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Energy-loss measurements of direct-excitation and electron-capture processes are performed for the He*-N,, -O,
collisional systems in the 0.2—4-keV energy range and in the 0°-3° angular range. Pure vibrational excitation and
vibrational excitation in excited electronic states are studied using a high-resolution spectrometer (100 meV). Pure
vibrational excitation is always found to be a weak process. The analysis of vibrational distributions in excited states
strongly supports an interpretation in terms of the Franck-Condon principle. Relative probabilities as functions of
energy and angle are reported for the identified excitation and electron-capture processes. The results show the
importance of electron-capture processes among which quasiresonant and endothermic processes dommate
exothermic processes. The striking resemblance of the present data with those available on the He*-rare-gas systems
conveys a similar quasimolecular interpretation of the collision mechanisms.

1. INTRODUCTION

The understanding of collision processes involv-
ing two atomic partners, in the medium-energy
range, has considerably evolved during the past
two decades. The harmonious development of
both experiment and theory has enabled the field
of collision spectroscopy' to reach maturity. On
the experimental side, collision spectroscopy has
consisted of measuring doubly differential cross
sections (in collision energy and scattering angle)
using the energy-loss technique. These data were
complemented by information provided by indepen-
dent total cross-section measurements of charge
exchange, emission of radiation, and ejection of
electrons. On the theoretical side the building up
of the quasimolecular model has provided the key
step of a comprehensive understanding of the col-
lision mechanisms. These mechanisms could sub-
sequently be investigated quantitatively owing to
the rapid progress of computational technology. In
contrast, the situation looks very different for
ion-(atom)-molecule collisions. Indeed, the lar-
gest variety of processes (i.e., rotational, vibra-
tional, and electronic excitation) requires a higher
resolution to reach unambiguous assignments of
the structures in the energy-loss spectra. Fur-
thermore, the extension of a quasimolecular the-
oretical approach requires a priori, for the sim-
plest atom-diatom collision, consideration of a
dynamical treatment involving several triatomic
energy surfaces. Except for a few attempts deal-
ing with ion-pair formation, for which some suc-
cess has been obtained with simple models? the
theoretical treatment of ion-molecule collisions
in the moderate-energy range has remained in its
infancy.

Except when stated otherwise, we will be con-
sidering atom-diatom collisions in the keV energy
range (i.e., collision velocities in the range

pcl

0.01a.u.<9<0.5 a.u.). Within this energy
range one might expect that all degrees of free-
dom of the three nuclei do not have the same im-
portance. It is therefore worthwhile to compare
the collision time T, with the characteristic times
associated with the rotatlon T, and vibration T,

of the diatomic target molecule. In the considered
velocity range typical collision times range be-
tween 10-* and 10-*® s. These figures compared
with the characteristic rotation time of N, or O,
(T,=10""* s) suggest that the molecule does not
rotate during the collision time. On the other
hand, the characteristic vibration time of N, or O,
(T, ~10'“ s) may be of the same order of magni-
tude as the collision time. Vibration of the mol-
ecule during the collision time will then have to be
considered for each system investigated.

Let us first consider pure vibrational excitation
of the molecular electronic ground state. This
process has been extensively investigated, as a
function of scattering angle, at lower energies
(few eV < E <few tens of eV)® than considered
herein. These studies have demonstrated that
pure vibrational excitation occurs with a high
probability at such energies, for example, the
»=0—1 transition probability reaches 50% in the
H'-H, collision at E=10 eV c.m. However, no
such studies have been reported on the He'-N,,
-0, systems of present interest. In the medium-
energy range, resolved energy-loss spectra (ELS)
for pure vibrational excitation of the ground state
has only been reported for forward scattering 2
These measurements have enabled the determina-
tion of total cross sections ¢, for pure vibrational
excitation. Typical values of the 0o, cross section
lie within the range 10-17 to 10¢ cm?*®4© As
a common feature of these data all 0, cross sec-
tions reach a flat maximum for 7,7 . Unfor-
tunately, this kind of measurement does not pro-
vide the relative probability of pure vibrational
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excitation with respect to elastic scattering, since
the primary beam overlaps the elastically scat-
tered beam.

Another aspect of the investigation of the ground-
state rovibrational excitation is provided by ener-
gy-loss measurements as a function of scattering
angle’ In view of the limited energy resolution of
the previous experiments only the mean energy
loss [also called most probable energy loss
(MPEL)] of the quasielastic peak (average of elas-
tic scattering and rovibrational excitation) could
be investigated. The MPEL is found to increase
as a function of the reduced scattering angle T=E#@
from a lower limit referred to as “elastic scat-
tering” to an upper limit called “binary scatter-
ing”. A number of these experiments were trig-
gered by the classical analysis of the collision in
terms of the scattering by the whole molecule (el-
astic scattering) or by one of the atoms constitu-
ting the molecule (binary model).® These concepts
have later been refined’ in order to account for the
transition between these two limits as a function of
7. From the available data on the presently inves-
tigated systems there is no conclusive evidence as
to whether pure vibrational and/or rotational ex-
citation is an important process. One of the pur-
poses of the present work (Sec. IIIA 1) is to in-
vestigate this problem by performing high-resolu-
tion ELS. )

Let us next consider electronic excitation com-
prising direct and electron-capture processes.
One way of investigating such processes is to
study the light emitted by the excited particles.?
Although this technique is restricted to radiating
states and suffers from cascade effects, it is pos-
sible to easily identify the excited states and to
test whether vibrational population agrees with the
Franck-Condon (FC) prediction. It was in partic-
ular concluded by Leventhal et ql.8‘@’ that if a col-
lision does not transfer any vibrational energy to
the molecular electronic ground state the vibra-
tional population of an electronically excited state
should follow an FC model. However, as was the
case for pure vibrational excitation much new in-
formation can be gained from ELS measurements.
High-resolution ELS measurements in the forward
direction performed by Moore and Doering® on a
variety of ion-diatom collisions have brought forth
evidence of the excitation of specific electronic
states and in some favorable cases the authors
were able to resolve vibrational levels. In par-
ticular, for the He'-N, collision at 2.9 keV,
Moore®®’ states that “the relative intensity of the
first six vibrational components of this (a'Il,)
transition agrees to within a few percent with
theoretical predictions based on calculated FC
factors.” On the other hand, for selected non-

TUAN, SIDIS, AND BARAT

zero Scatteving angles no vibrationally resolved
spectra for electronically excited states have, to
our knowledge, been reported. The available
data'® showed significant electronic excitation of
the target or projectile and sometimes (as in the
recent work of Gillen)" allowed identification of
particular electronic states. However, the most
striking finding of these works for a broad variety
of systems is the common behavior of the MPELs
as a function of 7. The MPEL curve Q*(7) for
each electronic excitation process is always paral-
lel to that associated with the quasielastic process

[QO(T)]S,lz:
Q*(1) = Qy(1) +4Q, (1

where AQ is the electronic excitation energy in the
FC region (vertical transition). This finding sug-
gests®©) 5@ that electronic excitation occurs inde-
pendently of rovibrational excitation. This idea
meets with the commonly admitted separation of
electronic and nuclear motions. Although the
nuclear motion may be handled using classical
trajectories on multidimensional potential-energy
surfaces, collisions in the medium-energy range
allow an additional simplification when the com-
parison T ,<T, and T, holds, namely, neglect of
the variations of the diatomic internuclear vector
(¥) (sudden approximation). With this starting
point, the various pieces of information reviewed
above can be reconciled in the following frame-
work.

