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Collisions between rare-gas atoms at low kev energies. I. Symmetric systems
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Elastic and inelastic collisions in the symmetric He-He, Ne-Ne, Ar-Ar, and Kr-Kr systems are
investigated experimentally and theoretically at low keV energies (0.5-4 keV). Standard techniques,
employing electrostatic energy analysis for ions and time-of-flight methods for neutrals, are used in
energy-loss measurements. The characteristic energy spectra of the scattered beams generally show
three peaks corresponding to elastic scattering and collisions resulting in one- or two-electron exci-
tations. Qf particular significance is the dominance of the lowest-lying p levels in the inelastic
scattering DifFerential cross sections are determined at select energies and the interpretation of the
results is made in the framework of the electron-promotion model. Ab initio calculations are per-
formed for the Ne and Ar cases. The primary mechanism in the inelastic scattering always involves
one- or two-electron transitions from a promoted incident molecular orbital by rotational coupling
«r He-He, and by radial coupling in the ¹Ne and Ar-Ar cases. Predictions based on the assumed
model are compared with results of related experiments.

I. INTRODUCTION

It is now well known that inelastic atom-atom
scattering may be quite important even at ener-
gies as low as several hundred electron volts.
The theoretical treatment of such collisional ex-
citation is difficult, and it is desirable to find
suitable models that allow the problem to be sim-
plified. Since the appearance of the well-known
Pano-Lichten promotion model" which explained
inner-shell excitations, on a molecular picture,
much experimental and theoretical work has been
devoted to assess the reliability of this model. In
particular there were questions on its applicability
to outer-shell problems. A major goal of the
present work is a comparison of predictions made
on the basis of the promotion model to the observed
scattering in neutral symmetric rare-gas systems.

The closed-shell neutral system has received
a great deal of attention starting with the pioneer-
ing work of Amdur. ' These early experiments on
the energy dependence of the total cross section
successfully provided much information on the
repulsive interatomic potential which was well
represented by exponential- and inverse-power
expressions. At closer internuclear distances
when the shells begin to penetrate, the scattering
is no longer purely elastic and such potentials
lose their significance.

Scattering studies of alkali ions and neutral rare
gases provided the first direct evidence of the
importance of inelastic processes in closed-shell
systems. ' ' In particular experimental results on
Li'+He have shown the importance of one or two
2P electron excitation processes. These inelastic
processes were explained by a rotational coupling
between the incident 2Po molecular orbital (MO)

and the excited 2Pm MO. This early work was
made possible by electrostatic energy analysis
of the scattered charged particles which enabled
the participating states to be identified. The same
technique has allowed the detailed investigation of
ionizing processes in neutral rare-gas collisions. "
Such studies of ionization in He-He collisions were
interpreted in a quasimolecular framework by
assuming a primary promotion mechanism which
was thought to be common to both ionization and
excitation. ' The rigorous comparison of theory
and experiment, however, required an energy
analysis of the scattered neutral projectiles which
became possible with the introduction of time-of-
flight (TOP) techniques in this energy range 9Al-.
though the energy resolution in this early work
was relatively poor, the results supported the
assumed model. The He-He system is reinves-
tigated here and the study is extended to include
other symmetric rare-gas systems using a TOF
apparatus having improved energy resolution. "
In addition, ionizing collisions are also studied
using standard techniques (electrostatic energy
analysis) and provide complementary information
on the scattering. This method is used in our cur-
rent studies on He-He and Ne-Ne (the Ar-Ar case
has been previously reported'). Additional insight
into the collision dynamics may, of course, be
provided by available photon studies, ejected elec-
tron spectra, and total ionization measurements
and the results of such studies are incorporated
in our discussion.

The current theoretical approach, which has
proved successful in dealing with the problem,
requires a knowledge of the quasimolecule formed
in the collision. Starting with the simplest ap-
proach based on a Lichten-type' corre1ation dia-
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gram, the inelastic scattering may be interpreted
as proceeding via transitions occurring at cross-
ings of the diabatic MO's. The major outstanding
problem is related to obtaining calculated diabatic
MO's for the system. As of this writing no rigor-
ous definition of the diabatic" MO's, allowing the
necessary calculations to be carried out, is avail-
able. The present state of ab initio" molecular
theory can only provide the adiabatic MO's for a
system. These orbitals are the eigenfunctions of
the Fock operators and they satisfy the Wigner-
Von Neuman "voncxossing rule. " Unfortunately
these orbitals are not the required diabatic orbitals
but serve as a guide in constructing the diabatic
MO's. ' In this paper, no'-, nn-type terms refer
to adiabatic MO's (for a given symmetry the energy
increases with increasing n), while the diabatic
MO's are denoted by the usual united-atom notation
such as 4fo'. In Sec. II the apparatus and the ex-
perimental procedure are described briefly. New

experimental results on the He-He system are
reported in Sec. III and discussed qualitatively
within a model previously introduced. ' The Ne-Ne,
Ar-Ar, and Kr-Kr systems having common fea-
tures are investigated together in Sec. IV. The
Ne-Ne and Ar-Ar systems are first discussed in

detail. In both cases we present energy-loss spec-
tra and cross sections which are then discussed
in the molecular model of atomic collisions. For
this purpose molecular calculations are performed
to get quantitative confirmation of the proposed
mechanism.

II. APPARATUS AND EXPERIMENTAL TECHNIQUE

The ion spectrometer has been described in de-
tail elsewhere' and will not be discussed here.

The energy losses of the scattered neutral par-
ticles are analyzed by a TOF spectrometer of
which a schematic view is shown in Fig. 1. An
ion beam is produced in a discharge source. A
steady beam is obtained by using feedback in the
filament power supply to stabilize the discharge
current. The beam is extracted through a 0.8-mm-
diam hole by a 500-V/cm electric field. The iona
are then accelerated to their final energy and fo-
cused by a three-electrode lens. After passing
through the slit S„ the beam is swept by a paral-
lel-plate capacitor (plate separation 3-6 mm)
supplied by a pulse generator driven by a quartz
clock. The frequency is chosen between 100 kHz
and 1 MHz. After passing through steering plates,
the beam enters and leaves the charge-exchange
chamber through 1-mm slits S, and S,. Any re-
maining ions in the beam are swept out by an elec-
tric field. The neutral beam is then incident on
the collision-chamber entrance slit S~ the width
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FIG. 1. Schematic description of the TOP apparatus.

of which is chosen to select only narrow neutral
bursts. After the collision, neutrals scattered
at a given angle travel over a 2.5-m length before
reaching a Bendix M 306 magnetic multiplier.

The geometry of the scattered beam is limited
by the window (5&&10 mm') placed in front of the
detector; the exit slit S, of the collision chamber
(2.5 mm wide) mainly limits the collision volume.
It was found more convenient to rotate the ion
source (- 5 deg to +25 deg) around the collision
chamber in order to keep the long flight tube in
a fixed position.

The chopping conditions are discussed in some
detail elsewhere"; they are essentially dependent
on S, and S, widths (which are set to 0.2 and 0.4
mm wide in our energy range) and on the distance
between the chopper and S, (25 cm).

The over-all angular resolution has been de-
termined by sweeping the detector through the in-
cident beam and was found equal to 0.2-deg full
width at half-maximum (FWHM). The electronics
are shown in Fig. 1. A detected neutral. particle
initiates, after suitable amplification and shaping,
a start pulse at the time-to-amplitude converter
(TAC). Pulses synchronous with the clock are
used to stop the TAC conversion. The output from
the TAC is height analyzed and stored in a multi-
channel analyzer [pulse-height analyzer (PHA)j .
The velocity distribution is then determined.

At low energy the energy resolution is mainly
limited by the ion-source energy spread (nER 0.8
eV), whereas at high energy a nearly constant
time resolution (At= 8 nsec) becomes the main
limiting factor. (More deta. ils are given in Ref.
10).

The pressure in the charge-exchange cell (length
5 cm) is raised until the attenuation of the incident
ion beam measured on S4 becomes of the order of
~ and then optimized to minimize the energy
spread introduced by the exchange process.

The composition of the neutral beam has been



studied by the TOF analysis of the incident beam
(suitably reduced in intensity): no contribution of
excited particles has been found in the spectra
showing, in particular, that no substantial amount
of metastables is formed in the incident beam.
This is in agreement with the previous studies. "
On the other hand in the case of neon and krypton,
the different isotopes have been found; in each
case we have chosen the main isotope. In addition
the chopping frequency had to be adjusted to allow
a complete energy-loss spectrum to lie without
any overlap with the corresponding spectra coming
from other isotopes. The pressure in the collision
chambers is within the region of linear dependence
of the count rate versus gas pressure for a given
collision process.

