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Single- and multiple-electron-loss—cross-section measurements from 20-MeV Fe** on thin
gaseous targets
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Single- and multiple-electron-loss cross sections have been measured with 20-MeV Fe** on thin He, Ne, Ar, Kr,
Xe, H,, N,, O0,, CH,, CO,, CHF,, CF,, and SF, gaseous targets; cross-section-per-atom data for each system are
presented. Cross-section-per-atom data from targets with approximately the same average atomic number indicate
that both “nonadditivity” and “density” effects, depending on the final charge state of the ion, play roles in electron-
loss processes during projectile interactions with molecular targets. A modified Bohr formula is developed which
reproduces single-electron-loss-per-atom data for atomic targets.

I. INTRODUCTION

The study of processes which occur during in-
teractions of high-energy particles with matter
such as scattering, energy transfer, and associat-
ed radiation and ionization phenomena, has pro-
vided much of the fundamental information which
has led to our understanding of atomic and mole-
cular structures. Theoretical and experimental
analyses of such collisional phenomena have con-
tinually progressed since the pioneering work of
Thompson and Rutherford. Since that time, con-
siderable efforts have been put forth by many
investigators toward improving the understanding
of the basic mechanisms which lead to energy
loss by heavy particle beams as they penetrate
matter. Projectile energy loss, at energies below
nuclear excitation levels, is known to be by means
of elastic nuclear and electronic encounters, dis-
crete electronic excitation with subsequent radia-
tion, and electron-capture-and-loss processes.
Although the relative importance of a particular
mechanism depends on the velocity of the particle
in the medium under consideration, capture and
loss processes are known to be important energy
transfer mechanisms at projectile velocities ex-
ceeding or of the order of the electron orbital
velocities associated with the projectile. These
processes, therfore, play an important part in
projectile deceleration at these energies and cor-
responding cross-section information is of parti-
cular relevance to the study of projectile stopping
power and channeling phenomena—areas which
have received considerable attention over the years.

Charge changing in the projectile velocity region
v, S v S 2,7, is of considerable practical importance
to the accelerator engineer and user who benefits
by the disparity between multiple-electron-loss-
and-capture processes as a means of increasing
the beam intensity in a given charge state and thus
the energy of the ion beam in these devices (z1 is
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the atomic number of the projectile, v, is the
velocity of the first Bohr electron). For such
practical applications, it is desirable to allow the
beam of particles to pass through a minimum thick-
ness of the particular target so that charge-state
equilibrium is established without serious multiple
scattering or appreciable modification to the pro-
jectile energy.

The subject of equilibrium charge states of heavy
ions in solid and gaseous targets has been reviewed
by Moak.!”? Comprehensive review articles which
contain valuable information on experimental and
theoretical equilibrium and nonequilibrium charge-
changing processes have been published by Niko=
laev,® primarily for ions with atomic numbers
2,y 2z, <18 and by Betz* for heavier systems.
Since the last review article, additional informa-
tion has been published by other investigators5-8
Rather extensive amounts of data have been accum-
ulated to date on the subject of equilibrium and
nonequilibrium charge-state distributions such as
those of Datz et al? for many heavy projectiles and
projectile energies interacting with gaseous and
solid targets. From these data along with the
semiempirical formulations of Nikolaev and Dmi-
triev'® and more recently Sayer,!! most of the
present day accelerator related charge-state in-
formation is readily available or can be computed
for a variety of projectile, projectile energy, and
target combinations.

The complexity of interactions between high vel-
ocity multi-electron projectiles and targets has
precluded accurate theoretical descriptions of
electron-capture-and-loss processes even though
attempts have been made by several investigators!?-!®
Although these efforts have succeeded in describing,
at least qualitatively, charge-changing phenomena
for high energy, heavy projectile-target combina-
tions, they do not predict cross-section values for
these processes quantitatively. The difficulty of
such calculations can readily be appreciated when
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one considers the very large number of electronic
excitation configurations which are energetically
possible in these interactions.

The physics of high-energy ion-atom interactions.
can best be understood when collisional systems
are studied under single event conditions and
where differential and total scattering cross-sec-
tion information can be obtained without ambiguity.
These criteria dictate the use of dilute gaseous
targets because of the very high densities associ-
ated with solid targets in which single event con-
ditions cannot be easily met. In order to obtain a
complete set of total electron-capture-and-loss
cross-section data, several parametric studies
must be made including their dependence on pro-
jectile atomic number z,, projectile energy E
(or velocity v), projectile incident charge state
q;, and average atomic number Z; of the target
(the latter definition allows for molecular targets).
If one wishes to study the dynamics of such inter-
actions, the correlation between charge state and
scattering angle must be made. (The studies of
Alton et al.,’ Spicuzza and Kessel,® and Scott et al!®
are illustrative examples.) Although there have
been a number of experimental investigations on
the subject of electron-capture-and-loss cross
sections such as those of Datz et al.,® Knudsen
et al.,” and other investigations cited in Refs. 3
and 4, the amount of data available is very limited
compared to the extensive matrix of possible
projectile, projectile energy, and target combin-
ations.

