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Abstract

The calculation of the value of stopping power and the range for the
proton is done by two ways : first, using Bethe-Bloch formula and
second, using Bragg-Kleeman rule. The differences between the
experimental and theoretical values of stopping power and range required
studying the corrections for Bethe-Bloch formula which are represented
by the maximum energy and density correction and then comparing the
results with experimental values. Using these two formulas it has been
found that the results computed by the Bethe-Bloch formula without
corrections (maximum energy and density correction) are in agreement

with experimental results for gr<2 (E<2x10°MeV) and for gy <10°

(E<10°MeVv) with corrections. The maximum energy and density
corrections contributed to decrease the difference with the experimental

results for gy >10°(E >10°MeV ).

The values of stopping power computed using the Bragg-Kleeman
rule are in agreement with experimental results for E <200Mev and the
range values computed using the Bragg-Kleeman rule are in agreement
with the results computed using the Bethe-Bloch formula for E < 400MeV .

The results show that the energy losses for protons at the high energy
values are low and vise versa; the energy losses for protons at the low
energy values are high.

The present calculations confirm that the proton looses its largest

energy at the end of its path in matter.
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‘C/zdgater one j;ttro{uctz'on and historical survey

1.1 Introduction
The study of the passage of charged particles through matter is one of

basic importance for modern physics. Also, the knowledge of the
Interactions that take place in the passage of charged particles allowed
possible to develop severa detectors[1].

Stopping power is the energy loss of a particle per unit path length in
a particular medium [2]. It is specified by the quantity —dE/dx, where -dE
is the energy loss and dx is the increment of the path length. The spatial
distribution of energy deposition in the particle track is described by the
Linear Energy Transfer (LET), or the amount of energy actually
deposited per unit length along the path [2].

To determine the dose at any point due to charged particle irradiations
it is necessary to know, not only the fluency, but aso the charged
particles energy and to use this to calculate the stopping power at that
point [3]. Heavy charged particles are of interest in radiation therapy
because of several distinct physical properties. As these charged particles
pass through a medium, their rate of energy loss or specific ionization
increases with decreasing particle velocity [4]. Electron and proton
radiations are used extensively for medical purposes in diagnostic and
therapeutic procedures [5].

The macroscopic dose of a particle beam is given by the number of
particles traversing the unit mass and the dose deposited by each particle,
called linear energy transfer (LET). This energy deposition of heavy
charged particles, like protons or heavier ions, can be described by the
Bethe-Bloch formula [6]. The dose average LET is considered as
a00000000000000 measure of the radiation quality [7].
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1.2 Historical survey

In 1965, R. W. Peele [8] studied the method that was used to achieve
rapid computing in a digital computer of the specific energy loss of
energetic charged particles. The computation were based on the use of the
usual Bethe-Bloch formula with a density effect correction which might
be required for incident proton energies as high as 1GeV.

In 1976, W. R. Nelson [9] explained the importance of radiation
dosimeters in medicine to treat cancer and the theoretical relations to
compute the stopping power.

In 1993, Don Groom [10] worked on copper to study the first
correction of the Bethe-Bloch formula (maximum energy transfer to
electrons) and its effect on the results.

In 1994, Douglas J. Wagenaar [11] explained that y-rays, X-rays,
neutrons and neutrinos all have no net charge, they are electrostatically
neutral, so in order to detect them, they must interact with matter and
produce an energetic charged particle. In the case of gamma and X-rays, a
photo-electron is produced. In the case of neutrons, a proton is given
Kinetic energy in a billiard ball collision. So, he discussed charged
particle interactions by demonstrating that even when detecting neutral
particles one must think in terms of the charged particles.

In 1997, H Tai, Hans Bishel, John W. Wilson, Judy L. Shinn, Francis
A. Cucinotta and Francis F. Badavi [12] studied the Bethe-Bloch formula
to calculate stopping power and range. They put this formula in the form
of a computer program to calculate electronic stopping power for
protons, o particles and other ions.

Also in 1997, B. Vankuik, G. Gardener, S. Bellavia, A. Rusek and K.
Brown [13] studied the most important relations which are used to

2
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compute the energy loss and the computer programs which are used to
compute the stopping power.

In 1999, J. F. Ziegler [14] studied all equations used for calculating
the stopping power and the accuracy for different element materials. The
theory of energetic ion stopping was reviewed with emphasis on those
aspects of relevance to the calculation of accurate stopping powers
(corrections).

In 1999, John C. Armitage, Madhu S. Dixit, Jacques Dubeau, Hans
Mes and F. Geradd Oakham [15] studied the interaction of charged
particles, such as electrons and heavy charged particles, with different
elements (silicon, argon and gold). They measured the energy losses and
the ranges of the particles in these elements.

In 1999, P. T. Leung [16] worked on the density correction of the
Bethe-Bloch stopping power theory for heavy target elements. He worked
on the relativistic Bethe-Bloch stopping power formula. This relativistic
correction was found to be significant for high-Z target atoms and
relatively high-energy incident particles.

In 2000, Luigi Foschini [1] studied the most important stages in the
development of the theory behind the stopping power formula. He started
with Ernest Rutherford in September 1895 and his recognized two
different kinds of radiations emitted by uranium to year 1998 and
referred to everyone who contributed to the development of the stopping
power theory.