Two procedures for taking data have been used.
The first one consists of measuring the total num-
ber of scattered particles (without chopping) at
each scattering angle. This measurement permits
the determination of the "summed" differential
cross sections for each beam energy. Then the
measurement of the relative peak intensity within
the spectra, together with the "summed" cross
section, yield values for the differential cross
section for each process. (We have checked that
the measurement of the peak height instead of the
area under the peak generally leads to a'negligible
error. ) When the peak is broadened by the pres-
ence of several unseparated processes, we have
arbitrarily chosen to still use the heights of the
peaks. Actually the scattered current is stable
enough over a long period of time (3 days mini-
mum with continuous running) to allow a second
procedure to be used. This consists of making
a direct determination of the cross sections from
only the spectra taken at each angle during a pre-
set time (i.e., it is no longer necessary to make
a measurement of the "summed" cross section).
This is automatically performed using a program-
mable analyzer (S.E.I.N. ) on line in the experi-
ment.

The data are presented as reduced cross sec-
tions, "p ~ I 8 sin'8 (where I is the count rate and
8 the laboratory scattering angle) as a function
of the reduced angle r =E8 (E is laboratory ener-
gy). For angles &3' a suitable apparatus function
is used to take into account the limitation of the
collision length by size of the collision chamber.

The error on the zero scattering angle is of the
order of 0.2 deg. The error in the reproducibility
of the data is estimated to be less than 20%%up (in
most cases it is less than 10%%uo). The error intro-
duced in the absolute normalization to the theory
(see later) is likely to be no greater than 30%%uo.

Estimations of total cross section are given within
a factor of 2.

III He He COLLISION

The He-He case provides the simplest example
of a closed-shell symmetric rare-gas collision
system. Only the two electrons in the promoted
2'„MO are active in the inelastic scattering,
while the 1so,' core essentially plays no role. This
property provided the starting point for the in-
terpretation of ionizing processes occurring in the
collision. ' The mechanisms proposed involve
the promotion of one or two electrons, mainly
through 2''„-2Pm„rotational coupling, followed by
subsequent couplings with the continua (see Fig.
6 in Ref. 7). The same rotational-coupling mech-
anism was first introduced to explain inelastic
processes involving the excitation of one or two
2P electrons in He'+He collisions. " The model
predicts that single-electron promotion should
selectively excite the He(ls2P) state in one of the
collision partners, and for the case of two-elec-
tron excitation each atom is excited to this state.
The ejected-electron spectra" provide additional
information explainable by the model. Prelim-
inary confirmation of the direct process was pro-
vided by TOF measurements. ' It was shown that
plots of p, the reduced cross section, "vs 7, the
reduced scattering angle, exhibit similar behavior
for one- and two-electron excitation when com-
pared to that observed for ionization. Unfortun-
ately these early results were obtained on an ap-
paratus not intended for TOF measurements at
relatively high energies and were limited in en-
ergy resolution by the short flight path. The pres-
ent work extends the studies to higher energy
(allowing a direct comparison with previous ion-
ization studies) and the resolution is sufficiently
good to enable a precise assignment of the par-
ticipating excited states to be made.

Figure 2 shows typical energy spectra at several
incident beam energies and laboratory scattering
angles. In Fig. 2(a) three peaks may be seen. The
peak labeled A corresponds to elastic scattering,
peak B to one-electron excitation of He(ls2p'P)
(confirming the dominant excitation resulting from
the 2Po'„-2Pv„coupling), and peak C to the simul-
taneous excitation of both atoms. The smaller
two-electron peak shows the excitation of
He(ls2s 'S) which is allowed only in simultaneous
excitation (in contrast to the spin-allowed 'P
state in the one-electron excitation in peak B).
Figure 2(b) shows a similar spectrum taken at
higher energy (and lower T). Peak B still has its
maximum value at the 'P position but displays a
tail extending toward higher energy losses dern-
onstrating the participation of higher-lying levels
as well as ionization of the target. Peak C shows
the doroinance of the 'P excitation in both partners.
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Figure 3 shows the energy spectra of ionized pro-
jectiles (obtained on the ion spectrometer) and
extends our previous results' to lower energy.
Peak J3' corresponds to ionization at the thresh-
old energy while C' represents processes involv-
ing energy losses greater than 40 eV. At small
scattering angles C' is peaked at a 40-eV loss.
This ionization is caused by a "Penning"-type
process resulting from the excitation of states
that at infinite separation lead to He(ls2s}
+He(ls2s), etc. , but which decay during the col-
lision. The simultaneous excitation without Pen-
ning ionization is demonstrated in peak C of Fig.
2. A comparison of Fig. 3 with Fig. 2 in Ref. 7
shows the marked energy dependence of the ion-
izing processes. At higher energy, ionization with
simultaneous target excitation is dominant in con-
trast to the lower-energy case where the simple
Penning processes dominate.

The present measurements study the collision
over an energy range (E}from 0.35 to 3.0 keV.
The data at 0.35 keV are in good agreement with
the earlier results. ' Figure 4 shows the reduced
cross sections (normalized to previous "summed"
cross sections obtained from the total number of
particles scattered at a given angle) plotted as a
function of reduced scattering angle for elastic
scattering and scattering with one- and two-elec-
tron excitation at incident beam energies of 0.50,
1.00, and 2.00 keV. The elastic cross sections
p~&~ are seen to fall monotonically with a rapid
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FIG. 3. Energy-loss spectra of scattered He+ from
ionizing He-He collisions. The underlying line is an
estimate of the spectrum drawn through the data points.
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FIG. 2. Energy-loss spectra of sqattered He from
He-He collisions. The peaks labeled A. , B, and C refer
to elastic scattering and scattering with one- and two-
electron excitations, respectively.

FIG. 4. Reduced differential cross sections for He-He
collisions as a function of reduced scattering angle. The
curves labeled A, , B, and C refer to elastic scattering
and scattering with one- and two-electron excitation,
respectively. Curves B' and C' represent simple ion-
ization and ionization with target excitation, respectively,
while curve S represents the sum over the elastic and
all the inelastic (including ionization) cross sections.
The 8, B', and C' curves are taken from Ref, 7.
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beam energy. In the one-electron excitation case
this maximum is found to shift from its position
at 7'=3.7 keVdeg at 0.35 keV down to 7'=2.4 keV
deg at 2.0 keV. This behavior (including the ab-
sence of oscillations) is characteristic of a rota-
tional coupling' occurring near the united-atom
limit. Similarly, for the two-electron excitation
the maximum in the reduced cross section shifts
from a reduced scattering angle greater than 8.0
keV-deg at 0.25-keV beam energy to about 4.5 keV
deg at 2.0 keV. The two lower curves p~ and p~-
represent simple ionization and ionization with
target excitation. It is quite striking that these
curves behave very much like the one- and two-
electron excitation curves, respectively. This
was expected on the basis of the proposed model'
which attributes both excitation and ionization to
the same primary mechanism (2Po„-2Pw„rotational
coupling). A second interesting feature is dis-
played by the common values of the p~-p~ and

p~-p~ crossing-point position as well as by the
equal ratios 2ps/ps and 2pc/pc; the factor 2 ac-
counts for target ionization which is included nei-
ther in p~ nor in p~, whereas the neutral curves
p~ and p~ represent both target and projectile
excitation. For instance, at beam energies of 1
and 2 keV, this common ratio amounts to 0.18 and
0.25, respectively. These features imply that the
same mechanism is involved in coupling with the
continuum in both cases. These ratios should
provide useful information to further check theo-
retical calculations on heavy-particle collisional
ionization.
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tion. Figure 5(c) demonstrates this and shows the
basic similarities for outer and inner MO pro-
cesses in these systems. It is significant that a
similar triple-peak behavior was observed for the
related ion-atom system"'" Ar'+Ar and also in
Ne'+Ne. ' " To a first approximation, inelastic
processes are seen to proceed via the same basic
mechanism in the atom-atom and ion-atom cases.

The Ne-Ne and Ar-Ar cases are presented in
the greatest detail starting from ab initio calcu-
lations, while similarities in Kr-Kr are discussed
qualitatively. The theor etical calculations for
several possible excitation mechanisms are dis-
cussed and compared with our experimental re-
sults as well as with those obtained from ion
spectroscopy, electron spectroscopy, and optical
studies. As will be seen, the problem is still

IV. Ne-Ne, Ar-Ar, AND Kr-Ij'r COLLISIONS
0'-
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Although the heavier symmetric systems are
potentially more complex than the He-He case,
generally only two electrons are actively involved
in inelastic processes at low keV energies. These
active electrons belong to the strongly promoted
outermost O'„MO (4fo„ for Ne-Ne, 5fo'„ for Ar-Ar,
and Gfo„ for Kr-Kr). In terms of the simple Fano-
I ichten model the crossing of this promoted MO
with empty excited MO's can result in one- or two-
electron promotion, thereby giving rise to three
peaks in the energy-loss spectra at v values cor-
responding to the crossing region. This may in-
deed be seen in Fig. 5 for the Ar-Ar (7 = 5.5 keV
deg) case. Also shown in the figure are the rela-
tive probabilities for producing zero- (A), one-
(B), or two-electron (C) excitations in this "triple-
peak region. " A striking feature of the charac-
teristics associated with zero-, one-, or two-elec-
tron transitions from a promoted orbital may be
seen when we compare the effect of the outer 5fo„
MO promotion with the 4fo„ inner-shell" promo-
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FIG. 5. Characteristics of the scattering associated
with a strongly promoted o MO (a) A typical energy-loss
spectrum showing the triple-peak region in Ar-Ar at a
1.5-keV beam energy. The peaks labeled A, B, and C
represent elastic scattering, and scattering with one-
and two-electron excitations, respectively. (b) The
probability of zero- (A), one- (B), or two-electron (C)
excitation from the promoted 5fo„MO as a function of
the distance of closest approach (obtained from a
screened Coulomb potential from Ref. 17) in the Ar-Ar
collision. The probabilities are obtained as the ratio of
each peak height (A, B, C) to their sum. (c) Electron
excitation arising from the promoted inner 4fo„MO
in Ar -Ar collisions (taken from Ref. 18). The notation
is the same as in (b). A comparison between (b) and (c)
demonstrates the basic similarities for the outer and
inner MO processes in closed shells.
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open and requires further experimental and theo-
r etical consideration.

