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Collisions between rare-gas atoms at low-keV energies. II. Asymmetric collision

systems: He-Ne, -Ar, -Kr, -Xe
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Elastic and inelastic collisions in the asymmetric He-X {X=We, Ar, Kr, Xe) systems are
studied at low-keV energies (0.8-3.0 keV). The experimental method involves energy-
loss measurements on the scattered particles using either a time-of-flight technique (for
neutrals) or electrostatic energy analysis (for ions). Differential cross sections are re-
ported and the results interpreted in a quasimolecular treatment of the collision. Of
particular significance is the very low excitation and ionization of the helium projectile
relative to excitation of the target. An understanding of this requires a modification of the
usual diabatic correlation rules, and implies the promotion of the outer filled molecular
orbital. Predictions made from the modified correlation diagram, and calculated poten-
tial-energy curves are found to agree with the experimental results.

I ~ INTRODUCTION

In a previous paper' (hereafter referred to as I)
we reported on symmetric rare-gas-rare-gas col-
lisions. These earlier studies were discussed in
a quasimolecular framework, and predictions of
the promotion model~ together with ab initio mo-
lecular calculations were found to explain the ex-
perimental results. All excitations in the symmet-
ric rare-gas systems occur either directly or in-
directly via the promotion of the outer filled MQ
(molecular orbital) from which one or two o elec-
trons can make transitions to empty excited MQ's.

The present paper extends the study to helium-
rare-gas collisions in order to assess the effect
of the strong asymmetry in the collision systems.
A special feature of these systems is the matching
of the K-shell energy of helium with that of the
1, M, . . . shells of the partner. In particular, it
is important to know whether the excitation takes
place in both partners or selectively in one of
them. For this purpose one can use the predictions
of the asymmetric diabatic correlation diagrams
which have thus far proved to be very powerful in
dealing with inner -shell excitations. '

The experimental methods involve energy analy-
sis of the scattered particles using both a time-of-
flight technique (for neutrals" ) and electrostatic
energy analysis (for ions). Differential cross sec-
tions, over a range of beam energies and scatter-
ing angles, are obtained from the relative intensity
of the peaks in the energy-loss spectra. Details of
the experimental procedure were given in I and are
not repeated here.

In the first section the energy-loss spectra and
their main features are presented for all the sys-
tems. Cross sections are reported in Sec. II, and
all the experimental results are discussed in Sec.

GI using a quasimolecular framework. As in I, the
predictions made from the diabatic correlation
diagrams together with the calculated potential
energy curves (for the He-Ne and He-Ar cases)
are compared with the experimental results.

II. ENERGY-LOSS SPECTRA

A. He-Ne

1. Neutrals

Typical energy-loss spectra are shown in Fig. 1.
Generally, three peaks (or groups of peaks} are
seen and correspond to zero-, one-, or two-elec-
tron excitations. Peak A. in the spectra represents
elastically scattered particles. Peak B, associ-
ated with single-electron excitation, generally
displays three components: B„B„andB,. The
peak B„corresponding to Ne(2p' Ss)'P, is dominant
for low-energy collisions (0.'l5 and I keV) and at
larger angles for higher energies. Evidence for
the excitation of Ne(2ps 3p), peak B„ is found,
especially at low energy, when sufficiently good
energy resolution is obtained. The B, structure
may correspond to high-lying singly excited states
of Ne. It can be seen that this peak, which is dom-
inant at small angles and for moderate and high-
energy collisions, is centered on Ne(2p' 4s) and/or
(2p' Sd) —a feature which will be found again in the
other He-rare-gas combinations. However, con-
tributions from He(2'S) and from higher excited
He levels cannot be excluded since they lie in the
same energy range. At larger angles, peak B, is
followed by a tail attributable to Ne ionization (con-
firmed by the Ne-He ionization spectra below).

In the third group of peaks C, simultaneous ex-
citation of He and Ne into

He(ls2s}+Ne(2p' Ss}, EZ =36.5 and/or 37.5 eV,
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readily accounts for the C, component which is
dominant at small values of v =EH [(beam energy)
x (scattering angle)].

At larger 7 the second feature C~, lying at about
40-44 eV, can be explained by simultaneous sin-
gle-electron excitation of both atoms to higher
states. Although autoionizing states of Ne lie in
this energy region (see Fig. 1) the absence of the
corresponding peaks in the ejected-electron spec-
tra' would seem to rule out this possibility.

Z. Ions

He -Ne

(a)

1000 eV

40

tribution of ejected-electron energies. '
As in the neutral spectra, peak C,' [Fig. 2(b) j

accounts for two-electron excitation leading to

He+Ne-He+(1s}+Ne(2P'nl}, 41 eV«E &46 eV.

A more precise assignment cannot be given.

