2.61E-12(0) 3.15E-12{Ol 
2.00 7.33E-13(0) 1.38E-12(0) 2.01E-12(0) 2.61g..12{O) 3.18£-12(0) 
2.50 7.31E-13{O) t.31E-t2(0} 2.00E-12(0) 2.59E-12(0) 3.13E-12(0) 
3.00 1.30E-13(0) 1.36&-12(0) 2.02E_12(0) 2.57E-12{O) 3.11E-12(0) 

3.50 7.25E-13(O) 1.35E-12{O) 1.97E-12(0) 2.56E-12(0) 3.10e:-12(0) 
~.OO 1.18E-13(0) 1.33E-12(0) 1.96E-12(0) 2.52E-12(0) 3.05E-12(1) 
11.50 6.99£-13(0) 1.32E-12(0) 1.92E-12(0) 2.50E-12(0) 3.0 1E-12(0) 
5.00 6.85E-13(0) 1.30E-12(0) 1.908-12(0) 2.116E-12(0) 2.97E-12(0) 
6.00 6.66E-13(0} 1.26£-12(0) 1.83E-12(0) 2.1108-12(0) 2,88E_12(0) 

7.00 6.25E-13(0) 1.20E-12(0) 1.768-12(0) 2.31E-12(0) 2.7tlE-12(0) 
8.00 5.95E-13{0} 1.15E-t2(0) 1.70E-12(0) 2.22E-12(0) 2.69E-12(0) 
9.00 5.1I9E-13(0) 1.08E-12(0) 1.63E-12(0) 2.12E-12(0) 2.60E-12(0) 

10.00 5.1I1E-13(0) 1.02E-12(0) 1.54E-12(0) 2.04E-12(0) 2.49E-12(0) 
15.00 11.088-13(0) 8.49E-13(0) 1.30E-12(0) 1.75E-12(0) 2.17E-12(0) 

20.00 2.601':-13(0) 5.91£-13(0) 9~45E-13(0) 1.31E-12(0) 1.68E_12(O) 
25.00 1.53£-13(0) 3.85E-13(0) 6.III1E-13(0) 9.331':-13(0) 1.22E-12(0) 
30.00 7.49E-14(0) 2. 15E-13(0) 3.91£-13(0) 5.93£-13(0) B.lIIE-1j(0} 
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Table I!. 

Incident Photons 

600. keY 800. keY 1000. keY 1250. koV 2000. keY 3000. keY 

Depth Sv x CU!"2 Sv x cm"2 Sv x cm"2 Sv x ctI!",2 Sv x cm.",2 Sv x cm"2 

0.20 3.15E-12(0) 3·73E~12(1} 3.808-12(1) 3.53£-12(0) 2.108-12(1) 2.10E_12(1) 
0.40 3.59£-12(0) 4.511£-12(1) 5.38E-12(0) 6.25£-12(0) 6.29E-12{O) 5.13E-12(0} 
0.60 3.618-12(1) 11.57£-12(0) 5.114E-12(0) 6.4ZE-12(O) 8.35E-12(0) 7.81£-12(0) 
0.80 3.63E-12( 1) 4.63E-12(1) 5.46E-12{O) 6.35E-12(0) 8.63E-12(0) 9.81&-12(0) 

1.00 3.62E-12( ,) 4.66E-12{1} 5.49E-12(0) 6.36E-12(0) B.64E-12(O} l.WE-tHO) 
1.50 3.64E-12(0) 4.56E-12(1) 5.47E-12(O) 6.37£-12(0) 8.73£-12(0) 1,13£-11(0) 
2.00 3.65E-12{O) 4.66£-1.2(0) 5.36£-12{O) 6.35E-12(O) 8.66£-12(0) 1.12E-11(0) 
2.50 3.62E-12{ 1) 1I.1I9E-12{0} 5·39£-12(0) 6.22E-12(0) 8.51E-12(0) 1.10E-tHO) 
3.00 3.60£-12(0) 1I.511E-12(0) 5.34E-12(0) 6.23E-12(0) 8.1I6E-12(0) 1.0gE-1HO) 

3.50 3.59E-12(0) 1I.115E-i2eO} 5.30E-12(1) 6.11£-12(0) 8.1I1E-12(0) 1.09E-1HO) 
4.00 3.56E-12(0) 4.45E-12(0) 5.14B-·,2(0) 6.12E-12(0) 8.29B-12(0) 1.09E-1HO) 
4.50 3.118£-12(0) 4.38E-12(0) 5.18B-12(0 6.09£-12(0) 8.35£-12(0) 1.08E-tHo) 
5.00 3·42£-12(0) 11.29E-i2(0} 5.12£-12(0) 5,96£-12(0) 8.30E-12(0) 1.07E-11(0) 
6.00 3.39£-12(0) 4.211£-12(0) 5.02E-12(0) 5.82E-12(0) 8.09E-12(0} 1.06E-11(0) 

1.00 3·21E-12{0} 1I.09E-12(0) 4.g1£-12(0) 5.19E-12(0} 7.93£-12(0) ,.03E-11(0) 
8.00 3.18E-12(0) 3·99E-12(0) 4.82£-12(0) 5.59B-12(0) 7 .~9E-12(0) 1.02E-11(0) 
9.00 3.06E-12{0) 3.89E-'2(0) 4.611E-12(0) 5.41E-12(0) 7.52E-12(0) 1.0tE-tHO) 