A. Ne-Ne collisions

l. Spectra

The Ne-Ne collision is studied in the energy
range from 0.75 to 3.0 keV. Typical neutral spec-
tra are shown in Fig. 6. The lowest-lying inelas-
tic peak (B) is dominated by the excitation of the
Ne(2P'SP) level over a large range of 7 values.
At small values of v (less than 4 keVdeg) there
is some evidence for the excitation of Ne(2P'2s).
The asymmetric broadening of the peak toward
higher-energy loss is already present at some-
what larger values of r [see Fig. 6(a)j showing
that other one-electron processes are weakly but
simultaneously excited. Two-electron excitation
processes are likewise dominated by the sym-
metric 2Ne(2P'3P) excitation. This peak shows a.

marked broadening toward higher energy loss as
the scattering angle increases. Energy losses
as large as 60 or 70 eV are found for 7 & 12 keV
deg where the two-electron processes are in fact
the only important ones. Spectra resulting from
ionizing collisions may be seen in Fig. 7 and have
roughly the same behavior as the neutral spectra.

The simple ionization process, however, initially
peaked at the energy threshold, displays a shift
in its position which oscillates with r (this point
will be discussed later). Ionization processes
accompanied by excitation (peak C'} are seen to
give rise to broad peaks at large v' values. This
broadening is similar to that observed in the neu-
tral spectra (peak C} since basically the same
processes are involved.

2. Cross sections

Reduced cross sections, corresponding to sev-
eral processes in Ne-Ne collisions, are presented
as a function of 7', the reduced scatt. ,ring angle,
in Fig. 8. The same notations are used as in Fig.
4. At small values of 7 the elastic cross section
(p~) is normalized to the purely classical elastic
cross section obtained using the diabatic incident
potential which will be discussed in the theoretical
subsection which follows. It may be seen that the
typical "triple-peak" behavior occurs for 7 values
of about 6 keV deg (the analogous behavior occurs
at about 9 keVdeg in"" Ne'-Ne). The inelastic
cross sections display an oscillatory structure
which is particularly marked in p~ and p~. This
structure has the same phase in the two curves
and is characteristic of a Stueckelberg oscillation
since the period is found to be proportional to E' '.
The slight shift in the location of the first maxima
in p~ and p~ should be noted. It can also be seen
that the p~ and p~ curves basically exhibit a sim-
ilar behavior. Reduced cross sections for ion-
ization (pe and pc) are plotted, for several q (in-
elastic energy loss) values, in Fig. 9. It may be

40 20

80 ~E ay hE, eV 30

FIG. 6. Energy-loss spectra of scattered Ne from
Ne-Ne collisions. The same notation is used as in Fig.
1. (a) and (b) show the dominance of the Ne (2p 3p) ex-
citation. (c) shows the importance and marked broaden-
ing of the two-electron excitation peak at the larger
scattering angles.

FIG. 7. Energy-loss spectra of scattered Ne from
ionizing Ne-Ne collisions. (a) The ionization peaks B
and C' have their maxima at threshold and both peaks
are narrow. (b) The spectra in these harder collisions
[compared to (a)] show the dominance and considerable
broadening of C'.



1251

nd two-electron e-sit'ons are allo
ssible at the 4P» cross-f course, pc~t~tion is, o;„between these orbitals

excite one or o
f the collision paer one or both o

in the ex-
levels in either

f 3p excitation inprominence of
lained bF these

ners,
lt is not easily expsuits isperimen

io Ne(3~~
MO crossings.

p's correlating toSecou&, ~ a"
ihe Ne(3p) le&e& aMp's correlating o "

rd col»sions
T'he 0'

te only ln harexpec et dtop

towardsseen
creases.es as Q lllc

f ihe curves ls
ourse refiecte& "

F~ q). Simila»epeakint ei
rocessesserved forhavior is obs

~orrelatiokk
. «oak~, DiapatkQuaIitatk~g preCk

AS»PMS~KEN gAHE-CpLLISIO&S

1].ision» desc ribedstem prior t
As the

Tge Ne-Ne sg
tion in each atom-2s'2p' configu '

1 r characterol isi
re resen e

1' ion progress
&

t d by the diaband may be r P
e a.s show~

evolves an
ion diagram for Ne,elec r

1ut its ca ' re iv
V . c g o

d t 1 1

t small in e
d '4fcr'a 1 co espo s

4 0 electrons aretion. s
est internuc ear

nt
romoted at the larges i

in small-angle 'inelas ic '
n

'
nt to consider t p1 it is convenien o

i
( ): i

sible se s o

u
' e3sv or ia, ' e

)
urs with the

cular wave
c u

tran-functiont' n cannot chang ,

C55
CI

Ne Ne

I

10

v, keV deg

15

(a)

Ne Ne 1000 eV

Ne Ne 1000eV

(b)

47 eV

4eV
5eV

E

C5a
-18-

C'

~ ~
~ ~

~ ~

~ I~
~ ~

~ ~

'8' 10
T, keV deg

15

100
~, keVdeg

ns for Ne-Necross sections for e-ed differential crFIG. 8. Reduce

~ Th. ..,..l.b.
section (seeresents eTh rep

alibration.text) used for ca i

ns for simple zon-a) Differentxal c nsi ' ross sectio
Ne-Ne at severa enizat o

Note the p
tions for zoni

ner ies. o1tion
ima toward xshift of the maxima

loss increases.



1252 J. C. BRENOT et al.

.4fo„
Ne2

will be seen a more detailed investigation demon-
strates that the problem is not so simple and re-
quires a detailed examination of the molecular
states.

3$

3 0'g

2$

ls

I

2
R, a.u.

FIG. 10. Calculated adiabatic MO correlation diagram
for Ne2. Of particular significance is the 30'„-40'„
avoided MO crossing and the estimated 4 fo„diabatic
promoted MO (shown by the dotted curve).

(since they lie above those correlating to the Ss
level) and are not discussed. On the other hand,
the m„MO arising from Ne(SP) can rotationally
couple to the 4fo„MO giving rise to selective
excitation of one or two 3P electrons in moderate
collisions, as has indeed been seen in the experi-
mental results. This mechanism is similar to the
one discussed in the He-He case except for the
location of the crossing point which in Ne-Ne oc-
curs at finite internuclear separation instead of
at the united-atom limit. At a first glance the
generalization of the rotational coupling to this
heavier system appears straightforward, but as

4. Choice of the molecular states to be calculated

In practice the required molecular calculations
are performed on a quasidiabatic basis set" rep-
resented by single configuration of adiabatic MO's.
In this representation the incident state is written
(Io,' 1o'„2o,' 2a'„1n'„1w,') So'„3v,'.

Since the first six orbitals are not involved in
the scattering considered here and do not change,
the discussion below is concerned only with this
"core" and with the four So'„So~ outer electrons.
As the collision evolves, the 4f&„orbital changes
character starting as So„at large separation and
evolving (as may be seen in Fig. 10) through a
Sv„-4v„mixture, to 4o„, then through a 4o„-5o„
mixture to 5o„.

