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Cross sections for the emission of Auger electrons from excited atoms and ions produced
in symmetric Ar'-Ar and Ne+-Ne collisions have been measured a t ion energies from 50 to
300 keV. A simple model i s proposed to explain the dependence of the c r o s s section on the
impact energy; the predicted results agree well with the experiment. Also, the argon x-ray
data of Saris and Onderdelinden a r e compared with the model and with the results of this
experiment.

I. INTRODUCTION

Much structure has been
on the energy spectra of electrons resulting from energetic
argon and neon ion-atom collisions. This structure appears to be superimposed upon a continuous
distribution of electrons and i s attributed to various
autoionizing and Auger transitions within the collision partners. The purpose of this paper is to
analyze the measured cross sections for exciting

certain inner -shell vacancy levels by measuring
the numbers of the ejected Auger electrons. Argon
and neon atoms were excited by ion-atom collisions
in the energy range 50-300 keV. The Auger emission cross sections have been determined by using
the data of the previous paper,3 and the experimental apparatus is described el sew he^-e.4 Only the
Auger transitions resulting from initial K-shell
vacancies in neon and L-shell vacancies in argon
have been considered. These a r e the strongest
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transitions and produce electrons with energies
centered near 730 and 190 eV, respectively. The
experimental results a r e compared with a simple,
semiclassical model and also with the analogous
c r o s s section for x-ray emission a s measured by
Saris and Onderdelinden.5
Structure in the argon energy-loss spectrum has
been explained, andthe emission of Auger electrons
by these collisions was predicted by Fano and Lichten.It8 According to their scheme, electrons originally in lower energy levels of the collision partners
may be stranded in higher states after the collision
via a "promotion" mechanism that occurs at crossings of certain molecular orbitals. These c r o s s ings generally occur at certain internuclear distances, and after the ions separate the excited
atoms release most of their acquired energy via
Auger and autoionizing transitions. The "diabatic"
curves8 of Lichten a r e estimates of the actual behavior of the molecular orbitals a t intermediate
internuclear distances. However, the qualitative
shape of these orbitals suggests that the promotions
responsible for the Auger transitions occur p r i m a r ily near reasonably well-defined internuclear distances. The 4fa orbital of the Ar+-Ar system, for
example, r i s e s abruptly a t an internuclear separation of Y,= 2 - 3 x
cm. Many promotions from
the 4 f u to other orbitals a r e possible and may occur
within this relative narrow region. On the other
hand, Lichten predicts8 that the only possible I<- to
L-shell promotion in a ground-state Ne'-Ne system
i s the 2pa- 2pn transition. This crossing occurs
a t smaller internuclear separations than do the
argon crossings, and a smaller c r o s s section i s
expected.
Previous measurement^^^'^ have shown that the
average energy l o s s for Ar'-Ar collisions inc r e a s e s sharply for those collisions whose distances of closest approach a r e l e s s than v o 2 . 5
x 1 0 ' ~cm. This experimental agreement with the
promotion model has led u s to develop a simple
model to explain the dependence of the inner-shell
ionization c r o s s sections on incident ion energy.

