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The basic principle of a semiempirical model, proposed by Kobetich and
Katz, for depth—dose curves of electrons in homogeneous semi-infinite ab-
sorbers is described. The development, by the present author and his co-
worker, of an algorithm based on this model is reviewed. A possible
method of further improvement of the algorithm is briefly described, and
examples of new Monte Carlo data to aid the improvement are shown. An
outline and some examples of application are also described of a semiem-
pirical model for multilayer absorbers.

1. Introduction

Because of short path-lengths of electrons in matter, electron beams used for
radiation processing give doses that change rapidly as a function of depth. This
situation sharply contrasts with almost uniform absorbed-dose distributions given
by Co-60 gamma-rays, which is another type of radiation commonly used for ra-
diation processing. In using electron beams, therefore, it is important to have
accurate knowledge of the depth—dose profile as a function of electron energy
and absorber atomic-number.

There are three important elementary processes electrons experience in their pas-
sage through matter: (1) energy loss by collision with atomic electrons, (2) ener-
gy loss by radiative process (bremsstrahlung emission) in the Coulomb field of
atomic nuclei and (3) elastic scattering by the Coulomb field of atoms (the cu-
mulative effect of this is called multiple scattering). Each elementary process
and the cumulative effect of each can be described by analytic formulas. How-
ever, these formulas neglect influences of the other elementary processes, and are
applicable only to absorbers of thicknesses small compared with the range of inci-
dent electrons in matter.

For larger thicknesses we cannnot neglect mutual influences of the different
processes, so that the problem of the passage of electrons through thick layers
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of matter is difficult to treat analytically. To overcome this difficulty, other
theoretical approaches of the Monte Carlo method and numerical solving of the
transport equation have been used. Recently a third method of simplified ana-
lytic-modeling began to be used for application purposes. Garth® was the first
to classify theoretical approaches to electron-transport problems into the above
three categories. In the next paragraphs, a simple explanation of these three cat-
egories of method is given partly referring to his description.

The Monte Carlo method is an experiment with a computer, so to speak. We
can simulate every physical process rather faithfully by this method, but it takes
a long computation time with big computers to obtain results with small statis-
tical uncertainties.

The method of numerical solving of the transport equation gives smooth re-
sults less costly than the Monte Carlo method. However, it is difficult with
this method to include the effect of energy-loss straggling, and there are also
problems of errors due to discretization and of convergence of iterative computa-
tion, which make the development of reliable algorithms difficult”.

The simplified analytic-modeling to describe the interaction of electrons with
matter can be classified into two types: one is the semiempirical modeling that
uses adjustable parameters, and the other is the simplified theoretical modeling
that does not use such parameters. The latter is useful for analyzing the rela-
tive importance of competing processes. For most problems, however, it does
not reproduce experimental or Monte Carlo data with high accuracy, and is not
useful from the point of view of using numerical results.

The method of semiempirical modeling is used to formulate analytic expres-
sions that reproduce the experimental or Monte Carlo data on specific quantities.
This method cannot therefore be the means of research to explain the behavior
of electrons from the first principles. However, when we have finished the stage
of such basic reserach and treat applied problems arising in the use and meas-
urement of electrons or other ionizing radiations (problems related to the latter
are often related to those of electrons, by way of the emission of secondary elec-
trons), the method of semiempirical modeling becomes useful.

Advantages of this method are as follows: (1) Solutions can be obtained with
pocket calculators or personal computers. (2) A rapid insight into the behavior
of specific quantities when absorber atomic-number or incident energy is changed
can be gained. (3) When incorporated into a computer program to provide input
data for solving more complicated problems, it saves memory space and computa-
tion time.

On the other hand, the method of semiempirical modeling has a disadvantage
of being inadequate for solving most problems with complex geometry. The
present author, however, has been applying this method to a rather complicated
problems of evaluating depth—dose curves of electrons in multilayer slab-ab-
sorbers as well as formulating analytic equations for specific quantities. In this
review, description is made of (1) the basic principle of a semiempirical model
for depth—dose curves of electrons in homogeneous semi-infinite absorbers, (2) a
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set of new Monte Carlo data on the above depth--dose curves obtained by the
present author’s group to aid the improvement of the modeling, and (3) the out-
line and some examples of application of a semiempirical model for depth—dose
curves of electrons in multilayer absorber developed by the present author and
his coworker.

