ELSEVIER

Available online at www.sciencedirect.com

SCIENCE<dDIRECT®

Nuclear Instruments and Methods in Physics Research B 230 (2005) 68-72

NIV B

Beam Interactions
with Materials & Atoms

www.elsevier.com/locate/nimb

Mean excitation energies extracted from stopping
power measurements of protons in polymers
by using the modified Bethe-Bloch formula

H. Ammi **, R. Zemih 2, S. Mammeri , M. Allab °

& Centre de Recherche Nucléaire d’Alger, 2, Bd. Frantz Fanon, B.P. 399, Alger-Gare, Algeria
° Faculté de Physique, USTHB, B.P. 32, El-Alia, 16111 Bab Ezzouar, Alger, Algeria

Available online 12 January 2005

Abstract

Recent stopping power measurements in thin polymeric films have been performed for protons of 0.4-3.5 MeV ener-
gies using the indirect transmission technique [H. Ammi, S. Mammeri, M. Chekirine, B. Bouzid, M. Allab, Nucl. Instr.
and Meth. B 198 (2002) 5]. Experimental stopping data have been analyzed with the modified Bethe-Bloch formula and
the mean excitation energies / have been then extracted from the data. Resulting values for each thin film are 76 + 1 eV
in Mylar, 70.8 + 1 eV in Makrofol, 82.2 + 1.2 eV in LR-115 and 55.4 £ 1 eV in Polypropylene. The I-extracted values
are compared to those Iy calculated by using the Bragg’s rule.
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1. Introduction

The stopping power of ions in matter have been
considered theoretically since the early days of
atomic physics starting with Bohr, Thomson and
Rutherford. The interest was first motivated by
the necessity to get a good theoretical understand-
ing of the slowing down process in order to extract
information about the nature of the studied atomic
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particles. Furthermore, the analysis of penetration
phenomena offered a testing ground for the theo-
retical treatments being developed, starting with
classical methods and subsequently turning to
quantum mechanical methods and finally the com-
puter simulation codes which still remain a best
tool in the iterative dialogue between theory and
experiment.

Accurate stopping power data in variety of
materials and energies ranges are of practical
importance in a number of contemporary experi-
ments used extensively in materials science, such

0168-583X/$ - see front matter © 2004 Elsevier B.V. All rights reserved.

doi:10.1016/j.nimb.2004.12.019


mailto:h_ammi@comena-dz.org 

H. Ammi et al. | Nucl. Instr. and Meth. in Phys. Res. B 230 (2005) 6872 69

as ion implantation and ion-beam analysis, which
require accurate knowledge of stopping power and
ranges values. The energy loss per path length
called stopping power has been studied and re-
viewed extensively, both theoretically and experi-
mentally [1-6]. The additivity rule proposed by
Bragg and Kleeman [7] for stopping power S. in
compounds, estimated by the linear combination
of the stopping power S; of the individual elements
(S. = X1 n:S;), was reasonably verified in several
compounds submitted to different incident parti-
cles at various energies with deviations less than
20%, as reported in previous work by Ziegler
and Manoyan [8]. Recent stopping power mea-
surements of light ions ("H, *H and *H, particles)
in different polymer films confirm this result with
precision better than 5%, at incident energies rang-
ing from 500 keV to 3000 keV [9-11].

In this work, proton stopping power measure-
ments in thin polymeric films performed using
the indirect transmission technique, are combined
to the theoretical calculation based on the modi-
fied Bethe-Bloch formula in order to deduce the
mean excitation energy.

1.1. Theoretical approach

The formalism of Bethe-Bloch theory of stop-
ping power, including various modifications, has
been described extensively in several investigations
[14-19]. The stopping power S of an elemental tar-
get of atomic number Z, and atomic weight A for
a projectile of atomic number Z; and velocity v
(v = Pc, where c is the light velocity), can be ex-
pressed by

S(E) = Zﬁz (Lo(B) + Zia(B) + ZLo(B)}, (1)

where k is a constant and L, is the main stopping
number given by

L) = {1 (25 <1 - ) -~ £ 451,
)

whereas (I), (C/Z,) and § represent, respectively,
the mean excitation energy, the sum of the target
shell corrections and the density effect correction

which is neglected at low energies [20]. Z;L(p) is
a secondary correction term due to the Barkas ef-
fect that can be estimated from the empirical
formula developed recently by Ziegler [2]. The
third term defined in Eq. (1), ZiL,(f), called
the Bloch correction, has a small contribution to
the stopping power number [2] in the investigated
energy range.

