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A study has been made of the relative band intensities of the &v = -1 sequence of the N&

first negative system excited by H, H2, He+, N+, Ne+, and electrons. Projectile ion
laboratory velocities from 6 && 10 to 1.7 && 10 cm/sec (100 eV to 13.5 keV) were used. At ion
velocities greater than 10 cm/sec, the relative band intensities were found to agree with those
predicted by the Franck-Condon principle and found in excitation by 150-eV electrons. Below
this velocity the relative population of higher (v' & 0) vibrational states increased monotonically.
At the lowest velocity used, the populations of the v'= 0 and v'=1 vibrational states of N2+

8 Zz were found to be equal within experimental error while the higher-state populations
increased many orders of magnitude above those predicted by the Franck-Condon principle.
The vibrational excitation was found to be solely dependent on the projectile ion's laboratory
velocity and independent of its chemical identity. No vibrational excitation was observed in
the N~ second positive system excited under similar conditions. It is suggested that the ex-
citation effects in the N2+ first negative system occur by a mechanism involving perturbation
of the target molecule's vibrational wave functions by the projectile ion. Implications of
these results for other collision studies as well as atmospheric phenomena are discussed.

INTRODUCTION

Experimental studies of vibrational excitation in
ion-molecule collisions are of considerable im-
portance since theory does not provide an adequate
basis for the prediction of the vibrational energy
distribution in the products of such interactions.
The Franck-Condon principle, which is of great
use in describing a wide variety of excitation and
spectroscopic phenomena, is difficult to apply in
the case of certain slow ion-molecule collisions
where the molecular vibrational wave functions
may be significantly distorted. This paper pre-
sents data we have obtained from experiments in
which the products of collisions between a variety
of atomic and molecular ions and N, have been
studied spectroscopically to measure the vibra-
tional energy distribution of the target after ex-

citation.
It is known that in the case of electron excitation,

the vibrational energy distribution of excited elec-
tronic states can certainly be well described by the
Franck-Condon principle if the electron energy is
greater than 100 eV. & In such a case, if the pro-
cess involves excitation of a molecule which is
initially in the ground electronic and vibrational
states, X(v'' =0), to some excited electronic and
vibrational state, B(u'=i ), the ratio of the popu-
lation of the ith vibrational state of B to the popu-
lation of the ground vibrational state of j9 is given
by the ratio of the Franck-Condon factors for the
two transitions X(v" = 0) -I3(e ' = 0) and X'(v" = 0)
-B(v'=i ):

x/~- /0=9. 6'0
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where Xz z gv is the wavelength of the emission,
q~ z ~vB-A is the Franck-Condon factor be-
tw'een states A and B, R is the average
electronic transition moment for the transition,
and K is a constant. Within a sequence (Av = const),
Re ls nearly constant for a strong parallel band
system such as the N, + first negative system. '~'
Hence, the ratio of the intensities of two bands in
a sequence is

This relation defines the "normal" intensity ratio
as given by the Franck-Condon principle. A de-
viation of the intensity ratio from this normal
value indicates an abnormal population of the
vibrational states. N;/N0 would not be given by
(1) if the target molecule were deformed in the
collision so that the vibrational wave function was
perturbed. In such a case, the Franck-Condon
factors computed on the basis of the unperturbed
wave functions would not apply, and abnormal
relative band intensities would be observed.

Deviations from the normal, Franck-Condon,
band-intensity ratios have been observed by a
number of investigators who have found that in
certain "slow" (projectile velocity (10' cm/sec)
ion-molecule collisions the collision products are
left in abnormally excited vibrational states. Ab-
normal vibrational band-intensity ratios have also
occasionally been observed in auroral emissions
suggesting an excitation mechanism involving
slow ions.

Previous investigators have usually used nitro-
gen as a target molecule and have excited the gas
with beams of ions. The vibrational energy dis-
tribution in the N, + B'Z and N, C'm states have
been determined from spectroscopic studies of
the N, + first negative and N, second positive band
systems. These two-band systems have been
most extensively studied because of their ease of
production and prominence in auroral emissions.
Results of previous investigations have, however,
not extended over a sufficient range of conditions
to provide a complete picture of the process by
which vibrational excitation occurs.

