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A photoelectric method for measuring the spectral line intensities was used to investigate
the intensity distribution of the rotational lines in the A = 3884 A (1—1 transition),
A =3914 A (0-0), A =4236 A (1-2), A =4278 A (0—-1) and A=4709 A (0—2) bands of the

first negative system of the N3 ion excited in collisions of 5—30 keV H",

5, He®, CT,

N*, 0%, Ne*, N3, CO* and Ar* ions with N, molecules. In every case, the distribution
observed was found to differ from the Boltzmann distribution. As the ion velocity de-
creased, the deviation increased. The intensity ratios of the same bands were measured
when they were excited with the same ions for which the distributions of the rotational line
intensities in the band were investigated. The relative populations of the first vibrational
level of the B?Z?, state of the N} ion were calculated from the measured intensity ratios.
In some of the investigated ion-molecule collision processes, the population of the first
vibrational level of the BZE‘[1 state of the N7 ion violates the Franck-Condon principle.

INTRODUCTION

A deviation from the Boltzmann distribution was
detected in our earlier investigation,[i] which
dealt with the distribution of rotational energy
levels of N7 ions produced in collisions of

30 keV H* ions with Ny molecules. The magni-
tude of this deviation was relatively small but we
were able to detect it because of the considerable
reduction in the experimental error by the use of
a photoelectric method of measuring the intensi-
ties of rotational lines. Many investigators (for a
list of references seem), including the authors of
a recent paper,m have been unable to detect a
deviation from the Boltzmann distribution for N%
ions excited in collisions of various ions with Ny
molecules. This is due to the fact that the errors
arising from the use of a photographic photometry
method in the measurement of the intensities of
rotational lines are greater than those arising in
our study.

The deviation from the Boltzmann distribution,
observed by us for N} ions formed in collisions
with 30 keV protons, has since been investigated
further for the purpose of finding the influence of
the nature and velocity of ions on the distribution
of intensities in the rotational structure of the
series of bands in the first negative system of the
N3 ion (1 neg. N3).

Simultaneously with the measurement of the

relative intensities of the rotational lines in a
band, we determined the relative intensities of a
series of the 1 neg.Nj bands. These measure-
ments gave additional information on the devia-
tion, observed by Sheridan and Clark, (2] of the
relative populations of the levels in the BT
state of excited N3 ions (produced by collisions
of various ions with N, molecules) from the values
which would be expected if the vibrational levels
of the BZE'II state were populated in accordance
with the Franck-Condon principle.

RESULTS OF MEASUREMENTS

1. Distribution of intensities in the rotational
structure of the 1 neg.N% bands. The measure-
ments of the relative intensities of the rotational
and vibrational lines in the 1 neg.N% bands were
carried out using the apparatus described in [”.
The sensitivity of the photoelectric device, used
to measure the relative intensities of the lines and
bands, was increased sevenfold by replacing an
FEU-64 photomultiplier with a 6256 S photomul-
tiplier made by the EMI Company. Consequently,
we were able to record the rotational structure
of the 1 neg.N% bands when the ion current in the
emission chamber was of the order of 1 uA, which
made it possible to carry out measurements with
ion beams of relatively low energy (up to 5 keV).

To determine the range of pressures of nitro-

430



ENERGY LEVEL DISTRIBUTION OF Nj; IONS

gen in the emission chamber, in which excited

N3 ions were produced by single collisions of
various ions with nitrogen molecules, we investi-
gated the distribution of intensities in the rota-
tional structure of the A = 4278 A band (transition
0—1) in the range of nitrogen pressures 5 X 1074~
2x 1072 mm Hg. These experiments showed that
in the cited range of nitrogen pressures, the dis-
tribution of intensities in the rotational structure
of the A = 4278 A band was independent of the
nitrogen pressure and, in the case of 30 keV pro-
tons, it coincided with the distribution reported

in ), Further experiments were carried out at a
nitrogen pressure of 2 X 102 mm Hg.

We investigated the distribution of intensities
of the rotational lines in the 1 neg.Nj bands, ex-
cited by collisions of H*, H}, He*, C*, N*, O™,
Ne*, N3, CO*, and Ar" ions of 5—30 keV energy
with Ny molecules.