Ionizing collisions may of course result in either
He' or Ne' ions. With He incident on a Ne target,
He' ions are studied (a Ne beam colliding with a
He target permits the study of the Ne' product).
Figures 2(a) and 2(b) show typical examples of the
He' spectra. Two peaks are generally present:
peak B' corresponds to He ionization leaving the
Ne in the ground state,

He+ Ne -He'+ Ne(2p') + e, EE & 24.58 eV .
We may note that the position of the maximum of
B' is shifted by a few eV with respect to the energy
threshold and corresponds to electrons ejected
with nonzero kinetic energy. This feature has al-
ready been discussed for He-He collisions. ' The
smooth tail of B' corresponds to a continuous dis-
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FIG. 1. Energy-loss spectra of neutral He scattered
from the He-Ne collision. Peak A refers to the elastic
process, peak B to one-electron excitation, and C to
two-electron excitation.

FIG. 2. (a) Energy-loss spectra of He+ scattered from
the He-Ne collision. The peak at zero energy loss cor-
responds to elastic scattering of He+ on Ne and serves
as an energy reference. Peak B' refers to simple ion-
ization of He, and C' refers to ionization with simulta-
neous excitation of Ne. D'is the peak for "inverse Penn-
ing ionization" discussed in the text. (b) These spectra
show the evolution of the C& and C2 structures as a func-
tion of angle.
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For violent collisions a second feature C,' ap-
pears at bE&45 eV [Fig. 2(b)]. For 7&10 keVdeg
it dominates the ion spectra and spreads out con-
siderably up to a 70-eV energy loss [Fig. 2(a)].
We attribute C,' to simultaneous ionization of both
particles with the ejection of energetic electrons
(see Sec. III).

In addition to the dominant B' and C' peaks, a
small structure (D') is clearly seen at EE-37 eV
and can be ascribed to a "molecular autoioniza-
tion" (also called "inverse Penning ionization"')
proceeding as

He(ls') + Ne(2p') - [He*(ls2s) + Ne*(2p' Ss)]
-He'(1s) + Ne(2p') + e

This assignment is consistent with the strong
peak, observed in the neutral spectra, for the
He(ls 2s) + Ne(2P' 3s) simultaneous excitation.

Ejected electrons coming from inverse Penning
[He('8)+ Ne('P)] ionization would have energies of
12 or 15 eV according to whether the decay takes
place in the He' or Ne' continua. For the
He*(2'S) + Ne*(3 'P) inverse Penning ionization the
corresponding electron energies should lie at 13
and 16 eV, respectively. In their experiment
Gerber et al.' do not see any electron peak below
16 eV and reject this process as responsible for
autoionization. The absence of the 12-eV peak in
the ejected-electron spectra of Gerber et al. ' is
consistent with the weak formation of He' ions as
seen in our experiments. If their dominant 16-eV
peak accounts for the He(2'S) +Ne(3 'P) "inverse
Penning ionization, " a 15-eV peak should a priori
also be observed except if the autoionization prob-
ability favors the 16-eV peak. Although this reas-
signment would nicely fit the present interpreta-
tion (Sec. IV), a definite conclusion requires fur-
ther investigation.

Figure 3 shows an example of the Ne' spectra
from the inverse Ne-He collision. Because of the

unfavorable mass ratio, the resolution is very
poor and only the gross features are seen. The
two features B"and C" correspond to single Ne
ionization and ionization with simultaneous He ex-
citation.

B. He-Ar

1. Neutrals

The energy-loss spectra for He-Ar (Fig. 4)
again display three peaks or groups of peaks. It
is noteworthy that the peaks labeled B, corre-
sponding to single-electron excitation of Ar, have
the same pattern as in the He-Ne case: the first
one, B„ is, without any doubt, assigned to the
first excited Ar level Ar~(3p' 4s ); the second one,

B„ is a result of the excitation of higher states.
This peak is centered on Ar*(Sp' Sd) and
Ar*(3p' 5s). Again the 4p states seem rather weak-

ly excited in contrast to the Ar-Ar case. '
As a striking feature we may note the absence of

any significant excitation of the He atom. The data
show that He excitation is at least 20 times small-
er than Ar excitation. In contrast to the previous
He-Ne case, the C, peak cannot be accounted for
by the simultaneous excitation of both colliding
particles and must be attributed to an autoionizing
state of Ar. C, corresponds to the dominant 12.9-
eV line observed by Gerber et al. in the ejected-
electron spectra and was tentatively attributed by
them to Ar**[SP'('P) 3d4s J. However, using the

empirical method proposed by Bolduc' for estimat-
ing the autoionizing energy levels in the Ne case,
we obtain the following values for the optically for-
bidden 3p44s~ levels:

SP'('P)4s' (bE-26.5 ev)

SP' ('D) 4s' (EE -28.3 eV)

SP~ ('S) 4s' (AE -30.6 eV) .
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FIG. 3. Energy-loss spectrum of Ne+ scattered from
the Ne-He collision. The same labeling is used as in

