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We present a comprehensive investigation of the He*-CO, He*-NO, He-CO, and He-NO col-
lisions in the 0.5 < E,;, < 3-keV energy range. The comparison of ionic and neutral systems allows a
determination of the excitation mechanisms that are common or specific to each case. In the course
of this study new states of the CO* and NO* molecular ions were discovered. The previously pro-
posed excitation mechanisms—(i) direct Demkov-type transitions populating the exothermic charge-
exchange channels, (ii) molecular-orbital (MO) promotion giving rise to MO crossings and subse-
quent electron transitions, and (iii) two-electron transitions leading to direct-excitation and charge-
exchange processes in the ionic systems—are also found to apply to the present case, thus confirming

their generality.

I. INTRODUCTION

This paper is the third in a series investigating the
direct and charge-exchange processes in atom-diatom col-
lisions. The qualitative interpretation of the excitation
mechanisms in He*-N, and -O, collisions' was based on
the extrapolation of the knowledge accumulated previous-
ly from ion-atom collisions. The comparison of the sim-
ple neutral He-H, and ionic He*-H, systems? established
that three types of mechanisms govern inelastic processes
in such collisions in the medium-energy range (0.5 <E < 3
keV). Common to both neutral and ionic systems, Cross-
ings between molecular-orbital (MO) surfaces occur at
which electron transitions are favored. This regime is gen-
erally found for hard collisions (r=E0> 1.5 keV deg)
where the relevant crossings arise because of the
molecular-orbital promotion (diabatic-I mechanism® DI).
Specific to the ionic He*-BC systems, the initial vacancy
in the He s orbital becomes an inner vacancy in the quasi-
molecule; this implies that the incident channel is a core
excited configuration of the quasimolecule, which crosses
an infinite series of Rydberg states with filled cores. This
mechanism, referred to as the diabatic-II (DII) mechan-
ism,’ is efficient for soft collisions, i.e., <1 keV deg. Fi-
nally, in He*-BC collisions a direct transition"? populates
the near-resonant channels and, in particular, the exoth-
ermic charge-exchange channels.

In this paper we extend our previous work"? to col-
lisions of the He and He™ projectiles with CO and NO
asymmetric targets. Our objectives were to study the fol-
lowing:

(i) heteronuclear targets;

(ii) the role of the He Is vacancy in complex systems by
the comparison of ionic and corresponding neutral col-
lision systems;

(iii) whether the dominant excitation of endothermic
versus exothermic charge exchange channels, found for
the He*-N,, -O,, and -H, systems, is a common feature of
all the He*-target collisions; and

(iv) the ability of collision spectroscopy to explore high-
ly excited states of molecular ions.

Most material available in the literature on the He!*'-CO
and -NO collisions is devoted to the charge-exchange pro-
cess. In the medium-energy range large total electron-
capture cross sections have been measured by several au-
thors*>: 0pc=0.7Xx10~" cm? for the He*-CO collisions
and ogc=1X 107" cm? for the He*-NO collisions. This
suggests that a near-resonant electron-capture process
occurs in the He*-CO and -NO collisions. These authors
were not able to identify the CO** (NO1*) excited states
involved in this electron-capture process. However, from
the measurement of the relative abundance of the C*, Ot,
and CO* (N*, O%, and NO™) products®’ it was inferred
that the molecular ions were formed dominantly in disso-
ciative or predissociative states.

The energy-loss measurements presented in Sec. III B
for He*-CO and Sec. IV B for Het-NO allow us to locate
the relevant molecular ion states in the Franck-Condon
(FC) region. These energy-loss measurements are carried
out as a function of the scattering angle  and thus pro-
vide a determination of the relative probabilities of all
direct excitation and charge exchange inelastic processes.
Similar measurements are reported for the related He-CO
and -NO systems (Secs. III A and IV A) in order to firmly
establish the basic similarities and differences of the exci-
tation mechanisms involved in ionic and neutral He!*)-BC
collisions.

II. EXPERIMENTAL TECHNIQUE

Identification of the various direct excitation and
charge-exchange processes is achieved by measuring the
characteristic kinetic energy losses undergone by the scat-
tered He or He* projectile. The experimental setups have
been described elsewhere."'® Briefly, a focused He™ beam
is produced from a discharge ion source (and passed
through a charge-exchange cell filled with He if a fast He
neutral beam is needed) and directed into the collision
chamber. The neutral particles scattered at a given angle
are energy analyzed using a time-of-flight (TOF) tech-
nique (energy resolution AE=0.3 eV at E =1 keV). The
scattered ions can be energy analyzed using the TOF
method or pass through a 127° electrostatic analyzer.
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From the relative areas under the peaks of the energy-loss
spectra (ELS) the relative probability for a given process is
determined. The relative calibration of direct excitation
and charge-exchange processes is required to determine
these probabilities for the Het-CO, -NO ionic systems.
This is achieved by measuring the total number of scat-
tered particles (N + 1) with the electrostatic analyzer volt-
age off and the number of neutrals N with the analyzer
voltage on. Experimental difficulties arise for the deter-
mination of this N /(N +1) ratio at a small scattering an-
gle (6 < 1°) due to the angular spread of the incident beam.
This deficiency of the experimental technique hinders ac-
curate relative probability measurements at small reduced
angle 7. In some cases, the reduced differential cross sec-
tions p(7)~0(6)0sinb have also been determined.

