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Summary

The penetration of electron beams of energy 4 to 32 MeV in water has been theoretically investigated with
a stochastics and qualitative analysis and with a view toward applications in electron-irradiation therapy. The
data concerning the average penetration depth as a function of the pathlength, as well as the energy spectrum,
average angular distribution, charge rate, current, flux, percentage depth dose and rad conversion factor Cas
a function of depth were obtained. The beam geometry was considered in such a way as infinite monodirec-
tional beam was embedded in a water of infinite extent. This result was compared with a moment method result

of N.D. Kessaris and other results, and it had more sufficient generality.

Introduction

In radiotherapy of high energy electrons, it is essential to have an accurate knowledge of the dose delivered
at specified points in the patient. There are many reports for calculational approches in the electron
penetration by various authors!). However the data in most of these reports have not been used in radiotherapy
because the electron energy is low (below 5MeV) and the medium is not water. N.D. Kessaris?9 has
mathematically investigated the penetration of energy 10 to 20 MeV in water by solving the Lewis equation by
the mement methed under the continuous slowing-down approximation. M.J. Berger and S.M. Seltzer?) also
calculated energy and charge deposition and flux in water with mainly 20 MeV electrons by Monte Carlo
methods. However, the agreement on the results of both authers is not perfect®. Fig. 1 shows a comparison
between a moment method result of Kessaris and a Monte Carlo result of Berger pertaining to the charge rate
distribution for a 20 MeV beam, and also shows our experimental data®),
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Fig. 1. Comparision between a moment method
result, a Monte Carlo result and experimental data,
pertaining to the charge rate distribution in water
irradiated with a 20MeV beam. Distribution is
normalized to unit charge (one incident electron).
Histogram is a Monte Carlo result by Berger#); Curve
is from a moment method calculation by Kessaris®;
Points are from our experiment?).

The measurement in our experiment has been carried out for the current distribution by a process using
the direct collection of electrons absorbed in a water phantom?®. The charge rate distribution has been obtained
from the current data. The beam in our experiment was nearly monochromatic. However, it was not perfect
because of the presence of unavoidable scattering materials, such as a window of a beryllium film in 0.3 mm
thick at the outlet of the accelerated electrons, and a monitor consisting of five sheets of alminium leaves in
0.02mm thick. Our experimental results agreed well with a Monte Carlo result of Berger rather than a moment
method result of Kessaris.

This theoretical treatment on the penetration of electrons will be done with a stochastics and qualitative
analyses in multiple scattering, secondary electron emission and bremsstrahlung ernission. This paper presents
information of the penetration of 4 to 32 MeV electrons into a water phantom, according to the pioneering
work of Kessaris?99) in radiotherapy. The energy range which we chose in this theoretical treatment can be
produced by the betatron in Kyoto Univ. Hospital?. The incident beam is monoenergetic, monodirectional and

broad, and it is embedded in water of infinite extent,

Theory and calculation results

1. The number of collisions
The number of electrons in a medium is changed by multiple scattering. This phenomena are applied to
three physics conceptions: a) it is non-continuous process; b) each collision orcurs independently; c) at least n,
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collisions are necessary to stop an initial electron: The probability that an electron has 7 collisions in ¢ path

length, P(n,t), is expressed by a Poisson distribution.

P(n,1)= g~ {200 (n#0) (1)
=g % (n=0) (2)

where v is the average number of collisions in a unit path length (cm2/g), ¢ is the path length of an electron
(g/cm?), and vt is the average number of collisions which are made by one electron in ¢ path length. Since an
electron makes a large number of collisions in traversing a fraction of its path length and vt value is large, the
Poisson formula (1) (2) is evaluated numerically by Gaussian distribution.

P(n, 1) = —pier- o0 (n%0) (3)
vemvt

w
=7ﬁ‘e‘7 (n=0) (4)
2. The energy loss
Since vt value is large, it is possible to describe the energy loss of electrons with reasonable accuracy by
continuous slowing down approximation. The energy loss per one collision in water, AE, is refered to the energy
loss per unit path length, —(dE/dt), as the total stopping power, (s/p)g . The electron energy, E,, with which a

particle is scattered k times is given by

Ev= Ew-1—AE (5)
S/ B :
= Epeij— (sh) -, w (6)
v
where (k-1) is reflered to the (k-1)th collision.