In order to discuss excitation mechanisms (in-
volving radial couplings) the 4fo„-Sso, and
4fo„-4Po„cro'ssings are investigated theoretically
in terms of the crossing of the 30„-40~ MO's and
the pseudocrossing of the 30„-40„MO's. These
two interactions cause the excitation of both one
and two electrons to Ss levels. As the incident
channel is 'Z~, we consider therefore only states
of the same symmetry which result from the ex-
citation of one or two electrons from So' to 4O or-
bitals. Because of the u-g symmetries in Ne„
one-electron excitation results in the configura-
tions (core) So'~So„4v„(A) and (core) So'„Sv~4o,(B).
The separate single Ss excited atomic states are
Ne(2p') +Ne(2p'Ss)(A') and Ne+(2p') +Ne (2p'Ss)(B').
States (A') and (B') are each expressible as linear
combinations of the molecular (A) and (B) states.
For two-electron excitation the u-g symmetries
result in six different molecular configurations
which when properly combined describe the cor-
rect atomic behavior at infinite separation:

C', O' Ne(2P'Ss) +Ne(2P'Ss)30'g 40'g

So'~ 40'g Ne (2p'Ss') +Ne+(2p')

Ne(2P') + Ne(2P'Ss')

Ne (2P'Ss) +Ne'(2P'Ss)

Ne' (2P'Ss') +Ne"(2P') .30'„40'„

E, I' 3&&, So„4o~4v„) ( Il'

Q 302 402

In the absence of M-g symmetries, only a single
molecular state is required for two-electron ex-
citation. The proper linear combination of mo-
lecular states leading to each of the listed sep-
arated atom states i.s determined by diagonalizing

the Hamiltonian matrix in the above sixfold sub-
space. Each of the subspaces corresponding to
single and double excitation is constructed from
configurations differing by at least two spin orbi-
tals. In the basis set C, D, Z, F, G, H the dld8
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30'g 40'g

3o'„4a

I., M 3&&, So„4o„~

Ne(2P'Ss) + Ne'(2P')

Ne(2P ) +Ne+(2P 3s)

Ne (2p'Ss) +Ne"(2p')

As in the neutral case discussed above, four mo-
lecular configurations are needed to properly de-
scribe the separated particle behavior. The four
configurations are also diabatic in this subspace.

In order to study the rotational coupling, we

have investigated the states representing the ex-
citation of one or two electrons from the 3o„ to
the 2w„orbital. Single excitation provides two
different configurations (core) 3&~3&„2s„(A) and

(core) So'„So, 2m~(B) resulting in the Ne(2P'3P)
+Ne(2P') and Ne'(2P') +Ne (2P'SP) separated atomic
states. For double excitation only the 'Zg and
'6g states must be considered here. In these
cases we study the six molecular configurations
and six separated atom states below:

30'g 27) „
30'g 2' g

So2 2w2

3&„27T

3~g 3~u 2~u2~g

Ne(2p'Sp) +Ne(2p'3p)

Ne (2p'3$P) +Ne'(2p')

( Ne(2p') +Ne(2p'Sp')

Ne (2p'3p}+Ne+(2p'Sp)

Ne' (2p'Sp') +Ne"(2p') .
E

TABLE I. Slater-type orbitals used in the molecular
calculation on Ne2.

nl

1s
1s
28
3s
3s
3s
2P
2P
2P
3P
4p
3d

14.319
9.224
2.518
5.619
1.4569'
0.837
6.620
3.484
2.766
1.075
0.750
2.200

These terms have been added to the basis set of Ref.
24 to a1.low a correct description of excited states.

matrix elements are zero as is also the case for
(A

~ (d/dR)
~
B). In each subspace the configurations

are therefore diabatic in the sense defined by
Smith. "

In the case of Ne2, only the 30'g 3o„'Z„' and
3o'„30g 'Zg levels of the four possible "ground
states" are considered. To study ionization with
simultaneous excitation of the partner the follow-
ing states are also considered:

5. Noleeular ab initio ealeulations

TABLE II. A comparison between some "ground-state"
potentials for Ne&.'(a) The present SCF results and (b)
the present incident diabatic potential. GW are the re-
sults of Gilbert and Wahl (Ref. 24) and GN are the results
of Gaydaenko and ¹ikulin (Ref. 32). S are the results of
Smith (Ref. 32) and GK the results of Gordon and Kim
(Ref. 32). Atomic units g (bohrs), V(R) (hartrees)] are
used.

a (a) GK

1.4
1.5
1.8
2.0
2.5
3.0
4.0

3.303
2.766
1.724
1.105
0.326
0.096
0.008

3.751
2.940
1.724
1.105
0.326
0.096
0.008

0.330
0.0976
0.0085

3.901
3.091
1.537
0.965
0.302
0.094
0.0092

4.752
3.732
1.808
1.115
0.333
0.01
0.0089

2.907
0 0 0

0.9436
0.2985
0.0901
0.0066

Calculations of potentials are made over the
range of internuclear separation from 1.2 to 20
bohr. " The adiabatic orbitals and the resulting
energies of the molecular states are determined
from linear combination of atomic orbital. s slater-
type orbitals (LCAO-STO) molecular-orbital self-
consistent-field (MO-SCF) approximations" car-
ried out by the AI, CEEMY program of Bagus et al."
Table I lists the values of the f coefficients for
the STO's of our basis set. Such a basis set with
a few STO's describing one atomic orbital allows
for flexibility and balances the nonvariation of the
f coefficients as a function of A. For internuclear
distances less than 1.5 bohr, the u basis orbitals
become linearly dependent requiring the deletion
of one of them (Ss-/ =0.837) in order to avoid
convergence problems. The SCF variational pro-
cedure has been carried out on only the X 'Zg and
C 'Zg states of Ne, and X 'Z„and J'Zg states of
Ne, '; the other states have been obtained in the
virtual-orbital approximation" using the Ne, + X'Z„'
ground state. When the two computational methods
were possible, the inaccuracy of the virtual-or-
bital approximation could be estimated to at most
2 eV. This precision is thought to be sufficient in
a study of atomic collisions in the keV energy
range. Our STO basis set being very close to that
of Gilbert and Wahl, '4 leads to results on the
Ne, X 'Z," state which are in good agreement with
theirs. For the Ne, ' ground states, our results
were found to be slightly lower that those of
Thulstrup and Johansen. " To our knowledge we
report the first calculations on excited states of
Ne, .

From the X 'Z~ and D 'Z~ potentials (derived
from adiabatic MO's) we have estimated the di-
abatic potentials by using an interpolating fit
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around the pseudocrossing lying at about 1.6 bohr.
The incident diabatic potential is compared with
previous calculations in Table II. Results showing
the potentials for the ground state and for some
excited and ionic states are presented in Fig. 11.
Byproducts of these calculations are the orbital
energies defined as the eigenvalues of the Fock
operators. " These orbital energies lead to the
correlation diagram presented in Fig. 10. This
diagram is in agreement with the one previously
proposed by Thulstrup and Johansen. " In addition
it shows the 40„orbital and its pseudocrossing
with the 30„one; this allows the estimation of the
promotion of the diabatic 4fo„MO.

6. Discussion

It should be emphasized at this point that it is
the molecular states and their related crossings
that must be considered in analyzing the collision
problem. Although the first MO crossing occurs
between the 4fv„and Sso, orbitals, calculations
of the potential curves show that the first poten-
tial curve crossing (for g symmetry) involves the
A. II~ state arising from the one-electron transition
Sv„ to 2e„(4fo, to Spe„) The p. osition of this first
crossing implies that a rotational coupling mech-
anism should be responsible for inelastic scat-
tering involving one-electron excitation at small

In particula, r the selective excitation of Ne(SP)
would be understandable. In order to study this
process we evaluate the necessary matrix ele-
ments, (v, b/ft') (2w„)1., ) 3o„) (where v, is the in-
cident-beam velocity, b the impact parameter,
A the internuclear separation, and L, the com-
ponent of the total electronic orbital angular-mo-

mentum operator perpendicular to the collision
plane), at values of A where the wave functions
are known. At a beam energy of 1.0 keV an inter-
action of 0.07 eV is obtained at the crossing posi-
tion (A„=1.9 bohr, 5 = 1.5 bohr). This interaction
is thought to be too small to account for the ob-
served strong inelastic processes. An estima-
tion using the Landau-Zener-Stueckelberg (LZS)
model leads to a cross section for this process
which is two orders of magnitude too small to
account for the experimental value. In addition,
the energy value at the X-A crossing point (37 eV)
cannot account for the energy threshold behavior
observed for several measured total cross sections
(see later discussion). The location of the angular
threshold for one-electron excitation processes
(experimental —5.5 keVdeg; theoretical —4.5 keV
deg) is also in poor agreement.

The next potential crossing is related to the
first o'-o' MO crossing, 4fo„Ssa, (So„--4o ), and

gives rise by two-electron transitions not only to
30'p 40'g proc esse s but also to an inf inite ser ie s
(labeled C) of quasidiabatic crossings between the
incident channel and the Hydberg series 4o', nv, (n
~ 4). These crossings lie in the range 1.6&8&1.8
bohr with the lower value of 3 corresponding to
the crossing with the continuum associated with
the 30~ 4@~ ionic configuration.

The next MO pseudocrossing (So„-4a'„) leads to
an infinite series of crossings involving the Hyd-
berg states So", So„no'„(A series —n ~ 4) and So,'
40'„since now both one- and two-electron transi-
tions are allowed. Crossings with an infinite
series of continua ending in Ne, ' 3o,' must also
be considered at small internuclear separation.

