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Explanation of the observed trend in the mean excitation energy
of a target as determined using several projectiles

R. Cabrera-Trujillo and J. R. Sabin
Physics Department, University of Florida, Gainesville, Florida 32611-8435, USA

J. Oddershede
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~Received 22 May 2003; published 23 October 2003!

Recently, Porter observed@L.E. Porter, Int. J. Quantum Chem.90, 684 ~2002!# that the mean excitation
energy and stopping cross section of a target, obtained from fitting experimental data at given projectile charge
to a modified Bethe-Block theory, gives projectile dependent results. The main result of his work is that there
is a trend for the inferred target mean excitation energy, to decrease as the projectile atomic number increases.
However, this result is inconsistent with the usual definition of the mean excitation energy as a function of
target excitation properties only. Here we present an explanation of Porter’s results based on the Bethe theory
extended to take projectile electronic structure explicitly into account.
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I. INTRODUCTION

A topic that has intrigued theoretical and experimen
physicists since the beginning of quantum mechanics is
energy lossDE and stopping power2dE/dx of charged
particle penetrating matter. The understanding of energy
is of importance in applications involving the probing
materials with beams of energetic ions, such as radiolo
plasma physics, and astrophysics, to mention but a few. F
the theoretical point of view, there are several formalis
aimed at understanding the energy-loss process of part
stripped ions. For example, the effective charge theory
Brandt and Kitagawa~BK! @1# is based on the dielectric
response approximation@2# for an electron gas and calculate
the stopping power under the assumption of proportiona
between the effective charge and the stopping power o
bare ion. Within the spirit of the Bethe theory, the sche
suggested by Kim and Cheng@3# proposes an effective pro
jectile chargeZe f f and mean excitation energyI e f f in the
standard Bethe formula. The effective parametersZe f f and
I e f f can be derived from first principles. Lately, we ha
extended the Bethe theory to include the projectile electro
structure as well as to provide an analytical formula for
ionization fraction in the manner of BK for a Thomas-Fer
model of the atom@4#. This theory is used in this work an
an overview is presented in Sec. II

In the course of several papers on the analysis of stop
power data for several target and projectile systems@5–8#,
Porter has observed certain trends in the behavior of ta
mean excitation energy. The method used to extract the s
ping parameters from measurements is referred to as ‘‘m
fied Bethe-Bloch theory’’@9#, and consists of writing the
stopping power as

2
dE

dx
5n2S~v !5n2

4pe4Z2Z1,e f f
2

mev
2

L~v !, ~1!

whereS(v) is the stopping cross section,L(v) is the stop-
ping number,Z1,e f f is the projectile effective charge,Z2 is
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the number of electrons associated with each scattering
ter, andn2 is the density of scattering centers of the targ
Neglecting relativistic terms and charge exchange, the s
ping number consists of Bethe, Barkas, and Bloch terms,
is written as

L~v !5 lnS 2mev
2

2I 0
D2

C

Z2
1jF~b/x1/2!/Z1

1/2x3/21L2 . ~2!

Of the numerous terms in this expression, the target m
excitation energy2I 0 and the Barkas parametersj andb @10#
are projectile velocity independent. The shell correctio
C/Z2 and the Block termL2 depend on velocity and can b
calculated@9#. The experimental data is then fit to Eqs.~1!
and ~2! using well-documented fitting techniques@11#, and
the mean excitation energy and Barkas parameterb are found
by minimizing root-mean-square deviations between cal
lated and measured stopping powers~for details of the fitting
procedure, see Ref.@11#!.

Of particular interest is the fact that, in general, a larg
value of the mean excitation energy2I 0 for a given target is
extracted from proton measurements than the value extra
from a particles or heavier projectiles@7#. In general, the
observed trend is that increasing the atomic number of p
jectiles is associated with decreasing target mean excita
energy. In a simple Bethe theory this would correspond to
increasing stopping power per unit charge with increas
projectile atomic number, which is contrary to observatio
~cf., e.g., Ref.@12#!. In the same work@7#, a proposed expla-
nation of the observed trend is presented, which is based
the argument that ‘‘As a consequence of~modified! Coulomb
repulsion, a projectile of higher-z will have less access to
collisions with inner shell electrons than would a lowerz
projectile of the same initial kinetic energy, so that tho
electrons will have some of the prospective theoretical ex
tations unavailable to them in the course of the collision a
the actual mean excitation energy will be lower than t
calculated value’’@7#; a screening argument.