A certain amount of translational momentum and
energy is transferred to the nuclei of the molecule
(recoil or internal energy). Since this impulsive
(shake-on-type) process lasts less than T,, the
molecule still does not rotate nor vibrate. Con-
sequently, most electronic transitions will occur
for a fixed r: vertical transitions. When the col-
lision is ended the wave packet representing the
internal nuclear motion of the molecule merely
projects onto the final vibrorotational eigenstates
associated with the ground or the excited electron-
ic state.'® Two cases can then be distinguished:

(a) When energy transferred to the nuclei is ab-.
sorbed exclusively as recoil the initial vibrorota-
tional wave packet remains unchanged throughout
the collision. Subsequently, the energy-loss
spectra should not display any rovibrational struc-
ture in the quasielastic peak. In excited electronic
channels projection of the initial unperturbed wave
packet onto the actual vibrational states yields the
usual FC distribution. Case (a) which can be cal-
called extended elastic approximation® should hold
for very small scattering angle, especially when
the impact parameter is much larger than .

(b) When energy is also transferred to the in-
ternal degrees of freedom of the nuclei in the mol-
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ecule the initial vibrorotational wave packet is
perturbed. Here rovibrational excitation occurs
in the diatom electronic ground state and the dis-
tribution of this excitation is obtained after projec-
tion of the perturbed wave packet onto the relevant
final rovibrational eigenstates. The available data
for quasielastic peaks show the envelope of this
distribution centered about the MPEL. The ro-
vibrational distribution in excited electronic states
is obtained in the same way, which means that FC
overlap factors should actually be calculated with
the perturbed initial rovibrational state. Case (b)
which can be called extended pseudoelastic approx-
imation should hold for large scattering angle!®
especially when the impact parameter gets smal-
ler than . We recall that this approximation has
been considered in some detail within the classi-
cal framework by Baudon’® and Sigmund’®’.7(’
for the case when no electronic excitation occurs.

According to the above discussion, if an elec-
tronic excitation process results from a curve-
crossing mechanism, the closer in the curve
crossing the larger the deviation from FC vibro-
rotational distribution (stricto sensu). It is not
surprising that total cross-section measurements
(which lose the information on impact parameter)
may show such deviations from FC distributions.!®
On the other hand, if total cross sections for el-
ectronic excitation are very large (few to several
107'% ¢cm?),!” the major contributions come from
impact parameters much larger than ». It can
then be predicted that such a case should follow
the extended elastic approximation and obey usual
FC distributions.

In this paper we report detalled energy-loss
measurements and excitation probabilities for the
He'-N,, -0, collisions in the 0.2-4-keV energy
range. The favorable mass ratio between the pro-
jectiles and targets allows a satisfactory resolu-
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tion of various processes. Direct channels are in-
vestigated with a new spectrometer (Sec. II) in-
tended to resolve individual vibrational levels.

The additional information on electron-capture
channels required to complete an overall view of
the collision processes is obtained by time-of-
flight (TOF) measurements. For each system

(N,, see Sec. III, O,,see Sec. IV) the various
processes are identified by their characteristic
energy losses and their relative probability is then
studied as a function of scattering angle. A point
of the discussion (Sec V) deals with pure vibration-
al excitation and the relevance of the FC princi-
ple. However, the body of the interpretation
treats the collision mechanisms in terms of the
quasimolecular model resting on the similarities
with the previously investigated He*-rare-gas

(RG) systems .'®

II. EXPERIMENTAL TECHNIQUE

The energy-loss technique is used to investigate
the two main inelastic collision processes: direct
excitation of the diatomic molecule M, (energy loss
of the scattered He" ions) and charge-exchange
processes (energy loss of the neutralized He
atoms). For this purpose two different experiment-
al setups are used.

A. Direct-excitation processes:
He"* (15%5) + My(X) ~> He* (15%S) + M,*

The experimental setup is shown in Fig. 1. The
ion beam extracted from a discharge ion source
(discharge current I,~ 100 mA, anode voltage V,
=~ 90 V) is focused, mass analyzed by a Wien filter,
and decelerated before entering a double hemi-
spherical electrostatic energy selector. The mean
radius of the selector is » =50 mm and the slit
widths are, respectively, f,=0.4, f,=0.4, Sl
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FIG. 1. Schematic description of the spectrometer used for ion scattering analysis, (a) side view, (b) top view.
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=2.5 mm. When the ions travel across the selector
with energy € =20 eV, a typical resolution of AE
=~ 80 meV is obtained. A system of electrostatic
lenses is then used to accelerate the He* ions up
to the collision energy E, (laboratory frame) just
before the collision chamber which is filled with
the target gas at room temperature. In the pres-
ent apparatus the collision energy can be varied
from 50 eV up to 1 keV. The ions scattered at a
given angle 6 (laboratory frame) are selected by
two slits F; and F; having a width of 0.6 and 0.4
mm, respectively. The angular spread of the
scattered beam is A= 0.3°,

The ions are then decelerated again before enter -
ing a 127° cylindrical electrostatic analyzer: The
deceleration voltage is adjusted to get the required
energy resolution which is just limited by the inci-
dent ion beam energy spread. The energy-loss
spectrum is obtained by using an additional vari-
able voltage superimposed on the deceleration
voltage. The ions are detected by a channel multi-
plier. The counts are stored in a multichannel
analyzer monitored by a microprocessor. Two
types of energy-loss spectra (ELS) have been ob-
tained and are as follows.

(i) “Low” -resolution ELS: The scattered ions
are decelerated down to E=50 eV (100 eV); the
corresponding energy resolution attained for the
analysis, AE=0.2 eV (AE=0.4 eV) is generally
sufficient to resolve the electronically excited
states of the molecule.

(ii) “High” -resolution ELS: The He* scattered
ions can also be decelerated down to E=20 eV,
which improves the energy resolution at E=50 eV
(100 eV) by a factor of 2.5 (5), enabling the resolu-
tion of the vibrational levels of the M, molecule to
be achieved.

The total intensity of neutral He produced by
charge exchange is measured with an additional
channel multiplier. Such measurements enable
the determination of the relative probability of
charge exchange P (6)=N(0)/[N(6) +1(6)]. This is
achieved by measuring the total number of scat-
tered particles (N +I) with the analyzer voltage off
and the number of neutrals (N) with the analyzer
voltage on. These calibration experiments have
to be run without decelerating the scattered ions
after the collision in order to preserve the ions-
to-neutrals ratio produced by the collision.

