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Excited-state production in collisions of H and He with N2, CO, and 02
over the energy range 150-2400 ev
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Department of Physics, University of Missouri —St. Louis, St. Louis, Missouri 63121

(Received 20 May 1977)

Spectroscopic analysis of optical emissions resulting from collisions between diatomic molecules (N„CO,
0,) and hydrogen or helium atoms has been performed over the kinetic energy range -150—2400 eV. The
data yield product vibronic-state distributions from collision-induced excitation, impact ionization, and
excitation transfer processes. For most of the processes observed spin is conserved. It was found that
vibrational-state distributions of excited electronic product molecular ions were not in accord with those
predicted from a simple vertical transition model. Excited neutral molecules, on the other hand, exhibited
state distributions that could be characterized by this model.

I. INTRODUCTION

Within the last few years spectroscopic analysis
of collision-produced radiation has provided de-
tailed information on internal-energy-state dis-
tributions of product species resulting from low-
energy collision processes. ' Aside from the in-
trinsic interest in these state distributions, these
data can be of considerable value for laboratory
simulation of atmospheric and astrophysical pro-
cesses and also in the design and construction of
new laser devices. Most of these studies have in-
volved ion-neutral collision systems because of
the relative ease of producing and guiding low-en-
ergy ion beams. It is of interest, however, to
compare these ion-neutral data to similar data re-
sulting from neutral-neutral collisions. This pa-
per reports the results of our study of collisions
between hydrogen atoms or helium atoms with
simple diatomic molecules. Most of the data re-
ported here involves N, targets; however, data
are also presented for CO and 0, targets. The
atomic beams were produced by neutralization of
an appropriate ion beam (H' or:He'), and for this
reason the present results are restricted to studies
above about 150 eV; the upper limit was 2.4 keV.

An important difference between the ion-neutral
and neutral-neutral systems is that ig. the former
charge transfer excitation (CTE) collisions domi-
nate at these energies so that most of the observed
emissions are from excited ionic products or
neutralized projectile ions. On the other hand,
impact ionization in neutral-neutral collisions oc-
curs primarily at higher kinetic energies so that
collision-induced excitation (CIE) processes yield-
ing excited atoms or molecules may be studied
more readily. It has been shown in a wide variety
of systems that CTE processes at. low energies,
with few exceptions, yield product molecular-ion
vibronic-state distributions that differ substan-

tially from those predicted by a simple vertical
transition model; as the kinetic energy is in-
creased these distributions tend toward the
Franck-Condon (vertical) picture. ' The present
results provide state distributions of neutral pro-
duct molecules from CIE processes. It is par-
ticularly intriguing that our data show that these
distributions follow the vertical transition model
over the entire energy range. Previous studies of
hydrogen atom-diatomic molecule collisions at
higher energies are consistent with our observa-
tions. '" In fact, earlier work on CIE by ion im-
pact, using energy-loss techniques, have also
shown Franck-Condon (FC) distributions of elec-
tronically excited neutral product molecules. "'
One earlier study of H'-NO(X) CIE from our lab-
oratory, ' using spectroscopic techniques, showed
vertical vibrational state populations of NO(A).
The evidence now suggests that vertical excita-.
tion for neutral excitation may be more general
than had previously been thought.

II. EXPERIMENTAL

The data reported in this paper were obtained by
spectral analysis of collision produced lumines-
cence. A beam of either hydrogen or helium atoms
is directed into a collision cell containing the tar-
get diatomic gas at 6 m Torr pressure. This pres-
sure is somewhat higher than that used by us in
previous ion-molecule experiments', however, -ap-
propriate experiments in w'hich the target gas
pressure was varied over the range 1-6 m Torr
showed that at 6 mTorr only single-collision pro-
cesses were being observed.

