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Cross sections for excitation of the LB(sZ +)-X('Zs+)j first negative bands of Ns+ resulting from impact
of H+, D+, He+, Ne+, and N+ have been measured in the energy range 10-65 keV, and at pressures such that
radiation occurs much sooner than subsequent collisions of the excited molecule. Intensity ratios of bands
in this system and rotational distributions in the 3914-A (0,0) and 4278-ft (0,1) bands have been directly
measured and compared with those obtained from electron impact. Supplementary determinations of total
charge-exchange cross sections have been made. Cross sections for excitation of Balmer alpha radiation in
charge-exchange collisions of H+ and D+ with N2 have been measured in the same energy range. Little or no
increase of vibration occurs in H+, D+, and e impact, but a de6nite enhancement varying with ion velocity
is produced by the heavier ions He+, Ne+, and N+. Rotation, however, remains in a thermal distribution at
room temperature.

INTRODUCTION

T is known that in electron-collisional excitation of
.. molecules the production of vibration can. be de-
scribed by the Franck-Condon principle with allowance
for possible intermediate excited states. The distribution
among rotational energy levels of the excited state is
determined by requiring that the angular momentum
remain unchanged in the collision. Experimental
results' ' agree with this description.

Theory does not specify the extent to which heavy-
particle collisions enhance' vibration and rotation at the
energies where excitation of electronic transitions occurs.
Some observations for the 8 ('Z„+)-X('Zo+) first

+ This work was performed at the University of Washington
and assisted by the U. S.OfEce of Naval Research and the National
Science Foundation.

' H. D. Smyth and E. G. F. Arnott, Phys. Rev. 36, 1023 (1930).' G. O. Langstroth, Proc. Roy. Soc. (London) A146, 166 (1934).' C. Y. Fan, Phys. Rev. 103, 1740 (1956).
'L. Vegard, Geofys. Publiksjoner Norske Videnskaps-Akad. i

Oslo 9, No. 11 (1932).
'L. M. Branscomb, Phys. Rev. 79, 619 (1950).' The term "normal" will be used to refer to the population of

vibrational levels predicted by the Franck-Condon principle and
observed in the case of excitation by electrons. "Abnormal" or
"enhanced" will refer to vibrational populations departing signif-
icantly from the latter.

negative bands of N2+ have already been reported.
Carleton' using 3-keV protons in N2, Roesler et al. '
using 10—30-keV protons and hydrogen atoms in N2, and
Reeves and Nicholls' using 0.5—1.5-MeVprotons and H3+
in N2 observed a Boltzmann distribution of rotational
energies with a temperature equal to the gas tempera-
ture. Lowe and Ferguson" found a Boltzmann distri-
bution at about 3500'K when excitation was by 3-keV
Li+. Smyth and Arnott' reported vibrational enhance-
ment in the first negative system of N2+ excited by
5-keV canal rays from a Hg-N2 discharge. Branscomb
et al." observed enhancement for the same system ex-
cited by 100-keV H+ and H. Fan' observed significant
vibrational enhancement in this system whe~ excited by
150-keV He+, and little or no enhancement when excita-
tion was by electrons, protons, or higher energy He+.
The results of Philpot and Hughes" for excitation of the

7 N. P. Carleton, Phys. Rev. 107, 110 (1957).
8 F. L. Roesler, C. Y. Fan, and J. W. Chamberlain, J. Atmos-

pheric Terrest. Phys. 12, 200 (1958).
~ E. M. Reeves and R. W. Nicholls, Proc. Phys. Soc. (London)

78, 588 (1961).' R. P. Lowe and H. I. S. Ferguson, Proc. Phys. Soc. (London)
85, 813 (1965)."L.M. Branscomb, R. J. Shalek, and T. W. Bonner, Trans.
Amer. Geophys. Union 35, 107 (1954).

n J.L. Philpot and R. H. Hughes, Phys. Rev. 133, A107 (1964).
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FIG. 1. Mirror arrangement and electrode system.

EXPERIMENTAL

A focused and mass-analyzed 0.01—0.5 pA ion beam
of circular cross section was passed through a collision

"K.C. Clark and A. E. Belon, J. Atmospheric Terrest. Phys.
16, 205 (1959).

6rst negative system by 10- to 150-keV H+ show no
vibrational enhancement. The enhancement of internal
motion in N2+ is also observable in upper-atmosphere
auroral spectra under conditions of sunlit rays, local
heating, or unilluminated red auroras generally asso-
ciated with incoming hydrogen. The last-named oc-
curence has frequently been observed in Alaskan
auroras" as an increase in rotation together with a still
greater increase in vibration.

