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The Ar + N2 collision is studied at energies from 1.0 to 3.0 keV and in an angular range
between 0 and 4.0 deg. The energy-loss spectra of the scattered ions demonstrate the pres-
ence of elastic scattering and inelastic processes arising from vibro-rotational excitation of
the ground electronic state of N2, electronic excitati. on of the target with concomitant vibro-
rotational excitation, and target ionization. Studies of the angular dependence of these pro-
cesses suggest that (a) the collisions involve the entire molecule and are thus not adequately
described in terms of a binary collision model, (b) electronic and vibrational excitation occur
via mechanisms which exhibit negligible coupling, and (c) electronic excitation of N& is due
predominantly to the B 3II& X.~Z~+ transition as evidenced by observation of the onset of disso-
ciation at larger scattering angles. The probability of charge, exchange in Ar'+ N2 and N" +N2
collisions is also investigated and shows an angular behavior very similar to that found in He+

+N2. Inelastic scattering results for He +N2 are reported.

I. INTRODUCTION

Experimental studies of the energy distributions
of scattered ions as a function of scattering angle
have in many cases provided information essential
to our understanding of the dynamics of ion-atom
collisions. The application of similar techniques
to ion-molecule collisions (in the keV energy range)
is more recent and, except for the work of Fayeton
et aE. ,

' who employed this approach to investigate
scattering of N; by He, Ar, and Xe (0.3-3.0 keV),
there is little work to cite in this respect. Studies
of the energy distributions of ions scattered in the
forward direction in ion- molecule collisions have
been more numerous. By this method, Schowen-
gerdt and Park' investigated the scattering of H',
H, , and Ar by N, at relatively high energies
(20-120 keV); Moore and Doering' studied H' and

H; on N, at lower energies (150-500 eV), and Her-
rero and Doering' studied vibrational excitation of
H, by protons (100-1500 eV).

Spectroscopic studies of collisionally induced
optical radiation have been the most widely em-
ployed type for investigating inelastic ion-molecule
collisions (particularly those employing N, as a
target). Among the more relevant works are those
of Polyakova et al. ' ' and Moore and Doering,
dealing with vibrational and rotational excitation of
N, by several atomic and molecular ions ranging
in energy from 0.4 to 37 keV. Moore and Doering
have found that for projectile-ion velocities greater
than 10 cm sec, the relative band intensities of
the hz = —1 sequence of the first negative system
in N; (B 'Z'„-X'Z') agree with the predictions of
the Franck- Condon principle, while Polyakova and
co-workers report excitation of the B'Z„' state of
N,' with violation of the Franck- Condon principle

(3-37 keV).
In this paper we report" results of our studies

on the Ar'+N, and He'+N, systems, performed by
energy-analyzing the scattered ions at select scat-
tering angles and at several incident-beam energies
(1.0-3.0 keV). In addition, measurements of the
probability of electron capture as a function of
scattering angle for both Ar' and N' on N, are made
to determine the relative importance of the direct
versus charge- exchange scattering. Similar re-
sults on electron capture in He'+N, collisions have
already been published. "

A detailed understanding of ion-molecgle interac-
tions is of interest from both theoretical and prac-
tical standpoints, and should prove valuable in ex-
plaining many physical phenomena at a fundamen-
tal level. Theoretical interest arises because
many of the approximations commonly employed
in the treatment of these collisions are valid at
either lower energies (less than 50 eV) or at higher
energies (above 20 keV), but are not satisfactory
at intermediate values. An understanding of these
interactions is also of interest in relation to auro-
ral and afterglow phenomena. "-"

II. EXPERIMENTAL METHOD

The basic apparatus has been previously de-
scribed in detail"'" and is shown schematically in
Fig. 1. The ions which are produced by electron
bombardment in the ion source are extracted, mo-
mentum-selected (with an attendant change in di-

' rection of 90'), accelerated by a series of potential
gradients, and focused into a beam by an ion-optics
system employipg cylindrical electrostatic lenses.
Energy analysis of the scattered ions is performed
electrostatically with a 5=in. parallel-plate ana-
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and a new accumulation cycle takes place, or ac-
cumulation stops and the information stored in the
multichannel sealer is printed by teletype and/or
plotted by an X- T recorder. The energy analyzer
was calibrated by observing known transitions in
Ar'+ Ar collisions. "