Ne (»'») +Ne(copse~)

Ne (2p'3g) +Ne(2p')

Ne (2p'3p} +Ne(2p'3p)

Ne (2p'3g + Ne(&p'3s)

Ne (2p')+Ne (?p')

Ne (2p")+Ne (2p'3s)

Ne (2p')+ Ne (2p')
Ne {2p6}+Ne(2p 3p)
Ne (2p') +Ne(2p'3s)

Ne(lp') +Ne(?p')

F IG. 11. Several poten-
tial-energy curves for Ne2
and Ne2 referred to the
X ~Z~ sogeve level. The
estimated incident diabatic
channel corresponding to
the 4fo„promotion is rep-
resented by the dotted
curve.
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Two -electron processes involving the 2&„MO gen-
erate two series of potential curves of 'Z,' and '6,
symmetries. Excitation of the '6, states involves
two rotational coupling steps and may account for
selective excitation of 2Ne (2P'SP). All the possi-
ble transitions make the problem complex and only
the first X-C crossing is considered in any detail
below. Before this is done, however, one addition-
al point should be mentioned. As may be seen
from the molecular-potential diagram in Fig. 11,
a pinching between the incident X'Z,' channel and
the ground state X'Z„' of Ne,' occurs at 1.8 bohr. This
region is well localized and the infinite A series [(core)
So,'3o„no„] of singly excited molecular states pass-
ing through is compressed in it and provides the
possibility for direct transitions leading to singly
excited final states. These transitions are thought
to be weak since couplings through the electronic
Hamiltonian between the ground and singly excited
states vanish in the virtual-orbitals approxima-
tion. ' In addition, the dynamical coupling
[vs(& 'Z~+~ (d/d8) ~A 'Z'g), where vs is the radial
velocity] is estimated to have a value of about 0.1

eV, at the location of the X-C crossing point, for
a radial velocity (at the crossing point) resulting
in a reduced scattering angle of 6 keVdeg. Thus
direct transitions between X and A in this region
are thought to have little effect on the X-C mech-
anism. This assumption will be confirmed by its
consequences.

The quasidiabatic X-C crossing will be shown
to be the important one in accounting for the ob-
served small-angle inelastic scattering. This
crossing is well described in a quasidiabatic
basis and all its characteristics are obtained
from ab initio calculations (A = 1.784 bohr, V
=1.772 hartree =48 eV, Hx o =0.44 eV). Following
the primary excitation (X-C) subsequent couplings
of C with curves of the A series feed all the singly
excited states and the first ionization continuum,
On its way out the C state crosses the B series
of configuration 30'„30~no~ and fortunately couples
with only the lowest-lying B curve (So'„So~4o~),
the others differing from C by three MO's. At
larger internuclear distances (4 bohr) the first B
state and the A states mix and resolve to the
Ne (2P'3s) + Ne'(2P') and Ne(2P'Ss) + Ne(2P') states.
These channels are strongly coupled in the adia-
batic basis. In an ionization measurement it is,
of course, impossible to determine whether the
detected Ne' results from the B states or from a
direct interaction between the C state and a low-
lying continuum state. The calculations made here
are only for the latter process. The C state at
large internuclear separation mixes by configura-
tion interaction with the five other doubly excited
states and as has been shown by computing the dy-

namical coupling (due to d/dR) in the adiabatic
basis, uniquely leads to symmetrical excitation of
2Ne(2P'Ss). In summary, we consider only those
interactions arising from the primary X-C cou-
pling followed by subsequent interactions of C
with the A series and B state to explain single
excitations, ionization, and symmetrical 3s ex-
citation (at least near threshold). Since the pri-
mary mechanism is unique to all the studied chan-
nels and further interactions (leading to Ss, 3P,
etc. ) are responsible principally for branching
ratios, the oscillations seen in the experimental
reduced cross sections should reflect the phase
interference introduced by this primary X-C
crossing. Theoretical reduced cross sections
are calculated in the semiclassical approximation
using the LZS model. These reduced cross sec-
tions are found by using the common incident X
channel, common potentials inside the crossing,
followed by exit potentials appropriate for each
process. In studying a particular reaction it is
assumed that only that single channel is populated.
Figure 12 shows a comparison of the experimental
and theoretical reduced-cross-section results at
1.0 keV for single excitation and at 2.0 keV for
simple ionization with zero energy emitted elec-
trons. The position of the first maximum and the
oscillatory structure are seen to be in good agree-
ment. A valid comparison of the absolute reduced
cross sections is possible only at the first max-
imum which is relatively free of absorption ef-
fects" occurring at larger 7 values and due to the
opening of a large number of inelastic channels.
The use of a single exit state in the calculation
allows a comparison of only the absolute value of
the theoretical reduced cross sections with the
sum of the single-electron excitation reduced
cross section and the simple ionization reduced
cross sections (which is here two times the ex-
perimentally observed value). Reasonably good
agreement between theory and experiment (at the
first maximum) is found with reduced cross sec-
tions values of 1.45 &10 " cm'/sr and 2.6&&10 "
cm'/sr, respectively (at 1.0 keV as an example).
We can therefore conclude that both single-elec-
tron excitation (Ss, 3P, 4s, etc. ) and simple ion-
ization are reasonably well described by the first
o-0 crossing, but the dominance of 3P excitation
is still not obvious at this stage of the calculation.
It is interesting, however, to examine the results
obtained by Kempter" on the energy dependence
of the total cross section for the SP'-38 (6280 A)
optical transition observed in Ne-Ne collisions.
This cross section is linearly dependent on beam
energy below 300 eV and thus easily provides the
energy threshold:97 eV. The threshold for the
primary X-C crossing occurs at a laboratory en-
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ergy of 96.4 eV (48.2 eV in the c.m. system shown
in Fig. 11) as calculated by the ab initio techniques.
This is, of course, the minimum kinetic energy
required to reach the crossing. The agreement
in threshold energy between theory and experi-
ment is seen to be quite good. As additional con-
firmation the Ne-Ne ionization studies of Amme
and Haugsjaa" yield a laboratory energy threshold
energy of about 103 eV which is also in reasonable
agreement with the present calculations.

The agreement (angular and energy thresholds,
phase oscillations, and relative cross-section
magnitudes) are strong arguments for the domin-
ance of the 4fo'„Sso, M-O crossing effects in lieu
of the 4fo„SPm„rotat-ional coupling in spite of the
marked 3P excitation. It is also important at this
time to determine the energy threshold associated
with the next inner Z-Z crossing to definitely
establish the primary excitation mechanism. This
crossing occurs between the incident channel and
the (core) So'~ 4o'~ 5o'~ molecular configuration. We
estimate that the laboratory threshold energy as-
sociated with this crossing is 111 eV and conclude
that the C state is indeed responsible for the ob-
served threshold. The incident X channel also
crosses the other curves of the C series leading
to similar excitation mechanisms which do con-
tribute to the scattered signal. However, the pri-
mary interactions with these higher-lying states
are expected to be weaker.

Up to now we have studied in detail only the ef-
fect of the first So„-4&~ MO crossing (Fig. 10). At
closer internuclear distance we must also con-
sider the effect of the 3o„-40„MO pseudocrossing
where one- or two-electron transitions are allowed
and lead to crossings between the incident diabatic
potential curve and diabatic potential-energy
curves generated in both the A series and the D
series (So",4o„n~„, n ~ 4:see Fig. 11). In this same
region (internuclear separation about 1.6 bohr)
the incident channel can also couple (directly and

indirectly) with the 'Z~ and (indirectly} with the
'4~ states arising from two-electron excitation of
the 2n„MO. This region is, in fact, too crowded
to be examined in detail at this time. The location
of the first maximum in the experimental reduced
cross sections, however, for 2Ne(2P'SP) excitation
(v= 6.5 keVdeg) corresponds to a crossing point
at about 1.6 bohr (determined by trajectory cal-
culations) confirming the importance of the region.
This very crowded region is also responsible for
the severe loss in the elastic channel and the wide
broadening of the two-electron excitation peak.
The direct coupling of the incident channel with the
continua contributes to these effects. Evidence for
this direct coupling with the continua can be found
by examining the position of the maximum in the
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FIG. 12. Comparison of the theoretical (dotted line)
and experimental (full line) differential cross sections
for (a) single excitation (peak B), and (b) simple ioniza-
tion at threshold (peak 8') .

C' ionization peak as a function of T (Fig. 13). The
ionization probability is expected to attain its max-
imum value at the turning point of the trajectory
since the radial velocity vanishes there. As the
collision becomes harder (larger T values} the
turning point moves in and consequently leads to
larger energy losses. The expected value of the
energy loss as a function of T has been calculated
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FIG. 13. Position of the
maximum of the C' ioniza-
tion peak in Ne-Ne as a
function of the reduced
scattering angle. The full
line is the theoretical result
obtained from the assumed
model and is in reasonable
agreement with the experi-
mental points.

40-
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using the incident diabatic channel and a potential
suitably shifted from that associated with the
3v,'4&, Ne, ' continuum configuration. These re-
sults are also plotted in Fig. 13 and show good
agreement at large 7 with a worsening agreement
near threshold tentatively attributed to tunneling
effects.

