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The differential inelastic energy loss Q has been determined for keV atomic collisions between Na®,
Ne*, Ne**, F*, O, and N* projectiles and Ne, N,, and NH, targets for scattering angles between 2°
and 15°. The data, which have been obtained under single-collision conditions, determine the probability
of producing a K vacancy and the corresponding K -excitation energy for specified charge states of the
projectile before and after the collision. The production of a K vacancy has been shown to take place
preferentially in the low-Z collision partner with a probability depending on the collision’s distance of
closest approach and the projectile velocity. The data suggest that rotational coupling between the 2po
molecular orbital (MO) and the 2pm MO produces the K vacancy. The K -excitation probability is
shown to depend strongly on the outer-shell (2p), precollisional configuration of the high-Z collision
partner. For N*-NH;, Ne*-Ne, Ne**-Ne, and Na*-Ne collisions, the maximum K -excitation
probabilities are 35%, (10-15)%, 20%, and < 1%, respectively. These observations are in accord with
the Fano-Lichten model. For N* and O™ projectiles incident on N, and NH, targets, triple-peaked Q
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spectra occur, indicating a fair probability of the production of two K vacancies. For asymmetric
collision systems such as O*-NH;, the two K vacancies are produced preferentially in the low-Z

collision partner.

I. INTRODUCTION

The pioneering experimental investigations of
L-shell excitations in violent Ar” -Ar collisions,
carried out in Connecticut by Everhart and co-
workers! and in Leningrad by Fedorenko and co-
workers,? revealed unexpectedly large cross sec-
tions for the production of L-shell vacancies. The
subsequent explanation of these cross sections in
terms of a molecular orbital (MO) model by Fano
and Lichten® encouraged other laboratories to in-
vestigate the conditions under which inner-shell
excitations are likely to occur in heavy ion-atom
collisions. For reviews of the experiments up to
1972, the reader is referred to Kessel,* Kessel
and Fastrup,® and Garcia, Fortner, and Kavanagh.
It is characteristic of these collisions that near-
adiabatic conditions prevail during the collision
and that single-electron molecular states (MO’s)
of the diabatic kind™'® form a suitable basis for
the description of the excitation mechanism. Al-
though the first experiments of Everhart and co-
worker and Fedorenko and co-workers dealt with
inner-shell excitations in the symmetric collision
systems Ar® -Ar and Ne* -Ne, it was later shown
experimentally that asymmetric collisions of the
type Z,*-Ar® exhibit characteristic features simi-
lar to those observed for Ar -Ar. An example
of this is the occurrence of a triple-peaked inelas-
tic energy-loss spectrum for certain distances of
closest approach R,. Although inelastic energy-
loss data provide detailed information about the
collision process—for example, determination of
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the differential cross section for the production

of an inner-shell vacancy as a function of the
collision energy, the scattering angle, and the
final charge state of the scattered ions—only few
laboratories have so far been involved in these
time-consuming measurements.®> A greater
volume of inner-shell excitation data has been ob-
tained by measuring the total emission yield ver-
sus energy of either Auger electrons!® or charac-
teristic x rays.>*® The cross sections obtained by
the latter methods represent an integration over
all impact parameters and charge states of the
scattered particles. This inherent averaging
makes it difficult to get detailed information of the
collision process, e.g., its specific dependence
on the collision velocity and on R,, the collision’s
distance of closest approach. In the differential
experiments reported here, where this information
is obtained, it is possible to determine the charac-
teristics of the various excitation mechanisms,
for example, the location of significant crossings
between MO’s.

The Fano-Lichten model indicates that the MO
excitations of L and M shells are caused primarily
by potential couplings at a series of crossings.®
Highly promoted diabatic 4 fo and 6koc MO’s appear
to be responsible for the production of L, ; and
M, , vacancies, respectively. Within certain nar-
row ranges of R,, each of these MO’s cross other
closely spaced MO’s, and this multi-crossing-type
of interaction leads to an inner-shell-excitation
probability which is approximately unity if R <R,
and zero if R,>R,, where R, represents the inter-
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nuclear distance of the multi-crossing zone. In
contrast to L- and M -shell excitations, which are
intractable to theoretical computations, K-shell
excitations represent a simpler and therefore
particularly interesting situation from a theoreti-
cal point of view. The K excitations are primarily
due to a rotational coupling between two adjacent
MO’s, the 2pc and the 2pm MO’s, which are degen-
erate in the united-atom limit. This special fea-
ture of K excitations makes them well suited for
a detailed test of the validity of the MO model. It
was originally predicted by Lichten’ and subse-
quently verified by the Connecticut group’! that for
the symmetric Ne-Ne systems, such as in Ne°,
Ne®, Ne**-Ne collisions, the probability of pro-
ducing a K vacancy should depend on the charge
state of the incident Ne particles. The reason for
this is that at least one 2p7 vacancy is needed to
allow the transfer of a K electron from the 2po
MO to the 2p7m MO during the collision. Since the
2pm™ MO in the separated-atom limit relates to the
neon 2p orbital, this is the reason why the proba-
bility of producing a K vacancy in neon depends on
the number of neon 2p vacancies prior to the col-
lision. This also explains why collision systems
with at least a neon configuration exhibit a very
low K-excitation cross section. This charge-state
effect is frequently called the “exit-channel effect,”
i.e., the exit channel for a K excitation is closed
if no 2p7 vacancies exist and is open when one or
two 2pm vacancies exist. Because the rotational
coupling can only couple the 2poc MO with the x
component of the 2p7 MO (i.e., the component in
the scattering plane), at most two relevant 2pm,
vacancies can exist in the 2p7m MO. The rotational-
ly induced coupling between 2pg and 2pm MO’s

was first discussed by Bates and Williams, '* who
showed the general characteristics of this type

of coupling and its dependence on the collision ve-
locity and the impact parameter.

The present paper describes a systematic and
detailed experimental study of the K-excitation
mechanism in heavy ion-atom collisions. Owing
to the simple features of K excitations, such mea-
surements are particularly useful for testing the
validity of the MO model. Symmetric and asym-
metric collision systems with atomic numbers
ranging from 7 to 11 have been studied by mea-
suring the inelastic energy-loss spectra for vari-
ous incident energies and scattering angles of the
projectiles.

