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Spectral measurements have been made of L -shell x rays produced by 50- to 330-keV
Ar ions incident on Ar gas targets. The data are considered within the framework of
the level-crossing model of Pano and Lichten, and the observed lines are consistent with
Hartree-Slater calculations for highly excited configurations.

The detailed nature of inner-shell vacancy pro-
duction in ion-atom collisions has been the sub-
ject of active investigation by several authors. ' ~

A useful model for inner-shell excitation has
been proposed by Fano and Lichten. ' According
to their model, inner-shell vacancies are pro-
duced as a result of level crossings in the pseudo-
molecule formed during the collisions.

In this paper x-ray spectroscopic measure-
ments for argon ion-atom collisions are reported.
These measurements lead to new and more spe-
cific information concerning the excitation mech-
anism. Rudd, Jorgensen, and Volz' have investi-
gated details of the process by observing the Au-
ger electron distribution from argon-argon colli-
sions. The analysis of the Auger electron data,
however, is complicated by the large number of
lines. The existence of stronger selection rules
governing x-ray emission leads to relatively sim-
ple spectra with correspondingly simple interpre-
tations.

In the present work a beam of argon ions from
a duo-plasmatron source was introduced into a
chamber containing argon gas at a pressure of

approximately 50 p, (between 5 and 70 p. the spec-
tra were not pressure-sensitive). The effective
energy of the ion beam was varied from 50 to
330 keV, and the path length for the beam in the
gas to the region of observation was 3 cm. X
rays produced as a result of collisions were ob-
served with a diffraction spectrometer at 90' to
the incident ion beam. The diffracting element
was a 1-p. thick lead stearate film mounted on a
mica substrate, and the detector was a flow-
mode proportional counter with a 90 pg/cm'
Formvar window. The window transmission for
x rays between 150 and 284 eV ranged from 15 to
65%%uc, and was negligible above 284 eV (the car-
bon K edge). The counter gas was helium isobu-
tane at atmospheric pressure. The resolution of
the spectrometer at 277 eV was 14 eV full width
at half-maximum.

Figure 1 shows the x-ray spectra observed for
several ion bombarding energies. No correction
has been made for background or window absorp-
tion. For 50-keV bombarding energy two x-ray
lines were detected, at 224+ 4 and at 264+ 4 eV,
respectively [see Fig. 1(a.)]. As the bombarding
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FIG. 1. X-ray spectra observed for several bom-
barding energies in argon ion-atom collisions.

energy was increased to 80 keV, new lines ap-
peared in the spectra close to the 224-eV line.
Figure l(b) shows the data for a bomba, rding en-
ergy of 100 keV; an additional line appears at ap-
proximately 240 eV. %hen the bombarding ener-
gy was increased to 130 keV IFig. 1(c)], the 240-
eV peak became relatively more prominent than
at lower energies and another new line began to
appear at about 250 eV. A further increase in
bombarding energy to the maximum available en-
ergy of 330 keV [Fig. 1(d)] caused further chang-
es in the relative heights of the peaks, but no
other new lines appeared.

These spectra can be understood within the
framework of the Pano and Lichten model, with
x-ray line emission assumed to occur in the sep-
arated atoms. According to Fano and Lichten,
a, 2P vacancy results from a level crossing in-
volving the 4f a molecular level. In Fig. 2 the
electronic energy-level diagram of the Ar, 'mole-
cule is plotted as a function of the ion-atom dis-
tance of separation. At larger ion-atom separa-
tions there are many level crossings which may
result in excitation of the outer shells prior to
the 2P excitation. In section A of Table I we pre-
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FIG. 2. Electronic energy levels of Ar&+ molecule,
as given by the Fano-Lichten model of Ar+-Ar col-
lision (from Ref. 5).

sent the results of a, Ha, rtree-slater calculation'
of electronic energy levels in excited argon
atoms. Column 1 shows configurations of the ex-
cited atoms prior to the removal of a, 2P electron.
These configurations were chosen because they
are consistent with the average 45-eV loss per
atom measured for outer shell excitations only
by Kessel and Everha, rt. Column 2 shows the
energies required to produce these configura-
tions, column 3 gives the 2P binding energies, and
columns 4, 5, and 6 give the promotion energies
(equal in magnitude to x-ray energies)"for 2p -3s,
2P -3d, and 2P-4s excitations, respectively.