By the use of approximate slowing down model, the relationship between the electron path length and its
residual energy can be obtained®. However, this relationship is not defined unique since electrons experience
discrete and sometimes large energy losses as they traverse a material. This deviation of the energy loss of the
electrons from the average is known as straggling®. For straggling, we shall denote the distribution of the
energy loss of electrons by a simple exponential curve with extensive simplification rather than by Gaussian

curve!), This distribution is given by

SF(AE)
_ Nae_

SF(AE)___Nup (7)
= e_J_?i;:’igt ( 8 ]

where 4E, is the most probable energy loss, 4E,, is the average energy loss, and SF(AE) is a straggling factor on
AE energy loss. This factor is expressed by the ratio of the number of electrons, N 45, with AE energy loss to the
number of electrons, NAE?' with AE, energy loss. In the text book by Segré®, AE, and 4E,, have been given by

_ 2nNe‘zx (( x _ o on

AE,= ZENEZE (10 —0.37) (9)
_ 2aNe'zx E* 1

AEw= ﬂinCz (IOg 2??306212 il 8 ) (]U)
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However, since these formulas (9) (10) are not exact, AE, and 4E,, in water are obtained by using the ratio of
(9) and (10), and (5/0)g, w-

log=-—0.37
AED= aoa (sfp)é.“ W (11)
log—Er 41w
2 moc o | 8
OB =-SP5x (12)

From formulas (5), (8), (11), (12), the electron energy with k th collision is given by

Ex(SF) = Eu-1ny—AE(SF) (13)
1,
= F, = (sllio.)ﬁ:k—ll-_w { log ) —
(k=1) P 1 E:ﬂ!_ _]__
8 2mec o | 8
log———0.37
~log SF- (1-——p2 )} (14)
Dfk=1) +-=

10g 5 noc? It T8

where a,=0.52917%10-8cm? (Bohr radius)
m,c?=0.510976 MeV® (rest energy of a electron)
I},0=65.1eV®) (mean excitation energy for water)
In this calculation, SFhas been changed from 1.00 to 0.05 at intervals 0.05.
3. The scattering angle
As electrons traverse a scattering medium, their energy are lost by multiple interactions, but also they are
deflected laterally from their original paths as they make multiple discrete changes in direction. These
deflections are to be the results of a single scattering, multiple scattering and plural scattering®. The analytical
treatment of this process is difficult without extensive simplification. Therefore, we think of a particle being
scattered a certain number of times, %, after which it has the average direction, 5‘&. For the calculation of 9;,. it
is assumed that the average collision number, m(ﬂ_,p’k), of a single scattering and the plural scattering at the & th

collision are given by

; 1t m(@sp) = Q(LUE_”E__E*_) (15)
. k

where 9,?‘ & is the average angle for a single scattering and the plural scattering at the & th collision, and it is
larger than an angle 6,9, and a is a constant value. This probability for a single scattering and a plural scat-
tering is independent from the probability for the multiple scattering. The values of angle 8, for the multiple
scattering have been recommended by ICRU!9),

The path length in a medium is not equal to the depth because of the multiple scattering of the electron.
The depth, x(r), in which an electron has n collisions is approximated as follows

() = S talcos B)1) ' (16)
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where ¢, is the path length with % th collision. By using the average path length at each collision, t(n)/n, the
formula (16) is given by

x(n) s 2 "_;{(cos G} (17)

no k=

The relation between the depth, x(n), and the path length, ¢(r), is given by the formula (17). From (3), (4) and
(17), we can get the probability that an electron has n collisions in x(n) depth.

1 e
P(n,x)=—F——=e""F7zm (n+0) (18)
_r( yg) bin}
;.;2:1':; b(n)
27%—,}];@'9"'%& (n=0) (19)
where
b(n)=-- 3 {(cos G:)!} (n*0) (20)

ln--l
M k=0
1 (n=0) (21)

The average penetration depth, (x),,, in which an electron with a path length, #(n), has reached is given by

S (P(n, 0-t(ny b(m)
if_}; P(n,t)

{XPav= (22)

In Fig. 2, our calculation result of the average penetration depth, (x),,, as a function of the path length, t(n), is
shown for E, =20 MeV. E, is the electron energy at the surface of a water medium and is called as the initial
electron energy.
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Fig. 2. The average penetration depth, (x),, as a
function of the path length, i(n), for initial electron
energy E,=20 MeV in water. Solid curve is from the
present work, and the dotted curve from a moment
method calculation by Kessaris¥.
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4. The primary electron distribution