The atomic beams were produced by charge-
transfer neutralization of a mass-analyzed H' or
He' beam; the neutral-beam energy is taken to be
that of the ion prior to charge transfer. Un-neu-
tralized ions were electrostatically eliminated be-
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tween the neutralization cell and the atom-. diatom
collision cell. A tantalum grid located behind the
collision cell is used to monitor the neutral-beam
current by detection of secondary electqonp. No
attempt was made to calibrate the neutral-beam
flux, so absolute cross sections are not reported.
Photons resulting from the atom-diatom collisions
emerge through a slot in the collision cell and en-
ter a 0.25 m scanning monochromator; detection
is accomplished with a cooled photomultiplier (ex-
tended S-20 cathode) and single-photon counting.
The monochromator entrance slit is oriented par-
allel to the primary-beam axis. Emission spectra
are obtained by stepwise scanning through a given
wavelength region and recording the number of
photons at each wavelength setting; signal averag-
ing is accomplished by repetitively scanning the
wavelength region of interest. In all cases data
were accumulated until the error bar (z v N) as-
sociated with the highest count total was less than
five percent of this total. Apparatus control and
data acquisition are performed by a PDP8/E mini-
computer which also corrects for variations in the
spectral efficiency. '- Although the beam was stable
for long periods of time (greater than several
hours), it was sampled at the end of each counting
interval and the signal normalized to account for
any beam variations.

The H-atom beam was obtained by charge trans-
fer of protons with xenon gas. Metastable H(2s)
were easily quenched by the field used to remove
unneutralized protons; this same field would also
ionize Rydberg H atoms with n & 22. Additionally,
cross sections for production of H(n= 13-28) are
very small at these energies" so that it is con-
cluded that the hydrogen-atom beam used in these
studies was free of excited states. Further sup-
port for this conclusion comes from the absence
of Balmer emissions from an unscattered beam.

The He beam was produced by He'-He charge
transfer; however, in this case there is a meta-
stable component of the beam. It is difficult to
determine the exact internal-energy-state popula-
tion of the He beam, but limits on the metastable
component can be set. Direct electron capture
into the ground state or metastable states cannot
be detected by us. We can, however, detect ra-
diative cascade from higher electronic states into
the meta, stable He(2'S) and He(2'S) states by ob-
serving the luminescence spectrum from He'-He
collisions. Figure 1 is a partial Grotrian diagr'am
for He I showing the lines observed from 1-geV
He'-He collisions; this experiment was performed
with target He gas in the collision cell in front of
the optical system. The sum of the emission cross
sections for lines feeding the metastable states
then yields a lower limit on the metastable fgac-
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tion of the beam. Note that for ion-neutral colli-
sions absolute cross sections can be obtained. A
typical result is that at least lfo-2% of the neutral
He beam is in the 2'S me)astable state. Because
2 g ]. S js greatly favored over 2 g 2 $ thjs
latter metastable state is only formed directly.

In addition to the He'-He experiment described
above, one additional experiment designed to yield
information on the relative populations of He(2'S)
and He(2'S) was performed. The He-Ne laser is
known to be pumped by excitation transfer from
He(2'S) to the upper level of the 632.8 nm transi-
tion. Although this process occurs at ther mal en-
ergieg in a laser tube, it was nevertheless felt
that this resonant excitation transfer process
should produce relatively high yields of 632.8 qm
radiation in our experiment if the 2'S state was
present to any appreciable degree. Low-count
rates at 632.8 nm were observed. In fact, several
other NeE lines, with upper states more nearly j;n

resonance with the 2'S state, were obsexved with
substantial intensity. This He-Ne experiment thus
supports the contention that the major metastable
component of the helium-atom beam is He(2'S).

FIG. 1. Partiql term diagram of He i. The transitions
shown are those observed in 1-ke7 He'-He collisions. .

The heavy line represents the strong 1083-nm transi-
tion which cannot be observed in these experiments, but
feeds the metastable 2 $ state.
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FIQ. 2. &mission spectra from H(1s)+N~(X) collisions at various laboratory kinetic energies corrected for relative
spectral efficiency. The prominent N&(B A) emissions are shown in the inset. Band heads of several systems are in-
dicated (ref. 11) including some of the (unobserved) Meinel system N&g —X). The resolution was 2 nm full width at
half maximum (FTHM).