Fig. 2 ~

FIG. 4. Energy-loss spectrum of neutral He scattered
from the He-Ar collision. The same labeling is used as
in Fig. 1.
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We believe then, that peak C, may result (at least
partially} from the Sp~ ('D) 4s~ level rather than
from the previous assignment': In addition to the-
oretical. considerations developed in the discussion,
this assignment is supported by the similarity ob-
served in the He-Kr collision (see Sec. IIC). The
weakness of the Ss excitation, leading to autoioniz-
ing levels Ar (Ss SP'nl ), is in agreement with the
ejected-electr on data. '

Peak C2 may be accounted for by excitation of
higher lying (SP4nl n'I') autoionizing levels. How-
ever, the simultaneous excitation of both particles
may contribute significantly to C, since, in parti-
cular, this peak is centered on the first excited
level of the series He*+Ar*:

He*(ls 2s)'8+Ar*(Sp'4s)'P, &E =31.4 eV .

He'
1

He +Kr

cern

a

Kr'
Ch

CC5

Pl
1000eV

4 30

QE (eV)

FIG. 6. Energy-loss spectrum of neutral He scattered
from the He-Kr collision. The same labeling is used as
in Flg. 1.

2. Ion,s

Qnly the He' ions are studied in this very asym-
metric system since the unfavorabl. e mass ratio
does not permit an investigation of the Ar-He col-
lision with sufficient energy resolution.

Again, two peaks are seen in the He' spectra
(Fig. 5) corresponding, respectively, to simple He
ionization (peak B ), and to ionization with simul-
taneous Ar excitation (peak C'). It is found that
13' is always peaked on the ionization threshold
(bE =24.5 eV), corresponding to a very low kinetic
energy of the ejected electrons. It is also remark-
able that the maximum of C' always lies at 36.2
e7, and this accounts without ambiguity for the ex-
citation of Ar(SP'4s} simultaneously with the He
ionization. We do not find any evidence for "in-
verse-Penning"-type ionization processes decaying
in the He' continuum. An explanation of this will
be given in the discussion.

C. He-Kr and He-Xe

1. Neutrals

The energy-loss spectrum shown in Fig. 6 dis-
plays a striking similarity to that obtained in the
He-Ar case. Peak B, corresponding to single-
electron excitation of Kr, again shows a double
structure. B, corresponds to Kr(4P' 5s} excitation,
whereas the dominant B, peak is centered on the
6s and 4d Kr levels. It is also remarkable that
there is no significant excitation of the He atom.

The two-electron excitations (peak C) seem to
take place almost exclusively in the Kr atom. Peak
C, can be attributed to Kr**[4p~('D) 5s3], in agree-
ment, in this case, with the assignment proposed
by Gerber et a/. ' for the 10.5-eV peak in their
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FIG. 5. Energy-loss spectrum of He+ scattered from
the He-Ar collision. The same labeling is used as in
Fig. 2.

FIG. 7. Energy-loss spectrum of neutral He scattered
from the He-Xe collision. The same labeling is used as
in Fig. 1.
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I

Ne-He

1.5 keV

8

-19-

10 15 T(keV deg)

I IG. 10. Reduced differential cross sections for ion-
ization producing Ne+ at 1.5 keV. The same labeling is
used as in Fig. 9. B" and C" refer, respectively, to
simple Ne ionization and Ne ionization with simultaneous
He excitation.

simultaneous one-electron excitation of both atoms
to their first excited levels, presents a behavior
similar to that of the B cross sections and has a
maximum at a value of v(v-3. S keV deg) slightly
above the B maxima. Again C,' behaves as C, . In
addition C,' (only given at 2 keV) and C, have the
same shape and have a common maximum at a
larger v values (v-5 keVdeg).

Reduced cross .sections for the ionization of the
Ne from Ne+He collisions (processes B"and C")
are presented in Fig. 10. The figure shows the
marked dominance of the ionization of the neon as
compared to the ionization of the helium. The
ratio of these two cross sections at the same rela-
tive kinetic energy is about 70. This has to be re-
lated to the importance of neon excitation in the
neutral reaction.

Integrating the experimentally obtained differ-
ential cross sections, we estimate the order of
magnitude of the total cross section for several
processes in Table I. The remarks made above
on the selective excitation of Ne are of course re-
flected in the values of the total cross sections.

V(B ) = 33 4] 8e

For T&4 keV deg, A and even S drastically drop
and T no longer has any physical meaning. This
normalization procedure may lead to a large error
which should affect only the absolute value of the
cross section. The aim of this normalization is
only to provide an estimation of the importance of
the various processes.

Cross sections for B, and B„corresponding to
one-electron processes, behave similarly as a
function of v. They reach their maximum at 7-3.6
keV deg for a11 the impact energies. Only the rel-
ative intensity p(B,)j(B,) is energy sensitive.

The helium ionization cross section for B' has a
maximum for the same v value. This is especially
clear at 2 keV [Fig. 9(b)t. At lower energy the
maximum is followed by a plateau. It should also
be pointed out that the cross section for B' is much
smaller than the cross section for B, (Ne excita-
tion}.