Several measurements have been made of the
r elative populations of the v ' = 0 and v ' = 1 levels
of the N, + B'P state excited by proton impact at
energies above 10 keV. Philpot and Hughes4 have
bombarded nitrogen with 10-130-keV protons.
Dufay et al. ' extended these results to 0. 6 MeV.
Most recently Thomas et al. ' studied the first
negative system excited by 0. 15-1.0-MeV pro-
tons. All of these results indicate that the ratio,

If emissions are observed spectroscopically which
correspond to transitions from state B to some
lower electronic state A, the intensity of the emis-
sion band produced by the transition B(v ' = i )-A(v'' =i —av) is

Ni/N„ is equal to that given by the ratio of the
Franck-Condon factors connecting the N, ground
state with the N, + B'Z excited state. However,
Fan' reported a normal band-intensity distribu-
tion in the first negative system excited by 450-
keV He+, 205-keV H+, and 120-eV electrons but
abnormal vibrational excitation by 150-keV He+,
20-keV H+, and 23-eV electrons.

Some experiments have been done with slower
projectiles. Smyth and Arnottv report abnormal
vibrational excitation in the N, + first negative and
N, second positive systems produced by 5-keV
canal rays. Polyakova and Fogel" found a normal
intensity distribution in the first negative system
for excitation by 30-keV H+, 25-keV H, + and
He+, and 15-keV Ne+. Sheridan and Clark' s
data' indicate some unusual vibrational enhance-
ment in the first negative system excited by 15-
keV Ne+ and N+ and about normal intensity ratios
for 20 to 30-keV He+, H+, and D+.

While it appears that protons with velocities
greater than about 1.5 x 10' cm/sec (10 keV) do
not produce any unusual vibrational enhancement
in the first negative system, the effect of slower
and heavier projectile ions is not clear. For this
reason we wished to extend band-intensity mea-
surements to the lowest-energy limits of our in-
strument. In this paper we present results of
band-intensity measurements made on the first
negative system and second positive system ex-
cited by H+, H, +, He+, N+, Ne+, and electrons at
energies of 100 eV to 13.5 keV.

EXPERIMENTAL

The apparatus used in this experiment has been
described previously. " Briefly, it is a "multi-
stage" device in which ions are withdrawn at a high
voltage from a duoplasmatron ion source, magnet-
ically mass analyzed, and focused and decelerated
to the desired final energy by a Soa lens. The ions
then enter a collision chamber which contains the
target gas. Ion currents of 2 to 50 Ij.A at energies
of 100 eV to 13.5 keV were used for these experi-
ments. The collision chamber is closely coupled
to a 1.0-m Fastie-Ebert scanning monochromator.
The relative transmission versus wavelength of the
optical system was determined with a secondary
standard which consisted of a MgO screen illumi-
nated by a tungsten filament bulb powered by a
regulated power supply. This secondary standard
was calibrated against a tungsten-ribbon filament
lamp that had been calibrated by the National Bureau
of Standards. The total optical sensitivity varied
less than 10%%uo over the range 4140-4278 A (the
bv = —1 sequence of the N, + first negative system)
and changed by less than a factor of 3 over the
range 3300-4800 A. Since only band-envelope
spectra were required, the spectrometer slits
were opened to provide a 4-8A bandpass.

As we have described previously, "the N, + first
negative system intensity was linear with pressure
in our apparatus up. to at least 20 p. . When making
measurements, the relative intensity of each band
was taken to be the height of the folded-over branch
(the P branch in the case of the N, + first negative
system) above the background. The background in-
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eluded some scattered light but consisted mostly
of the unresolved rotational structure of over-
lapping bands. No attempt was made to obtain
integrated band intensities. %e have found pre-
viously" that excitation to high rotational states
accompanies the production of the 8'g state of
N + b slow ion bombardment. This rotational ex-
citation causes severe overlap of the P branch of
each band on the corresponding R branch, and each
b d xtends far enough into the violet to signifi-an e
cantly overlap two or more of the shorter w ave-
length bands of the same sequence. Since eac
band head in a sequence contains about the same
number of lines (23 in the first negative system),
at the resolution used here the peak height of the
band head is a good relative measure of the tota
band intensity.