We shall denote the number of the incident electrons by N,. In this paper it is normalized with one in-
cident electron (N,=1). From (18), (20), the charge rate Q,;(x) and current J;(x), for that the primary elec-
trons are stopped at x depth to a plane surface in water, are given by

Qui(x) = No- P(no,x) (23)
B0 =~ [ Qui(2) dx (24)

The values of n, and m are unknown. In this calculation, we used the fitting method by using the ex-
perimental data® and Berger's result® for the charge rate distribution of the initial energy 20 MeV. (sece Table 1
and Fig. 10) This method is the only fruitful one. The n, value is calculated from the v value, and v is changed
with SF. We got v value at SF=1.0 by using the fitting method.

v=17.0 (at SF=1.0) (25)
In this calculation, v value was changed with SF value from 17.0 to 49.0 for the initial electron energy

E, =20 MeV.The value of n,depends on vand (s/p)g y. We got n,value with £, approximately.

Mo = 9‘0,1201,22?—0.0394 In Eg (26)

The m value depends on a and 9,_” values. In this calculation, since G,M was used as a constant value
(9-,‘,‘ #=30°), we got a=4.0 by using the fittng method.
The charge rate distribution and the current distribution for £,=20 MeV are plotted in Fig. 3 and Fig. 4,

respectively.
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Fig. 3. The rate of charge accumulation as a func- Fig. 4. The current distribution as a function of the
tion of the depth in water for initial electron energy depth in water for initial electron energy

E,=20MeV. The total rate which is the sum of the
primary rate and the secondary rate is seen to
become negative for small depths. The point A and B
are respected to the peak position and the polarity
altering point on the total distribution.

E,=20MeV. The total current is the sum of the
primary current and the secondary current. The
point C is respected to the polarity altering point on
the total distribution.
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The fluence, @, of particles is defined as quotient of dN by da'V.
=dN 2
o=" (27)

where dN is the number of particles which enter a sphere cross-sectional area da of a volume element. For a
parallel broad beam, this definition reduces to the quotient of the number of particles crossing a plane surface
perpendicular. The primary electron spectrum, that is distribution of the primary electron number in energy,

at depth x to this plane surface. N; (), is given by
Nirie(2) = No: Pk, 1) (28)
The energy spectra of the primary electrons for £,=20 MeV in water are plotted in Fig. 5. The distributions of

the most probable energy!®, (E,),, and the mean energy!®), (E),, of the spectrum for £,=20 MeV in water are
plotted in Fig. 6. The flux of the primary electrons at depth x, Ppri(x), is given by

o (2) = " Nonio() dE (20)
= N2 P(k2) SE)

The flux distribution of the primary electrons for E;=20 MeV in water is plotted in Fig. 7.
The average angular distribution of the primary electron, Nopsigy(x), is given by

NprL gi*(.r)'—_vNo‘P(k.I) ‘(31)
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Fig. 6. Decrease of the most probable energy, (£ P
0 and mean energy, (E),, with the depth in water. The
straight line is from the relation1%; (E),=E(1 %/Rp),
ELECTRON ENERGY , MeVv where R, is the practical range. The initial electron
Fig. 5. The energy spectrum of primary electrons at energy is 20 MeV.,

varous indicated depths of penetration in water. The
initial electron energy is 20 MeV.
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These distributions for E,=20 MeV in water are plotted in Fig. 8.
The absorbed dose, D, is defined as the quotient of de by dm1)

dé
D=—= 2
am (32)
where dé¢ is the mean energy imparted by ionizing radiation to the mater in a volume element and dm is the
mass of the matter in that volume element. The depth dose at depth x in water for the primary electrons,
D,(x), is closely approximated by 10

Dpi(2) = [ N 6(2)- (/o) 4 wdE (33)

where (s/p) E.col. 4,015 the restricted collision mass stopping power in water for electrons of energy E. The formula
(838) is written by
n, !
. Dyi(x) = é}n (No-}’(k.x)-(—sli':%ﬁ) (34)

In this calculation, the cut off energy A4 was used as A=10keV and the electron energy was calculated from the
formula (14). The depth dose distribution of the primary electrons for E,=20 MeV is plotted in Fig. 9.