In selecting the collision systems, special
emphasis has been placed on the study of the ro-
tational coupling mechanism and of the exit-chan-
nel effect. Na*, Ne*, Ne**, F* O*, and N* pro-
jectiles are scattered by Ne, N,, and NH, targets
under single-collision conditions. The preliminary
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data presented earlier'® showed general agreement
with the Barat-Lichten MO model for asymmetric
collisions.! The complete set of data presented
here substantiates these earlier findings. Recently
Briggs and Macek'® have performed a two-state,
perturbed stationary-state calculation of the K-ex-
citation cross section in Ne''-Ne and N*-N colli-
sions. Their calculations, which include elec-
tron-translational factors, agree well with our
Ne-Ne data, whereas there is some disagreement
between their calculated data for the N-N system
and our experimental data for the N-N, system.

II. EXPERIMENTAL METHOD

The apparatus and the experimental method have
been described in detail earlier,® and only a brief
review will be given here. For the lower incident
ion energies, the isotopically pure beams are
supplied by an 80-keV isotope separator, and for
the higher ion energies, a 500-keV accelerator
is used. Both these accelerators are equipped
with universal ion sources of the Nielsen type.'®
When an entrance collimating system has reduced
the beam divergence to 3°, incident ions with an
energy E, enter a differentially pumped scattering
chamber containing the target gas. The scattering
chamber is divided into two parts: a fixed lower
part into which the incident ions enter, and a
rotatable upper part with a collimating system
which selects the particles which have been scat-
tered through an angle 6. After this collimation,
the ions pass through a cylindrical electrostatic
analyzer and into an open electron multiplier,
which detects the energy-analyzed particles. This
system is capable of determining the energy E,
and the charge state m of the particles scattered
through a given angle 6, which can be varied from
zero to 132°.

Single-collision conditions are ensured by keep-
ing the product of the target-gas pressure and the
path length of the ions in the target below 1073
Torrcm. Under these conditions, the number of
scattered particles in each charge state misa
linear function of the gas pressure. While the
same criterion is applied when molecular gas tar-
gets are used, it may be questioned whether true
single collisions are possible for these cases. To
illustrate this point further, consider the N*-N,
collision system. Since the bond length of an N,
molecule is approximately 1 A, while the colli-
sions being investigated have values of R, which
are less than 0.15 f\, geometrical considerations
show that the likelihood of the incident nitrogen
ion coming within a distance of 0.15 A of both the
nitrogen atoms in the N, molecule is negligible.
From this point of view it is possible to study
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single collisions using molecular targets.

From the measured values of E;,, E,, and 6, the
inelastic energy loss @ can be found through con-
servation of energy and momentum. The resulting
formula for @ is

Q=27(E1E0)‘/2c056— (A+p)E, +(1-vy)E,, (1)

where v is the projectile-to-target-mass ratio

M ,/M,. This method of determining @, called the
scattered-particle method, has been shown to
produce spectra whose widths are not seriously
affected by thermal motion of the target atoms.®
This being true, the experimentally observed line-
widths in the energy spectra have two primary
contributions: a natural linewidth and an instru-
mental width. Although the natural linewidth is
appreciable!” and comparable with the observed
width, in the present data there also exists a
contribution from fluctuations in the beam energy.
However, for the purpose of determining the sep-
arate and distinct energy losses and the corre-
sponding number of events in each line, this in-
determinancy of the natural linewidth is of no
practical consequence. As shown in Eq. (1), the
calculated @ values depend on y and therefore on
the isotopic weight of the target atoms (the beam
being isotopically pure). In the case of neon tar-
get atoms, commercial pure neon gas is used.
The isotopic abundances in neon are: 90.92% of
*°Ne, 8.82% of **Ne, and 0.25% of ?*'Ne. When com-
pared to the *°Ne @ spectra (see, e.g., Fig. 1), the
data are easily corrected for this effect. Our ex-
perimental method did not allow a determination
of the energy spectrum of the neutrals in the scat-
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FIG. 1. Energy spectrum of the scattered 4+ neon
ions from Ne*-Ne collisions with incident energy E,
=200 keV and scattering angle 6=11°. The contributions
from 22Ne target atoms are indicated.

tered beam. For most of the collisions investi-
gated here, the charge-state distribution of the
scattered ions is such that the number of neutral
atoms in the scattered beam is estimated to be
less than 5% and of minor importance in the pre-
sent investigation.

Except for the presence of a **Ne peak when
neon targets are used, the majority of the inelas-
tic energy-loss spectra have single or double
values. In a double-valued @ spectrum, the lower
@ line will here be denoted by @, and the higher
Q line by @. Figure 1 shows an example of a
double-peaked @ spectrum for the case of Ne®-Ne
collisions. From such spectra, the @ values Q7'
and the excitation probabilities P} corresponding
to charge state m of the scattered incident parti-
cles and peak j (=1, II) are obtained. From these
basic data, we derive Qj , the mean @ for peak j
weighted over the charge-state distribution and
the excitation probability P; of exciting @; . Also
derived is m;, the mean-charge state of the scat-
tered incident particles from the @; excited colli-
sions. The precise definitions of these quantities
are given in Ref. 9. Owing to long-term fluctua-
tions in the beam energy, the absolute values of
the peak positions in the @ spectra, (®@; and @)
may be somewhat unprecise (in rare cases up to
20%), but the quantity of interest in connection
with inner-shell excitations, @; -@;, is good to
better than 5%. The uncertainties on Pj; and
are estimated to be +0.015 and +0.15 charge units,
respectively.

III. DATA AND RESULTS

A. Atomic-target case: Na*, Ne", Ne"™". F*, 0*, and N*-Ne

Na*-Ne: The data are obtained at 200 keV and
at scattering angles from 7° to 20°. The R, values'®
for these collisions range from 0.06 to 0.03 A.
Under these conditions, the @ spectrum is single-
valued, an example of which is shown in Fig. 2,
where only a @ type of excitation is observed.