The degree of deviation of the distribution of
intensities of the rotational lines in a band from
the Boltzmann distribution was established as
follows. We plotted the dependence of the quantity
L=1In [IK/(K +1)] on the product (K+ 1)(K + 2)
(Ig was the relative intensity of the rotational
line, corresponding to a rotational quantum num-
ber K). When the distribution of intensities in the
rotational structure of a band was of the Boltz-
mann type, the dependence L =f[(K+ 1)(K + 2)]
was linear. B! The tangent of the angle of slope
of this line was proportional to the temperature
of the system of emitting molecules. The nature
and the magnitude of the deviation from the
straight line could be used to judge the nature of
the deviation of the investigated distribution of
intensities from the Boltzmann distribution.

Before investigating the influence of the ion
velocity and the type of ion on the distribution of
intensities in the rotational structure of a band,
we studied the influence, on the same distribution,
of the vibrational quantum numbers of the upper
and lower states of a transition. We investigated
the distributions of the intensities of the rotational
lines in the 1 neg.N3 bands of wavelengths A
equal to 3884 (1—1), 3914 (0—0), 4236 (1—2),
4278 (0—1), and 4709 (0—2) A, excited with pro-
tons of 30 keV energy. For each band, we re-
corded not less than 10 spectrograms. The values
of the rotational line intensities were found by
averaging over all the recorded spectrograms.
The error in the measurement of the intensities
of the rotational lines with K from 2 to 16 was
2—3%, and for lines with K =18, 20, was 4—5%.
The nature and the magnitude of the deviation
from the Boltzmann distribution for the investi-
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gated 1 neg.Nj bands were independent of the
vibrational quantum numbers of the upper and
lower state of the transition,

The influence of the velocity of an ion on the
distribution of the rotational energy levels of Nj
ions is illustrated in the figure, which shows the
points representing the dependence

X

f

| |
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(K+1) (K+2)
Dependence of the quantity L = In[lg/(K + Dlon K+ 1)K +2)
for the ) = 4278 A band excited with He™ ions of the following
energies: O-5 keV, X—15 keV,@®-30 keV.

L =f[(K+1)(K+2)] for the A = 4278 A band,
excited with He" ions 5, 15, and 30 keV. The
points representing the rotational lines with

K =4, 6, 8 lie on the same straight line, the
tangent of whose angle of slope corresponds to
the temperature of nitrogen in the emission
chamber (T =310+ 4°K).1) The temperature of
nitrogen in the emission chamber was assumed
to be equal to the temperature of the chamber
walls, measured with a thermocouple.

It follows from the figure that the nature of the
deviation of the distribution of the rotational line
intensities from the Boltzmann distribution for
He* ions is the same as for H* ions. ! The de-
gree of deviation increases as the velocity of He"
ions decreases,

The distribution of the rotational line intensi-
ties in the 1 neg.N% bands, excited in collisions
of other ions with nitrogen molecules, is quali-
tatively of the same nature as that for H* and
He" ions.

DThere is a misprint on p. 1465 of our earlier investiga-
tion. [*] The correct version is: ‘“When a beam of protons was
admitted to the emission chamber, the temperature of the cham-
ber rose slightly and became 310 + 4°K”’,
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Table I

Velocity,| . 1 Velocity '
Ton' 10® cm/sec 5 % on 10° cm/sed 8 %
o+ 2.5 5.2+3 N* 0.38 23+5
H* 1.4 145 ot 0.35 2145
H* 1 7.345 Net 0,39 20+5
Hy* 1.6 1145 Ne* 0,22 38+5
Het| 1.2 5+3 Ccot 0,26 28+5
He* 0.9 7.3+5 Art 0.18 4T+5
He* 0.5 38+5 Np* 0.26 4G+5
(0 0.4 28+5

The degree of deviation 6 from the Boltzmann
distribution is given in Table I. Columns 3 of this
table give the values of 6 = AL/Lp, where Lp is
the value of L for a rotational line with K =18
when the intensity distribution is of the Boltzmann
type at the temperature of nitrogen in the emis-
sion chamber, AL is the deviation of the value of
L for a rotational line with K =18 from the value
Lg.