2. Homogeneous Semi-Infinite Absorbers

2.1 Definitions and reciprocity rule

In speaking about depth—dose curves, it is necessary to define geometrical con-
figurations of electron beams and absorbers. In the present review, we assume
that electrons come along parallel lines, from a plane source with an effectively
infinite area (a plane-parallel beam or broad beam). We assume also that the
electrons are normally incident on a slab absorber with an effectively infinite
area. In this section, consideration is restricted to homogeneous absorbers of
effectively semi-infinite thickness. The situation in which plane-parallel beams
are normally incident on semi-infinite absorbers is most important as the basis
of different configurations.

In comparing absorbed doses for different incident-energies and absorber atomic-
numbers, it is necessary to use doses for a definite number of incident electrons.
Therefore, we use the quantity, “absorbed dose per unit fluence.” Here fluence is
defined as the ratio dN/de when N particles are incident on the sphere of cross-
sectional area da.

Lets consider the following two absorbed energies:

(1) The energy absorbed per unit fluence per unit mass at the depth z, i.e., the
absorbed dose D.(z) per unit fluence, when a plane-parallel electron-beam is
normally incident on a homogeneous semi-infinite absorber.

(2) The energy absorbed per unit fluence per unit mass-thickness at the depth z
over the whole area, when an electron beam coming in a single direction
from a point source (a pencil beam or narrow beam) is normally incident on
the same homogeneous semi-infinite absorber as assumed in (1).

These two energies are equal to each other, and this relation is called the reci-

procity rule. Because of this rule, the depth-dose curves for the following two

geometrical configurations are almost the same:

(1) A large-area sample is irradiated by a curtain-shaped electron beam or a
scanned electron-beam with a small scanning-angle, and the depth—dose curve
is measured with a small detector along the center-line of the beam.

(2) A large-area sample is irradiated by a narrow-beam, and the depth—dose
curve is measured with a thin large-area ionization chamber inserted perpen-
dicularly to the beam.
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2.2 The basic principle of a semi-empirical model

Kobetich and Katz*® made an algorithm for the depth—dose curve of electrons
on the basis of the fact that the absorved dose D,(z) described above can approx-
imately be expressed by

Dq(2)dz ={—dln (2)E(2)]/dz} dz. (1

Here 7(z) is the number-transmission coefficient of electrons normally incident
on a slab absorber, and E(z) is the residual energy of the electrons transmitted
through this absorber. If we neglect the backscattering of electrons both at the
incident surface and inside the absorber, the quantity % (2)E(z) is equal to the
energy, per incident electron, transmitted through the depth z in the semi-infinite
absorber, and Eq.(1) expresses the simple fact that the energy given to the
absorber is equal to the amount of reduction in the average energy possessed by
the incident electrons.

In spite of its simplicity, the usefulness of Eq.(1) is large. If we know two
functions % (2) and E(z) as a function not only of z but also of incident-elec-
tron energy and absorber atomic-number, we obtain a general expression for De(2).
Empirical equations for % (z) has been studied by a number of authors (for ex-
ample, see Ref. 4). A good approximation to E(z) can be obtained by an in-
verse of the function to express the extrapolated range as a function of electron
energy.

Performing the differentiation on the right-hand side of Eq.(1), we obtain

D.(2)dz=(—d n/dz)Edz+ 5 (—dE/dz)dz. (2)

If we neglect the effect of backscattering again, the factor (—d=n/dz) in the
first term of the right-hand side of Eq.(2) is equal to the projected-range distri-
bution of the incident electrons in the semi-infinite absorber. It increases with
increasing z and reaches a maximum at the most-probable projected range. On
the other hand, both the functions E(z) and 7 (z) decrease with increasing z,
and (—dE/dz) is almost constant for a wide region of 2 from 0 to a large frac-
tion of the extrapolated range. The depth~dose data show that D.(z) initially
increases with increasing depth (this portion of the depth—dose curve is called
the buildup region), reaches a maximum, and then decreases (see Fig. 1). From
these trends of D.(z) and of factors on the right-hand side of Eq.(2), we see
that the initial rise of D.(z) comes from (—d»n/dz).