III. EXPERIMENTAL RESULTS:
He'*)-CO COLLISIONS

A. He-CO neutral system

1. Energy-loss spectra

Typical energy-loss spectra (ELS) are displayed in Fig.
1. Beside elastic scattering (X), four inelastic structures la-
beled a, B, B,, and B; reveal the excitation of singly and
doubly excited states of the CO target. It is noteworthy
that the first electronic state of CO (a°TI, Q =6 eV) is not
observed; this is in agreement with the Wigner spin con-
servation rule which will therefore be assumed to hold.
The structures can be identified as follows [see Table I(a)].

a, 7<Q <11 eV. Using the CO potential-energy
curves’ in the FC region one can identify the double struc-
ture a as the excitation of the A 'TI (Q =8.4 ¢V) and the
D'A (or I'27) (Q =9.8 eV) valence states.

Bi, 11 <Q <14 eV. This peak corresponds to the weak
excitation of the (50—nlA) Rydberg series converging to
the CO* (X 22+) limit.'”

B,, 14 <Q < 18.5 eV. Structure 3, is attributed to the
excitation of the Rydberg states converging to the
CO**(4 2I1) limit, characterized by the excitation of a 17
electron. In particular, the energy loss which corresponds
to the maximum of the 3, peak can be associated with the
(17)!=* —(n8)'TI Rydberg series.'°

B3, 20<Q <25 eV. The B; broad peak having its max-
imum around Q,,,, =22 eV is ascribed to the excitation of
a series of CO** autoionizing states involving the excita-
tion of two core electrons; this series converges to the
CO**(D ) (Q=22.7 eV) and COM*(C23+) (Q=24 eV)
limits (Ref. 11). The absence of significant structure
around 20 eV, where the COt*(B23%) ionic state lies,
shows that the excitation of the electrons belonging to the
40 molecular orbital does not occur. This fB; structure
might also be ascribed to direct excitation of singlet states
of He (20.1 <Q <24.6 eV), although in such a case one
would expect to observe the He* structure owing to the en-
ergy resolution in the ELS.

At a large reduced angle (r=4 keV deg) a broad tail covers
the range between 25 and 40 eV where the CO?* limit lies.

Spectroscopic analysis of optical emissions resulting
from He-CO collision'? performed in this energy range
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FIG. 1. ELS of scattered He from He-CO collision as a func-
tion of scattering angle 6. Peaks labeled X,a,B,B,B;, refer to
elastic scattering (X) and excitation of electronic states of CO.
[See text and Table I(a) for the identification of the molecular
states.]

shows that a substantial population of the CO*(4 2IT)
state is observed; this is probably related to the strong ex-
citation of autoionizing CO** states above the CO™*(42II)
limit, which may decay as

CO**((1m)%(50)*(2m)(nIA))
—COH (A4 MI(17)*(50%)) +e .

[The optical results also display weak lines from triplet He
states: If, as stated above, the spin conservation rule is
valid, these triplet He lines should not be produced by
direct excitation of the projectile, but more probably result
from the He(23S) state which is a component of the in-
cident beam in those experiments.'?]

2. Relative probabilities of collision processes

The excitation probabilities for elastic scattering and in-
elastic processes as a function of the reduced angle 7 are
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TABLE 1. Identification of inelastic processes in (a) He-CO and (b) He*-CO collisions.

Electronic configuration

Observed process CO excitation 40 1 S50 27 nA
(a)
X Xx'=+ 2 4 2
a, Al 2 4 1 1
a, D'A, I'z- 2 3 2 1
B] CO+(X)+eRyd 2 4 1 0 1
B, CO*(A4 1) +egyq 2 3 2 0 1
Bs CO™(D 1) +egyq 2 2 2 1 1
COH(C2Z%)+epyq 2 3 1 1 1
Direct CO excitation
(b)
X X'z 2 4 2
o a’ll 2 4 1 1
a Al 2 4 1 1
DA, I'3- 2 3 2 1
B COH(X)+egrya 2 4 1 0 1
B CO*(A M) +eryq 2 3 2 0 1
B CO*(D M) +egyq 2 2 2 1 1
COH(C =) +ery
Exchange CO™ excitation
y ciz+ 2 3 1 1
8, Bz+ 1 4 2
8, A 2 3 2
8; Xz 2 4 1
€1,Y F2z+, 23+ 1 3 2 1

shown in Figs. 2(a) and 3(a) for E =0.5 and 1 keV. They
are defined by
I,'(T)

A S—— 1
Iel(T)+ 21,(7') M

P,'(T)=
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FIG. 2. (a) Relative probabilities P, of electronic excitation of
CO by He impact at E =0.5 keV, as a function of the reduced
angle 7. X refers to elastic scattering and ay, @, B>, B3 refer to the
various electronic excited states of CO. Identification is given in
the text and in Table I(a). (b) Relative probabilities P, for direct
excitation (ap,a’) and electron capture (y,€,8,X,X,) processes in
He*-CO collisions at E =0.5 keV, as a function of the reduced
angle 7. In order to clarify the presentation of the data, several
charge-exchange channels which display similar 7 and E depen-
dence have been summed for the following energy-loss slices: X1,
5<0<12eV; X5, 12<Q <17 €V; and X3, Q > 17 eV. 6 stands
for the sum of all exothermic channels.

where I;(7) stands for the area under the peak i and I
stands for the area under the elastic peak. The relative
probabilities increase with increasing 7 for all inelastic
processes. Those which correspond to the excitation of
valence states (a) reach a maximum around 1 keV deg and
1.5 keV, whereas those associated with doubly excited
states keep on increasing in the observed 7 range, reaching
a plateau around 7=4 keV deg at E =2 keV.

B. He*-CO collisions

Now we turn to the data for the ionic He*-CO system. .
We present them in the following three subsections.

