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Rotational state distributions of N2(C®II,) and N3 (B*>X}) produced by electron impact on N3 have been
measured by observing the 0~0 band of the N2(C3II,—B®IIg) and Nj (B*Lf—?%7) emissions, respectively.
The average rotational quantum number for No(C) decreases with increasing impact energy up to 30 eV (so-
called rotational excitation), reaches a minimum, and increases with impact energy above 45 eV. The rotational
excitation has been observed in formation of N2(C) for the first time. This trend indicates the importance of
multipole interactions between the target N2 molecule and the incident electron.

Rotational state distributions of diatomic and tri-
atomic ions produced by electron-impact excitation
have been studied extensively by monitoring fluores-
cences from excited states. For thermodynamical stud-
ies of expansion mechanism in supersonic free jet, the
N3 (B2£}—X2%}) emission stimulated by electron im-
pact was used to estimate the original rotational distri-
bution of Ny under various flow conditions.!~® Many
data on the rotational distribution of the N7 (B2 ) ion
have been accumulated because of the interest in the
possibility of rotational excitation in simultaneous ion-
ization-excitation of No.#—® The general features of ro-
tational excitation thus revealed are as follows: (1) the
rotational distributions are non-Boltzmann with a large
population in the lowest few rotational levels followed
by a long tail to higher rotational levels, and (2) the
rotational energy of the product ion increases sharply
with decreasing the energy of impinging electrons.

The observed trend was first interpreted qualitatively
by an idea that the rotational excitation is caused by
a combination of angular momentum transfer through
multipole interactions between the incident electron and
the target No molecule and through those between the
scattered and ejected electrons and the product Nj
ion.” Nevertheless, the details of experimental results
and their interpretations have not always been consis-
tent with each other.®®

In order to clarify the rotational selection rule elec-
tron-impact ionization-excitation of CO was investi-
gated at 150—900 eV and deviations from the elec-
tric dipole selection rule were observed below 200 eV
from the analysis of the COT(A2II—X2%+) emission.!®)
A similar trend of rotational excitationzhas been also
observed in the Nj (X2}) and COF (X II,) states by
laser-induced fluorescence (LIF).8:11—16)

As for the theoretical treatment, the cross section
of the pure rotational transition stimulated by colli-
sions with slow electrons was first derived by Gerjuoy
and Stein'” for homonuclear molecules (Hy and No)
which possess no permanent dipole. Whereas, no ad-
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equate theoretical treatment of the transfer of angular
momentum by electron-molecule collision exists when
it includes simultaneous ionization-excitation. For the
present, experimental results are the only way of under-
standing such phenomena.

In a previous study,'® trends of rotational excitation
have been observed in NoO+(A2%+), COZ (A%IL,), and
CS$(A?II,) produced by electron-impact ionization.
From the dependence of the rotational distributions on
impact energy, we have pointed out the importance of
angular momentum transfer through the quadrupole in-
teraction between the scattered and ejected electrons
and the residual ion. The trend of rotational excitation
seems to have general possibility so that one can expect
to observe similar rotational excitations in other states.
Such an experiment for other states, especially for neu-
tral states, can provide further information about in-
teractions between electrons and target molecules. To
our knowledge, there has however been only a very lit-
tle amount of information about the dependence of ro-
tational distributions for neutral states on impact en-
ergy. In this context, rotational distributions of the
N, (C311,—B?Il;) emission stimulated by electron im-
pact have been analyzed up to 100 eV and the results
have been compared with those for the Nj (B2XZi—
X2Eg) emission. A similar trend of rotational excita-
tion has been observed in Ny (C) below 30 eV for the first
time. The rotational distributions obtained above 45 eV
indicate that secondary processes via collisions of target
molecules with scattered electrons mainly contribute to
formation of N(C). The dependence of rotational dis-
tribution of N3(C) on the impact energy implies the im-
portance of multipole interactions between the incident
electron and the target molecule.

