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The dependence of electron loss by 6-MeV/amu®Xeon 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 tiebody 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 has been of limited success. For example, predicted cross
sections for loss of one through three electrons ff@s9)-

The ionization and electron transfer mechanisms that deMeV/amu Xe®" ions in N, were found to be in fair agree-
termine the charges of energetic ions passing through mattefient with experiment, but those for the loss of four and five
have been of continuing interest since the discovery of natuelectrons decreased much more rapidly as a function of pro-
ral radioactivity. The close connection between the charge qfectile energy than the experimental cross sectdis
an ion and f[he strength of its Coulomb interaction with atoms | view of the present evolutionary state of theory, experi-
of the medium makes it one of the most important factors inmenta| data are needed to test new theoretical developments
determining the rate of energy loss or stopping power. CoNang to establish the systematic dependence of charge-
sequently, new information pertaining to the fundamentaly,nqging cross sections for heavy collision systems on the
atomic collision processes responsible for the evolution o elevant collision parameters, such as projectile atomic num-

fast-projectile charge-state distributions is of potential inter- . .
est to many areas of basic and applied research. Recent Der (2,), velocity (v4), and charge(@), and target atomic

tivity has focused on electron-loss collisions of heavy ionsnurnber ¢2). The present Work_ was unde_rtaken to examine
with atomic numbers= 54 because of their potential appli- the dependence of cross sectlons+ for single- and multiple-
cation in heavy-ion-induced inertial-confinement fusion €l€ctron loss from 6-MeVv/amu XE" projectiles on target
[1-4]. atomic num_ber. Informat_|on of thls t_ype_for multiple-electron
The main features of single-electron loss in collisions in-10SS from highZ; heavy-ion projectiles is extremely sparse,
volving relatively light projectiles and targets are reasonablyand, to our knowledge, currently extends only up Ze
well reproduced by theoretical treatments based on the& 26[10,11. Cross sections for single- and multipler to
plane-wave Born approximatids,6]. However, simple first-  €ighy electron loss in noble-gas targets of He, Ne, Ar, Kr,
order theories are incapable of correctly accounting for théind Xe are presented herein.
screened electron—target-nucleus interactions and hence theyA second objective of the present measurements was to
are unreliable when applied to many-electron heavy-iortest the additivity of electron-loss cross sections for molecu-
atom collision system§7]. Furthermore, cross sections for lar targets. It is often assumed that the cross section for a
multielectron loss obtained using the results of single-collision process involving the interaction of a fast ion with a
electron-loss calculations via the independent-electron apwolecular target can be approximated by adding up the indi-
proximation(IEA) do not take into account the large changesvidual cross sections for the constituent atoms of the mol-
in ionization energy that occur as the outer-shell electrons arecule. This so-called additivity rule is generally hard to jus-
successively removeld] and tend to overestimate the crosstify on theoretical grounds, but in the absence of
sections for multiple ionizatiof8]. So far, the only method experimental cross sections for molecular targets, it is usu-
that overcomes this problem and explicitly includes both theally the only alternative available. It is well known, for ex-
electron-electron and the screened nuclear-electron interaample, that an additivity rulé.e., the Bragg ruleprovides a
tions is the n-body classical trajectory Monte Carlm- reasonably accurate account of stopping powers for heavy
CTMC) method developed by Olsd®]. However, applica- ions traveling in solid materials composed of chemical com-
tion of this method to the collision regime considered hergpounds[12]. On the other hand, Wittkower and Beftz3]
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measured electron-capture and -loss cross sections for 1automatic control unit. The pressure remained constant to
MeV I°7 ions in a variety of molecular targets and found thatwithin +0.6% over the~20 min time period of a typical
the additivity rule overpredicted some cross sections by moreneasurement.
than a factor of 2. Based on their results, these authors con- Cross sections were determined using the growth-curve
cluded that a collision between a relatively low-velocity method. Accordingly, chargdypositionjdistribution spectra
heavy ion and a complex molecular target cannot, in generalyere measured at eight different pressures ranging, in most
be treated as a sequence of successive collisions with theases, from zero to 64 mTorr. Exceptions were the light tar-
individual atoms of the molecule. Bissingetral.[14] found  get gases K and He, for which measurements were per-
that cross sections for electron capture(0y8—1-MeV pro-  formed at pressures as high as 200 mTorr. The growth curve
tons colliding with hydrocarbon gases are as much as 23%or a specified charge statewas obtained by plotting its
smaller than those predicted by the additivity rule. They atcharge-state fractioR; versuss, wheresr is the product of
tributed this additivity failure to intramolecular electron-loss the atom or molecule density and the effective gas cell
processes operating on neutral H atdires, protons that had length. Each charge-state fraction was obtained by dividing
already captured an electnoduring their exit from target the number of counts in the corresponding peak appearing in
molecules. Recently, Sandegsal. [15] measured electron- the position spectrum by the total number of detected ions.
loss cross sections for neutral H atoms colliding with hydro-Over the range of pressures employed, the growth curves
carbon gases at energies ranging from 60 to 120 keV andere well represented by second-order polynomigisr)
found their cross sections to be in agreement with the addi= o+ 87+ yx?. The first term represents the background
tivity rule. They argued that “exit effects” were unimportant fraction of ions created in collisions with residual gas in the
in this case because the electron-loss cross section was musbamline, the second term represents the fraction of ions
larger than the electron-capture cross section, making it urereated in single collisions with the target gas, and the last
likely that a H" ion would capture an electron on the way term represents the fraction of ions created in double colli-
out of the target molecule. sions with the target gas. Therefore, the desired single-
In the present work, the question of cross-section additiveollision cross section for changing from incident chagge
ity is examined in a higher-projectil&-and -velocity regime final chargei was obtained from the best-fit value of the
than previously by comparing measured electron-loss crogsarameteis.
sections for the molecular targets, HCH,, CsHg, SiH,, During the course of this study, several checks were per-
N,, CO, CQ, O,, C;Fg, CF,4, and Sk with those predicted formed to ensure that the relative detection efficiency of the
using theZ, dependence established by the noble-gas med&SD remained uniform along the length of the detector. The
surements. experimental details are discussed in Rdfl. In addition,
growth-curve measurements with a Ne target were repeated
five times, and growth-curve measurements for Ar, Kr, and
Xe were each repeated three times in different cyclotron
Il. EXPERIMENTAL PROCEDURE AND DATA ANALYSIS runs. In all cases, several different detectors were used. The