However, we have to be careful not to give a rigorous physical interpretation
to the right-hand side of Eq. (2), because such an interpretation lead to a para-
doxical conclusion. We might interpret that the first term represents the energy
deposition by the electrons that come to a stop at the depths between z and z+
dz, and that the second term represents the energy deposition by the electrons
that pass through the same interval of depth. When we combine this interpreta-
tion with the numerical value of the function E(z), we arrive at the conclusion
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that the energy of the electrons that are stopped within a same size of depth in-

terval dz is much different, depending on depth.

situation.

This contradicts the actual

0.00 0.01
8 T ~ e T ] " " Amt ?0?2 ...... 003
5 [ Srenev @A 1 5 F ;fo keV ®cu§ E I (c) Polystyrene ]
® % —EDEPOS TR 1 B¢ 7
2 [ s21key  * EXPERIMENT | 3 J 500 keV 13
= o = = r
= 4r 0 1 = 4 1 =38 100 keV -
ok ]l & I F (UPPER SCALE) ]
g 3 3 8 s ] 8 of ]
£ B Y 1-g ¢ 7
8 18 \ i g ¢ 400 ke
g 2 1 €2 \ 4 2 . > (LOWER SCALE)
w Y B w - |
a i i o [ . i 0o 1
> . 1 » ¢ 1 » £ ]
2 1t N 7 &' 1 8 ¢F .
gt 1L 18 ]
WO-‘ L 3 0y J “‘o' L T ! v L s ..0 e
000 005 010 015 020 025 000 004 008 012 016 02 Joo 0.05 510 o5
DEPTH z (gcm?) DEPTH z (gem?) DEPTH z (g cm?) ’
Fig.1 Depth—dose curves of electrons in (a) Al, (b) Cu and (c) polystyrene.

Curves, the EDMULT code; points in (a) and (b), experimental data
by Lockwood et al.”; points in (c) experimental data by McLaughlin
et al®

The reason for the above contradiction lies in the fact that in express-
ing the transmitted energy by a simple product of two terms we have neglected
the energy and angular distributions of transmitted electrons. Therefore, we
should not apply physical interpretation to each term of the right-hand side of
Eq. (2), even though the product 7(z)E(z) and the right-hand side of Eq. (2)
are good approximations of the transmitted energy and the energy deposition. It
is to be noted that factors not considered in Eq. (2) play an important role for
the buildup of the depth—dose curve. Such factors are (1) the gradual deviation
of the paths of electrons from the initial direction due to multiple scattering
and (2) the contribution of secondary knock-on electrons produced by the incident
electrons and bremsstrahlung photons. The neglect of these sets a limitation to
the semiempirical model.

2.3 The EDEPOS code

We have incorporated the following corrections into the algorithm of Kobetich
and Katz to obtain higher accuracy®: (1) a correction for the energy carried
away by electrons backscattered from the surface of the medium and (2) a cor-
rection for the energy carried away by bremsstrahlung photons to the depths
greater than the maximum range of the incident electrons. These corrections ap-

pear in a multiplication factor applied to the right-hand side of Eq. (1). Thus
we have the following equation instead of Eq. (1) :
Do(2)dz=(1—fo—fIH{—dL7n(2)E(2)]/d2}dz, (3)

where f, is the fraction of the incident energy backscattered from the incident
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surface and f: is the fraction of the incident energy deposited at the depths corre-
sponding to the bremsstrahlung tail of the depth—dose curve. The FORTRAN
code to perform our algorithm is called EDEPOS, and is applicable to incident
energies from about 0.1- to 20-MeV and absorber atomic-numbers from 5.28 (an
effective atomic-number for polystyrene) to 82.