10.00 2.93E-12(0) 3.75E-12(0) 4.51B-12(0) 5.32E-12(0) 7.113E-12(0) 1.00E-l1(1) 
15.00 2.58E-12(0) 3.35£-12(0) 1I.03E-12(0) 1I.80E-12(0) 6.91£-12(0) 9.218-12(0) 

20.00 2.028-12(0) 2.69E-12(0) 3.35E-12(1) 1I.10E-12(1) 5.99E.12(1) 8.3 I1 E-12(0) 
25.00 1.51E-12(0) 2.09E-12{0} 2.60E~12(1) 3.37E~12( 1) 5. 18E-12( 1) 7 .33E~12(0) 
30.00 1.05E-12(0) 1.52E~12(0) 2.03E~12(3) 2.66E-12(2) 4.20E~12(2) 6.17B-12(l} 

Table 12. 

Incident Photons 

II. HeV 5. MeV 6. HeV 7. MeV 8. MeV 10. HeV 

Depth Sv x c:m**2 Sv x ct\Iilo2 Sv x CUI-02 SV x 0111"2 Sv x cIII"2 Sv x cmoo 2 

0.20 1.79E-12(1) 1.61E~12(0) 1.115£-12(1) 1.42£-12(1) 1. 34E-12( 1) 1.37E-12(3) 
0.110 1I.31E-12(0) 3.91E-12(1) 3.68E-12(0) 3.118E-12(0) 3.29£-12(1) 3.11E-12(2) 
0.60 6.85B-12(0) 6. 17E-12( 1) 5.71E-12(0) 5.47E-12(0) 5.18E-12(0) 4.87E-12(3) 
0.80 9.15£-12(0) 8.33E-12(0) 7.81E-12(0) 7.116E-12(0) 7.03E-12(0) 6.69E-12(2) 

1.00 1.09E-11(0) 1.02E·ll(0) 9.17E-12(0) 9.23E-12(0} 8.82E-12(0) 8.50E-12(2) 
1.50 1.29B-l1(0) 1.31E-l1(0) 1.26E-11(0) 1.23E-11(0) 1.18E-l HO) 1.1I1E-11(0 
2.00 1.35E-11(0) 1.53£-11(0) 1.51E·11(0) 1.58E-11(0) 1.5I1E-1l(0) 1.50B-11( 1) 
2.50 1.33£-11(0) 1.55E-l1(0) 1.70£-11(0) 1.82E-1HO} 1.82E-11(0) 1.81E-11( 1) 
3.00 1.32E-11(0) 1.52E-11(0) 1. 72E-11(O) 1.91E-11(0) 2.00E-1Ho) 2.07E.1l!0) 

3.50 1.32£-11(0) 1.51E-l1(0) 1.13£-11(0) 1.91£-11(0) 2.09E.11(0) 2.28E.11(0) 
11.00 1.2gE-tHO) 1,50B-1HO) 1.12E-11(0) 1.91E-1Ho) 2.10E~11(0) 2.39B-11(0) 
11.50 1.29E-1HO) 1.49E·1Ho) 1.70E-11(0) 1.90E-11(0) 2.08E-11(0) 2.43E-11(0) 
5.00 1.28E-11(0) 1.118E-11(0) 1.69E-l'(0) 1.88E-11(0) 2.07E-11(0) 2.39E-11(0) 
6.00 1.21E-11(0) 1.118E-11(0) 1.66E-11(0) 1.86£-11(0) 2.05E-11(0) 2.1I1E-11(0) 

1.00 1.26E-11(0) 1.115E-11(0) 1.64E-11(0) 1.8I1E-ll(0} 2,02E-11(0) 2.38£-11(0) 
8.00 1.22E-11(0) 1.113E-1HO) 1.62E-ll{O) 1.8tE-1HO) 2.01E-11(0) 2.36E-11(1) 
9.00 1.20E-11(0) 1.111£-11(0) 1.60E-lHo) 1.80E-11(0) 1.96E-1t(0) 2.33E-1H 1) 

10.00 1.21E-11(0) 1.38E-l1(0) 1.56£-11(0) 1.16E-11(0) 1.91E-lt(0) 2.32E-11(1) 
15.00 1.13E-l1(0) 1.32E-l HO) 1.51E-l1(0) 1.68E-11(0) 1.87E-l1(0) 2.20E-11(0) 

20.00 1.03£-11 (0) 1.21£-11(0) 1.36E-11(0) 1.55E-11(0) 1.72E-11(0) 2.09E-1HO) 
25.00 9.21E-12(O} 1.11E-11(0) 1.25&-11(0) , .1I3E-1HO) 1.58E-11(0) 1.93E-l1(1} 
30.00 8.02E-12(0) 9. 78E- 12( 1) 1.13E-11(0) 1.28E-11(0) 1.112£-11(0) 1. 19B-It( 1) 
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Table 13. 