This explanation is made in the context of Bethe theo
which assumes that the electronic structure of the projec
©2003 The American Physical Society02-1
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does not play a role in the energy loss process, exc
through the effective charge of the projectile. Thus, the d
ference in the stopping power that results when several
ferent ions colliding with the same target should come fr
the excitation spectrum of the target only. The object of stu
presented in this work is to provide an alternative expla
tion for Porter’s observation.

The approach we present here is based on an exte
version of Bethe theory@4#, which takes explicit account o
the electronic structure of both the projectile and the targ

In Sec. II, we present a review of the extended Be
theory. In Sec. III we discuss our results and finally in S
IV we summarize our conclusions.

II. REVIEW OF EXTENDED BETHE THEORY

Since the full description of the extended Bethe the
has been presented elsewhere@4#, we provide only a sum-
mary of its implementation here.

For a projectile with massM1, atomic numberZ1, andN1
electrons that collides with a target of massM2, atomic num-
ber Z2, and N2 electrons, with a velocityv, the stopping
cross section, within the Bethe approximation and ignor
charge exchange, is given by@4#

Se5
4pe4

mev
2Eqmin

qmax

$N2@Z121M00~q!#2

1N1@Z222M00~q!#2%
dq

q
. ~3!

Here qmin5e/\v and qmax52mev/\. The effective mean
excitation energye for the system is given by

e52I 0
1/(11a)

1I 0
a/(11a) ~4!

with

a5
~Z22N2!2N1

~Z12N1!2N2

~5!

and where

Ni lni I 05(
s

i f s0sln~Es2Es0
! ~6!

defines the mean excitation energy of the projectile (i 51) or
the target (i 52). The i f s0s are the appropriate projectile an
target dipole oscillator strengths. Thus, the mean excita
energy depends only on the electronic properties of the a
under consideration, as is the usual case@13#.

If we employ the Thomas-Fermi model for the electron
structure of an atom, in the same spirit as the BK model@1#,
the electronic atomic form factor can be written as

iM00~q!5Ni@12~qL ib!2g~qL ib!#, ~7!

where
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g~z!5
A8

z21B8
1

C8

z21D8
~8!

with

A850.370 93, B8513.881 29,

C850.629 07, D850.967 375, ~9!

and

L i5
ca0

Zi
1/3bF12

l

5

Ni

Zi
G S Ni

Zi
D 2/3

. ~10!

Herel55/7, c50.969 376, andb5(8/p)2/3 @4#.
The number of electrons associated with the projec

(N1) depends on the projectile velocityv. According to the
Bohr criterion @14,15#, in the Thomas-Fermi model of th
atom,N1 is given by@4#

N1~v !5Z1S 12
b2@3xc~v !1b#

@xc~v !1b#3 D ~11!

with

xc~v !522S b

3D1
1

h~v ! S b

3D1h~v ! ~12!

and

h~v !5Fa~v !

2
1S b

3D1AS a~v !

2 D 2

1a~v !S b

3D 3G1/3

.

~13!

Here a(v)52b2/0.606 47y2(v), and y(v)5v/v0Z1
2/3 is the

reduced velocity of the projectile.
Using these results in Eq.~3!, one obtains separate con

tributions to the stopping due to electronic excitations in b
the projectile (i 51, j 52) and in the target (i 52, j 51),
i.e,

Se5Se,11Se,2 , ~14!

where

Se,i5
4pe4

mev
2

NiZj
2H i f , j

2 lnS qmax

qmin
D1~12 i f , j !FA~ i f , j1B!

3 lnS ~qmaxL j !
21C

~qminL j !
21C

D 1D~ i f , j1E!

3 lnS ~qmaxL j !
21F

~qminL j !
21F

D G1~12 i f , j !
2

3FGF 1

~qmaxL j !
21C

2
1

~qminL j !
21C

G
1HF 1

~qmaxL j !
21F

2
1

~qminL j !
21F

G GJ ~15!
2-2
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with

A50.448 685, B50.402 031, C50.278 19,

D50.051 315 1, E56.228 48, F53.991 87,

G50.055 043 9, H50.274 62. ~16!

Herei f , j512Ni /Zi is the ionization fraction of each col
lision partner. Also note the dependence of the screen
radius of the projectile,L1, with i f ,1 throughN1(v).

Thus, for a bare projectile (i f ,151) colliding with a neu-
tral target, (i f ,250) the stopping cross section reduces to
standard Bethe result, i.e.,

Se5
4pe4

mev
2

N2Z1
2lnS 2mev

2

2I 0
D , ~17!

which results from the first term in Eq.~15!. The extra non-
linear terms in Eq.~15! represent the contribution of th
electronic structure of the colliding partner.