The experimental apparatus and methods employed in tHargest root mean square deviations of the cross sec_tions
present measurements were essentially the same as those ged from 7.3% for one-electron loss to 8.1% for eight-
scribed in Ref[4]. Therefore, only a brief summary will be €l€ctron loss. This comparison provided a good basis for the
presented here. A 6-MeV/amu ¥& beam was extracted ©Stimation of errors in the cross sections arising from_ varia-
from the Texas A&M superconducting cyclotron and directedtions in detector response and inaccuracies in peak integra-
through a bending magnet into the target chamber. The bend®ns plue to background. Additional errors attributed to inac-
ing magnet removed ions that had undergone chargecuracies in the measurement of _the absolute pressure and
changing collisions with the background gas on their joume)ﬂetermmatmn of the gas cell effective length are estimated to
from the cyclotron. The beam next passed through a series ®€ 5% and 2%, respectively.
three collimators having diameters 1, 2, and 1 mm in order of
sequence, and then on into a windowless, differentially
pumped gas cell through a 2-mm aperture. The effective [ll. RESULTS AND DISCUSSION
length of the gas cell was 2.08 cm, as estimated using the
method suggested by Toburenal.[16,17). After exiting the
gas cell through a 2-mm aperture, the beam passed betweenElectron-loss cross sections obtained in measurements
the poles of a charge-dispersion magnet into a onewith the noble-gas targets are presented in Table I. In all
dimensional position-sensitive microchannel plate detectocases except He, individual cross sections are listed for a
(PSD. This detector had an active length of 10 cm and widthcharge changeXq) of 1 to 8. Each entry listed foAgq=9
of 1.5 cm, and a resistive anode was used to measure partidldle through X¢ was determined from a composite growth
positions by the standard charge-division method. In order taurve constructed by summing the charge fractions of all
prevent gain shifts and pileup problems in the processing o$tatistically significant peaks in the charge distribution above
the signals from the PSD, the counting rates were kept belowhat for Aq=_8.