1
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FIG. 3. (a) Relative probabilities P, of electronic excitation of
CO by He impact at E =1 keV, as a function of 7. X refers to
elastic scattering and a,,a,,B1,8,B3 refer to the various elec-
tronic states of CO. [See text and Table I(a).] (b) Relative prob-
abilities P, for direct excitation (ag,a’,B1,83,B3) and electron
capture (y,€,8,X1,X2,X3) processes in He*-CO collision at E =1
keV. X, X, and X3 are defined in Fig. 2(b).
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1. Energy-loss spectra: direct excitation

The energy analysis of the scattered He™ projectiles en-
ables the identification of the CO excited states. Figure 4
shows that the CO (a 1) state (ayQ =6 €V) now appears
among the other singly excited states of CO(a’). This is
consistent with the fact that no spin selection rule prevents
this state from being excited. At low reduced angle excita-
tion of the Rydberg series (B]) converging to the CO*(X)
ground state dominates the Q > 11-eV energy-loss range,
whereas for larger 7 values (r>2 keVdeg) the two S35
(14 < Q < 18.5) and B3 (20<Q <25 €V) structures involv-
ing CO*(4 2I1) and CO*(D *II) excited ionized limits be-
come increasingly dominant. The behavior of both 3] and
B, is therefore similar to what was observed for the He-
CO neutral system [see Table I(b)].

2. Energy-loss spectra: electron-capture processes

The energy analysis of the scattered neutralized He pro-
jectiles enables the identification of the CO* excited
states, with or without simultaneous He excitation. At
low energy E <500 eV and small scattering angle 6 <0.5°
a single peak y is observed which corresponds to a near-

ATTT
He*-CO 1

D'A
E-2keV
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-
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FIG. 4. ELS of scattered He* from He*-CO collision as a
function of scattering angle 6. [See text and Table I(b) for the
identification of the molecular states.]
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resonant charge-exchange process (Fig. 5). Three electron-
ic states of CO™ discussed in the literature may contribute
to this process; namely, the C 2>+ DI, and 2A
states.'"’* The measured full width at half maximum
(FWHM) of the y peak (8E =1.5 eV) favors the identifica-
tion of the C2Z+ state since the D 2IT and 2A curves ex-
hibit a more repulsive shape that the C 2=+ curve,'? which
would give rise to a broader FC distribution (8E =3 and 4
eV, respectively).

When the reduced angle increases, other charge-
exchange channels show up: The salient feature of the
spectra is the strongly unbalanced excitation of exothermic
and endothermic channels, similar to our earlier results for
the He*-N,, -O,, and -H, collisions."”? In both cases the
excitation of endothermic charge-exchange channels dom-
inates the excitation of the exothermic ones.

a. Exothermic channels: Q <0. Apart from the C23+
and D21 CO™* states, which lie close to resonance, the
ELS displayed in Fig. 5 show that electron-capture pro-
cesses populate three exothermic channels which are
unambiguously identified (in eV):

CO*(B*=*) (8,), with Q=—4.9
He(1s2)+ {COH(42M) (8,), with Q=—17.5
CO*(X) (8;), with Q=—10.6.

& &,

lllllllllI‘llllllllllllllllllllllllllll

Q(ev) 20 10 0 -10

FIG. 5. ELS of scattered neutral He from He*-CO collision
as a function of scattering angle. [See text and Table I(b) for the
identification of the molecular states.] Dashed arrows corre-
spond to new states of CO™, the identification of which is dis-
cussed in the text.
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The relative intensity of these channels remains small.

b. Endothermic channels: Q>0. A number of endo-
thermic channels are excited and their relative intensity
strongly increases with increasing E and 7. Identification
of these structures requires a detailed knowledge of the
CO* excited states which lie at least 25 eV above the
CO(X) state in the FC region. The available experimental
data in the 25—40-eV excitation energy region consist of
absorption spectra of CO obtained by electron synchrotron
radiation,'* weak excitation of “forbidden” bands in pho-
toelectron spectra'® and detection of fragment ions pro-
duced by dissociative ionization'> !¢ of CO. The accurate

identification of the CO** states which could be deduced
]

COH(F23+)
He(1s%)+ {CO*(3z+)
CO*((30)~123)

[AE is the energy position of the considered CO** state
above the CO('=%) ground state in the FC region.] It is
noteworthy that these energy-loss measurements constitute
the first experimental data showing strong resolved excita-
tion of the CO*(F23+) (AE=28 eV) and CO*t(2=+)
(AE =31.8 eV) ionic states.

Three additional peaks located at Q=8.6 eV (¢,),
Q=105 eV (¢,), and Q=15.5-eV (¢$3) (+£0.2-eV) energy
losses are observed. As a reasonable guess, these peaks can
be attributed to the excitation of CO™** states. According-
ly, their energy positions in the FC region are AE =33.2,
35, and 40.1 eV (£0.2 eV), respectively. Except for the
CO* (30)7123+ (1) state, there are no other CO™ states
which differ by a single electron from the CO ground state
in this energy range. Consequently, the CO** states asso-
ciated with peaks ¢; most probably arise from electronic
configurations which differ by rwo electrons from the CO
ground state as do the CO*(F2Z%) (¢) and CO* (%) (1)
states. In particular, these electronic configurations
should be obtained by rearranging two electrons from the
40, 1m, and/or 50 outermost CO molecular orbitals: such
states can be labeled

CO** [(40)2(1m)*(50 )2 PniA .