B. Charge-exchange processes:
He'(15%S) + My(X) > He(1s218) + M,* *
or He'(15%5) + My(X) > He*(1s,n1) + M;*

The corresponding measurements are performed
using the time of flight (TOF) technique. Since the
experimental setup has been described previous-

ly,' only a few typical working conditions will be
given. The flight length can be varied from 1.25
to 7.50 m depending upon the collision energy. The
best energy resolution (AE= 0.3 eV) is limited by
the ion source energy spread. Although this ener -
gy spread remains too large to resolve the indivi-
dual vibrational levels of M,*, it enables the iden-
tification of a number of electronic states and the
determination of the envelope of their vibrational
distribution. The (He'-He) system is used as a
reference for the ELS measurements. The energy
position of the He peak corresponding to the reso-
nant-charge-exchange process determines the
Q=0 eV energy-loss origin of the spectra. The
FWHM (full width at half maximum) of the He peak
measures the energy resalution.

C. Cross sections

In analogy with ion-atom collisions, some o()
differential cross sections (DCS) are conveniently
presented in terms of the reduced cross section:
p(1)=0(6)6 sind as a function of the reduced angle
T=E,0. The p(7) plot turned out to be useful in
previous ion-molecule studies.®*? For a particular
process i the reduced DCS p, and/or the relative
excitation probability P, are obtained by measuring
the relative areas under the peaks in the ELS, and
are calibrated by using the previously measured
P (6).

1. He*-N, COLLISIONS
A. Energy-loss spectra—Direct excitation

Two types of excitation processes of the molecule
have been investigated, namely: (i) the vibrational
excitation of the ground state

He*(1s%) + N,(X'Z;,v=0)~ He*(1s *S) +N,(X 125, 07),
and (ii) the electronic excitations of N,:

He*(1s%) +N2(X‘E;, v=0)—~ He*(1s%S) +N,*(v’).
1. Vibrational excitation of the ground state

Figure 2 shows a typical high-resolution ELS ex-
hibiting eight vibrational levels of N,(X'=}). The
relative intensity of the vibrational states has been
investigated as a function of both the reduced angle
T and the collision energy E. At small scattering
angles the angular spread of the incident beam pre-
vents an unambiguous determination of the v =0
elastic peak intensity. The results of these mea-
surements, summarized in Table I, show the de-
crease of vibrational excitation with increasing
energy. Furthermore, the present data show that
N,(x lZ);) vibrational excitation remains quite small
(s10% for E,=> 200 eV) in the explored T range.



‘ x16 x128
L | | N
0 1 2 Q(ev)

FIG. 2. ELS of scattered He* from He"-N, collision
showing weak excitation of the resolved vibrational
levels of the N, ground state.

This finding is most significant as it implies the
validity of the Franck-Condon principle when
studying electronic excitation in this system for
E =200 eV.

2. Electronic excitation of N,

Figure 3 shows some typical ELS exhibiting
electronic excitation of N,. The proposed identifi-
cation of the structure in the spectra is obtained
using the energy curves of Fig. 4(a) in the Franck-
Condon region,

X: @=0 eV elastic
scattering.

a: 7.8<Q<8 eV,
B: 8.5<@Q<10.5eV,

B, (v=2,3)

A group of electronic states
may contribute to this
structure—a ', B'°Z,
a'*zy, wta,.

7: @=11.1 eV, Ccm,(v=0,1)
6: @=>12eV, ESE;

€ @=13.2 eV,

¢: Q@=14eV,

X: 15.6sQ<27eV.

b I, (see Refs. 22-24)
b''s (see Refs. 22-24)
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FIG. 3. Low-resolution ELS of scattered He' from
He'-N, collision. The peaks labeled X, e, 8,v,0,€, ¢, X
refer to elastic scattering (X) and excitation of electro-
nic states of N,. (See text and Table II for molecular
state identification.)

In the Franck-Condon region, the N,(A®z}) and
N,(B°I,) states may contribute to peak @. The
excitation of the A3} state should lead to a maxi-
mum at @ =17.5 eV. To remove this ambiguity, a
high-resolution spectrum has been studied at
small angle. In this spectrum, Fig. 5, the re-
solved vibrational structure of peak @ is unambig-
uously identified as the vibrational distribution of
the B, (v=0,1,...,7) state. The shoulder @, on
the side of peak a at large angles (Fig. 3) might
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FIG. 4. Potential-energy curves for (a) N, (Ref. 20) and (b) N,* (Refs. 20 and 21) are displayed in the Franck-Condon
region, together with typical ELS for direct and exchange processes. The origin of the energy scale corresponds to

the incident channel [He*(1s)+Ny(X)].

be attributed to a weak excitation of N,A *Z;,

It

should be stressed that the good agreement be-

tween the measured relative intensities of the

Vi-

brational levels of the B°Il, state with those pre-

dicted from Franck-Condon overlap factors (Fig.
5) is another argument (see Sec. V) in favor of the
-applicability of “FC vertical transitions”.

Figure 3 shows that the main structures of the

=5
TABLE I. Relative probabilities P°=P,,/E:=o P, of vibrational excitation of the N, ground
state for various collision energies. For 500-eV energy the v =0 level could not be com-
pletely separated from the incident beam therefore, only the relative intensity P,/(P,-1)

is given.
E 100 eV 200 eV 500 eV

6 (deg) 1 2 1 2 0.2 0.6
v Po Po Pg Po P‘ P1
0 0.91 0.84 0.96 0.88
1 6 x1072 0.11 2.4 x10°? 9 x1072 1 1
2 1.4 x1072 2.7 x107? 5.4 x1073 1.6 x1072 0.14 0.17
3 7 x107 1.8 x1072 3  x107 7 x107 0.05 0.07
4 3 x107 1.3 x107 4,7 x1078 0.02 0.03
5 5 x1074 3 x107 0.01 0.02
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FIG. 5. High-resolution ELS of scattered He* at small
angle. The vibrational excitation of the Ny(B 3Il,) state
is compared with the predicted Franck-Condon distri-
bution (vertical bars): The two distributions are nor-
malized for the » =2 level. '

spectra correspond to processes X, @, B, v, and
X. Peak a(B®Il, state) is the dominant direct ex-
citation process at the lowest 7 values. With in-
creasing 7, peak B shows up rapidly. The broad
structure X occurring at higher-energy losses can
be ascribed to both ionization®®’ of the N, mole-
cule [ionization potential (IP)=15.6 eV] and excita-
tion of Rydberg states N,* (R).?* Such Rydberg
series converge towards the ground state (X *z})
and excited states (A2M,, B2z}-++) of N,*. Inspec-
tion of the ELS for energy losses @ = 40 eV shows
no structure indicating that no He* excitation
occurs.