radius of hydrogen.
We assume that the excitation t o Auger levels has
a probability P(y,) of occurring during the collision,
and a t that impact parameter p and energy E the
ions' internuclear distance Y, i s determined by Eq.
(1). Therefore, the probability that a promotion
occurs a t this gro may be written P(v0(p, E ) ). As
an approximation we now assume that the probability
for producing a vacancy i s PC,a constant, for distances of closest approach l e s s than some critical
distance T,. If the ion does not penetrate to l e s s
than Y,, the probability i s assumed to be zero.
This assumption i s consistent with the Fano-Lichten
promotion model. If the distance of closest approach of the ion-atom system i s larger than the
internuclear distances where promotions a r e possible, there will be no promotions, and the probability for an Auger transition i s zero. On the other
hand, if the distance of closest approach i s l e s s
than .;,, there will be some finite value for
P(v,(p, E ) ) . In argon, a step-functional form of
the probability may be justified by the fact that
the probability of an ion being excited to a higher
state was found2'10to r i s e rapidly from zero to
almost unity near internuclear distances of - 2. 5
x10-' cm. This i s also consistent with the abrupt
r i s e of the 4 f u orbital from which the electrons a r e
promoted in the Fano-Lichten model. Many crossings occur on the vertical section of the orbital
within a relatively narrow range of internuclear
separations, and the probability of at least one of
these electrons being promoted i s reasonably large.
In the neon system, the 2 p u - 2pa promotion i s
responsible for the K-shell transitions; therefore,
it i s reasonable to expect that the critical distance
for neon i s also fairly well defined.
In analogy to the definition of crpss section for
particular inelastic processes,'2 the c r o s s section
for an Auger excitation i s defined a s an integral
over all impact parameters, each times the probability P(r,(p, A))that an Auger electron i s
ejected when the ion has energy E and impact
parameter p. That is, we have

11. CLASSICAL CROSS-SECTION CALCULATION

In a close encounter of two atoms, the relation
between the impact parameter p and the distance of
closest approach yo depends on the type of interatomic potential. By assuming a simple screened
Coulomb potential, it has been shown that"

In general, P(y,(p, E)) increases smoothly a s yo
decreases, but a s a f i r s t approximation we a s sume a step-functional form for P ( v (p, E)):

P ( V , ( ~ E))
, = 0 for Y,>Y,,
P(v0(p, E ) )= P, f o r , ,? 5 T ,

where for symmetric collision partners b = 2.Z2e2/~,
and the Bohr screening radius a i s given by a,/
2 " 2 ~ 1 1 3 . Here Z is the atomic number of the atom
and ion, e is the electronic charge, E i s the laboratory energy of collisions, and a, i s the f i r s t Bohr

.

(3)

The expression for the Auger emission c r o s s section [ E ~ .(2)] now becomes

where p, i s the impact parameter determined by
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Eq. ( 1 ) when yo= r,, and PC is the constant probability that an inner-shell vacancy i s produced.
Therefore, we have

The values for the probability and critical distance remain to be determined. For the argon
system, the probability that either ion (or atom)
of the collision is excited was determined to be
-1.0 for r052. F J X ~ O cm.1°
- ~
In the data to be presented, ejection of electrons from both particles
, ~ assuming that almost all deexwas m e a ~ u r e d and
citations occur via Auger emission, the probability
that an electron is ejected pe v rollision is effectively 2. A rough estimation of this value may
also be made by an examination of the molecularorbital diagrama for argon. At each of the crossings that the 4fo orbital makes with the highershell orbitals, there is a finite probability for a
transition. Since there a r e several crossings, i t
is reasonably likely that both electrons in the 4fa
orbital a r e promoted to higher orbitals.
For the neon systems, the probability for a promotion is considerably smaller than in an argon
system. The possible promotion from the II to L
shell is sometimes blocked by full occupancy of the
2pn orbital, Even if the 2Pn orbital has a vacancy,
a promotion from the 2pa orbital is not guaranteed.
The probability that one particle was excited to a
higher state in neon was experimentally determined13 to be about 10%. This excitation occurred
a t an internuclear distance of about 5 x lo-'' cnx.
The present calculation is similar to a model
presented by Fortner e t aZ. ,I4 but there a r e important differences. First, a specific form of the interaction potential, a screened Coulomb potential,
is assumed. This calculation can therefore predict excitation threshold for producing inner-shell
vacancies a s well a s the behavior of the cross section near threshold. Second, the other two parame t e r s involved, ./,and P, a r e known empirically,
and the absolute value of the cross section i s calculated without a curve-fitting procedure. Finally,
the present calculation i s not limited by innershell excitations involving only one curve crossing.
The calculation applies for the multiple-crossing
case of argon a s well a s the single crossing of
neon.
111. RESULTS

