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Abstract Key words

The mass collision energy loss (dE/pdX), the mass radiative Mass stopping power,
energy 10ss (Saa/p) and the total mass stopping power of electrons in  radiative energy loss,
the energy range of 0.01 MeV up to 1000 MeV has been calculated (©t@l €nergy, human
for Lung, Urea and Skin. The results of the present work for the mass body tissues.
collision stopping power of electrons in Lung, Urea and Skin are in
excellent agreement with the standard results given by ESTAR
program, where the maximum percentage error between the present
calculated values and that of ESTAR program in Lung tissue, Urea
and Skin tissue is 0.27%, 0.3% and 0.8% respectively. The mass Article info.
radiative energy loss of electrons in the same energy range is also Received: Dec. 2016
calculated using a modified equation, and the results are found to be Accepted: Mar. 2017
in very good agreement with the standard published values. The Published: Sep. 2017
employed modified equation used to calculate the mass radiative
energy loss of electrons is valid in the energy range of electrons from
0.01 MeV up to 1000 MeV and gives accurate results. As the results
of total stopping power calculation are concerned, they are found in
excellent agreement with the published results, where the error is less
than 1%.
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Introduction

The stopping power and the range
of electrons in a media are
characteristics of the stopping media.
The knowledge of such physical
quantities, since such quantities are
very important in the electron
radiotherapy and in the calculation of
radiation dose. When the energy of the
electrons is more than the ionization
energy of the molecule, the electrons
shall interact with biological cells by
ionization and excitation with atomic
electrons. During the passage of
electrons through the human tissues,
electron can emit electromagnetic
radiation ~which is  known as
bremsstrahlung. The energy loss due to
ionization and excitation is known as
collisional energy loss. The calculation
of electron’s range and the energy loss
in biomedical materials was the subject
of many researches [1-5]. The
calculation of energy loss due to
emission of bremsstrahlung is more
complicated than the calculation of
energy loss due to ionization and
excitation, and there is no exact
formula used in such calculations, but
there are only an approximate
equations [6-8], that will be given for
the calculation of radiative loss for
electrons only, since the energy loss by
bremsstrahlung radiation is important,
which is less importance for heavy
charged particles. Adwan N. H. Al-
Ajili et al.,, [9] had been used an
approximate equation to calculate the
energy loss due to emission of
bremsstrahlung in the energy range
0.1-10 MeV, The result obtained by
the approximate equations didn’t give
appropriate results, and it was found
that a high error to calculate the results
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when it compared with the standard
values due to Berger and Seltzer [1]
and had been showed an error up to
18.5 % at 10 MeV with that standard
values. The Error could be reached
more  higher at energies near
1000 MeV. The limitation of the
relation is that it is not valid for such
calculation and does not give any idea
for high energy region.

Aman Allah et al. [10], had been
used the same approximate formula as
reference [9]. It can be recognized
from their graphs that, the error is high
in the energy range 0.1-10MeV, where
the effect of the energy loss by
emission of bremsstrahlung had no
importance effect, since the energy
loss by this process was considerable
above 10 MeV.

The present study is undertaken to
calculate the mass collisional energy
loss with minimum possible error and
to modify the approximate formula to
calculate the energy loss by
bremsstrahlung in intermediate and
high energy region.

Theory
Mass  collisional of electrons
stopping powers

Electron loses its energy by

ionization and excitation by the orbital
electrons in the medium. Mass
stopping Power (dE/pdX) can be
defined as the rate of energy loss per
unit path length of an electron or
positron by excitation and ionization
which was known as “collisional
energy loss". The mass collision
stopping powers for electrons and
positrons are given by [8]:

kZ (mocz)zj
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where,
_ 2Cm,c®* 015357

(Mev.cm?.g™1)
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I and m,c? ineV

B? Ap?
=3 T is the kinetic energy of the electrons in unites of m,c?
o

F(r)=1— % +—— v 2z + 1)Ln2| s used for elect 2
T) = B CrDZ |8 T n is used for electrons 2)

and
F* (1) = 2Ln2 BZ[Z3+ 14 + 10 + ] fi it 3
V) B CE) R ) RN CREr Sl Bl it )

Cc . . .
7 1S for shell correction accounting for

non-participation of K-shell electrons
at low energies and can be calculated
by the formula [8];

e (NAZ) e? \’
—™\4 m,c?

d is for the polarization or density

effect correction in condensed
media [11]

4.6052X+C X >X4
4.6052X + a(X1- X)™+ C X< X < X
0(X) =

0 for non - conducting materials
X <X,

8(Xo) 104X for conducting materials
X < Xo.