Originally the function E(z) was made by using an empirical equation to ex-
press the energy of electrons as a function of their extrapolated range in matter;
and the equation was replaced by an exponentially decaying function at a large
depth, to prevent E(z) from suddenly dropping to zero. However, such an expres-
sion produces a spurious deflection of the curve at a large depth, through the
term of dE/dz. We made a revision of the EDEPOS code to remove this defect
and to obtain better accuracy*”. Lines in Fig. 1 represent depth-dose curves
given by the improved EDEPOS code, and show its good reproducibility of experi-
mental data®®.

2.4 Reference data and a possible method of further improvement

A rather small number of reliable data-sets have been available on the depth—
dose curve of electrons normally incident on semi-infinite absorbers. When we
first developed the EDEPOS code, we used 29 sets of experimental data, collected
from literature, for absorber atomic-numbers from 5.28 to 82 and incident ener-
gies from 0.3 to 20 MeV as well as seven supplementary sets of Monte Carlo
data generated by the ETRAN code®. The incident energies for most of the
data sets were in the energy region around 1 to 2 MeV. The data for the ab-
sorber atomic-numbers above 29 and for energies above 5 MeV were extremely
scarce. Later Lockwood et al.® published experimental and Monte Carlo data for
energies between 0.05 and 1 MeV, but the situation of data deficiency did not
change much.

In 1986 Rogers et al.™'® compared the depth-dose curves of electrons in water
generated with the EGS4 Monte Carlo code® and with ETRAN. They pointed
out the possibility that the latter code, which had been considered to be an al-
most complete Monte Carlo code for the penetration of electrons and photons,
had a defect. This led to the improvement of the method used in ETRAN for
sampling the energy-loss straggling'®, and agreement of the results obtained with
the two codes improved®. Thus the reliability of the present version of the
ETRAN code and the Integrated TIGER Series (ITS) code-system'™ based on it
has been increased further.

We started a plan to generate with ITS a systematic set of depth—dose data
for incident energies from 0.1 to 100 MeV and for absorber atomic-numbers
from 4 to 92 and to improve the EDEPOS code by analyzing these data. The
Monte Carlo calculation was already finished and the results have been pub-
lished”. Figure 2 shows examples of the depth—dose curves obtained. In Fig. 2b,
the axes are scaled by using the continuous slowing-down approximation range ro
and the incident energy To. It is to be noted that in this scaling the depth-—dose
curves are almost the same for energies from 0.1 to 1 MeV. This is-one of the
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Fig.2 Examples of depth~dose curves obtained with the ITS Monte Carlo code
system. (a) 500-keV electrons incident on different absorbers, (b) 0.1- to
20-MeV electrons incident on C. Data have been taken from Ref. 17;
numerical smoothing has been applied.

manifestations of the scaling rule of electron penetration discussed by Harder™.
For medical treatment with electron beams, accurate knowledge on the depth—

dose curves in water, as the material equivalent to tissue, is necessary. To re-

spond to this necessity, we formulated® a depth~dose algorithm that is applica-
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ble only to water but has much higher accuracy than EDEPOS (Fig. 3).

Tatsuo TABATA

algorithm, the component of the energy deposition through radiative process is
expressed by a separate function, and the values of adjustable parameters in the
expression were optimized to reproduce the results of three Monte Carlo codes,
MCEF®, ITS and EGS4. We are planning to apply a similar method to the im-

provement of EDEPOS.
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Fig. 3 Depth~dose curves of electrons in water.

Curves, the analytic expression of

Tabata et al.; points, Monte Carlo results with the MCEF code reported

by Andreo™,

(a) 1-3 MeV, (b) 4—12 MeV.

In this
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3. Multilayer Absorbers

3.1 Necessity of semiempirical models and the EDMULT code

In using electron beams for radiation processing, electrons from accelerators
pass through the accelerator window and intervening air-layer, and suffer energy
loss and scattering before impinging on samples to be irradiated. The samples
are often attached to the backing material made of metal, which produces consid-
erable effect of backscattering. To evaluate the absorbed dose in the sample,
therefore, it is necessary to solve the problem of electron transport through a
multilayer consisting of three or four component layers.