The results obtained by the procedure outlined
above are in the form of ELS at selected scattering
angles and at several impact energies. These
spectra represent scattered-ion intensity vs ~,
the energy loss. The inelastic energy loss Q,
which is the quantity of physical interest in these
experiments, is not directly obtainable from the
spectra, and its determination requires additional
kinematic considerations. In the ion-atom case
the procedure is straightforward, and the conser-
vation of energy and momentum equations allow a
unique determination of Q. In the ion-molecule
case the matter is not so simple, since the neces-
sary conservation equations depend on the target
mass, and inelastic scattering from a molecule is
viewed, in different theoretical models, as occur-
ring either with the entire molecule or with one
of its atoms. This problem is discussed below, and
the collision is shown to occur with the entire
molecule.

where P~ and P~ are the momenta transferred to
each atom. The amount of projectile kinetic energy
converted into internal energy of excitation of the
molecule (Q) is equal to the sum of the kinetic en-
ergies of A and B in a frame fixed on the center of
mass of AB, and therefore

q = [2(P'„+P',) P']/4M,

where M in the present case is the mass of the
nitrogen atom.

Two interesting limiting cases arise. One is
that of a "binary" encounter between A and C, in
which B is a simple spectator. "~' The momentum
transfers here are P&=P and P~=O, and therefore
Q =P'/4M. Momentum transfer during the collision
occurs only between the projectile and one of the
atoms of the target molecule. The transfer of
kinetic energy from the projectile to internal de-
grees of freedom of the molecule (assuming no
electronic excitation for the moment) can then be
construed as taking place in two steps. The first
step consists of a binary elastic collision between
the projectile and one of the atoms of the molecular
target, with scattering and recoil at angles con-

III. RESULTS AND DISCUSSION

A. Charge transfer

The angular dependence of Po, the probability of
charge transfer (defined as the ratio of the scat-
tered neutral to scattered total signal at a fixed
scattering angle) is investigated for the Ar'+N,
collision. The technique used in these measure-
ments was previously described, "and P, is found
to exhibit the same qualitative behavior as in He'
+N, ." P, increases monotonically with increasing
scattering angle and then maintains a relatively
constant value with further increase in angle, as
may be seen in Fig. 3(a). The purpose of the P,
measurement is to ascertain the relative impor-
tance of direct vs charge-exchange scattering. It
is noteworthy that in most of the angular region
studied, charge-transfer processes in Ar'+N, oc-
cur in approximately one-half the collisions.
Charge exchange in N'+N, is also studied and, as
shown in Fig. 3(b), the same behavior is found in
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FIG. 3. Probability of charge exchange as a function of
of scattering angle (a) 2.0 keV—Ar + N&, (b) 2.0 keV—
N +N2.
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sistent with conservation of momentum and energy
for this elastic collision. The second step involves
the partition of the kinetic energy transferred to
the one atom of the molecule into internal vibro-
rotational excitation of the molecule and transla-
tional kinetic energy of its center of mass.

The other limiting case arises when it is assumed
that the two atoms A and B of the target molecule
are rigidly bound. In this case, the collision can
only be purely elastic (neglecting electronic excita-
tion). For brevity, this case will be referred to
in what follows as the "limiting elastic" case.

It is well known that certain general features of
experimental results on vibrational dissociation of
diatomic molecules by ion and atom impact at en-
ergies higher than those of the present study" "
can be explained, at least qualitatively, in terms
of the binary-encounter limiting case, sometimes
referred to as "spectator stripping mechanism"
collisions. It is thus of interest to compare our
results with the predictions of the two limiting
cases discussed above. These predictions take a
particularly simple form in the collision system
studied, for the particle detected in this case is
the scattered ion, which obviates the need to take
explicit account of the partitioning of energy in the
recoiling molecule.

In the binary limiting case the energy loss ~ of
the scattered projectile (of mass M~), for small
scattering angles 0, can be approximated by the
expression"

(3)
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limit" and "elastic limit, " respectively. It is
evident from Fig. 4 that our results for peak A lie
on a straight line of slope intermediate between
those predicted by the two limiting cases, and
thus are not consistent with the assumption of a
binary encounter, which would require the data
points to lie on the upper curve. Instead, these re-
sults can be explained in terms of inelastic colli-
sions involving the entire molecule. The differ-
ence between the actual data points at any given
value of E,O' and the curve labeled "elastic limit"
is then equal to Q, the internal energy of excitation
of the molecule.

