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Target Z dependence and additivity of cross sections for electron loss by 6-MeVÕamu
Xe18¿ projectiles
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The dependence of electron loss by 6-MeV/amu Xe181 on target atomic number was investigated by
measuring single-collision cross sections for loss of one to eight electrons in targets of the noble gases He, Ne,
Ar, Kr, and Xe. The total-electron-loss cross sections were found to increase linearly with target atomic
number, but an abrupt slope change was observed to occur between Ne and Kr. Calculated total-loss cross
sections obtained using then-body classical trajectory Monte Carlo method were in good agreement with the
measurements. The dependence of the individual cross sections on the number of electrons lost was reasonably
well represented by a semiempirical fitting procedure utilizing the independent-electron approximation. Addi-
tional measurements performed with a variety of molecular targets provided a rigorous test of cross-section
additivity. It was found that the additivity rule works well in this collision regime and that the molecular nature
of the target has remarkably little influence on the cross sections.
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I. INTRODUCTION

The ionization and electron transfer mechanisms that
termine the charges of energetic ions passing through m
have been of continuing interest since the discovery of n
ral radioactivity. The close connection between the charg
an ion and the strength of its Coulomb interaction with ato
of the medium makes it one of the most important factors
determining the rate of energy loss or stopping power. C
sequently, new information pertaining to the fundamen
atomic collision processes responsible for the evolution
fast-projectile charge-state distributions is of potential int
est to many areas of basic and applied research. Recen
tivity has focused on electron-loss collisions of heavy io
with atomic numbers> 54 because of their potential appl
cation in heavy-ion-induced inertial-confinement fusi
@1–4#.

The main features of single-electron loss in collisions
volving relatively light projectiles and targets are reasona
well reproduced by theoretical treatments based on
plane-wave Born approximation@5,6#. However, simple first-
order theories are incapable of correctly accounting for
screened electron–target-nucleus interactions and hence
are unreliable when applied to many-electron heavy-
atom collision systems@7#. Furthermore, cross sections fo
multielectron loss obtained using the results of sing
electron-loss calculations via the independent-electron
proximation~IEA! do not take into account the large chang
in ionization energy that occur as the outer-shell electrons
successively removed@1# and tend to overestimate the cro
sections for multiple ionization@8#. So far, the only method
that overcomes this problem and explicitly includes both
electron-electron and the screened nuclear-electron inte
tions is the n-body classical trajectory Monte Carlo~n-
CTMC! method developed by Olson@9#. However, applica-
tion of this method to the collision regime considered h
1050-2947/2003/67~2!/022706~7!/$20.00 67 0227
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has been of limited success. For example, predicted c
sections for loss of one through three electrons from~2–9!-
MeV/amu Xe181 ions in N2 were found to be in fair agree
ment with experiment, but those for the loss of four and fi
electrons decreased much more rapidly as a function of
jectile energy than the experimental cross sections@4#.

In view of the present evolutionary state of theory, expe
mental data are needed to test new theoretical developm
and to establish the systematic dependence of cha
changing cross sections for heavy collision systems on
relevant collision parameters, such as projectile atomic nu
ber (Z1), velocity (v1), and charge~q!, and target atomic
number (Z2). The present work was undertaken to exam
the dependence of cross sections for single- and multi
electron loss from 6-MeV/amu Xe181 projectiles on target
atomic number. Information of this type for multiple-electro
loss from high-Z1 heavy-ion projectiles is extremely spars
and, to our knowledge, currently extends only up toZ1

526 @10,11#. Cross sections for single- and multiple-~up to
eight! electron loss in noble-gas targets of He, Ne, Ar, K
and Xe are presented herein.

