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Comment on the deternnnation of charge states of ions moving through solids from the analysis
of x-ray spectra
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The author discusses a recent paper by Fortner and Garcia in which these workers analyze thick-target x-
ray yields and spectra and derive populations of projectile inner- and outer-shell vacancies, and concludes
that some effects which were not considered should be taken into account in any such analysis. These include
the generation of target x rays by recoiling target atoms, vacancy sharing, collisional quenching and the
effect of differences in the wave functions of outer-shell electrons, x-ray energies, and transition rates in
solids as compared with gases.

In 1971, Der et a/. ' reported on differences in
inner-shell vacancy production for Ar-C coQisions
in gas versus solid targets. It was observed that
for energetic Ar ions colliding with CH, gas,
inner-shell vacancies were produced essentially
in the Ar L shell. For Ar' ions incident on graph-
ite, however, there was a high probability of
producing C K-shell vacancies. They analyzed
the data in terms of the electron-promotion model
of Barat and I.ichten' and argued that in solid
targets, the high degree of ionization of the moving
ion would cause the Ar-2P level to be more strongly
bound than the C-1s level and that this interchange
of level energy, called "swapping, "would cause
preferential excitation of the C K-shell electrons.
They finally proposed that this type of measure-
ment could provide a method for charge-state
determination for ions moving in solids. Barat
and Lichten have pointed out, however, that the
degree of outer-sheD ionization should have little
effect in the promotion of inner-shell electrons
(outer-shell ionization would have an effect in
cases in which it opens closed exit channels' ).

Recently, Fortner and Garcia" ' (FG) presented
quantitative data for Ar L and {.K x-ray yields
and spectra for Ar ions moving in solid carbon.
Using this data and a number of assumptions they
derived a distribution of outer-shell vacancies
for the Ar projectiles.

The question of which is the charge composition
of atomic particles moving thro'ugh solids has
been a long-standing problem in the field of at-
omic collisions. The charge of an ion moving
in a solid is not a simple quantity to define, as
it would be in the case of free particles. Here
the outer electrons of the moving particle interact
continously with a nonuniform environment and
the perturbation dies away only upon emergence
of the ion from the solid. FG tried to derive these
distributions of charge states from their possible

effect on x-ray spectra and yields; it is therefore
of importance to discuss the assumptions made
in the interpretation of these data.

The basic data reported by FG are x-ray spectra
for Ar-C collisions in the energy range 30-200
keg. The spectra consists of one region below
250 eV whose shape is independent of the incident
energy of the Ar. ions and which can be interpreted
as arising from the filling of Ar L holes, and a
region from -250 to -300 e7 showing a peak near
2SO eV which increases in intensity (relative to
features below 250 eV) with beam energy. To
separate the x-ray spectra into projectile and
target contributions, FQ make the assumption
that the spectral shape of the C K x rays emitted
in this case is the same as that obtained under
proton bombardment. This latter x-ray profile
is subtracted from the data and the remaining
x-ray intensity attributed to the filling of Ar L
holes.

This procedure is of dubious validity for two
reasons. First, one must know how much Ar
L x rays contribute to the spectrum in the x-ray
energy range of the C peak. Second, it is very
unlikely that the C x-ray profile is the same for
proton and Ar bombardment. In fact, Kamada
et a/. ' have shown that Mn and Co L x-ray pro-
files are much broader for Ne+ and 0 bombard-
ment than for electron or H' bombardment. Fur-
thermore, and more related to this case, spec-
tra of C K x rays from 90-180-keV sulphur ions
on graphite~' are broader than for 90- keg H'
ions on graphite. '

Having separated the yields of C K and Ar L
x rays, FG proceed to analyze them using the
method deicribed by Garcia. ' The projectile and
target x-ray yields, are written in terms of the
fluorescence yields of the Ar L and of the C K
shells; 7, the lifetime of an Ar L hole; 0., the
cross section for inner-shell excitation (assumed
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to be equal for Ar and for C); f, and fo, the frac-
tions of the projectiles which have one and zero
inner-shell vacancies (f, +f, =1) and a parameter
n, defined through nf, which is the fraction of
projectiles having no L-shell vacancy but sufficient
degree of ionization to be able to excite the carbon
K shell, but not the Ar L shell. In the analysis,
this factor o., as well as the lifetime v and the
fluorescence yields are assumed to be independent
of the velocity of the projectiles.

Before analyzing the assumptions made me mould
like to point out the deficiencies of this treatment.
First, no account is given either of the C K x rays
generated between collisions of recoiling C atoms
mith the target, nor of the influence of energy
straggling of the ion beam on the yields. Taulb-
jerg and Sigmund' have analyzed these effects
for C K-shell excitation produced by Ar ions
incident in graphite using the data of Der et al. '
This data was later shown to be in error.
Also another set of data' used by Taulbjerg and
Sigmund to estimate the contribution from recoils
to Q K x-ray yields, was recently shown" to be
too low by a factor of 4. Making use of the cor-
rected data it can be seen that a substantial con-
tribution from recoils is present in the C K x-
ray yield, specially at lorn energies. In fact, the
yield of C K x rays at 30 keV will be mainly given
by C-C collisions.

Second, the collisional filling of inner-shell
vacancies in the projectile has been neglected
by FG. These quenching processes could be ac-
commodated in the model by taking the lif ctime as
T ' =7', '+(N&, e) ', where T, is the lifetime in the
absence of collisions, A the target-atom number
density, 0, the quenching cross section, and e the
velocity of the ion. However, this mill make 7

velocity dependent since o, is a function of v, and
the assumption of a constant lifetime will be in-
appropriate. 'These quenching processes should be
quite important since the binding energies of C
ls electrons and Ar(2p ') 2p electrons are very
nearly the same.