It is interesting to compare results obtained by
integrating the experimentally determined differ-
ential cross section for ionization with the mea-
sured total cross section for ionization as reported
by Amme and Haugsjaa. " In addition using the
LZS approximation we have calculated the energy
dependence of the total cross section ar ising from
the X-C crossing. The results are presented in
Fig. 14 and compared with the sum of the single
excitation and simple ionization total cross sec-
tions. At 1 keV the experimental results are
higher than the theoretical results by a factor of
2.3 and indicate the inadequacy of the model. A
comparison of the optical-excitation results" with
the ionization results of Amme'~ (Fig. 14) shows a
striking similarity of threshold behavior and shape
which is not surprising in view of the model. On
the other hand, the agreement in shape is not re-
produced by the calculation involving the X-C
crossing. It is clear that processes coming from
inner crossings should not be neglected in refined
calculations.

Ne Ne

-15-

E

b
CO

-16-

500 1000 E, eV

FIG. 14. Total cross sections, for some processes in
Ne-Ne collisions, as a function of laboratory energy.
The points are obtained by integrating the present experi-
mental differential cross sections. Open triangle: simple
ionization (peak B'); full triangle: ionization with target
excitation (peak C': Q =42.5 eV); open circles: single
excitation (peak B); full circles: sum of single excita-
tion and single ionization (to be compared with the theo-
retical cross section, shown in full line resulting from
the X-C crossing); rectangle: sum of the cross sections
for ionizing processes (B'+ C') [to be compared with the
experimental results of Amme (Ref. 29) shown by the
dashed curve].
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B. Ar-Ar collision

1. Spectra and cross sections

The Ar-Ar collision is studied in the energy
range from 0.75 to 4.0 keV. Figure 15 shows
typical energy-loss spectra of the scattered Ar.
For both low energy and small-T values the reso-
lution is sufficiently good to demonstrate that in-
elastic processes are due mainly to the excitation
of 4s and 4P levels. At higher energies the loca-
tion of the peak maximum oscillates between the
4P position and positions corresponding to higher
excited levels. This behavior suggests an under-
lying oscillatory reduced cross sections for the
processes involved. The peak corresponding to
two-electron excitation processes (C) is located
at an energy loss corresponding to the excitation
of 2 Ar(3P'4s) for v&4 keVdeg. At larger T val-
ues, peak C broadens to include contributions
from 2 Ar(3Pa4P) and from higher excited levels.
The Ar' spectra' from these collisions show that
doubly excited autoionizing levels are also present.
For T&25 keVdeg two additional peaks, corre-
sponding to average energy losses of 40 to 45 eV
for one of the peaks and losses greater than 60 eV
for the other, are found.

Figure 16 shows the cross sections for several
processes. At a given energy the elastic cross

-16

I
l a I

I a

Ar

~-11

CI

-1& a a a I a a a I

0
T, keVdeg

3

I I I I I $II

Ar Ar 4tj60 eV

section (p~) is seen to fall sharply with increasing
The curves also exhibit an increasing sharp-

ness in their fall off as the energy increases. As
has been previously found this rapid decrease sig-
nals the onset of inelastic processes. The elastic
channel however recovers at sufficiently large T

values as expected in a strong absorption. " The
one-electron excitation cross sections (ps) shown
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FIG. 15. Energy-loss spectra of scattered Ar from
Ar-Ar collisions. The same notation is used as in Fig.
1.

FIG. 16. Reduced differential cross sections for Ar-
Ar collisions as a function of 7, the reduced scattering
angle. The same notation is used as in Fig. 3. (a) Re-
sults are normalized to theory at small angle. (b) Un-
normalized reduced cross sections at a 4.0-keV labora-
tory energy over a large range of 7 values. The elastic
peak A is seen to exhibit a "diffraction" pattern in the
region of strong absorption. Peaks B and C are seen
to oscillate out of phase. The minimum separation (at
7 =12 keVdeg) between B and C is found to decrease
rapidly with increasing energy. At large 7 values (30
keVdeg) process D is seen to dominate.
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do not display the fast Stueckelberg oscillations
evident in Ne-Ne (where the excitation more selec-
tively involves the SP level) since the resolution
allows cross sections determinations to be made
only from the height of the peak generated by the
combined one-electron processes. At values of 7

beyond the triple-peak region (v=5.5 keVdeg) a
second and broader peak (for the one-electron
processes) appears and has its maximum value
for v'&10 keVdeg. As may be seen, the two-elec-
tron excitation processes (pc) exhibit a broad max-
imum followed by a minimum located at the posi-
tion of the second maximum in the one-electron
excitation cross sections. The separation between

p~ and p~ in this region decreases rapidly with in-
creasing energy. At high energy the process pD

(Q about 40 to 45 eV) is found dominant near v=30
keV deg.

2. Ar-Ar discussion

The Ar +Ar system is analyzed in a manner
similar to that employed in the Ne+Ne case. We
calculate potential energy curves and electronic
wave functions for 31 Z~~ two IIg, and six
states obtained in the virtual-orbital approxima-
tion, using the Ar, ' X 'Z„' reference state" and
the same calculation technique as employed for
the Ne+Ne system. The configurations consid-
ered here as well as their dissociation products
are listed below:

5o' 5v'„

5a' 5a„no„

50'„50'g na'g

5 no' mo'

5og no'„m a'
t,

unag mog

5a'„no„mo„

5o 5a„na, ma'„

Ar(SP') +Ar(3P')

Ar(SP'4s or 4P) +Ar(3P')

Ar (SP'4s or 4P) +Ar'(SP')

Ar(Sp'4s or 4p) +Ar(Sp'4s or 4p)

Ar' (Sp'4s' or 4s4p or 4p') +Ar"(Sp„')

( Ar (Sp'4s or 4p) +Ar+(Sp', 4s or 4p)

Ar(3p44s' or 4s4p or 4p') +Ar(Sp')

Ar (SP'4s' or 4s4P or 4P') +Ar (SP')

(n=6, 7; m=6, 7)

5o,' 5o„3n„

5o'„5r, 3m,

5a'g 3n „
5o'g 3 m'~2

5a'„3m'„

5o„3n ~

5o'g 5o'„3' 37'

Ar(SP'4P) +Ar(SP')

Ar (3p64p) +Ar+(3p')

Ar(3P'4P) +Ar(SP'4P)

Ar (3P'4P) +Ar'(3P', 4P)

( Ar(Sp', 4p') +Ar(Sp')

Ar' (3P'4P') +Ar"(SP')

Ar (SP'4P ) +Ar+(SP')

To ensure the proper dissociations (symmetric,
asymmetric, covalent, or ionic), configuration-
interaction calculations, in particular for R &3
bohr, are made for these states.

The determination of the incident diabatic poten-
tial-energy curve requires a knowledge of the
diabatic MO's. Although the problem associated
with the calculation of such MO's is open, as men-
tioned earlier, a few methods have been proposed
to deal with it."'" The technique used here con-
sists in deleting from the atomic LCAO expansion

basis all excited orbitals (as an example for
Ar, :4s, 4p, Sd, etc.) in order to avoid the mixings
responsible for MO pseudocrossings. Using this
approximation, we obtain the diabatic X 'Z~ inci-
dent state potential shown in Fig. 17. Selected
numerical values of the potential for the "ground"
state are compared with those of other authors"
in Table HI. The computed single-configuration
potential-energy curves for some excited states
are also shown in Fig. 17 (note the similarity to
the Ne, case in Fig. 11). This figure displays an
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AE,a.u

Ar (3ps4s) + Ar (3ps4s)

Ar (3p'4s)+ Ar (3p')

Ar {3p'4p)+ Ar 3ps4p)
Ar (3ps4s)+ Ar 3ps4p)

Ar (3ps4s)+ Ar (3p )
Ar (3p 4s}+ Ar (3p 4s)

Ar (3p'} + Ar (3p')

Ar (3p'4p) + Ar (3ps)

Ar (3p'ss)+ Ar (3p')

r {3p') + Ar (3p')

FIG. 17. Several poten-
tial-energy curves for Ar2
and Ar2+ referred to the
X ~Z~ (core) 50~50~2 level.
The estimated incident
diabatic channel corre-
sponding to the 5fo.„pro-
motion is represented by
the dotted curve.

2.S 3.5 8, a.u.

analogous pinching between the X 'Z~ and X'Z„'
states which contains all the curves arising from
the singly excited configurations 5oss 5o„no„(n) 5).
As in the Ne, case, the X 'Z~ curve crosses an
infinite number of quasidiabatic curves (C series).
The (core) 5oss 6&vs and (core} 5&4 6o's 7o's curves
which are the two lowest in the C series are shown
along with the corresponding (core) 5spss 6o, excited
continuum curve. As previously noted this set of
crossings arises from promotion of the 50„MO
(this orbital originates from o'„3P„, and evolves
to the 5fr3„~) leading to subsequent o„-o, crossings
with the first being 5o„-6o'4 (5fv„-4sos). The pro-
moted 5o'„MO in addition avoids crossings with
higher-lying O'„MO's. It is reasonable to attribute
the shapes of the curves in the A series and also

in the D series to these avoided crossings. The
region of crossings discussed above and lying be-
tween 2 and 3 bohr is responsible for much of the
single excitation, ionization, and symmetrical
excitation in the triple-peak region (r= 5 keVdeg).
It is interesting at this point to look at the experi-
mental results on the total cross sections for uv"
emission and electron ejection in Ar+Ar collis-
ions. '4 The experimental results suggest an en-
ergy threshold of 30 eV, in the c.m. system, for
these processes (see Ne-Ne discussion above)
which is in agreement to within a few eV with our
value of 31 eV for the energy value at the
X 'Z'-C(5os 6o', ) crossing. Calculations of the
location of the X-A 'IIp crossing position (Ax= 2.9
bohr, V —24.6 eV in c.m. ) clearly show that this

TABLE III. A comparison between some "ground-state" potentials for Ar2.. (a) the present
results obtained in the virtual orbitals approximation using the X Z~+ state of Ar2+ (Ref. 31)
and (b) the ground incident diabatic potential. GW, S, GK have the same meaning as in Table
II. A are the results of Abrahamson (Ref. 32) and BM the results Bellum and Micha (Ref. 32).