A second objective of the present measurements wa
test the additivity of electron-loss cross sections for mole
lar targets. It is often assumed that the cross section fo
collision process involving the interaction of a fast ion with
molecular target can be approximated by adding up the in
vidual cross sections for the constituent atoms of the m
ecule. This so-called additivity rule is generally hard to ju
tify on theoretical grounds, but in the absence
experimental cross sections for molecular targets, it is u
ally the only alternative available. It is well known, for ex
ample, that an additivity rule~i.e., the Bragg rule! provides a
reasonably accurate account of stopping powers for he
ions traveling in solid materials composed of chemical co
pounds@12#. On the other hand, Wittkower and Betz@13#
©2003 The American Physical Society06-1
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measured electron-capture and -loss cross sections for
MeV I51 ions in a variety of molecular targets and found th
the additivity rule overpredicted some cross sections by m
than a factor of 2. Based on their results, these authors
cluded that a collision between a relatively low-veloc
heavy ion and a complex molecular target cannot, in gene
be treated as a sequence of successive collisions with
individual atoms of the molecule. Bissingeret al. @14# found
that cross sections for electron capture by~0.8–1!-MeV pro-
tons colliding with hydrocarbon gases are as much as 2
smaller than those predicted by the additivity rule. They
tributed this additivity failure to intramolecular electron-lo
processes operating on neutral H atoms~i.e., protons that had
already captured an electron! during their exit from target
molecules. Recently, Sanderset al. @15# measured electron
loss cross sections for neutral H atoms colliding with hyd
carbon gases at energies ranging from 60 to 120 keV
found their cross sections to be in agreement with the a
tivity rule. They argued that ‘‘exit effects’’ were unimportan
in this case because the electron-loss cross section was
larger than the electron-capture cross section, making it
likely that a H1 ion would capture an electron on the wa
out of the target molecule.

In the present work, the question of cross-section addi
ity is examined in a higher-projectile-Z and -velocity regime
than previously by comparing measured electron-loss c
sections for the molecular targets H2 , CH4, C3H8 , SiH4 ,
N2 , CO, CO2, O2 , C3F8 , CF4 , and SF6 with those predicted
using theZ2 dependence established by the noble-gas m
surements.

II. EXPERIMENTAL PROCEDURE AND DATA ANALYSIS

The experimental apparatus and methods employed in
present measurements were essentially the same as tho
scribed in Ref.@4#. Therefore, only a brief summary will b
presented here. A 6-MeV/amu Xe181 beam was extracted
from the Texas A&M superconducting cyclotron and direct
through a bending magnet into the target chamber. The b
ing magnet removed ions that had undergone cha
changing collisions with the background gas on their journ
from the cyclotron. The beam next passed through a serie
three collimators having diameters 1, 2, and 1 mm in orde
sequence, and then on into a windowless, differentia
pumped gas cell through a 2-mm aperture. The effec
length of the gas cell was 2.08 cm, as estimated using
method suggested by Toburenet al. @16,17#. After exiting the
gas cell through a 2-mm aperture, the beam passed betw
the poles of a charge-dispersion magnet into a o
dimensional position-sensitive microchannel plate dete
~PSD!. This detector had an active length of 10 cm and wid
of 1.5 cm, and a resistive anode was used to measure pa
positions by the standard charge-division method. In orde
prevent gain shifts and pileup problems in the processing
the signals from the PSD, the counting rates were kept be
2000 s21. Monitoring and regulation of the gas pressure w
accomplished by means of a Baratron pressure transd
and a motorized flow valve, operating in conjunction with
02270
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automatic control unit. The pressure remained constan
within 60.6% over the;20 min time period of a typical
measurement.

Cross sections were determined using the growth-cu
method. Accordingly, charge-~position-!distribution spectra
were measured at eight different pressures ranging, in m
cases, from zero to 64 mTorr. Exceptions were the light
get gases H2 and He, for which measurements were p
formed at pressures as high as 200 mTorr. The growth cu
for a specified charge statei was obtained by plotting its
charge-state fractionFi versusp, wherep is the product of
the atom or molecule density and the effective gas c
length. Each charge-state fraction was obtained by divid
the number of counts in the corresponding peak appearin
the position spectrum by the total number of detected io
Over the range of pressures employed, the growth cur
were well represented by second-order polynomialsFi(p)
5a1bp1gp2. The first term represents the backgrou
fraction of ions created in collisions with residual gas in t
beamline, the second term represents the fraction of i
created in single collisions with the target gas, and the
term represents the fraction of ions created in double co
sions with the target gas. Therefore, the desired sin
collision cross section for changing from incident chargeq to
final chargei was obtained from the best-fit value of th
parameterb.

During the course of this study, several checks were p
formed to ensure that the relative detection efficiency of
PSD remained uniform along the length of the detector. T
experimental details are discussed in Ref.@4#. In addition,
growth-curve measurements with a Ne target were repe
five times, and growth-curve measurements for Ar, Kr, a
Xe were each repeated three times in different cyclot
runs. In all cases, several different detectors were used.
largest root mean square deviations of the cross secti
ranged from 7.3% for one-electron loss to 8.1% for eig
electron loss. This comparison provided a good basis for
estimation of errors in the cross sections arising from va
tions in detector response and inaccuracies in peak inte
tions due to background. Additional errors attributed to ina
curacies in the measurement of the absolute pressure
determination of the gas cell effective length are estimate
be 5% and 2%, respectively.