2000 s'. Monitoring and regulation of the gas pressure was The dependence of the total-electron-loss cross section on
accomplished by means of a Baratron pressure transductrget atomic number is shown in Fig. 1. It may be seen that
and a motorized flow valve, operating in conjunction with anthe data appear to lie along two straight lines, with the He

A. Target Z dependence
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TABLE |. Electron-loss cross sectioriMb/atom and fitting parameters for 6-MeV/amu %¢ ions in

noble-gas targets.

Aq He Ne Ar Kr Xe

1 3.0:0.2 16+1 24+2 272 34+3

2 1.7+0.2 7.8-0.7 11+1 13+1 16+1
3 0.19+0.03 3.8:0.3 5.6:0.5 7.2:0.7 9.0:0.8
4 0.08+0.01 2.90.2 4.1+0.3 5.3-0.4 6.7-0.5
5 0.021+-0.005 2.0:0.1 3.2£0.2 4.5:0.3 5.6£0.4
6 1.33£0.09 2.70.2 3.8:0.3 4704
7 0.85-0.07 2.5£0.2 3.5:0.3 4.6:0.4
8 0.47+0.05 1.8:0.2 3.1+0.3 3.8:0.4

=9 0.33+0.04 2.2£0.3 7.3:0.9 12+1

Total 4.9+0.3 362 56+ 2 753 95+ 4
Po 0.213 0.828 0.975 1.000 1.000
5(R) 0.076 0.133 0.167 0.193 0.215

and Ne points defining a line having a relatively steep slopgielded cross sections in good agreement with their measure-
and the rest of the points defining a line having a signifi-ments for one-electron loss. However, application of this for-
cantly smaller slope. The equations of these two line segmula to the present collision systems results in one-electron-

ments are

3.821Z,—2.7 for Z,=<10,

771 1.0762,+36.7 for Z,>18,

D

loss cross sections that are too small by a factor ranging from
1.7 for He to 8.5 for Xe.

The results ofn-CTMC calculations also are shown in
Fig. 1. For these calculations, 18 electrons were centered on
the Xe ion in order to model thed3%4s24p® electrons. The
overall agreement with experiment is quite good and the

with o in units of megabarns. This behavior is remarkablyslopes of the two straight-line segments are accurately pre-
similar to that observed by Altoet al. [11] for 0.36-MeV/

amu Fé" ions and by Graharet al.[18] for 4.66-MeV/amu
Pb*" ions. Altonet al. also found that a modified Bohr for-

1/3y2

mula, which predicts a Z}*+23%? dependence[19],

100

Total Loss Cross Section (Mb/atom)
[<.]
(-]

Target Atomic Number

FIG. 1. Total-electron-loss cross sections for 6-MeV/amd€Xe
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dicted. Then-CTMC model is really an independent-event
model rather than an independent-particle model because the
bound electrons are assigned their actual ionization energies,
which increase sequentially as electrons are removed. Inclu-
sion of multiple excitation of the electrons, leading to further
ionization, is accounted for via an energy deposition model
which helps in the description of the high stages of ioniza-
tion [4].

Since the above results were in reasonable accord with the
data, further calculations were performed for unscreened tar-
gets(i.e., for bare-ion Coulombic charge centeiBhe object
of this investigation was to deduce the effective atomic num-
ber (Z.4) of each noble-gas target by finding the atomic
number of the bare ion that yielded the same calculated total-
electron-loss cross section as that measured for the noble gas.
The results are shown in Fig. 2. The valuesZgf obtained
by normalizing the measured cross sections to the smooth
curve established by the calculated points are 1.6, 7.5, 10.8,
13.8, and 17.0 for He, Ne, Ar, Kr, and Xe, respectively. It
was concluded, therefore, that the He and Ne experience
only limited nuclear screening from thié-shell electrons,
while the nuclear charges of the heavier noble-gas targets are
more highly screened by theand higher shells. The change
from K-shell to longer-range screening of the target nucleus
appears to be responsible for the change in the slope & the
dependence exhibited by the data in Fig. 1.

projectiles in noble-gas targets. Experimental values are shown by It is also of interest to note that the caIcuIaFedlﬁ_e
filled circles and the results a-CTMC calculations are shown by total-electron-loss cross section is approxlma}tely linear in the
unfilled circles. The solid lines have been fitted to the experimentalnscreened nuclear charge, as shown in Fig. 2. One would

data.