Although the @ data show no sign of a second
peak which would correspond to a K excitation, we
cannot completely rule out the possibility of a
very small K-excitation probability. In Fig. 2 we
see that §; =664 eV, and by simply adding the
K-binding energy of neon (870 eV) we obtain an
estimate of the position of a possible &;; peak to
be 664 +870=1534 eV. At this position, Fig. 2
shows a completely flat energy distribution with
a height less than 1% of the peak value in the
observed Q; distribution. Hence we may argue
that the probability of producing a K vacancy in
Na® - Ne collisions is less than 1%. In this respect
it is worthwhile to note that both the incident Na*
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FIG. 2. Energy spectrum of the scattered 4+ sodium
ions from Na*-Ne collisions with incident energy E,
=200 keV and scattering angle 6=10°. The estimated
position of a possible @, peak is indicated.

ion and the Ne target atom have complete 2p sub-
shells and therefore, according to the MO model,
should not permit the formation of any 2p7 vacan-
cies. The Na*-Ne collision system is an example
of a system with a so-called closed-exit channel
for K excitation. The mean-charge state m;, which
is displayed against E 0 in Fig. 3, is approximate-
ly 3 and is nearly independent of the scattering
angle 6, i.e., of R,.

KLL Auger-emission cross sections,’® measured
as a function of incident ion energy, agree well
with these exit-channel arguments.>*” The elec-
tron data show that for Na*' -Ne collisions, where
the high-Z partner has one 2p vacancy before the
collision, the probability of producing a K vacancy
at low energies (<100 keV) is one or two orders of
magnitude higher than for Na*-Ne collisions where
no 2p vacancies exist before the collision. It is
further observed that the emission cross sections
for Ne"-Ne and Na** -Ne collisions are nearly
identical at the same velocities.
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FIG. 3. Mean charge state 7, of the scattered sodium
ions from 200 keV Na*-Ne collisions as a function of the
product £,6 and the corresponding distance of closest
approach R;.
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Ne®, Ne**-Ne: The data are obtained at 150,
200, 300, and 400 keV for Ne*-Ne and at 300 keV
for Ne**-Ne collisions. The scattering angles
range from 3°to 15° and the corresponding R,
values from 0.09 to 0.022 A. In most cases, the
measured energy spectra are double-valued, in-
dicating two different modes of excitation, @; and
Qq;. Figure 4 shows Q, and m; as a function of
E 0. The difference @,,-@; is nearly constant and
equal to 860 eV. This value corresponds well
with the binding energy of a neon-K electron, 870
eV. This suggests that a @;; excitation involves
the excitation of a single neon-K electron, where-
as a @ excitation involves only excitations among
the outer (n=2) electrons. The difference m-m,
is constant and equal to 0.45, which, under the
assumption that half the K excitations take place
in the projectile ions, infers that a K excitation
changes the sum of the mean-charge states of both
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FIG. 4. Ne*-Ne and Ne*"-Ne: mean inelastic energy
loss @ ; and mean charge state m; of the scattered neon
particles as a function of the product Ej6 and R;. A
comparison of # ; values obtained from 300 keV Ne*-Ne
and 300 keV Ne**-Ne collisions is given. The K -shell
radius for a neon atom ay (Ne) is indicated.
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atoms by 0.9. This change may be partly accounted
for by the KLL Auger process following a K ex-
citation, whereby a K electron is promoted into

a 2pm vacancy, leaving a 2po vacancy which sub-
sequently decays by an Auger process. In Fig. 5
is shown the probability P;; of producing a single
K vacancy in either neon-collision partner. There
is an appreciable dependence of Py on the primary
energy E, for fixed values of the product E 6 or
equivalently R,. Further, a strong dependence of
Py, on the initial charge state of the incident par-
ticles is noted, i.e., Ne'"-Ne collisions are
almost twice as efficient in producing K vacancies
as are Ne'-Ne collisions when both cases are
measured under otherwise identical conditions.
This charge-state effect was originally estimated
by Lichten’ to be two, and shortly afterwards this
value was confirmed experimentally'! by the de-
termination of the KLL Auger-emission yields

for incident 200 keV Ne* and Ne** ions on neon
atoms. Our more detailed @ studies at 300 keV,
however, show that the charge-state effect is def-
initely less than two and approximately equal to
1.7. This value is in good accordance with recent
KLL-emission data’® obtained over an extended
energy range from 80 to 500 keV. At low ener-
gies, the charge-state effect is found to be ap-
proximately two, but the value decreases slowly
with increasing energy.

F'-Ne: The data are obtained at 200 keV and at
scattering angles ranging from 6°to 9°. The @;,
P;, and m; data are shown in Fig. 6. The differ-
ence @;-Q; is 680 eV, which corresponds well
with the fluorine K-binding energy of 686 eV.
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FIG. 5. Ne*-Ne and Ne**-Ne: probability for pro-
ducing one K-shell vacancy P|; as a function of the prod-
uct Ey6 and R,. The K-shell radius for a neon atom
a g(Ne) is indicated.
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This suggests that K excitations take place pre-
dominantly in fluorine. This conclusion is further
supported by the charge-state data of the scattered
fluorine ions, where it is found that m,;-m; is
approximately unity.

O*-Ne: Only a few energy spectra are obtained
for O*-Ne collisions. An example is shown in
Fig. 7, which clearly demonstrates the existence
of a double-peaked structure. The energy separa-
tion of these peaks indicates that the K vacancy is
produced primarily in the oxygen ion. On the basis
of similar data, obtained by a delayed-coincidence
technique, Bingham and Rice?° arrived at the same
conclusion.

N*-Ne: The data are obtained at 60, 125, 160,
and 200 keV and at scattering angles ranging from
2°to 15°. In these collisions, the small energy
separation (400 eV) between the two @ peaks, @,
and @, together with the small K-excitation prob-
ability Py;, makes it difficult to quantitatively
resolve the energy spectra. Hence, some of the
results shown are not as accurate as those ob-
tained in other collision systems, where either
the P;; values or the @;;-@; differences are sub-
stantially higher than for the N* -Ne collisions.
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FIG. 6. F*-Ne: mean inelastic energy loss @;, prob-
ability for producing one K -shell vacancy in fluorine
Py, and mean charge state 7; of the scattered fluorine
particles as a function of the product E,6 and R,. The
K -shell radius for a fluorine atom a 4 (F) is indicated.
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The Py; results are shown in Fig. 8. Although the
points show some scatter around the fitted lines,
it is apparent that P;; depends upon both E 6 and
E,. In Fig. 8, the mean-charge state m, is plotted
as a function of E,0. It is curious to note that for
E 6 exceeding approximately 250 keV X degrees,
m is fairly constant and equal to 2.2 over the
measured range of E,6 values. Owing to difficul-
ties with the resolution of the measured energy
spectra, we have not been able to obtain reliable
@; and @;; results. The data are, however, con-
sistent with the K vacancy being formed preferen-
tially in the low-Z partner, i.e., the nitrogen ion.