2. Distribution of intensities in the vibrational
structure of the 1 neg.N% bands. We measured the
ratios of intensities of the 1 neg.Nj bands:

I (1—1)

_ _ Tias(1—2)
I301,(0—0)’

"~ Lon(0—1)’

_ Lan(1—3)
B T (0—2)

1 %2
which were excited in collisions of nitrogen mole-
cules with the same ions that were employed in a
study of the distribution of intensities of the rota-
tional lines in the bands. The measurements of
the band intensities were carried out using the
maximum intensity of the band profile in a spec-
trogram.?’ Because of the small difference be-
tween the wavelengths of the bands whose intensity
ratios were measured, no correction was made in
the ratio of the intensities to allow for the depend-
ence of the sensitivity of the photomultiplier on
the wavelength of the recorded radiation.

Using the experimentally determined intensity
ratios Xi, Xy, and X3 we calculated the ratios
N; /N, of the populations of the first and zeroth
vibrational levels of the B?X? state of the N} ion.
The ratios of the populations of the vibrational
levels were calculated using the following formula:

Ly _ Ni Aij M (1)
Iy Ny Am Mij

where N; and Ni are the populations of the i-th
and k-th vibrational levels of the upper electron

2)The measurements of the relative intensities, carried
out in the present investigation using the band edges, gave
values which were in good agreement with those reported by
Sheridan and Clark, [?] who measured the intensities from the
areas under the band profiles in microphotograms.
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state, and Iij: Aij, Ajj are, respectively, the in-
tensity of the band, the probability of the transi-
tion, and the wavelength, corresponding to a
transition from an i-th vibrational level in the
upper electron state to a j-th vibrational level in
the lower electron state.

The ratios Nj/Ni could be calculated using
the values of the Einstein coefficients, the values
of the band strengths Pij» proportional to the
Einstein coefficients (to within a factor 7\%-), or
the Franck-Condon factors djs for constant mo-
ment of the electron transition.

The values of Ajj and pjj for transitions from
the state Bzz'[l to the ground state Xzz‘é of the

5 ion, were calculated from the measured values
of the relative intensities of the 1 neg.Nj
bands (4% and from the measured lifetimes of the
upper electron states of the N% ion,[8) given in
Nicholls’s paper.[” The values of pjj were cal-
culated from the relative intensities of the
1 neg.N% bands, measured by Herzberg (8] ang
reported by Bates.[®) The Franck-Condon factors
for transitions between the states B*z?, and
X25* of the N} ion were calculated by
Nicholls.[1%]

Table 2 lists the values of the ratio N;/Nj of
the populations of the first and zeroth vibrational
levels of the state B*z?, of the N} ion, calcu-
lated from the intensity ratios (measured in the
present investigation) Xy, Xy, and X3 of the
1 neg.N% bands and from the values of Ajj taken
from (7] (the left-hand column) and the values of
Pij taken from (%) (the right-hand column). The
comparison was made for the excitation of the
B2z}, state of the N ions in collisions of H”,
He", and Ne" ions with nitrogen molecules,

For the same ions, Sheridan and Clark (2]
measured the band intensity ratios x, and Xs.
Using the value of X3 and the quantities Ajj taken
from [”, Sheridan and Clark calculated the ratios
N; /Ny which are given on the right-hand side of
Table II. Moreover, we used the values of x, and
X3, reported by Sheridan and Clark,m] and the
values of Ajj from (") ang Pij from (¥ in the
former case and pj; taken from (9) in the latter
case, to calculate the values of N;/N,, which are
also given on the right-hand side of Table II.

It follows from Table II that the scatter of the
values of N;/N,, calculated using various band
intensity ratios (measured by different authors) is
less if the values of Dij given in (9) are used in
the calculations. A small scatter is also obtained
when the ratios N;/N; are calculated using the
Franck-Condon factors given int1%, The greatest
scatter of the values of N;/N; is obtained when
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Table II. Ratio of populations of the first and zeroth
vibrational levels N;/N;

Results of present study

Results reported in [2]

X2

X3

Xs

m|lom|n|mn| n|m

m | e

1]

