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The use of high-resolution x-ray measurements in determining the electronic vacancy
configuration of an energetic ion inside a solid has been applied to 4.0- and 5.0-MeV Ar pro-
jectiles incident on a KCI target. The Ar Ko, ;line is found to be shifted to higher energies
by 6.1+0.6 and 8.1+0.6 €V, respectively, at these bombarding energies. These shifts corre-
spond to five and six vacancies in the Ar 3s-3p subshells. The Cl Ka, , line is used as a
reference line and thin-target x-ray cross-section measurements are used to show that Cl

and Ar are excited in the same manner.

I. INTRODUCTION

Numerous K x-ray spectra from target atoms
excited by heavy-ion collisions have been mea-
sured with high resolution,’® but only one high-reso-
lution measurement has been reported for K x rays
emitted by projectile ions in solid targets.? It is
of interest to measure high-resolution x-ray spec-
tra emitted by projectile ions for comparison with
those emitted by target atoms in a solid under
similar circumstances. Whereas the target ion
generally receives all of its excitation in a single
collision with the projectile ion, the projectile ion
is continually interacting with target atoms. The
moving ion will have a number of outer-shell
vacancies and may also have inner-shell vacan-
cies®** already present when the K-shell vacancy
is produced. The electronic configuration of the
ion may be further altered subsequent to produection
of the K- shell vacancy, but prior to decay of the
K-shell hole, since a 4.0-MeV Ar ion travels more
than 45 A in the lifetime® of the K-shell vacancy.

If the average charge state of the outer shells is
unaffected by the K-shell hole, measurements of
projectile spectra would provide, in principle, a
method of determining the average charge state of
the projectile inside a solid, since the energies of
the x rays are determined by the electronic con-
figuration of the emitting ion. However, the pro-
jectile may have associated with it loosely bound
electrons in excited states, whose influence on
the K x-ray energy is less than the uncertainty in
the measured x-ray energy. It is expected that
electrons in highly excited states have orbital di-
ameters comparable to the interatomic spacing in
solids, and electrons in these levels would be
quickly stripped off. Further complexities are in-
troduced by the possibility of polarization of the
solid and screening of the projectile charge by the
valence electrons of the solid.®

A method of determining vacancy configurations
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of ions inside solids would be useful in resolving
the question of whether the Bohr-Lindhard”*® or
the Betz-Grodzins®'® model provides the better
description of an ion inside a solid. The former
model predicts that the charge state of an ion in-
side a solid is essentially the same as the charge
state after emergence, while the latter model pre-
dicts that the charge state inside a solid is com-
parable to that in a gas and considerably less than
the charge state after emergence from the solid.

In the present study we investigate the possibility
of using high-resolution x-ray spectra to obtain
information on the vacancy configuration of Ar ions
in a solid target, a problem for which we know of
no alternative method of investigation.

II. EXPERIMENTAL DETAILS

Ar beams from the NRL 5-MV Van de Graaff
were incident on a KC1 crystal which had been
given a thin coating of Cu to prevent problems due
to charging of the target surface. For the high-
resolution measurements Ka X rays produced by
Ar ions incident on KC1 were measured at 90° to
the incident beam with a computer-controlled flat-
crystal Bragg spectrometer with a 0.07°-divergence
entrance collimator. The P-10 gas-flow propor-
tional counter had a stretched polypropylene win-
dow about 1 ym thick. A (1120) quartz crystal with
a 2d spacing of 4.916 A was used as the diffracting
element. For the low-resolution measurements a
Si(Li) detector of 165-eV resolution was used to
obtain x-ray spectra produced by incident Ar ions
with energies from 3.0 to 5.0 MeV. Thin targets
of NaCl, KC1, and Ti were evaporated onto 20-
wg/cm? C backings. The thickness of the deposited
material was determined by a-particle backscat-
tering and in all cases was less than 20-ug/cm?,
which corresponds to about a 100-keV energy loss
for 3.0-MeV Ar.
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III. RESULTS
A. High-resolution measurements

Ar and Cl1 Kq spectra are shown in Fig. 1 as
produced by a 4.0-MeV Ar beam. In each case the
Ka, , parent line appears at the left, and satellite
lines, due to various numbers of L-shell vacan-
cies, appear at higher energies. The abscissae
are linear in 6, but the Ar scale has been stretched
out by about a factor of 2 so that corresponding
peaks in the two spectra would be directly above
one another. The Cl spectrum exhibits narrower
lines than the Ar spectrum when the full width at
half-maximum is measured in terms of energy.
The angular widths of the lines in both spectra are
considerably larger than the instrumental resolu-
tion.