These configurations are representative of the
infinite set of outer-shell arrangements consis-
tent with an average 45-eV loss. The promotion
energies (x-ray energies) are insensitive, within
a few eV, to the exact configuration of outer-
shell electrons. The origin of the two x-ray lines
seen for the 50-keV bombarding energy is clear.
The 224-eV line represents a Bs -2P transition,
while the 264 eV line is a 4s —2P and M —2P tran-
sition. For the 264-eV line, calculated transi-
tion rates favor the Bd rather than the 4s transi-
tion. Recent scattering experiments of Afrosim-
ov et al. ' yield L-shell promotion energies of
258+8 and 272+ 6 eV. These values are consis-
tent with 2P excitations to. 3P, 4s, 4P, Bd, or oth-
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Table I. Hesults of Hartree-Slater calculations of argon energy levels. '

Configuration

Config-
uration
energy

(eV)

binding 3s 2p3 /2
energyb transition

(ev) ener gye

3d ~ 2p3/2
trans ition

energy~

4s ~ 2p3 (2
transition

energy

'(1s) (2s) {2p) (3s) (3p)

(1s) (2s) (2p) (3s) (3p) (3d) (4s)
A e

(1s) (2s) (2p) (3s) (3p)' (3d) (4p)

I (1s) (2s) (2p) (Bs) (Bp) (3d) (4s) (4p)

29

247

260

262

269

218

222

222

224

257

258

262

256

(1s) (2s) (2p) (3s) (3p) (3d) (4s) (4p)

B & (1s) (2s) (2p) (3s) (3p) (3d)
2 2 5 1 5 1

(») (2s) (2p) (3s) (3p) (3d) (4s) (4p)

286

315

295

310

311

248

250

286

287

291 298

'Calculations performed by J. H. Scofield (private communication) .
The 2p~y2 binding energy is -2 eV greater than the 2p3~2 value over the range of the table.
The 2p&g2 transition energy is -2 eV greater than the 2psy& value over the range of the ta-

ble.

er states of lesser binding energy. It has been
proposed' that the observed excitations are asso-
ciated with 2s vacancy production. However,
Hartree-Slater calculations show that the promo-
tion energy required to excite a 2s electron is at
least 300 eV.

It is important to note that the observed 264-eV
x ray attributed to a 4s-2P or Sd —2P transition
has an energy greater than the binding energy of
the ground-state argon 2p level. There has been
some confusion in the literature over the fact
that energy-loss measurements yield excitation
energies greater than the ground-state binding
energies for the promoted electron. The reason
for this is, of course, that the screening effects
of the outer-shell electrons strongly affect inner-
shell binding energies. The large excitation en-
ergies measured reflect the increase in the bind-
ing energy of the promoted electron due to multi-
ple excitations.

We observe the effects of double L-shell excita-
tions for bombarding energies above 80 keV. Our
x-ray measurements show the two new lines at
240 and 250 eV. As the bombarding energy is in-
creased these lines grow in size relative to the
two lines seen at 50 keV, and are consistent with
calculations of Bs-2P transition energies for
double vacancies in the argon 2p level (see sec-

tion B of Table I). The 4s-2p and 3d-2p transi-
tions for double L-shell vacancies result in x-
ray energies above 284 eV. These x rays would
not be observed with our present detector.

The authors wish to thank J. H. Scofield for
performing the Hartree-Slater calculations, J. V.
McGregor and R. E. Morales for constructing the
x-ray spectrometer, and D. J. Hodgkins for pro-
viding the thin Formvar window for the detector.
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