have expected @2 dependence as predicted by the Born or
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binary encounter approximations. However, these theories
are based on a single electron which is not the case at hand. Aq

Smc.e the target is cc_)mpletely unscreened., the linear cross- FIG. 3. Electron-loss cross sections plotted as a function of the
section dependence is due to the electronic structure of tm:umber of electrons removed from the incident'®e projectile

Xe'®" projectile. Energy is transferred to projectile electronsgiied symbols. The dashed lines and unfiled symbols show the
whose orbital velocities are comparable to the collision Veyegyits of fits to the data using the semiempirical IEA prescription

locity. This yields electron-removal cross sections that ar@escribed in the text.

linear in charge state, as has been observed for target ioniza-

tion by multiply charged projectile20]. The basis for such

scaling is that the force on the ionized-projectile electron byparameters. Detailed descriptions of this procedure, which

the two nuclei is comparable during velocity matching con-has often been employed in studies of target-recoil ion pro-

ditions. duction by heavy-ion projectiles, may be found in R¢&L—
Cross sections for electron loss as a function of the num24]. In the present application, only the eight outer-shell

ber of electrons removed from the projectile(Aq), are  electrons were considered. The best least-squares fits to the

shown in Fig. 3. The cross sections for the He target areneasuredr(Aq) were obtained with the Gaussian function

reasonably well represented by a single exponential functiorand are shown by the dashed lines in Fig. 3. The average

whereas the cross sections for the other targets display gbsolute differences between the fitted and measured cross

dependence oAq that requires two exponential components sections are 34%, 17%, 9%, 8%, and 7%, respectively, for

to describgsimilar to a two-component decay cujv&hisis  He, Ne, Ar, Kr, and Xe. The resulting values of the two

because the rate of decrease in cross sectionsder4 as a fitting parametersyf, and ) are listed in Table | and they are

function of Aq slows dramatically with increasing target accurately reproduced by the empirical formulas

atomic number. Unfortunately, the fitting parameters associ-

ated with this representation of the data do not display a Po=0.999exp—y), where
smooth, systematic variation as a functionZgf, and hence
it does not provide a reliable means for estimatir(g\q) at y=exd —(Z,—3.65%/3.802, (2
other values of,.
The possibility of using the IEA in conjunction with 5=(1+0.33%,)/(19.30+ 1.2967,). ®)

a simple empirical ionization probability function to develop
a semiempirical method for systematizing the(AQ)
was explored. Two probability functions were tried: an ex-
ponential p(b)=pyexp(=b/r), and a Gaussianp(b) The total-electron-loss cross sections divided by the num-
=po exp(—b?%246%), whereb represents the impact parameter ber of atoms per moleculg.e., the total average cross sec-
relative to the target nucleus amg, r, and § are fitting  tions per atomare shown in Fig. 4, plotted as a function of

B. Molecular targets and cross-section additivity
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FIG. 4. Total-electron-loss cross sectigrer atom for 6-MeV/ FIG. 5. Ratio of the measured total-electron-loss cross section
amu Xé®" projectiles in various molecular targets plotted versusand that calculated using the additivity rule expressed by(&x.
the target average atomic number. The solid line is the same linglotted versus the total number of target electrons.
that was fitted through the He and Ne data points in Fig. 1.

the target average atomic number. The target average atom(i@Ot shown; ratie 1.7+0.3) and CH targe_ts, the addmwty .
i i — ) ) rule yields total-electron-loss cross sections that are within
number is defined ag=2,f;Z; wheref; is the fraction of

: _ ; _ 6% or less of the measured values. The large ratio exhibited
atoms in the molecule having atomic numiagr The solid 1y may indicate that theZ, dependence of the total-
line in Fig. 4 is the same line defined by the total-electron-gjectron-loss cross section becomes nonlinear for atomic tar-

loss cross sections for the monatomic targets He and Ne 'Qets havingZ,< 2. However, similar large deviations from
Fig. 1. It is evident that the per atom total-electron-loss cross

sections for the molecular targef@ increase linearly with
target average atomic number, ail closely correspond to
the predicted cross sections for atomic targets hawing 5

=Z. This latter observation means that the following addi- 10
tivity rule applies to the molecular data: ]

omo=No(2),

(4)

whereo, IS the cross section per moleculéjs the number

of atoms per molecule, angl(Z) is the cross section for an
atomhaving an atomic number equal to the average atomic
number of the molecule.