B. Molecular-target case: Na’, Ne', 0", and N*-N_, NH,

For the collisions under consideration here,
inner-shell excitations are produced by close en-
counters, the trajectories of which may be treated
classically. As noted in the section dealing with
experimental method, it is highly unlikely for a
projectile to suffer such a close encounter with
more than one of the atoms comprising the molecu-
lar target.

In spite of this, the presence of a molecular
partner in the target can cause a substantial per-
turbation of the inner-shell excitation probability
P;;. Measurements by Fastrup and Crone?' on
systems such as C*, N*, and O" incident on mo-
lecular targets of N, and NH,;, and N* on O, and
H,O targets, clearly demonstrate this effect. Their
N*-NH, and N*-N, data show that the probability
of a K excitation is about 12% higher for the N*-N,
collisions than it is for the N*-NH, collisions. A
similar effect was not observed for Ne*-N, and
Ne®-NH, collisons. The data of Fastrup and Crone
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FIG. 7. Energy spectrum of the scattered 4+ oxygen
ions from O*-Ne collisions with incident energy E,
=125 keV and scattering angle 6=10°.

may be summarized as follows: In homonuclear
collisions, such as N*-N, and N*-NH, and colli-
sions for which the projectile is the low-Z colli-
sion partner, the probability P;; does depend on
the molecular nature of the target. However, if
the molecule contains the lighter collision partner,
then there seems to be no molecular effect.

The explanation of these molecular effects is
uncertain. From collisions with atomic targets
it is clear that the promotion probability depends
primarily on two factors: First, a rotational
coupling when the 2po and 2pm MO’s are nearly
degenerate, and second, a 2p7 vacancy into which
the promoted electron may go. Of these two factors
it would seem that the second of these, the exit-
channel factor, is the one most likely to be affected
by the neighboring atoms in a molecular target.
For the case of a low-Z projectile incident on a
high-Z target atom, P;; depends on the number of
2p vacancies carried into the 2pm MO by the target
atom. When this target atom is part of a molecule,
it is likely, as Fastrup and Crone note, that the
presence of a molecular neighbor somehow in-
creases the probability of a vacancy appearing in
the 2pm MO during the collision.
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FIG. 8. N'-Ne: probability for producing one K-shell
vacancy in nitrogen P, and mean charge state 7 of
the scattered nitrogen particles as a function of the prod-
uct Ey6 and R,. The K-shell radius for a nitrogen
atom a x(N) is indicated.
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Na*-N,: The data are obtained at 200 keV and at
a 6° scattering angle. The energy spectra for
charge-states 1-4 of the scattered sodium ions
are recorded, and in all cases only a single-peaked
spectrum is observed. @; is found to be 424 eV
and m to be 2.6. A spectrum for m=2 is shown
in Fig. 9. To put an upper boundary on the proba-
bility of producing a K excitation in nitrogen, we
may argue as follows: A possible @; line should
be positioned at approximately 424 +400 =824 eV.
This value falls within the tail of the @ distribu-
tion such that from the experimental data, P;; can
be estimated to be less than 5%.

Ne*-N,, NH,: The data are obtained at 180 keV,
which is the same relative velocity as for the 125-
keV N*-Ne collisions discussed earlier. The
scattering angles range from 3°to 6°. The @,

P;, and m; curves are shown in Fig. 10. @;-@;
is a constant difference of 370 eV, which is in
good agreement with the binding energy (400 eV)
of a nitrogen K electron. The P;, curve or the
K-excitation probability is seen to be independent
of the target being N, or NH,. Within the experi-
mental uncertainty, m;=m; =~ 2.5. This shows
that a K excitation in the collision system does not
alter the resulting mean-charge state of the scat-
tered incident particle (the neon ion). The @- and
charge-state data are consistent with the hypothe-
sis'®'™ that the K excitation take place preferen-
tially in the low-Z collision partner, i.e., the
nitrogen particle.

O"-N,,NH,: The data are obtained at 183 keV
and at scattering angles ranging from 2.5° to 3.5°.
These data normally show a double-peaked
structure, but in a few cases a third peak (@)
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FIG. 9. Energy spectrum of the scattered 2+ sodium
ions from Na*-N, collisions with incident energy E,
=200 keV and scattering angle 6=6°. The estimated
position of a possible @, peak is indicated.

is found, as shown in Fig. 11. The observation of
a triple-peaked @ structure in the case of O*-NH,
suggests that the largest @ value (Q;q;) corresponds
to the production of two K vacancies in the nitro-
gen-target particle. This assumption is supported
by the fact that the difference @;;;-@; is only
slightly higher than @;;-@;, the latter value (400
eV) agreeing well with the binding energy of a
single K electron in nitrogen (the binding energy

of a single K electron in oxygen is 535 eV and
definitely higher than the measured @;;,-@,; value).
The @,, P;, and m; curves are shown in Fig. 12.
The difference @;-Q; is seen to be independent
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FIG. 10. Ne'-N, and Ne*-NH;: mean inelastic energy
loss @, probability for producing one K-shell vacancy
in nitrogen P, and the mean charge state m; of the
scattered neon particles as a function of the product £,0
and R;. The K-shell radius for a nitrogen atom, ag(N),
is indicated.



of E 6. The probability of a K excitation, Py,
seems not to depend upon the nature of the molecu-
lar target containing the nitrogen atom(s). We
note that Py, for O -N,, NH, collisions is appreci-
ably higher than for Ne”-N,, NH, collisions. The
lower curves in Fig. 12 show that the mean-charge
states m and m; are approximately equal. This
is consistent with the general finding that the K
excitation is being produced in the low-Z collision
partner, i.e., in the nitrogen particle.

