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L-shell x-ray cross sections for Cl-Ar and Ar-Ar collisions
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Measurements of total x-ray production cross sections for Ar+-Ar and Cl+-Ar collisions for incident

energies between 200 keV and 1.5 MeV are reported. For Cl+-Ar collisions, separate argon and chlorine x-

ray production cross sections are extracted. The cross sections exhibit steep increases as bombarding energy
is increased. Using existing measurements of Auger cross sections, values for the mean fluorescence yields as
a function of bombarding energy are deduced. The increases in the x-ray production cross sections are shown

to be due primarily to changes in the mean fluorescence yields. A qualitative explanation for the observations

is proposed.

I. INTRODUCTION

Atomic L-shell excitation mechanisms and the
accompanying relaxation processes are consider-
ably more complicated than the corresponding
events associated with the K shell. The angular
momentum associated with the L-shell vacancy re-
sults in a large increase in the number of initial
states possible in a multiply ionized atom. The
concommitant richness of available states, as well
as smaller binding energies, produces a plethora
of possibilities which at first glance, would seem
prohibitive. It is nevertheless true that L-shell
excitation of the Ar atom in Ar-Ar collisions"
provided the basis for our current understanding
of excitation mechanisms in ion-atom collisions in
terms of the quasimolecule formed during the col-
lision. ' ' The applicability of molecular orbitals to
ion-atom collisions reduces the complexity of the
excitation processes to a quantitatively tractable
problem, "as well as providing the necessary link
between the various manifestations of an inner-
shell excitation; e.g. , Auger electron emission, x-
ray emission, and inelastic energy losses."

Several systematic studies' "of L-shell excita-
tion in both homonuclear and heteronuclear ion-at-.
om collisions have yielded substantial progress in
our understanding of both the excitation processes
and the decay mechanisms for the 1. shell. Quanti-
tative calculations for the two dominant excitations,
the 4fo promotion" and the 3do' promotion, "are in
reasonable accord with experiment. It is now evi-
dent, in addition, that the aforementioned richness

- of states plays a substantial role in the deexcitation
processes. That this too is amenable to quantita-
tive analysis is brought out by analysis of fluores-
cence yield calculations. '4

Mos t of the s tudies to data have been concentra-
ted on collision energies less than 200 keV. In this

paper we investigate Cl-Ar and Ar-Ar collisions in
the 200-1500-keV energy range. We have experi-
mentally determined the x-ray emission cross sec-
tions for both chlorine and argon L shells in this
energy range. These data are then used in con-
junction with evidence from other L-shell excita-
tion signatures to provide values for the respective
mean fluorescence yields, as functions of the colli-
sion energy. The x-ray emission cross sections
show a rapid increase with increasing energy, with
a tendency to level off at the highest energies. The
dependence of the L-shell x-ray emission cross
section on projectile atomic number is found to de-
crease at higher projectile energies. Most of these
changes are attributable to changes in the fluores-
cence yields.

II. EXPERIMENTAL PROCEDURE

This experiment was performed using the U'ni-

versity of Arizona's 2-MeV Van de Graaff acceler-
ator. The measurements were performed using a
high-resolution (Norelco) bent-crystal x-ray spec-
trometer with a lead stearate crystal. The detec-
tor was a flow-mode proportional counter with a
nominally 2000-A- thick parylene window. The target
consisted of a gas cell containing He-isobutane gas at
a pressure of 5 && 10 ' Torr. 'The beam entered
through a 1-mm aperture and the x rays were ob-
served at 90' with respect to the beam direction
through a 2000-A-thick parylene window. The im-
portance of using thin windows for chlorine and Ar
L —shell x-ray experiments has been demonstrated
elsewhere. " The resolution of the system was
about 1.5 eV for 200-eV photons. Spectra were ta-
ken at different bombarding energies from 200 keV
to 1.5 MeV for a fixed amount of beam.