Incident Photons 

20. MeV 30. M,V liO. MeV 50. MeV 100. MeV 200. MeV 

Depth Sv x cm".2 Sv x em. lI 2 Sv x em· lI2 Sv x cm·'Z Sv x cm··2 Sv x cm"Z 

0.20 1.24£-12(2) 1.22E-12(6) 1.28E-12(5) 1.211£-12(8) 1.22£_12(1i) 1.57E-12{*) 
0.40 2.1:12E_12(2) 2.77E-12(2) 3.03£-12(11) 3.03£-12(6) 3.16£-12(7) 3.113£-12(7) 
0.60 4·31£-12(1) 4·33£-12(3) 4.70E-12(4) IL77E-12{1j) 5.34£-12(6) 5.15£_12(8) 
0.80 5·96E-12{ 1) 6.05£-12(2) 6,70E-12(4) 6.78E-12(3) 7.37E-12{1l) 7.59£-1215) 

1.00 7.82£-12(1) 1.81£-12(2) 8.15E-12(2) 8.598-12(2) 9.28E-12(4) 9.92£-12(5) 
2.00 1.23£-11(0) 1.211£-11(1) 1.34£-11(2) l.lIOE-ll(2) 1.50£-11(2) 1.66£-11(3) 
3.00 1.96£-1HO) 2.011£-11(1) 2.18E-1 1( 1) 2.29E-t1(1) 2.51E-l1( 1) 2.69£-11(3) 
ILOO 2.01E-11(0) 2.81E-11 (1) 2.93E-l1(1) :I.13E-11(0) 3.1I8E-11(1) 3.o3E-11(3) 
5.00 3.13£-11(0) 3.1I6E-11( 1) 3.65E-11(1) 3.95E-11(1) 1I.1I3E-1H 1) iI.76E-1l(3) 

6.00 3·56E-1 Ho) 3.97E-ll(1} 4.30E-11(1) 4.65E-,,(1) 5.32E~1l( 1) 5.B9E-110) 
8.00 3.96E-11(0) 4.62E-l1{O) 5.11£-11(0) 5.70E-11(0) 6.59E-11(2) 7.54E-11(2) 

10.00 4.16E-1l(0} 5.31E-l1(1) 6.05E-1l(0) 6.B5E-1HO) B.14E-11(1) 9.56E.-1l(2) 
12.00 1I.0BE-l1(0) 5.69E-l1(0) 6.75£-11(0) 7.711£-11(0) 9.5B£'-11(2) 1.15E-l0( 1) 
111.00 3·99£-11(0) 5.77£-11(0) 7.11£-11(0) 8.48£_1HO) 1. 1.0E-lO( 1) 1. 34E-l0( 1) 

16.00 3.97E-1HO) 5.69E-l1(0) 1.32£-11(0) 8.93£-11(0) 1.22E-l0( 1) 1.50B-lO( 1) 

18.00 3.82E-11(0) 5.53E-l1(0) 7.25£-11(0) 9.18£-11(0) 1.32£-10(1) 1.64E_10(2) 
20.00 3·73£-11(0) 5.41£-11(0) 7.111£-11(0) 9.25E-11(0) 1.41E-10(1) 1. 77E-l0( 1) 
22.00 3.56£-"(0) 5.26E-11(0) 6.97E-11(0) 9.13E-l1(1) 1.44E-l0( 1) L89E-10(1) 
24.00 3·III1E-1HO) 5.15E-11(0) 6.77E-11(1) 8.89E-l1(1) 1.49£-lO( 1) 2.00E-lO( 1) 

26.00 3.35E-l1{1} 5.01E-11(0) 6.57E-11(1) 8.62E-11(0) 1.53E-l0{ 1) 2.11E-1O(1) 
28.00 3.27E-1HO 1I./:IIIE-l1\O) 6.50E-l1(1) 8.26£-11(0) 1.52£-10( 1) 2.18E-l0(t} 
29.50 3.18E-11(1) 11.755-11(1) 6.35E-11(0) 8.06E-11(0) 1.52£-10( 1) 2.25E-10(1) 
30.00 3.12E-l1{ 1) 4.67E-1Ht} 6.27E-11(0) 7.85E-11(0) 1.51E-l0(0) 2.27E-10( 1) 

Table 14. 

Incident Photons 

500. M,V 1000. HeV 2000. MeV 5000. MeV 10000. HeV, 20000. HeV 

Depth Sv x cm"2 Sv x cm"2 Sv x em, li 2 Sv x cm"2 Sv x cm"2 Sv x cm*'2 

0.20 1.28E-12(9) 1.56E-12(*) 1,1I5E-12(*) 1.535-12(') 1.23E-12(*) 1.35E-12(*} 
0.110 3.57E-12(6) 3.91E-12(*) 1I.24E-12(*) 4.62E-t2(8) 2.99E-12(*) 3.81E-12(') 
0.60 6.27£-12(5) 5.oBE-12{·) 6.48E-12(·) 7.46E_12(6) 4.95E-12(1) 6.51E-12(*) 
0.80 8.13E-12(6) 8.89E-12{-) 8.81E-12(7) 1 .02E-11 (6) 6.51E-12(1) 9.72E-12(') 

1.00 1.14E-11(4) 1.18£-1l(1) 1.08E-l1(7) 1.31E-11(8) a..99E-12{') 1.19B-lt{') 
2.00 1.83E-l1(2) 1.96£-11(6) 1.85E-11(6) 2.09E-tH6) 1.64E-l1( 9) 1.89E-11(-) 
3.00 2.87£-11(3) 3.17E-11(7) 3.02E-11{]) 3.61E-11{1I) 2.95£-11(8) 3.11E-11(6) 
4.00 3·92E-l1{]) 1I.33E-11(5) 11.43£-11(4) 4.92£-11(4) 4.43E-11(5) 4.59£-11"(4) 
5.00 5.02E-11(2) 5.50E-11(4) 6. l11E-l1 (II) 6.1I5E-11(3) 5.89E-11(2) 5.86E-11{1I) 