N*-N,,NH,: In the case of N*-N, collisions, a
more detailed study of the conditions under which
K vacancies are produced is carried out. Primary
energies of 50, 70, 125, and 160 keV are used,
and the particles being scattered have been energy-
analyzed for several scattering angles in the
range from 3° to 14°. Almost all energy spectra
reveal a double-peaked structure, but a few cases
at high values of the product E 6 show also a third
peak (Qqi;). The data are shown in Figs. 13(a)-
13(f), where @;, P;, and m, are plotted versus
E.6. The @, data plotted in Figs. 13(a) and 13(b)
show that although @; and @;; depend slightly upon
the primary energy E,, their difference @;; - Q; is
found to be fairly constant and equal to 400 eV, the
binding energy of a single K electron in nitrogen.
The data plotted in Fig. 13(c) show that the proba-
bility of producing a single K vacancy, Py, de-
pends not only on E 0 (or R,) but also upon the pri-
mary energy. The Py;’s appear to have a threshold
such that no K excitations occur if E 6 is smaller
than 200 keV Xdegree or, alternatively, if R, is
larger than 0.15 A. This latter value is somewhat
smaller than twice the K radius in nitrogen. Fig-
ure 13(d) shows the P;;’s for 160-keV N*-N, and
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FIG. 11. Energy spectrum of the scattered 4+ oxygen
ions from O*-NHj collisions with incident energy E
=183 keV and scattering angle 6=3°.
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N"-NH, collisions. The slight but definite differ-
ence between the two curves is presumably due
to a melecular effect.”’ The m; curves in Fig.
13(f) for 160-keV incident N* ions on N, and NH,
targets show that the mean-charge states m; and
my; are independent of the scattering angle 6, E .6,
and of the nature of the molecule. The latter fea-
ture supports the earlier assumption that violent
ion-molecule encounters are essentially binary
ion-atom encounters. The difference m;; —m, is
0.45; this is consistent with half of the K excita-
tions occurring in the projectile ions.

For N*-NH, collisions, where only one nitrogen
atom is present in the molecular target, the data
are obtained at 160 keV and at scattering angles
from 2.4°to 5°. These data show a triple-peaked
structure in the energy spectra, an example of
which is shown in Fig. 14. From such data, anal-
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FIG. 12. O*-N, and O"-NH;: mean inelastic energy
loss @;, probability for producing one K-shell vacancy
in nitrogen, P|;, and mean charge state m; of the scat-
tered oxygen particles as a function of the product E 6
and Ry. The K-shell radius for a nitrogen atom a x(N)
is indicated.



2526 FASTRUP, HERMANN, KESSEL, AND CRONE 9

17 T T T T T 04’”—'"‘{ AAA T o L |
| N =N o 160keV  x 70keV |« 160keV N*=NHj \
o 2 s 125keV o 50keV | o 160keV N*= Ny . |
a | o
800 o s ] W /Q/:__ :
2 s0or fhelet e e e L T o 03F /l/‘ }
<3 | P ‘
400 . * // |
8 204 %5 %% ° a c? o a | s
200F L, e eTe ¥ oeex e X3 - LS G 02t N L
200 400 600 800 1000
O o w0 e w0 woa - ’ ‘ " ]
004  160keV N*~NH3 =
= Ce) P I
T T T T v & 002 P 4
(0) = 160keV N* = NH3 ! — N
© 160keV N*~Nj 6 40 600 800 1000
. 800 o — E¢® (keV Degree)
3 HTe e e Ty o o0 08 06 004
< 600+ . ,
Iy Ro(A)
4001 . .
0% o, o g T T T T T
200} : . 3 ]
T
206 400 600 800 000 . o, 0x0x ox u On o Mg
Qbp—T 7 e — 2+ Ox 0x0x ox x ox ° r_nI .
N* =N, :
| o e OkeV e b J
o e |
: c 0/ »;/A/ 125 keV ! o 160keV N* = N2
03k /A/ 4 1+ * 160keV N*—~NH3 .
r y /
/ o /70kev
= L / / ,/ j 0 ! ! 1 L L
e 02 foo 200 400 600 800 1000
/A /., 50keV Eo© (keV Degree)
7 ) » | L L1 1 | L I 1
/ ! 055 010 08 06 004
o1 !/ 1 Ro (A)
//' ; FIG. 13. N*-N, and N*-NH;: (a)—(b) mean inelastic
oL 4/{',/ JGKL(N) . B . energy loss @;, (c)—(d) probability for producing one
TR0 a0 60 80 w000 K-shell vacancy P;;, (e) probability for producing two
K-vacancies, Py, and (f) mean charge state #; of the
E4O (keV Degree) scattered nitrogen particles. The data are plotted vs
o5 o0 o8 e T T ot the product E,6 and R,. The K-shell radius for a nitro-
Ry (A) gen atom a 4 (N) is indicated
ysis has yielded Py, the probability of producing 2000 T — T ]
| |
two K vacancies, as a function of E 0 [see Fig. j o ;
13(e)]. ‘
1500 -
C. Charge-state distributions "
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A selection of typical charge-state distributions 3000~
P;(m) for different collision systems is shown in ©
Fig. 15. These examples clearly demonstrate that
the fraction of neutrals in the scattered, incident 500
beam is very small and that inclusion of these neu- ‘
trals in the previous data analysis will not alter ol _
the results significantly. The different plots illus- £ (keV)
trate how the charge-state distribution is affected 1065 563 782
by a K-excitation process. If the K excitation takes tev)

- S . + o
placg in the pr~01ectlle, as in the‘ F .-Ne.colllslons FIG. 14. Energy spectrum of the scattered 3+ nitrogen
of Fig. 15(a), its charge-state distributions for fons from N*-NH, collisions with incident energy E,