III. ANALYSIS

The scheme summarized above, when applied to
stripped projectile of fixed chargeZ1 (N150) colliding with
a neutral target yields the standard Bethe result,@Eq. ~17!#,
which is applicable only to projectiles with larger veloci
compared to that of the target orbital electrons. In this ca
the stopping cross section perZ1

2 should be independent o
the type of the projectile. However, for dressed projectil
Eqs.~14! and~15! demonstrate that there are additional co
tributions to the stopping resulting from the projectile ele
tronic structure.

From the equations in the forgoing section, we see t
there are two effects in play: one due to the electronic str
ture of the projectile itself, and the other due to the introd
tion of an equilibrium charge state of the projectile throu
the Bohr criterion@Eq. ~11!#.

We consider the electronic structure case first. Equati
~14! and~15! show that there are effects from the electron
structure of both projectile and target that enter into the st
ping through the mean excitation energies of both collis
partners, through the effective mean excitation energye @Eq.
~4!#. In the case we are dealing with here, that of a neu
target, then from Eq.~5! a50, and therefore the effectiv
mean excitation energy becomese52I 0. However, there is
still a contribution from the electronic structure of the pr
jectile due to the terms in Eq.~15! involving qmaxL1 and
qminL1.

A second effect stems from the application of the Bo
criterion, which results in a velocity dependent charge on
projectile: the electrons are successively stripped from
projectile as the projectile velocity increases. If one cons
ers Eqs.~2.22! and~2.23! of Ref. @4# @see Eqs.~11! and~12!
of this work#, it is apparent that the projectile fraction
charge has a rather complicated dependence on both the
jectile velocity and nuclear charge. This is graphed in Fig
of Ref. @4# as the fractional number of electrons on the p
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jectile, namely, the charge fractionN1 /Z1 as a function of
reduced velocityv/Z1

2/3. Furthermore, the stopping cros
section is not proportional to the projectile chargeZ1i f ,1 as
assumed in the modified Bethe-Bloch theory@see Eq.~1! or
first term in Eq.~15!#, but a dependence oni f ,1 also appears
in the terms involving the electronic structure of the targ
@terms with (12 i f ,1)] in Eq. ~15!.

Since the stopping depends on projectile velocity, not
duced velocity, then asZ1 increases the curve would ‘‘move
left, so at the same velocity, a largerZ1 atom would have a
larger charge fraction, thus a smaller absolute charge,
the stopping cross section at given velocity would be
pected to be smaller for largerZ1 projectiles, for a common
target. If the stopping is described by the single mate
constant2I 0 for the target, then we would expect a ‘‘mea
sured’’ 2I 0 for a target to increase with the nuclear charge
the projectile.

In Fig. 1, we present the stopping cross section of car
perZ1

2 for H, He, Li, Be, B, and C projectiles as obtained b
means of the extended Bethe theory@4#. Also, for compari-
son of the observed trend, we present the experimental
for H and He projectiles@16#. In Fig. 2, we show the stop
ping cross section perZ1

2 for H to O projectiles colliding
with polystyrene and compare with the experimental data
Leblancet al. @17#.

Similarly, in Fig. 3, we present the results for nickel sto
ping cross section perZ1

2 for projectiles from H to O as a
function of the projectile energy, and compare with availa
experimental data@12#.

For light projectiles, we note a good agreement with t
experimental data. Furthermore, the results for hydrogen
jectiles are smaller than those for helium and lithium io
when colliding with nickel, as the experiment shows at hi
energies. However, we should mention that the Bethe
proximation reduces the validity of the present results

FIG. 1. Carbon stopping cross section perZ1
2 for projectiles

from H to C as a function of the projectile velocity. The experime
tal data are from Trzaskaet al. @16#.
2-3
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low projectile energies. We thus expect better agreem
with experiment for high projectile energy, as observed.

To illustrate the treatment of a molecular target, w
present in Fig. 4 the results obtained for Mylar under
assumption of the validity of the Bragg rule, i.e., neglecti
the contribution of the molecular bond to the stopping cr
section. From the results, we note the same trend for
stopping cross section as in the previous cases, that is
importance of projectile electronic structure and its effects
the stopping cross section of a given material target. As
pected, however, the results do not compare quantitati
well with the experimental data in the low-energy region, b
show the correct trend produced by the electronic struc
of the projectile for several projectiles when colliding with
given target.