The parameters X,, Xi, a, m, and C
Parameters for elements and many
compounds and  mixtures  were
published [34, 35].

1
In this equation, X= log;, (T(T + 2))E
1 is the electron kinetic energy in units
of rest mass, and

1
C=-2In (h_wo> -1

where,
hayn: 1S the plasma energy =

4N, 73 myc?/a= 28.816,/p(Z/A) eV

Ne: is the electron density (electron
/cm®) of the medium.
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a . is the Fine structure constant
=1/137
p: is the density of the medium (g/cm?®)

The mass radiative stopping power

Electrons and positrons passing
through matter undergo acceleration
(deceleration) in the interaction with
the strong electric field of the nucleus
and the atomic electrons. This leads to
emission of x-ray and gamma
radiation, the process which is known
as Bremsstrahlung. The total power
radiated, in non relativistic limits, is
given by Larmor formula [12]:

p=ice )

3 4meyc3

in Sl unite

relativistic generalization is given by
the Liénard—Wiechert potentials [13]

e2a?

P = % (5) in cgs unite

63
where a: is the acceleration.
e: is the electron charge, and c is the
speed of light.

The power radiated by a single
electron can be expressed in terms of

the classical electron radius and
electron mass as:

2 2
P = 20 Meled (6)

eZ

where 1, =

mec?
The acceleration of electron under the
effect of electric field is given by:


https://en.wikipedia.org/wiki/Li%C3%A9nard%E2%80%93Wiechert_potential
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_ e%z
a=y (41€0)R2 ()
which means, a «< (Z/M).
The energy flux density (S) of the

radiation field can be found by
computing its Pointing vector:
ez 2
— ez(M (471'50)R2) (8&)
(4T c)R?

_ e?a?
" (4mc)R2

e® VA

- ced (4m)3R6 (E) (8b)
It can be seen from equation 8b that
the intensity of radiation produced is
proportional to (Z/M)2. So it be
noticed that a relatively unimportant
energy loss mechanism for electrons
below about 10 MeV in low-Z
materials and it is completely
negligible for heavy charged particles.
In a similar way to that for collision
losses a radiative stopping power
(dE/dX)rag (or sometimes it is written

)

where a
=1/137
Na: is Avogadro number

re is the classical electron
(e?/4meomeCc?) = 2.817 9x107° m.

4aN,r2  Z(Z+1)
= ﬂz X A

Rad

is the fine structure constant

radius

183 1
X (t4+1meC* x Ln| —+ —
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as Spg), and also a mass radiation
stopping power (Srag/p) can be define.
The mass radiative stopping power is
the rate of energy loss by electrons or
positrons that results in the production
of bremsstrahlung. The Bethe—Heitler
theory leads to the following formula

for the mass radiative stopping
power [14]:

5y = 2y 22

(p)Rad = alNgry X - X

(E + myC?)B 9)

where B is a slowly varying function
of Z and E, varying between 5.33 and
15 for energies in the range from less
than 0.5 MeV to 100 MeV.

Reference [6]: give the following
formula for the mass radiative stopping
power at high energies (complete
screening: t » 1/a Z*3):

10
Tt (10)
1 is the kinetic energy of the electron in
unite of mec?.
moC?: is the electron mass x c2.

Leo [7] gives another approximate
equations to calculate the energy loss

B=vlc by Bremsstrahlung at low and high
Z is the atomic number of absorber energy region.

(S) = 4aN, 2><ZZ><L(2E ! Z) 11

5) = talerd x Zoxin (o~ 3= f(@) (1
while at high energies, for complete
screening, as:

(S) 4aN, 2><ZZE l 183+1 f(2) (12)

— =4aN,r —\n—+—=—-f(z

P’ Rad ©e A Z% 18

In the present work the calculation
of the radiative stopping power is done
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by employing Eqg. (10), with parameter
H, then equation (10) becomes;


https://en.wikipedia.org/wiki/Energy
https://en.wikipedia.org/wiki/Flux

(

S

p

)

Rad
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G

The initial values of H parameter
were obtained by dividing the standard
values of ref. (15) by the values
obtained by Eqg. (10), and then fitted to
equation of the form:

_ 4aNgrg

32

Z(Z + 1)
A

Rad

Z(Z+1)
A

_ 4aN,¢

57 X (t 4+ 1)m,C?

where
E is the energy of the electron.