RESULTS

A detailed study was made of the relative band
intensities of the Av = —1 sequence of the N, + first
negative system produced by bombarding nitrogen

'th H+ H + He+ N+ Ne+ and electrons overWl
a range of projectile velocities from 6 &&10' to
1.7 x10' m/sec. The target gas pressure wasc

6maintained constant during each run at 2 to
A t ical set of spectra produced at several dif-
ferent projectile energies is illustrated in Fig.

ypic
1 1.

The drastic change in the relative band intensities
as a function of projectile ion energy is quite evi-
dent.

Spectra produced by each ion at energies from
100 eV to at least 10 keV were measured to deter-
mine the band-intensity ratios: I(1,2)/I(0, 1),
I(2, 3)/I(0, 1), I(3,4)/I(0, 1), and I(0, 1)/I (0, 0). The

last intensity ratio is the branching ratio and is
given by

I(0, 1)/I(0, 0) = (Ap 1/Ap 0)(~p 0/Xp 1),

here A is the transition probability for the

a'Z '(v'=f)-X'Z '(v"=j)
Q g

transition of N, . The branching ratio is a prop-
erty of the emitting specie and is expected to be
constant independent of the mode of excitation of
the emitter. In these experiments, the branching
ratio was found to be constant within experimental
error over a wide range of excitation conditions
(Fig. 2). I (0, 1)/I(0, 0) was 0. 31+0.02 —in good

cement with previously reported experiments. '
bUsing the transition probabilities computed y

Pillow, "the theoretical branching ratio for these
transitions is 0. 31.

The experimentally determined intensity ratios
I (1,2)/I(0, 1), I(2, 3)/I(0, 1), and I(3,4)/I(0, 1) are
shown plotted against projectile ion laboratory
velocity in Fig. 3. It is obvious that over the
velocity range 6x 10' to 1.7x 10' cm/sec, the in-
tensity ratios are functions solely of the ion veloc-
ity and, within experimental error, are indepen-
dent of the nature of the projectile ion. As the
projectile velocity is decreased below 10' cm/sec,
the population of states with v')0 increases
monotonically. Using Nicholl's computed values" ~"
for the

N2 X'Z -N2g 2

and N 8'Z -N2 X Z
+ 2 + + 2 +

2 Q 2 g

I I I l I I I. I I I I

(o,l)
I

Franck-Condon factors, the predicted ratios for
I(1,2)/I(0, 1), I(2, 3)/I(0, 1), and I(3, 4)/I(0, 1)
are 0. 138, 1.87 x 10 ', and 2. 01 ~ 10 ', respec-
tively. For the highest velocity projectile ions,
the population of the v'=0, 1, 2, and 3 upper
vibrational states agrees with the distribution pre-
dicted by the computed Franck-Condon factors.
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FIG. 1. Typical spectra of the N2+ first negative
system &e = —1 sequence excited by 300 eV, 1.0 keV,
3.0 keV, and 10.0-keV H2 ions. The pressure in the
collision chamber was 6 p. The spectrometer slit width
was 500 p, .

+FIG. 2. The (0, 1): (0, 0) branching ratio of the N2

first negative system measured from spectra excitexc&ted

b H + H + and N+ at various laboratory velocities.2
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These theoretical values are indicated in Fig. 3
for comparison with the experimental data.

Spectra produced by 150-eV electrons on N,
were also measured to determine the intensity
ratios of the bands in the N, + first negative sys-
tem. The measured value of I (1,2)/I(0, 1) was
0. 135+0.01. This value is in excellent agreement
with the theoretical value as well as with the mea-
sured value shown in Fig. 3 for excitation by ions
with velocities greater than 10' cm/sec. The (2, 3)
and (3,4) bandheads were too weak to be detected
in the electron-excited spectra so only an upper
limit could be placed on the corresponding intensity
ratios.

The N, second positive system was also in-
vestigated using the same, conditions as for the N, +

first negative system. Spectra, produced using H+
and He+ projectiles with velocities between 1.2
x 10' and 1.5 x 10' cm/sec were measured to de-
termine the intensity ratio I(1,3)/I(0, 2). Within
experimental error, this intensity ratio remained
unchanged (Fig. 4). Because of the spin-selection
rule, excitation of the upper state of the N, second
positive system is not believed to proceed directly
except in slow electron impact. These second
positive system data are consistent with the idea
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an O.5—
K
LIJ

~, and pos.
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)

FIG. 4. Plot of the measured intensity ratio I(1,3)/
I(0, 2) in the N& second positive system versus laboratory
projectile ion velocity.

that these emissions are produced largely by
secondary electrons.