6.00 6.13E-l1(2) 6.73£-11(3) 7,46E-11(4) 7.811E-11(3) 7.37£-11(3) 7.26£-11(4) 
8.00 7.71E_l1(2) 8.72E-11(3) 9.14E-1l(4) 9.98E-l,{]) 9.42B-11{3} 9.33E-11(3) 

10.00 1.00K-l0(1) 1.10E-l0(2) 1.16E-l0(3) 1.29E-l0(3) 1.25E-l0(2) 1.211E-10{2) 
12.00 1.23E-l0(1) 1.38£-10(2) 1.41£-10{2) 1.63E-l0{]) 1.57E-l0l2) 1.58E-10(2) 
1'1.00 1.115E-l0(1) 1.t.4E-10{]) 1. 70£-10(2) 1.91E-tO(3) 1.92E~10(1} 1.911E-10(2) 

16.00 1.66E-tO{t) 1.88E_l0(2) 1.94E-1O(2) 2.27E-10(3) 2.27£-10( 1) 2.29E-10(2) 
18.00 1·91E-l0( 1) 2.111-E-l0(2) 2.23E-l0(2) 2.60E-lO(3) 2.66&-10(2) 2.74E-10{ 1) 
20.00 2.12E-10(1) 2.40E_l0(2) 2.53E-10(2} 2.95£-10(2) 3.04E-l0(1) 3.15E-l0{ 1) 
22.00 2.3I1E-l0( 1) 2.66E-10(2) 2.84E-10(2) 3.31E-10(2) 3.49B-l0{1) 3.6I1E-10( 1) 
24.00 2.53E-10(1) 2.95E-10(2) 3·13E-l0(1) 3.711E-l0(·2) 3·96E-l0( 1) 1I.19E-10(1) 

26.00 2. 76E-10( 1) 3.24E_10(2) 3.47E-l0( 1) 4.16E-10(1) 4.411£-10(2) 4.76K_10(t) 
28.00 2.92E-1O(1) 3.45E-10(2) 3.86E-10( 1) 11.611£-10(1) 4.97&-10(1) 5.26£-10(1) 
29.50 3.11E-10(0) 3.66E-l0(2) 1I.21E-l0( 1) 5.01£-10(1) 5.115E-l0(1) 5.86E-l0(1) 
30.00 3. 18E.-10(0) 3.79£-10(2) 1I.35E-10( 1) 5.21E-10(1) 5.77E-10(1) 6.19E-10( 1) 
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Table 15. 

Incident Electrons 

100. k,V 200. keV 300. keV 400, keV 

Depth Sv x cm··2 Depth S, x ernu 2 Depth Sv x ern"2 Oepth Sv x om··2 

0.001 9.11E_1O(0) 0,002 S.6IIE-1O(0) 0.005 IL79B-lO(O) 0.008 ~·32E-1O(O) 

0.002 1. 17£-09 (1) 0,005 7.02£-10(0) 0.010 5.95E-I0{ 1) 0,016 5.20E-lO{ 1) 
0.003 1. 46£-09 ( 1) 0,008 b.oSE-lO(l) 0.015 7.01£-10(1) 0,0211 6.18£-10(0) 
0.004 1.66E-09(0) 0.011 1,OlE-09(1) 0.020 b,21E-lO(O 0,032 7.35E-l0(1) 

0.005 1.I:IOE_09{D) 0.014 1.10£-09(0) 0,025 8.99£-10(0) 0,0110 a,aSE-lOO) 
O.OOb 1.92£-09(0) 0.017 1.23E-09( 1) 0.030 9',55E-l0(1) 0.048 1:1.22£-10(1) 

0.007 1.b5E-09(l) 0.020 1.19E-D9( 1) 0.035 9.66E-l0(1} 0.056 8.29E-l0(0) 
0.000 l,67E-09( 1) 0.023 1. 09£-09 ( 1) 0.040 9.22£-10(1) 0,064 7.92E-l0( 1) 

O,oog l.j4E-09(0) 0.02b 9.92E-l0( 1) 0.01i5 8.37E-l0(1) 0.072 ".0IE-l0(1) 

0.010 1.03£-09(1) 0.029 7.90E-l0(1) 0.050 7.j2E-1O(l) O.obo 5.93£-10(1) 
0.011 6.10£-10(2) u.032 5.40E-l0t I) 0.055 5.98£-10(2) 0.088 1I.54E-l0(2) 
0.012 2.33E-l0(1I} 0.035 3.i4E.IO(2) 0.060 4.56E-,10( 1) 0.096 3.05£-10(1) 
0.013 2.0tl£-11(') 0.031:1 1.40£-10(4) 0.005 2.7b£-10(1) 0.104 1.70£-10(2) 
0.014 0.00£+00(0) 0.041 3.0tlE-l\(7) 0,070 1.49£-10(3) 0.112 7.22£-11(5 ) 

0.015 0.00£+00(0) 0.044 1.19E_12(lI ) 0.075 5.05£-IH5) 0.120 1.76£-11(6) 
0.Ob5 0.00£+00(0) 0.Oil7 0.00£+00(0) 0.000 6.69£-12(') 0.128 1.64£-12(lI) 
0.145 0.00£+00(0) 0.050 0.00£+00(0) 0.Ob5 1.ab£-13{il) 0.136 0.00£+00(0) 
0.245 0.00£+00(0) 0.100 O.OOE+OO(O) 0.090 lI.tlOE-14(·) 0.lli4 0.00£+00(0) 

Table 16. 