Let us consider now the factor n whose use is
based on the assumption that inner-shell ionization
in the projectile causes a smapping in the relative
order of the Ar 2P and C 1s orbitals in an energy-
level diagram, i.e., that the increase in binding
energy of the Ar electrons due to L-shell ion-
ization is sufficient to make these L-shell electrons
become more tightly bound than the C 1s electrons.
This swapping would result, in the next violent
collision, in excitation of C K but not Ar L elec-
trons. However the binding energy of the C 1s
electron referenced to the vacuum level is -289
eV'~" and nearly the same as the binding energy
of the Ar(2p ') 2p level which is about 40 eV larg-
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PlG. 1. Schematic argon-carbon correlation diagram.
0. states, solid lines; 7t. states, dashed lines; 5 states,
dotted line. The shaded region represents the unper-
turbed valence band of carbon. Binding energies E are
referred to the vacuum level. For Ar(2p «)+ C colli-
sions, the binding energies of Ar 2p and C 1s electrons
differ by at most a few eV.

er" than the value of 245.2 eV for neutral Ar, "
or about 285 eV (these values are for free Ar and
we can expect a shift in the levels of a fem eV
when Ar is inside a solid" ). Additional outer-
shell ionization will cause the binding energies of
the Ar electrons to increase even more. IIow-
ever, as stated before, at the small internuclear
distances where promotion occurs (0.2-0.4 A),
both partners share the same outer-shell environ-
ment and so it makes no difference whether the
projectile, or the target, brought the outer-shell
vacancy to the collision initially. Therefore it is
reasonable to expect that outer-shell ionization
mill cause a stronger binding in C 1s and Ar 2P
electrons by roughly the same amount. The re-
sult is that there is no sharp swapping, the 1s
C and 2P Ar electrons are now near-degenerate
in energy, we can expect the probability for each
of these levels to be promoted in the 3do mo-
lecular orbital to be nearly the same (Fig. 1).

A different interpretation of the parameter n
is possible in terms of the probability of C K-shell
excitation by the process of vacancy sharing" but
since this mechanism is velocity dependent, n
cannot be assumed to be constant.

Another questionable assumption made by FG
is that the cross sections for the processes:
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(i) Ar+ C-Ar(2P ') and (ii) Ar(2P ')+ C- C(ls ')
are equal to that for process (iii) Ar+CH,
-Ar(2P '). In fact processes (i) and (iii) should
not be expected to have the same cross section
since the outer-shell configuration of methane
and graphite are different, and in the latter case,
mechanisms such as the one proposed by Joyes"
for solid targets, may be important. In collision
(ii) the situation is more basically different.
Since in this case, as stated above, the Ar 2P and

C 1s stat:es are near resonant, we can expect that
in the collision the vacancy originally in the Ar
2p shell may proceed in two ways. First, it may
follow the 2Pv(2Po) orbital, and if the collision
is violent enough, transfer by rotational coupling
to the 2Po(2Pm) orbital and then end in any of the
two partners. Second, it may follow the 3da mo-
lecular orbital and be filled by radial coupling
with an electron from the 3so' or 3Po' molecular
orbitals or by rotational coupling with Bn electron
from the 3pm or 3d71 'molecular orbital. In this
case the vacancy may end up in the 2p, 3s, or
3P levels of Ar or in the valence or 1s levels of
C. To this complicated situation we must add the
possibility of the promotion and subsequent ion-
ization of the C 1s electrons. We must conclude,
therefore, that the a Priori assumption that cross
sections for processes (i)-(iii) are equal is prob-
ably incorrect.

Section B of FG is devoted to the analysis of the
Ar x-ray spectra. These spectra have broad,
unresolved features which are independent of the
energy of the projectile (in the range 30-200
keV). The spectra was analyzed by unfolding it
in discrete peaks using line shapes determined
from gas-target spectra, centroid energies for
different multiplet states from average adiabatic
Hartree- Fock calculations, and fluorescence yields
obtained by an averaging procedure over different
atomic states. This part of the work is the one
most subject to criticism. For ions moving in

solids the configuration of their outer shells will
result from a competition of ionizing and electron
capture events and the dynamic screening of the
ions by the valence electrons of the solid. " This
screening action occurs very fast, in times of
the order of t, = 2'/~~, where ~~ is the plasma
frequency and N the average number of oscillation
before damping. For p,"p~p = 20 eV, R = 1.3
and t =2.5 && 10", sec. The ion wi, ll then move
with a cloud of screening electrons, this screening
being essentially velocity independent for v &v~,
which is the case of FQ's work, where v~ is the
Fermi velocity of the electrons in the solid. "
X rays can then be emitted as the result of elec-
tronic transitions from the electron cloud of en-
hanced density around the ion and from normal
states of the valence band. This will give rise
to a broad spectrum of x-ray energies as found
also in more recent work. " In summary, except
for highly ionized Ar, 3P, 3d and higher levels
will be immersed in the C valence band and there-
fore broadened and the concept of atomic states
will be meaningless. In this context, it is impor-
tant to notice that experiments using an extremely
high- resolution x- ray crystal spectrometer by
Oona et al. , as quoted by FG, failed to show any
significant structure in the spectra.

In view of the comments made above, we must
regard the agreement between values obtained
by analyzing the yields and the shape of the spectra
as fortuitous. The fact that the values off, deri-
ved by FG do not coincide with absolute experi-
ments made using Auger electrons" nor with the
independence of f, on foil thickness in the range
100-500 A" supports our conclusions on the in-
adequacy of Fortner and Garcia's assumptions.
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