B. Energy-loss spectra: Electron-capture processes

At low energy E =200 eV and small angles (0<#6
<1°) a single peak @’ is observed [Fig. 6(a)] at an
energy loss @ 0.3 eV. This structure certainly
corresponds to the quasiresonant charge-exchange
process:

He'(1s 25) + N (X 'z;)

-~ He(1s25) + N, (C 22}, v =5,6).
The measured 0E=1.3 eV (FWHM) of the peak is
broad compared to the reference peak (i.e., reso-
nant-charge-transfer peak of the He* + He system:

0E ~ 0.6 eV) which demonstrates that several vi-
brational states are excited. Actually, the C 2%z}
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FIG. 6. ELS of scattered neutral He from He’-N,
collision (a) and He*-0, collision (b) at small reduced
angle 7. The single peak observed corresponds to near-
resonant electron-capture process. The profile of the
quasiresonant charge-exchange-process peak (a) for
both systems is compared to the profile of the resonant
charge-exchange-process peak for He'-He system under
the same (E, 6) conditions (light line). Peak o’ relative
to the He’-N, collision (thick line) is much broader than
the reference peak showing the excitation of several
vibrational levels of N,*(C 22;) state. In contrast, peak
a’ relative to the He*-O, collision is nearly identical to
the reference peak exhibiting the excitation of only one
or two vibrational levels of 0,"(C*z;) state.

state has been observed in ESCA (electron spec-
troscopy for chemical analysis) and photoelectron
spectroscopy.?® In these experiments excitation of
the v =4 to 10 levels with a maximum intensity
around v =6 as predicted by the FC principle is
observed and is consistent with the present re-
sults. '

A single dominant charge-exchange peak was
found by Hodge et al.’ (for 0.5 keV< E<1 keV,
0.25°<6 < 2°) and interpreted by these authors as
due to the above near-resonant-charge-exchange
process. Figure 8 actually shows that in the 7
range investigated by Hodge et al. other charge-
exchange channels are strongly populated.

The salient feature of TOF spectra (Fig. 7) is
the strongly unbalanced excitation of exothermic
and endothermic channels.

i. Exothermic channels (Q < 0). Although the
relative intensity of the observed peaks remains
very small, they are easily resolved. The follow-
ing identification of the peaks in Fig. 7 is pro-
posed:

B": -5.5eVsQ@Q<-6eV, N (B%z.,v=0,1)

Y Q=-1.5eV, NS(AXM,v=2,3)

+He(1s%'z).

o : Q=-9 eV, N(X2%!,v=0,1)
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FIG. 7. ELS of scattered He from He*-N, collision: The striking features are (i) when 7 increases, a number of ex-
othermic and endothermic channels are excited, and (ii) the ELS display a strong asymmetry—the exothermic chan-
nels are weakly excited, whereas excitation of endothermic channels (x’ and x’) become dominant when 7 increases.

The identification of the peaks (B’,v’,6’) and (¢’,9’, k’

Consistent with the Wigner spin-conservation rule,
no structure is observed which corresponds to
population of N,*(*z}).

ii. Endothermic channels @ >0. The excitation
of these channels starts at 7> 0.3 keVdeg and con-
trary to the behavior of exothermic channels they
increase strongly with increasing 7 and E. Peak
€@ ~3.,5 eV) could not be identified using the com-
pilation of Gilmore.?® Referring to the ab initio
calculations of Cartwright and Dunning® there are
four states of N,*: %p,, *II,, *a,, and °Z] in the
FC region that m1ght be cand1dates for the ob-
served energy loss. Among these states, the ¢,
state is singled out by the FC principle and would
best account for the € peak. An alternative iden-
tification of this peak is provided by the calcula-
tions of Herman et al.?” that suggest the existence
of a *I, state 3.3 eV above the C 25} state. This
candidate would nicely account for the € peak.

The shoulder ¢’ on the side of the € peak
(around @~ 6 eV) could not be clearly identified
since the corresponding energy range in the N,*
level diagram is crowded by several states.
Furthermore the energy-level diagram of N,* is
not known well enough to provide the identification
of the structure y’ at @ ~8.5 eV. However, calcu-
lations by Herman and Freed?” show the existence

,X'), respectively, are given in the text.

of a ’Il, state about 8 eV above the C *z; state that
might account for peak ¥’.

The broad peak k" at 10.5 eV<@ <15.6 eV cor-
responds to the electron capture into excited states
of He, according to

He'(1s %5) + Ny (X 'Z7) ~ He(1s21) + N;*(X ’z)),
10.8 eV< AE<13.7 eV,

He*(1s 25) + N,(X) ~ He(lsnl) + N,* (X) ,
13.7TeVs AE<15.6eV.

The maximum intensity of this structure lies
around 11.5 eV at E=1 keV (He, n=2) and around
14 eV at E;=2 keV (He, n=3 up to ionization).
This identification is supported by the experiments
of Gochitashvily et al.?® who observed, in the 0.2-
keV< E<1-keV energy range, He I lines corre-
sponding to significant electron capture into
He(3*'D, 3%S, 4%'D, 4!S). In the absence of
knowledge of N,'* Rydberg states it is difficult to
decide whether the structure ¥’ might contain pro-
cesses of the type

He*(1s 2S) + N,(X) ~ He(1s21S) + N,**(R) .

However, this possibility should be kept in mind.
The broad peak X’ (18 eV < @ < 24 eV) with a width
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FIG. 8. Reduced differential cross sections for the
He®-N, collision as a function of the reduced scattering
angle. The curves labeled p,, p,;, and pj,g refer to
charge-exchange processes, elastic scattering, and
inelastic scattering corresponding to electronic ex-
citation of N,, respectively. The different energy sets
of DCS have been adjusted for 7=1 keVdeg. Charge-
exchange processes are seen to be dominant.

similar to that of the k' peak should correspond to
two-electron excitation:
He*(1s 25) + No(X) ~ He*(1snl) + N;** .

This peak is clearly superimposed on a tail corre-
sponding to the transfer ionization channel

He*(1s 2S) + N, (X) ~ He(1s%1S) + N,>* +e, AE>18.1 eV,

At higher energy (4 keV) a third broad peak ap-
pears around @ =30 eV that might correspond to
autoionizing dissociative N,"** states.

C. Relative probabilities of collision processes

The relative importance of total charge exchange
and total direct excitation of the N, molecule has
been measured (Fig. 8) for E =200 and 500 eV, and
(1 keV). The salient feature of the data is the
dominance of charge-exchange processes.’'? Fig-
ures 9 and 10 show the relative probabilities for
the population of the various channels discussed
above.