In 2004, Jan Jakob Wilkens [7] developed a fast algorithm for three-
dimensional calculations of the dose-averaged linear energy transfer
(LET) . He studied stopping power in terms of dose averaged LET, range

and dose for protons.
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In 2004, H.W. den Hartog and D.l. Vainshtein [17] calculated the
energy loss in athick target for 0.1 MeV -3 MeV electron irradiation. He
calculated the range using the Bethe-Bloch formula and the Bragg-
Kleeman rule for NaCl, water and aluminum.

In 2006, P. Sigmund and A. Schinner [18] studied the shell
correction to the stopping power for protons within the first Born
approximation in both a non relativistic and a relativistic version of this
approximation.

In 2006, M. F. Zaki, A. Abdel-Naby and Ahmed Morsy [19] studied
the theoretical and experimental investigations of the penetration of
charged particles in matter using solid state nuclear track detectors. An
attempt has been made to examine the suitability of the single-sheet
particle identification technique in CR-39 and CN-85 polycarbonate. The
ranges of the ions (“He,*Kr and *Nb) in these detectors have aso been
computed theoretically.

In 2006, Onder Kabadayi [20] calculated the range of protons and
apha particles in Nal, which is a commonly used compound in
scintillation detector manufacturing. The stopping power of protons and
apha particles in Nal was caculated first by using a theoretica
formulation.

In 2006, F. Maas [21] worked on the interaction of particles with
matter and the importance of computing the density correction in the

Bethe-Bloch formulawith particle energy above 1GeV.

1.3 The aim of the present work

The aim of the present work is to calculate the stopping power and

range using the Bethe-Bloch formula and the Bragg-Kleeman rule for

4
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protons passing through carbon, aluminum, copper and water with
different energies and studying different parameters affecting the

stopping power.

1.4 The structure of the rest of the thesis

Therest of the thesisis organized as follows:

Chapter two contains the theoretical formulation of the stopping
power and corrections.

Chapter three contains the calculation of stopping power and range
using the Bethe-Bloch formula with maximum energy and density
correction, and using the Bragg-Kleeman rule and the discussion of the
comparison between the two kinds of calculations.

Chapter four contains the conclusions of this work and

recommendations for future work.
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2.1 Interaction of charged particleswith matter

Charged particles such as protons, apha particles, and fission
fragment ions are classified as heavy, being much more massive than the
electron. For a given energy, their speed is lower than that of an electron,
but their momentum is greater and they are less readily deflected upon
collision. The mechanism by which they slow down in matter is mainly
electrostatic interaction with the atomic electrons and with nuclei. In each

case the Coulomb force, varying as 1/r* with distance of separation r,

determines the result of acollision [22].

@—-' Electmon

- - G_‘ It =
Heavy charged - .
particle O~
BEFORE S
©
é Electron
; O : Heavy charged
5 ® particle
AFTER \ 4
..G) -

Fig. (2.1) Interaction of a heavy charged particle with an electrons in atarget atom
[22].

Fig. 2.1 [22] illustrates the effect of the passage of a heavy charged
particle by an atom. The electron is energetic enough to produce
secondary ionization, while hundreds of collisions are needed to reduce

the alpha particle' s energy by as little as 1 MeV. As a result of primary
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and secondary processes, a great deal of ionization is produced by heavy
charged particles as they move through matter. In contrast, when a heavy
charged particle comes close to a nucleus, the electrostatic force causes it
to move in a hyperbolic path as in Fig. (2.2) [22]. The projectile is
scattered through an angle that depends on the detailed nature of the
collision, i.e, the initia energy and direction of motion of the incoming
ion relative to the target nucleus, and the magnitudes of electric charges
of the interacting particles. The charged particle looses a significant
amount of energy in the process, in contrast with the slight energy loss on
collision with an electron. Unless the energy of the bombarding particleis
very high and it comes within the short range of the nuclear force, thereis
a small chance that it can enter the nucleus and cause a nuclear reaction.
A measure of the rate of ion energy loss with distance traveled is the
stopping power, symbolized by -dE/dx. It is also known as the linear
energy transfer (LET) [22].

e 4
© .
Path e
O sear"" S
Heavy charged
p:riln"—‘:‘learg @

Mucleus

4]

Fig. (2.2) Interaction of a heavy charged particle with a nucleus[22].



tﬁgnter two y/feor.}/

2.2 Stopping power

For charged particles of energy < 10 MeV, the dominant mechanism
for energy loss is the excitation or ionization of the atoms (or molecules)
of the gas. electrons being excited to higher bound energy levels in the
atom, or detached completely. The essential physics of the process may
be understood using classical mechanics.

Consider a'fast’ particle of charge ze, velocity v, energy E, passing a
particle of charge Ze mass m., initidly at rest. Suppose that the fast
particle deviates a negligible amount from its initial straight-line path
along the x-axis (Fig.( 2.3) [23]), and the rest particle at the point (0,b,0)
moves only a negligible distance during the encounter. The distance b is
called the impact parameter.

The equation of motion of the fast particleis[23]:

o

d
dt

=zekE (2.1)

where B is its momentum and E is the eectric field due to the 'rest

particle. The magnetic field due to the 'rest' particle will be negligible.

This equation remains valid for relativistic momenta.