The total relative intensity was obtained by in-
tegrating the spectra after correcting for crystal
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do„ 1 r„(E„)
dE, Z dE„/dos ' (2)

where Z = &TIP/40~, and, using fixed intervals 4E,
in the integration,

do„&E„~ F„[E„(i)]dE„" Z ~ ldE„/de, l,.
'

Here of course dE„/des is given by the Bragg rela. —

tion

ref lectivity" and window transmission. " (See
Figs. 1 and 2 of Ref. 11.) Care must be taken in
performing this integration. The yield per incident
ion in a given spectral interval & E„at E„ is related
to the differential cross section by

F„(E,) = " ~TIPl &E, ,
do'„ AQ

V
4p

where & is the counter efficiency, T the transmis-
sion of the windows, I the ion current, P the pres-
sure in the target cell, / the observed path length,
and ~O the effective solid angle. If the spectrome-
ter is operated such at &93, the observed Bragg
angle interval is held constant, and &Q does not
change,

the gross features in the spectra can be interpreted
using adiabatic Hartree- Fock calculations. '"" For
example, in the Cl'-Cl, data the features below 210
eV correspond to emissions by atoms with one L-
shell vacancy and various numbers of M-shell va-
cancies. The features from 210 eV to about 250 eV
correspond to emissions by atoms with two L-shell
vacancies and varying numbers of M-shell vacan-
cies. The structure above 255 eV is attributed to
atoms with three L-shell vacancies and various M-
shell configurations. Similar identifications for the
structures in the other two spectra can be found.
Actually these interpretations are an oversimplifi-
cation of the actual situation. As indicated in Bef.
18, the spread in energy of x rays associated with
a given configuration can be as large as 20 eV or
more, due to multiplet structure. However, this
does not in general change the conclusions arrived
at from configuration centroid identifications be-
cause many of the components are quite weak. In
any case, no complete detailed accurate theoretical
analysis is available for all of the possible con-
figurations, and the experimental resolution is not
sufficient to provide an ambiguous identification in
most cases.

dE, 2E„'d hg

dg~ hc 2E d
1—

where A is Plancks constant, c the speed of light,
and d the crystal lattice spacing (2d= 100.688 A for
lead stearate crystals). If, instead, the spectro-
meter is designed such that &&/X (=

~
&E„/E, ~) is

held constant, the weighting in Eq. (3) would be dif-
ferent. This discussion is valid only if (as is usu-
ally the case) the instrumental resolution is much
larger than the natural width. In our experiment,
as will be seen below, the integrals in (3) are
dominated by one or two adjacent spectral features
and the effect of this weighting (conversion from
constant angular increments to energy increments)
is minimized.

The total x-ray emission cross sections in these
experiments were determined by normalizing the
observed total relative intensities to the known L-
shell x-ray cross section for Cl-Ar and Ar-Ar col-
lisions at 200 keV. " The normalization factor was
actually determined from the Ar-Ar total x-ray in-
tensities. It was found that the same normalization
factor also properly normalized the total Cl-Ar in-
tensity at 200 keV.
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III. ANALYSIS OF THE DATA

Figure 1 shows typical spectra for Cl'-Ar, Cl'-
Cl„and Ar'-Ar collisions at 500 keV, 1 MeV, and
1 MeV, respectively. " Though the resolution is in-
sufficient to observe individual multiplet structure,

Photon Energy (eV)

FIG. 1. . Spectra, from Cl'-Ar (500 keV), Cl'-Cl&
(1 MeV), and Ar'-Ar (1 MeV) collisions. The open cir-
cles show the Cl'-Ar data, the crosses depict the
Cl'-Cl~ data and the open triangles show the Ar'-Ar data,
as functions of the photon energy.
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Despite the above-mentioned difficulties, most
major features in all three spectra can be easily
identified. These identifications are based on the
fact that the maj ority of the L -shell vacancy s tates
have fluorescence yields which are quite small
(i.e. , 10 '-10 '), whereas, when the M shell is
nearly emptied, there are states which have unit
fluorescence yields. In the Cl'-Cl, spectrum, for
example, the peak at 210 eV coincides in energy
with well known 2P'-2P'3s transitions, ' with e = 1.
Similarly, the peaks at 236, 241, and 253 eV are
associated with known 2P'-2P'3s transitions. " 'The
peaks at 268, 272, and 280 eV can likewise be re-
lated to 2P'-2P'3s transitions. " In contrast, the
peaks at 200 eV, 225 eV, and part of the peak at
268 eV appear to be due to transitions involving
one, two, and three L-shell vacancies, respective-
ly, with more than one M-shell electron present.

