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Rotational and rotational-vibrational (v = 0— 1) excitation in N, have been studied with a crossed-beam
electron-impact apparatus. In the energy range 1-4 eV, the elastic and vibrational energy-loss peaks show
large rotational broadening compared with the apparatus profile (full width at half-maximum, 18 meV). The
branching ratios for rotational transitions with Aj =0, + 2, + 4 are obtained with a line-shape analysis
applied to the energy-loss profiles. The results for rotational-vibrational excitation at 2.27 eV and scattering
angles 30-90° are in good agreement with the calculations using the resonant d 7 waves and the rotational
impulse approximation. The corresponding results for pure rotational excitation show that the branches with
Aj = +2 and + 4 are predominantly excited via resonances, while the branch with Aj = O contains a large
contribution from direct scattering. The absolute rotational cross sections for Aj = + 4 are measured; they
exhibit a large magnitude (107!® cm?) and peak and valley structures in the 1-4 eV range, reminiscent of
well-known resonant vibrational excitation. The energy dependence and the absolute magnitude of the
rotational cross sections for Aj = + 4.can be understood in terms of a ‘“boomerang” calculation. A

comparison of the experiment with the relevant theoretical calculations is made.

I. INTRODUCTION

Rotational and vibrational excitation are the ma-
jor inelastic scattering processes in low-energy
electron impact on molecules. In addition to a
fundamental interest, these energy-loss mech-
anisms also play a dominant role in gas dis-
charges.! Whereas there exist extensive measure-
ments on vibrational cross sections,? the direct
study of rotational cross sections have been con-
fined®* to H, and D, because of the high resolution
required to resolve rotational transitions in most
molecules.

In N,, rotational cross sections at low electron
energies have been theoretically studied by various
approaches.>” There seems to be a general agree-
ment on the dominant role of the [T, shape reson-
ance on rotational excitation in the energy range
1-4 eV with selection rules on rotational quantum
number Aj=0, +2, and +4. The magnitude of the
calculated cross sections, however, strongly de-
pends on the approach. The peak cross sections
calculated for j=0—4 transition near 2.3 eV
vary®” from 2X 107 to 3 X 10°}7 cm?.

We present in this paper a crossed-beam study
of rotational excitation in N, with an apparatus
resolution of 18 meV [full width at half-maximum
(FWHM) of energy-loss peaks]. The absolute ro-
tational-vibrational (v =0-1) cross sections are
determined for the Aj =+4 branches in the 1-4 eV
range. As will be seen in Sec. IITA, the present
apparatus resolution is much larger than the ener-
gy spacing of adjacent rotational lines (1 meV for
Aj=2 and 2 meV for Aj=4) but comparable to that
of adjacent rotational branches (at 300 °K, 8.5
meV between Aj=0and Aj=2; 19 meV between Aj=0
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and Aj=4). Forlargevalues ofj, the branches with
Aj =14 are separable from the branches with 4j

=0 and +2. Hence, direct measurement of the en-
ergy dependence for 4j =14 is possible. The cross
sections are made absolute with the help of the
experimentally determined elastic and vibrational
cross sections and the corresponding branching
ratios. For the latter quantities, a numerical
line-shape analysis is applied to the energy-loss
profiles to extract the relative contribution of all
rotational branches. While the branching ratios
for the v =01 excitation have been theoretically
studied by Read® and experimentally verified by
Comer and Harrison,® the present approach using
numerical analysis does not rely on the assump-
tion of pure resonant scattering; hence, it is more
general and is particularly applicable to the rota-
tional excitation addressed in this work.

II. EXPERIMENT

A schematic diagram of the crossed-beam elec-
tron spectrometer is shown in Fig. 1. It is a mod-
ified version of the apparatus used by Boness and
Schulz.'® The operation and modifications® have
been previously discussed, therefore only a brief
description is given here.

The electron spectrometer consists of an elec-
tron monochromator, a molecular beam, and an
electron-energy analyzer. Electrons emitted from
a thoria-coated iridium filament are collimated
and focused (electrodes A to L1) onto the entrance
focal plane of the hemispherical analyzer of the
monochromator. The energy-dispersed electron
beam is refocused by this analyzer onto its exit
focal plane. With proper adjustment of the exit
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electron optics (electrodes L2 to L3), a monoener-
getic electron beam with controlled energy is avail -
able to cross the molecular beam in the collision
chamber. Electrons scattered within the accep-
tance angle of the analyzer electron optics (elec-
trodes L4 to L5) are focused onto the entrance foc-
al plane of the hemispherical analyzer, energy
analyzed, and detected by the channeltron multip-
lier.