Thefield E has components [23]:

e -1 (Ze)x oo 1 (zep

 Aze, (b2 N Xz)g ’ 4re, (

(2.2)

.
b2 + X2 )2

Thus, the change in momentum of the fast particle along its direction of

motion is small, for if we approximate its motion by x = vt , [23]:

© 1 2\ ©
Apx:ze_[Exdtz(zzej_[ vidt =0 (2.3)

40 ol 4 t7)s

whereas the particle acquires transverse momentum BT =A By given by

[23]:
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Fig. (2.3) The approximate trajectory of afast particle passing a'rest' particle [23].

0. =Ze];Eydt=_{zz'e2ﬁ bat :_[zz'ezJ 2 (2.4)

4z, m(bzwztz)g 4rey Jbv
(Theintegral is easily evaluated by the substitutionvt =btang .)

Since momentum is conserved overal, the 'rest' particle acquires
momentum (- p,) and assuming that it does not attain a relativistic
velocity, gains kinetic energy (p,”/2m,). This energy must be lost by the
fast particle [23]:

p,’ ze?) 1
AE = Pr ——2[ j (2.5)

- - 2 2 .
2m, 4dre, ) b v mg

Note that AE does not depend on the mass of the fast particle, and that
the calculation isvalid for relativistic particles [23].

In applying this result, the 'rest' particles are the atomic nuclei and
atomic electrons of the gas. For an atomic nucleus of atomic number Z,

Z' = Z, and (except for hydrogen) m, ~ 2Zm, . For an electron z' = -1 and
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m, =m,. Using the formula (2.5), when a fast charged particle passes

through a gas the ratio of energy lost to the atomic electrons, to the

energy lost to the atomic nuclei, is ~ 2m /m, ~ 4x10° (since each atom has

Z electrons). Thus the energy lost to the nucle is negligible compared
with that lost to the electrons [23].

If the gas is of mass density p, and consists of atoms of atomic
number Z, then the fast particle moves through a distance dx in the gas

passing, on average, (p/m,)Z2x b db dx electrons with impact parameter

between b and b + db, and the energy lost to these electronsis [23]:

—dx. 2.6
m, v:m, b X (26)

dZE——47{ z? T oZ 1 db

Are,

Integrating this expression over all impact parameters between b -

and b, , the total rate of energy loss along the path, or stopping power, is
[23]:
2 2
S 47{ = j 2 2.7)
dx dre, ) mm, v

where L=1In(b,, /b, ).
Since m, ~ A atomic mass units, where A is the mass number of the

atom, one can write [23]:

dE Z Y
-—=D|=|p| =L 2.8
o (A)p (vj 8
where
e\ 1
D=4r =0.307 MeVem’g ™.
4re, ) m,(931.5MeV)

and the mass density p of the material is expressed in g cm™ [23].
Formula (2.5) clearly breaks down for small b, since the energy
transfer cannot be indefinitely large; it also breaks down at large b, since
to ionize the atom the energy transfer cannot be indefinitely small. A
10
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guantum mechanical calculation by Bethe and Bloch which holds for
charged particles other than electrons and positrons gives equation (2.8)
with [23]

272meC2ﬁ2 2
L= {In(TJ - B } : (2.9)

where (1) is a suitably defined average ionization energy for atomic

2
electrons, g2 =, and y - 1
c /1_132

A better parameterization of | is given by [10]:

[23].

| =127 +7 eV forl<z <13
| =9.762 +58.82°° eV for z > 13
In the ‘minimum ionization’ region where gy =3-4, the minimum
value of —dE/dx can be calculated from eqg. (2.8) and, for a particle with
unit charge, is given approximately by [24]:

(— d—Ej ~35% MeVg *cm? (2.10)
dX min A

lonization losses are proportional to the squared charge of the
particle, so that a fractionally charged particle with gy >3 would have a

much lower rate of energy loss than the minimum energy loss of any

integrally charged particle [24].

2.3 Maximum ener gy

One is concerned with the average energy loss of a high-energy
massive charged particle. High energy means that the velocity is high
compared with that of atomic electrons, and massive mean that the
particle is not an electron or positron, but a heavier particle. Most

particles of interest have charge +e [10].

11



tﬁgnter two y/feor.}/

At low energies, nuclear recoil contributes to energy loss. At very
high energies ( above 100 GeV ) radiative processes contribute in
significant way and eventually dominate. Here, one is concerned with the
middle regime in which virtualy all of the energy loss occurs via alarge
number of collisions with electrons in the medium. In this discussion the
medium is taken as a pure element with atomic number Z and atomic
mass A, but this restriction can easily be removed [10].

The mean energy loss rate ( -dE/dx or stopping power S) is, therefore,
caculated by summing the contributions of all possible scatterings.
These are normally scatterings from a lower to higher state, so that the
particle looses a small amount of energy in each scattering. The kinetic
energy of the scattering electron is T, and the magnitude of the 3-

momentum transfer is q [10].

1. Low-T approximation. Here 7/q (roughly an impact parameter b )
Is large compared with atomic dimensions. The scattered electrons
have kinetic energies up to some cutoff T,, and the contribution to
the stopping power is[10]:

D ,Z 1 T,
225 |lh——
3 2 A,B{ | 2/2m.c?B?

where the denominator 12/2m, v? in the first term is the effective

Flny?— g2 |, (2.11)

lower cutoff on the integral of dT/T. The first term comes from
"longitudinal excitations" (the ordinary Coulomb potential), and the
other two terms from transverse excitations. The low-T region is
associated with large impact parameters and, hence, with long
distance. The correction is usualy introduced by subtracting a

separate term called density correction 6 [10].