The quasiresonant charge-exchange process is
found to be dominant for the small 7 values; the
relative population of the exothermic channels (8’,
Y, 0’) remains quite small over the range of T in-
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FIG. 9. Relative probabilities P, of direct electronic
excitation of N, by He * impact, as a function of the
reduced scattering angle. X refers to elastic scatter-
ing and the ¢, 8,7, €,X curves reter to the various elec-
tronic excited Ny* states the identification of which is

-given in the text.

vestigated, whereas the endothermic channels (',
X') become dominant with increasing 7. Since the
p, cross section remains nearly constant the be-
havior of the relative excitation probabilities
means that the quasiresonant channel suffers a
strong absorption by the other charge-exchange
channels when 7 increases. Figure 11 exhibits
the dependence of relative excitation probabilities
as a function of the collision energy E, for various
charge-exchange channels. This figure shows a
strong increase with energy (dynamic effect) of
the exothermic process 8’ and, to a lesser extent,
of the endothermic process x". In contrast, the
relative probability of excitation for the quasires-
onant process @ and for process ¢ slowly de-
crease with energy.

Iv. He+-02 COLLISION
A. Energy-loss spectra: Direct excitation
Vibrational excitation of the O, ground state has
also been investigated and found very small as in

the He'-N, collision. Direct electronic excitation
of O, has been measured at E,=0.5 and 1 keV:

He'(1sS) +0,(X 32 ;) — He (1sS) +0,*(v') .

Figure 12 shows some typical ELS, the five struc-
tures of which are identified using the compilation
of Gilmore?® and ab initio potential-energy curves
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FIG. 10. Relative probabilities P, of charge-exchange-
channel population as a function of the reduced scatter-
ing angle. The curves labeled o', (¢’,«’,x’), and
(g ,v',96") refer to quasiresonant charge-exchange
process, excitation of endothermic channels, and ex-
citation of exothermic channels, respectively. The
quasiresonant electron-capture process is dominant
at low 7, but the endothermic channels population (x’, x’)
increases strongly with increasing 7. The exothermic
channels remain weakly excited.

of Saxon et al.?® [Fig. 13(a)]:

X: Q=0 elastic scattering

a: Q=1eV O, (aA v—O)

B: Q=1.6eV O, (b‘z, v=0)

y: 5.3 eV<Q <7 eV (the three A2, C3a, C'z|
states assoc1ated w1th the
same electronic configuration
may contribute to this peak
whose maximum is located at
6 ev.)

6: TeV<Q<9.5¢eV (with @ =8 eV at the location

of the peak).

Several electronic states may account for the
structure 5, as seen from Fig. 13. The Bz,
(Schuman-Runge continuum) the *!II (V) valence
states and the ®II (R) lowest Rydberg state of O,,
which has been investigated by ¢ impact experi-
ments.%° The weak excitation of the higher °Z (R)
Rydberg state may be responsible for the shoulder
observed around the 9.5-eV energy loss.

It is noteworthy that peaks @ and B have nearly
the same FWHM (6E ~0.4 eV) as the elastic peak

T
1olo  ds b Thovagl lo 05 h T ket ong

L /_\\ L He*-llz

L [ __ E=1keV
3 : ——_ E=2keV
—.— E=3 keV

FIG. 11. Dependence with energy of the relative ex-
citation probabilities P, of some typical charge-ex-
change channels. The salient features are (i) the strong
dynamic effect for the excitation of exothermic process
B’, (ii) the relative decrease of the population of @’ and
€’ channels, and (iii) the increasing dominance of the
endothermic processes k’ and y’ for the large-r values.

whereas peaks v and § have a width of 1.8 and 2.5
eV, respectively. This striking difference is re-
lated to the shape of the relevent potential-energy
curves in the FC region. Indeed, the a 1A and
b‘E states as well as the X°Z, ground state have
the same electronic conﬁguratlon and present a
well at the same equilibrium distance (re ~1.15 A):
The dominant excitation of the =0 level of the a
and b states is, therefore, consistent with the FC -
prediction. On the other hand, the A°S, and B3z,
states, which are strongly repulsive in the FC
region, lead to a broad structure. It is noteworthy
that, contrary to the He'-N2 case, no significant
ionization of O, is observed.

B. Energy-loss spectra: Electron-capture processes

Similar ELS (for 100 eV < E < 300 eV) have been
recently published by Gillen.!* For small-7 val-
ues the spectrum is dominated by a single peak o’
associated with a Q ~0-eV energy loss (Fig. 6).
Quasiresonant electron capture into the ¢ %" (Ref.
31) and ®I,0," states might contribute to peak o’ .
However, the 5E =0.6 eV FWHM of peak a’ which
is identical to that of the He'-He reference peak
(Fig. 6) strongly suggests that the quasiresonant
charge- exchange process is mainly due to the pop-
ulation of the O, ¢ *Z, state. Indeed, it is seen on
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FIG. 12. Low-resolution ELS of scattered He* from
He'-0, collisions. The peaks labeled X, a, 8,7,6 refer
to elastic scattering (X) and excitation of electronic
states of O, (see text and Table II for molecular state
identification).

Fig. 13 that only the two v =0 and v =1 vibrational
levels of the quasibound ¢ *Z; state lie in the FC
region and should be excited. On the other hand
the 2II, state should give rise to a broader struc-
ture (2 eV). Yet excitation of this state can ac-
count for the very weak tail for <0 (Fig. 6).

For larger T and energy values, the ELS dis-
played in Fig. 14 show that the He*-O, charge-ex-
change spectra present the same salient features
as those of the He*-N, system: a strong excitation
of endothermic channels compared t¢ 1 weak ex-
citation of exothermic channels.

i. Exothermic channels. He*(1s 2S)+ 0,(X °Z;)
~He(1s%1S)+0,**: Four structures can be re-
solved and are assigned as

g ~—4eV, OB, v=~2)
Y7 Q~-6.3eV, O0,(b°Z;, v=1)
6’ Q=-75eV, O,(A%, and a1l,)

o Q=-12eV, O, (X7, v=>3).

It is noteworthy that the observed structures ac-
count for all the electronic states of O,* lying in
the corresponding energy-loss range.

ii. Endothermic channels. The excitation of
these channels exhibits the same 7 dependence as
the excitation of endothermic channels in He*-N,.
Identification of peak €’ cannot be found in the
compilation of Gilmore.?** However, using O,*
ab initio energy curves® it is seen that the %,
and 24A, dissociative states of O,* lie about 3 eV
above the ¢ *Z; state in the FC region and might be
responsible for location and broadness of struc-
ture €’.

As in the He*-N, collisions two additional broad
peaks (k’, x’) would correspond to excitation of
He Rydberg states with or without simultaneous
O,** excitation,

He*(1s%5)+ 0,(X *Z;)~ He *(1s,nl)+ 0,*(X) ,
7TeV< AE<12 eV,
He*(1s%5)+ 0,(X 3Z;)~ He *(1s,nl)+ O,**.