Peaks 1 and ¢, can alternatively be ascribed to the
electron-capture process into excited states of He:

He*(1s)+CO(X)—He*(1snl)+ CO1(X) ,
9.2<Q <14 eV

which partially overlap the discussed energy-loss range.
Observation of He lines in optical studies of He*-CO col-
lisions'” could be an indication of the occurrence of this
process. However, the simultaneous excitation of both He
and CO* can also account for the optical results. The
latter process certainly contributes to the broad structures
(Q =17—40 eV) superimposed on the tail corresponding to
the transfer ionization,

He*(15s)+ CO(X)—He(1s%'S) + CO** e ,

QO=16¢V.
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from these data remains limited. Furthermore, the
theoretical predictions of such states are even more scarce,
although configuration-interaction CNDO/INDO calcula-
tions have been performed which determine the vertical
ionization potentials of few CO™* states in the 25—38-eV
energy range.!!

When possible, the identification of the charge-
exchange processes was based on the above data. Other-
wise, previously unreported CO™** states are proposed to
explain our experimental results. In this context, the fol-
lowing identification can be made [Table I(b)]; the units
are in eV and are further referred to in Refs. 11 and 13 for
the first identification, while the latter are from Ref. 11:

(€), with Q=3.2 and AE=27.8
(n), with @Q=7.2 and AE=31.8
(¥), with Q=13 and AE=37.6.

I

3. Relative probabilities of the collision
processes

The relative probabilities for direct and exchange pro-
cesses defined by formula (1) are displayed in Figs. 2(b)
and 3(b). Figure 6 shows the corresponding reduced dif-
ferential cross sections (DCS) as a function of the reduced
angle 7 at E =0.5 keV.

The salient feature of these data is the dominance of
electron-capture processes for 7> 1 keV deg?. The near-
resonant charge-exchange process (y) is found to be dom-
inant for the small 7 values (7 <0.5 keV deg) and to slowly
decrease with increasing 7 at a given energy. The €
charge-exchange channel behaves very similarly whereas

0.5

o
-

P (arb. units)

(=
(=]
-

0.001 Hé.Cco

E -:0.5 keV
1 | 1 | 1

0 1 2 t{keVdeg)

FIG. 6. Reduced differentical cross sections for the He*-CO
collision at E =0.5 keV, as a function of 7. Curves labeled X
and N refer to the elastic scattering and the sum of all charge-
exchange processes, respectively. v,€,8,X,X2,a0,a’ refer to the
various inelastic channels defined in the text and in Table I(b).
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the other endothermic channels (X,,X,,X;) increase strong-
ly with increasing 7 and become dominant for 7>0.8
keV deg at E =1 keV.

The exothermic charge-exchange process remains very
weak, consistent with optical data!” which show that the
measured absolute cross sections for the CO*(4—X)
(0=3x10"" cm? at E=1 keV) and the CO*(B—X)
(0=1.7x10"" c¢m? at E=1 keV) transitions are very
weak compared with the total charge-exchange cross sec-
tion (10~'° cm?). However, the relative importance of the
CO*(4 ) and CO*(B22%) production ascribed to the
electron-capture process (o, ,;>0,,54) in the optical in-
vestigation is in disagreement with the present data which
show a preferential excitation of the (He 1s? + CO* B) ex-
othermic channel. This apparent disagreement may be
due to other processes such as direct ionization, simultane-
ous excitation of He and CO™, etc., which are included in
the optical measurement but not in our data.

Figure 7 displays the energy dependence of the relative
probabilities of excitation of some charge-exchange chan-
nels. The importance of channels 7, €, and X, decreases
with increasing energy, contrasting with the increasing im-
portance of the doubly excited and transfer ionization
channels X ;.

The relative probabilities of the direct excitation of CO
valence states (a') exhibit a flat maximum around 7=2
keV deg whereas those associated with excited Rydberg
series (B1,B3,83) slowly increase with 7. The relative im-
portance of these direct excitation channels slowly in-
creases with increasing energy.

Inspection of the present data shows that in the
medium-energy range the near-resonant and endothermic
charge-exchange processes ¥ and X; respectively provide
the major contribution to the production of CO* excited
states. These CO™** states are located in the 24.6—60-eV
energy range above the CO (X) ground state in the FC re-
gion. The connection of these data with the measurements
of the relative abundance of C*, O, and CO™ ions in the
He*-CO collision®: I, >>I, >>I . shows that these

He-CO

01}

Pr

0.01 |

| I I
0 1 2

7 (keV deg)

FIG. 7. Energy dependence of the relative probabilities asso-
ciated with some typical charge-exchange channels defined in
the text and in Table I(b). Light curves (y,€,X)), intermediate
curves (v',€',X1,X3), and thick curves (y,€”,X1,X3) correspond
to E =0.5, 1, and 2 keV, respectively.
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CO™ excited states are mainly dissociative or predissocia-
tive states. Besides, the comparison of the present results
with the data for ionization and fragmentation of CO
photon'*® and keV electron impact'®® (4.4<I_, /I o+
<25.5% and 0.05<I, /I, <24%) indicates that the
He™ ion impact provides complementary information on
the excited states of CO™ in the 20—60-eV energy range.

IV. EXPERIMENTAL RESULTS:
He'*)-NO COLLISIONS

Now we shift to the He and He*-NO collisions. As be-
fore the idea is to compare the neutral and ionic systems.

A. He-NO collisions

1. Energy-loss spectra

Figure 8 shows that one- and two-electron excited states
of the NO target are produced by the collision. We have
excluded from consideration the quartet NO states which
should not be excited according to the spin conservation
rule. The observed structures are identified as follows [see
Table II(a)].

a, 6<0<10 eV. Using the NO potential-energy
curves'® in the FC region, we ascribe this structure to the

E!XT

N[]'(X)g

He-NO
E =500eV

llllJ|IllllliLlJll>’/|

Qfev) 15 10 5 |

_ C’H Al” 32*
E=2keV B'H-i 323 X3 X

L
Q(ev) 30 20 10 0

| 1 l 1 l

FIG. 8. ELS of scattered He from He-NO collision as a func-
tion of scattering angle 6. Peaks labeled X,a,f), 2, B3, refer to
elastic scattering (X) and excitation of electronic states of NO.
[See text and Table II(a) for the identification of the molecular
states.]
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TABLE II. Identification of inelastic processes in (a) He-NO and (b) He*-NO collisions.