12
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2. Intermediate-T approximation. In this region, atomic excitation
energies are not small compared with T, but, in contrast to the low-
T region, transverse excitation can be neglected. This region
extends from T, to T,, and the contribution to —dE/dx is[10]:

s 2222%{ nH (2.12)
1

3. High-T approximation. In this region one can equate T with the
energy of the electron, i. e, neglect its binding energy. When the
energy is carried out between the lower limit T, (which is

hopefully the same as in eg. (2.12)) and the upper limit T, one

upper ?

obtains [10]:
s, %zZEAﬂ—l{mTf;:a _ ﬁTTJ (2.13)
Here, T, is the maximum possible electron recoil kinetic energy,
given by [10]:
L Ly (2.14)
1+ Zyrl\r;r+(rl\r/]|e]

where M isthe mass of the charged particle.

Toe 1S NOrmaly equal to T,,. In any case, T, <T.,. The low-

energy approximation T, ~2m.c?A%y? isimplicit. The minimum T in this
region, T,, iS much less than mc? but much larger than (any) electron's

binding energy —a situation that becomes a little paradoxical for high-Z
material. The "shell correction” which corrects this problem is usualy
introduced as a term -2C/Z inside the sgquare brackets of eq. (2.13). The
high-T region is associated with high-energy recoil particles. For the

usual case T =T

upper max ?

the second term is virtually constant, while the first

term rises as Iny?. If the maximum energy transfer is limited to some

13
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T < Tma » then the increase disappears. In the above, it was implicitly

assumed that one can find electron kinetic energies T, and T, at which the
three regions join. When the three contributions are summed the

intermediate T s cancel and one gets the usual Bethe-Bloch formula, [10]:

dE Z 1|1 (2mc?B%/°T C &
EoopZ LM e € 0] oy

where 0 is the density correction

2.4 Shell correction

The shell correction becomes important only at the lowest energy.
This correction is, therefore, not of much interest in high-energy physics
applications. It treats effects at very low particle momentum when the
particle velocity is comparable or lower than the orbital velocity of the

bound atomic electrons [10].

2.5 Density correction
As the particle energy increases its electric field increases flattens and
extends, so that the distant-collision contribution to the energy loss

increases as §/2=In(ho,/1)+Inpy -1/2[10]. Here py=p/Mc is the
particle momentum in terms of its mass, nw, is the so-caled plasma
energy, parameterized as 28.816/p(z/A) €V. The term with In(re, /1)

accounts for the polarizability of the medium. However, this
parameterization of the density correction is only valid at largepgy . For
electrons, this parameterization is valid almost aways. For charged
particles, however, a parameterization is necessary and it is given in the

following form [10]:

14
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2(In10)g - C if(g>g,)
5= 2(In10)g — C+a(g, — ) if(9<9<0y): (2.16)
0 if(9<g,)

Here,g=log,, fy, C=-(2In(l/hw,)+1). C,g,9,,a and k are materia
dependent constants. g, is usually around zero. Vaues of k range

between 2.9 and 3.6. The value of a is chosen such that it provides a
smooth passage from g < g, to g > g, [10].
In order to parameterize this in a smple way, a generd

parameterization for al materials was chosen:g, =0, g,=3, k=3 and

a=-C,/27 [10].

2.6 Therange
The range of the charged particles R in a medium can be determined

by integrating the stopping power from 0 to E [12]:

R JE'—(d—Ej_ldE (2.17)

5 Ladx

In practice, however, not all charged particles that start with the same
energy will have the same range [12].

Therange, asgiven by eq. (2.17), is actually an average value because
scattering is a statistical process and there will, therefore, be a spread of
values for individual particles. The spread will be greater for light
particles and smaler for heavier particles. These properties have
implications for the use of radiation in therapeutic situations, where it
may be necessary to deposit energy within a small region at a specific
depth of tissue, for example to precisely target a cancer [24]. Fig.(2.4)
shows a deposition of energy range diagram [25].

15
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It is possible to fit the relation between range (ing/cm?) and initial

energy (in MeV) by [17]:

R=AE’ (2.18)
" Range
EO Eq H1 -
d
R, {
vl AE
=y ; 'n— £ Eg Energy

Fig. (2.4) Deposition of energy range [25].

Relation (2.18) is known as the Bragg-Kleeman rule [17]. Using the
empirical relation between E and R given in relation (2.18), it is possible
to simplify the calculation considerably.

The energy E(x) at a depth x is determined by the residua range

(R, — x) which the particles traversed before stopping [17]:
(R, —x)» (2.19)

dE -1 1
P (R, —x)»™ (2.20)
PAP
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tﬁgpter Three Caleulations, results and discussion

3.1 Calculation of stopping power

The stopping power calculations are carried out by using MATLAB
software as environment for programming.

The general behavior of the experimental energy loss for protons is
shown in Fig. (3.1) [23].