III. RESULTS

Spectra from H-N, collisions at various kinetic
energies are presented in Fig. 2. N, emissions
from the C 'II„-B 'II second-positive (2P) and
B 'II A 'Z,' first-positive (1P) systems are ob-
served over the entire range of kinetic energies.
The intensity of the 1P emissions relative to the
2P emissions indicates that N, (B) is produced di-
rectly as well as by cascading, although other (un-
observable) cascades" to N, (B), such as D-B
fourth positive, 8" B, and B'-B, may also popu-
late N, (B). As the kinetic energy is increased,
emlsslons from the N~(B Zg~ X Zg) fll st-negative
(1N) band system become stronger. At 2, 4 keV,
.the highest energy for which we have data, the
N,'(1N) emissions, produced by impact ionization,
are comparable in intensity to those from N, (2P);
according to Birely, ' the total cross. section for
production of N,'(B) overtakes that for production
of N, (C) at -7 keV in H-N, collisions. CIE of the
neutral H atom also occurs as evidenced by the
observation of Balmer emissions; the apparent
decrease in the Hy intensity with increasing kinetic
energy is a kinematic effect. At the higher pro-
jectile energies the strength of the Balmer emis-
sions appears to decrease because a large frac-
tion of the fast excited H atoms move out of the
field of view of the optical detection system before
radiating. "

Data for He-N, collisions are presented in Fig.
3. The most prominent features are from the
N,'(1N) band system, and are likely due to He(2'S)-
N, Penning ionization processes at the lower en-
ergies; some CIE is observed at all kinetic ener-
gies. No N,'(A 'll„-X'Z') Meinel emissions were
detected for either H- or He-atom impact over the

entire range of kinetic energies.
Data were also obtained for O, .and CO targets.

Figure 4 shows a 1-keV He-CO spectrum, and
Fig. 5 a 2-keV H-CO spectrum. Both projectiles
produce substantial amounts of CO'(A'II„) as in-
dicated by the observation of CO'(A-X) Comet
tail emissions; CO'(B-X) first-negative emis-
sions were weak relative to the Comet tail bands.
In calculating the relative populations of CO'(A)
and CO'(B) from the data, account must be taken
of the different lifetimes of the two radiating
states, the path length over which emissions are

. detected, and the approximate speed of the radiat-
ing specie. (This is the same kinematic effect
noted above in connection with the observed de-
crease of Balmer emission intensity with increas-
ing kinetic energy. ) Since the CO'(A) lifetime
(-2 p, sec) is much longer" than that of CO'(B)

He--

2200-
2000

FIG. 3. He-N~(X) spectra at various kinetic energies,
corrected for spectral efficiency. See Fig. 2 for the in-
dicated band heads of N~(C B) and N+~ (8 X). The reso-
lution was 2 nm FWHM.
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FIG. 4. Emission spectrum from 1-keV gab) He-CO collisions, corrected for spectral efficiency. The C r line at
1930 is exaggerated by the low spectral efficiency near 190 nm. The break in the wavelength axis is to emphasize that
there is no intensity relationship between the two sections. Band heads are from Ref. ll. The resolution was 5 nm

FWHM.

( 50 nsec), the correction is important even at
low energies. For example, if only 10 eV kinetic
energy is transferred to the CO', the lifetime cor-
rection, coupled with the data, gives a ratio of
CO'(A):CO'(B) of about 30.

Neutral excitation of CO was detected only for H

impact; the v'=0 progression of the CO(b'Z'
-a'II) third-positive (3P) band system was ob-
served. Additional neutral CO emissions were ob-
served at longer wavelengths; d'4-a'll, e'Z
-a'll, and a''Z'-a'll as indicated in Fig. 6. The
combination of low photon flux and overlapping
spectral features prevented the determination of
specific vibrational-state distributions for neutral
CO emissions.