The cross section for Cy corresponding to the

B. He-Ar

Cross sections at 1, 1,5, and 2 keV are given in
Fig. 11. The absolute normalization is obtained
as explained above. The e)astic potential is taken
from Matcha and Nesbet' and is well fitted by

V = 31.395@ "'" for R )2.0 bohr .

The elastic cross section A drops rapidly when the
inelastic processes become important. Cross sec-
tions for B, and B, (one-electron excitation) attain
their maximum values for 7-2.5 keV deg.

The two-electron excitation cross sections C are
smaller than B and display a less-marked thresh-
old dependance on the beam energy; ionization
cross sections (B' and C'} for He" production are
measured at 1.5 keV and found to be very small,
lying about two orders of magnitude below the Ar
excitation cross sections. The angular dependence
of both B' and C' is quite similar and resembles
that of C. Estimates of total cross sections for
several processes are also given in Table I.

TABLE I. Order of magnitude (in A ) of total cross sections for some inelastic processes.

He-Ne
1 keV 2 keV

He-Ar
1 keV 1.5 keV

He-Kr
1 keV 2 keV

Excitation B
&

B2
c

Ionization B'
c'

0.2
0.15
0.06

0.015
0.03

0.2
0.25
0.1

0.02
0.08

0.55
0.4
0.8
0.2

0.002
0.007

0.3 0.3
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C. He-Kr, Xe

Cross sections for He-Kr collisions are given in
Fig. 12. The normalization is obtained using an
empirical potential derived from the He, ' and
Kr, "potentials using the combining rule proposed
by Smith. ' In this way the following potential is
obtained:

B)

y = 53.9316@ "98'~ 1.6&g & 3.1 a.u. ,

V =29.7752e ' ', B &3.1 a.u.

The behavior of the cross sections is quite simi-
lar to the previous He-Ar case. We also note the
major difference in the magnitude of the He ioniza-
tion with respect to Kr excitation, a feature which
becomes more marked as the atomic number of the
rare-gas target increases.

The cross sections obtained at beam energies of
0.8, 1.5, and 2 keV for the He-Xe system are given
in Fig. 13. The relative probability of two-elec-
tron transitions (C process) always remains very
small as compared to that of the one-electron
processes.

-20
'(2j

B'(zj

-21

T (keV deg)

FIG. 12. Reduced differential cross sections for He-
Kr. The labeling is the same as in Fig. 11.

P

I
I I IV. DISCUSSION

A. Helium-Neon

The diabatic correlation diagram (Fig. 14), con-
structed as proposed by Barat and Lichten' for
asymmetric systems, can serve as a starting
point for a qualitative discussion of the experimen-
tal results.

—18—
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FIG. 11. Reduced differential cross sections for He-Ar
collisions. The labeling is the same as in Fig. 9. Num-
bers in brackets designate the beam energy (in keV) at
which the cross sections are determined.

5 10 T (kev deg)

FIG. 13. Reduced differential cross sections for He-
Xe collisions. The labeling is the same as in Fig. 11.
Absolute ordinates are not estimated here.
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In this picture an excitation process is thought to
be induced only by one or two o-electron transi-
tions from the filled 3da MQ to empty excited
MQ's. Since the 3do MQ is correlated to the outer
2pN„AQ (atomic orbital), excitation of the Neon
atom is expected to be dominant.

For further discussion the corresponding diabat-
ic diagram for the molecular states is needed.
This diabatic diagram for many-electron states is
shown in Fig. 15(a). Each of these states is de-
scribed as a single electronic configuration of dia-
batic MO's (i.e., the independent electron model
is assumed). The procedure then consists in cor-
relating a particular state of the separated atoms
(ft -~) with the appropriate state of the united
atom (R-0}determined from the diabatic MQ dia-
gram. This is achieved by filling the diabatic
MQ's according to the Pauli principle.

The first diabatic MO crossing (Fig. 14) involves
the excited 3so MQ and should provide, by one-
or two- electron transitions, the excitation of the
following channels:

Mg 2p63d2

Mg+2p'3s 3d

Mg2p 3p3d
Mg 2p 3s3p3d
Mg+ 2p6 3d

Mg 2p 3d

Mg+ 2p' 3s
Mg 2p 3s3d

Mg 2p6 3s2

(a)
He 1s2 Ne+2p43s

He 1s2 Ne 2p43s2

He+1s Ne 2p6

He 1s2s Ne 2p53s

He+1s Ne 2p

He 1s2 Ne+2ps
He 1s2s Ne 2p6

He ls Ne 2p63s

Ne 2p6

I '
1

'
1

'
I

He 1st + Ne 2p 3s

He(ls') + Ne(2P' Ss), curve A. ;
He(1s') + Ne*(2P' Ss'), curve C .