10

IH I|I||| L II'IIIFIE L 3III'II'II'[ T TTTTE T T TTTT

nn

Qo

= o o

T '| 1 'I—-l"l[lI-IEIIIIEII1I|I1Ir!'|'|1'|'[il|l|l|||

~dE/dx (MeV g~lem?)
o Caa

1 i |||||r|| [ |rr'n|'r] ] |rirr||| I |||||i|i Ll gl

0.1 1.0 10 100 1000 10000
By = p/Mc

Fig. (3.1) The experimental results of energy loss for protons [24].

Fig. (3.2) shows the results of the present work calculated by using
the previous formulation of chapter two (eqg. (2.8)) for different materials,

where no corrections are taken into account.

17



tﬁzgyter Three Caleulations, results and discussion

The difference between the published results of Fig. (3.1) and the
present results appears especidly at the region gy >2 as in Fig. (3.2),
because the results in Fig. (3.2) are based on formulation of stopping
power without any correction. For C, Al, Fe, Sn and Pb in Fig. (3.1), the
magnitudes of stopping power a pBy=10" ae between
(2Mevem® /g —3Mevem?/g) and in Fig. (3.2) are between

(2.9Mevem? / g — 4MeVem?® / g).

o~ 00 W o
T

dEA (Med crfi)

Py

Fig. (3.2) The calculated results of energy loss for different materials.

However, in genera, the two curves have the same general behavior

and minimum position.

18
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3.2 Effect of maximum energy

As afirst step, the effect of maximum energy transfer to the electron
is studied. The published theoretical results are shown in Fig. (3.3) [10].

ED-{J IIII| T T TTIThn T T TTITTT T T TTTTIT T T TTTTIT T T TTTTTT

20.0 |

10.0

—dE/dx MeV g lem?)
b o
= =
|
.',I

ks ____,__._..--""'" ..........................

1.0 |- Ef;{a‘:t Tnm_x 5 Mev// gEs

C with Typper at}{:] 5 MeV ]

{].5 _IIII 11 ||||||| 11 ||||||| 11 ||||||| 11 ||||||| 1 1 |||||T
0.1 1.0 10 100 1000 10000

By

Fig. (3.3) Published theoretical stopping power for protonsin Cu with exact T, and

approximate T, [10].

The results of the present work for computing the stopping power
using eg. (2.15) with T__ only are shown in Figs. (3.4) - (3.11).
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Caleulations, results and discussion

For carbon C, the results are shown in Figs. (3.4) and (3.5).

40 — — — Bethe-Bloch formula with out correction M
— - —-- Bethe-Bloch formula with approximate T
a0 L Bethe-Bloch formula with exact Tmax |
—+—experimental results
= 10 F
e BF
[
= Br
o
=
=
L
o
2 -
1k ]
111l 1 1 1 1l 1 1
107 10 100 10° 10° 10t
By

Fig. (3.4) Theeffect of T, on the energy loss of an incident protonson C asa

function of gy .

40

20

— — — Bethe-Bloch formula with out correction
— . —-- Bethe-Bloch formula with approximate T__

Bethe-Bloch forrmula with exact Tmax

10"

10

10t 100 10° 1’

Energy (Met

10°

Fig. (3.5) Theeffect of T, on the energy loss of an incident protonson C asa

function of initia energy.
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Caleulations, results and discussion

For aluminum Al, the results are shown in Figs. (3.6 ) and (3.7).

A0 — — — Bethe-Bloch forrmula with out correction M
——-- Bethe-Bloch formula with approximate T
el Bethe-Bloch formula with exact T__ |
—+—experimental results
= 10 F
"t 8p
(]
> Bf
[ak]
=
s 4T
L]
g
2 -
Tr ]
Ll ! L1l 1 11l 1 L1l 1 1 1
10" 10' 10° 10° 10*
Py
Fig. (3. 6) The same as Fig. (3.4) but for Al.
40+ — — — Bethe-Bloch formula with out correction M
— - —--Bethe-Bloch formula with approximate T__
0l Bethe-Bloch formula with exact Tmax |
= 10F
€ Bf
(]
- L
[ak]
=
s AT
=
L
2
2 L
Tr ]
L1l 1 L1l 1 L1l 1 L1l 1 L1l ! |||||||-
10° 10° 10° 10t 10° 10° 10’

Energy (Me')
Fig. (3.7) The same as Fig. (3.5) but for Al.
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For cupper Cu, the results are shown in Figs. (3.8) and (3.9).

I'l‘ T T T T
A0 — — —Bethe-Bloch formula with out correction i
— . —--Bethe-Bloch formula with approximate T__
a0k Bethe-Bloch formula with exact Tmax 1
= 10 F
£ 8F
(]
= bBf
[sk]
=
= 4
i
k5
2 e
Tr ]
1 1 1 1l 1 1l 1
10" 10" 10° 10° 10° 10t
By
Fig. (3.8) The same as Fig. (3.4) but for Cu.
40+ — — — Bethe-Bloch formula with out correction M
— - —-- Bethe-Bloch formula with approximate T
0 i Bethe-Bloch formula with exact Tmax |
= 10F
t 8r
(]
- L
[k}
=
o Ar
=
LLi
=2
2 L
Tt ]
1 Ll ool 1 vl 1 Lol 1 Ll 1 |||||||-
10! 10° 10’ 10* 10° 10° 0

Energy (Me')
Fig. (3.9) The same as Fig. (3.5) but for Cu.
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For water, the results are shown in Figs. (3.10) and (3.11).