A constant energy resolution of 18 meV (FWHM of
energy -loss peaks) is used for the present study. The
apparatus profile is obtained from the electron
scattering in Ar and is approximately a Gaussian.
As a check on the Doppler broadening, we have also
obtained energy-loss spectra in He whose mass is
much smaller. Under similar experimental con-
ditions, the apparatus profile obtained in He is
practically identical to that of Ar in an energy
range 0.5-5 eV and scattering angles 20°-110°
Hence, we conclude that the Doppler broadening
is not significant in our 'crossed-beam studies.
The introduction of N, into the scattering appara-
tus does not affect the profile. We note that the
broadening of the elastic energy-loss peak due to
rotational transition becomes negligibly small.
when the incident electron energy is less than 1
eV. In other words, the direct rotational excita-
tion happens to be so small that the energy-loss
profile obtained in N, is practically coincident with
that in Ar. Based upon the above observations, we
adopt the peak profile of Ar for all line-shape an-
alysis discussed in Sec. IIL

The energy scale is calibrated against the first
peak, at 1.97 eV, in the vibrational excitation of
N, to the v =1 level. The choice of 1.97 eV instead

CHANNELTRON
T4
[
0
L6

MOLECULAR
BEAM

\ A2
VAT 100

M UL TE00

i~ L3 j 4 o Ls! ANALYZER

52
St ‘E jJ = ﬁ D
) i ROTATABLE

{ 7?‘:‘5 E‘:J 0%~ +120°

MONOCHROMATOR

FIG. 1. Schematic diagram of the double electrostatic
electron-impact spectrometer.
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of an older value 1.93 eV is in view of a more ac-
curate measurement of the energy position of the
?I1, resonance by Eyb'' using the cusp structure

of Na as reference. All absolute differential cross
sections reported here are normalized to the elas-
tic cross section of He with a procedure previous- °
ly described.?

III. RESULTS
A. Energy-loss spectra and line-shape analysis

Figure 2 shows an energy-loss spectrum in N,
obtained at an incident energy of 2.27 eV and at a
scattering angle of 60°. The contribution of rota-
tional transitions broaden the vibrational peak
(v=0-1) by a factor of 2 and also the elastic peak
profile in the wings. In both cases, the broadened
profile lies within the expected range for the rota-
tional branches Aj =0, +2, and +4 of N, molecules
at a temperature of 300 °K. When the scattering
angle is changed from 20° to 100°, the rotational
broadening in the energy-loss peaks varies sig-
nificantly.

In order to determine the branching ratios of
the rotational transitions in the elastic and the vi-
brational peaks, a line-shape analysis is used.
The analysis is a least-squares fit of the rotation-
al branch profiles to a given energy-loss profile
based on the following.

(i) The nitrogen molecules generated by the ef-

fusive molecular-beam source are in rotational

equilibrium given by an initial population'?
N(j)~gi(2j+1) exp[-B,j(j +1)/kT], (1)

where N(j) is the population of N, in rotational
quantum number j. The nuclear-spin degeneracy
factor g;=6 for even j and g;=3 for odd j. B,
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FIG. 2. Energy-loss spectrum of N, spanning the
elastic and the v =1 region. The half-width of the appara-
tus profile is 18 meV. The expected ranges for the ro-
tational branches Aj=0, +2 and +4 are indicated.



572 ' S: F. WONG AND L. DUBE 17

=0.25 meV is the rotational constant of N, in its
ground electronic and vibrational state. The tem-
perature of the gas T is estimated to be 300 °K, the
same as that of the nozzle of the molecular beam.

(ii) Only rotational transitions 4j=0, +2, and
+4 are required to be considered in the data analy-
sis. The exclusion of transitions with Aj = (odd
value) follows from the homonuclear nature of the
N, molecule and the assumption that the nuclear
spins are conserved in the collision. While the
direct process is expected to contribute to 4j=0
and +2, the existence of a strong d7 partial wave
in the °Tl, resonance allows the maximum Aj
=1(dm)+1(dm)=4. Transitions with |4j|> 6 are ex-
pected to be negligible.