A 1-keV H-O, impact-produced spectrum is

shown in Fig. 7. The spectral features are from
the 02(b-a) first-negative-band system. In this
case, individual band heads are too close to per-
mit resolution with our apparatus so that the peaks
are selluences of bands. A search of the region
190-400 nm revealed the presence of low yields
of 02(A-X) second-negative emissions, but only

at energies above 1 keV. At all energies these
emissions were much less intense than the 0;(1N)
emissions. Figure 8 is a spectrum resulting from
He-O, impact and again the dominant features are
from the 0,"(1N) system. However, by comparing
the relative peak heights of the unresolved se-
quences to those produced by H-atom impact it is
clear that the vibrational state distributions for
the two cases are substantially different. For

H- CO (2 KeV),
Co+(~'a„-X'Z')

co'(8*x'-x*z') +
co(b x'~a II) ~ (3,0) (20)ll
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FIG. 5. Emission spectrum from 2-keV gab) H-t 0 collisions, corrected for spectral efficiency. The abscissa and
resolution are the'same as in Fig. 4. Barid heads are from Ref. 11.
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both projectiles the respective distributions
chaiged very little from 200 eV-2.4 keV consis-
tent with Birely's H-O, results' at higher energies
(up to 25 keV).

In contrast to the H-O, results many 0 I lines
mere observed from He-O, collisions. A few OII
lines mere also observed, in particular, the 407.5-
nm 3d'I' -Sp'I" transition. He impact produced
higher yields of 0,'(2N) emissions relative to those
from 0,'(1N) than did H impact. Birely's study also
showed that 02 (b) is the dominant radiating 0', state

resulting from H-O, collisions at higher energies. '
The 0;(A) resulting from He-0, collisions is likely
due'to Penning ionization since 0;(2N) emissions
are observed at low energies as shown in Fig. 8.

IV. DISCUSSION

At the lowest kinetic energies studie'd, the col-
lision-produced emission spectra resulting from
H- and He-atom impact differ significantly. This
is illustrated in Fig. 9, where the 143-eV H-N,
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FIG; 7. Emission spectra
from 1-keV Jab) H-Q& col-
lisions which are corrected
for spectral efficiericy.
Note the absence of 02+
-X) emissions. The reso-
lution was 5 nm F%HM.
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FIG. 8. Spectra from 800-eg gab) and 340-eV He-02 gab) collisions. 02+ I) emissions are more intense than in
Fig. 7. The resolution was 5 nm FTHM. AIl the spectra have been corrected for relative spectral. response of the de-
tector.

and He-N, results are compared. The radiating
species produced by H-atom impact are N, (C),
N, (B), and excited H atoms, all of which result
from CIE processes. He impact, on the other
hand, produces preponderantly N,'(B); weaker
emissions from N, (C) are also observed. N,'(B)
is probably formed by Penning ionization involving
the metastable He(2'S) component of the primary
beam; however, it is uncertain whether the N, (2P)
emissions result from CIE involving the ground-
state component of the He beam or excitation
transfer from the metastable component. Produc-
tion of N, (C 'II„) by He(1'S)-N, (X'Z') CIE would be
a violation of the Wigner spin rule, ' while excita-
tion transfer is not. However, excitation transfer
is -8 eV exothermic and has not been observed in
thermal He-N, collisions. " Thus, it seems un-
likely that such collisions are the origin of N, (2P)
emissions in this work. We believe, therefore,
that spin forbidden He(l 'S)-N, CIE collisions are
responsible for the production of N, (C). It is, how-
ever, also possible that CIE in He(triplet)-N, (sin-
glet) collisions having He(triplet) and. N, (triplet)
products could be responsible for the N, (2P) emis-
sions. It is interesting that while we have not at-
tempted to obtain absolute cross sections, the
emission cross sections for the N, (2P) system are
observed to be considerably larger for H-atom im-
pact than He, impact. For example, if it is as-
sumed that the detection efficiencies of hydrogen
atoms a,nd helium atoms are the same, then the

ratio of the apparent cross sections is -10, in
favor of H-atom impact. This higher CIE cross
section may thus be understood in terms of the
Wigner spin rule since H(doublet) + N, (singlet)