To provide a fuller description, the present work
extends the observational data for vibrational and
rotational excitation by heavy particles to cover a
variety of incident ions and a range of energies including
the region where excitation by charge exchange is most
probable. Speci6cally, relative band intensities in the
N2+ first negative system excited by impact of 10—65-
keV ions have been measured along with rotational
intensity distributions in the 3914-A (0,0) and 4278-A

(0,1) bands. Supplementary measurements have also
been carried out, yielding total charge-exchange cross
sections, cross sections for charge-exchange excitation
of Balmer alpha radiation, and electron-impact data.
From the above data, relative populations of the v= 1

and v=0 levels of the 8'Z„+ state of N2+ and the
rotational temperatures resulting from ion impact are
derived.

region, containing N~ at pressures near 10 ' Torr and
the conical and plane mirrors shown in Fig. 1(a), and

into a second region for electrical measurements. Light
emitted either normal to or at an angle of 30' with

respect to the beam axis was viewed through a glass
window. ' The radiative lifetime for the band emission"
is so short ( 6.6X10 'sec) that the emissionregion was

visibly confined to that of the small-diameter ( 2 mm)
ion beam, and the target gas pressures were sufficiently
low that the mean free path exceeded the total beam
length in the collision chamber. Collisional relaxation
of rotation and vibration was therefore considered to
be negligible. This condition can be stated as an assumed

upper limit on the ratio of the cross section for relaxa-
tion relative to that for neutral diffusion: for a 1-eV N2+

ion this requires a cross-section ratio of 300 or less at
the pressure of 10 ' Torr, or an effective interaction
distance no greater than 17 times that for diGusion.

The rotational lifetime of a recoil ion at a given pressure
would be limited by its speed if not by radiation, and
the speed of a typical ion would be dependent on the

type and energy of incident particle. No corresponding
variation of rotational temperature was found under

any of these conditions. Furthermore, the experiments
of Lowe and Ferguson" show that a high rotational
temperature in N2+, independent of beam current, is
capable of persisting during the radiative lifetime at
pressures 20 times greater than ours.

Two locally constructed spectrographs were used, a
fast (f(0.95) transmission grating instrument having
a slit-limited resolution of about 25 A in first order and
a crossed-grating echelle spectrograph operating at a
resolution of 1 A. In both cases, spectrograms were

obtained on 16-mm Eastman 103a-F 61m with ex-

posures of one and two hours. The spectral response of
each system at these exposure times was determined
with a G.E. calibrated incandescent lamp, and band
intensities were obtained through integration of in-

tensity curves. Absolute excitation cross sections were

obtained by normalizing to the average of the values
measured by Philpot and Hughes" and Sheridan,
Oldenberg, and Carleton" for proton excitation of the

(0,0) band at 20 keV, where both results are in good
agreement. Gas pressure in the collision chamber was

measured with an ionization gauge and a thermocouple

gauge, both calibrated against a McLeod ga,uge. Beam
current was measured by using the entire collision

chamber as a Faraday cup.
Measurements of total charge-exchange cross sections

were made by collecting the slow ion current with the

'4 Details of the apparatus and experimental procedure have
been presented in a dissertation by J. R. Sheridan, University of
Washington, 1964 (unpublished}.

"R. G. Bennett and F. W. Dalby, J. Chem. Phys. 31, 434
(1959l.

~ W. F. Sheridan, O. Oldenberg, and N. P. Carleton, 2nd
Internationat Conference on the Physics of Electronic and Atomic
Coitisiorts; Abstracts of Papers (W. A. Benjamin and Company,
Inc. , New York, 1961),p. 159.
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electrode system shown in Fig. 1(b). The currents at the
collector electrode A are

I+=I,+I;
and

I =I,+I;+I,
when that electrode has a positive or negative polarity,
respectively, with respect to electrode B.I, is the current
from secondary electrons from electrode 8 or A,
respectively, I; is the current from ionizing collisions
in the reaction region, and I, is the current from slow
ions produced in the reaction region by charge-exchange
collisions. The slow-ion current is then obtained by
simple subtraction. Electrodes A and 8 and the guard
electrodes are biased at —300' with respect to ground
to exclude secondary electrons produced at the entrance
aperture or in the Faraday cup. The total cross section
is then given by Q,= (I,/I)eL, where I is the beam cur-
rent measured at the Faraday cup and properly cor-
rected for beam degradation, e is the number density of
target rnolecules, and I. is the length of the reaction
region.