At first sight it might seem that the Monte Carlo method or the transort-
equation method is indispensable to solve such a complex problem of evaluating
depth—dose curves of electrons in multilayer absorbers (as for the treatment
with these methods, see Refs. 9, 21-25). However, the present author and his
coworker considered that a semiempirical model for this problem can be con-
structed by the repeated use of depth—dose curves for homogeneous semi-infinite
absorbers described in the previous section, and tried formulation of an algo-
rithm based on such a model®.

The FORTRAN code we developed to execute this algorithm is named
EDMULT (an acronym of energy deposition in multilayer absorbers)™®. The
code is applicable to the same regions of incident energies and absorber atomic-
numbers as those for the EDEPOS code. The numbers of layers that can be
treated were originally up to three, but are now being extended up to four in
the cooperative work with Wang. The code package of EDMULT including re-
lated documents is available from Radiation Shielding Information Center, Oak
Ridge National Laboratory, by sending a floppy disk for transmittal of the code.

3.2 The algorithm of EDMULT

The outline of the algorithm used in the EDMULT code is explained here with
an example of the simplest multilayer, i.e., the two-layer absorber. As shown
in Fig. 4, we call the region devoid of material “region 0,” and the next two re-
gions filled with materials m: and m: “region 1” and “region 2,” respectively.
In region 1, sw represents the path segment of the electrons that pass region 1
after impinging there directly; and su, the path segment of the electrons that
run backward after being backscattered in region 2. In region 2, sa represents
the path segment of the electrons that pass through region 2 just after passing
through region 1; and sa, the path segment of electrons that pass through region
2 after being backscattered twice, i.e., once in region 2 and then in region 1.

If we neglect the effect of the third and more times of backscattering, it is
sufficient to evaluate the dose components from the above schematic path-seg-
ments by using the algorithm for semi-infinite absorbers. It is to be noted here
that the contributions from the branched path-segments have to be multiplied by
a weight proportional to the energy-backscattering coefficient. The applicabiliy
of the above modeling owes to the fact that the effect of the presence of differ-
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Fig.4 Schematic diagram showing electron paths assumed in the semiempirical
model to evaluate depth—dose curves in two-layer absorbers®. Dashed
lines show virtual paths necessary for correction.

ent layers arises mostly from the difference in backscattering of electrons across
the interface.

In constructing details of the multilayer depth—dose algorithm, we should take
into consideration special corrections arising from the use of the algorithm for
semi-infinite absorbers. For example, the result, given by the latter algorithm,
for the contribution to the dose from the path segment s includes the effect of
backscattering by material m, in region 2 (the path segment related to this ef-
fect is shown by su in Fig. 4). This effect, however, is not present in the multi-
layer absorber, so that we have to remove it. In addition to su, we must con-
sider similar corrections related to virtual path-segments shown by ss and su in
Fig. 4.

Among different contributions, those from path segments sz, s» and sa require
special treatment, because the material through which electrons have just been
transmitted is different from the material in which they are now passing. As
an example, let us consider the contribution from ss. The electrons reaching the
interface between regions 1 and 2 have passed through the layer thickness 2, con-
sisting of material mi. If we replace this layer by an equivalent layer of thick-
ness zy consisting of material m., we can use the depth-dose algorithm for the
semi-infinite absorber.

We assume here that the equivalence rule proposed by Tanaka et al™® is appli-
cable. The rule states: In a first approximation, the depth—dose profile in region
2 does not change under such replacement as described above provided that 7,
and On of electrons at the interface are unchanged by the replacement (equiva-
lence condition), where T: represents the residual energy and 6y is the half-value
angle of multiple scattering. To satisfy the equivalence condition, we can adjust
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two parameters, i.e., the equivalent thickness zy and the equivalent incident ener-
gy.

To calculate the dose contribution by electrons backscattered through the inter-
face between two media, knowledge is necessary of the number- and energy-back-
scattering coefficients for the electron flux having different angular distributions
caused by multiple scattering. Further, the backscattering coefficients have to
be evaluated for the absorbers not only of semi-infinite thickness but also of dif-
ferent finite thicknesses.