N, (triplet) + H(doublet) conserves spin.
From the standpoint of spin conservation during the

collisions the results for CO targets are analogous to
those obtained with N, targets; that is, H-atom
impact yields neutral triplet products, while He

impact does not (see Figs. 5 and 6). For O,(X''&~)
targets no neutral molecular emissions were ob-
served with either hydrogen-atom or helium im-
pact. The optically active states of 0, are either
triplets or singlets, both of which are spin allowed
in excitation transfer collisions with HE(2 'S) or
CIE with H(1'S); production of singlet states of 0,
in He(ls 'S)-O, (Ã'Z ) CIE processes is spin for-
bidden (assuming no accompanying He excitation).
Since the 0, molecule is a weak light emitter, "the
absence of neutral emissions does not necessarily
imply that'neutral excitations do not occur.

Aside from Balmer emissions, no atomic lines
were observed in H-atom collisions with N„CO,
and 0,. Numerous 0& lines were observed from
He-O, collisions, but only a few weak C I and NI
lines from He-CO and N, collisions, respectively.
The upper states of the observed Oy lines lie
-11—13 eV above the ground state of atomic oxy-
gen, and since the dis'sociation energy of 0, is 5.1
eV, 16-18 eV is required to produce these upper
states. This amount of energy is available in
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FIG. 9. Emission spectra from 143-eV gab) H-N2
. collisions corrected for spectral efficiency. Band heads
are from Ref. 11. The resolution eras 2 nm FWHM.

He(2'S) so that excitation transfer, without con-
version of kinetic energy to internal energy, can
account for the observation of all OI lines in He-
0, collisions. The only atomic emispions observed
for He-CO collisions are CI lines; He('S) can sup-
ply sufficient energy to produce the upper states
of these Cl lines but not the QI lines as shown in
Fig. 10. The N& lines from He-N, collisions are
very weak and probably result from CIE or per-
haps even energy pooling (internal and kinetic).
Many of the Qg and C1 lines have been observed
in thermal-energy studies of He*-CO" and He*-
0,"collisions, supporting the view that excita-
tion transfer is the production mechanism. In
both cases, the lines produced are those for which
the upper states are nearly thermoneutral by dis-
sociative excitation transfer.

As the H-atom kinetic energy is increased in H-
N, collisions, N, (1N) emissions are observed with

FLQ. 10. Diagram showing the re1ations between the
energy necessary to produce various atomic states from
diatomic molecules and the metastable levels of He.
Molecular parameters from Bt f. 11.

increasing intensity. Production of N,'(B), the up-
per state of the N,'(1N) band system, probably re-
sults from the same type of CIE process that
yields N, (C) over the entire energy range. Table
I shows the occupied molecuIar orbitals for the
observed states of N„CO, O„and their ions.
Promotion of a, 2o„electron in N, (X) yields N, (C),
while removal of a 20„electron leads to ioniza-
tion to N,'(B). Thus production of N, (C) and N,'(B)
may be viewed as resulting from the same type of
collisional excitation. As noted earlier, N, (B) is
also produced in H-N, collisions; however, re-
moval of a 30 electron that must be promoted to
obtain N, (B) yields N,'(X) which is not observable
in our apparatus. The correlation between N, (C)
and N,'(B) does, however, suggest. that N,'(X) is
produced in substantial quantity. It is interesting
that no N, or N,

' states corresponding to promo-
tion or removal of a 1m„electron were observed
in spite of the fact that several of these states are
the upper states of known band systems which ra-
diate in our detectable wavelength range. These
states include the N,'(A) state which we have ob-
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State Configuration Energy (eU)