The cross section for Auger-electron emission
was determined using the experimental results of
the Paper I . ~The contribution due to the "continuum" of electrons was subtracted from the total
cross section, and the region under the peak was
integrated to yield the measured Auger emission
cross section. This procedure was repeated for

.
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each of the ion energies considered; the results
appear in Fig, 1.
Also shown a r e the argon-x-ray-emissionresults
of Saris and 0nderdelinden.j The argon collision
partners in their experiment a r e excited via argonion collisions below 100 keV. These data have been
normalized to the theoretical curve at 20 keV,
which raises their absolute value by a factor of
1.2 X lo3. This value represents the reciprocal of
the fluorescent yield.
The curves drawn in Fig. 1 a r e generated by
setting P = 2.0 and Y,= 2. 5 X lo-' cm in Eq. (5) for
argon and P = 0.1 and r, = 5 x 10' lo cm for neon.
The predicted shape and absolute value of the curve
for argon fit well. The asymptotic form of the
argon curve above 50 keV indicates that the potential at relatively large critical distances i s so weak
that the impact parameter is essentially the same
a s the distance of closest approach.
Saris and ~nderdelinden's%esults extend t o
lower ion energies and shown a rapid decrease below 10 keV. The x-ray results do not show the
asymptotic behavior a t higher energies that the
Auger cross sections exhibit, but instead seem to
increase steadily a s f a r a s these data extend, This
indicates a curious phenomenon. The probability
of a decay of the excited argon atom (or ion) via
x-ray emission may depend on the velocity (or
energy) of the ion that excited it, This suggests
the unlikely situation that the deexcitation process
depends in some manner on the mode of producing

? =2
ic
= 2.5 x 16' crn

10-2$-&-

.ltijr-J
ION ENERGY (keV)

1,

300

FIG, 1. Auger emission cross sections for argon and
neon (circles). Crosses a r e the x-ray results of Saris
and 0nderdelinden5 normalized at 20 1reV to the theoretical values. Solid curves a r e generated using Eq, (5)
with the indicated parameters.
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the vacancy initially. These data also indicate
that the fluorescent yield, the ratio of the x-ray
to Auger emission cross sections, depends upon
the collision energy. Over the range 20-90 keV,
the value that would be obtained for the fluorescent
yields by heavy-ion bombardment changes by a
factor of 2. 5. It i s evident that care must be taken
in using conventional fluorescent yields to interpret heavy -ion experiments.
The neon vacancies a r e produced at smaller internuclear distances than a r e the argon vacancies.
For these greater penetrations, the potential i s
strong enough to create a difference between the
impact parameter and distance of closest approach
for ions with energies a s high a s 150 keV. The
cross section decreases rapidly below 100 keV
and appears to reach a threshold near 40 keV. Below this energy, the distance of closest approach,
even for head-on collisions, is not small enough
to permit the neon shells to intersect. The neon
curve does not fit the data a s well a s in the argon
case, but it i s nevertheless near the correct absolute value and also predicts the threshold well.
At higher ion energies the model of Fortner et
a1. ,I4 which uses the Landau-Zener theory to estimate the probability of a promotion, predicts a decrease in the x-ray cross section and, presumably,
a decrease in the Auger-electron cross section
also. Our model does not consider the velocitydependent t e r m of the Landau-Zener theory and
approaches an asymptotic value at high energies.
Neither our data, Saris and Onderdelinden's, nor
the carbon data of Fortner extend far enough to
determine the behavior at these high velocities.
Fortner's data have reached a maximum and may
either decrease again o r remain constant a s predicted by this model. It is quite likely that the
constant-probability -for-promotion arguments
presented here break down at higher velocities.
Higher-energy x-ray measurements need to be

made to determine the experimental dependence
of the cross sections. Auger emission measurements at ion energies higher than 300 keV a r e
difficult because the number of background or "continuum" of ionized electrons becomes comparable
to, or larger than, the number of Auger electrons.
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1V. SUMMARY
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