5. The secondary electrons

The assumption that fast (primary) electrons continuously dissipate their energy is invalid because large

energy transfers to atom give rise to the projection of secondary electrons in electron-electron knock-on
collisions. However, due to relatively short electron ranges, the part of the spectrum below 10keV of secondary

A L S e a e 1
15 ,! \ el b
L el ]
i },”—\ N MeY ] 6 I 1.0cm N
1{ ] @ h E, = 20 MeV
primary ] s \
"\ i
1.0 fru””” W - >5 " ‘ -
\.'1 ] o
] [ \l é .
=
g - t E 4 |- -
I < .
L \\ ;
- < [
er . | g 31 | |0em 5
[ \ \ g \ i
] saconda \ 2 r 15.0cm ]
e .y . | s
L A \._. E ! 'l_" \ {~ 10em
) 5 0 15 ] 1 k- | w e 9.0cm
0PN, g \i Pl g
Fig. 7. The flux distributions as a function of the LY \":-“'"'--_....___
. .y ke A T ... Y ~1
depth in water with initial electron energy E,=10, 20, 0 0° 0 P o

30 MeV. The total flux is the sum of the primary flux —

and the secondary flux. Distribution is resulting from AVERAGE ANGLE , &

an incident current of one electron. Fig. 8. The average angular distribution of the
primary electron at various indicated depths of
penetration in water. The initial electron energy is
20 MeV.
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Fig. 9. The percentage depth dose distributions with
initial electron energy E,=10, 20, 30 MeV in water.

electrons may be easily attenuated at the given depth. For this reason, the cut off energy 4 in this paper is used
as A=10keV. The total energy of secondary electrons at the & th collision of a primary electron, E; ;, is given by

Eex= (Sfb)k.wlE.fﬂ.w';(sfﬂ}k.wl.d.w . (35)

where (/) col.£/2.10 15 the collision mass stopping power in water.
For the secondary electron, we use the assumptions that, a) m number of secondary electrons is emitted on
one collision of the primary electrons, and the number, N,; ,(x), and the average energy, 4-,_,“,.,,(.::), of the

secondary electrons at the depth x are given by

Ns‘k.n“.r): Npri,k(l.'}'m (36)
Eunn(n)=Larld (31

_b) the 0 rays emitted by the secondary electrons do not contribute much to the total distribution; c) the path
length of the secondary electrons is expressed by the c.s.d.a. range®, r(E, , .),; d) the scattering angle of the

secondary electron, éslk_,,, is given by the next approximated formula.

i v
cos fs.m = cos Gy Latn (38)

From these assumptions, we have calculated the secondary (electron) distributions. The charge rate, Q,(x),

and current, I (x) of the secondary electrons in water are given by

Qa(f) = :gl {Ns.k.m(ll"- ?'u(Es..k.mj"COS és.k.m)_Ns.k,m(x)} (39)

I = = [ Qs(x) dx (40)
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where N, o(x-7,(E, 4 m)ecos B, ) is the number of the secondary electrons that is emitted at the depth
(-7 o(E, 4, m)oc0s 0, , ), and it is minus charge rate. N,  (x) is the number of the secondary electrons are emitted
at the depth x, and it is plus charge rate. In this calculation, we got m value by using the fitting method.

m=10.15 (41)

The secondary charge rate distribution and the secondary current distribution for E,=20 MeV are plotted in
Fig. 3 and Fig. 4, respectively.
The flux of the secondary electron at depth x in water, @(x), is given by

0u(x) = 3 (LelBsnad N, () (42)

and this distribution for E;=20 MeV is plotted in Fig. 7.
The depth dose of the secondary electrens at the depth x in water, D (x), is given by

Ds(x) = _LE“Ns,s.m(I)‘(Sfﬂ)E.ml.a.wdE (43)

Since E, ; ,(x) calculated from the formula (37) distribute below about 0.26 MeV for initial energy 1 to 32 MeV
and the J rays do not contribute to the distribution, the formula (48) is closely approximated by

De(x)= 3 {no P(k0)-Esa) (44)

The depth dose distribution of the secondary electrons calculated with the formula (44) is plotted for
E;=20MeV in Fig. 9. The contribution by the secondary electrons on the total depth dose changes from about
24% on the surface to 30% on the peak depth for the initial electron energy 20 MeV.