CO(X'&') '
CO(a ~')
Co(d'&)
CO(e3~ )
CO(b'&')

+(X2++ )

CO (A~~„)
CO'(B Z')

(1~)'
(lr)3
(1~)'

(1r)3
(40.)~

(27r)

(27r)

(3s)

0
6.86
7.52
7.89

10.39
14,01
16.54
19.67

N, (x'r, )"

N, (B'H )
g, (C'H„)

N, (x'r, ')

g,'(A ~n„)

g,'(B'Z )

KK(20 ) (20 ) (17r ) (30 )

(30')' (»,)
(20„)' (1~,)

(3&g)'

7.35
11.03

15.58

16.69

18.75

TABLE I. Molecular orbital configurations of some
diatomic molecular states. Only changes from the ground
state of the neutral molecule are indicated.

'ization, are those that are most active optically
(in low-pressure discharges). Of course, for
some systems it might be argued that this ob-
servation is a consequence of our experimental
technique since optical emissions are detected,
and from these data-product states and state dis-
tributions determined. However, there are a num-
ber of collision systems having more than one
product excited state that radiate within our de-
tectable wavelength range with lifetimes" short
enough to permit detection in our apparatus.
Emissions from CO'(B) and CO'(A) are good ex-
amples as are emissions from N,'(B) and N,'(A).
As noted above usually CO'(A) emissions (v- 2

p, sec) are stronger than those from CO'(B) (r 50-
nsec), while usually N,'(B) emissions (v 50 nsec),
are stronger than those from N,'(A) (~-10 gsec).

The results obtained with target oxygen mole-
cules are consistent with this conclusion. For ex-
ample, although the process

O, (X3Z-) '
O)(A ~II„)

0'(b4Z )

KK(2o )2 (20 )2 (3a' )2 (lg„) (» )

(lr.)3

(30')'

0

17.03

18.17

H+ 0, 0;(A) + H+ e

is less endothermic than

H+ 0, -0;(b) + H+ e (2)

~Reference 19.
"F.R. Gilmore, J. Quant. Spectrosc. Radiat. Transfer

5, 369 (1965).
'Reference 16.

served previously in charge-transfer studies. '"
For CO, which is isoelectronic with N„ the pre-

ferred ionic final state is CO'(A 'Il), which results
from removal of a 2m electron from ground state
CO. There are numerous neutral CO states that
result from promotion of this electron (see Table
I), and, as shown in Fig. 6, several of these states
are observed. CO'(B-X) first-negative (1N) emis-
sions 'are not observed except at the highest kinetic
energies. No known neutral CO states result from
promotion of the 40 electron that must be removed
to form CO'(B)."

%Rile the H-N, and H-CO results are consis-
tent in the sense that electrons which are promoted
to yield neutral target emissions are relatively
easily removed as the kinetic energy is increased,
it is not clear why a m electron is preferred in CO
but a o electron in N, . This situation is not pecu-
1&ar to CIE by H-atom impact. Charge exchange
collisions between a wide variety of positive ions
and N, or CO generally yield predominatly N,'(B)
or CO'(A), respectively. " In fact, it seems gen-
erally true in ion-neutral collisions between 5—
1000 eV and the neutral-neutral collisions re-
ported here that the pr eferred product states,
whether produced by CTE, CIE, or Penning ion-

by about 1 eV, b-a first-negative emissions are
considerably stronger than A X second-negative
emissions over the entire kinetic energy range.
Similar results are obtained in He-O, collisions.
Previous work on He'-O, charge-transfer colli-
sions" yielded essentially no 0,'(c - b) Hopfield
emissions in spite of the fact that production of
0,'(c) in such a collision is almost exactly thermo-
neutral in these collisions. In this same work
0,'(1N) emissions again were much stronger than
those from 0,'(2N). It ha. s been implied, however,
that predissociation of nascent 0;(c) could pre-
clude the observation of Hopfield emissions. "