III. RESULTS AND DISCUSSION

A. Target Z dependence

Electron-loss cross sections obtained in measurem
with the noble-gas targets are presented in Table I. In
cases except He, individual cross sections are listed fo
charge change (Dq) of 1 to 8. Each entry listed forDq>9
~Ne through Xe! was determined from a composite grow
curve constructed by summing the charge fractions of
statistically significant peaks in the charge distribution abo
that for Dq58.

The dependence of the total-electron-loss cross sectio
target atomic number is shown in Fig. 1. It may be seen t
the data appear to lie along two straight lines, with the
6-2
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TABLE I. Electron-loss cross sections~Mb/atom! and fitting parameters for 6-MeV/amu Xe181 ions in
noble-gas targets.

Dq He Ne Ar Kr Xe

1 3.060.2 1661 2462 2762 3463
2 1.760.2 7.860.7 1161 1361 1661
3 0.1960.03 3.860.3 5.660.5 7.260.7 9.060.8
4 0.0860.01 2.960.2 4.160.3 5.360.4 6.760.5
5 0.02160.005 2.060.1 3.260.2 4.560.3 5.660.4
6 1.3360.09 2.760.2 3.860.3 4.760.4
7 0.8560.07 2.560.2 3.560.3 4.660.4
8 0.4760.05 1.860.2 3.160.3 3.860.4

>9 0.3360.04 2.260.3 7.360.9 1261
Total 4.960.3 3662 5662 7563 9564
p0 0.213 0.828 0.975 1.000 1.000

d ~Å! 0.076 0.133 0.167 0.193 0.215
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and Ne points defining a line having a relatively steep slo
and the rest of the points defining a line having a sign
cantly smaller slope. The equations of these two line s
ments are

s5H 3.821Z222.7 for Z2<10,

1.076Z2136.7 for Z2>18,
~1!

with s in units of megabarns. This behavior is remarkab
similar to that observed by Altonet al. @11# for 0.36-MeV/
amu Fe41 ions and by Grahamet al. @18# for 4.66-MeV/amu
Pb541 ions. Altonet al. also found that a modified Bohr for
mula, which predicts a (Z1

1/31Z2
1/3)2 dependence@19#,

FIG. 1. Total-electron-loss cross sections for 6-MeV/amu Xe181

projectiles in noble-gas targets. Experimental values are show
filled circles and the results ofn-CTMC calculations are shown b
unfilled circles. The solid lines have been fitted to the experime
data.
02270
e
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yielded cross sections in good agreement with their meas
ments for one-electron loss. However, application of this f
mula to the present collision systems results in one-elect
loss cross sections that are too small by a factor ranging f
1.7 for He to 8.5 for Xe.

The results ofn-CTMC calculations also are shown i
Fig. 1. For these calculations, 18 electrons were centere
the Xe ion in order to model the 3d104s24p6 electrons. The
overall agreement with experiment is quite good and
slopes of the two straight-line segments are accurately
dicted. Then-CTMC model is really an independent-eve
model rather than an independent-particle model because
bound electrons are assigned their actual ionization energ
which increase sequentially as electrons are removed. In
sion of multiple excitation of the electrons, leading to furth
ionization, is accounted for via an energy deposition mo
which helps in the description of the high stages of ioniz
tion @4#.

Since the above results were in reasonable accord with
data, further calculations were performed for unscreened
gets~i.e., for bare-ion Coulombic charge centers!. The object
of this investigation was to deduce the effective atomic nu
ber (Zeff) of each noble-gas target by finding the atom
number of the bare ion that yielded the same calculated to
electron-loss cross section as that measured for the noble
The results are shown in Fig. 2. The values ofZeff obtained
by normalizing the measured cross sections to the smo
curve established by the calculated points are 1.6, 7.5, 1
13.8, and 17.0 for He, Ne, Ar, Kr, and Xe, respectively.
was concluded, therefore, that the He and Ne experie
only limited nuclear screening from theK-shell electrons,
while the nuclear charges of the heavier noble-gas targets
more highly screened by theL and higher shells. The chang
from K-shell to longer-range screening of the target nucle
appears to be responsible for the change in the slope of tZ
dependence exhibited by the data in Fig. 1.