However, unlike the He*-N, case where the
structure k’ reflects the excitation of the whole
He(lsnl) Rydberg series, the narrower structure
k’ observed in He*-O, favors the excitation of the
lowest [He(ls, 2s%1S)] Rydberg states. As pointed
out in Sec. III B this structure may as well reflect
the excitation of channels of the type [He(1s%!S)

+ O,**(R)] involving the yet unidentified O,**(R) -
Rydberg states. At higher energies, E=2-3 keV,
a third broad peak is observed around @ ~ 22 eV.
These large energy-loss structures are superim-
posed upon a broad tail corresponding to ioniza-
tion charge transfer

He*(1s%5)+ 0,(X *Z;) ~ He(1s?1S)+ O, + e .

C. Relative probabilities of collision processes

Proceeding in the same way as in the He*-N,
case we have measured the relative probability of
direct and electron-capture processes (Fig. 15).
Here again the charge-exchange process is found
to be dominant in the explored energy range.
Figures 16 and 17, respectively, show the rela-
tive probabilities of direct electronic excitation
channels of O,, and those for the various charge-
exchange channels.

V. DISCUSSION
A. General

The important features found in the ELS data
demonstrate that for both the He*-N, and He*-O,
systems:

(i) The energy losses of the well-identified
channels correspond to the energy gaps between
the potential-energy curves in the FC region.

(ii) The energy width of the observed peaks is
clearly connected with the shape of the potential-
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(a)

[He*(1s) + 0, (X)].

energy curves in the FC region; in particular,
those energy levels having the same shape as the
M,(X) ground state in the FC region give rise to
narrow peaks [e.g., O,(a'4,), 0,(b'Z}), O,*

(c *Z;)], whereas all other cases lead to broad
structures. Broad structures are encountered
when many vibrational levels of a given electronic
state lie in the FC region or when a dissociative
molecular state is excited. For the well-isolated
N,(B*I,) state resolution of the vibrational
structure demonstrates that the relative vibration-
al population obeys a FC distribution. These
features, together with the absence of significant
vibrational excitation of the X ground state of the
molecule provide strong evidence for the cogency
of the use of the FC principle for the considered
systems under the explored experimental (E, 8)
conditions for both direct-excitation and charge-

112

)

(b)

FIG. 13. Potential-energy curves for (a) O, (Ref. 20) and (b) O,* are displayed in the Franck-Condon region, together
with typical ELS for direct and exchange processes. The origin of the energy scale corresponds to the incident channel

exchange processes.

Synthesizing the data of Sec. III and IV, striking
similarities of the collision processes in He*-N,
and He*-O, systems emerge:

(i) a strong dominance of the quasiresonant
charge-exchange process at small 7.

(ii) a striking asymmetry in the population of the
nonresonant charge-exchange channels; for a sim-
ilar energy defect endothermic processes are
much more enhanced than exothermic processes.

(iii) the relative population of exothermic
channels show a significant dependence on energy
which suggests a strong dynamic effect.

(iv) electron-capture processes dominate di-
rect-excitation processes.

These features strongly resemble those encoun-
tered in He*—rare-gas (RG) collisions suggesting
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FIG. 14. ELS of scattered He from He*-O, collision. The same asymmetry between the exothermic channels weakly
populated and the endothermic channels becoming dominant at large T as in the He*-N, case is observed.

similar qualitative excitation mechanisms. Actu-
ally these similarities will be seen to reflect a
common character of the electronic structure of
all these systems, namely, the initial vacancy in
the 1s He orbital becomes an inner vacancy in the

L To , o5 i lis 2 l2s TT(keV deg) T |
1 A 0.5 _ ! 1.5 iT(hd deg)
: N \\
10 B |4
~ )
3r 10—
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FIG. 15. Reduced differential cross sections for the

He*-O, collision as a function of the reduced scattering
angle. The curves labeled p,, p;,» and p; o refer to
charge-exchange processes, elastic scattering, and
inelastic scattering corresponding to electronic ex-
citation of O,, respectively. The different energy sets
of DCS are adjusted for 7=1 kevdeg.

quasimolecule (He-M,)* and (He-RG)* formed during
the collision. All the target orbitals up to 30, and
17, are completely filled. This confers a rare-
gas-like electronic structure to N,; however, O,
has two additional outer electrons (17,, and 17,,)

FIG. 16. Relative probabilities P, of direct electronic
excitation of O, in He’—OZ collision, as a function of the

reduced scattering angle 7.

X refers to elastic scatter-

ing and the «, 8,7, 6 curves refer to the various elec-
tronically excited O,* states the identification of which

is given in the text.
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FIG. 17. Relative probabilities P, of charge-exchange-
channel population as a function of the reduced scatter-
ing angle. The curves labeled o/, (e’,«k’,x’) and
(B’,v’, 6%, ¢) refer to quasiresonant charge-exchange-
process excitation of endothermic channels and excita-
tion of exothermic channels, respectively. The quasi-
resonant electron-capture process is dominant at low
7; the population of endothermic channels (x’,k’) in-
creases with increasing 7, whereas the exothermic
channels remain weakly excited.

whose degeneracy is lifted in the quasitriatomic
molecule. The consequence of this difference is
that in the He*-N, collisions the entrance channel
[He*(35)+ N,(X 'Z})] has the 2A’ symmetry, whereas
in the He*-O, collision [He*(®S)+ 0,(*Z;)] both A"
and “A” symmetry entrance channels are formed
in the statistical ratio. (The symmetry species
refers to the most general Cs symmetry point
group of a triatomic molecule). Table II lists the
observed processes and their possible assign-
ments along with the corresponding electronic con-
figurations as taken from literature.

B. Quasiresonant and exothermic processes:
Direct-transition mechanisms

The quasiresonant process a’ (Q < 0.5 eV) in both
the He*-N, and He*-0, systems appearing at the
smallest values of T is certainly responsible for
the large total charge-exchange cross sections
(10715 ¢cm?) previously measured.!” Since these
studies show that total charge exchange in the
systems considered yields essentially (N*+N)
and (O*+ O) products, our assignment of peak a’
confirms that the N,*(C 2Z%) and O,*(c *Z;) state,
respectively, are dissociative or strongly predis-

sociated. In He*-O,, the ¢ ‘T  state is formed by
a (az,, = ay,u,) One-electron transition. On the
other hand, in He*-N, two-electron configura-
tiong®*? contribute to the N,*(C 2Z;) state; that
corresponding to the (az,, ~a;,4,) One-electron
transition has the smaller weight. The other con-
figuration [(20,)%(17,)*(30,)!(17,)!] is obtained as a
result of a correlated two-electron jump: one
electron filling the 1s He vacancy and the other
being excited into the (17,) orbital. This process
is favored by the quasiresonance and should occur
at large intermolecular distances.