It is interesting to note at this point that the
curves for peaks B and C plotted in Fig. 4 follow
straight lines with the same slope as that of peak

This suggests that the mechanism of vibro-ro-
tational excitation is the same in those processes
which involve electronic rearrangement in the
molecule. This phenomenon will be discussed
further below.

The fact that our results are not well described
in the binary limit is not surprising. In general,
it would be expected that binary encounters occur

where E, is the energy of the incident ion and M is
the mass of the nitrogen atom. In the limiting
elastic case, on the other hand,

17
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hE„= (Mp/2M)EOH (4) 10

Equations 3 and 4, when plotted as ~ vs Ept,
yield straight lines of slopes M~/M and M/2M.
Energy-loss spectra of Ar' ions scattered by N,
exhibit two peaks and a shoulder (labeled A, B,
and C, respectively) whose positions shift towards
higher energy losses as 0 increases. The inter-
pretation of these peaks will be presented in detail
below. For the moment, let it suffice to state
that peak A is associated both with elastic scatter-
ing and vibro-rotational excitation of the ground
electronic state of the target; peak B reflects
electronic excitation of the target with concomitant
vibro-rotational excitation, and peak C is identified
as arising from ionization of the target. A plot
of the most probable value of ~ vs Ep8 for each
of these peaks is shown in Fig. 4 for beam ener-
gies of 1.0, 2.0, and 3.0 keV. This figure also
shows plots of Eqs. (3) and (4) labeled "binary
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FIG. 4. Most probable energy losses of Ar for peaks,
A, B, and C, vs E06, where Eo is the incident projec-
tile energy and 8 is the laboratory scattering angle. See
Fig. 5 and the text for explanation of the various peaks.
The predictions of binary and elastic models for the col-
lision (see text) are also included for comparison.
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in the limiting case of a vanishing molecular bond
between the atoms of the molecule. This condition
may be fulfilled at higher impact energies when
the energy transferred to the target particle great-
ly exceeds the bonding energy. A simple calcula-
tion shows that in the typical case of 0.01-rad
(8 = 0.6') scattering of a 2.0-keV Ar' ion by a sta-
tionary N, target (assuming a binary encounter),
the kinetic energy acquired by a nitrogen atom is
of the order of 0.5 eV. This energy is of the same
order of magnitude as the spacing of vibrational
levels of N, and shows why the binary limit does
not provide an adequate description of the collision
process.

C. Ar'+N2

The energy- loss spectra for Ar'+N, are char-
acterized by two peaks and a shoulder (labeled
A, B, and C in Fig. 5) whose relative magnitudes
change substantially in the angular range studied,
indicating the onset and increased role of inelastic
channels as 8 increases. For example, at 2.0 keV,
8 =0.5', the intensity at the maximum of peak A is
about 200 times larger than that of peak B, where-
as at 8=1.25 they are approximately equal and at
8=3.0' the magnitude of peak B is about twice that
of A. Quantitative compa. rison of the heights of
peaks B and C relative to that of peak A at scatter-
ing angles smaller than 0.5' is not justified, since
the data may contain contributions from the unseat-
tered incident beam at these small angles. The
widths of the various peaks are also found to in-
crease as the scattering angle gets larger.

a. Peak A. At the smallest angles of scattering
studied, peak A corresponds to elastically scat-
tered iona (Q=0). Q is found to increase monoton-
ically with increasing 8 as shown in Fig. 6, and at
8=3.5' it attains a value of 4.5 eV. The gradual
shift of peak A with scattering angle and the fact
that the lowest excited electronic state of
N, (A 'Z„', v =0) is 6.3 eV above the ground state,
permit the unambiguous identification of peak A
with vibro-. rotational excitation of the molecule in
its ground electronic state and indicates that en-
ergy transfer becomes more effective as the angle
of scattering increases. Although in our present
study vibrational excitation cannot be distinguished
from rotational excitation, the term "vg)ro-rota-
tional excitation" is employed because indirect
evidence suggests that considerable rotational ex-
citation may be taking place. Moore and Doering' '
have observed non-Boltzmann rotational distribu-
tions in the first negative system of N, when excited
by ion impact at incident velocities less than
10' cmsec '. Their results, however, must be