The width of the Ar lines results from several
factors. Multiple scattering of the Ar beam will
produce a velocity component transverse to the
beam direction, which will result in Doppler
broadening of the lines. Variations in the number
of M-shell electrons present on the Ar ion will
also contribute to the width, and some of the
broadening may be due to spatial variations in the
electron density seen by the Ar ion in the solid
target. The Cl spectrum also contains a larger
fraction of the total intensity in the satellite lines
than does the Ar spectrum. CI and Ar Ka spectra
measured at 5.0 MeV were almost identical in
shape to the 4.0-MeV spectra, but the Ar spectrum
was somewhat shifted in energy.
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FIG. 1. Cl and Ar Ka spectra produced by 4.0-MeV Ar
ions incident on KCl. Each spectrum is the average of
five sets of data.

The spectrometer energy scale was calibrated
by using the Cl and K Ka, , lines excited by pro-
tons and He® ions. The energy calibration was
checked by exciting the Pd L x rays with protons.
A measurement of the Pd LB, line, whose energy
is about 30 eV higher than that of the Ar Ka, ,
line, showed that its energy was within 0.2 eV of
the value given by Bearden.!® The spectra obtained
with 4.0- and 5.0-MeV Ar excitation were fit with
a superposition of asymmetric Gaussian line
shapes. The widths of the Gaussians were allowed
to vary independently for each line in the spec-
trum. The Cl Ka, , line showed no change in en-
ergy with heavy-ion excitation, but the Ar Ko, ,
line appears higher in energy than is expected
from the tables of Bearden'® by 6.1+0.6 eV at 4.0
MeV and 8.1+ 0.6 eV at 5.0 MeV. To correct for
the transverse Doppler shift,'! a correction of 0.3
eV has been applied at 4.0 and 5.0 MeV. Since the
Cl Ka, , line is unshifted, the very similar nature
of the excitation processes for Cl and Ar, which
will be established later in this paper, would tend
to indicate that the shift in the energy of the Ar
Ka, , line results from its role as a projectile,
rather than from the collision which produced the
K -shell vacancy. We restrict our attention to the
Ar Ka, , line, since the normal energies for the
Ar satellite lines are not available in the litera-
ture.

The results of Hartree-Fock-Slater? (HFS) cal-
culations of the Ar Ka, , energy for various elec-
tronic configurations are given in Table I. Part A
shows that the observed shifts can be accounted
for by the absence of five and six electrons, re-
spectively, distributed between the 3s and 3p sub-
shells. However, within the present experimental
uncertainty the exact distribution of vacancies in
the 3s and 3p subshells cannot be determined by

TABLE I. Calculated Ko and KB x-ray shifts for
various M- and N -shell configurations of Ar,

Configuration (15)(2s)%(2p)%(3s)* (3p)™(3d)" (4s)?

AE(Ka) AE(KB)
k m n b (eV) (eV)
2 2 0 0 3.9 19.7
2 1 0 0 5.6 27.5
A{1 2 0 0 5.4 27.3
0 3 0 0 5.2 27.1
2 0 0 0 7.7
2 1 1 0 5.9 22.6
B 2 1 0 1 5.1 25.1
2 1 1 1 5.5 20.9
2 0 1 0 7.9
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measurement of the K x-ray energies. Calcula-
tions by Bhalla® indicate that the Ka fluorescence
yield for the Ar Ka, , transition jncreases by only
about 7% when all eight M electrons are removed,
so various M-shell configurations should contribute
to the Ar Ka, , line approximately in proportion to
their probability of occurrence. Therefore the
peak of the Ka, , line should represent the most
probable electronic configuration present at the
time of K x-ray emission.