(a) GW

1
1.5
2
2.5
3.
3.5
3.8

4.2
4 5
4.6
4.7
5

29.2592
9.6596
3.4781
1.5715
0.7456
0.3352

0.0838
~ ~ sr

10.2800
3.8245
1.6362
0.7456
0.3352

0.0838

~ ~ ~

0 ~ ~

0.7142

0.1908
0.1351
0.0953

0.0467
0.0389
0 ~ 0224

37.5421
14.3S17
5.5094
2.1105
0.8085
0.3097

0.0454
4 ~ ~

0.0174

60.7239
21.6024
7.6850
2.7339
0.9725
0.3460
0.1861
0.1231
0.0814
0.043S
0.0356

0.0156

24.57
7.229
2.301

0.0757

0.0247
0 ~ ~

0.0107

~ 0 ~

2.4594
1.1537
0.5412
0.3437
0.2539
0.1876
0.1191
0.1024
0.0880
0.0559



COLLISIONS BETWEEN RARE-GAS ATOMS. . .I. . . 1261

mechanism is unable to account for the above ex-
perimental energy threshold. In addition, the re-
sults of Kempter and Zehnle" concerning the ex-
citation of the 5P level indicate a threshold at 35
eV. As in the Ne, case the convergence of the
threshold values for both single excitation and ion-
ization points to a common primary mechanism
involving the X-C crossing followed by C-A series
crossings. Of course, all higher states of the
doubly excited C series also contribute to these
processes. As in Ne-Ne the next excitation mech-
anisms would involve the 5a'„-6o'„avoided MO
crossing which directly populates the D series.
This mechanism is thought to be responsible for
a second threshold, observed by Kempter and
Zehnle" for the 5P excitation, corresponding to an
energy of about 56 eV in the c.m. Our estimate
for this threshold lies at 58+2 eV (see Fig. 17).
In harder collisions the problem becomes more
complex (see Ne-Ne discussion). The present
differential-scattering results on Ar-Ar are dis-
cussed in the framework of the above model. As
in the Ne-Ne case we have calculated the differ-
ential cross sections assuming first the participa-
tion of only the lowest crossing in the X-C series.
The participation of the X-A 'II~ interaction (ro-
tational coupling) was previously rejected on en-
ergy-threshold arguments. Furthermore, cal-
culations of 7 corresponding to this crossing leads
to a value of 3.3 keVdeg, which is less than the
experimentally determined value of about 4.7 keV
deg, for the position of the first maximum of the
inelastic reduced cross sections. Coming back
to the effective mechanism (X-C crossing), the
maximum of the theoretical reduced cross sections
for single excitation occurs at v'=4. 6 keVdeg in

good agreement with the experimental results.
However, the frequency of the Stueckelberg oscil-
lations in the theoretical reduced cross sections
(= 1.5 keVdeg) is too high to account for the shape
of the experimental cross section. To study the
effect of additional crossings in the X-C series
on the reduced cross section we investigate the
effect of the inclusion of eight states in a LZS
JWKB approach. " In this case the elastic reduced
cross sections shows the marked falloff (by one
to two orders of magnitude in the 7 region between
5 and 8 keV deg) due to the absorption in the in-
elastic channels. The experimental elastic re-
duced cross sections shown in Fig. 16 display
a much stronger falloff starting at a smaller 7

value. The limited calculations performed, how-

ever, do account for the order of magnitude of the
measured one- and two-electron excitation reduced
cross sections.

As additional confirmation of the primary mech-
anism, the differential measurements of Eriksen

et al. ' show that ionizing processes become im-
portant at 7 values of about 5 keVdeg. Ionization
resulting from two-electron excitation (energy
loss of about 30 eV) was found to be the dominant
process below 7= 24 keVdeg. At r= 30 keVdeg
the ion peak, however, lies at about a 43 eV loss.
An analogous peak (D) is seen in our neutral spec-
trum at about 30 keVdeg. Furthermore, a sim-
ilar peak was seen in the Ar'+Ar case." This
new process occurring both in the neutral and
ionic systems for similar values of 7 is not re-
lated to the 5fo'„MO promotion responsible for
the triple-peak region but arises from additional
crossings at smaller values of the internuclear
separation. Although there are several processes
that can account for a 43-eV loss it is reasonable
to assume that three-electron processes (involv-
ing at least a two-step mechanism) would be weak.
The only possibility is one involving a two-elec-
tron transition from the 3s and 3P levels either
in one or both atoms. '

The ejected electron energy spectra'~ show a
peak at 9.4 eV attributable to the excitation of
Ar (3s3P'4s). The excitation function for this pro-
cess has a threshold at 42 eV (c.m. ) which is also
explainable by our potential-energy curves. In-
deed, the Ar(3s3P'4s) +Ar level lies in the lower
part of the energy range corresponding to Ar(3P'nl)
+Ar(3P'nl') and is excitable through a two-step
process. The mechanism again involves the pri-
mary X-C interaction followed by subsequent
crossing with the more repulsive state arising
from Ar(3s3P'4s) +Ar(3P'). However, the first
X-C crossing [leading to 2Ar(3P'4s) j cannot ac-
count for the process since the C curve respon-
sible for the symmetric excitation cannot cross
the 'Z,' curve arising from Ar(3s3P'4s) and, indeed
lies 2 eV below this level at infinite separation.
However, inner X-C crossings can be effective.
Such crossings occur for internuclear separation
of about 2.5 bohr and correspond to an energy
threshold of about 40+3 eV (c.m. ) in agreement
with the observed value.

C. Kr-Kr collisions

The Kr-Kr case is studied at only 2 and 3 keV
to verify the promotion of one or two electrons
from the 6ha„MO. Here also the spectra display
the three peaks. Cross sections at 3 keV are
shown in Fig. 18. The behavior is very similar
to that in the previous cases and shows that the
promotion occurs at a v value of about 9 keV deg.

IV. CONCLUSION

The Fano-Lichten promotion model has success-
fully explained inner-shell excitation, particularly
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FIG. 18. Reduced dif-
ferential cross sections as
a function of reduced scat-
tering angle for Kr-Kr col-
lisions. The same notation
is used as in Fig. 3. The
triple-peak behavior occur s
at a reduced angle of about
8.5 keV deg. The recovery
of the elastic channel is
also seen.
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for the well-known Ar'-Ar and Ne'-Ne systems.
We have shown in this work that the same approxi-
mations hold for outer-shell processes in similar
symmetric systems.

In the simple H, '-like model one- or two-elec-
tron excitation can occur at the crossing of a filled
0 MO with empty MO's. For instance, K-shell
excitation is induced by the 2PO„-2Pm„rotational
coupling leading to an inner-K-shell vacancy in
Ne-Ne collisions and also to selective 2P excita-
tion in He++He and in He+He.

Excitation of electrons from L shells occurs via
the 4fo„promotion in the inner shell for Ar +Ar
or outer shells for the Ne-Ne and Ne'+Ne cases.
M-shell excitation occurs similarly through the
5fo„MO in the Ar+Ar and Ar'+Ar cases. In the
case of Kr the M-shell excitations proceed through
the promoted 6ho„MO, whereas the outer N shell
is excited through the promoted 6fo'„. Since the
same correlation diagram is applicable to both

/

the ion-atom and atom-atom systems it is inter-
esting to compare the triple-peak region in the
ionic and atomic cases. The experimental results
to date show a similar behavior, at w values of
several keVdeg of the reduced cross sections.
The mechanism involved here (i.e., MO promotion)
is therefore thought to be common to many heavy-
particle systems and is primarily responsible for
excitation in the low-keV energy range (1-10keV).

An analysis of the present experimental results
reveals the striking weakness for the excitation of
the first excited state (ns) in contrast with the im-
portance of the next-higher-1. ying state involving

P electrons. These selective P excitation pro-
cesses were expected to arise from rotational

coupling, as is indeed the case in He-He. How-

ever, for heavier systems the current theor et ical
arguments do not support this mechanism. The
0'-o interactions are, however, able to explain
most of the observed features except that the dom-
inance of P excitation is not yet well understood.