Electronic configuration

Observed process NO excitation 40 50 17 2 nlA
(a)
X xm 2 2 4 1
a Cl, D*=* 2 2 4 0 1
Bl 2 2 3 2
B NO* (a’Z+)+egy 2 2 3 1 1
NO*(4 ' or b ) +egyq 2 1 4 1 1
BBs 2 2 2 2 1
2 1 3 2 1
Direct NO excitation
(b)
X X 2 2 4 1
ap a’ll 2 2 3 2
Azt 2 2 4 1 3so
a C2I, D=+ 2 2 4 0 1
B 2 2 3 2
B/ NO*(a’Z+)+erya 2 2 3 1 1
NO* (4 'l or b°M)+egyq 2 1 4 1 1
BB 2 2 2 2 1
2 1 3 2 1
Exchange NO™ excitation
5, B'll, B''=* 1 2 4 1
8, cn 1 2 4 1
83 A'll 2 1 4 1
84 b3 2 1 4 1
a3zt 2 2 3 1
85 X 2 2 4 0

excitation of the C %Il and/or D23+ (Q=6.8 eV), E*= ™,
F?A,... (Q=8 eV) Rydberg states of NO. It is note-
worthy that the 4 23+ first state of this series is very
weakly excited. The step observed at Q =7.5 eV is prob-
ably due to the excitation of the B 2II valence state.

Bi, 12 < Q <20 eV. This broad structure which displays
three maxima (Q =13, 15.5, and 17 eV) corresponding to
the excitation of core-excited Rydberg!® series converging
to the various (@ *Z+,5°11, ..., 4 'I) NO™ limits.?

By, 22<Q<32 eV; B;, 32<Q <40 eV. Appropriate
data to identify these structures are not present in the
literature. We suggest that the 3, and [3; peaks correspond
to series of doubly excited states of NO, converging to the
core excited NO* limits (AE =24.6, 25.1, 26.2, and 34.5
eV in the FC region) discussed in Sec. IVB 2.

The absence of significant structure around 22—23 eV
where the NO** (C°I1,B 'IN) states lie suggests that the
40 core electrons are not excited during the He-NO col-
lision, similar to the He-CO case.

No structure is observed in the 20—24.6-eV energy-loss
range indicating the absence of He excitation (cf. He-CO).

2. Relative probabilities

The relative probabilities of elastic scattering (X) excita-
tion of the low-lying excited NO states (a) (Q < 11 eV) and
excitation of the various Rydberg series (B;,/3,,83) as func-
tions of the reduced angle 7 at E =0.5 and 1 keV are
displayed in Figs. 9(a) and 10(a), respectively.

T TT

Pr

0.01

T

T TT

He’-NO L
E:-500eV

He-NO
E-500eV

0.001 |

1 | { 1
0 1 2 7(keVdeg ) 1 7(kevdeg )

FIG. 9. (a) Relative probabilities P, of electronic excitation of
NO by He impact at E =0.5 keV, as a function of 7. X refers to
elastic scattering and a,f), refer to the electronic excited states
of NO. Identification is given in the text and in Table II(a). (b)
Relative probabilities P, for direct excitation (ap,a’, 1) and elec-
tron capture (¥,8,,8,,k),k;) processes in He*-NO collision at
E =0.5 keV, as a function of 7. In order to clarify the presenta-
tion of the data, several charge-exchange channels which display
similar 7 and E dependence have been summed for the following
energy-loss slices: «j, 3<Q <10 eV; k;, 10<Q <18 eV; k3,
Q>18 eV. v stands for the sum of the y; charge-exchange
channels probabilities.
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FIG. 10. (a) Relative probabilities P, of electronic excitation of NO by He impact at E =1 keV, as a function of 7. X refers to elas-
tic scattering and a, 8,8 B3, refer to electronic states of CO. [See text and Table II(a).] (b) Relative probabilities P, for direct excita-
tion (ag,a’,B),B3) and electron capture (7,8,,8,,K1,k2,k3) processes in Het-NO collisions at E =1 keV. ¥,k,k,,k3 are defined in Fig.

9(b).

P,(7) probability reaches its maximum around 7=1.5
keVdeg at E =1 keV, whereas the Pﬂi(r) curves associat-

ed with the higher excited Rydberg series increase with in-
creasing 7 and then become constant at 7=2.5 keV deg.
This behavior is very similar to the He-CO collision [Figs.
2(a) and 3(a)].