Experimental

The crossed free jet/electron beam apparatus and exper-
imental details have been described previously.'® In brief,
the supersonic free jet was produced by expanding N2 gas
into a collision chamber through a pulsed nozzle (0.1 mm
diameter). Ny gas was expanded with a stagnation pressure
of 300 kPa (3 atm). The nozzle was pulsed at a repetition
frequency of 10 Hz and each pulse lasted 4—6 ms. The am-
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bient pressure at the collision chamber was kept at 42—61
mPa and the electron beam source was evacuated to 3 mPa.
The free jet crossed an electron beam perpendicularly 1.5
cm downstream from the nozzle.

The impact energy of the electron beam was controlled
from the threshold up to 300 eV and the beam current
was suppressed in the 15—30 pA range to avoid the influ-
ence of secondary electrons. The energy of impinging elec-
trons was calibrated against the appearance potentials of
the Na(C3II,—B®II;) and NJ (B’ —X2%}) emissions.?”)
When the impact energy was decreased below 60 eV, the
convergence of the electron beam was diffused by mutual
repulsion between electrons. Therefore, a Helmholz coil was
used to provide an external magnetic field about 3 mT (30
gauss) along the beam axis in order to maintain the beam
shape.

Fluorescence produced by the electron-impact excitation
was observed in a direction perpendicular to both the molec-
ular and electron beams. The optical path was carefully
baffled by placing a diaphram next to the window in or-
der to reduce fluorescence from targets near the shock bar-
rel. Moreover, to eliminate the emission from thermalized
molecules near the beam center, the emission intensity ob-
tained at the nozzle-off period was subtracted from that
obtained at the nozzle-on period.

Results

The 0-0 bands of the Ny(C3I,—B®IL) and
N3 (B2£f—X?%]) emissions have been measured in
order to determine rotational populations of the
N,(C®Il,) and N3 (B2Z}) states. Figures 1 and 2 show
typical emission spectra of the 0-0 band of the Ny(C-
B) and Nj(B-X) systems, respectively, produced by
electron impact comparing with the synthetic spectra.
Although the spectral resolution is inadequate to re-
solve each rotational line, it becomes evident that the
relative intensities vary with the impact energy. The
rotational distributions of N2(C) and NJ (B) have been
derived from the observed spectra by a band-envelope
simulation: the observed spectrum was compared with
the synthetic spectrum, which was obtained by convolu-
tion of the calculated intensities with the slit function.
This function was evaluated by a helium line at 501.57
nm measured under the same optical condition.

Rotational Distribution of N2(C). The emission
intensity I; ;» (photon counts/s) of the J-J' rotational
line for the No(C3I1,—B?3Il,) system is given by?"

Iy = Cw5iynSyP(J")/g9s, 1

where (] is a constant in the present treatment, vy j- is
the transition frequency, and Sy~ is the line strength.
The P(J') and gy (=2J'+1) are the rotational popu-
lation and the statistical weight, respectively, of the J
level.

For the C3II, and B®II, states of Ny, a gradual tran-
sition from Hund’s coupling case (a) to case (b) takes
place at higher rotational levels. The line strengths
were calculated by using the formulas given by Bud6.??
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Thirteen branches were used for band envelope analy-
sis. Among them three P and R branches are strong.
For the six strong branches the observed transition
frequencies®®?% were used, whereas the frequencies cal-
culated from the spectroscopic constants®® were used
for the other weak branches.

The observed spectrum was compared with the best-
fit synthetic band envelope as shown in Fig. 1; the resid-
ual of the intensity at the wavelength \; is given by

AI(N) = L(XN) — fI. (M), (2)

where I, and I represent the observed and synthetic
intensities, respectively, and fis chosen such that the
summation of the residual taken over all \; equals zero.
The root-mean-square value of the residual was used as
a criterion of the fit.