Table II also shows the excitation of electronic
states generated by one-electron transitions from
the successive valence orbitals of the molecule to
the 1s He orbital. The strong dynamic effect of
such reactions suggests a mechanism similar to
the so-called Demkov model®® used for ion-atom
collisions. This model predicts a charge-ex-
change-transition probability of the form

- T2 A€
przem (-1 )

where I, and I, are the binding energies of the
electron in the initial and final states, A€ is the
corresponding energy splitting and v is the colli-

(2)
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FIG. 18. Pp represents the probability of direct
transition of one electron from the incident channel to
the [He(1s?) +M,*(B8’)] exchange channel. logPp’ for
He' -N, (e) and He*-0, (+) collisions shows a quasilinear de-
pendence as a function of 1/p, where v is the collision
velocity, in the explored energy range.
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TABLE II. Identification of inelastic processes in the He’-N, and -0, systems.

(a) He* - N,
Observed (He—-N,)*
process * Electronic configuration Quasimolecular
Direct N, excitation (20,) (30,) (1m,) (m,) (nA) symmetry
X X'z 2 2 4 0 A’
o Bm, 2 1 4 1 Zig', 2ty
8 alll, 2 1 4 1 24’, 24"
B'3z; 2 2 3 1 24", A"
a'lz; 2 2 3 1 24"
WA, 2 2 3 1 24', 24"
Y cln, 1 2 4 1 iy, wipg”
5 E’3; 2 1 4 0 1 24,
€ o'z 2 2 3 1 24’
Exchange N,* excitation
a’ ciz 2 1 3 1 24’
1 2 4 0
[ B2z, 1 2 4 0 24’
2 1 3 1
v Al 2 2 3 0 24’ 24"
8 Xz 2 1 4 0 Y
e 2, (Ref. 27) 1 1 4 1 24’ 24"
2¢, (Ref.26) (2 2 2 1 24', 24"
2 1 3 1
2 2 3 1 (20,)"
P’ M, (Ref.27) 2 2 2 1 24’ 24"
He excitation
K’ He*(1snl) + Ny*(X)
He(1s %)+ N,**(R)
x’ He*(1snl) + N,"*(R)
(b) He* — O,
Observed (He—0,)*
process Electronic configuration Quasimolecular
Direct 0O, excitation (20,) (30,) (1my,) (1m,) (nA) symmetry
X X3z 2 2 4 2 LD\
a ala, 2 2 4 2 24’ 24"
B bz 2 2 4 2 24'
v A3z 2 2 3 3 LYY
cia, 2 2 3 3 44’ 2iq"
clz; 2 2 3 3 24"
5 B3z; 2 2 3 3 LA\
311, (V) 2 1 4 3 LY LY. W
31, (R) 2 2 4 1 (3s0,) nig’, neg”

2459
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TABLE II. (Continued).
(b) He* — O,
Observed (He - Oy)*
process Electronic configuration Quasimolecular
Direct O, excitation (20,) (30) (1m,) (11r,) (nd) symmetry
Exchange 0," excitation
a’ ¢z 1 2 4 2 ta”
! B3 2 1 4 2 24"
v biz; 2 1 4 2 4"
5’ A, o'n, 2 2 3 2 2,447, niy”
¢ xm, 2 2 4 1 2a’, 24"
€ 2= (Ref. 32) 2 1 3 3 2a”
1 2 4 2

He excitation
K’ He*(1snl) + 0, (X)
{ He(ls 2+ 0,**(R)
X He*(1snl)+ O,**(R)

sion velocity. The plot as a function of 1/v of the
probabilities for the exothermic charge-exchange
process B’, in the He*-O, and He*-N, systems,
shown in Fig. 18 is actually consistent with the
prediction of the Demkov model. However, the
above formula is expected to only provide an up-
perbound estimate of the transition probability in
ion-molecule charge-exchange processes. This is
indeed the case for the B’ process where the
Demkov formula overestimates the experimental
results by a factor of 5~ 10. In order to reach
better quantitative agreement with experiment, a
model is required which properly takes into ac-
count averages over the various orientations of
the molecule about the intermolecular line. As for
the more exothermic charge-exchange processes

, 6/, ¢’, especially, those lying 9 or 12 eV be-
low the incident channel, a direct transition as
invoked for process B’ is unlikely [predictions
based on formula (2) yield results orders of mag-
nitude smaller than the actual findings]. A similar
case has already been found in the He*-Ar sys-
tem?®‘®’ where more complicated mechanisms had
to be invoked.

C. Endothermic processes: Curve-crossing
mechanisms

The analogy with He*-Ar and more generally
He*-rare-gas systems can be pushed further.
The common characteristics of the currently in-
vestigated systems and He*-RG systems are, as
pointed out above, the initial inner 1s He vacancy

which gives rise to core-excited repulsive states
of the triatomic quasimolecule. This feature
causes the occurrence of diabatic II (D II) curve
crossings®* between configurations differing by
two orbitals namely, (al,y, ¢x) and (a}2,.¥) around
intermolecular distances where the orbital en-
ergies satisfy

€w+€1,H= =€¢+€X'

Such curve crossings are displayed in the tenta-
tive state correlation diagram presented in Fig.
19. The discussed two-electron transition being
induced by the 1/7,, operator, it necessarily in-
volves states of the triatomic molecule having

the same symmetry (spatial and spin symmetries).
A prototype of such a transition has already been
discussed in connection with the population of the
N,*(C 2z}) state. Note, however, that in this case
the curve crossing occurs at large R.

Generally such DII processes populate [He(1s?)
+M,"*] charge-exchange channels. The excited
electron in M,** can be either an excited valence
or a Rydberg electron. As in the (He-Ar)* case,
the limit of such excitation series [He(1s?) + M,*]
turns out to approximately match the [He* (1s)
+M,*] limit: It is thus expected that the energy
levels of [He(1s?) + M,**], [He*(1s,nl) + M,*], and
[He*(1s) + M,*] series overlap (Fig. 19). Pro-
ceeding along the same lines as in the (He-Ar)*
system, the initially populated [He(1s?)+ M," *]
channels (D II mechanism) are expected to mediate
the observed direct [He*(1s) + M,*] and charge
exchange [He*(1snl) + M,*] channels. The actual



COLLISION SPECTROSCOPY OF ION-DIATOM SYSTEMS: ... 2461

(R

e - \.::‘_-_-__ ar e
S ¥/ S . |05
17tu 9 B
30
—4—&—-20: =", |
—4$-0—— 1sHe Ll @ 1sHe -
_'.‘_ 20u [~ =
+ 20g 204 -
-2
- He*- N2 He* 02
’ao (a)
2
oo [u.o:2)+uz++] Qev_1,0
G, core -
N YWY N
;  |He(1s2)+ Nz*ﬁ ["" (19+ N2+(x)] _
Vl) I[llllclor/.II/llll -1
.\-’,a — - [He*Gsn)+nZpMHe* (19 4 N* ] 15
2 (" —He (1s31) .
¢ — N2*(R) -
0 He (1s2p) .
2\ ' ¢ 3
N\t He(1s2s) [ u - 10
a 1“9 -
22 B 3T ]
,_k‘ﬂ\b - -
2 (392 -
Qe —5
L‘S\ — ¢ ]
(15)1[(2‘,“)2(309)1(1vru)i(1 g) o250t ) | .
x {(19)(200)* [(309)?C1mu)d i
—-5
B2xg* _
A2n :
N2*(x)  j—He(is?) -
—-10
eDII
oD 1
3  secondary mechanism R
(»