B. He*-NO collisions

1. Energy-loss spectra: direct excitation

At small reduced scattering angles (r <1 keV deg) the
ELS (Fig. 11) show that the lowest 4 22+ and/or a *II ex-
cited states of the target'® (Q =6 eV) are prominently ex-
cited in contrast with the neutral He-NO system. When 7
increases, the relative intensity of this 6-eV peak decreases
and the excitation of the Rydberg series converging to the
NO*(X) limit favors the 8-eV energy-loss structure
(E?=*,...), similar to the He-NO collision. The 13—14-
eV energy-loss structure, ascribed to the first states of
Rydberg series'® converging to the a *=* limit dominates
the Q > 11 eV energy-loss range up to =2 keVdeg. For
the largest values of the explored = range, the Het-NO
ELS display similar trends to those observed for the He-

NO collison (Sec. IVA 1). F

2. Energy-loss spectra: electron-capture processes

For the lowest values of 7, several peaks show up in the
vicinity of the Q =0 eV energy loss (—3 <Q <3 eV) and
dominate the ELS (Fig. 12). Among these structures, two
peaks can be unambiguously identified using the compila-
tion of the NO* states.’’ The 8, peak (Q = —1.2 eV) cor-
responds to the highest excited state of NO* known spec-
troscopically [AE=23.2 eV above the NO(X) origin,
repulsive B 'Il or B’ 'S+ (Ref. 20)]. The §, peak (Q =—3
eV) reflects the excitation of the C3Il or B'Il NO*
state?® which has its well centered at 7, =r,no(x); in agree-
ment with the FC prediction the NO* (C,v =0) level is
prominently populated which gives rise to an especially
narrow peak in the ELS. Besides these structures, other
resolved peaks are observed at Q=0 eV (y)), Q=0.6 eV
(7), and Q =1.6 eV (y3) (£0.2 eV). The energy position
of these NO™ states in the FC region is AE =24.6, 25.1,
and 26.2 eV (£0.2 eV), respectively.

For increasing values of 7, excitation of the endothermic
channels dominates the excitation of exothermic channels.

a. Exothermic channels. Apart from the previously
mentioned B'Il1 (Q=—1.2 e¢V) and C’l (Q=—3 eV)
NO states, the ELS show the population of the following
charge-exchange channels:

8, —7<Q<—55¢eV, Qnax=—6¢eV, NO*(4 'IL,w!'A)

8, Q=—8eV, NO*(b’M,a’zt)
[65, @Q=—15¢eV, NO'(X) very weak]

+He(1s?) .

As a general feature of the He*-diatom systems which we have explored, the relative intensity of exothermic channels

8; decreases with increasing energy defect of the reaction.

b. Endothermic channels. The observation of three groups of partially resolved structures ky,k,k3 can be ascribed to

the series (in eV)

He(1snl)+NO*(X) (k;), with 4.8<0<9.6

He(1snl)+NO**(a 33+ —A4 'II) (k,), with 11.5<Q<16.2—19.2

He(1snl) 4+ NO+*(C*I,B ') (k;), with @ >18.
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FIG. 11. ELS of scattered He* from He*-NO collision as a
function of scattering angle 6. [See text and Table II(b) for iden-
tification.]

There is a strong indication that electron-capture processes
lead to excited He products with or without simultaneous
excitation of the ionized target. For Q> 16 eV these
structures are superimposed on a tail which corresponds to
the transfer ionization channel

He*(1s 2S) + NO(X)— He(152'S) + NO** +¢ ,
Q=16¢eV.

The overlap of the k; series with the He(1s?) + NO**
series renders the detailed identification of the peaks rath-
er intricate. Nevertheless, two additional peaks ¢,
(Q=3.5 eV) and ¢, (Q =10 eV) are ascribed to excitation
of NO** states, the energy positions of which in the FC
region are AE =28.1 and 34.5 eV (£0.2 eV), respectively.
c. Identification of the ¥;,v»,Y3,$;,¢, peaks. The
states corresponding to ¥,,¥»,v3®1,¢, peaks (Fig. 12)
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FIG. 12. ELS of scattered He from He*-NO collisions as a
function of scattering angle. [See text and Table II(b) for identi-
fication.] Dashed arrows correspond to new states of NO*, the
identification of which is discussed in the text.

could not be identified using the data in the literature. No
well-resolved peaks were observed by photoelectron or
photoionization spectroscopy, although some authors?! re-
port that significant intensity is present in the 25—35-eV
energy range. Similar arguments as those involved for the
He*-CO case (Sec. IIIB2) enable us to assign the y; and
¢; peaks to NO** states which differ by two electrons
from the NO ground-state configuration. Indeed,
Lefebvre et al.?? have shown that in the 24-eV region the
(40)~! NO™* valence states are perturbed by NO** states
coming from the (50)(17)*(27)? configuration. More gen-
erally, the rearrangement of two electrons of the three
outermost 50, 17, and 27 molecular orbitals gives rise to
five ionic series that can be labeled as
[(50)%(1m)*27)]1~2(nI)). The lowest state of each series is
given in Table III. Since no calculation exists for such
NO™ states one can tentatively estimate their energy posi-
tion by using the Koopman theorem if the energy posi-
tions of the corresponding neutral configuration states are
known. The results displayed in Table III show that this
rough estimation is consistent with the energy position of
the ¥,,72,4, peaks measured in the present data. Conse-
quently, we tentatively attribute the y; and ¢; peaks to ex-
citation of [(50)%(17)*]~%(2m)? states of NO*.
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TABLE III. Estimation of the energy positions of NO** (50)(17)*(27)? and (50)%(17)%(2)? states using the Koopman theorem
and the calculated energies of the NO* (50)%(17)3(27)? valence states given in Refs. 22, 23, and 24.

AEgc (neutral) AEgc (ion)
Lowest NO* state Corresponding neutral state (eV) (eV)
(50)(17)*(60) 2114 15+ 22.2
(50 )X 17227 ) B211 7.2 23.4, 26.1, 35eV
(50)X(1m)(2m)? L 9.9
(50)(1m)(27)? PI 18.8 23.8, 26.5, 35.4

(50)°(1m)* Q27w )? (50)(17)*(2m)?

3. Relative probabilities
of the collision processes

The relative probabilities of direct and charge-exchange
processes have been determined in the same way as in the
He*-CO case [Figs. 9(b) and 10(b)]. Similar salient
features are observed.