For the N3(C-B) system, the band envelope analysis
has mainly applied to the R branches in the 336.1—
336.9 nm region because of heavy overlapping among
the P branches. Rotational populations for J' up to 14
of N3(C) thus obtained are shown in Fig. 3; P(J')/g
corresponds to the Ij: j» /v3S;: 5 value in the procedure
in which rotational lines are fully resolved. Rotational
distributions of lower levels (J'S7) obtained at 14, 20,
and 30 eV are nearly represented by Boltzmann tem-
peratures of 52, 44, and 44 K, respectively, whereas the
populations for J' above 8 are overpopulated.

Rotational Distribution of N3 (B). The emis-
sion intensity of the N'-N’ rotational line in the
N3 (B°Lf—X2%}) system is also represented by Eq. 1
but replacing the rotational quantum numbers J and J’
by N and N, respectively. The BL} and XX} states
belong Hund’s case (b) so that there are six branches.
Among them two P and R branches are strong and two
Q branches are weak. The line strengths were calcu-
lated by Holn-London formulas.?") The observed tran-
sition frequencies®® were used for the P and P branches,
whereas for the QQ branches the frequencies calculated
from the spectroscopic constants?® were used.

Rotational populations for N’ up to 19 of N3 (B) thus
obtained are shown in Fig. 4. The rotational distribu-
tions of lower levels (N'<4) obtained at 30, 45, and 100
eV are nearly represented by Boltzmann temperatures
of 35, 30, and 25 K, respectively, whereas the popula-
tions for N' above 5 are overpopulated. This tendency
is the same as that of NJ (X) reported by Nagata et
al.'® irrespective of the difference in the experimental
conditions.

Discussion

Nascent Rotational Distributions.  The rota-
tional distributions of N3(C) and N3 (B) obtained in the
present experiment represent the nascent distributions
if the following processes are ignored: (1) collisional
relaxation, (2) radiative cascading from higher excited
states, (3) formation of No(C) and N7 (B) via secondary
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Fig. 1.

Observed emission spectra (dots) of the No(C3IT,—B?®Il;) system produced at impact energies of (a) 30 eV

and (b) 14 eV with the 0.028 nm fwhm resolution; the trace (upper part) is the best-fit synthetic spectrum and the

residual (see text) is also shown.

processes.

(1) The frequencies of collisions that the emitters suf-
fer under the present experimental conditions are esti-
mated to be 2x103 s~! from the theoretical data?® on
the assumption of a hard sphere collision cross section of
1x1071® m2. The collisional probabilities of N3(C) and
N7 (B) during their lifetimes are estimated to be 10~*
and 2x1074, respectively, in comparison with the fluo-
rescence lifetime of N»(C) 35—41 ns and that of N3 (B)
60.5 ns.2) Hence, collisional relaxations of No(C) and
N7 (B) are negligible.

(2) Electron-impact excitation of N at impact en-

ergies above 14 eV can produce many higher states in
addition to the C3II, state. Nevertheless, radiative cas-
cadings from higher excited states to the C state are not
known.?® For NJ, one of the K state produced above
395 eV by removal of one K electron is known to cas-
cade to the B2 state.2?) Thus, the contamination due
to the cascading is insignificant in the electron impact
below 300 eV.

(3) Secondary electron effects on formation of N2(C)
were studied by Borst and Imami.?"?®) They have con-
cluded that secondary slow electrons play an apprecia-
ble role at pressures of 13.3 mPa or higher. In such
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Fig. 2. Observed emission spectra (dots) of the N (B2S—X?E]) system produced at impact energies of (a) 100 eV

and (b) 30 eV with the 0.024 nm fwhm resolution.