In all of the relative intensity measurements, the
precision decreased with decreasing projectile
ion energy. However, since the intensity ratios
increased with decreasing energy, the relative
precision remained constant at about +159o. In
many cases in Fig. 3, several measurements are
presented for the same projectile ion velocity.
These sets of measurements provide a direct in-
dication of the reproducibility of the data. Since
the calibration of the relative response of the
optical system showed that only a small correction
factor was needed to correct for the sensitivity
variation over the range of the he = —1 sequence
of the N, + first negative system, we feel that the
absolute accuracy of the data presented in Fig. 3
is of the order of a 20/q. Although the I(0, 1)/I(0, 0)
branching-ratio measurement was considerably
more precise, the larger correction factor neces-
sary to reduce the data which arose because of the
larger wavelength difference between the two
emission bands caused the absolute accuracy of
this measurement to be also in the range of +20%.
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FIG. 3. Intensity ratios. I(1, 2) /I(0, 1), I(2, 3)/I(0, 1),
I(3, 4)/I(0, 1) versus laboratory projectile ion velocity
for the N&+ first negative system. The intensity ratios
and relative populations of the upper vibrational states
are given by the left- and right-hand axes, respectively.
The relative populations were calculated using Eq. (3)
and Nicholls's Franck-Condon factors (Ref. 13). The
arrows on the vertical axes indicate the relative pop-
ulations and corresponding intensity ratios predicted
by the Franck-Condon principle.

The data we have presented here as well as most
other available data show that for projectile ion
laboratory velocities above about 10' cm/sec, the
population of vibrational states in the products of
ion-molecule collisions is constant and can be
well described by the Franck-Condon principle.
Below this velocity, however, the relative popu-
lation of upper vibrational states increases
monotonically. As has been suggested previously,
it is possible for the electron cloud of the target
molecule to be deformed in the field of a nearby
projectile ion. This deformation of the electron
cloud probably results in a perturbation of the
vibrational wave function and a relaxation of the
molecular force constant as has been discussed
for collisions of H+ with H, by Korobkin and
Slawsky. " In spite of the vibrational perturbation,
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the transition may still be described by the
Franck-Condon principle, but the calculations
must be made using the deformed wave functions
and not the unperturbed ones.

In this light, our results indicate that the extent
of the perturbation increases as the projectile ion
velocity decreases —that is, the perturbation in-
creases as the time of interaction increases. For
unperturbed wave functions, the Franck-Condon
factors for the

N, X 'Z( v= 0) -N, B 'Z(v = 0)

and N, X'Z(v=0)-N, B'Z(v=3)

transitions differ by several orders of magnitude.
At the lowest projectile ion velocities considered
here, our data indicate that the vibrational wave
functions have been altered sufficiently so that the
probabilities for these two transitions are of the
same order of magnitude.

Our results also indicate that the observed upper-
state vibrational energy distribution is not a func-
tion of the nature of the projectile ion but solely a
function of its laboratory velocity. This observa-
tion lends further support to the hypothesis that the
observed vibrational energy distribution is produced
by the deformation of the target molecule's elec-
tron cloud in the electric field of a nearby projec-
tile ion.

In the measurement of emission cross sections,
it is customary to present the (0, 0) band intensity
as a function of the exciting ion's energy. Our re-
sults indicate that at low velocities, much of the
emission in the N, + first negative system is in the
bands originating in vibrational states with v'& 0.
As a result, the (0, 0) band-emission cross sec-
tion may give a misleading idea of the total cross
section for excitation of the N, +8 'Z state. The
observed drop in (0, 0) band-emission cross sec-
tion at low energies" ~" may be largely due to
this effect of enhancement of higher vibrational
state excitation rather than to an actual decrease
in total excitation cross section for the N, +8'Z
state.