InCident Electrons 

500. keV 600. keV 700. k.V 800. keY 900. keY 

Depth Sv x cm"2 Depth Bv x C/ll*'2 Sv x cm"2 Dept.h Sv x cmtll2 Sv x cm'*2 

0.010 3.92£-10(1) 0.015 3.&9£-10(0) 3.57£-10(0) 0.02 3.50£-10(0) 3·38£:.10(0) 
0.020 11.72£-10(1) 0.030 4.59E-l0(0) 4.16E-IO(0) O.Oli 4.14£-10(0) 3.90B-l0(1) 
0.030 5.111£-10(1) 0.045 5.52E-1O(0) 4.1.!2E-l0(1) 0.06 4.90£-10(1) 4.43B-1O(1) 
0.0110 6.33E-l0(1) 0.060 6.34£-10(1) 5.61E-10(0) 0.08 5.60E-l0(0) 5.0oE-l0(1) 

0.050 7.18E-IO(1) 0.07S 6.95£-10(1) 6.15E-l0(1) 0.10 6.19E-10(1) 5.60B-IO(0) 
0.060 7.&8E-10(1) 0.090 7.16E-IO{t) 6.52E_l0(1) 0.12 6.48£-10(1) 6.03£-10(0) 
0.070 7.59£-10(1) 0.105 6.90E-l0(1) 6.63£_10(0) 0.14 6.411E'-10( 1) 6.35£-10(1) 
0.01.!0 7 .III1E-lO( I) 0.120 6.31E-l0(1) 6.S7E-l0(l) 0.16 b.14E-1O(O} 6 .29£-10( 1) 
0.090 6.91E-l0{l) 0.135 5.44E-l0(1) 6.41£-10(0) 0.18 5.61£-10(1) 5.92£-10( 1) 

0.100 6.jIlE-l0(1) 0.150 11.29£-10(1) $.o8E-l0(0) 0.20 1I.8SE-lO( 1) 5.59£-10(1) 
0.110 5.30E-l0(1) 0.165 2.99£-10(2) 5.10J::-IO( 1) 0.22 3.80B-lO{1} 4.93£-10(1) 
0.120 4.05E-10(2) 0.180 1.71£-10(2) 4.j7£_10( 1) 0.24 2.'11£-10(2) 4.31B-10( 1) 
0.130 2.87£-10(2) 0.195 7.24B-11(3) 3.27£-10(1) 0.26 1.67£-10(1) 3.41£-10(1) 
0.140 1.'(7£-10(2) 0.210 2.18B_11(6) 2.27£-10(2) 0.20 7.72£-1l(2) 2.S9B-l0(2) 

0.150 8.87E-1l(4) 0.225 2.60£_12(il) 1.35E-10( I} 0.30 2.1.!2E-ll(4} 1.66E-l0(2) 
0.160 3.17E-11(9) 0.240 7.118-14(*) 6.43E_1H2) 0.j,2 5.42£-12(') 9.708-11(3) 
0.170 5.8?E-12(') 0.255 4.06£_14(il) 2. 14B-l1(8} 0.3 4 4.06E-13{*) 3.78E-l1(5) 
0.100 2.80E-13(') 0.2'10 '.17E-ll1{') 3.95£-12(il) 0.36 1.34E-13{il) 1.20£-11(il) 
0.190 l.b9£-14(*) 0.285 2.45£-15{*) 3.97E-lj{') 0.38 2.99E-ll1{il) 1.56E-12{*) 

0.200 0.00£+00(0) 0.300 1.05£-13(il) 9.26E-14(*) 0.110 2.40B-14{*) 2.38E-13{*) 
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Table 17. 

Incident Electrons 

1.0 MeV 1.5 MeV 2.0 MeV 

Depth Sv x ClIl'*2 Depth Sv x em"2 Depth Sv x om"2 

0.025 3.40E-10(0) 0.050 3.26E-10(0) 0.050 3.1-4E-10(0) 
0.050 3.t!IIE-l0(1) 0,100 3.17E-10(0) 0.100 3.113E-'0{O) 
0.015 1I,48E_l0(1) 0.1.10 1I.30E-tO{l) 0.150 3.78E-10(0) 

0.100 5.15E-10(1) 0.200 4.99E-l0(1) 0.200 4.11E·10(1) 

0.125 5.68E-10(1) 0.250 5.45E-10(0) 0.250 1I.58E-l0(1) 
0.150 6.12E-l0(0) 0.300 5.59B-l0(a) 0.300 4.94£-10(0) 

0.175 6.15E-10(1) 0,350 5,411£.10(1) O.~50 5.30E-lO( 1) 
0.200 5.92E-l0(0) 0.400 1I.79E-l0(0) 0. 1100 5.33£-10(1) 
O.2<!5 5.45E-10(1) 0,450 3.90E-lO( 1) 0,1150 5.19B-l0(0) 