6. The bremsstrahlung photons

The total energy of bremsstrahlung photons emitted at the k th collision of a primary electron, Eg,, is
given by

Ena= _(sfe); Rad, w (45)

where (s/p)j Rad.w is the mass stopping power for energy loss due to bremsstrahlung production in water. The
spectral distributions of bremsstrahlung photons with energy are continuous. However in this paper, we assurne
that the photon energy can be expressed by the monoenergy, E;, of the primary electrons at k th collision that is
given by the formula (14) with extensive simplification. The depth dose of bremsstrahlung photons that are

produced at the k th collision of a primary electron, D 4(x) is approximated by

Dpx(x)= _/;x(#rm'.{ﬂ)m.w'En.A‘er\.x(x)'e WPE w1 ofy (46)

where (Men/P) gy and (u/p) Eware the mass absorbtion coefficient and the rass attenuation coefficient of water
for a photon with E; energy respectively, and x, is the distance from the point where a photon is produced to the
point of depth x. The total depth dose of bremsstrahlung photons at depth x, D y(x), is given by
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Ds(z) = 3 Daa(2) (47)
= go(j;x(ﬂanfp)s,, w‘Em.an'P(."E,I)
. e~ WPEy, T atx) (48)

The contribution of D g(x), that was calculated, is plotted for E,=20 MeV in Fig. 9.
7. The total distribution
The total distribution of the charge rate Q(x), current J(x) and flux ®(x) are given by

Q(x) = Qurix)+ Qs(x) (49)
I(x)=Lei(x)+Is(x) (50)
@(x) = @pri(x)+ @s(x) (51)

These distributions for E,=10, 20, 30 MeV are plotted in Fig. 3,4,7, respectively. The peak position A in Fig. 3,
and positions B, C in Fig. 8,4 where the polarity alter in the charge rate as well as current distributions, and
width at half maximum of the charge rate distribution in water are shown in Table 1 and Fig. 10.

The total distribution of the depth dose, D(x), is given by

D(x) = Dyi(x)+ Ds(x)+ Da(x) (52)

And, the percentage depth dose, D percentagel(®), is

Dyerwinn(2) = 100212 | (53)
o

where D, is a peak depth dose. The percentage depth dose distribution for E,=10, 20, 30 MeV in water are
plotted in Fig. 9, and the depth at 50, 80, 100 per cent depth dose is plotted as a function of the initial electron
energy E,in Fig. 11.

An indirect method of the initial electron energy determination is very often preferred using well
established empirical relationship between the initial electron energy, E,, and the practical range, R,. In Fig.
11, R, values that are obtained from the data of the percentage depth dose are shown, and that is expressed by

the relations.

p-Rpy = 0.598 E,—1.79 (10= E,=32) (54)
= 0.49 E,—0.65 ( 4= E,=10) (55)

Table 1. Calculated and experimental parameters of the charge rate distribution
for initial electron energy E, = 20 MeV in water

Peak Position Full Width at Half-max
(g/cm?) (g/cm?)
This result ; calculation 8.60 3.30
Our results ; experiment 8.30 3.60
Berger® ; caleulation 8.54 3.12
Kessaris? ; calculation 7.99 1.74
Alexander? ; experiment 8.08 3.95

Laughlin® ; experiment 7.71 3.30
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distribution and the positions B, C where the polarity 0 0
al.ter on the char:ge rate and current distributions (see INITIAL DNERCY . MeV
Fig. 3,4), and width at half maximum of the charge
rate distribution with initial electron energy. Solid Fig. 11. The depth at 50, 80, 100 per cent depth dose
curve is from the present work and points, O D A, and the practical range, R‘., with initial electron
are from our experiment® for A, B, C positions, energy from the present work. The straight line is the
respectively. The dotted curve is from the present recommended R, value from the formula (74) by
work and point, x, is from our experiment for width ICRU). The dotted line is the average depth at 80
at half maximum of the charge rate distribution. per cent depth dose from the practical therapy

michines!®),

8. The conversion factor, Cg
In practical electron dosimetry, an ionization chamber calibrated as an exposure meter for high energy
photons (°Co or 2 MV Xrays) is available. The absorbed dose at the point of measurement in water phantom

using an ionization chamber is given by
D(x) = M(x)-Ne Ce (56)

where M(x) is the instrument reading; N, is the exposure calibration factor and Cg is the overall conversion
factor to absorbed dose in water. In ICRU Report1®, Cjis given by