CORRECTIONS FOR SPATIAL VARIATION
IN EMITTER DENSITY

In this experiment a "thin" target was used to mak. e
multiple collisions negligible. The degradation of the
ion beam due to charge-exchange collisions was given by

corrected for degradation in this manner, the measured
intensities of the lines and bands studied showed a
linear dependence on beam current and target gas
pressure, indicating that the spectral features resulted
from single collisions of a beam particle with a target
particle.

%hen excitation of beam particles is being measured,
however, one must also be concerned about effects of
emitter displacement if the mean distance travelled
by excited beam particles is at least comparable to the
distance from the observation region to the poirIt of
entrance into the collision chamber. This was the case
in this experiment, since the excited hydrogen atoms
produced in charge-exchange collisions were travelling
at velocities of 10' cm/sec or more and the lifetimes for
the m=3 states range from 5.4&(10 ' to 1.6&(10 sec.
The requirement that a steady-state condition exist in
the beam yields the equation,

Be*/Bt pBe*/Bx=—0,
where e* is the density of excited atoms in the beam and
v is the velocity of the beam particles. Also, the net rate
of production of excited atoms in the beam is

Be*/Bt =evo*e+ e*A, —
where 0.* is the excitation cross section, e+ is the density
of ions in the beam, aud A is the total radiative transi-
tion probability per unit time from the excited state to
lower energy states. From Eq. (3), we have

I(x)=Ip exp( —eo,x), (3) e+= ep+ exp( —no,x), (6)
where I is the beam current at any point x, Io is the
beam current entering the collision chamber, m is the
density of target molecules, and 0, is the total charge-
exchange cross section. %hen the beam current was

where ma+ is the initial density of ions in the beam. The
resulting differential equation is

no*n p+ exp ( no,x) (A—/e) e*——Be*/Bx= 0, (7)
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where I,,& is the observed relative intensity and p is
the pressure. In the case of Balmer alpha radiation,
transitions from the 35, 3I', and 3D levels are observed,
and since a diferent correction applies to each of these
levels, the total correction depends on their relative
population. The corrections used here represent an
extreme assumption that the levels are populated
according to their statistical weight. '7 The apparent
cross section for exciting Balmer alpha radiation has
been multiplied by factors varying from 2 to 5 for
proton energies from 10 to 65 keV.

RESULTS

A. Band-Intensity Ratios

Measured ratios of integrated intensities for N2+
first negative bands excited by H+, D+, He+, Ne+,
"Work in progress by R. H. Hughes (informal communication)

suggests that the correction will be less than that resulting from
this assumed distribution. For example, if all excitation were into
the E level, there would be essentially no correction needed.

whose solution is

n*= t nn+o. */(A/tp —no,)][exp (—no.,x)—exp( —(A/o)x)$. (8)

For no,((A/o, this reduces to

n*= (o/A)nn+o*L1 —exp( —(A/o)x) j. (9)

The observed intensity of the radiation from the excited
atoms in the beam is proportional to a*A' where A' is
the transition probability per unit time for the par-
ticular transition being observed. Ke can then write

TABLE I. Relative intensities of the v'=0 progression in the
E2+ first negative system.

Investigators

Wallace and
Nicholls'

Stewartb

Philpot and
Hughes'

Pillow&
Herzberg'

Bates'
This

experiment

3914A 4278 A 4709 A
(o o) (o,1) (o,2)

1.0 0.32 0.063

1.0 0.39 0.10

1.0 0.29 0.056

1.0 0.31 0.099
1.0 0.34 0.48

1.0 0.31
1.0 0.49

0.072
0.105

Method

Measured in N2
negative glow

Measured using
electron-impact
excitation

Measured using
proton-impact
excitation

Calculated
Measured in N2

discharge
Calculated
Measured using

ion-impact
excitation

L. V. Wallace and R. W. Nicholls, J.Atmospheric Terrest. Phys. 1, 101
(1955).

b D. T. Stewart, Proc. Phys. Soc. (London) A69, 437 (1956).
& Reference 12.
~ M. E. Pillow, Proc. Phys. Soc. (London) A64, 772 (1951).
e G. Herzberg, Ann. Physik 86, 191 (192&).
& D. R. Bates, Monthly Notices Roy. Astron. Soc. 112, 614 (1952).