0.250 5.0jE-tO{l) 0.500 2.9'(£-10(1) 0.500 5.0IJE-10(O) 
0.275 1I.27E-l0(1) 0.550 1.82E-10(1) 0.550 11.56£-10(0) 
0.300 3.33E-10(2) 0.600 lL35E-l1(3) 0.600 1I.12E-10( 1) 
0.325 2.211£-10(2) 0.650 2.00E-l1(4.} 0.050 3.36£-10(1) 
0.350 1.38E-l0(3) 0.700 3.10£-12(*) 0.700 2.65E-10(1) 

0.375 6.32£-11 (6) 0.750 1.8I1E-13(*) 0.750 1.76E-l0(1) 
0.1100 1.27E-ll(9) O.BoO 6.00E-1I1(1) 0.1:100 1,lll£_10(2) 
0.1125 9.10E-13(*) 0.850 1.30E-13(*) 0.850 5.17E-l1(4) 
0.1150 2,00E-14(*) 0,900 1.00£-13(·) 0.900 1.66E-11(8) 
0,475 6.tlOE-ll1(*) 1.000 7,80E-lll(*) 1.000 2.30E-12(1) 

0,500 8.30E-lll(*) 1,1)00 1,29E-13(*) 1.500 1.70£-13(*) 
1.000 1l.00E_l4(*) 2.000 9.00E-11I(*) 2.000 1,671::-l3{*) 

Table 18. 

InCident Electrons 

3. HeV ,. MeV 5. HeV 7. HeV 10. MeV 

Depth S, x em*'2 Sv x cm*t2 S, x cmll 2 Depth Sv x em*'2 S, x CIII**2 

0.10 3.13£-10(0) 3,00E-l0(0) 2.95£-10(0) 0.10 2.92£-10(0) 2.89E-l0(0) 
0.20 3.113£-10(0) 3.22E-l0(0) 3.11£-10(0) 0.20 3.08E-l0(0) 3.01E-l0(0) 
0.30 3.78£-10(0) 3.113£-10(0) 3.27£-10(0) 0.30 3;15E-10(0) 3.06E-1O(0) 
0.1l0 11.16£-10(0) 3.62£-10(0) 3,39E-l0(0) 0.110 3. 19£-10(0) 3.11E-10(0) 

0.50 11.58£-10(0) 3.87E-10(0) 3.55E-10(0) 0.60 3·29E-lO(0) 3.20E-10{0) 
0.60 1l.95£..10(0) 1I.18E-l0(0) 3.71E-10(0) 0.80 3.112£-10(0) 3.27E-10(0) 
0.70 5.00£-10(0) 1l.39E-10(0) 3.88E-10{0) 1.00 3.6OE-l0(0) 3.35£-10(0) 
O.tiO 1l.79E-l0(0) 1I.66E-l0(0) 4.01£-10(0) 1.25 3.85£-10(0) 3. 11 2E-10(0) 
0.90 1l.29E-10{0) 11.77£-10(1) 1I.20E-l0(0) 1. 50 1I.1I1E-l0(0) 3.57£-10(0) 

1.00 3.61£-10(1) 11.73£-10(0) 11.37£-10(1) 1. 75 4.36E-lO(0} 3.67£-10(0) 
1. 10 2.66E-l0(1) 1l.62E-l0(1 ) 4.53£-10(0) 2.00 1I.1I1E_l0(0) 3.78E-'0(0) 
1.20 1.73E-10(1} 4.46E-l0(1) 4.74E_10(0) 2,25 1l.17E-l0(0) 3.9IlE-l0(0) 
1.30 8.111£..1H2) 3.ij6E-l0{ 1) 1I.66E-l0(1) 2.50 3.69E-IO(0) 1I.07E-l0(0) 
1.40 2.76E-11(3) 3.26E-l0(0) 1I.66E-l0(0) 2.75 2.81£_10(1) .II.15E_l0(0) 

1.50 1I.59B-l;d*) 2.69E-l0(1) 11.42£-10(0) 3.00 1.79E-l0(1) 4.HE-lO{0) 
1.60 7.20E-13{·) 1-.96£-10(2) II.OSE-10(0) 3.25 tI.55£-11(2) 1I.01E-l0(0) 
1.80 3.46E-13(·) 9.34£-11(2) 3.41E-1O(1) 3.50 2.66E-11(4) 3.76E-tO(1) 
2.00 1,1l8E-13(') 1.59£-11(4) 2.33E-l0( 1) 4.00 2.1l2E-12(6) 3.01£-10(0) 
2.20 2.70E-13(*) 9.14£-13(1) 1.22£-10(1) 11.50 1.24E-12(*) 1.63E-10(1) 

2.40 4.5IlE-13(·) 6.57£-13(1) 4.18E-l1(3} 5.00 1.26£-12(*) 1I,68E_11(3) 
t.tso 2.65£-13(*) 3.60£-13(1) 3.28E-12(6} 5.50 1.08E-12(*) 5.15E-12{7} 
3.20 1. 76E-13(*) 2.86E-13(1) 6.30E-13(*) 6.50 9.5I1E-13{*) 2.29£-12(6) 
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Table 19. 

Incident Electrons 

~O, M,V 30. MeV 40. MeV 50. Mf:V 

Depth Sv x cm.·2 Depth SV x em- il 2 Sv x elll l1 2 Sv x cmui:! 