The corresponding three-state crossings (X-C-A)
are seen in Fig. 15a. The one-electron transition
3da-3so. is indeed seen to occur in small angle in-
elastic scattering (Fig. 9) and does lead to selec-
tive excitation of Ne(2P'Ss) (Fig. 1). Figure 15(a)

He ]sf + Ne 2p 3sf

H e+ }s + Ne 2' 3s

H B 1s 2s+ Ne 2p 53s

He-Ne

He ls + Ne 2ps

He ls2 + Ne+ 2ps

He ls2s+ NB 2ps

H e 1st + Ne 2p'3s

3p

6o'
5o'

2s He

3s Ne

4o
30
2o'

2p Ne

1s He

2s Ne

0 - r

I I I f t I f I

2 3 4

He ls' + Ne 2ps

2$

-10-

1s Ne

Mg i I I

1 2
a I . I

8 (a.u.)

FIG. 14. MO correlation diagram for He-Ne. The
shape of the adiabatic energy levels (full line: o. MO's;
dashed line: 21 MO's) down to 1 a.u. is taken from pre-
vious (He-Ne)+ calculations (Ref. 11 in text). The united
atom limits are taken from Ref. 15. The predicted di-
abatic MO's from Ref. 3 (light dashed-dotted line) are
labeled 3do and 3so.

I IG. 15. (a) Schematic state-correlation diagram for
He-Ne constructed from the diabatic MO correlation dia-
gram of Fig. 14. (b) Potential energy curves for He-Ne
(~Z+) and (He-Ne) (2Z+) referred to the X~X+ state of
He-Ne. These are obtained in the virtual orbital approxi-
mation using previous calculations on (He-Ne) (Ref. 11).
A series: dissociate into He+ Ne*. The corresponding
states have the configuration (3o.2 1214 4o.)„„no, where
n & 4. The continuum limit (shaded curve) of these ser-
ies is the X 2Z+ ground state of He-Ne+. B series: dis-
sociate into He*+ Ne. The corresponding configuration
are (3o 17t 4o. ),„„no., where n & 4. C series: disso-
ciate into He+ Ne*~. The corresponding configuration
are (3o 17( )gpfc no n'o n=5, when n™5. D and F-

series: correspond to configuration (3o 17r4 4o), „no n'o.
and dissociate into He*+ Ne~. The dotted and dashed
lines show the effects of configuration interaction.
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also shows that the 3'-3so MQ crossing leads to
a large number of state crossings between the in-
going X diabatic channel and states of the A. series
dissociating into He(ls') + Ne(2P' nl ). In addition
the X state also crosses the infinite Rydberg C
series, dissociating into He(ls')+ Ne(2p 3snE).
The crossings between the X incident channel and
these two "crossed bands" (A and C series) con-
stitute a tyjical pattern induced by a MQ crossing.
In particular this feature is encountered in closed-
shell systems (see for example I). One- or two-elec-
tron transitions in this crowded region provide the
primary mechanism for the observed inelastic
scattering.

The predicted state diagram [Fig. 15(a)] is con-
firmed by the potential energy curves [Fig. 15(b)]
estimated from previous (HeNe)' calculations"
using the virtual-orbital approximation. From
this estimate, the location of the triple X-A.-C
crossing is found to be R = 1.5 bohr, and the nzul-
ticxossirsg pattern arises in the range 1.2 bohr
& R & 1.5 bohr.

Transitions to singly excited states of Ne and
ground state of Ne' are then expected to be in-
duced in the same narrow region, either directly
or through couplings via the excited C state (see
later discussion and discussion in I). Experimen-
tal findings, i.e., the simiLar behavior of the dif-
ferential cross sections for all the single excita-
tions of the Ne atom and the common position of
the cross-section maxima (v = 3.6 keV deg. ), are
consistent with the estimated Rc value (1.5 bohr).
As already mentioned, this mechanism should
favor the Ne(2p'3s)'P level. That this is the case
is apparent from the ratio of the peaks for the ex-
citation of Ne(2p53s) and Ne(2p'3p) (see Fig. 1).

The apparent dominance at certain energies of
the J3~ peak is probably due to the overlap of sev-
eral close-lying levels. Detailed information on
these excitations could be obtained only by optical
measurements. Single ionization of Ne(B" in Fig.
3) is also found experimentally to be the dominant
ionization process, in agreement with the above
theoretical picture.

A comparison with the Ne-Ne case (I) shows a
striking difference between symmetric'and asym-
metric collisions. Whereas the 3s level is domi-
nant in He-Ne collisions, the same level is only
weRkly excited ln the Ne-Ne case. This cRn be
relRted to the proposed excitation mGchanisms
since the direct one-electron transition, 2pN, 3sN„
is forbidden in the Ne-Ne case by the u-g symme-
try (4f&„3scr~ crossing), while the-re are no such
symmetries in the asymmetric He-Ne case. Two-
electron transition (2PN, -3sw, ) occurs in the same
(X-A.-C) region and should populate the Ne 2p~3s'
autoionizing state (channel C on Fig. 15). Experi-

mental results are in apparent disagreement here
since the first dominant two-electron process in-
volves the simultaneous excitation of both parti-
cles,

He(ls 2s) + Ne(2p'3s) .