Although the previous discussion based on the
MO picture provides a simple model enabling a
qualitative understanding of the collision, it should
be emphasized that only the molecular states (de-
scribing the entire electronic system) are actually
involved in the collision problem. Each MO cross-
ing discussed above generates several crossings
of the molecular-potential energy curves (see the
Appendix) in a single-configuration picture (diab-
atic I). Considering the general case of a filled
.~nd promoted incident orbital (A) crossing an
initial'. y empty MO (B), one- or two-electron tran-
sitions from A to B leads to the first generated
crossings of the states corresponding to the A',
A.&, and &' configurations. If A and B are of dif-
ferent u, g symmetry, only transitions from A'
to B' are allowed. In addition the same A-B MO
crossing noway lead to an infinite number of state
crossings A'-BC (where C is an empty MO lying
above B and not necessarily crossing A). Of
course the continuum can be included (A'-B+e).
In summary, processes termed diabatic I require
at least one MO crossing. A second category of
diabatic-state crossings not related to any MO
crossings are also found (diabatic II). This situa-
tion arises when a vacancy is initially present in
an MO which is less promoted than the outer filled
ones. Such "core-excited" configurations gener-
ally result in incident states which are highly
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repulsive and correlate to autoionizing states of
the united atom. As a consequence this state must
cross the infinite series of singly excited states
having a lower-core excitation. These diabatic II
processes arise especially in rare-gas ion on
rare-gas collisions and are in fact responsible
for the importance of inelastic processes at low
energy" (tens of eV). The absence of the initial
core vacancy in the neutral system and conse-
quently of diabatic II processes make the dramatic

difference in the behavior of neutral and ionic
system at low energies. The He'+He case, which
has received a great deal of attention, provides
the typical example in which the diabatic-II in-
elastic processes involve the initial Iso~ 2pcr'„('Z~)
state interacting with Isa~2 nlrb~('Z~) states. In
addition all other symmetric rare-gas ionic sys-
tems exhibit either Z-Z or II-Il diabatic-II pro-
cesses depending on whether a (T or m MO vacancy
exists initially. " Usually the diabatic-II-type

TABLE IV. Summary of the known inelastic-scattering mechanisms and characteristics associated with symmetric
rare-gas col.lision systems. In each case the participating MO's are identified, the theoretical value of the crossing
positions (R) are given in bohrs (at least for the outermost crossing), and the experimental. ly determined & (reduced
scattering angles) values are given in units of keV deg. R = 0 refers symbol. ically to rotational coupling in the united
atom.

Diabatic II
Z-Z coupling II-II coupling

Diabatic I (outer shell)
o-o coupling Rotational. coupling

Diabatic I
inner shell

He He+-He 2p o'u -1SOgril og
R = 1.5-1.2
&= 0.6-1.2
Refs. b, c

Not present 2P (Tu -2sog.
?

2p o'„-2p x„
R=0

Refs. l, c

He-He Not present Not present 2P 0'u -2Sog
R= 0.5
Refs. d, e

2P(Tu -2P X„
R=0

2—3

Refs. d, f

Ne+-Ne 4'~ -sda~n Ig~

R «2.3
Ref. g

4fo'u 3Et'-2P x+ le.
R «2.1
Ref. g

4fou 3S(Tg,
R «1.65

]0
Refs. g, h

2P(Tu -2P X„
R =0
T - 1500

Ne-Ne Not present Not present Ou 3SOg, . . .
R —1.8
& =5.5
Ref. f

4f(T„-3px„
R «1.6-1.9
very weak
Ref. f

Ref. i

Ar Ar+ -Ar

Ar-Ar

fou 4dozri I,a
R «3.6
7' —0.65
Ref. j
Not present

5fou 4dm~-3p~~ l og
R«3 ~ 1
T —2.3
Ref. j

Not present

5fOu -4S(Tg ~

R «2.3

Refs. h, j

(Tu 4SO'g

R ~2.7

Ref. k

5f&u-»~u
RS 2.1

5f(Tu -»7t u

R «2.55—2, 9
very weak
Ref. k

R = 0.6
400

Refs. i, j

Other intermediate MO crossings between those listed for outer and inner shells are also present although their
effects are not yet well understood.

Reference 36.
M. Barat, D. Dhuicq, R. Franqois, R, McCarroll, R. D. Piacentini, and A. Salin, J. Phys. B 5, 1343 (1972).

dReference 7.
~J. C. Bellum and D. A. Micha, Int. J. Quantum Chem. (to be published).

Present work.
gReference 25 and present wo».
References 19 and 20.

'References 1, 2, and 18 in text.
' Reference 31.
Reference 8 and present work.
R. McCarroll and R. D. Piacentini, J. Phys. B 4, 1026 (1971).
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crossings occur at larger internuclear distances
than those associated with the diabatic-I type.
Figure 19 summarizes the typical characteristics
associated with the various diabatic processes and
emphasizes the marked differences between the
ionic and neutral symmetric systems (at small r
values). The known characteristics of the sym-
metric rare-gas systems are presented in Table

From the theorist's point of view the treat-
ment of the diabatic-II cases is usually simpler
than for diabatic-I cases since the d/dA operator
between the type-II states (quasidiabatic) is
zero.""The only effective couplings which need
be considered are interelectronic-electrostatic
interactions. These interactions are usually small
(& I eV) and thereby allow the treatment of inelas-
tic processes as small perturbations which only
slightly affect the elastic scattering. The first
crossing of the infinite series of diabatic-II cross-
ings is usually well separated from the others
and has become the war-horse of simplified treat-
ments such as the two state LZS approximation or
more sophisticated approaches. " In the diabatic-I
category one may still distinguish between two
types of MO crossings depending on whether the
MO's have the same symmetry (u, g) or not. For

~
rx, nn

~ d IL ~ d &&.

(

the case where the symmetries are different, only
two-electron transitions are allowed and the quasi-
diabatic treatment discussed above is applicable
(see section on Ne, ). If the symmetries are the
same, the problem becomes more difficult and
remains as yet an outstanding one. In the present
state of the theory Hartree-Fock-type calculations
are used and yield avoided MO and state cross-
ings. The couplings between states in this ap-
proach come from the electronic Hamiltonian
(= few eV, except for the Brillouin theorem") and
the d/dA operator. The resulting problem involves
at least a three-state approximation (as an ex-
ample A' AB IP -in th-e previous notation). In
using electronic wave functions describing a sin-
gle configuration of Hartree-Fock MO's, the treat-
ment of the pseudocrossing region necessitates
the computation of d/dA matrix elements which is
difficult or expensive. A more attractive approach
would consist in finding a practical definition
which allows a direct calculation and simple use
of diabatic MO's. A tentative method could start
from the ideas of Smith" together with the sug-
gested "node-conservation rule" of Barat and
Lichten. " As another suggestion this problem can
be handled by using pseudopotentials. Since two
electrons are active (4fo'„ in Ne-Ne), a model with
two electrons in the field of an effective core
could provide (for the internuclear separations of

diabaticX diabatic I

A+8
M.o.

FIG. 19. Schematic comparison of the expected be-
havior of the elastic (A), one-electron (B), and two-
electron (C) cross sections for the ionic and neutral
scattering systems. At medium 7 values both systems
are expected to exhibit a similar triple-peak behavior
arising from the same MO crossing (diabatic I—dI). In
the ionic system the presence of diabatic 0 (dII) pro-
cesses causes additional inelastic scattering via Z-Z or
II-II interactions, at smaller ~ values. Such crossings
are generally well localized and give rise to Stueckel-
berg oscillations in the scattering pattern.

states

FIG. 20. Schematic representation showing the large
number of state curve crossings generated by an inner
MO vacancy. In the diabatic-II case the vacancy is ini-
tially present in B whQe in diabatic-I processes a va-
cancy may be created at an MO crossing. In both cases
A is filled.
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interest) appropriate electronic wave functions.
Even if we assume that this goal can soon be

attained, the available experimental results show
that diabatic-I crossings lead to the simultaneous
opening of many inelastic channels and as a con-
sequence the theoretical treatment of such prob-
lems can be approached either qualitatively or
by using approximate models for dealing with large
numbers of coupled states.

APPENDIX

A series of quasidiabatic state crossings is
generated when a vacancy is present in an inner
MO. In some cases (rare-gas ion-rare-gas atom)
this vacancy is initially present in the system and
the resulting crossings are called diabatic II. This
condition is shown in Fig. 20(a). In the general

case (diabatic I) the inner vacancy is created at
a crossing of ari initially filled and promoted MO
with an empty MO [Fig. 20(b)]. If we now consider
higher excited empty MO's [Fig. 20(a) and (b)] in
both cases the condition required for state cross-
ings is 2m~ —(as + ec) =0, where e is the MO energy.
This condition is generally fulfilled since the
C, C', . . . orbitals are very weakly bound with re-
spect to the binding energy of B (see Fig. 20). In
both cases an infinite series of quasidiabatic
crossings is generated. The above argument is
valid only under the simple assumption that the
total electronic energies is the sum of the MO
energies. If proper account is taken of the nec-
essary Coulomb and exchange terms, the basic
argument remains the same, there are only shifts
in the energies and crossing positions.
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