Extrapolating the experimental data for Ar ions
in Table V.1 of Betz® would suggest average charge
states of 6.0 and 3.4, respectively, for 4.0 MeV
Ar ions emerging from solids and in gases. At
first sight the present data appear to confirm the
value for solids, especially since the x-ray spec-
trum includes x rays emitted by Ar ions after they
have lost some energy in the KC1 and changed to a
lower charge state. Furthermore, some portion
of the L-shell vacancies seen in the spectrum
should be added on to the M-shell vacancies to ob-
tain the average charge state of the ion. However,
additional HFS calculations were performed to
determine the effect on K x-ray energies of elec-
trons excited into normally vacant bound levels.
These calculations showed a rather surprising
behavior for the 3d level, namely, that moving an
electron from the 3p to the 3d level produced an
even larger positive shift in the Ka, , energy than
that produced by completely removing a 3p elec-
tron from the atom. The positive Ka and negative
K energy shifts, which are shown in part B of
Table I to accompany the addition of a 3d electron,
have also been obtained in previous calcula-
tions3'!*; so they are not an artifact of the HFS
method.

Part B of Table I indicates that the additions of
one or two 3d or 4s electrons causes changes in
the Ka, , energy which are within the uncertainty
in the present measurements. Although the 3s-3p
ambiguity occurs in both the Ko and K§ portions
of the spectrum, the addition of a 3d or 4s electron
produces a significant change in the K energy.
However, our efforts to measure this shift were
frustrated by the low intensity of the KB transition.
Interpreting the results of such a measurement
would be complicated by the fact that the KB in-
tensity varies strongly with the number of 3p elec-
trons present.

HFS calculations of the mean radii of the electron
orbits for various configurations with four to six
missing electrons distributed between the K, L,
and M shells yield values between 1.3 and 1.5 A
for the 4s orbit and between 0.6 and 0.7 A for the
3d orbit. The 3d radius is only slightly larger than
the radii of the 3s and 3p orbits. Since the inter-
nuclear separation of the target atoms is about

2.3 A, it seems unlikely that a 4s electron could
remain attached to the Ar projectile. In summary,
although the present high-resolution data permit
determination of the total number of 3s and 3p
vacancies, within the accuracy of our measure-
ment of the Ka, , energy, we cannot rule out the
presence of one or two 3d electrons.

B. Low -resolution measurements

If the K-shell excitation of Cl and Ar occurred
by two different processes, the extra M-shell
vacancies seen in Ar could possibly result from
the different excitation mechanisms. In order to
establish that the Cl and Ar excitations occur by
similar processes, cross-section measurements
were performed. These measurements utilized
thin targets of NaCl, KC1, and Ti and showed
dramatic effects depending on the relative atomic
number of the target and projectile. For example,
for Ar ions on Ti, the Ar K x rays are about 200
times more intense than the Ti K x rays, although
Ar and Ti differ by only 4 units in Z. As would be
characteristic of a level-crossing excitation
mechanism,’® the lighter of the two collision part-
ners receives most of the excitation.

K x-ray production cross sections for Cl, Ar,
and K are shown in Fig. 2. These cross sections
were calculated on the assumption that all of the
Ar ions entering the target chamber, which also
served as a Faraday cup, are singly ionized. This
assumption could be significantly in error; so
these data are intended only to provide a lower

- limit on the value of these cross sections. The

relative values of the cross sections at a given en-
ergy are good to about 10%. The cross section for
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FIG. 2. K x-ray production cross section for Ar on
NaCl, KCl, and Ti. Each curve is labeled by the radia-
tion measured and the collision partner assumed to pro-
duce the required excitation.



excitation of C1K radiation is the same, within the
experimental accuracy, for NaCl and KC1 targets.
It was found that the C1K x ray yields for excitation
by 3.0-MeV Ar and 4.5-MeV protons are approxi-
mately equal. However, binary-encounter-model
calculations based on Garcia’s universal curve'®
predict that the yield for Ar excitation should be

27 times less; so the cross sections for excitation
by Ar are much larger than would be expected for
direct Coulomb excitation.

The cross section for production of ClK x-rays
by 5.0-MeV CI** projectiles in an Ar gas target
has been measured under single collision condi-
tions by Winters et al.'” They obtain a value of
7.5xX1072% ¢cm?, with an uncertainty of 30%. For
5.0-MeV Ar ions incident on NaCl or KCl we ob-
tain a Cl K x-ray production cross section of about
13X107% cm™. It is expected that the cross sec-
tion in a solid target would be larger because in
this case the projectile may carry L-shell vacan-
cies into the collision with subsequent transfer to
the target K shell, thus providing an additional
process for generating Cl £-shell vacancies, which
is not available in the gas target measurement.