However, the dependence of the corresponding C,
cross section (Fig. 9) indicates that the same in-
teraction region is concerned since the B, and C,
cross sections behave in the same way. In addi-
tion, ejected-electron spectra' do not show any
peak corresponding to the autoionizing Ne(2p~ 3sm)

states. Indeed, on the way out the C channel
crosses molecular states dissociating in D and E
and the associated Rydberg series. The effects of
configuration interaction at the C-D and C-E
crossings modify the single configuration curves,
as shown by dotted lines in Fig. 15(b). This effect
may account for the experimentally observed two-
electron excitation processes.

Before reaching the C-D crossing the doubly ex-
cited C channel also crosses the complete Rydberg
series B, dissociating into He*+Ne up to He++Ne
+e . (Note that the repulsive behavior of this
series results from the creation of a vacancy in
the inner and unpromoted 2Po MQ, i.e., 30' on Fig.
14.) Such C-B crossings could then populate singly
excited and ionized states of He. In fact, if we
consider the states as having single MO configura-
tions, B(2po 3pv 3do') and C(2po'3so'), they differ
by three molecular spin orbitals and cannot be direct-
lycoupled. The experimentaldata, however, donot
give direct evidence for the weakness of the helium
excitation since the overlap of the excited levels
of both atoms prevents a precise assignment to the
observed B, peak. Nevertheless, the weakness of
He excitation is clearly suggested by the ionization
results. Figure 9(a) shows that the helium ioniza-
tion (B') is smaller than both the neon excitation
(B, or B,) and ionization by more than one order
of magnitude. The ionization limits of the D and
E series correspond to the ionization of He with
simultaneous Ne excitation in the lowest levels
(C' in Fig. 9). Since the shape and the position of
the maximum of the C' cross section is analogous
to that of the C cross sections, the primary mech-
anism is thought to be common and again involves
the interaction of C states with the corresponding
D and E associated continua. The cross section
is small since, as already discussed, the C, D,
Rnd E cl osslngs are Rvolded.

Processes involved in C, and C,' cross sections
require an interaction region Rt smaller internu-
clear distance where the high density of states con-
siderably complicates a theoretical analysis. How-

ever, both C, and C,' are thought to have R common
origin since their cross sections have the same
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shape and the same angular behavior (Fig. 9). We
believe that these processes involve either Ryd-
berg states other than C itself, in the C series (for
C~ processes), or the associated continuum (for
C,' processes).

It is interesting to compare the present results
with those obtained for the isoelectronic (Li-Ne)'
system. " In both systems the primary excitation
mechanism is identical: the spectra and cross
sections for single-electron excitation of Ne are
very similar. However, the (Li-Ne)' C channel
gives rise to Ne**(2/~ 3s~) since the corresponding
(Li-Ne) D channel [Li'(1s 2s)+Ne(2p'3s)] now lies
much higher than Ne**(2P~ 3s') + Li'(1s') and does
not perturb the population of the C channel. This
situation will be found again in the other He-rare-
gas systems.

B. He-Ar

In this very asymmetric case, the "swapping"'
between the 1s„„and 2P AO's (atomic orbitals)
causes the I..s„,to be promoted and correlated to
the Sdoc, orbital. The preferential excitation of
He is thus exPected from the resulting diabatic cor-
relation diagram (Fig. 16). This is in complete
disagreement with the experimental findings which
show the almost exclusive excitation of Ar. Thus
our ideas have to be revised. The experimental
data suggest that the outer SP„, electrons are pro-
moted as in the He-Ne case. This corresponds to
an avoided 3do-3po crossing (as shown by the 5o
and 6o MO's in Fig. 16), at least for small relative
velocity (-0.1 a.u.). The same situation will be
met in the He-Kr and He-Xe systems. It should
be pointed out that this gross failure in the appli-
cability of the promotion model (correlation rules)
to outer-shell problems occurs when an inner pro-
moted MO crosses an outer filled MO. The neces-
sary avoidance of such a crossing has the effect
of promoting the outer MO. Further experimental
evidence for this avoided crossing is found in the
investigation of the ionic (He Ar)' system where
the same diabatic MO correlation diagram has to
be used. The identical Sdo-Spa MQ crossing should
be reflected in the ionic system in a crossing be-
tween the molecular states dissociating into

I
'

4
' I

He-Ar

43

43 Ar

ci 3p

33

3p AI
'?

50
' —13 He

3s Ar

is confirmed experimentally by the absence of Li+
excitation. '

Actually the problem related to this "avoided"
crossing is more complex, and even the existence
of the crossing is questionable. Indeed, the only
experimental evidence is the very low probability
for electronic transitions between these MO's. In
practice, one could first construct a diabatic cor-
relation diagram using the "node-conservation
rule. "' Then, assuming a large interaction at the
crossing between. an inner promoted MO and an
outer filled MO. , the state diabatic correlation
diagram is obtained by considering the promotion
to involve the outer MO, since the predicted MO
cro ssing is no longer realistic.