Ce= Ao Sw,o: P o /e (57)

where A, is the attenuation factor; s, is the stopping power ratio; p,,, is the perturbation ratio; @ is the
average energy expended in the gas per ion pair formed and e is the charge of the electron. Since Cj; recom-
mended by ICRU! is the overall conversion factor, this value depends on the shape and the wall material of the
ionization chamber, and is changed with s, , and p,, , values. In this paper, supposing that the wall material is
water and the chamber cavity is a small air-filled cavity (the Bragg-Gray Cavity), Cz values were calculated by
using values of 5., ., and by taking P a.er.0i;=1.00. The stopping power ratio ... Which is the essential
constituent of the Bragg-Gray relation, is given by
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Dwmr{x)

where D,(x) is the depth dose D(x) calculated by the formula (52), and D,;(x) is the absorbed dose in the
small air-filled cavity at depth x. D ;(x) is given by

Dair(-r) = :Ea

=0

(N»-P(k, x)-%-(s,aa)..cd..jr)
+ 8 (Not POk, 22 {(slo)ncot i
—(sfp),.m.m})

3 (7 Nor P (e 2) (o) L
($lo)n, R, €~ P01 Iy ) (59)

kl]

where (5/P)kcol,£/2.air I8 the collision mass stopping power in air; (5/0)4.col4 air i the restricted collision stopping
power in air; (Uea/P) g, air is the mass absorption coefficient of air for a photon energy with E,. Calculated. values
of Cg by taking 4,=0.985, P .., . =1.00, @/e=0.869 and using formulas (57) (58) are shown in Fig. 12 for
E,~=10, 20, 30 MeV and in Table 2 for E,=4-32 MeV.

9. Approximation of 8,, (s/p), r,, (u/p) and (4,./p)

In this study, approximate estimations of the angle for the multiple scattering, the mass stopping power,
c.s.d.a. range for the secondary electron, the mass absorbition coefficient and the mass attenuation coefficient
were made with the published pertinent data;

ém = 1/339{.' I_E(—D.I}EIE? In H—I.Sﬂﬂ}_{l_ 50.0 e—s.vaﬁ‘_’_ags_(}e-az.z E (50)
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where 6,, is expressed with radian unit; p is the density of water (p¥1); [ is the path length given by I /v in this
paper; E is the electron energy given by the formula (14)

(s/0) £,water = 0.04671| E—1.4]°%7°+1.866+ 3.0 e 5°5+09.34 ¢"2"°  (61)
(5/o)5.con sz, woter = 0,018 E—1 5010115040

+1.852+1.919e 4155437 120F (62)
(8/p) £.con, Er2,air = 0,055 E—1,3[(-0-115 Il £-1.31+1.087)

+1.650+2.826 %% (63)
(5/0) & Rad,water = 0.013 E*13°+0,004 (64)

with Berger's data®

(/o) Econr0kev,water =0.01In E+1.39+1.06 e7*"5+5.63e'*"%  (65)
with ICRU Report 1612

(5/o) Econ10Kev.air = 0.126 In E+1.165+1.46e*75+55¢7'5%F  (66)
with ICRU Report 162 and 1413

(s/p) £.cor, £z, water— (5/0) £con, 10 KeV, water = 0.0799 In E4-0.396 (67)
with Berger’s data®) and
ICRU Report 1612

Yo = 0‘444 EI-HZ—CLIHBBS In 5_0.02389 e-OJISSIE'-O.ﬂ
(E=0.3MeV) (68)
= 0.577 E"*'* (E<0.3MeV) (69)
with Berger’s data®)

By using these formulas (60)-(69), an accuracy is below 1% for energy 0.1 to 35 MeV.

(s2/p) g, water = 0.0162+0.00001 E+0.0174 g ~*112#

+0.0347 ¢~ *413E40,0629 137 E (70)
(1) £veater = 0.0150--0.0225 ¢ °347 £ (71)
(tenfp)&,0ir = 0.0145-+0.0199 ¢ 042 # (72)

with NSRDS-NBS 2914

By using (70) (72), an accuracy is below 1% for energy 1 to 35 MeV.

Discussion

The practical circumstance of the electron beams in the betatron and the liniear accelerator are usually
more cornplex than assumed in this calculation. However, we believe that our calculational approach may be of
help to dosimetry for electron-irradiation therapy.