extrapolated to our case with caution, since by the
nature of their experimental technique they were
restricted to observing ionizing and/or charge-
transfer collisions in an energy range where the
cross section for charge transfer is about an order
of magnitude larger than the ionization cross sec-
tion." In a more recent study already mentioned,
Herrero and Doering failed to detect any rotational
excitation of H, by proton impact.

5. Peak B. Peak B is interpreted as arising
from electronic excitation of the target N„as there
are no states of Ar' that could account for this fea,—

ture. In addition, peak B is also observed in the
case of He' impact. The discrete nature and dis-
tinct separation of peak B from peak A indicate
that electronic excitation is a. rather specific pro-
cess.

The identification of electronic transitions in
terms of known states of N„however, is obscured
by the fact that N, has many overlapping states in
the range of energies corresponding to the positions
of peak B; thus, only tentative assignments can
be made.

The identification of the participating states may
be guided by the Franck- Condon principle. It is
well known that in the case of electron-molecule
collisions at impact energies greater than 100 eV,
good agreement is found between experimental re-
sults and the predictions of the Franck-Condon
principle. "'" Although studies of ion-molecule
collisions at various energies have yielded results
that are not always consistent, we find it worth-
while to discuss our results within this context.

At 2.0 keV and for forward scattering, our data
show a small inelastic peak with a maximum in-
tensity at 8.1 eV. Two states of N„ the A'Z„' and
the B'G„are the most likely to account for this
feature (see Fig. f). Franck-Condon factors pre-
dict maxima at 7.7 eV for the A-X transition and
7.9 eV for the B-X transition. "'" Several con-
siderations discussed below argue in favor of the
dominance of the B state.

As with peak A, the value of Q at the maximum-
intensity position of peak B increases monotonical-
ly with scattering angle. This shift of peak B to-
ward higher energy losses can be interpreted in
two ways. It can be viewed as reflecting transi-
tions to higher electronic states, so that at larger
scattering angles peak B represents the unresolved
contributions of several electronic states, or al-
ternately, as excitation to the same electronic
state with increased vibrational and rotational ex-
citation, or a combination thereof.

In an attempt to resolve this question, selected
ELS were curve-fitted by sums of Gaussian dis-
tributions (maximum of five) properly skewed to
rnatch the energy distribution of the incident ions.
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In all cases tried, a best fit is obtained with three
Gaussians, provided the one corresponding to peak
C was skewed further toward higher energy losses.

The results of this analysis suggest then that
peak B arises predominantly from excitation to a
single electronic state. Additional, and perhaps
more significant, substantiating evidence for this
hypothesis can be obtained from Figs. 4 and 6,
which show ~ versus E,8' and Q versus 8, re-
spectively, for peaks A, B, and C. It can be seen
from these figures that the separation between
curves A and B is constant at about 8 eV. Since
curve A represents pure vibro- rotational excita-
tion, the constant separation of curve B strongly
argues in favor of the idea that the shift in peak B
with scattering angle is due to increased vibro-ro-
tational excitation accompanying the same electron-
ic transition, and not to excitation of higher elec-
tronic states.

If the above interpretation is correct, the shape
of peak B should change noticeably at the onset of.
dissociation, i.e. , when vibrational dissociation of
the electronic state in question begins to occur,
peak B should change from a well-defined peak to
one with a sharp onset but with a slowly tapering
tail. Since the dissociation limit of the A state is
9.7 eV and that of the B state is 12.1 eV,"this
feature provides a means to distinguish between
states A and B. Careful inspection of the ELS in
Fig. 5 shows that the onset of dissociation is in
fact observed, and that it is not until Q is about
12.5 eV that a noticeable change appears (8 =2.75'
at 2.0 keV). At 8 =3.0', Q is 13 eV, and the falloff
of this peak is so gradual that peak C is no longer
distinguishable as a separate feature. Qn the basis
of this evidence it appears that the B state pro-
vides the main contribution to peak B, although

some excitation to other close-lying states cannot
be completely ruled out.