@1 and @y excitations, P;(m) and P;;(m), respec- =160 keV and scattering angle §=4.11°. The dashed
tively, will have similar shapes, but the distribu- lines show the separated peaks.
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(a) * ! T l tions are separated by a charge-state difference
Zo .—2':)% keV ':} ((m)) of approximately unity. When the K excitation takes
—~ 10F ©=8° nm place in the target atom, as in the Ne*-NH, colli-
&5_ 08} gy =1 sions of Fig. 15(b), the charge-state distributions
gf: /. . j of the scattered, incident particles are unaffected
02k / ><\ 41 by the K excitation. For symmetric collisions
SR iz : - such as Ne*-Ne [Fig. 15(c)] and N*-N,, half of the
m My K excitations occur in the projectile ions and half
in the target particles. For this situation, the
——————— measured charge-state distributions P;(m) and
(b) | Ne* — NHs . Py(m) P, (m) of the scattered, incident particles are sep-
Eq= 180keV = Pp(m) arated by approximately 0.45. This value is in
€ :)’gi -5 1 reasonable agreement with the expectation that an
[ OZGE Pr(m) = Pg(m) J inner-shell excitation in one of the collision part-
04 4 ners will shift the charge-state distribution of that
02 r 7//‘/1 \ 1 atom by approximately unity.
2 13 4 5 m
mp=my
1V. DISCUSSION
— — [ The data, presented in a condensed form in
(e L Ne*-Ne cRm Tables I and II, show several general features
| o 150kev * Pp(m) J which are listed below.
€ é'g}r 6-10 %\ (i) In cases where the high-Z collision partner
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o;,t / x ] an appreciable probability (between 10% and 40%)
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T2 3714 5 m sufficiently high relative nuclear velocities. The
ml my

FIG. 15. Charge-state distributions P; (m) (j= LII) for
different collision systems (a) F*-Ne, (b) Ne*-NH;, and

CHARGE STATE m

(c) Ne*-Ne. The values of the mean charge states #;

are indicated.

probability increases with the number of initial
2p vacancies in the high-Z partner.

(ii) If the high-Z collision partner has initially a
filled 2p subshell, we must distinguish between
two cases, i.e., one where the low-Z partner is
initially neutral, and one where it is initially

TABLE I. Atomic target case. Presentation of @, 7, the differences @y-@; and -, and the maximum prob-
ability for producing one K -shell vacancy PJj** for the various collision cases studied. @ -@; is compared with the

binding energy of a K electron in the projectile atom Eg(Z,). When possible, the critical distance of closest approach
R for producing a K -shell vacancy is given and compared with the sum of the K -shell radii of the colliding particles,
ay(Z,) +ag(Z,). The collisions are characterized by the energy E, and velocity v, of the incident ion and by the product

E,6 and correspondingly the distance of closest approach R, (see Ref. 18).

Vo

. E, (10° cm/ Eq0 R, R, ag(Zy) +agZy) Qr @y-Q PR Eg2))
ZYt -z, (keV) sec) (keV x degrees) (A) (A) (A) ev)y (V) my my-myg (eV)
Na*-Ne 200 1.30 1400-4000  0.063—0.032 0.105 690 3.1 030" 1075
Ne*-Ne 150 1.20 1350-1650  0.059—0.050 0.110 500 860 3.0 0.45 >0.05 870

200 1.39 800—-2900  0.088—0.033 0.08 500 860 3.05 0.45 0,12

300 1.70 1650—3800  0.049—0.025 500 860 3.2 045 0.13

400 1,97 1150—4400  0.065—0.021 500 860 3.2 0.45 0.15
Ne™ -Ne 300 1.70 2200-3300  0.040—0.028 0.110 500 860 3.35 0.45 0.22 870
F*-Ne 200 1.43 1200-1800  0.059—0.043 0.116 380 680 2.8 1.1 >0.1 690
O*-Ne 125 1.23 1250 0.053 0.124 380 5002 2.5 535
N*-Ne 60 0.91 480-850  0.102—0.068 0.135 4002 2.2 0 400

125 1.31 500-1260  0.097—0.047 0.125 4002 2.2 >0.06

160 1.49 480- 970 0.099-0.057 0.125 4002 2.2 >0.08

200 1.66 600—1200  0,084—0.048 4002 2.2 >0.11

2 The experimental uncertainty of these values is +50 eV. In all other cases @-@; is good to better than 5%.
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TABLE II. Molecular-target case. Presentation of @, 7, the differences @-@; and my -my, and the maximum
probabilities PJ** and P{}#* for producing one and two K -shell vacancies, respectively, for the various collision cases
studied. When possible, the critical distance of closest approach R for producing a K -shell vacancy is given and
compared withthe sum of the K-shell radii of the colliding particles, ax(Z) +ag(Z,). The collisions are characterized
by the energy E; and velocity v, of the incident ion and by the product E,6 and correspondingly by the distance of closest

approach R, (see Ref 18).

)

E, (10%cm/ Ey0 R, R, agZy) +agZy) Qp Qu-@
zZit -z, (keV) sec) (keV x degrees) (A) (A) (A) €v) (V) my my-mp PR P
Na*-N, 200 1.30 1200 0.053 0.130 425 2.6 0+9-03
Ne*-N, 180 1.32 550-1100  0.090-0.053 0.135 370 370 2.6 0 >0.18
Ne*-NH; 180 1.32 580-910  0.087-0.061 0.135 330 370 2.5 0 >0.18
O*-N, 183 1.49 440-780  0.090-0.057 0.150 360 400 2.3 0 >0.3
O*-NH, 183 1.49 600-780  0.071-0,057 0.150 320 400 2.3 0 >0.3
N*-N, 50 0.83 140-700  0.183-0.061 0.13 0.160 200 400 1.7 0.42  0.19

70 0.98 240-980  0.130-0.046 0.14 240 400 1.8 0.42  0.27

125 1.31 270-870  0.119-0.047 0.16 280 400 2.1 0.42  0.35

160 1.49 340—870  0.100-0.047 300 400 2.1 0.42  0.36
N*-NH, 160 1.49 370-740  0.094-0.054 0.160 245 400 2.1 0.42  0.32  0.03

charged. In the former case, as in Na"-Ne, N,
collisions, no K excitations are observed. In the
latter case, as in N*-Ne collisions, a small but
definite probability of a K excitation is observed
(see Fig. 16).