The velocity dependences of electron-cap-
ture-and-loss cross sections by 0.26 - 2.8 MeV/amu
F™ passing through Ne have been measured by
Macdonald et al?° and for 0.42 -~ 2.8 MeV/amu F™
interacting with Ar by Ferguson ef al? In these
studies, the velocity dependence of single- and
multiple-electron-capture-and-loss cross sections
were determined. Similiar measurements have
been reported by Tonuma et al?? for N** and C*
ions of energies between 3.5 and 7.5 MeV/amu.
Single-electron-loss cross sections were found to
be in reasonable agreement with a modified Bohr
formula. Differential and total charge-changing
cross sections for 20-MeV I°* and CI** on N,, Ar,
and Xe targets have been reported by Scott et all®
In this study charge-fraction data were analyzed
in terms of their impact-parameter dependences
using Bohr, Thomas Fermi, and Lenz-Jensen
interaction potentials and the resulting multiple-
electron-loss total cross sections compared with
those obtained by direct integration of the experi-
mental angular differential cross sections.

Of particular relevance to the present investi-
gations are the thin target measurements of Knud-
sen et al.,” in which multiple-electron-loss cross

sections were obtained from single event inter-
actions between 20-MeV Fe'’ and N,, Ar, Kr, Xe,
and SFg targets. Comparisons of the single-loss
cross-sections per atom with the Bohr formula
predictions were found to agree reasonably well
in shape and magnitude. From these measure-
ments, shell effects are readily evident from the
changes in shape of the cross-section per atom at
closed-shell configurations. For example, there
are two regions for which the cross sections for
all targets have the same general shape: the
regions 4 sg < 8 and 9 < ¢ <16 corresponding to
charge states below and above the 1522s522p°35%3p°
or argonlike ionic configuration. The opening of
the neonlike and heliumlike shells are also expected
to produce changes in electron-loss cross-section
shape in these regions as well.

In the present study, we have chosen to investi-
gate the dependence of total single and multiple-
electron-loss cross sections on average atomic
number Z,—an area that has not been investigated
in any systematic manner until recently. In the
present study, we have extended the work of Knud-
sen et al to lower average atomic number
targets and we have examined the influence of
molecular targets on electron-loss cross sections.
Cross-section data resulting from the interactions
of 20-MeV Fe*" with He, Ne, Ar, Kr, Xe, H,, N,
0,, CH,, CO,, CHF,, CF,, and SF, targets were
obtained during these investigations.

II. EXPERIMENTAL APPARATUS, PROCEDURES,
AND DATA ANALYSIS

A detailed description of the experimental
arrangement identical to the one used in the pre-
sent study has been given previously by Moak et al 8
and Knudsen et al.,” and therefore only the salient
features will be repeated here. The projectile and
energy of interest, namely, 20-MeV Fe**, was
produced in the ORNL EN tandem electrostatic
accelerator, momentum analyzed, and collimated
to a diameter of 1/2 mm immediately before enter-
ing a 9.4-cm long differentially-pumped gas cell.
After emerging from the cell, individual charge
states, from the multiplicity of states produced
during projectile passage through the target,
were focused by means of a magnetic quadrupole dou-
blet lens through an electrostatic charge-state an-
alyzer and onto a 5 cm-long position-sensitive detect-
or. All components inthe system were precisely
aligned and tested with the ion beam in order to
ensure that no losses occurred during beam transit
to the detection system due to quadrupole steeringor
component misalignment. Prior todata accumula-
tion, quadrupole settings were carefully determined
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for each charge state in order to assure the simulta-
neous detection of all particles of the particular fo-
cused charge state while maintaining good spatial
resolution between adjacent charge states. Inprac-
tice, charge states +3 and +10 could be easily resolved
simultaneously and totally collected whenever the
quadrupole setting was made for the +10 component.
The procedure permitted fast accumulation of data
and eliminated the necessity of incorporating a beam
monitor system required in previous experiments.
Due to the fact that all charge states could be
simultaneously collected on the detector, the :
charge-state yields were measured on an absolute
basis. The limiting acceptance angle subtended
from the center of the gas cell to the entrance to
the quadrupole was 8 mrad, sufficient for trans-
mission of all scattered particles leaving the cell.
Cell pressures were measured with a standard
capacitance manometer and feedback control sys-
tem with typical observed variations in the set.
pressure of <2%. Pressures were recorded at the
beginning and end of each measurement and the
average value taken as the cell pressure during
the measurement. Beam-line pressures preceding
and following the gas cell were typically ~2 x10-°
Torr reducing the g =4 charge-state component
with no gas in the cell to ~97%. The effects pro-
duced by the residual beam-line pressures and
resulting primary charge-state contamination were
accounted for in the data analysis.”