0.10 2.':/oE-10(0) 0.10 2.<)6E-l0{O) 2.96£-10(0) 2.97£-10(0) 
0.20 ,.OlE-lO{O) 0.20 3.01E-l0(0) 3.0U:-1Q(O) 3.02£-10(0) 
0.30 5,05£-10(0) 0.30 j,06£_10(0) 3.03E-10(0) 3.06E-1O{O) 
0.40 j.Ol;\E-lOtO) 0.40 3.08£-10(0) 3.01£-10(0) 3.08E-1O(0) 

0.60 3.111!:-10(O) 0.60 j.12E-l0(a} 3.1]£-10(0) 3.1I1E-l0(0) 
0.80 3.20E-1O(0) 0.80 3.1oE-l0{O) :1.1;E-10(0) 3,16E-10(0) 
1,00 3.24E-l0(0) 1.00 3.20£-10(0) 3.21£-10(0) 3,18£-10(0) 
1.50 3.26£-10(0) 3.00 3.31£-10(0) 3.31E-10(0) 3.30B-IO{O) 
2.00 3.34£-10(0) 5.00 J,I-l7E-l0(0) 3.1l3E-l0(O) 3.41E-l0(0) 

2.50 3. IIOE-10(0) 7.00 3.5jE-l0{Q) 3,119£-10(0) 3,lHE-10(0) 
~.OO :,,116£-10(0) 9.00 j.53£-10{O) 3,119£-10(0) j.51E-l0(0) 
.}.50 3.51E-l0(0) 11.00 3.21E-l0(0) 3.1I2E-l0(0) 3.52E-l0(0) 
11.00 :L5bE-l0(0) 13.00 2.20E-10(1) 3,lilE-l0(0) 3.il2E-1O(0) 
5.00 3,63£-10(0) 15.00 7.59E-1H2) 2.80E-l0(0) 3.27£-10(0) 

6.00 3.65E-l0(0) 17.00 1.20E-ll(iI) 1.99£-10(0) 2.97E-l0(0) 
7.00 3.50E-1O(0) 19.00 1.09E-l1{S) 9.S1E-11{l) 2,1I7E-10(0) 
b.OO 2.94E-10(0) 21.00 9./;I2E-12:(5) 2.90E-11(2) 1.7i1E-10(l) 
9.00 1.tltlE_lO(1) 23.00 8.82E-12(3) 1.12£-11 (iI) 9.1:18E-11(1) 

10.00 6.50£-"(1) 25.00 9.11£-12(1I) 1.62E-l1(iI) iI.1I3£-11(2) 

11.00 7.211E-12(5) 27.00 8.83£-12(J) 1.51E-1 1{iI) 2.1I7£-11(3) 
12.00 5.97E-12{iI) 29.00 b.22E-12(iI) 1.3~E-1l{iI) 2 .28E-l1{ 3) 
13.00 6.01E-12(5) 30.00 7.69£-12(4) 1.23E-11(4) 2.11£-11(4) 

Table 20. 

Incident Electrons 

10. MeV 100. M,V 200. HeV 500. MeV 1000. MeV 

Depth S'l x cm**2 Sv x cm*12 Sv x crn l *2 Sv x ernu 2 Sv x cm**.<:: 

0.10 2.96£-10(0) 2.9i1£-10(0) 2.97£-10(0) 2.90E-l0(0) 2.96£-10(0) 
0.20 3.01E-l0(0) 2.99E-10(0) 3.02£-10(0) 3.02E-10(0) 3.00E-l0(0) 
0.30 3.06£-10(0) 3.02E-10(0) 3.09£-10(0) 3.03E-10(0) 3.03£-10(0) 
O.ilO 3.07£-10(0) 3.0·fE-l0(0) 3.0g£-10(0) 3.06E-l0(0) 3.06E-l0(0) 

0.60 3.10E-l0(0) ;,.l1E-l0(0) 3.0bE-1O(0) 3.11E-l0{OJ 3.10£-10(0} 
0.80 3.16E-l0(0) 3.lIlE-l0(0} 3.1cE-10(0) 3.14E-l0(0) 3.12E-l0(0) 
1.00 3.19&-10(0) 3,19£-10{0) 3.10E-10(0) 3.1fiE-l0{0) j.18E-l0(O) 
3.00 3.28E-l0(0) 3.31£-10(0} 3.2l;)E-l0(0) 3.]1£-10(0) 3.31£-10(0) 
5.00 3.39E-l0(0) 3.4i1E-1O(0) 3.43£-10(0) 3.118£·10(0) 3,119£-10(0) 

7.00 3.51E-l0(0) 3.55E-1O(0) 3.55£-10(0) 3,0'1£-10(1) 3.70£-10(0) 
9.00 3.54E-10(0) 3.60£-10(0) 3.6t1E-l0{OJ ].811£-10(0) 3,94E-l0(1) 

1'.00 3.5'/£-10(0) 3.71£-10(0) 3.79£-10(0) iI.D8E-10(0) -4.16£-10(0) 
13.00 3.54£-10(0) 3.74£-10(0) 3.1.U1£-10(0) 1I.29E-l0(0) 1I.1I7£-10(0) 
15.00 3.il9£-10{O) j.12E-l0(0) 3.9bE-IO{O) 4.50E-l0(0) iI.70B-1O(t) 