higher pressures, secondary electron effects on forma-
tion of Ny(C) become serious above 30 eV, especially in
the cases where magnetic collimation was used. In the
present experiment, the ambient pressure at the colli-
sion chamber was 3 to 5 times as high as the critical
pressure at which secondary electron effects cannot be
disregarded. On the other hand, secondary electron ef-
fects on formation of N7 (B) are insignificant under the
present experimental conditions. Thus, the secondary
electron effects were estimated on comparing the emis-
sion cross sections (ECS) of the No(C-B) band with
those of the NJ (B-X) band. Figure 5 shows the ECS

of the N2(C-B) band, o(C-B), relative to that of the
N3 (B-X) band, ¢(B-X); the observed ratios are nor-
malized to the ratio at 20 eV calculated from the pub-
lished ECSs?®? on the assumption that the secondary
electron effects are negligible below 20 eV. The present
values above 25 eV deviate from the ratios evaluated
from the published ECSs.252) The contribution of sec-
ondary electrons to formation of N2(C) is estimated to
be 39% at 25 eV, 64% at 30 eV, and 86% at 60 eV
on comparing the observed ratios with the calculated
ratios. Thus, secondary electron effects on formation
of N3(C) increase with the impact energy and become
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Fig. 3. Logarithmic plots of P(J')/gy: versus J (J'+1)
for N2(C) obtained at impact energies of () 14 eV, (O)
20 eV, and (x) 30 eV: The P(J'=1) values of 14, 20,
30 eV are normalized to 100, 10, 1, respectively, for
clarity.

serious above 25 eV. This effect will be discussed later.

Deviation from Boltzmann Distribution. The
rotational distributions of the N»(C) and NJ (B) states
are non-Boltzmann as shown in Figs. 3 and 4; the popu-
lations for J' above 8 of N3(C) are enhanced than those
extrapolated from the lower levels, and the populations
for N' above 5 of N (B) are also enhanced. These de-
viations from a single Boltzmann distribution proba-
bly originate in either the rotational excitation or the
non-Boltzmann distribution of initial target molecules
in free jet. Although large changes in rotational quan-
tum number, |AJ|22, through multipole interactions
can overpopulate the product state at higher rotational
levels,” it is important to measure the initial rota-
tional distribution and to examine whether the target
molecules in the free jet are rotationally in equilibrium
or not. Unfortunately, the initial rotational distribu-
tions of target Ny could only be estimated roughly as
described below.

Marrone? and Ashkenas® observed that the rota-
tional distributions of N3 (B) are non-Boltzmann and
lag from a temperature calculated from the isentropic
flow equations. The degree of departure from the isen-
tropic condition was found to depend on the Reynolds
number.? Polanyi and Woodall*® pointed out that the
probability of rotational to translational energy transfer
decreases with increasing the rotational quantum num-
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Fig. 4. Logarithmic plots of P(N')/gn- versus N'(N'+
1) for N (B) obtained at impact energies of () 30 eV,
(O) 45 eV, and (x) 100 eV: The P(N'=0) values of
30, 45, 100 eV are normalized to 100, 10, 1, respec-
tively, for clarify.

ber. Thus, the deviation from a Boltzmann distribution
observed seems to be caused by the circumstance that
the isentropic condition is not realized in the present ex-
perimental conditions. This conclusion is however not
necessarily to disregard the contribution of rotational
excitation. The present study does not answer the ori-
gin of the deviation.

Rotational Excitation. The rotational distri-
butions observed for the N(C) and N (B) states are
found to be non-Boltzmann. Therefore, it is convenient
to introduce a parameter which can represent the rota-
tional distribution. In the circumstances, the rotational
distribution is converted to the average rotational en-
ergy (E_R and the average rotational quantum number
(J or N') for comparison with the other data. In the
present study, the rotational energy of the Ny(C) state
is defined by
B = ZheFU)PU) 3)

sPJ)
where F(J') is the rotational term value, and the sum-
mations are taken over J' up to 14. The average rota-
tional quantum number 7 is given by
= SJPJ)
J = P 4)
For Nj (B), the average rotational energy and the aver-
age rotational quantum number are also given by Eqgs. 3
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Fig. 5. Ratios of the ECS of the N2(C-B) band to that
of the NF (B-X) band: (x) the present results, (O)
the values calculated from the ECSs adopted from
Refs. 28 and 29.

and 4 with replacing J with N and summing over N'
up to 19.