Charge-state yield measurements were made
over a pressure range of 0 -10 m Torr for each
of the gases investigated in order to determine the
linear region of yield with pressure for each
charge state and thus, to assure the measurement
of single event processes. Data which deviated
from the linearity criterion were not used in cross-
section determinations. In order to take into
account the effect produced by the residual gas and
resulting “zero”- pressure charge-state contami-
nation of the initial ¢ =4 beam, the inital growth
method described by Knudsen et al.” was used in
analyzing the data. Corrections were made by
assuming that the residual beam-line pressure P,
produced the same yield of a given charge state
as an equivalent amount of the target gas of inter-
est. Since P, is derived anew for each value of ¢,
it is the pressure of target gas which is equivalent
to the residual gas for that charge state, and the
results do not depend on the nature of the back-
ground gas. Systematic variations in the yield
data were taken into account by comparing results
with those of previous runs, including repetition
of some of the Knudsen et al. data and found to be
in agreement within +10%.

The total cross section 0,_,,, for attenuation of
the incident g =4 charge state is a composite sum

of the individual cross sections for all processes
and is given by

045> total = Z 049 - (1)
]

The total loss cross section was determined from
the slope of a semilogarithmic plot of the yield of
charge state ¢ =4 with pressure. A sum of the
individual measured cross sections through ¢=10
was found to be less than the measured total by
1-11% in all cases, as they should be, due to the
omission of some of the low-probability charge-
state cross sections.

III. RESULTS

Single- and multiple-electron-loss cross-section
dependences on the atomic number of noble gas
targets He, Ne, Ar, Kr, and Xe are shown in Fig.
1. Two distinct regions are evident for each of
the final charge states. We note that the cross
sections increase almost linearly in the region
2<Z,<18 and again almost linearly between 18<Z,<
54. The slight decrease in the cross sections for
Kr which are evident are not fully understood.
Similiar decreases in single-loss cross sections

relative to those obtained from Ar targets have
been reported by Nikolaev?

The shell effects associated with electron re-
moval prior and following the 15%2s22p%3s23p° or
argonlike configuration are illustrated in Fig. 2.
Here again, we observe unexpectedly low cross
sections for Kr targets relative to those obtained
from Ar and Xe for a given charge state.

Electron-loss cross-section-per-atom data
versus final projectile charge state are shown in
Fig. 3 for neon and the molecular targets, CO,,
CF,, and SF,. We note that per atom, the mole-
cular targets are not as effective as neon for pro-
ducing charge states less than ¢ =8 while they are
more effective for producing charge states greater
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FIG. 1. Single- and multiple-electron-loss cross-sec-
tion data versus atomic number for He, Ne, Ar, Kr,
and Xe target gases.
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FIG. 2. Electron-loss cross section versus final pro-
jectile charge state produced in He, Ne, Ar, Kr, and
Xe targets. The data have been plotted on a linear scale
in order to illustrate the change in shape of the cross
section versus projectile final-charge-state curves at
g=8. The changes are attributable to the increase in
binding energies between the 3d and 3p subshells and
illustrate a so-called “shell effect”,

than ¢ =8 and are approximately equivalent at ¢ =8.
The cross-section-per-atom data thus reflects a
“nonadditivity” effect for charge states less than

g =8 and a “density” effect for charge states great-
er than ¢=8. The latter effect is believed to be
due to multiple interactions between the projectile
and target constituents.

The remaining multiple-electron-loss-cross-
section data acquired during these investigations
for other molecular targets relative to those of
He, Ne, Ar, Kr, and Xe are shown in Fig. 4.
An_interesting result is the apparent equiva-
lence of the cross section per atom for H, and CH,
at ¢ =5 indicating perhaps that for single loss, the
ion essentially interacts with the hydrogen in the
CH, molecule while the influence of the carbon
atom is evident for multiple-electron-loss process-
es.