17 .00 3.111£-10(0) 3.68E-l0(0) iI.OSE-IO(O) iI.67E-l0{1) 4.99£-10(1} 
19.00 3.28£-10(0) 3.6S£-10(0) iI.13E-l0(0) 4,83E-l0{l) 5.36£-10(1) 
21.00 3.05E-l0(0) 3.60E-l0(0) iI.24E-l0{O) 5.02E-10(0) 5. 7i1E·l0 (1) 
23.00 2.72E-10(0} 3.il5E-10(0) 4.26£-10(1) 5.21£-10(0) 6.07£-10(1} 
25.00 2.35£-10(1) 3.31E-l0(01 1I.25E-l0(1) 5,36E-l0(1) 6.30E-l0(1) 

27.00 1.89£-10 ( 1) 3.09E-10(1) 1I.20E-1O(1) 5,57£-10(1) 6.62E-l0(1) 
29.00 1.-42£-10(1) 2.82£-10(1) 4.19E-10(1) 5.71E-l0(l} 6.95£-10(1) 
29.50 1.07E-l0(0 2.611E-10{l) li.23E-10( 1) 5.7bE-10{l) 7.22£-10(1) 
30.00 1.01E-10(1) 2.61Ew l0(1) 4.19E-10(1) 5.b4E-iO(1) 7.16£-10(1) 
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Table 21. 

Incident Electrons 

2000. MeV 5000. M,V 10000. MeV 20000. MeV 

Depth Sv x cmlll 2 Sv x cm'*2 Sv x cm"2 Sv X cmlll2 

0.10 2.9!lE-l0(O) 2,94£-10(0) 2.90£-10(0) 2.96£-10(0) 
0.20 j,02B-lO(O) 3.00£-10(0) 3.0GE-lO{O) 3.00£-10(0) 
0.30 3.0;E-1O{O) 3.00£-10(0) 3,05E-1O(0) 3.03£-10(0) 
0.40 :I .05E-l0(0} 3.11E-10(0) 3.llE-l0{O) 3.08E-l0{O) 

0.00 3.12E-1O{O) 3.1IIE-l0(0) 3.12E-l0(0) 3.lliE-lO{O) 
0.80 3.18E-l0(0) 3.18£-10(0) 3.10£-10(0) 3.17E-'0(0) 
1.00 3.21E-10(0) 3.22E-10(0) 3.21E-l0(0) 3.21E-l0(O} 
3.00 3.31£-10(0) 3.35E-10(0) 3.35E-l0{O) 3.36E-l0(0) 
5.00 3.50E-l0(a) 3.59E-1O{O) 3.6U;-lQ(O) 3.63£-10(0) 

7.00 3.70E-10(0) 3.85£-10(0) 3.91E-l0(O} 4.00E-l0(0) 
9.00 4.03E-l0(1) lI,l8E-10tO) 1"3I1 E-10(0) 1I.IISE-lO(O) 

11.00 1I.38E-lO(0) 4.5BE-10{l) 4.79E-l0(0) 5.03E-10(0) 
lJ.OO 11.69£-10(0) 5.03E-l0(1) 5.33E-l0(0) 5.66E-l0(0) 
15.00 5.0IlS-10(0) S.1I9E-l0{l) 5.S9B-lO(O) 6.31E-l0{O) 

17 .00 S.IIIE-lOO) 6.05E-l0(0 6.55E-l0(0) 1.01E-10(0) 
19.00 5.BIIE-lO(O 6.53E-lO(1) 7.25E-l0(0) 7.BSE-l0(0) 
21.00 6.30B-lO(0) 7.13E-l0(1) 7.93E-l0(0) B.BE-lO(O) 
2j.00 6.71B-1O(0) 7.SlE-10(l) 8.78E-10(0) 9.75£-10(0) 
25.00 7.15E-l0(l) 8.119E-l0(t) 9.65E-10{ 1) 1. 08E-09 (0) 

27.00 1.59B-lO{l) 9.10E-l0(1) 1.051::-09(1) 1.19E-09(0) 
29.00 B.llE-lO(l) 9.SIIE-l0(0) 1.lIIE-09(0) 1.30E-Og(0) 
29.50 8.46E-lO(0) 1.03E-09(0) 1. 20E-OY (0) 1. 38E .. 09 (0) 
30.00 B.1I7E-l0(O) l.OjE-09(0) 1.21E-09(0) l.illE-09(0) 

Table 22. Toftrst order, conversionfactorsfromfluence to absorbed dose to [eRU four-element tissues times 
the following factors give fluence to absorbed dose to water conversion factors. These values are taken from 

Hu82 

Ey Conversion fsctor to water 

M,V from tissue 

0.015 1.086 
0.020 1.086 
0.030 1.083 
0.040 1.073 
0.050 1.059 
0.060 1.045 
0.080 1.026 

0.100 1.018 
0.150 1.011 
0.200 1.010 
0.300 1.010 
0.400 1.010 
0.500 1.010 
0.600 1.0lD 
0.800 1.009 

1.0 1.009 
1.5 1.0lD 
2.0 1.010 
3.0 I.Ota 
4.0 1.011 
5.0 1.011 
6.0 1.012 
•• 0 1.012 

10.0 1.014 
15.0 1.015 
20.0 1.016 