40+ — — — Bethe-Bloch formula with out correction M
— . — .- Bethe-Bloch farmula with approximate T
2k Bethe-Bloch formula with exact Tmax |
= 10F
E 8r
()
= bBf
b}
=
x AT
[
=2
2 -
Tr ]
111l 1 L1l 1 L1l 1 L1 a il 1 |||||-
10" 10 10° 10° 10t
Py
Fig. (3.10) The same as Fig. (3.4) but for water.
40 — — —Bethe-Bloch formula with out correction H
— - —--Bethe-Bloch formula with approximate T
0k Bethe-Bloch formula with exact Tmax 1
= 10F
£ 8r
(]
- L
[k}
=
s 4
i
B2
2 -
Tr 7
1l 1 1 11l 11l 1l 1 ]
10' 10° 10° 10* 10° 10° 10

Energy (Me')
Fig. (3.11) The same as Fig. (3.5) but for water.
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It has been found that the effect of the maximum energy appears at
By >200 (2x10°MeV ) and the results are coincident with the published
theoretical data in Fig. (3.3), but with a small difference relative to the
experimental results at By >200. This reflects the importance of
computing the stopping power with maximum energy to lower the

difference between theoretical and experimental resultsin this region.

3.3 Effect of density correction

The results of the present work after including the effect of density
correction using eg. (2.15) are shown in Figs. (3.12) - (3.19).

For carbon C, the results are shown in Figs. (3.12) and (3.13).

Bethe-Blach simple &
100 —+— Bethe-Bloch full &
a0 — — — Bethe-Blach,no &

-dE/d (Me¥ crffy)

R
Fig. (3.12) The effect of density correction on the relation between energy |oss of

incident protonsand gy for C.
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40

20+

Bethe-Bloch, simple &

—+— Bethe-Bloch full &
— — — Bethe-Bloch,no &

10° 100 10° 10 10 10

Energy (Me')

Fig. (3.13) The effect of density correction on the relation between energy loss of

incident protons and energy for C.

For aluminum Al, the results are shown in Figs. (3.15) and (3.16).

100
B0 +

-dE/d¥ (M crf)

Eethe-Bloch simple &
—+— Bethe-Bloch full &
— — — Bethe-Bloch,no & H

By
Fig. (3.14) The same as Fig. (3.12) but for Al.
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tﬁzg:ter%ee
40 Bethe-Bloch,simple & [
—*+—— Bethe-Bloch full &
— — — Bethe-Bloch,no &
20 F
= 10 F
toEr
(]
= bBf
[ak]
=
x A
i
5
2 L
TF 7
Ll 1 L1l 1 Lol Ll 1 vl L1
10° 10° 10° 10 10° 10° 10°

Energy (Met))

Fig. (3.15) The same as Fig. (3.13) but for Al.

For cupper Cu, the results are shown in Figs. (3.16) and (3.17).

100
]

4B/ (MeY credy)

Bethe-Bloch simple &
—— Bethe-Bloch full &
— — — Bethe-Bloch,ho &

By

Fig. (3.16) The same as Fig. (3.12) but for Cu.
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40 - Bethe-Bloch,simple & [
—*+—— Bethe-Bloch full &
— — — Bethe-Bloch,no &
20F
= 10 F
e B
(]
= B
[ak]
=
s 4
i
=
2 L
TF ]
L1l 1 L1l 1 1 Ll L1l 1 1 Ll L1l
10" 10° 10° 10° 10° 10° 10°

Energy (Me)

Fig. (3.17) The same as Fig. (3.13) but for Cu.

For water, the results are shown in Figs. (3.18) and (3.19).

-dE/d¥ (MeV critfg)

Bethe-Bloch simple &
—+— Bethe-Bloch full &
— — — Bethe-Bloch,ho &

By

Fig. (3.18) The same as Fig. (3.12) but for water.
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Bethe-Bloch,simple & [
—*— Bethe-Bloch full &
— — — Bethe-Bloch,no &

40

20¢F

-dEAd (M iy

10 10 10 10t 10 10 1’
Energy (Met)

Fig. (3.19) The same as Fig. (3.13) but for water.

From these results it has been found that the effect of density
correction appears clearer at B >2 (2x10°Mev ) and this reflects the
importance of computing the stopping power with effect of density
correction in this region to lower the difference with the experimental
results. The results of computing with the Bethe-Bloch formula without
corrections are in agreement with experimental values for E > 3x10°MeV .
For al these results, it has been found that the minimum ionization for

carbon, auminum, copper and water occurs between gy ~3-4

(~ (3Mev-4MeV)) asin eg. (2.10).

3.4 The proton range

The present results for computing the proton range using eq. (2.17)
are shown in Figs. (3.20) - (3.23).
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range(gfcm?)

range(g/om?)

a0

45

40

34

30

25

20

14

10

a0

45

40

34

30

25

20

14

10

C
ﬁ' L 1 L L L 1
20 40 B0 g0 o0 120 1400 160 180 200
proton energy(hety)
Fig. (3.20) Proton range-energy relationship for C.
Al
_—ﬂ‘_’_ldflf| 1 ] 1 1 1 1
20 40 B0 g0 oo 1200 1400 1680 180 200

praton energy(Met)

Fig. (3.21) Proton range-energy relationship for Al.