In calculating the cross section for excitation of
Ar-in the composite targets, two assumptions
were made. For the case of Ar in NaCl, it has
been assumed that only the Cl is effective in ex-
citing the Ar, since other measurements showed
that Mg and Al targets are very ineffective in ex-
citing Ar K vacancies. In calculating the x-ray
cross section for Ar excited by K in KCl, it has
been assumed that excitation of Ar by Cl is the
same in KCl as in NaCl, and that component has
been subtracted off to determine the excitation by
K. These data for excitation of Ar by Z~1, Z+1,
and Z +4 show a peaking of the cross section as a
function of target Z in the neighborhood of £ +2.
This peaking effect has been found to decrease as
the ratio of projectile velocity to orbital velocity
of the electron to be excited increases.'® This
ratio is 0.14 for a 4-MeV Ar ion and an Ar K-shell
electron, but peaking has been observed by Kubo
et al.’® for ratios as large as 0.32.

IV. DISCUSSION

The low-resolution cross section measurements
show that the Ar is excited predominantly by the
K while the Cl is excited by the Ar in the Ar-on-
KCl system. Therefore these are two similar
collision systems (atomic number £ being excited
by Z+1 in both cases), and such differences as
appear in the high-resolution spectra should be
due primarily to the fact that in one case the spec-
trum is emitted by a target atom and in the other
case by a projectile ion. It was therefore some-
what unexpected that the relative satellite inten-
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sity should be less in the Ar spectrum than in the
Cl spectrum. However, HFS calculations indicate
that the absence of five or six M electrons, which
is consistent with the Ar Ko, , energy shift, in-
creases the binding energy of the Ar L shell so
that it is more tightly bound than the potassium L
shell by about 50 eV. For either electron promo-
tion or direct Coulomb processes, this increased
binding would decrease the cross section for ex-
citation of the Ar L shell. Electron capture into
the L shell may also reduce the satellite inten-
sity in the Ar spectrum.?®

Turning our attention next to K-shell excitation,
the velocity of the Ar ion in the present experi-
ment is about 5 of the velocity of the 1s electron,
and molecular-orbital (MO) effect might reason-
ably be expected here. The production of K-shell
vacancies can be accomplished by rotational cou-
pling between the 2 p0-MO and the 2 p7-MO, as
indicated in Fig. 3, where correlation diagrams
are shown for Ar +Cl and Ar+K. The Ar projec-
tile is expected to have one or more L-shell
vacancies®'*, which provide the 2 p vacancies re-
quired for promotion of the Cl1s electron. In the
excitation of Ar by K, since the Ar L-shell is
more tightly bound than the potassium L shell,
electrons can be promoted from the K shell into
the L shell of Ar. However, in the excitation of
Ar by Ti there are no 2 vacancies in Ti into
which the 1s electron may be promoted. Swapping
of the Ar and Ti 2 p levels occurs only when one
2p and all eight M-shell electrons have been strip-
ped from the Ar. The small fraction of the Ar
beam which would be in such a high charge state
is not consistent with the fact that excitation of Ar
by Ti has only a slightly smaller cross section
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FIG. 3. Correlation diagrams are shown for the colli-
sion systems Ar+ Cl and Ar + K. The Ar levels are cal-
culated assuming five M-shell vacancies.
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than excitation by K. Fastrup®' has pointed out
that the high rotational energies occurring in these
collisions may produce coupling to higher-lying
MO’s where vacancies exist, allowing promotion
of K electrons. In fact, the production of £-shell
vacancies by an MO mechanism even in the ab-
sence of L-shell vacancies has been reported by
Winters et al.,"” but theoretical calculations are
needed for rotational coupling of the 2p0-MO to
higher-lying molecular orbitals to determine
whether this mechanism can account for the ob-
served cross sections. Another possibility is that
an earlier stage of the collision may provide the
necessary 2p vacancies to allow promotion of the
projectile 1s electron later in the same collision.

V. CONCLUSION

In conclusion, the study of projectile x-ray
spectra appears promising as a tool to obtain in-

formation on the electronic configurations of ener-
getic ions in solids. The energy shift of the K« ,
line for 4.0- and 5.0-MeV Ar ions incident on KCl
is consistent with five and six vacancies, respec-
tively, in the Ar3s-3 p subshells. These results
are consistent with charge state measurements of
Ar ions after emergence from solids. We have not
been able to establish whether electrons are pre-
sent in the normally vacant 34 and 4s shells, but
calculations show that, where possible, measure-
ment of the K3 energy shift allows one to identify
configurations which are indistinguishable from a
measurement of the K« energy.
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