There are enough data on the number-backscattering coefficient for the basic
condition in which electrons are normally incident on semi-infinite absorbers.
However, data for other geometrical configurations are scarce. Therefore, by
modifying the empirical equation for the basic condition on the basis of certain
assumptions, expressions to evaluate backscattering coefficients for different con-
ditions were made, and are used in the EDMULT code. Values of adjustable pa-
rameters used in these expresions were optimized so as to minimize the deviation
of EDMULT results from experimental and Monte Carlo depth—dose data in liter-
ature*®®. In Figs. 5 and 6, depth—dose curves in two-and three-layer absorbers
given by the EDMULT code are compared with the experimental and Monte
Carlo results of Eisen et al® and Lockwood et al.®

In the earlier versions of EDMULT, the dose component due to electrons back-
scattered from the layer of finite thickness was evaluated by taking the differ-
ence of dose components due to electrons backscattered from two semi-infinite
absorbers displaced by a distance equal to the thickness of the relevant layer.
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Fig.5 Depth—dose curves of 2-MeV electrons incident on two-layer slab

absorbers consisting of (a) gold and aluminum and (b) polysty-
rene and tin. Curves, the result of the EDMULT code ; circles
and histograms, experiment and Monte Carlo calculation by
Eisen et al.®
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Fig. 6 Depth—dose curves of 1-MeV electrons incident on a three-
layer slab absorber consisting of aluminum, gold and alu-
minum. Curves, the result of the EDMULT code ; circles
and histograms, experiment and Monte Carlo calculation
by Lockwood et al.®

However, the evaluation mentioned has a possibility of producing large errors
for small layer thicknesses. In the latest versions, the evaluation was replaced
by the method of using an expression for the backscattering coefficients for the
absorbers of finite thicknesses, and minor errors in the earlier versions were cor-
rected®. These modifications improved the agreement of EDMULT results with
the experimental and Monte Carlo data, especially for dose distributions in the
second layer in three-layer absorbers (see Fig. 6).

3.3 Examples of application of EDMULT

Using EDMULT, we can simply evaluate the dependence of absorbed dose in
the sample upon the following parameters: (1) the initial energy of electrons or
the accelerating voltage, (2) the atomic numbers of the materials that form the
sample, the accelerator window and the backing and (3) the thicknesses of the
sample, accelerator window and the intervening air layer.

The accelerator window, the air layer, the sample and the backing material
make up a system’ of four layers. To evaluate the absorbed dose in the sample,
however, we need not know the dose distributions in the window and the air lay-
er. Therefore, we can treat these two layers as a single layer consisting of a
material with an effective atomic-number intermediate between those of the two
layers, and apply the code for the three layers™.

Table 1 shows the effect of backing materials on the absorbed dose in a 50.8-
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Table 1 Absorbed dose in a 50.8-um nylon dosimeter placed on different backing
materials®. The incident energy of electrons is 400 keV. The geomet-
rical configuration of irradiation is shown on the right of Fig.7. The
column denoted as Seltzer & Berger represents Monte Carlo results with
the ZTRAN code®.

Backing Absolute dose (MeV g™ cu’) Relative dose
material EDMULT Seitzer & Berger EDMULT Seltzer & Berger

Nylon 4,07 4,56 1.00 1.00

Al 4,81 5.39 1.18 1.18

Fe 5.72 6. 41 1. 40 1.41

Cu 5.85 6. 61 1.44 1.45

Ag 6. 46 7.32 1.59 1. 61

Au 7.12 8.15 1.75 1.79

U 7.33 8.50 1. 80 1. 86

pm nylon-film dosimeter evaluated with EDMULT. The geometrical condition
assumed is shown in the right half of Fig. 7. After impinging normally on a
titanium window of 25.4-um thickness, the electron beam with an initial energy
of 0.4 MeV passes through an air layer of 10-cm thickness. The Monte Carlo
results of Seltzer and Berger are also shown for comparison. The deviations of
the EDMULT results from the Monte Carlo results are from 11 to 14% in abso-
lute dose, and from 0 to 3% in relative dose. These values of deviation indicate
that the evaluation of the relative effect of different backing materials with
EDMULT is highly reliable. The left half of Fig. 7 shows the same result for
the relative dose as given in Table 1 together with additional results for differ-
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i EDMULT 1 MeV,"
L« SELTZER 1
18-  &BERGER 8 ELECTRONS
16 .
8 "l 1 25.4-um Ti
woot 1 WINDOW
% 14l ] 10-cm AIR
w I 1 50.8-um
o r 1 b= — NYLON
i 1 [EEEmmsmdemmtiiey - DOSIMETER
12} 1 B
i 1 B filii— BACKING
100 A N N