The vibrational-state distribution of the cas-
cade-free' N, (C).electronic state produced in H-N,
and He-N, collisions remain essentially constant
over the entire range of collision energies. These
distributions are observed to be consistent with
the predictions of a simple model based on vertical
excitation and subsequent vertical decay, i.e. , a
Franck-Condon (FC) model. This is in agreement
with the higher energy data of Birely' for H-atom
impact. Although unknown cascading prevents de-
termination of N, (B) state distributions, this state
distribution is observed to remain constant over
the entire range of collision energies. This sug-
gests that all neutral N, excitations which occur
in these collisions produce state distributions that
are independent of kinetic energy. No determina-
tion of the CO-excited electronic-state vibrational
distributions as a function of kinetic energy was
made because of low photon yields at low ener-
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gies. It is iriteresting, however, that in studies
of neutral excitations by ion impact, Moore, using
energy-loss spectra in 8+, H,', and N+ scattering
from N, and CO at -2-3 keV, found agreement with
the vertical transition model"' for different neu-
tral excited states than those observed here. Ear-
lier work in our laboratory' showed that H'-NO(X)
collisions yielded NO(A) vibrational-state distribu-
tions consistent with the vertical transition mod-
el; these distributions remained constant over the. -

kinetic energy range 10-1000 eV.
The state distributions for N2(B) formed by H

and He impact differ significantly especially at the
lower energies. It is found that for 8 impact v'=0
and 1 are preferentially populated, -while for He

impact v'= 0-4 are populated. According to the
vertical transition model only v'= 0 and 1 should
be formed, "and the ratio (v'=1):(v'=0) should be
0.89:0.11. The experimentally observed ratio for
500-eV H-N, collisions is roughly 0.65:0.35.
More quantitative information is difficult to ob-
tain in the present experiments because of the low-
photon flux. The important observations are that
these deviations from FC behavior occur in neu-
tral-neutral ionizing collisions and that the state
distributions from these collisions approach the
FC picture as the collision energy is increased.
These observations further support the conclusion
that distortion of the target molecule by the elec-
tric field of an incident ion is not the primary
cause of non-FC behavior in ion-neutral CTE ex-
periments. "

It is apparent from these and other experiments
that even at low velocities, neutral excitations in
atom- (or ion-) neutral-molecule collisions pro-
ceed vertically at least for the systems studied.
Ionizing collisions, whether CIE, CTE, or Penning
ionization, generally proceed in a non-FC fashion.
Without precise knowledge of the appropriate po-

tential-energy surfaces it is difficult to discuss
these observations quantitatively. It is possible,
within the framework of a curve-crossing mode'1

developed to describe such collisions, to make
some general remarks. According to the model, "
which assumes that vibrational excitation in the
entrance channel is retained in the exit channels,
when the upper and lower (diabatic) potential en-
ergy surfaces cross at small atom- (ion-) mole-
cule separation considerabIe vibrational excitation
occurs, especially at lo& collision energies. For
large separation at crossing and jor high kinetic
energy there is little vibrational excitation, and
the transitions proceed in a vertical fashion.
Thus, based on the observed vertical nature of
the neutral excitations at all kinetic energies, it
may be inferred that these crossings occur where
the coupling between relative motion and vibra-
tional motion is weak.

As noted in Sec. III, the 0;(b) vibrational-state
distributions resulting from H-O, and He-O, im-
pact, while different from each other, appear to
remain constant as a function of kinetic energy.
This conclusion is based on comparison of the rel-
ative heights of the peaks corresponding to the b,v
= 0, -1, and -2 sequences. Unfortunately, the in-

. dividual bands comprising each sequence cannot
be resolved so that small changes in each vibra-
tional state distribution may not be detectable. It
is apparent, however, that H-O, collisions pro-
duce 02(b) with a nearly FC distribution over the
entire energy ringe; in contrast He produces a
decidedly non-FC distribution.
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