N+, and e are shown in Figs. 2—4 as a function of the
velocity of the incident particle. The branching ratios
for the transitions originating in the v=0 level of the
B~Z„+ state of N2+ are shown in Fig. 2 and illustrate
that the observed relative transition probabilities are
independent of the mode of excitation, as is to be
expected. The branching ratios measured in this ex-
periment are compared to the results of others in
Table I.

The 4236 A (1,2)/4278 A (0,1) and 4652 A (1,3)/
4709 A (0,2) band-intensity ratios are indicative of the
relative population of the v=1 and v=0 vibrational
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levels of the 8'Z„+ state of N2+. Figures 3 and 4 show
measured values for these intensity ratios as a function
of velocity when excitation is by 10—65-keV ions or by
electrons. The ratio of the intensities of any two bands
in a system is given by

Ig E; Ag XI)
)

where E; is the population of the ith vibrational level

of the upper state and I;;, A;;, and X;; are the irItensity,
transition probability per unit time, and wavelength,

respectively, associated with the transition from the
ith vibrational level of the upper electronic state to the

jth vibrational level of the lower state. If the two upper
vibrational levels i and k are excited from the lowest
vibrational level of E2 in accordance with the Franck-
Condon principle, knowledge of the appropriate over-

lap integrals for the processes of excitation and emission

permits calculation of the ratio I;;/Isi. These "normal"
intensity ratios were calculated using Franck-Condon
factors and transition probabilities given by Nicholls" "
and are included in Figs. 3 and 4. Intensity ratios
measured by Philpot and Hughes" for H+ impact and

by Fan' for e—,H+, and He+ impact are also included
in the same figures. The results of the preserIt experi-
ment show little or no vibrational enhancement wherI

excitation is by e, H+, and D+ and a de6nite enhance-

ment, varying with velocity, when excitation is by He+,
Ne+, and N+.

'8 R. W. Nicholls, J. Atmospheric Terrest. Phys. 25, 218 (1963).
' R. W. Nicholls, J. Quant. Spectr. Radiative Transfer 2, 433

(1963).

B. Rotation

If the population of the rotational levels of the
excited state is distributed thermally (i.e., a Boltzmann
distribution with allowance for statistical weights), the
intensity of a rotational line in a erst negative band is
approximately proportional to's (E'+E"+1) exp

hcB. K'(K'—+1)/kT), where E' and E" are the
quantum numbers for total angular momentum apart
from spin of the upper and lower states, respectively,
B,i is a constant for a given vibrational level,
and T is the rotational temperature. A plot of
1 Pn„ /(tE'+E"+1)j versus E'(E'+1) then gives a
straight line of slope hcB„ /kT. Figure—S(a) shows a
typical plot of this type, indicating a thermal distri-
bution of rotational populations and a temperature
near 300'K. This thermal distribution was observed for
all incident ions and velocities used and in both the
(0,0) and (0,1) bands of the first negative system.
Figure 5(b) shows the ¹+rotational temperatures
measured in this manner for the various incident par-
ticles as a function of their velocity. In all cases the
rotational temperature is equal to the laboratory tem-
perature within a probable experimental error of
&60 K.

C. Cross Sections for Exciting First Negative Bands

The measured cross sections for excitation of the
(0,0) band of the first negative system are shown in
Fig. 6. The apparent maxima in the He+, H+, and D+
cross sections are in good agreement with the adiabatic
maximum rule that the cross section is a maximum
when hn/ahE= 1, where n is the relative velocity of the

~ G. Herzberg, Spectra of Diatomic 3Eolecules (D. Van Nostrand,
Inc. , New York, 1950).
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colliding systems, a is the interaction distance (taken to
be 8 A), and hE is the magnitude of the net change in
internal energy of the systems during the collision.
Although the cross sections for H+ and D+ impact show
the same general shape, as expected, the latter appear
to be roughly 30% smaller. Cross sections for the other
bands of the first negative system may be obtained from
the (0,0) band cross sections by using the smoothed
values of the measured band ratios.

D. Relative Populations of Vibrational Levels

With Eq. (11) and the mea, sured ratios of band
intensities, the relative populations of the a=i and

~=0 levels of the 8'Z„+ state of N2+ excited by ion
impact can be calculated. This relative population is
shown in Fig. 6 along with the cross sections for excita-
tion of the (0,0) band of N2+. The ratios of the intensities
of the (1,3) and (0,2) bands were used for the calcula-
tion of X~)1VO. The "normal" value of Sq/$0 is shown on
the figure for reference. This oormal ratio, which is con-
sistent with the observations by electron excitation,
provides a base above which unusual vibration is
evident.