It is also of interest to note that the calculated Xe181

total-electron-loss cross section is approximately linear in
unscreened nuclear charge, as shown in Fig. 2. One w
have expected aZ2 dependence as predicted by the Born

by

al
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WATSON et al. PHYSICAL REVIEW A 67, 022706 ~2003!
binary encounter approximations. However, these theo
are based on a single electron which is not the case at h
Since the target is completely unscreened, the linear cr
section dependence is due to the electronic structure of
Xe181 projectile. Energy is transferred to projectile electro
whose orbital velocities are comparable to the collision
locity. This yields electron-removal cross sections that
linear in charge state, as has been observed for target io
tion by multiply charged projectiles@20#. The basis for such
scaling is that the force on the ionized-projectile electron
the two nuclei is comparable during velocity matching co
ditions.

Cross sections for electron loss as a function of the nu
ber of electrons removed from the projectile,s(Dq), are
shown in Fig. 3. The cross sections for the He target
reasonably well represented by a single exponential funct
whereas the cross sections for the other targets displa
dependence onDq that requires two exponential componen
to describe~similar to a two-component decay curve!. This is
because the rate of decrease in cross sections forDq>4 as a
function of Dq slows dramatically with increasing targe
atomic number. Unfortunately, the fitting parameters ass
ated with this representation of the data do not displa
smooth, systematic variation as a function ofZ2 , and hence
it does not provide a reliable means for estimatings(Dq) at
other values ofZ2 .

The possibility of using the IEA in conjunction with
a simple empirical ionization probability function to develo
a semiempirical method for systematizing thes(Dq)
was explored. Two probability functions were tried: an e
ponential p(b)5p0 exp(2b/r), and a Gaussianp(b)
5p0 exp(2b2/2d2), whereb represents the impact paramet
relative to the target nucleus andp0 , r, and d are fitting

FIG. 2. Calculated~n-CTMC! total-electron-loss cross section
for bare targets~unfilled circles! and measured cross sections plo
ted at the effective atomic numbers required to coincide with
bare-target results~filled circles!.
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parameters. Detailed descriptions of this procedure, wh
has often been employed in studies of target-recoil ion p
duction by heavy-ion projectiles, may be found in Refs.@21–
24#. In the present application, only the eight outer-sh
electrons were considered. The best least-squares fits to
measureds(Dq) were obtained with the Gaussian functio
and are shown by the dashed lines in Fig. 3. The aver
absolute differences between the fitted and measured c
sections are 34%, 17%, 9%, 8%, and 7%, respectively,
He, Ne, Ar, Kr, and Xe. The resulting values of the tw
fitting parameters (p0 andd! are listed in Table I and they ar
accurately reproduced by the empirical formulas

p050.999 exp~2y!, where

y5exp@2~Z223.657!/3.802#, ~2!

d5~110.333Z2!/~19.3011.296Z2!. ~3!

B. Molecular targets and cross-section additivity

The total-electron-loss cross sections divided by the nu
ber of atoms per molecule~i.e., the total average cross se
tions per atom! are shown in Fig. 4, plotted as a function

e

FIG. 3. Electron-loss cross sections plotted as a function of
number of electrons removed from the incident Xe181 projectile
~filled symbols!. The dashed lines and unfilled symbols show t
results of fits to the data using the semiempirical IEA prescript
described in the text.
6-4
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TARGET Z DEPENDENCE AND ADDITIVITY OF CROSS . . . PHYSICAL REVIEW A 67, 022706 ~2003!
the target average atomic number. The target average at
number is defined asZ̄5( i f iZi where f i is the fraction of
atoms in the molecule having atomic numberZi . The solid
line in Fig. 4 is the same line defined by the total-electro
loss cross sections for the monatomic targets He and N
Fig. 1. It is evident that the per atom total-electron-loss cr
sections for the molecular targets~a! increase linearly with
target average atomic number, and~b! closely correspond to
the predicted cross sections for atomic targets havingZ

5Z̄. This latter observation means that the following ad
tivity rule applies to the molecular data:

smol5Ns~ Z̄!, ~4!

wheresmol is the cross section per molecule,N is the number
of atoms per molecule, ands(Z̄) is the cross section for a
atomhaving an atomic number equal to the average ato
number of the molecule.