The values of the mean excitation energy2I 0 used for
these illustrations where 2I 0(C)573.8 eV, 2I 0(HC)

FIG. 2. Polystyrene stopping cross section perZ1
2 for projectiles

from H to O as a function of the projectile energy. The experimen
data is from Ref.@17#.

FIG. 3. Nickel stopping cross section perZ1
2 for projectiles from

H to O as a function of the projectile energy. The lines are labe
as in Fig. 2. The experimental data is from Ref.@12#.
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568.7 eV, 2I 0(Ni) 5302.3 eV, and2I 0(Mylar)578.7 eV,
as reported in the ICRU-44 Report@18# and in Janni’s tables
@19#.

In all cases, the stopping cross section decreases with
creasing projectile atomic number, which is in agreem
with the experiments. As expected, the effects are grea
near the peak in the stopping curve, and nearly disappea
large projectile velocities.

IV. CONCLUSIONS

Fitting experimental stopping cross sections for seve
projectiles impinging on a common target to the modifi
Bethe-Bloch formula@9# leads to target mean excitation e
ergies, which generally decrease and to Barkas correc
parameters, which is generally found to increase@8# with
increasing projectile atomic number.

In simple Bethe theory, decreasing the target mean e
tation energy, defined as the first moment of the dipole
cillator strength distribution, ought to give an increase in t
stopping cross section. However, as the examples prese
in Sec. III show, increasing the projectile atomic numb
leads to decreasing stopping cross section per unit charg
the data analyzed by Porter.

As the only differences among the various cases
rooted in the projectile electronic structure, this must be
origin of the different stopping cross sections. If the proje
tile electronic structure is taken into account explicitly as it
in the extended Bethe theory, the correct behavior, nam
decreasing stopping cross section per unit charge with
creasing projectile atomic number, is obtained. Why th
does the fitting by using the modified Bethe-Bloch theo
gives such good fits to experimental data, when it results
counter intuitive trends for the mean excitation energy?

The answer clearly lies in the electronic structure of t
projectile, which, as can be seen from the extended Be
theory calculations, is critical. Fitting the experiments to
Bethe-like theory forces all the electronic effects of both t

l

d

FIG. 4. Mylar stopping cross section perZ1
2 for projectiles from

B to O and Al as a function of the projectile energy. The lines a
labeled as in Fig. 2. The experimental data is from Ref.@12#.
2-4
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get and projectile into the free parameters of the fit, nam
the target mean excitation energy and the much less im
tant Barkas parameter. Consequently, the mean excitation
ergy obtained from the fitting procedure should be viewed
a parameter of the fit that does not corresponds directl
theoretical mean excitation energies determined from ca
lated dipole oscillator strength distributions.

A corollary to this is that the most reasonable compa
sons between experimental mean excitation energies and
oretical ones should be for fast proton projectiles, wh
there is no projectile electronic structure. A similar argum
can be made concerning the Barkas strength factor, w
describes the mutual polarization of the projectile and tar
electron clouds.

It should be emphasized that it is the trends in mean
citation energies and stopping cross sections that we are
cerned with here, not the absolute values. We have em
sized before@20# that an experimentally determined me
excitation energy should not be considered ‘‘correct,’’ b
only consistent with the choices of shell corrections and
forms and parameters for the Barkas and Bloch correct
used to determine it. Using a consistent set of choices w
fitting various data should validate the observed trends.

Use of the extended Bethe theory maintains the conc
of mean excitation energy as a materials property, for b
target and projectile, and provides for their interaction.
addition, the correct trends in stopping cross section per
charge are reproduced and explained.

Although we have addressed few examples here, the p
ciples should be the same for collisions of dressed ions w
s

bi
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complex molecules. If the simple Bragg rule@21# were to be
applied to the complicated organic targets measured by
ter, the same trend would be expected to appear, namely,
the stopping cross section would decrease with increa
projectile nuclear charge.

Finally, although qualitative agreement is established
all targets and projectiles, good quantitative agreemen
only found for light projectiles colliding on a light target. A
more close accord between theory and experiment is de
able for heavy ions or molecular complexes. Dynamical
fects @22# as charge exchange, electron capture and l
bond breaking and/or making, appearance of rovibratio
channels, high-order nonlinear effects@23,24#, to mention a
few, are not considered in this model and which are of
treme importance in the low-to-medium projectile energi
Inclusion of these effects might render a better quantita
agreement.

Note added in proof.Recently, Porter@25# published an
analysis of additional data indicating a dependence of
ferred mean excitation energies on projectile atomic num
This analysis is consistent with his previous work referenc
here, and further supports our conclusions.
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