(iii) The rotational-transition peak intensity pro-
file is conveniently divided into five branches,
characterized by Aj= -4, -2, 0, +2, and +4. The
peak intensity profile of a given Aj branch is char-
acterized by

ji:N(j)o(j,Aj)a[E_Be(2j+1+Aj)Aj], (2)

where j is the initial rotational quantum number
and E is the energy of the scattered electrons.
The argument in the § function designates the en-
ergy position of the individual j -j + Aj rotational
lines. The experimentally observed enei‘gy-loss
profile is the sum of all branches given by Eq. (2)
after convolution with the apparatus profile.

In N,, the rotational constant B,=0.25 meV yields

an adjacent rotational line spacing of 4B,=1 meV
for Aj=+2 branches and 8B,=2 meV for 4j= +4
branches. At a temperature of 300 °K, states up
to about j =22 are involved inrotational transitions.
Therefore, the energy ranges for 4j=2 and 4j
=4 branches are 1.5-24 meV and 5.0-49 meV,
respectively. In the present study, the apparatus
profile has a Gaussian energy dependence with a
half-width of 18 meV equally contributed by the
monochromator and analyzer individually with a
half-width of 12.7 meV. The energy-loss profile
for.the elastic and the vibrational peaks are an-
alyzed in terms of five branches 4j=0, +2, +4. For
the present purposes, the branch profile given by
Eq. (2) is further simplified with a continuous
branch approximation proposed by Read.® Namely,
the discrete initial population N(j) is replaced by
a continuous Boltzmann distribution neglecting the
nuclear -spin statistics; and the rotational-transi-
tion cross section 0(j, 4j) is assumed to be in-
dependent of the initial j value. The second as-
sumptionamounts to a high-j approximation® for
the rotational transition. Since the average ro-
tational quantum for N, at 300 °K is j =7, the over-
all error introduced is expected to be small.
Figures 3(a) and 3(b) show the results of the line-
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FIG. 3. (a) Line-shape analysis for the v =0—0 en-
ergy-loss profile. The area under each Aj branch pro-
file gives the relative rotational cross section. The
curve passing through the data points is the sum of all
branch profiles. (b) Line-shape analysis for thev=0—1
energy-loss profile. The convention is the same as
shown in Fig. 3(@).



shape analysis as applied to the energy-loss spec-
tra at an incident energy of 2.27 eV and at scatter-
ing angles of 30°, 60°, and 90°. The solid curve
that passes through each experimental energy-loss
profile is the sum of the five lower curves which
are the Aj=0, +2, +4 branches convoluted with the
apparatus profile. Despite the fact that there are
five rotational branches, only the heights for 4j
=0, 2,4 branches are adjusted to obtain agreement
with the observed energy-loss profile. The heights
for Aj= -2 and —4 branches are fixed by the cor-
responding Aj =2 and 4 branches via detailed bal-
ancing. .

The energy-loss profile for rotational branches
Aj =0, £2, +4 thus obtained from the line-shape
analysis are then integrated under the individual
curves to yield relative areas and hence the bran-
ching ratios for the rotational transitions. In light
of Eq. (2), the branching ratios are the relative
rotational and rotational-vibrational (v=0-~1)
cross sections, defined as o(Aj)= Z},N(j)c(j, Af).
The inclusion of the Aj =+6 branchinthe line-shape

analysis yields a relative cross section two orders

of magnitude lower than that for 4j=0, +2, +4. We
therefore consider the contribution of Aj =16 neg-
ligible.

B. Angular dependence of branching ratios

Figure 4 shows the angular dependence of the
branching ratios of rotational-vibrational cross
sections (v=0-~1). The branching ratios are de-
fined such that the sum over Aj=0,+2, and +4 is
unity. The experimental data points are obtained
from the line-shape analysis discussed in Sec.
IITA. The theoretical predictions involve the an-
gular-distribution calculation applied to the reson-
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FIG. 4. Branching ratios of rotational-vibrational
cross sections. The experimental data points are. from
the line-shape analysis at 2.27 eV. The theoretical re-
sults are based on the angular distributions given in
Table I. The branching ratios for Aj=—2 and —4 are
specified by detailed balancing to be 0.738 and 0.572
of that for Aj=2 and 4, respectively.
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ant dn partial waves and the rotational-impulse

. approximation for the *I[, resonance. This ap-
&

proach has been used by Abram and Herzenberg,'?
and Chang and Temkin' on H, and by Read and
Andrick'® on a generalized formulation. The theo-
retical calculation relevant to the present studies
is outlined in the Appendix.