0 20 40 60 80 100
ATOMIC NUMBER OF BACKING MATERIAL

Fig. 7 Relative absorbed dose in a nylon-film dosimeter is plotted as a function
of atomic number of the backing material. Curves, the results of the
EDMULT code; circles, Monte Carlo calcluation of Seltzer and Berger™.
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ent initial energies of 1, 5 and 10 MeV.

Figure 8 shows another example of application of the EDMULT code. The ab-
sorbed dose in the same nylon-film dosimeter as described above is plotted as a
function of the thickness of the air layer between the accelerator window and
the sample. The geometrical condition assumed is shown in the right half of the
figure. For energies above 0.4 MeV, the curves of the figure reflect the initial
build-up portion of depth—dose curves of electrons in air; for energies below (.35
MeV, the curves reflect the portion of similar depth—dose curves up to the maxi-
mum and beyond.

Thompson et al® reported the results of studies, carried out with EDMULT,
on the relation between the absorbed dose and irradiation conditions for electron-
beam processing. Among the results, there is an interesting one that shows the
degree of uniformity of absorbed dose over the thickness of a sample for differ-
ent initial energies. They considered a polystyrene sheet irradiated with electrons
after passing through a titanium window and an air layer; there was the steel
plate of a conveyor behind the sheet. They found that by optimizing the energy
it was possible to obtain a fairly uniform dose distribution in a single-sided
treatment process with medium-energy equipment of 500 to 600kV.

1.25 | T 1 T I T 171 l T TT I T T 1] I T ORI i
120 / ELECTRONS
L 0.6 MeV ]
u-' - \ ] l l l l J
@ i 0.4 MeV ]
115 |- : .
Q 5p ] 25.4-um Ti
Y [ o3sMev ] ‘:‘(’)'ND?L\VI‘;
Fo - R -cm
110 .
3 O bamev ] fso.a-um
o r 1 NYLON
i j | DosmETER
1.05 - -
St ] = NYLON
C 1 MeV \
1_00’A.|..J|,..1‘.,1...'

0 4 8 12 16 20
THICKNESS OF AIR LAYER d (cm)

Fig. 8 Relative absorbed dose in a nylon-film dosimeter is plotted as a function
of thickness of the air layer that is present between the accelerator win-
dow and the dosimeter. Curves, the results of the EDMULT code; circles,
Monte Carlo calculation of Seltzer and Berger® .

4, Concluding Remarks

Matsuda and Kijima® measured absorbed doses in single-layer and multilayer
absorbers with a CTA dosimeter for 0.3- and 0.8-MeV electrons. Chen et al®
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studied depth—dose distributions of an electron beam of about 4-MeV energy in
multilayer absorbers with PVT and PVT-1 film dosimeters developed by their
group. The results of these authors generally agree with the results of ED-
MULT, within an error of about 10%. On the other hand, the results also indi-
cate the necessity of improving EDMULT for certain conditions.

The algorithm of EDMULT takes into account the effect of energy-loss strag-
gling by the use of empirical depth—dose curves in semi-infinite medium. In eval-
uating the dose contributions from schematic path-segments arising from back-
scattering across interfaces, however, we use continuous slowing-down approxima-
tion in the sense that the average energy is used by neglecting the spectral distri-
bution. This is a serious limitation of the algorithm. In spite of the limitation,
there is a possibility of further improvement of the algorithm by replacing the
present sub-algorithm for the single-layer depth—dose curve by an improved one
and by making other possible modifications.
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