(iii) The probability of producing a K vacancy de-
pends not only on R,, but also on E,. When plotted
versus R, or E 0 (at constant E;), the probability
of producing a K vacancy rises slowly from a
threshold and reaches a maximum level which is

¢ 125 keV N*- Ne
° 180 keV Ne*- Ny h
x 180 keV Ne"-NH3

= 8
015+ v=13x10%cm/sec ]
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FIG. 16. N*-Ne, Ne*-N,, and Ne"-NH;: probabilities
for producing one K-shell vacancy in nitrogen Py at the
same relative collision velocity v =1.3x10% cm/sec as a
function of the product £(,0 and Ry. The K-shell radius
for a nitrogen atom ax(N) is indicated.

700 %00

.l 1
020 005

generally small compared to unity and which de-
pends on E,. These features are all different from
the way the L, ; and M, ; excitation probabilities
behave. For example, these latter probabilities
depend primarily on R, and show a very distinct
threshold behavior, such that they rise steeply
from an onset to a maximum value close to unity.

(iv) If a collision results in a K excitation, this is
predominantly produced in the low-Z collision
partner or, in the case of symmetric collisions,
in either partner with equal probability.

(v) The critical distance of closest approach R, for
producing a K vacancy is smaller than the sum of
the K-shell radii of the two colliding particles,
indicating that an appreciable overlap between the
K -electron clouds of the two particles occurs
during the collision.

(vi) For collisions of the types O*-N,, NH, and
N*-N,, NH,, triple-peaked @ distributions are ob-
served. The @q;; peak corresponds to the produc-
tion of two K vacancies. In the case of O -NH,,
these two K vacancies are both created in the ni-
trogen target atom, whereas in the case of N* -

N,, NH,, one K vacancy is produced in each of the
nitrogen particles, the projectile ion, and the tar-
get atom. As mentioned earlier, the chance of
simultaneously producing a K vacancy in both of
the nitrogen target atoms in a N, molecule is neg-
ligible.

(vii) The charge-state distributions for a @; and a
@y excitation are almost independent of E 6 for
the combinations of E, and 6 investigated here.

(viii) A K excitation affects the charge-state dis-
tribution of only that collision partner in which
the K excitation is produced. The net effect of a
K excitation and its subsequent decay is to raise



the charge state of that ion by approximately unity.
Because of the small fluorescence yields of the
atoms investigated here, the K vacancies are ex-
pected to decay preferentially through Auger-elec-
tron emission.

Several of these observations may be understood
within the framework of the MO model. Figures
17 and 18 show diabatic MO-correlation diagrams
for symmetric and asymmetric collision systems.
These diagrams, which show schematically the
diabatic MO correlations between the orbitals of
the united atom and the separated atoms, give a
qualitative understanding of the mechanisms re-
sponsible for the production of inner-shell vacan-
cies. With regard to the creation of a K vacancy,
a vacancy in the atomic 2p shell of one of the colli-
sion partners may become a vacancy in the 2pw
MO of the molecule formed when the two nuclei
approach each other during the collision. At small
internuclear distances R, the 2p7m MO and the 2po
MO approach each other and become degenerate
in the united-atom limit (R =0). Due to the fast
rotation of the internuclear line R at small values
of R, a significant coupling between the 2pm, com-
ponent (lying in the scattering plane) and the 2po
MO takes place. Through this coupling, the 2p7
vacancy may be transferred to the 2poc MO. After
the collision, when the nuclei separate, such a
2po vacancy becomes a hole in the 1s shell of one
of the ions, i.e., a K vacancy. For symmetric

CORRELATION DIAGRAM Ne - Ne

-E(a.u.)
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FIG. 17. Diabatic correlation diagram for the sym-
metric Ne-Ne system.
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collisions, the K vacancy is produced in either
partner with the same probability. For asymmet-
ric collisions, the K vacancy is produced prefer-
entially in the low-Z partner, although the chance
of producing it in the high-Z partner becomes
significantly higher when the atomic numbers of
the partners differ only slightly.

For symmetric collision systems (see Fig. 17) .
the number of resulting 2p7 vacancies is roughly
proportional to the total number of atomic 2p
vacancies present before the collision.” Since only
2pm, vacancies can interact with the 2poc MO, and
since at most two 2pm, vacancies exist, it is ap-
parent that the statistical chance of transferring
an atomic 2p vacancy to the 2pm, state is approxi-
mately one sixth.”!®* This explains why for
Ne* ~ Ne collisions, P;; is at most 15% and for
Ne**-Ne collisions at most 30%. If, instead, we
consider N*-N collisions (in our experiment
N*-N,, NH,), there exist seven (out of twelve pos-
sible) atomic 2p vacancies. For this reason, Py
values in N*-N collisions are substantially higher
than for the Ne*-Ne collisions. It is, however, a
fact that we cannot apply the simple statistical
estimates to obtain the resulting number of 2pm,
vacancies for the N" = N system. As pointed out
by Macek and Briggs,’® more elaborate methods
have to be used in the case of more initial 2p
vacancies. If the two colliding atoms have initial-
ly filled 2p subshells, as in Ne’-Ne collisions, no

(R )= CORRELATION DIAGRAM N — Ne —
r 3pNe Lfc\ 7
/ 3dT. N
r 3p  ,3sNe N\ 2pN .
+ 3s TT— 2pNe
1= TN
L 2pT[//// - 2sNe
X°) L . 4
l-lu - “2s0

1sNe

T T T
\
\
|

100 s —

Cl N+ Ne —

FIG. 18. Diabatic correlation diagram for the asym-
metric N-Ne system. The ionization energy of N* is
indicated.
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2pm, vacancies will be created during the collision
and, accordingly, the probability of producing a
K vacancy is expected to be extremely small.
Experimental studies by McCaughey et al.'! of the
KLL emission yield at 200 keV for Ne°, Ne*, and
Ne'*-Ne gave the surprising result that the emis-
sion yield for Ne®~ Ne collisions is 60% of that
found for Ne* - Ne collisions. This has been a
puzzle, and it has been suggested that the incident
Ne® atoms might not be in the ground state. Very
recent KLL Auger-electron studies of Na*, Na**,
Ne*, and Ne**-Ne'® indicate that the emission
yield for a closed 2p-subshell configuration (Na*-
Ne) is indeed very low.