An entirely analogous spectral analysis of the
Ar'-Ar peaks is possible. The peaks at 253 and
280 eV correspond to 2P'-2P'3s and 2P'-2P'3s tran-
sitions, respectively, "while those at 240 and 270
eV again correspond to transitions with one and
two L-shell vacancies with more M-shell electrons
present. The Cl'-Ar spectrum appears to be a
simple composite of the chlorine and argon spec-
tra.

Fortunately, for purposes of this paper, only
minimal understanding of the spectral features is
necessary. First of all, no interpretation of the
Ar'-Ar spectra is necessary. The observed spec-
tra at each bombarding energy are simply integra-
ted to yield a relative x-ray emission cross sec-
tion. These relative cross sections are converted
into absolute cross sections by the normalization
procedure described in Sec. II.

Some consideration of the instrumental cutoff at
284 eV (the carbon K absorption edge) is, however,
necessary. Argon atoms with more than one L-
shell vacancy can emit x rays whose energies lie
above this edge. However, as discussed in Ref. 11,
the fluorescence yields associated with L-shell va-
cancies, and the decay schemes of such atoms are
such that the contributions to the total x-ray yield
are dominated by single L-shell vacancy configura-
tions. This can be seen to be the case in the Cl'-
Cl, spectrum in Fig. 1. The reason for this is that
the Auger effect is the dominant relaxation process
for L shells. Thus, atoms with two L-shell vacan-
cies predominantly decay by filling one vacancy
from the M shell while simultaneously ejecting
another M-shell electron. The resultant single va-
cancy configuration has two additional M-shell va-
cancies. Such configurations have fluorescence
yields which are very much larger" than those for
the original state. This results finally in predomi-
nance of the x-ray spectrum by the high fluores-
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FIG. 2. X-ray emission cross sections for Cl'-Ar and
Ar'-Ar collisions as a function of bombarding energy.
The triangles show the total Cl'-Ar cross sections. The
diamonds indicate the Ar x-ray emission cross section
for Cl'-Ar collisions, and the circles show the total
Ar'-Ar cross sections. The data below 200 keV are
from Hefs. 9 and 11.

cence yield single vacancy x rays.
The total x-ray emission cross sections for Cl'-

Ar collisions similarly need no interpretation. 'The
fact that the chlorine and argon single L-shell va-
cancy spectral features are well separated in ener-
gy provides the basis for the separation of the ar-
gon and chlorine contributions to the total Cl'-Ar
cross sections. As described in Refs. 11 and 17,
experimentally determined Cl'-Cl, and Ar'-Ar
spectra are superimposed to reproduce the Cl'-Ar
spectrum. The relative intensities associated with
each are then converted into cross sections.

%e estimate, on the basis of the above considera-
tions, that the uncertainties in our total x-ray
emission cross sections are about 50%%uo and probably
no more than a factor of 2 for the Ar cross sec-
tions in Cl'-Ar collisions.

Figure 2 shows the resultant cross sections as a
function of bombarding energy. For completeness,
we have included all the L-shell x-ray emission
cross section measurements which are available,
including lower-energy collisions. These addition-
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TABLE I. Mean fluorescence yields for Cl-Ar(01' ——4.35
x10 '7 cm ) and Ar-Ar(0'I —-3.83x10 '~ cm ) collisions.