IV. SINGLE-ELECTRON-LOSS FORMULA

In his 1948 treatment on the subject of particle
penetration in matter, Bohr'” deduced a formula

with those produced in Ne as a function of final projec-
tile charge state. The data illustrate the “nonaddivity
effect” observed in molecular gases for charge states
g<8 and a “density effect” for charge states of ¢> 8.

for estimating single-electron-capture-and-loss
cross sections which is assumed appropriate for
fast heavy ion-heavy atom interpenetrating col-
lisions. Knudsen ef al.” have shown by comparison
with experimental data that the Bohr formula given
by

O Bohr (cm?) = 7a,*(2}/3 + Zéls)z(vo/vi)z (2)

agrees reasonably well in shape, but over predicts
significantly, single-electron-loss cross sections
for 20-MeV Fe* on N,, Ar, Kr, Xe, and SF, tar-
gets. [In Eq. (2) a, is the radius of the first Bohr
electron orbital, v, is the velocity of the electron
in the first Bohr orbital, Z, Z, are the atomic
numbers of the projectile and target, respectively,
and v, is the velocity of the projectile.] The Bohr
formula was intended at best to be a rough esti-
mator of the cross sections for single electron
capture or loss during collisions between fast heavy
target materials, and it is not at all surprising
that cross sectional values do not agree with those
experimentally observed. On the other hand, the
agreement in shape as found by Knudsen et al. pre-
dicted by the formula is quite encouraging. The
formula, as noted, does not include the effects of
electronic binding energies on loss processes and
therefore, Eq. (2) should be more appropriate for
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FIG. 4. Electron-loss cross-section-per-atom data
versus final projectile charge state produced in He, Ne,
Ar, Kr, and Xe atomic and H,, CH;, N,, O,, and CHFj
molecular targets.

more weakly bound electrons than those considered
by Knudsen et al.

Plausible arguments can be made that cross sec-
tions for single-electron loss should be directly
proportional to the number of electrons residing in
a given subshell N, where the individual electronic
binding energies are approximately equal. In this
case, all electrons have equal probabilities for
removal. Furthermore, one can argue that the
probability of removal of a particular electron
should be inversely proportional to the energy re-
quired for removal—i.e., the binding or ionization
energy I, of the electron. Using these arguments
and the Bohr formula [Eq. (2)], we can deduce a
modified single-electron-loss cross-section for-
mula which should be more appropriate for more
tightly bound electrons. The modified formula is
given by )

g qulem?®) =N, (%??e(\i_)w) (%2_) 2

x(ZY3 + ZL/3) 742, (3)

where the quantity 13.6 is the ionizational potent-
ial of the hydrogen atom.

The validities of the previously given arguments
were tested by comparing the computed results
obtained from Eq. (3) with our measured single-
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FIG. 5. Comparison of single-electron-loss cross
sections computed from the modified Bohr formula [Eq.
(3)] with those experimentally measured for He, Ne, Ar,
Kr, and Xe targets. (N; is the number of electrons in
the outer subshell which have velocity v;.)

electron-loss cross-section data. The computed
and experimental cross sections for single-elec-
tron loss agree surprisingly well both in magni-
tude and shape as illustrated in Fig. 5. However,
further experimental measurements need to be
made with other projectile charge states in order
to validate these arguments.

V. DISCUSSION AND CONCLUSIONS

The simple Z, dependence in Fig. 1 of the cross-
section data for the noble gases illustrated would
suggest an almost linear dependence for 2<7,<18
followed by a linear dependence of different slope
for 18<Z,<54. These cross sections, which mon-
otonically increase with atomic number, differ
from those reported by Nikolaev® where peaks
were observed in the single-electron-loss cross-
section data at Z,=18 (Ar) for 0.351 and 1.02-MeV
He' and 1.64-MeV Ne'*™®* on He, N,, Ar, and Kr
targets.

From the electron-loss cross-section-per-atom
data shown in Fig. 3, it is evident that the effec-
tive atomic number of molecular targets as seen
by the projectile may be less than or greater than
the average atomic number of the molecular system
depending on the collisional impact parameter.
This is a demonstration of the so-called “non-
additivity” effect for projectile electron losses
g<8 and the “density” effect for 4> 8 as a result
of interactions with more than one atom of the
system on the average. At large impact parameters
and low final-charge states, the target behaves as
if it had an effective Z, less than the average
atomic number of the system, while at small
impact parameters and high-charge states, the
effective Z, is higher than the average which im-
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plies interactions with more than one of the mole-
cular constituents.

The physical picture implies, in the case of
single-electron loss, that such interactions occur
primarily in large-impact-parameter collisions
with peripheral atoms of the molecule. Because
of geometrical effects, such as shadowing and
correlated interaction effects of the individual
constituents with the projectile, the effective atom-
ic number Z, is generally less than the average of
the system. This picture changes for lower im-
pact-parameter collisions which may involve more
than one atom of the system and thus to higher
effective atomic numbers. Due to the high-collis-
ion frequencies of such interactions, multiple-
electronlosses may be enhanced due to collisional

excitations followed immediately by other collisions
before radiative decay takes place. This gives
rise to the so-called “density” effect.

As a matter of practical consideration, the mole-
cular data clearly indicate that complex molecular
targets are much more efficient in removing elec-
trons than an atomic target with atomic number
equivalent to that of the average of the molecular
system.
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