29



tﬁ"zg:ter Three

Caleulations, results and discussion

range(gfcm?)

range(g/om?)

a0

45

40

34
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a0

45

40

34

30

25

20

14

10

Cu
| 1 | | | | |
20 40 B0 a0 100 1200 140 180 180 200
praton energy(Met)
Fig. (3.22) Proton range-energy relationship for Cu.
Water
_—n—ﬂ‘_ﬁflﬂ_fl 1 1 1 1 1 1
20 40 B0 a0 100 1200 140 180 180 200

praton energy(Met)

Fig. (3.23) Proton range-energy relationship for water.
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The range of the proton increases when the incident proton energy
increases. The horizontal lines represent the range for 50 MeV, 100 MeV,

150 MeV proton energies.

3.5 The Bragg-Kleeman rule

The present calculations are performed to compute the parameters A

and pineguation (2.18). Theresults are shown in table (3.1).

Table. (3.1)
C Al Cu water
A(g/cm*MeV ?) 272x10° | 333x10° | 4.18x10° | 246x10°
p(dimensionless) |  1.75 1.73 1.72 1.74

These values are used to find the accuracy of the Bragg-Kleeman rule
In computing stopping power and range.

The present results are shown in Figs. (3.24) - (3.27).
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40

20

— 10F

4B/ (MeV crffy

— — —Bragg-kleeman rule

Bethe-Bloch farmula

Energy (he')

10

Fig. (3.24) The relationship between energy loss and energy for C calculated using the

Bragg-Kleeman rule and using the Bethe-Bloch formula.

40 — — — Bragg-Kleernan rule M
Bethe-Bloch formula
20F
= 10
£ ar
(]
= Br
sk}
=
x 4T
i
2
2 -
L s |
N e -
[ 8, ]
™ i
TR | 1 1 1 1 I T W | 1 \\\ 1
10 10° 10° 10

Energy (Me')

Fig. (3.25) The same as Fig. (3.24) but for Al.

32



tﬁzgyter Three Caleulations, results and discussion

— — — Bragg-Kleeman rule
Bethe-Blach farmula

40

-dEfd (MeV crifdy

v
Lol

10’ 10° 10 10
Energy (Me')

Fig. (3.26) The same as Fig. (3.24) but for Cu.

A0 — — — Bragg-Kleeman rule i
Bethe-Bloch formula
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Fig. (3.27) The same as Fig. (3.24) but for water.
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From these results it has been found that the values of the stopping
power calculated using the Bragg-Kleeman rule are in agreement with the
stopping power caculated using the Bethe-Bloch formula for
E < 200MeV .

The comparison of the computed ranges for the two cases are shown
Figs. (3.28)-(3.31).

10° b g

10° L

10" |

10 E

rangelg/om?)

Bethe-Bloch formula
— — —Bragg-Kleeman rule

1|:| L Lol L Lol L Lol L P A
10 10 li8 10° 10
proton energy (et

Fig. (3.28) The range calculated by integrating the Bethe-Bloch formula and by the

Bragg-Kleeman rule as afunction of energy for C.
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rangelg/crme)
=

10k
Bethe-Eloch formula
a2 — — —Bragg-Kleeman rule
1EI2 E a9 !
ol
'“:I 1 1 T | 1 T T B B S A | 1 1 [ | 1 TS TR N B
10” 10’ 10* 10’ 10°
praton energyihey’
Fig. (3.29) The same as Fig. (3.28) but for Al.
10° : : : .
0%k AT
Py
100 L
10"k

range(g/omme)
=

10° L
gl
: Bethe-Bloch formula
=l — — —Bragg-Kleeman rule
107 &
-3 :
1|:| L L TR B R A A | L L P i A | L L I R B A A | L L TR
1 10’ 10’ 10° 10t

proton energy(hdet)
Fig. (3.30) The same as Fig. (3.28) but for Cu.
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rangelg/crme)
=

Bethe-Blach farmula
— — —Bragy-Kleerman rule

1|:| L P S | L Lol L L1l L L1111
10 10 10 10° 10t
praton energyihey’

Fig. (3.31) The same as Fig. (3.28) but for water.

From these results it has been found that the proton range calculated
by the Bragg-Kleeman rule is in agreement with the range calculated by
the Bethe-Bloch formulafor proton energies E < 400MeV .

The stopping power-range rel ationships computed by the Bethe-Bloch
formula and by the Bragg-Kleeman rule are shown in Figs. (3.32)-(3.35).
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5':' T T T T T T T T T
Bethe-Bloch formula

45 — — —Bragg-Kleeman rule

40 F

3L

30

-dEA (Me¥ critdy)

|
a 5 10 15 20 25 30 35 40 45 50
range(gftmzj

Fig. (3.32) The stopping power-range relationship computed by the Bethe-Bloch

formula and the Bragg-Kleeman rule for C.