(i) The electron capture is the major process in the ex-
plored E,r range and, in particular, the quasiresonant
charge-exchange channels are dominant for the lowest 7
values.

(ii) The excitation probabilities of the near-resonant
charge-exchange channels (y;,8,,8;,) reach a maximum
around 7=0.8 keVdeg. Their relative importance de-
creases with increasing energy.

(iii) The excitation of endothermic charge-exchange
channels k; strongly increases with increasing 7 and E.

(iv) The relative probabilities of direct excitation chan-
nels reach a flat maximum around 7=1.5 keV deg and in-
crease, but weakly, with increasing energy.

These results compared with the measurements of the
relative abundance of NO*, N*, and O™ ions produced
by electron capture in the He*-NO collision
g+ >>Io+ > 1) establish that the NO** states popu-
lated by near-resonant charge exchange (y;) are dissocia-
tive or predissociative.

V. DISCUSSION

Owing to the similarities between the He'*)-CO and
-NO collisions and the He!*)-N,, -O,, and -H, results, the
discussion deals with the three main mechanisms respon-
sible for inelastic processes in these systems. These mech-
anisms are indicated schematically on the qualitative state
diagram (Fig. 13) extrapolated from the He*-N, and -O,
examples. The processes are direct charge exchange into
the exothermic channels, electronic transition favored at
MO crossings and two-electron jumps due to the initial
He 1s vacancy, and will be discussed successively in Secs.
V A—V C below.

A. Charge exchange into the exothermic channels

The electronic configurations of the exothermic chan-
nels He(1s?) + BC** (valence) on Fig. 13 (Tables I and
II) are generated by one-electron transition from the

valence orbitals of the diatom to the Hels orbital. The
general features, which have been observed are (i) the pop-
ulation of exothermic channels decreases strongly with in-
creasing energy defect of the reaction, (ii) the very weak
excitation of the lowest exothermic channels (| Q | >4 eV)
compared to the excitation of the endothermic channels
with the same energy defect, (iii) the strong increase with
increasing energy of the exothermic channel populations,
and (iv) their appearance for the smallest 7 values. These
features are all characteristic of a direct transition of the
Demkov-Nikitin type.?> Accordingly, we can estimate the
charge-exchange probability between the entrance channel
and the exothermic channel i using the formula

T Aei
3 Vgt VT

where I, and I; are the binding energies of the electron in

£ (R)

Ps = 7 sech’ Q)

He*.BC"
‘He(ls?) +BC*
He'(1snl)+BC* (X)
\He'(1s)+BC (x)
é % He(1s’)+BC'iv.|m.)
0 Rye-8c o

FIG. 13. Schematic qualitative state correlation diagram for
the He*-BC system; the three main collision primary mecha-
nisms are symbolized. Wavy arrow, direct Demkov-
Nikitin—type transition between the entrance channel and exoth-
ermic charge-exchange channels. Solid circle, curve crossing
where a two correlated electron transition (diabatic-II mecha-
nism) takes place. Open circle, curve crossing associated with an
MO curve crossing subsequent to MO promotion. At this cross-
ing one- or two-electron jumps are favored. Open rectangle,
secondary mechanisms which share the population due to pri-
mary excitation among outgoing channels which energetically
overlap.



2848

the initial and final states, Ae; is the corresponding reso-
nance energy defect, and v is the collision velocity.

Although the calculated excitation probabilities [Eq. (2)]
of the channels that are closest to resonance are too large
by a factor of 5—10 with respect to experiment, such devi-
ations can be understood for the following reasons. The
two-state approximation may not be justified as there are
many final states. Furthermore, the anisotropy of the
relevant interactions, due to the relative orientation of the
diatom and the collision axes, is not taken into account.

We now consider exothermic charge-exchange channels
characterized by large energy defects from resonance
(85,63,84, Figs. 5 and 12). In order to avoid systematic er-
rors inherent in the measurement of total electron-capture
probabilities at small angles the ratio of the §; peaks to §,
have been directly measured on the ELS and compared
with the calculated ratios [Eq. (2)] for the various chan-
nels. In these cases, the Demkov-Nikitin mechanism is
found to underestimate the charge-exchange probability by
orders of magnitude.

To account for the population of such channels we pro-
pose the following two-step mechanism: (i) a Demkov-
type charge-exchange transition populates the closest ex-
othermic channels and (ii) once populated, these channels
act as “relays” to populate those which lie a few eV below;
such direct one-electron transitions between two levels
separated by few eV are known to exist for atom-atom col-
lisions in this velocity range.?®

B. Transitions between MO’s

In contrast with the direct transition mechanism dis-
cussed in Sec. V A, electronic transitions may occur at
MO curve crossings as suggested by the electron promo-
tion model (Fig. 13). We proceed in this section to the in-
vestigation of such transitions.

From the data of Secs. III and 1V it is seen that the neu-
tral and ionic systems display great similarities for 7>2
keV deg, namely, the following.

(i) The same excited states of the target are preferential-
ly populated by He and He' impact. For example, the
dominant excitation of CO* series associated with the
CO*™ (17)~' 4211 and CO** (17)~2 D *II cores suggests
that the 1o orbital is promoted in both neutral and ionic
cases. Similarly, the direct NO excitation ELS show the
active roles played by the 1myno and 5oy electrons in both
He-NO and He*-NO collisions.

(ii) The relative excitation probabilities display similar
trends. The probabilities for one-electron excitation pro-
cesses reach a flat maximum around 7=1.5 keV deg
whereas those associated with doubly excited states keep
on increasing with increasing 7 until they reach a plateau.