To extract the (I) value, a modification of Bich-
sel’s X variable [21] is used. The Xexp and Xipeo
variables are defined as

2mv? B*Sexp(E)
Xow = 1 e _ g PRentE) 3
p = <1 - ﬁ2> b KZ3Z, (3)
c 4
Xineo = In{I) + —+ = — Z\L, — Z3L,, (4)
Z, 2

where S, is the obtained experimental stopping
power.

For compounds materials, we assume the fol-
lowing replacement in Eq. (1) as proposed by
[22,23]:

Wil
A;

(F) = (Z2/4)¢! Fy, ()
with (Z,/4)c" = Sow; %7 where Z,;, A; and w; are,
respectively, the atomic number, the weight and
the concentration of the ith component of the
composite target material. F; and (F) are, respec-
tively, the ith component of the considered param-
eters (mean excitation energy /; or shell corrections
(ClZ,);) and the corresponding parameters of com-
posite material.

A test of linear additivity rule [7] is generally
confined to the comparison between the measured
values of the mean excitation energy (I)c and the
calculated (Ig) using the Bragg’s rule as model of

calculation (Eq. (9)) [22,23].
2. Results and discussion
2.1. Stopping power data
The experimental method used in this work to
perform stopping power measurements has been

described previously in our published papers
[12,13]. Thus, only the results of the stopping
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power analysis are reported in the present study.
In Fig. 1, we report the experimental stopping
power values of each compound in the whole
investigated energy range. The obtained stopping
power data agree well with those calculated by
ZBL model [24] and those given in ICRU (49) re-
port [25]. It denotes the good accuracy of the im-
proved experimental technique used in this work
and point out the good applicability of Bragg’s
law in stopping power measurements.

2.2. Mean excitation energy

The shell correction parameter (C/Z,) for com-
posite materials, was calculated by inverting the
Bethe-Bloch equation, as

ﬁ 2S calc
kZ,Z3

+Z\Ly + Z3Ls,

(6)

where (I)iheo (€V) = 11.4 X Z, is a simple empirical
relation of the mean ionization potential [2] and

(5) =7~ 1), -
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Scalc 18 the stopping power values generated by
the SRIM simulation code.

Xexp is determined by the obtained experimental
values of stopping power including the average
atomic number Z, and the average atomic weight
A. The value of the mean excitation energy for
composite materials (I)c was taken as an adjust-
able parameter and determined from X, by the
least squares fit of the X.,. The best fit of the
experimental data are shown in Fig. 2 for Mylar,
Makrofol, Polypropylene and LR115 targets.
The obtained (I)c-values compared to those given
by ICRU report 49 and the corresponding ones
calculated by using the Bragg’s additivity rule are
displayed in Table 1. The obtained values for each
thin film are in good agreement with those calcu-
lated by Bragg’s rule. For Mylar film, our ex-
tracted [-value agrees well with those given by
Hiraoka et al. [26] (75.3 £ 4 eV). However, those
reported by Shiomi-Tsuda [27] (80.2 £ 1.7 eV) ex-
ceed our data by few percent 5%. No available
experimental data have been found in the litera-
ture, especially for Makrofol, Polypropylene and
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Fig. 1. Experimental stopping power of protons in (a) Mylar, (b) Makrofol, (c) Polypropylene and (d) LR-115, compared to the

theoretical values deduced from SRIM code.
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Fig. 2. Xexp and Xipeo curves with the best fit (/)¢ values for (a)

X-parameter in the text.

Table 1

The present (/) values compared to Bragg values Iy
Composite material Ioxp (V) Iz (eV)
Mylar 76 + 1.1 75.7
Makrofol 70.8 £ 1.1 70.9
Polypropylene 554=%1 55.3
LR 115 822+1.2 81.8

LR 115, to make possible a comparison to the
present extracted values. Our experimental results
point out the good applicability of Bragg’s law in
the calculation of the mean excitation energy for
composite material.

3. Conclusion

The indirect transmission technique reported
previously [12,13] has been used to determine the
mean excitation energy in thin polymeric foils.
Experimental stopping power values for proton
in the energy range from 500 to 3000 keV have
been obtained and analyzed in terms of the modi-
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Mylar, (b) Makrofol, (c) polypropylene and (d) LR-115. The

fied Bethe-Bloch theory. The mean excitation en-
ergy for each polymeric foils have been extracted
from the stopping power data. The obtained re-
sults are 76 = 1 eV for Mylar, 70.8 £ 1 eV for
Makrofol, 554+ 1eV for Polypropylene and
82.2 £ 1.2 eV for LR-115. These values are in good
agreement with the recommended ones of ICRU
49. The Bragg’s law has thus been tested succes-
sfully in slowing down experiments in order to ex-
tract I-parameter.
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