The values of the rotational energy and the average
rotational quantum number for N3(C) and N3 (B) thus
obtained are listed in Table 1 comparlng Wlth those for
N3 (X).1419 The dependences of J and N’ on the im-
pact energy are displayed in Fig. 6. The N’ values for
N3 (B) are very similar to those for Nj (X), whereas
the ER values for NJ (B) are considerably larger than
those for N7 (X). This difference is due to the statistical
weight resulting from the presence of nuclear spin; for
Ny the symmetric rotational levels occur twice those for
the asymmetric levels.

The rotational excitation of the product states should
reflect the selection rules for rotational transitions.
Therefore, it is convenient to use the average rotational
quantum number instead of the rotational energy in or-
der to understand the interactions operating in exci-
tation and ionization. First, we discuss the rotational
excitation observed for N3 (B) since its trend has been
investigated in details,*~® and then we consider the
trend in No(C).

The N’ values of the N (X) and N7 (B) ions enhance
rapidly with decreasing impact energy as shown in Ta-
ble 1. In electron-impact ionization, an incident electron
is scattered by a target molecule and then the excited
molecule ejects an electron. The rotational transition
can be postulated qualitatively by a two-step model:®
(a) the first step is due to the interactions between the

E/eV

Fig. 6. Average rotatlonal quantum numbers versus
impact energy: (x) J for N2(C), (O) N’ for Nj (B).

incident electron and the neutral target; (b) the inter-
action between the scattered and ejected electrons and
the residual ion causes the pure rotational excitation
in the second step. In the limit of high electron en-
ergy, the rotational excitation takes place only by the
interaction between the ejected electron and the prod-
uct ion.'® Interactions in step (b) become unimportant

‘near the ionization threshold and then the rotational

excitation is primary due to the electron-multipole in-
teractions of step (a).! Nevertheless, neither step (a)
nor step (b) is completely applicable in the electron en-
ergy range of the 14—300 eV. At such an intermediate
electron energy, both interactions can contribute to the
rotational excitation.

The rotational transitions allowed for formation of
N;‘ (B) are displayed in Fig. 7. When the Born approx-
imation is applied to interactions in step (a), the rota-
tional transitions in the Np(X!SF)—Nj (B2L}) ioniza-
tion-excitation must obey the selection rule, |AN|=1,
3, ---, to satisfy conservation of nuclear symmetry. In
contrast, the leading term of interactions in step (b)
corresponds the quadrupole moments of Nj (B),!” so
that the rotational transitions of the Nj (B) states in
step (b) 1 must obey the selection rule, |AN|=0 and 2.

The N’ values for Nj (B) were evaluated to be 3.5 at
25 eV and 2.8 at 300 eV. Thus, the NJ (B) ions pro-
duced at 25 eV gain an angular momentum of 0.7 h/27
in excess of that of the ions produced at 300 eV. The
net 1ncrease in the average rotational quantum number
AN’ from 300 to 30 eV is a half of the value of 1.5
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Table 1. Degrees of Rotational Excitation in N2(C3I,), N7 (B%%{), and
N7 (X22}) Produced by Electron Impact on N ®)
BJov No(C3M) NI(B?ZY) NI(XP5F)
ERr/meV J! Er/meV N’ Er/meV N
14 5.0(3) 3.64(10)
20 4.4(2) 3.37(11)
25 5.4(8) 3.48(22) 4.3(2)® 4.2(2)®
30 4.3(2) 3.31(11) 4.8(2) 3.36(15) 4.2(2)» 3.9(2)¥
45 4.3(3) 3.30(11) 4.5(3) 3.17(12) 3.6(1)° 3.4(1)Y
60 4.9(3) 3.54(15) 3.6(3) 2.86(12) 3.5(1) 3.3(1)
100 4.8(3) 3.50(17) 3.5(4) 2.76(10) 2.6(1) 2.8(1)¥
300 3.7(4) 2.76(12) 2.3(2)% 2.7(2)®