This suggested new rule is of course valid for
outer-shell excitation at moderate velocity (%0.1
a.u.). Using this new correlation, the situation is
now rather identical with the He-Ne case, and only
the significant features are outlined.

The first active Sdo-4so MO crossing leads by
a one-electron transition to direct excitation of the
channel

He(ls')+Ar(3p'4s) (curve A in Fig. 17) .

Of course, as in He-Ne, the entire RydbergA.
series, including the continuum, is populated in
the same region and accounts for the similar
shapes of the corresponding differential cross sec-
tions.

A two-electron transition at the Sdo-4so MO
crossing gives rise to selective excitation of the
C channel:

He'(1s) +Ar(3p') a.
He(ls )+Ar+(3p'), p.

—10
2p
23

3 0'
20'

2p Ar
23 Ar

The very small cross sections" for the ground-
state charge-exchange process (o.-P) confirms
the strong avoidance of the crossing.

Another comparison can be made with the (Li Ar)'
system, which is isoelectronic with He-Ar. In
this case the 1st; -Sp„, crossing should also be
avoided, thus leading to the SP„, promotion. This

Ca I . I

1 2 R(~u l 4 5

I'IG. 16. MO correlation diagram for He-Ar. Same
procedure and labeling as in Fig. 14. The problematic
"crossing" (see text) Ga-60. is displayed with a question
mark.
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He+1s

He 1s2s
He 1s'

~He 1s'

-He 1s'

He+1s

He 1s2s

+ Ar 3p'4s

+ Ar 3p'4s
+ Ar3p4s

+ Ar 3p44s~

+ Ar 3s3p4s

+ Ar 3t)'

+ Ar 3p'

He 1s2 + A„+3ps

He 1s' + Ar 3p 4s

He ]s~ + Ar 3ps

l

5 R Q. u. )

FIG. 17. Potential energy
curves for He-Ar (~Z+) and
(He-Ar)+ ( Z+) referred to
the X Z+ ground state of
He-Ar. These are obtained
in the virtual-orbital ap-
proximation using previous
calculations (Ref. 16). As
in Fig. 14. A series:
(5o' 2x 6o)core n O' He +
Ar*; B series: (5o 2x4

6o )core no'- He* +Ar; C2

series: (5o 2& )co g no n'o
He+Ar*. *D and E

series: (5o 27r 6o)„„
no n' o He*+Ar*;
I" series: (4o 5o 27t 6o)7o

He+ Ar (3s 3p 6 4s) .

He(1s~) +Ar**(SP~ 4s') .
Unlike the previous He-Ne case, the relative posi-
tions of the C and the D, E states, dissociating in
He*(ls 2s)+Ar*(Sp'4s), are interchanged. Now,
since the C-D, E crossings no longer exist only
the C channel is populated. This is in agreement
with experiment. Actually the Ar(3P44s') autoionim-
ing configuration splits into three states (3P, 'D,
and '8) depending on the Ar**(SP') coupling scheme.
Since in the molecular state involved (C) only the
two o'Sp (separate atom notation) electrons are ex-
cited, only the m~ core dissociates into singlet
states:

(v 2'D+'S)/&3

This is indeed found in the experimental data where
no 'P excitation is observed. The dominance of
'D is clearly demonstrated in Fig. 4. Further-
more, it is noteworthy that in contrast with the
He-Ne case the ejected-electron spectra' show
autoionization states of argon. The latter spectra
give evidence for the strong excitation of 'D (and
perhaps ~S) autoionizing states.

As in the He-Ne case, the proposed mechanism
does not allow for single-electron excitation or
ionization in the helium since the appropriate mo-
lecular state (B in Fig. 17) cannot couple with the
C channel (they differ by three spin orbitals).
This is in agreement with the experiment, which
does not present any evidence for helium excita-
tion. Indeed in this He-Ar ease, the peak assign-
ment is made without any ambiguity since there is
no overlap between the helium and argon excited
levels. Moreover the measured simple-ionization

cross section is smaller than the argon-excitation
cross section by more than two orders of magni-
tude.

Considering the possible excitation of (Ss SP'nl )
autoionizing levels of argon, only the lowest chan-
nel (Ss SP'4s-E state in Fig. 17) can directly cou-
ple with the C channel, the higher-lying levels
differing by three spin orbitals from C. The
Ar(Ss SP'4s) excitation is not observed in our en-
ergy-loss spectra because of the unfavorable sig-
nal-. to-noise ratios, but it is clearly seen in the
ejected-electron measurements.