183
X (t4+ 1DmeC* x Ln{ — +

(183
XIn|—
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! H..(13

bE®
H={atgcyEe

So that; Eq. (13a) becomes:
1 bEC

+E><a+dC+EC>

The fitting parameters a, b, c and d are
given in following table:
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(13b)

1

Fitting Parameters LUNG UREA SKIN
a -0.0118 -0.0119 -0.0120
b 1.037 1.043 1.051
C 0.63 0.63 0.63
d 4.41 4.52 4.47

The total stopping power for light
charged particles is equal to the sum of

( )

The mass collision energy loss of
electrons in the energy range of
electrons from 0.01 MeV up to
1000 MeV has been calculated for
Lung, Urea and Skin using Eq. (1), and
the correction for k- shell accounting
for non-participation of K-shell
electrons at low energies and the
polarization  or  density  effect

. C . .
correction ( P ) in condensed media

(o-parameter) have been considered.
The results are presented in Table 1.

(rax)
pAX/ o

coll

dE

* (de
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both collisional and bremsstrahlung
stopping powers [1, 8].

)rad

The mass radiative energy loss of
electrons in the same energy range is
calculated by using of Eq. (13b), and
the results are compared with most
new published results and are given in
Table 2. The total mass stopping power
iS obtained as the sum of both

(14)

collisional and bremsstrahlung
stopping powers as illustrated in
Eq. (14), where the results are

compared with the standard published
results and are presented in Table 3.
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range (0.01-1000 MeV).

Table 1: Comparison of the present results of the collision mass stopping power for electrons in Lung, Urea and Skin with the standard published data in the energy

Collision Mass Stopping power (dE/pdX) for Electrons (MeV cm?/g)

£ in (MeV LUNG UREA SKIN
nergy in (MeV) ESTAR [15] Present work | Error% | ESTAR [15] Present work Error% ESTAR [15] Present work Error%

0.010 22.320 22.262 0.262 21.790 21.725 0.296 22.470 22.291 0.799
0.020 13.040 13.005 0.270 12.710 12.681 0.225 13.110 13.011 0.755
0.040 7.696 7.679 0.220 7.500 7.484 0.220 7.734 7.678 0.726
0.060 5.737 5.725 0.217 5.589 5.577 0.213 5.763 5.722 0.713
0.080 4.708 4.699 0.199 4.586 4.577 0.203 4.729 4.695 0.709
0.100 4.073 4.065 0.203 3.967 3.959 0.208 4.090 4.061 0.697
0.200 2.764 2.759 0.172 2.691 2.686 0.177 2.775 2.756 0.688
0.400 2.126 2.122 0.174 2.068 2.065 0.167 2.133 2.119 0.658
0.600 1.942 1.939 0.179 1.879 1.876 0.144 1.945 1.932 0.677
0.800 1.864 1.861 0.162 1.800 1.798 0.134 1.865 1.853 0.653
1.000 1.827 1.824 0.140 1.763 1.760 0.160 1.827 1.815 0.635
2.000 1.802 1.799 0.156 1.735 1.733 0.124 1.800 1.789 0.638
4.000 1.849 1.846 0.158 1.781 1.779 0.134 1.847 1.835 0.660
6.000 1.890 1.887 0.150 1.822 1.819 0.146 1.888 1.876 0.644
8.000 1.921 1.919 0.111 1.853 1.851 0.134 1.920 1.907 0.658
10.000 1.947 1.944 0.156 1.877 1.875 0.106 1.945 1.932 0.656
20.000 2.024 2.021 0.145 1.951 1.948 0.138 2.021 2.008 0.635
40.000 2.094 2.092 0.114 2.016 2.014 0.107 2.090 2.077 0.618
60.000 2.132 2.129 0.119 2.052 2.049 0.131 2.127 2.114 0.601
80.000 2.158 2.155 0.128 2.076 2.074 0.106 2.153 2.140 0.619
100.000 2.177 2.175 0.098 2.095 2.093 0.119 2.173 2.159 0.643
200.000 2.237 2.235 0.111 2.153 2.150 0.139 2.232 2.218 0.616
400.000 2.296 2.293 0.110 2.210 2.207 0.155 2.291 2.277 0.620
600.000 2.330 2.328 0.104 2.243 2.240 0.142 2.325 2.311 0.593
800.000 2.355 2.352 0.115 2.266 2.264 0.098 2.349 2.335 0.598
1000.000 2.374 2.371 0.135 2.285 2.282 0.144 2.368 2.354 0.582
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Table 2: Comparison of the present results of the radiative mass stopping power for electrons in Lung, Urea and Skin with the standard published data in the energy
range (0.01-1000 MeV).