75

a) Numbers in parentheses mean absolute errors attached to the last digit. b) Estimated
from Fig. 5 in Ref. 14. ¢) From Ref. 14. d) From Ref. 16.
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N, (B%Ly)
Fig. 7. Schematic diagrams of rotational transitions
for NF (B): (a) rotational transitions with AN ==1,
+3, -+ are allowed in the ionization-excitation step
[No—N7 (B2ZF) + €], but the AN==1 transitions
only are displayed; (b) the quadrupole transitions
(AN =0, £2) are allowed in pure rotational step.

obtained for NJ (X). This difference is probably caused
by the selection rule in step (a) since the selection rule
in the Np(X'£})—N7 (X2%]) ionization-excitation is
|AN|=0, 2, --- to satisfy conservation of nuclear sym-
metry in contrast to the selection rule, |AN|=1, 3, ---,
in step (a) for N3 (B). For step (b), the selection rule
of NJ (X) is the same as that of N (B). Moreover, step
(b) becomes insignificant at low impact energy.'®

Now, we consider the rotational excitation in No(C).
Formation of C®II, from the X'Sf state of Ny is a
spin-forbidden type. Nevertheless, the No(C3II,) state
is produced in electron impact via an electron exchange
process between the incident electron and the valence
electron. The rotational transitions in the Nz(XlEg—
C3I1,) excitation are all allowed, |AJ|=0, 1, 2, -,
whereas those in step (b) must obey the selection rule,
IAJ!=(_)_Iand 2, as displayed in Fig. 8.

The J value for No(C) decreases with increasing the
impact energy up to 30 eV, reaches a minimum, in-
creases above 45 eV, and reaches a constant. The trend
of rotational excitation below 30 eV for N2(C) is found
for the first time. The increase above 45 eV is probably

No(X'Lg)

a+
(b)@ AJ=0,2

Fig. 8. Schematic diagrams of rotational transitions
for N2(C): (a) all rotational transitions are allowed in
the excitation step [No—Nz(C3II,)], but the AN=
0 and +1 transitions only are displayed; (b) the
quadrupole transitions with AJ=0, +2 are allowed
in the pure rotational step.

due to secondary electron effects on formation of No(C)
as discussed previously since the rotational distribution
is enhanced much more effectively by collisions of tar-
get molecules with slow electrons. If we can remove the
secondary electron effects, the 7' values are expected
to decrease with increasing the impact energy in much
wider range.

The net increase in the average rotational quantum
number AJ for No(C) from 9 eV above the threshold
(11.0 €V) to 3 eV above the threshold is 0.3. The AN’
value for N§ (B) from 11 eV above the threshold (18.8
eV) to 6 eV above the threshold is 0.1, while that for
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N3 (X) from 14 eV above the threshold (15.6 eV) to
9 eV above the threshold is 0.3. Since the rotational
excitation is effective near the threshold, the rotational
enhancement in Ny(C) seems to be larger than that in
N7 (B) but is smaller than that in NJ (X).

The order of rotational excitation among these states
is mainly ascribed to interactions in step (a), while the
contribution of the interactions in step (b) seems to be
insignificant since the selection rule in step (b) is the
same for N3(C), N3 (X), and Nj (B), and since the in-
teractions resulting from quadrupole moments of these
states are expected to be small. Moreover, step (b) be-
comes insignificant near the threshold. Thus, it is con-
cluded that multipole interactions and the rotational
selection rule at step (a) seem to be important in ro-
tational excitation in formation of these states. This
conclusion, however, is inconsistent with that obtained
for the triatomic NoOt(A), COF(A), and CS§(A)
ions;'® for the triatomic ions, it is concluded that the
quadrupole interaction at step (b) is important. This
discrepancy is probably ascribed to the difference in the
magnitude of the quadrupole moment and in the impact
energy range; we have not succeeded in the measure-
ment at the impact energy below 30 eV for the triatomic
ions.
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