In this calculation, v has been used as the average number of collisions in unit path length, and this value
has been obtained by using the fitting method. However, it can be considered that it is not the practical number
of collisions but is only a value that decides the shape of the electron distribution. From this consideration, n,
value calculated from the formula (26) is not the practical collision number to stop an initial electron. The
same discussion can be applied to @ and m values. The width at half-maximum and the peak position A on the
charge rate distribution depend mainly upon the values of v and a, respectively. The number of secondary
electrons and the positions B and C, where the polarity alter on the change and current distribution, depend
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mainly upon the m value.

The comparisons of the charge rate and current distributions in water for the initial energy of 20 MeV,
that include the data on Berger’s report?) and our experimental data® as well as calculated values from the
present work, are given in Table 1 and Fig. 10. The agreement of the present work with experimental data is
not perfect, because it is very difficult to satisfy the monochromatic condition in the experiment. The com-
parison clearly indicates that values of Kessaris are different from other data. The reason is that in continuous-
slowing down approximation on the moment method by Kessaris, it was assumed that the electrons lose energy
continously along their path so that their energy is a deterministic rather than a stochastic function of the path
length traversed, the energy loss at each point of their track being assumed equal to the mean loss. In this
paper, we have taken into account energy-loss fluctuations (straggling). This difference is shown in Fig. 2.

The most probable energy, (E,),, of electrons in carbon, mesured by Harder!?), decreases linealy with
absorber thickness. However, (E,). in water, calculated in this work, does not decrease linealy. (in Fig. 6) On
the contrary, the mean energy of spectrum, (E),, in water decreases linealy and is approximately expressed by

the relation recomended by ICRU9);

(B):= Eo(1-- %) (73)
where p«R ,is the practical range given by the formula (54) (55).

Secondary electrons are produced not only as the result of 2 knock-on collision but also as the result of an
interaction of a bremsstrahlung photon with water. In this paper we neglected the later because the con-
tribution of bremsstrahlung photons in the depth dose is not large.

The comparison between the depth at 80 per cent depth dose obtained from our calculation and the
average depth'®) at this depth dose obtained by the practical therapy machines is shown in Fig. 11. In this
comparison, it is clear that such differences can be attributed to contamination of the beam by scattered
electrons originating from the therapy machine and its accessories, especially the collimator device. Since the
depth dose curves in electron radiotherapy show variations by scattered electrons, the own data of the depth
dose curves for practical radiotherapy must be obtained by a dosimeter.

The relations between E, and R, in water was expressed by the formulas (54) (55). However, ICRU 19 have

recommended the next formula.
p-Rp= 0521 Eo—0.376 (74)

This formula was deriven from the experimental data of Markus, B. On the other hand, Hoshino, K., et al.18
have experimentally determined the relation between energy and R, for 10-30 MeV electrons, and reported
that the relation between (E,), and R, may be approximated by a different formula, and the relations between
E, or E, and R, will not be given by a single formula. These difference are resulted from the beam condition,
especially, from that our calculated beam condition is monoenergitic. Thus, in the practical dosimetry, this
relation between energy and R, must be used with care.

In this paper, Cgvalues have been calculated by using the Bragg-Gray relation. However, in practical cases
the Bragg-Gray condition is not met completely and the contributions made to D,;(x) by secondary electrons
produced either in air (probe material), in the wall material of the chamber and in water (surrounding media)
must be considered. It has been the aim of the cavity theory by Burlin!? to calculate these boundary effects and
thereby to drive the stopping power ratio, especially for wall-less air cavity embedded in various media.
However, this theory is not perfect!®. For practical purposes, ICRU!® recommended two ways of suppressing
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such boundary effects; a) the atomic composition of the sensitive probe material of the wall should closely
resemble the composition of the material of the surrounding medium, or b) the probe wall may take: over the
function of suppressing boundary effects. Therefore, it can be more useful to calculate Cgvalues by supposing
the Bragg-Gray Cavity. Fig. 12 shows the comparison of Cj;values between our calculated result and a moment
method result of Kessaris recommended by ICRU!). The agreement is good except values at large depths.
Otherwise, Antoku, S., et al.!® has experimentally determined Cj values by using a Frick dosimeter and
reported that these have been also agreed with Kessaris data. However, at large depths, these were dependent
on the effective center position of the chamber. There are no data at the depths deeper than r, in Kessaris
report. This difference at large depths is resulted from that Kessaris has calculated by the simplified function-
fitting method with a Wick-type argument?? at large depths.
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