In many cases, measured band-intensity ratios
of the N, + first negative system have been used
to infer "vibrational temperatures. " Our results
indicate that such measurements should really be

used to investigate the nature of the process which
produced the excited state and that they contain
little information about the temperature of the
emitter. For example, relative band- intensity
measurements of the first negative system in the
aurora may be used to infer the velocity of the
particles producing the emission. From mea-
surements made during the great aurora of 10
February 1958, Clark and Belon" give average
values for I(1, 2)/Z(0, 2) and I(2, 4)/f(0, 2) of 1. 2
and 0. 6. Using the computed Franck-Condon
factors of Nicholls"~" to determine N, /No and
X,/X„our data suggest that these intensity ratios
would be produced by excitation by protons of
velocities 1 and 2&&10' cm/sec, respectively. The
difference in these two velocities is probably
caused by the accumulated effect of experimental
errors. Such velocities correspond to excitation
by 50-200-eV protons.

Our data on the N, second positive system do
not show the vibrational enhancement that we
observed for the N, + first negative system. This
is probably because of the indirect nature of the
process which produces the second positive emis-
sions. It is apparent that the relative band in-
tensities of the second positive system would not
provide useful information on the nature of the
excitation process in the velocity range considered
here.

Our experimental technique does not allow the
direct production of the ground state of N, + (X'Z +)
to be studied. Available experimental data indi-
cate that for a variety of ions at different energies,
the proportion of all charge-transfer collisions
which result in the formation of an N, + ion in the
excited B 'Z state is generally between 1 and 10/o.
The effects we have observed, therefore, prob-
ably occur in less than 10%%uo of the total number of
ion-N, collisions. However, there seems to be
no reason to expect that the same sort of vibra-
tional enhancement will not occur for the produc-
tion of N, + in the ground electronic state. In
view of the recent results of Schmeltekopf et al."~"
which have shown that the rates of certain atmo-
spheric reactions are strongly dependent on the
N, vibrational energy distribution, it is likely
that the production of vibrational excitation by
charge-transfer processes may be important in
atmospheric processes.

Work supported by a grant from the National Science
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Differential cross sections for production of secondary electrons in the ionization of atoms
by charged-particle impact are examined in the classical binary-encounter approximation.
General scalable expressions are given for both electron and heavy-charged-particle impact,
and are compared with experimental and quantum treatments where possible. It is found that
this formulation provides simple physical explanations of most features of ejected electron
energy and velocity distributions. Proton-impact results are found to be in excellent agree-
ment with experiment, and the electron-impact results converge to the Born results as
expected.

I. INTRODUCTION

Previous work' ' has established that the clas-
sical binary- encounter approximation provides
reasonable estimates of the total ionization cross
sections of atoms and simple diatomic molecules,
for almost all incident energies. This is not
surprising, since the ionization process is one in
which the correspondence principle can be ap-
plied. ' Interest in the classical results is due in
part to the ease of formulation, especially for
systems such that even the Born approximation
becomes intractable. Such a model, however,
also enables us to extract more simply the phys-
ical explanations for the major features of the
results, if the model is quantitatively reliable.

The differential cross sections for secondary
electron production provide a more sensitive test
of the reliability and limitations of the classical
binary- encounter approximation than do total
cross sections. It is possible, for example, that
the classical formulation approximates the total
phase space reasonably, but does so by having
fortuitous cancellations, so that the differentials
would be incorrect. It is found, however, that
at least the energy and speed distributions of the
ejected electrons can be reasonably well predicted
on this model.

In Sec. II, we present the formulation of the
differential cross sections and discuss appropriate
averages over bound electron properties. Gen-
eral, scalable expressions are obtained for both

heavy particle and electron impact. Section III
contains a comparison with existing experimental
results. The discussion in Sec. IV includes some
remarks on the application to general atomic
systems. The proton results a.re found to be in
good agreement with experiment. No experi-
mental results are available for electron impact,
but a comparison with Born results indicates the
expected convergence for excited-state ioniza-
tion.

II. ENERGY AND SPEED PROFILES

The binary-encounter approximation is based
on the assumption that the dominant interaction is
that between the incident charged particle and the
atomic electrons. ' It requires a knowledge of
the differential cross section for the exchange of
energy ~ in the laboratory frame between the
incident particle of mass m„charge Ze, and
velocity v„and the bound electron whose initial
velocity is v, . The correct classical expression
for this cross section, when averaged over all
orientations of v„ for m, ~mz, is'

do m (Ze')' 3v,"+v,' 0(~(~d~ 3 (MP v, '

v (Ze')' (v, +v, ')'+(v, —v, ')'
6 (~)' 1 2

S (~(a;