Our results then indicate that, at least for the
forward direction, electronic excitation occurs
according to the predictions of the Franck-Condon
principle. The excess vibrational energy observed
at larger scattering angles may be taken to indicate
breakdown of the Franck-Condon principle, since
the nuclei apparently do gain appreciable momen-
tum during collisions resulting in electronic tran-
sitions. This view, however, needs further elab-
oration, since the constant separation of peaks A
and B suggests that vibrational excitation in these
collisions occurs via a mechanism which is inde-
pendent of the electronic excitation process.

A collision model which is consistent with our
results views the interaction manifested by peak
B as taking place in two independent steps: (a) an
electronic transition to the B state in agreement
with the predictions of the Franck-Condon princi-
ple, and (b) vibrational excitation of the electroni-
cally excited molecule. The increased width of
peak B relative to that of peak A. at a given angle
may be attributable to differences in the shape of
the potential energy curves of the ground and B
electronic states.

Russek" has recently treated this problem theo-
retically, and has found that a second-order Born-
approximation treatment of the collision in fact
predicts negligible coupling between the vibrational
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FIG. 6. Inelastic energy loss Q vs scattering angle
for Ar +N2 at 1.0 keV (circles) and 2.0 keV (squares) as
calculated from the positions of the peaks A and B in the
energy-loss spectra.

+FIG. 7. Energy-loss spectra for He + N2 collisions at
+2.0 keV. As in the case of Ar + N2, three peaks can be

seen whose positions and relative heights change drama-
tically with scattering angle.
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and electronic excitation mechanisms.
c. Peak C. The feature labeled C, which appears

as a shoulder in the ELS, is attributed to ionization
of the target N, . This feature is not observed in
the small-angle data. At 2.0 keV, 8=1.25', its
position corresponds to a Q value of 16.2 eV, and
as the scattering angle increases it shifts mono-
tonically towards higher energy losses, as seen
in Fig. 5. The results of fitting a typical ELS
with a sum of Gaussian distributions shows that
the Gaussian required to fit peak C is skewed to-
ward higher energy losses. This is what would be
expected for an ionization process, in which the
detached electron may carry off kinetic energy.

The observed Q of 16.2 eV at the smallest angle
at which peak C appears in our results implies
that the ionized target is left in its ground state
X'Z;. In a ~ vs E,e' plot (Fig. 4), the curve cor-
responding to peak C has the same slope as those
corresponding to peaks A and B. As discussed
earlier, this suggest that the shift in position of
peak C with scattering angle is due to increased
vibrational excitation of the same electronic state
with increasing scattering angle.

D. He'+N2

Energy-loss spectra are obtained from He'+N,
collisions at 1.0, 2.0 and 3.0 keV, and are found
to resemble those of Ar'+N, in their salient fea-
tures. Figure 7 shows typical spectra at a beam
energy of 2.0 keV and several scattering angles.

Because the data for He' are not as extensive as
for Ar', an analysis as detailed as that presented
for the latter system is not possible in this case.
Nevertheless, it seems clear that the same basic
interpretation applies to peaks A, B, and C, i.e.,
vibro- rotational excitation, electronic excitation,
and ionization of the target, respectively.

Although they are basically similar, comparison
of the ELS from Ar'+N, and He'+N, collisions re-
veals some differences. For example, at a given
energy, the Q's observed at each scattering angle
are slightly larger in the case of He' impact. On
the basis of the available data, it is not possible
to ascertain whether this is due to excitation to
higher electronic states or simple due to increased
vibrational excitation accompanying the same
electronic transitions as seen in the case of Ar'
impact. A more marked difference between the
ELS of He' and Ar' becomes evident upon compari-
son of the relative heights of the various peaks.
For instance, for He' at 2.0 keV, 8=1.5', peaks
A, B, and C have approximately the same height,
with peak C contributing the largest area. In the
case of Ar' impact at the same energy and angle,
peak A has the smallest relative height.

Finally, in the case of He' impact, peak C ap-
pears as a well-defined broadened peak rather
than a shoulder, as was found to be the case for
Ar' impact. This peak is attributed to ionization
of the target, since no state of He' can account for
the energy losses observed for peak C.
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