0.45 | 0.09 [ 0.13 | 0.17 | 0.14 [0.10/0.14
0.07 10,07 | 0.09 | — — | =] —
0.18 [ 0.09 | 0.13 | 0.22 | ¢0.18 {0.21]|0.29
0,131 0.08 | 0,11 | 0,47 | 0.14 |0.10(0.14
0.12 1 0.10 | 0.14 | — — | =] —
0,14 | — — 10.19 [ 0.17 [0.21/0.29
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Ion 8? X1 '
T P
>3
H* 2.510.22]0.15]0.18
H* 1.4 017 (0.09 | 0.08
He*| 1.2 /0.32(0.17 | 0.22
He*| 0,910,30 | 0.16 | 0.16
He*| 0.5]0.30|0.16 | 0.15
Net| 0.33 | 0,31 | 0.17 | 0.17
Table III
Velocity, Velocity,
Ton 10° cm/sec Ni/No Ton 10® cm/sec NyN,
H* 2.5 0.14+0.01 o* 0,35 0,15+0,01
H* 1.4 ¢.0840.01 cot 0,26 0,184+0,02
Ho* 1.6 0,094+0,01 No* 0,26 0,18+0,02
Het 1.2 0,16+0.02 N+ 0,38 0,18+4-0,02
He* 0.9 0.134+0,02 Ne* 0,3) 0,154+0,02
He* 0.5 0,14+0,01 Ne* 0,22 0,14+0,01
ct 0.4 0.16+0,01 Art 0,18 0,18+-0,02

the values of Ajj are taken from (19 1n our sub-
sequent calculations of the values of NI/N)O, we
shall use the band strengths pjj given in %1 The
results of these calculations are listed in Table
III, which gives the average of three values of the
ratio N;/N,, calculated from the intensity ratios
X1, X2» and X3.

DISCUSSION OF RESULTS

1. Distribution of the rotational energy levels
of N ions. The results of investigations of the
distribution of rotational line intensities in the
1 neg.N; bands, excited in collisions of various
ions with nitrogen molecules, show that in all the
investigated cases there is a deviation from the
Boltzmann distribution. Thus, the results given
in [1], where this deviation has been observed for
H* ions, have been confirmed for a number of
other ions.

Qualitatively the nature of the deviation of the
investigated distributions from the Boltzmann
distribution is the same in all cases (cf. the
figure). The degree of deviation from the Boltz-
mann distribution increases when the rotational
quantum number increases and the line intensities
are higher than those corresponding to the Boltz-
mann distribution. The quantitative values of the

3t should be mentioned that the value of A;; for the 0—0
transition, given in Table II in ["], was calculated incorrectly
since the ratio A, /pg,o differed considerably from the cor-
responding ratios for other transitions.

degree of deviation from the Boltzmann distribu-
tion are denoted by & in Table I.

Although our investigation was carried out
using ions whose velocities were within a narrow
range, we were able to determine, in some cases,
the influence of the velocity of ions colliding with
nitrogen molecules on the degree of deviation of
the investigated distribution from the Boltzmann
distribution. In the case of He* and Ne* ions,
the degree of deviation from the Boltzmann distri-
bution increases when the ion velocity decreases.
For H" ions, nothing definite can be said about
the dependence of 6 on the velocity of these ions,
since in this case the deviation itself is small and
the experimental error fairly large.

To determine the role of the nature of ions
colliding with nitrogen molecules on the degree of
deviation from the Boltzmann distribution it is
necessary to compare the distribution of intensi-
ties in the rotational structure of bands excited
by different ions of the same velocity. The experi-
mental material obtained in the present investiga-
gation makes it possible to carry out such a com-
parison for C*, N*, O*, and Ne* ions having
velocities of ~4x 10" cm/sec. It is evident from
Table III, that the value of 6 for these ions is in-
dependent of the nature of the ion, within the limits
of the experimental error.

Some of the conclusions about the influence of
the nature and velocity of ions on the distribution
of intensities of the rotational lines in the
1 neg.N% bands should be regarded as preliminary,
Further investigations of the intensity distribution
in the rotational structure of the 1 neg.Nj bands
are required over a wider range of velocities. It
would be particularly interesting to extend the
range in the direction of low velocities, since we
may expect that at low velocities the deviation
from the Boltzmann distribution should be con-
siderably greater. It would be useful also to ex-
tend the range of investigated ions, including
particularly alkali-metal ions since the deviation
from the Boltzmann distribution in the excitation
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of the 1 neg.N% bands by these ions 1112] jg

greater than that obtained by us.

2. Distribution of the vibrational energy levels
of N3 ions. From the values of N;/N,, given in
Table III, we can draw some conclusions about the
vibrational level distribution of Nj ions in the
BZE{1 state, formed in collisions of various ions
with nitrogen molecules.