Next, consider the asymmetric collision systems
represented by the correlation diagram in Fig. 18.
Here the 2p orbitals of the colliding atoms are no
longer degenerate. In this case, the 2p7 MO cor-
relates with a specific atomic 2p orbital when
R —~. This orbital is the 2p orbital of the high-Z
collision partner. The chance that an initial 2p
vacancy in the high-Z partner may become a 2pm,
vacancy is approximately one third.' If such a
2pm, vacancy does exist, the rotational coupling
between this state and the 2poc MO may cause the
transfer of that vacancy into the 2pc MO. Then,
as the nuclei separate after the collision, this va-
cancy becomes a K vacancy in the low-Z collision
partner. Although our Ne*-N, data do not extend
to sufficiently high values of the product E 6, the
data clearly demonstrate that P;; for Ne*-N colli-
sions is higher than for the symmetric Ne*-Ne
collisions. This effect is presumably due to the
higher vacancy-occupation probability N, for the
asymmetric Ne*-N collisions (N, =3%), as compared
to the symmetric Ne*-Ne (N, =¢).

If the high-Z collision partner has a closed 2p
subshell, as in Na*-Ne and Na*-N,, the collision
system has a closed exit channel for a K excita-
tion. The experimental data for these collision
systems revealed no @q; structure in agreement
with this. The KLL Auger-electron studies of the
same collision systems'® show that the emission
cross sections are indeed very small and an order
of magnitude smaller than if an initial 2p vacancy
exists in the high-Z partner, e.g., for Na**-Ne
and Na** -N, collisions.

In some cases, the experimental results are not
consistent with the simple estimates obtained from
the schematic diabatic correlation diagrams. Let
us illustrate this by an example: Figure 16 shows
Py values plotted versus E,0 for Ne*-N, and
N*-Ne collisions, both measured at the same rel-
ative collision velocity. To a first approximation,
we can disregard molecular effects (N is the low-
Z collision partner and for Ne®-N, and Ne*-NH,,
the P;;’s are practically identical), and the experi-

mental data show that P;; for Ne” -N collisions is
approximately three times higher than for the re-
verse N*-Ne collisions. According to the diabatic
correlation diagram (see Fig. 18), the exit channel
for a K excitation is closed for the N* -Ne system
and open for the Ne*-N system. This should result
inan extremely small value of P;; for the N* -Ne col-
lisions. As shownin Fig. 16, the experimental data
do not support this prediction because this P;;, while
smaller than for the Ne” -N system, is certainly not
zero. We may ask whether thisisanexampleof a
breakdown of the MO model; ina way, thisdoes seem
to be the case. However, because in the N* -Ne
system, the binding energy for the 2p electron in
N" is higher than in Ne (see Fig. 18), the exit
channel might not be completely closed. The prob-
ability of bringing an original nitrogen 2p vacancy
down into the 2pm MO is apparently appreciable.

It is possible that such a process of transferring

a 2p vacancy from nitrogen into the 2p7 MO may
be due to dynamic coupling between near-degen-
erate MO’s, perhaps the 3dr and 2p7 MO’s in this
case. Such long-range, dynamic coupling, which
could transfer vacancies into the 2p7m MO, should
be velocity-dependent. At low velocities, the
coupling is small and the exit channel effectively
closed. At higher velocities, the coupling can be
substantial and the exit channel open. If we com-
bine all the factors determining the K-excitation
probability in one expression, we get

PII =[Nﬂ(o) +N1r(v)]Pm(y (2)

where N, (o) is the static vacancy-occupation prob-
ability, as defined by Briggs and Macek,'® N, (v) is
a dynamic vacancy-occupation probability, which
is zero at small velocities and increases with in-
creasing velocity, and P,, determines the proba-
bility of transferring a vacancy from the 2pm,
state to the 2po0 MO. The essential features of the
above expression are in good agreement with ex-
perimental data on KLL Auger-emission yields®®
for the same systems as investigated here. This
suggests that the simple, two-state 2pn-2po rota-
tional-coupling approximation is reasonable if the
exit channel for a K excitation is open, i.e., there
exists an initial 2p vacancy in the high-Z collision
partner. Thus, at not too high velocities, N,(0)

> N,(v), and Eq. (2) reduces to the well-known
formula: P;;=N_(0)P,,. In the case of a closed
exit channel, N (0)=0 and Eq. (2) becomes: P;;
=N, (v)P,,. Since the dynamic vacancy occupation
probability N, (v) is governed by intermediate- or
long-range coupling betweenthe 2p7 MO and other,
unfilled, outer MO’s and the 2p7-2po rotational cou-
pling is most efficient at very small internuclear
separation distances, we may still calculate P,
ina
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two-state approximation. N,(v) is small, if either
the collision velocity is small or the intermediate
or long-range couplings are small. The latter
situation occurs when the energy spacing between
the 2pm MO and those other unfilled MO’s is large,
e.g., Na*-Ne and Na*-N. For such cases, the K
excitation probability is seen to be very small. If
neither of these conditions are fulfilled, as in
N*-Ne, the K excitation probability gets appreci-
able.

Briggs and Macek have written a series of papers
dealing with the production of K-shell vacancies in
symmetric ion-atom collisions.’® Their model
works within the framework of the one-electron
approach of Fano and Lichten®” and assumes K-
shell promotion is due to an electronic transition
from the 2po to the 2pm MO. Briggs and Macek
first calculate the probability N, (o) of a 2p vacancy
in the separated-atom limit becoming a vacancy in
the 2pm MO and then calculate the probability P,
of a 2po electron filling it. For this latter step,
they use a two-state perturbed stationary-state
approximation which includes electron translational

factors, i.e., takes account of the translational
motion of the electron being excited. Since Briggs
and Macek use a static calculation to estimate the
probability that a 2p vacancy becomes a 2p7 vacan-
cy, their calculations may be somewhat unreliable
in cases where the dynamic probability N, (v) is
applicable, cf., the preceding discussion of Eq. (2).
Their Py results for Ne* -Ne at 200 keV are in
satisfactory agreement with our experimental data,
whereas their P;; results for N*-N at 160 keV
deviate appreciably from our experimental N* -

N,, NH, data. Even N,(0) may change a little from
N*-N to N*-N, or N"-NH,; this is not sufficient to
explain why the theoretical results are approxi-
mately 50% higher than the experimental results
for N*-N collisions.
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