The usual form of the additivity rule is

Cross Section (Mb/atom)
HPH

(Tmoni: no(Z;), 5

01 g
wheren; is the number of atoms in the molecule with atomic
numberZ; . The validity of this rule was tested by using the ! l | ! ! ! ! !
linear relationship between the total-loss cross section and o 1 2 3 4 5 6 7 8 9
the target atomic number, as defined by the noble-gas date Aq
[Eqg. (1)], to calculate ther(Z;). The results are shown in
Fig. 5, where the ratio of the measured cross section and the FIG. 6. Comparison of cross sections for the loss of one to eight
cross section calculated using E§) is plotted versus the electrons in the molecular targets, NCO, and CQ. Average
total number of electrons per molecule. Except for the H atomic numbers are indicated in parentheses.
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FIG. 7. Comparison of cross sections for the loss of one to eight

electrons in the molecular targets, OC;Fg, and CF. Average
atomic numbers are indicated in parentheses.

FIG. 8. Comparison of cross sections for the loss of one to eight
electrons in the atomic target Ne and the molecular targgt SF
Average atomic numbers are indicated in parentheses.

additivity have been observed in cross sections for single-
electron capture by heavy ions from lthrgets. An analysis atoms have been measured. The observed dependence of the
based on the Bohr-Lindhard model presented by Knudsetbtal-electron-loss cross sections on target atomic number is
et al. [25] predicts a limiting value for the single-electron- defined by two straight-line segments, one extending from
capture cross section ratie(H,)/o(H) of 3.8 for E/q*¥"  He to Ne with a relatively steep slope and the other extend-
>10%, whereE is the projectile energy in units of keV/amu. ing from Ar to Xe with a much smaller slope. The predic-
Rather coincid(_entally, th_e ratio _of the present total-ele_ctrontions of n-body CTMC calculations are in good agreement
loss cross sections obtained using B .to calculates(H) is  ith the total-electron-loss cross sections and reproduce the
3.4. . main features of the observeg dependence. An investiga-

In Figs. 6 and 7, ther(Aq) are compared for molecular q, of the effect of screening on the electron-loss cross sec-

targets having nearly the same average atomic numberﬁOns suggested that the slope change observed irZjhe

Thes.e_ figures show that the Qleptron—loss cross §e9t|ons f%rependence of the total-electron-loss cross section above
specific Ag are remarkably similar for targets within the

— i Z,=10 is associated with the transition from limited screen-
sameZ group. However, a slight dependence of the crosgy, K electrons to more effective, longer-range screening

sections on the number of atoms per molecule may be 'nd'l?y L- and higher-shell electrons.

cated by the data in Fig. 7, especially at the higher values o The individual cross sections for the He target were found

A_q. It would seem reasonable to expect this to be th? Cas¢y decrease exponentially with increasing numbers of elec-
since the more atoms a molecule contains, the more likely i

is that the projectile will experience multiple electron- rons removed,. while those for the other noble-gas targets
nucleus interactions while traversing the molecule. A com-"¢® characterized by a much slower rate of decrease at the

parison of the cross sections for the atomic target Ne and th@9her values of\q. A semiempirical fitting procedure em-
molecular target SFis shown in Fig. 8. The atomic number ploying the IEA prowded a reasonably good representation
of Ne is the same as the average atomic number gf 8F of the cross sections for all of the noble-gas targets.
appears that the cross sections for hiyh are somewhat The total-electron-loss cross sections measured with a va-

larger in the molecular target, but the effect is surprisinglyiety of molecular targets, when divided by the number of
weak. atoms per molecule and plotted versus target average atomic

number, closely mirrored the straight-lide dependence es-
tablished by the cross sections for the atomic targets He and
Ne. It was concluded that cross-section additivity works well
Cross sections for the loss of one through eight electronfor electron loss from heavy ions in the present energy and
from 6-MeV/amu Xé8" in single collisions with noble-gas charge regime. This implies that the target molecules act as

IV. CONCLUSIONS
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