Radiative Mass Stopping power (S.q) for Electrons (MeV cm?/g)
Energy in LUNG UREA SKIN
(MeV) ESTAR [15] Present work Error% ESTAR [15] Present work Error% ESTAR [15] Present work Error%
0.0100 0.0038 0.0037 4.1275 0.0036 0.0033 6.6472 0.0037 0.0035 5.8610
0.0200 0.0039 0.0042 -6.2438 0.0036 0.0038 -5.4288 0.0037 0.0039 -5.6278
0.0400 0.0040 0.0041 -3.8528 0.0036 0.0038 -3.7337 0.0038 0.0039 -3.7137
0.0600 0.0040 0.0041 -1.0146 0.0037 0.0037 -1.0422 0.0038 0.0039 -0.9981
0.0800 0.0041 0.0041 0.8131 0.0038 0.0037 0.7414 0.0039 0.0039 0.7995
0.1000 0.0042 0.0041 1.9442 0.0039 0.0038 1.8400 0.0040 0.0039 1.8932
0.2000 0.0047 0.0046 2.9161 0.0044 0.0043 2.8064 0.0045 0.0044 2.8321
0.4000 0.0063 0.0062 0.7155 0.0058 0.0058 0.6458 0.0060 0.0060 0.6605
0.6000 0.0082 0.0082 -0.3780 0.0076 0.0076 -0.3993 0.0078 0.0079 -0.4117
0.8000 0.0103 0.0104 -0.8264 0.0096 0.0097 -0.8022 0.0099 0.0100 -0.8344
1.0000 0.0127 0.0128 -0.8948 0.0118 0.0119 -0.8929 0.0122 0.0123 -0.9509
2.0000 0.0265 0.0266 -0.3630 0.0247 0.0248 -0.3101 0.0255 0.0256 -0.3207
4.0000 0.0599 0.0598 0.0754 0.0560 0.0559 0.0977 0.0577 0.0577 0.0788
6.0000 0.0974 0.0973 0.0771 0.0911 0.0911 0.0747 0.0939 0.0939 0.0667
8.0000 0.1374 0.1374 0.0302 0.1287 0.1286 0.0448 0.1326 0.1326 0.0277
10.0000 0.1793 0.1792 0.0684 0.1680 0.1679 0.0588 0.1731 0.1730 0.0708
20.0000 0.4038 0.4032 0.1375 0.3789 0.3785 0.1172 0.3901 0.3896 0.1195
40.0000 0.8851 0.8845 0.0715 0.8315 0.8311 0.0442 0.8556 0.8552 0.0463
60.0000 1.3840 1.3841 -0.0089 1.3010 1.3014 -0.0322 1.3380 1.3388 -0.0566
80.0000 1.8920 1.8930 -0.0530 1.7790 1.7805 -0.0856 1.8300 1.8313 -0.0715
100.0000 2.4060 2.4076 -0.0660 2.2630 2.2651 -0.0919 2.3270 2.3294 -0.1043
200.0000 5.0200 5.0237 -0.0746 4.7250 4.7292 -0.0889 4.8580 4.8622 -0.0864
400.0000 10.3400 10.3416 -0.0158 9.7380 9.7392 -0.0128 10.0100 10.0112 -0.0122
600.0000 15.7100 15.7035 0.0415 14.8000 14,7913 0.0587 15.2100 15.2031 0.0453
800.0000 21.0900 21.0865 0.0164 19.8700 19.8637 0.0319 20.4300 20.4157 0.0700
1000.0000 26.4900 26.4826 0.0281 24.9600 24.9484 0.0466 25.6500 25.6409 0.0354
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Table 3: Comparison of the present results of the total mass stopping power for electrons in Lung, Urea and Skin with the standard published data in the energy range
(0.01-1000 MeV).