Owing to the complexity of the He'*)-CO and -NO sys-
tems we do not attempt to build detailed triatomic correla-
tion diagrams.? Nevertheless, the main features of the dia-
batic correlation diagrams obtained by making a cut at
r =r, of the MO surfaces can be tentatively guessed, ex-
trapolating the knowledge accumulated for atom-atom
collisions.

In this schematic diagram (Fig. 14), we consider only
the outer occupied orbitals of the projectile (He 1s) and the
target (1mpc,50 gc) since the inner electrons do not partici-
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FIG. 14. Schematic MO correlation diagram for the He'* -
BC system in C_, and C,, symmetries of the triatomic molecule.
For both neutral and ionic systems MO promotion gives rise to
MO crossings at which one- or two-electron jumps are favored.
For the He*-BC case, the He Is vacancy is responsible for the
occurrence of two correlated electron transitions as illustrated by
the two arrows on the diagram.

pate to the collision. When the two partners approach
each other, the exchange interaction between the lsoy,
and the ogc outer MO’s is responsible for their mutual
repulsion and induces the promotion of the oz MO
which is located above the 1soy, orbital as R— . The
crossings undergone by the promoted and filled MO with
initially empty MO’s favor the excitation of one and/or
two electrons of the target (diabatic-I mechanism).

Considering the So and 17 MO’s which lie close to one
another the correlation diagram leads to different predic-
tions according to the particular symmetry point group of
the He!*)-BC triatomic molecule.

In the C, symmetry (linear conformation) the doubly
degenerate 17 MO is correlated with the united atomlike
2pm inner orbital; consequently, the 17 electrons are not
expected to be excited during the collision, whereas the 5¢
MO should be promoted.

On the other hand, in the C,, symmetry (isosceles trian-
gle) the 1wb; MO is similarly correlated to the united
atomlike 2pm orbital whereas the 1mb, MO undergoes a
promotion comparable to that of the S50 MO in C,.

This primary DI mechanism is responsible for the
direct single and double excitation of the target which was
observed for both neutral and ionic systems in the large 7
range. For the Het-CO (-NO) ionic systems, these one-
and two-electron direct excitation channels turn out to en-
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ergetically overlap the He* (1sn])+BC*(X) and He'
+BC™* series, respectively, and a secondary mechanism
involving one- or two-electron transitions is expected to
mediate the population of the observed direct and ex-
change channels. The outgoing channels populated via a
common DI primary mechanism should accordingly
display similar 7 dependences: This is actually the case
for the X; and K; charge-exchange probabilities which ex-
hibit the same dependence as the f3; direct excitation prob-
abilities [Figs. 3(b) and 10(b)].

C. Two-electron jumps due to the initial
He 1s vacancy: diabatic-II process

The efficiency of the correlated two-electron transitions
(diabatic-II process) related to the existence of the lsy,
inner vacancy in Het-diatom collisions has been establish-
ed previously.? Such a mechanism involves the simultane-
ous jump of two electrons from an outer occupied orbital:
One electron fills the He 1s vacancy and the other jumps
to an empty higher-lying MO (Fig. 14), conserving energy
in the process. This diabatic-II mechanism should popu-
late the He (1s2)+BC** Rydberg series, where the BC **
electronic configuration differs by two electrons from the
BC ground state.

A strong indication for the efficiency of the DII pro-
cess in Het-CO (-NO) collisions is provided by the large
excitation of the 7, €, 7 (v;,¢,) charge-exchange channels
in the low 7 range (7 <1 keV deg) especially at low energy
(see Secs. III B and IV B). It is noticeable that in this ener-
gy and angular regime the processes characterizing DI
processes are much weaker as demonstrated by the com-
parison of the He*-CO (-NO) and the He-CO (-NO) data.
Since the He(1s2)+CO** (NO**), He* (1snl)+CO™ (X)
[NO*(X)], and He* + CO* (NO*) Rydberg series overlap
(Fig. 13) a secondary mechanism is expected to share the
primary D II excitation among these channels.

VI. CONCLUSION

At the end of this series of papers it may be worth re-
calling that most of the work to date using, for example,
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optical and ion fragment measurements gave only a very
limited insight into the general mechanisms governing the
ion (atom)—molecule collisions. On the contrary, ELS
measurements, even with a limited energy resolution, pro-
vide an overall view of the excitation mechanisms, their
relative importance, and the evolution of their probabili-
ties as a function of angle and energy. We think that this
was a necessary step for understanding the basic collision
mechanisms in ion (atom)—molecule collisions, in the
medium energy range. The present investigation of
He't)-CO and -NO collisions confirms the qualitative
understanding gained from the previously studied He'*'-
diatom systems. Staying on a qualitative basis, it is
noteworthy that these mechanisms are the same as in
He'*)—rare-gas collisions, namely, the following.

(i) Direct Demkov-type transitions populate the exoth-
ermic charge-exchange channels and produce diatomic
ions in valence states. These states may then act as relays
to populate other exothermic channels which lie far from
resonance.

(ii) MO promotion is a common feature to all neutral
and ionic systems, and gives rise to electronic transitions
at the related MO crossings (D I mechanism).

(iii) Specific to He*-target collisions, correlated two-
electron transitions (D II mechanism) lead to direct excita-
tion and charge-exchange processes.

An interesting outcome of the D II mechanism is that it
creates molecular ions which are seldom dominantly excit-
ed by more conventional spectroscopy. This collision
spectroscopic tool could be extended to investigate more
complex molecular ions provided that a more accurate
TOF spectroscopy be achieved. Specific to ion
(atom)—molecule collisions, the role played by the relative
orientation of the interparticle axes must be studied.
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