It should be mentioned that in all the investi-
gated cases the distribution of the vibrational en-
ergy levels of N3 ions departs very strongly from
the Boltzmann distribution, which requires that
the number of molecules in each vibrational state
should be proportional to exp(—E/kT) (E is the
energy of the vibrational motion of a molecule, T
is the temperature of a gas, and k is the Boltz-
mann constant). According to the Boltzmann dis-
tribution, the ratio N;/N; of the number of nitro-
gen molecules in the first vibrational state to the
number of nitrogen molecules in the zeroth
vibrational state in the nitrogen present initially
in the emission chamber (T = 300°K) is equal to
1.4 X 107°, Comparison of this value with the
values of N;/Ng, given in Table III, leads to the
conclusion that the relative population of the first
vibrational level of Nj ions formed in elementary
processes accompanied by the transition of an ion
to the upper electron state, is approximately four
orders of magnitude greater than the relative
Boltzmann population in the initial state of nitro-
gen molecules at room temperature.

The reason for such a strong deviation from the
Boltzmann distribution is that the populations of
the vibrational levels of N3 ions formed under the
experimental conditions obtaining in our investiga-
tions are governed solely by the probabilities of
transitions from the zeroth vibrational level of
the ground state of the nitrogen molecule to the
vibrational levels of the B2Z?, state of the N}
ion. In view of this, the concept of the vibrational
temperature cannot be applied, even in the loosest
sense, to a system of N} ions formed as a result
of various elementary excitation processes.

It follows from the data presented in Table III
that the relative population of the first vibrational
level of the N ion is independent of the nature of
the ions interacting with nitrogen molecules.

In the case of He* and Ne" ions there is no
marked dependence of the value of N;/N; on the
velocity of ions but it would be incorrect to draw
some definite conclusion from this since the in-
vestigated range of velocities was very narrow.
Sheridan and Clark, (2} whose investigations were
concerned with He* and Ne* ions in the velocity
ranges of (1—1.8) X 10® cm/sec and (0.35-0.5)
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x 108 cm/sec, found that the value of N;/N; did
depend on the velocity of ions.

The following can be said about the dependence
of the relative populations of the vibrational levels
of molecules excited by electron transitions. If
the transition to the upper electron state always
takes place in exact agreement with the Franck-
Condon principle, then there are no grounds to
expect the value of N;/N; to depend on the nature
and velocity of ions and on the nature of the exci-
tation process. However, if during an electron
transition process the distance between nuclei in
a molecule and the nuclear velocities do not re-
main constant, i.e., the Franck-Condon principle
is violated in the transition, we may expect the
relative population of the vibrational levels of the
upper electron state to depend on the factors re-
ferred to above,.

Bates [*) calculated the value of N;/N, for the
transition NZ(Xiz‘,*g) - N;(BZEL) in accordance
with the Franck-Condon principle and found that
this value was 0.11. In the case of excitation of
the B2z}, state of the N} ion by electron impact
and by the impact of H* or D* ions,[?! the value
of Ny/N, agreed, within the limits of the experi-
mental error, with the value calculated on the
basis of the Franck-Condon principle and, in the
velocity range (1—4) x 108 cm/sec, it was inde-
pendent of the velocity of exciting particles.

In the case of excitation of the Bz} state of
the N3 ion by impact of He", N* and Ne* ions,
Sheridan and Clark 2} obtained values for the ratio
N; /N, which were considerably higher than the
calculated value and which depended on the veloc-
ity of exciting particles. The results of the present
investigation confirmed this observation, since the
values of N;/N; for He*, C*, N*, O*, Ne*, CO",
N7, and Ar" ions were also higher than the cal-
culated ones.

Thus, from the results of Sheridan and Clark (2]
and those reported in the present paper we may
conclude that, in some ion-molecule collision
processes, the population of the vibrational levels
of the upper electron state violates the Franck-
Condon principle. In all the investigated cases the
population of the first vibrational level is higher
than that which should apply in the case of an
electron transition obeying the Franck-Condon
principle.

In conclusion, it should be mentioned that a
comparison of the data given in Tables I and II
shows that there is no marked correlation between
the transfer of the rotational and vibrational mo-
tion from an ion to a molecule in the same ion-
molecule collision process.
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