Total Mass Stopping Power for Electrons ( MeV cm?gm)
Energy in (MeV) LUNG UREA SKIN

Present work | ESTAR [15] Error% Present work | ESTAR [15] Error% Present work ESTAR [15] Error%

0.010 22.265 22.330 0.290 21.729 21.790 0.281 22.294 22.470 0.783
0.020 13.009 13.040 0.239 12.685 12.720 0.273 13.015 13.110 0.725
0.040 7.683 7.700 0.219 7.487 7.504 0.223 7.682 7.738 0.727
0.060 5.729 5.741 0.216 5.581 5.593 0.217 5.726 5.767 0.715
0.080 4.703 4.712 0.198 4.580 4.590 0.208 4.699 4.733 0.710
0.100 4.069 4.077 0.200 3.963 3.970 0.188 4.065 4.094 0.699
0.200 2.764 2.769 0.186 2.691 2.696 0.204 2.760 2.779 0.672
0.400 2.129 2.132 0.163 2.070 2.074 0.177 2.125 2.139 0.657
0.600 1.947 1.950 0.168 1.884 1.887 0.164 1.940 1.953 0.681
0.800 1.871 1.874 0.140 1.807 1.810 0.152 1.863 1.875 0.651
1.000 1.837 1.840 0.152 1.772 1.775 0.165 1.828 1.840 0.670
2.000 1.826 1.828 0.124 1.758 1.760 0.135 1.814 1.826 0.653
4.000 1.906 1.908 0.111 1.835 1.837 0.134 1.892 1.904 0.605
6.000 1.984 1.987 0.128 1.910 1.913 0.136 1.970 1.982 0.620
8.000 2.056 2.059 0.135 1.979 1.982 0.144 2.040 2.052 0.588
10.000 2.123 2.126 0.135 2.043 2.045 0.102 2.105 2.118 0.603
20.000 2.424 2.427 0.111 2.327 2.330 0.139 2.398 2.411 0.547
40.000 2.976 2.979 0.098 2.845 2.848 0.106 2.932 2.946 0.466
60.000 3.514 3.516 0.069 3.351 3.353 0.068 3.453 3.466 0.376
80.000 4.048 4.050 0.043 3.854 3.855 0.017 3.971 3.983 0.302
100.000 4.582 4.583 0.012 4.358 4.358 0.010 4.488 4.500 0.257
200.000 7.258 7.257 -0.017 6.879 6.878 -0.017 7.080 7.090 0.135
400.000 12.635 12.640 0.039 11.946 11.950 0.035 12.288 12.300 0.097
600.000 18.031 18.040 0.050 17.031 17.040 0.052 17.514 17.530 0.089
800.000 23.439 23.450 0.048 22.127 22.140 0.057 22.751 22.770 0.085
1000.000 28.853 28.860 0.023 27.230 27.250 0.073 27.995 28.020 0.089
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Results and discussion

The results of the present work for
mass collision stopping power of
electrons in Lung, Urea and Skin were
in excellent agreement with the
standard results of reference [15]. The
maximum percentage error between
the present work values and that of
ESTAR program in Lung tissue, Urea
and Skin tissue is 0.27%, 0.3% and
0.8% respectively.

The mass radiative energy loss of
electrons in the same energy range is
calculated using Eqg.(13b). The
Maximum percentage error between
the present work values and that of
ESTAR program in Lung tissue, Urea
and Skin tissue is 6.2%, 6.6%, and
5.86% respectively, this error appear at
low energy region and it was not
important and could be neglected in
that energy region. It can be noticed
that the results are agreement with the
energy range of electrons (0.06-
1000 MeV), where the error was very
low and less than 1%.

Conclusions

It can be concluded that, the
employed equation used in the
calculation of the mass radiative

energy loss of electrons is valid in the
energy range of electrons from 0.06
MeV up to 1000 MeV gives accurate
results. When the total stopping power
was concerned, one can found that the
results are in good agreement with the
published results, where the error is
less than 1%.
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