The He+ results indicate that the vibration erihance-
ment is greatest near and somewhat above the velocity
where the (0,0) band cross section is the largest. The
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N+ and Ne+ results also show a definite enhancement Of

vibration, but measurements over a greater range of
velocities are needed before any correlation with the
charge-exchange reactions can be established.

E. Balmer Alyha Cross Sections

Cross sections for excitation of Balmer alpha radia-
tion in charge-exchange collisions of H+ and D+ with
N2 are shown in Fig. 7. These values were obtained from
intensity measurements of the Doppler-shifted Balmer
alpha radiation with allowance for radiative lifetimes.
Our uncorrected values agree well with those of Philpot
and Hughes" except in the region of the maximum,
where the cross section rises by a factor of about 3.
Since the lifetime correction which must be applied to
the data is quite strongly dependent on the particular
geometry used, a direct comparison with the values of
Philpot and Hughes is not justifiable.

F. Total Charge-Exchange Cross Sections

Electrical measurements of absolute cross sections
for charge exchange of H+, D+, He+, Ne+, and N+ with
N~ are plotted in Fig. 8 along with those of Sheridan,
OMenberg, and Carleton" avd Gilbody and Hasted:-'
for charge exchange of H+ and N2. Although the general
shape of our comparable curve is the same as that of
Sheridan, Oldenberg, and Carleton, our values are about
a factor of 2 larger. Near the apparent maximum in the
cross section, our measurements are in fairly good
agreement with those of Gilbody and Hasted, but our
curve falls less rapidly at higher velocities. The shape of
the D+ curve is the same as that for H+, and the D+
cross section is again slightly smaller.

DISCUSSION

Several results stand out as guides to a partial ex-
planation of the excitation of vibration and rotation in
ion-impact collisions. Vibration is enhanced to various
degrees for He+, Ne+, and N+, whereas there is no
apparent enhancement of rotation. The vibrational
enhancement is apparently greatest in the general range
of velocities at which the cross sections for total charge
exchange and charge exchange with excitation are
largest. At very high and very low velocities of the ions

~~ H. R. Gilbody and J. B. Hasted, Proc. Roy. Soc. (London)
A238, 334 (1957).

the distribution of vibrational populations apparently
tends toward the normal values.

There exists no adequate theory to account in detail
for the distribution of inter~al molecular motions in

these collisions; certainly it is vot justifiable to expect
equal sharing of the kinetic energy among translation,
vibration, and rotation. The adiabatic-maximum rule,
if applied independently to the excitation of a vibra-
tional level, leads to wide disagreement with experi-
ment: Using a large impact parameter of @=8A, one
would predict a maximum vibrational enhancement at
velocities near 6X 10' cm(sec, which is less than 1/20 of
that actually observed, Moreover, it is unlikely that
excitation would avoid the more direct process and pro-
ceed via the upper 'll, state of the Ianin d'Incan system,
terminating on the 8 state and producing vibration
through overlap of Franck-Condon factors.

In analyzing some of the general kinetics of charge-
exchange collisions, Fan' has pointed out that part of
the kinetic energy transferred to a molecular target
could appear as vibration. If N~+ recoils at 90' to an
incident 20-keV beam, its kinetic energy, if translational,
would be about 1 eV when the incident ion is He+, Ne+,
or N+, whereas in the case of H+ and D+ the transferred
energy would be smaller by at least an order of magni-
tude. This compares to a 0.30-eV vibrational spacing.
This same grouping of ions is here experimentally
observed for mhancement of vibration. The absence of
rotational enhancement, however, emphasizes that this
simple analysis does not at all treat the details of internal
motion.

An extreme example of avoidance of rotational
excitation in the production of vibration is given by the
collision of H+ on H2 specified by Korobkin and
Slawsky, " who have analyzed the adiabatic approach
of a proton along the perpendicular bisector of the H2
molecular axis. They show that when the proton is at a
distance of 3 atomic radii, the molecular force constant
is reduced to —, its normal value, whereas the equilibrium
separation of the atoms has increased only 2%. The
symmetry of their model precludes rotational eBects.
Even in noncentral collisions it can be suggested that
fast incident ions may deliver a signi6cant vibrational
impulse through electron-cloud distortion, if enough
kinetic energy is transferable, and yet show a con-
siderable cancellation in the rotational impulse.

"I.Korobkin and Z. I. Slawsky, J. Chem. Phys. 37, 226 (1962).