5':' T T T T T T T T T
Bethe-Bloch farmula
43 — — — Bragg-Kleeman rule i
40 .
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fak]
=
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|:| | 1 1 | | 1 | 1

0 5 10 15 20 25 30 35 40 45 a0
range(gfcmzj
Fig. (3.33) The same as Fig. (3.32) but for Al.
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5':' T T T T T T T T
Bethe-Bloch farmula
45 — — —Bragg-Kleeman rule I
40 - .
I F .
=
oAt -
L]
=
fak)
= i
=
= i
=
I:l 1 1 1 | | 1 | 1
a 10 15 20 25 30 35 40 45 50
range(gftmzj
Fig. (3.34) Thesame as Fig. (3.32) but for Cu.
5':' T T T T T T T T
Bethe-Bloch formula
451 — — —Bragg-Kleeman rule M
40 F .
I F .
30w &

4B/ (MeY crly)

|
20 25 30 35 40 45 a0
range(gftmzj

Fig. (3.35) The same as Fig. (3.32) but for water.
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It has been found the results for the relationship between the stopping
power and range calculated by the Bethe-Bloch formula and by the

Bragg-Kleeman rule arein agreement.

3.5 Energy deposition

For energy deposition, the results of comparison between the
computed results of the Bethe-Bloch formula and the Bragg-Kleeman
rule are shown in Figs. (3.36)-(3.39).

1EI:| T T T T T T T T T
—— — Bragg-Kleeman rule
Bethe-Bloch formula i

140

120

=
=
—

)
[}
T

150 MeV

o
O
T

proton energy (e

100 MeV
40

50 MeV
20

|:| 1 | | | |
o 2 4 B 8 10 12 14 16 18 20

range(gfcmzj

Fig. (3.36) The range computed by integrating the Bethe-Bloch formula and by the

Bragg-Kleeman rule as afunction of energy for C.
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1E|:| T T T T T T T T T T
— — — Bragg-kKleeman rule
140 Bethe-Bloch farmula |
120 Al i
% 100 |
=
E -
5 a0 150 Me© |
Lk}
=
]
T BO .
= 100 MeV
40 - &
50 MeV
20+ =
|:| | 1 | 1 | | | | 1 II
a 2 4 3] 5] m 12 14 16 1|8 20 2
range(gfcmzj
Fig. (3.37) The same as Fig. (3.36) but for Al.
15':' T T T T T
— — — Bragg-kKleeman rule
140 Bethe-Blach farmula |
120 .
% 100 |
=
=
Ly}
T 80 .
o
c 150 MeV
o}
= BO s
= 100 MeV
40 - &
50 MeV
20+ .
|:| | | |
a 5 10 15 20 25 30

range(gﬁ:mzjl

Fig. (3.38) The same as Fig. (3.36) but for Cu.
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1E|:| T T T T T T T T
— — — Bragg-kKleeman rule
Bethe-Blach farmula |
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R
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(o

water =
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proton energy (e

o
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100 MeV
A0t

50 MeV
20F

I:I | 1 | | |
a 2 4 B g 10 12 14 16 13

range(gﬁ:mzjl

Fig. (3.39) The same as Fig. (3.36) but for water.

From these results it has been found the energy of the proton
decreases sharply at the end of its path and the results for the energy
deposition calculated using the Bethe-Bloch formula and the Bragg-
Kleeman rule are in agreement.

The comparisons between the linear energy transfer values (the dose
averaged LET) calculated using the Bethe-Bloch formula and the Bragg-
Kleeman rule are shown in Figs. (3.40)-(3.43).
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EI:I T T T T T T T T
Bethe-Blach farmula
— — — Bragg-Kleeman rule
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-dEfdx(Metom)
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proton energy 100 ke
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Fig. (3.40) Dose averaged LET-range relationship computed using the Bethe-Bloch
formula and the Bragg-Kleeman rule for C.
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Fig. (3.41) The same as Fig, (3.40) but for Al.
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Fig. (3.42) The same as Fig. (3.40) but for Cu.
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Fig. (3.43) The same as Fig. (3.40) but for water.
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From these figures it has been found that the stopping power of
protons is approximately constant except at the end of its path where it
becomes very high because the proton looses al its kinetic energy in this
region. The results of the dose averaged LET range for protons calculated
by integrating the Bethe-Bloch formula and the Bragg-Kleeman rule are

in agreement.
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4.1 Conclusions

From the present work, it can be concluded that:
1.The stopping power computed using the Bethe-Bolch formula without
corrections is in agreement with experimental results for pgy<2
(E<2x10°MeV).
2. The results of computing the stopping power using the Bethe-Bolch
formula with density correction is in agreement with experimental results
for py <10° (E<10°MeV ), assuming that this formula remains correct at
these energies.
3. For E>10°MeV, it is concluded from the present results that the
density correction and the effect of maximum energy are important to
lower the differences between theoretical and experimental results.
4. The results of computing the stopping power by the Bragg-Kleeman
rule are in agreement with experimental resultsfor E < 200MeV .
5. The values of calculation of the range by the Bragg-Kleeman rule are
in agreement with experimental resultsfor E < 400MeV .
6. Proton looses a great percentage of its initial energy at the end of its

path in the medium and the stopping power becomes very high.

4.2 Recommendations

Thiswork can be extended to include other aspects as follows:

1. Caculating the stopping power and range for protons with
maximum energy effect and density correction for other elements
and compounds [10].

2. Using the maximum energy and density correction for light
charged particles (electron, positron, etc ) to study their effects on
the previously calculated results for these particles [10].
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3. Studying the effects of the maximum energy and density
correction using heavy charged particles (deuterons and alpha

particles) on different el ements.
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