E (keV) (Cl)

50
100
200
500

1000
1500

6.2 x10 3

2.2 x10
4.6 x10-'
5.2 x10 '
9.7 x10

1.03 x10

1.9 x10"3
3.5x10 3

1.5 x10
6.9x 10-'
7.3 x 10-'
8.4 x10-'

Thus, the effect of the 3d promotions on the total
vacancy production cross sections in either Ar'-
Ar or Cl'-Ar collisions will be small compared to
that of the 4fo promotions and the total cross sec-
tion will be dominated by the 4fo promotion be-
havior.

As mentioned above in Cl'-Ar collisions the ex-
citation of the argon L shell proceeds via the 3d
orbital couplings. Thus this cross section should
follow this rotational coupling behavior" and have
an effective threshold which is higher in energy.
The results in Fig. 2 for cr„(Ar) in Cl -Ar collisions
show this difference. Knowledge of the total exci-
tation cross sections permits us to extract the
mean fluorescence yields [Eq. (5)] as a function of .

bombarding energy. These are shown in Table I.
The total cross sections for Ar'-Ar collisions were
taken from Refs. 12 and 22 and extrapolated ac-
cording to the above discussion. For Cl'-Ar colli-
s ious, the total cross sections we re found us ing the
data in Ref. 10 (see Ref. 11) and were also extra-
polated.

Because we were unable to examine x rays above
284 eV photon energy we cannot perform an analy-
sis of expected fluorescence yields as in Befs. 11
and 14. These additional x rays, though they con-
tribute very little to the total x-ray cross sections,
are important in correctly averaging the individual
state contributions. However, . the structure in 0„
can be qualitatively understood on the basis of the
above discussion. The rapid rise in the mean
fluorescence yield at about 150 keV reflects the ef-
fective onset of the 3d rotational couplings. This
coupling produces additional vacancies in the
respective L shells. When these multiple vacan-
cies decay down to single vacancies via the Auger
process, which is dominant, the resultant single

vacancy configurations have large numbers of M-
shell vacancies, therefore much larger fluores-
cence yields. " Note that the rise in the mean flu-
orescence yield tracks quite well the excitation of
the argon atoms in Cl'-Ar collisions which occurs
via rotational coupling. The decrease of the rate
of rise at higher energies is most likely due to de-
crease in the Auger emission probability because
the M-shell populations have been nearly depleted
and the Auger rate depends on the number of elec-
tron pairs in the M shell. This effect is of course
enhanced by the continued increase in direct M-
shell excitation as a function of energy.

It may seem puzzling that, on the one hand, we
state that the 3d promotions will contribute only
little to the total excitation cross sections, and, on
the other hand, that they are responsible for the
rapid rise in o.„. It must be remembered, however
that the loss of two M-shell electrons increases the
fluorescence yield by a large factor"; this in-
crease more than compensates for the smallness of
the 3d cross sections.

This discussion opens a number of avenues for
further investigation. First, the total Auger cross
sections at energies above 600 keV for Ar'-Ar col-
lisions and at energies above 50 keg for Cl'-Ar
collisions should be measured to verify their con-
stancy. Second, Auger spectra should be measured
for these collisions to gain some information on the
nature of the resulting excited states. Third, the
x-ray spectral measurements should be extended
to photon energies greater than 284 eV. Fourth,
evidence for multiple L-shell vacancies should be
carefully examined as a function of energy. This
information should help make a quantitative analy-
sis of the excitation and relaxation mechanisms
pos s ible.

V. CONCLUSIONS

The total x-ray emission cross sections reported
in this paper for Ar'-Ar and Cl'-Ar collisions for
incident energies between 200 and 1500 ke7 show
rapid rises in this energy range. These rises are
compared to the behavior of the total vacancy pro-
duction cross sections permitting extraction of the
mean fluorescence yields as functions of energy.
A qualitative explanation for these rises is given in
terms of the L-shell promotion mechanisms in the
quasimolecule formed by the collision partners.
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