The usual form of the additivity rule is

smol5(
i

nis~Zi !, ~5!

whereni is the number of atoms in the molecule with atom
numberZi . The validity of this rule was tested by using th
linear relationship between the total-loss cross section
the target atomic number, as defined by the noble-gas
@Eq. ~1!#, to calculate thes(Zi). The results are shown in
Fig. 5, where the ratio of the measured cross section and
cross section calculated using Eq.~5! is plotted versus the
total number of electrons per molecule. Except for the2

FIG. 4. Total-electron-loss cross section~per atom! for 6-MeV/
amu Xe181 projectiles in various molecular targets plotted vers
the target average atomic number. The solid line is the same
that was fitted through the He and Ne data points in Fig. 1.
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~not shown; ratio51.760.3) and CH4 targets, the additivity
rule yields total-electron-loss cross sections that are wit
6% or less of the measured values. The large ratio exhib
by H2 may indicate that theZ2 dependence of the total
electron-loss cross section becomes nonlinear for atomic
gets havingZ2,2. However, similar large deviations from

s
e

FIG. 5. Ratio of the measured total-electron-loss cross sec
and that calculated using the additivity rule expressed by Eq.~4!,
plotted versus the total number of target electrons.

FIG. 6. Comparison of cross sections for the loss of one to e
electrons in the molecular targets N2 , CO, and CO2 . Average
atomic numbers are indicated in parentheses.
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WATSON et al. PHYSICAL REVIEW A 67, 022706 ~2003!
additivity have been observed in cross sections for sin
electron capture by heavy ions from H2 targets. An analysis
based on the Bohr-Lindhard model presented by Knud
et al. @25# predicts a limiting value for the single-electron
capture cross section ratios(H2)/s(H) of 3.8 for E/q4/7

.102, whereE is the projectile energy in units of keV/amu
Rather coincidentally, the ratio of the present total-electr
loss cross sections obtained using Eq.~1! to calculates~H! is
3.4.

In Figs. 6 and 7, thes(Dq) are compared for molecula
targets having nearly the same average atomic numb
These figures show that the electron-loss cross section
specific Dq are remarkably similar for targets within th
sameZ̄ group. However, a slight dependence of the cr
sections on the number of atoms per molecule may be i
cated by the data in Fig. 7, especially at the higher value
Dq. It would seem reasonable to expect this to be the c
since the more atoms a molecule contains, the more like
is that the projectile will experience multiple electro
nucleus interactions while traversing the molecule. A co
parison of the cross sections for the atomic target Ne and
molecular target SF6 is shown in Fig. 8. The atomic numbe
of Ne is the same as the average atomic number of SF6 . It
appears that the cross sections for highDq are somewhat
larger in the molecular target, but the effect is surprisin
weak.

IV. CONCLUSIONS

Cross sections for the loss of one through eight electr
from 6-MeV/amu Xe181 in single collisions with noble-gas

FIG. 7. Comparison of cross sections for the loss of one to e
electrons in the molecular targets O2 , C3F8 , and CF4 . Average
atomic numbers are indicated in parentheses.
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atoms have been measured. The observed dependence
total-electron-loss cross sections on target atomic numbe
defined by two straight-line segments, one extending fr
He to Ne with a relatively steep slope and the other exte
ing from Ar to Xe with a much smaller slope. The predi
tions of n-body CTMC calculations are in good agreeme
with the total-electron-loss cross sections and reproduce
main features of the observedZ2 dependence. An investiga
tion of the effect of screening on the electron-loss cross s
tions suggested that the slope change observed in theZ2

dependence of the total-electron-loss cross section ab
Z2510 is associated with the transition from limited scree
ing by K electrons to more effective, longer-range screen
by L- and higher-shell electrons.

The individual cross sections for the He target were fou
to decrease exponentially with increasing numbers of e
trons removed, while those for the other noble-gas targ
were characterized by a much slower rate of decrease a
higher values ofDq. A semiempirical fitting procedure em
ploying the IEA provided a reasonably good representat
of the cross sections for all of the noble-gas targets.

The total-electron-loss cross sections measured with a
riety of molecular targets, when divided by the number
atoms per molecule and plotted versus target average at
number, closely mirrored the straight-lineZ2 dependence es
tablished by the cross sections for the atomic targets He
Ne. It was concluded that cross-section additivity works w
for electron loss from heavy ions in the present energy
charge regime. This implies that the target molecules ac

ht
FIG. 8. Comparison of cross sections for the loss of one to e

electrons in the atomic target Ne and the molecular target S6 .
Average atomic numbers are indicated in parentheses.
6-6



le
n
e
e
tio
o

rest
ir
elp
by

u-

TARGET Z DEPENDENCE AND ADDITIVITY OF CROSS . . . PHYSICAL REVIEW A 67, 022706 ~2003!
assemblies of individual atoms and that alterations of e
tron densities and ionization energies due to molecular bo
ing do not significantly influence the electron-loss cross s
tions. Further confirmation of this hypothesis was provid
by comparisons of the individual cross sections as a func
of Dq, which showed only a slight dependence on the m
lecular nature of the target at the higher values ofDq.
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