FIG. 19. (a) The relative position of the molecular orbitals of M, and the atomic orbital 1s He are displayed together
with empty Rydberg MO. The schematic diagram shows the possibility of the occurrence of diabatic II (Ref. 34) (DTI)
and diabatic I (Ref. 34) (DI) molecular curve crossings. (b) A qualitative molecular-states diagram is proposed. Four
types of transitions are symbolized. (i)} : Direct transition at large intermolecular distance R, (ii) e: Transitions
occurring at a DII curve crossing, (iii) 0: one- or two-electron transitions—secondary mechanisms, and (iv) o:
transition occurring at a DI curve crossing.



2462 DOWEK, DHUICQ, POMMIER, TUAN, SIDIS, AND BARAT 24

observation of [He(1s?)+ M,**] channels, e.g., €’
and ¢’ in N, and €’ in O, supports the suggested
DI primary transition. The following scheme
illustrates a possible two-step mechanism in-
volving a primary D II transition and yielding pro-
cess a:

He*(1s) + N,(X 'Z})
(1)]

R, ) s, ~ Hels)+ N, ()

)|
014055,01 %, 30,017, By~ He*(1s) + Ny(B °11,), (a)

where the processes indicate (1) primary D II and
(2) secondary mechanisms. Since the excitation of
B I, state satisfies the FC prediction, the above
step necessarily occurs in a small intermolecular
range, such that during the entire two-step pro-
cess the nuclei do not move significantly.

Although the above example is given for the
He*-N, system, the proposed mechanism should
also apply to the He*-O, case. However, in this
system, processes o and g require a particular
discussion. Since channel @ (0,a’A, state), has
1-eV energy defect with respect to the incident
channel X, a direct 24”X - 24" transition is not
a priori excluded. This transition involves a two-
electron rearrangement and the corresponding
interaction, proportional to

7 !
Q15 He O, )
7'12 &%

’ ’
<a1_, He %17y,

1
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+ (a;.s He a;.,r‘, ais He ai,;rgy) ’

decreases exponentially at large intermolecular
distances. Consequently, such a transition can be
subjected to the Demkov-type model (discussed

in Sec. V B). Process g [He'(1s)+0,(b'Z}) %A’
channel] provides a nice example of an A”-A’
transition which necessarily requires a rotational
coupling (induced by rotation of the triatomic mo-
lecular plane). This transition cannot occur di-
rectly from the incident channel since the relevant
configurations differ by two orbitals. However,
one can invoke a multistep mechanism as shown
below:

A"[He*+0,(X °27)] @ o"[He*+0,(a'a,)]

2 A'[He*+0,(a'a,)]
(i)A’[He*+02(b 12;)] ,

where the processes indicate (1) “radial” coupling:
direct of D II mechanism, (2) rotational coupling,
and (3) radial coupling.

The invoked D II mechanism can provide pos-
sible explanations of the broad structures ob-
served at energy losses higher than @ =15.6 eV
(@ =12 eV) in the direct-excitation spectra, and
Q=18.1 eV (@ =12 eV) in the charge-exchange
spectra of N, (O,). Indeed of the two electrons
that participate in the D II process the outermost
one can go into a continuum orbital as a natural
limit of a Rydberg orbital. Such an explanation
has already been found to account for ionization
tails in the He*-RG systems.

Furthermore, the electron filling the 1sHe va-
cancy in the D II mechanism can originate from
a valence orbital which is not the outermost or-
bital. In this case, the D II mechanism gives rise
to [He(1s?) + M,***] series converging to the ex-
cited [He(1s%) + M,>* + ¢] limit. This new series
can then feed [He*(1s) + M,**] and (He* + M,**)
channels, which converge to [He*(1s)+M,**] and
(He* + M,*), respectively, see Fig. 22. Refer-
ring again to the He*-RG systems it is known that
at keV energies the D II processes should strongly
decrease, whereas processes induced at DI mo-
lecular curve crossings show up. [DI processes
result from one- or two-electron transitions at
crossings between an initially occupied and pro-
moted molecular orbital (MO) with empty MO’s%¢].
These DI processes which are known to become
important in violent encounters are likely to ac-
count for the behavior as a function of energy of,
e.g., k' and y’ processes (Fig. 11).

VI. CONCLUSION

In this paper, we have reported extensive mea-
surements of both direct and exchange channels in
ion-molecule collisions in the medium-energy
range. The resolution reached in our experiments
has allowed a satisfactory identification of the
most important channels. The reported data as a
function of collision energy and scattering angle
complement and extend previous investigations.

These results show that charge exchange is by
far the most important process. Although the near
resonant charge-exchange process dominates at
low 7, other endothermic channels including
(He*+M,") and (He+ M,**) channels show up and
compete in more violent collisions, whereas exo-
thermic channels remain weakly excited. These
features seem actually to be common to a large
variety of He*-diatom collisions as it will be shown
for CO and NO in a forthcoming publication. Be-
yond the identification of direct-excitation channels
high-resolution data enable the investigation of vi-
brational excitation of the ground state and some
electronic states: Work is under way to extend
this study as a function of scattering angle.
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An interesting outcome of the present results is
that several pieces of information prove the co-
gency of the FC principle within the explored ex-
perimental range. According to our classification
in Sec. I, the present results illustrate cases of
applicability of what we have called the extended
elastic approximation. Extension of the energy and
angular ranges to explore more violent (smaller
impact parameter) collisions while maintaining
the resolution should allow further investigation
of cases entering into the extended pseudoelastic
approximation. The similarities between the char-
acteristics of the presently investigated systems
and the He*-RG systems has provided the guide line
for a tentative interpretation of the mechanisms
governing the observed processes. Most interest-
ing is the fact that the majority of the observed
processes can be interpreted using either Demkov-
type transitions (exothermic processes) or pri-
mary DII transition mechanisms followed by
secondary population sharings (endothermic pro-
cesses). The determinant role of the 1s vacancy

in these mechanisms can be put to the test by
studying neutral He-M, collisions.

It is worth stressing that unambiguous interpre-
tation of the spectra requires more molecular
data in particular for highly excited neutral and
ionic states of diatomic molecules; conversely,
the present collision spectroscopy can help in the
identification of new molecular states. The validi-
ty of the FC principle together with the striking
similarity withthe He*~-RG systems should simplify
the theoretical approach and enable quantitative
comparisons.
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