Comparing the present results with those ob-
tained for the isoelectronic (Li Ar)' case,"one can
note the similarities in the excited states involved.
However, in (Li Ar)'the inelastic processes have
cross sections much smaller than those obtained
in He-Ar since the MO promotion occurs at much
smaller internuclear distance in the (Li Ar)+sys
tern than in He-Ar Indeed . the crossing (or
pseudocrossing) radius gets smaller as the pro-
moted orbital lies deeper.

C. He-Kr and He-Xe

The He-Kr system is very similar to the He-Ar
case. Again the (4fv 4po) crossing affecting -the

He and outer MO's of Kr must be avoided, thus
leading once again to the promotion of two a elec-
trons from the 4pK, shell. The single-electron
transitions are similar to the two previous cases.
However, as in the He-Ar system, two-electron
transitions give rise mainly to doubly excited auto-
ionizing states of Kr. The dominance of 4p4'D is
also found in our energy-loss studies as well as
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in the ejected-electron spectra and is explained
in the same way. The same conclusions can be
drawn for the He-Xe case.

V. CONCLUSION

Excitation and ionization processes in asymmet-
ric He-rare-gas collision systems are investi-
gated in the low-keV energy range. An important
finding is the dramatic difference between the
very weak excitation and ionization of the helium
atom and that of the rare-gas partner.

The main features of the experimental results
can be qualitatively understood in a quasimolecu-
lar framework. Homever, the interpretation re-
quires a modification of the diabatic correlation
rule in this particular energy range; in all these
systems, we have to assume that only the outer-
most filled orbital is promoted and crosses empty
MO's. This can be achieved by avoiding the cross-
ings between ls„, and 3p„,/4pK, /5px, predicted by
the usual diabatic correlation rules. Indeed, , as
experiment shows, these crossings are unrealistic.
This is in fact not surprising since the conditions
of applicability of the one-electron correlation
rules' are not fulfilled. In He-Ar for instance, the
large subshell splitting in the n = 3 AQ levels of
Ar is of the same order as the AO energies of
ls„, and (3s, 3p)„,. The same situation arises in
the He-Kr, -Xe cases. In addition, preliminary
results show that this also holds true in heavier
systems such as Ne-Ar and Ne-Kr. In the He-Ne
case this problem is not met since there is no is„,-
2pN, crossing and the outer 2pN, orbital is pro-
moted.

The problem related to the existence of a crossing
between MO's arising from ls„, and 3P„,/4P„,/5PX,
is still not solved. A theoretical answer to this
problem could be found by examining the wave
functions of both orbitals to look for an inter-
change of their character. Homever, such a
strongly avoided crossing mill extend over a large
range of internuclear distances, which would ren-
der a clear identification difficult.

In any case, when the shells begin to overlap
the outermost MQ of a closed-shell system is pro-
moted (because of the Pauli exclusion principle
and according to the new empirical rule). When
the collision proceeds this MQ becomes of the
Bydberg type since it correlates to a Bydberg AQ
of the united atom. Crossings with high-lying
empty Rydberg MO's (e.g. , o3s„, in the He-Ne

collision) are thus expected. In this case of Ryd-
berg MQ's, the applicability of the diabatic corre-
lation rules is not questionable, as discussed in
Bef. 3. In consequence the modification of the
correlation rule only applies to the outermost
crossings of outer filled orbitals.

The state correlation diagram constructed with
these modified rules appears to be consistent with
the experiments. In particular, the almost selec-
tive excitation and ionization of the heavier parti-
cle is well understood in this model.

As a general remark, it should be noted that the
primary mechanism (i.e., one- or two-electron
transitions at crossings of outer o MQ's with
empty MO's) is common to all the rare-gas-rare-
gas systems. However, in symmetric systems
the u-g symmetries may prevent direct population
of the first excited "s" state, in contrast to their
dominance in the asymmetric systems. Qne can
also point out the relative decrease, for a given
collision velocity, of the excitation probabilities
as the asymmetry of the system increases. This
is especially noticeable for two-electron transi-
tions, which are very important in the symmetric
systems as compared to asymmetric cases. The
same behavior has already been observed in in-
ner-shell excitation~~ for the 2p promotion.

The He-Ne case differs from the others in the
asymmetric systems in the two-electron process
which involves simultaneous excitations in both
collision partners instead of the excitation of auto-
ionizing doubly excited states in the heavier sys-
tems (seen both in the energy-loss spectra and in
ejected-electron spectra). This is well under-
stood within the proposed model when one consid-
ers the relative position in the energy scale of
both channels: The primary mechanism populates
the molecular state leading to the double excita-
tion of the heavier particle. On)y in the He-Ne
case does the channel corresponding to the simul-
taneous excitation of both particles lie below the
doubly excited target channel, and it can therefore
be populated. In particular, the present results
show that triplet states can only be excited through
tmo-electron transitions leading to simultaneous
excitation of both particles. This is only the case
for symmetric systems and for He-Ne. It is thus
expected that, except for spin-dependent transi-
tions, triplet excitations should be very weak in
the other neutral rare-gas combinations. Optical
measurements on such systems would provide a
test of this conclusion.
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