It is seen from Fig. 4 that the theoretical branch-
ing ratio for Aj=0 differs in major ways from ‘
those for Aj=2 and 4. Whereas the branching ra-
tio for Aj=0 has maxima at 0° and 90° and a mini-
mum near 55°) the trends for the branching ra-
tios of 4j=2 and 4 are just the opposite. There
is also a reversal of the dominance in magnitude
between the branching ratios of 4j=2 and 4 at
scattering angles below and above 70°. These
predictions are in good agreement with the ex-
perimental results over scattering angles 30°-
90°. ' The present findings are consistent with
the previous observations of rotational broadening
in the v=0—~1 energy-loss peak by Comer and Har-
rison.” For application purposes, Table I lists
the angular dependence of the rotational transitions
and their angle-integrated branching ratios as
calculated for the ?[1, resonance.

For pure rotational cross sections, the branch-
ing ratios from line-shape analysis significantly
differ from those for vibrational cross sections as
shown in Figs. 3(a) and 3(b). This is not unexpect-
ed because of the possibility of large contribution
to Aj =0 via direct scattering. Hence, the angular

TABLE I. High-j approximation of the relative rota—
tional cross sections via *Il, resonance. - do(6, A,)/d2
equals the product of the relative amplitude and the an-
gular distribution (normalized to 47). It should be noted
that

d;g}) = ; da(g,ﬁA]) =1x 1_2(1 -3 cos’9+4 cos)
is the angular dependence of resonant vibrational excita-
tion without the resolution of rotational transitions. The
relative amplitudes given here are presented as the
branching ratios of the angle-integrated rotational cross
sections for Aj=0, +2, and +4. The angular distribu-
tions for different Aj’s are obtained with Eqs. (A4) and
(A5) using =2 and m=+1. They are in agreement with
a more general approach used by Read.?

Rotational do .
trangitions as ©,47)
L 45 2 29,1 4
Aj=-4 0.091x5_6(1+§cos 6+5cos 9)
-2 0.106><i—z(1—coszo +-§-cos49)
135(1 46 n2p 4 28 ek
0 0.500><n_2(1_-9-cos 6+5 cos )
+2 0.144 xi_z(l_cosze+%cos40)
+4 0.159x‘§(1+%cos29+%cos46)
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correlation calculation based on d7 partial waves
is not applicable here. In order to study the role
of resonant contribution to rotational transitions,
we measured the angular dependence of the elastic
cross sections containing all rotational contribu-
tions in addition to the branching ratios. The pro-
duct of these two quantities yield the rotational-
branch cross sections. Within an experimental
uncertainty of about 25%, the angular dependence
for Aj=+4 and +2 over scattering angles 30° to

90° is consistent with the resonant prediction listed
in Table I, but not with that for Aj=0.

C. Energy dependence and absolute cross sections

The results of line-shape analysis in Figs. 3(a)
and 3(b) suggest that the signals in both the elas-
tic and vibrational peaks are dominated by the
Aj =14 transitions, when the energy-loss is more
than 30-meV off center. Hence, the energy depen-
dence of these wings is just the energy dependence
of 0(Aj =+4), providing that o(j; 4j) is insensitive
toj. As atest, we have measured the energy de-
pendence of rotational and rotational-vibrational
transitions at energy losses of 30, 40, and 50 meV
off the center peak in the energy range 1-4 eV.
All three energy dependences of each transition
agree with one another to within experifnental
error of about 1%. In other words, o(j; 4j) is
insensitive to j in the range j=12-20 for Aj=+4.
The present apparatus resolution, however, does
not enable us to directly study the energy depen-
dence for Aj=0 and +2 transitions. .

Figure 5 shows the energy dependence of the
differential rotational and rotational-vibrational
cross sections for Aj =14 at 60° scattering in the
energy range 1.4 eV. The temperature of N, is
estimated to be 300 °K which yields an average
rotational quantum of j=7. The dominance of the
*1I, resonant contribution to these cross sections
is exhibited in the fine structure in their energy
dependence, with the profile peaked near 2.3 eV.
For rotational excitation, the energies of the re- -
sonant peaks are lower than those of the rotation-
al-vibrational excitation and the excitation profile
is also broader.

The absolute magnitudes of the cross sections
shown in Fig. 5 are obtained from the rotationally
summed elastic and vibrational cross sections at
2.27 eV and the corresponding branching ratios.
Since the excitation here is characterized by a
single dw partial wave, the energy dependence is
independent of scatteving angles. Total cross
sections can be obtained from differential cross
sections at 60° by integrating the angular distri-
bution for Aj =4 given in Table I. This procedure
amounts to multiplying the differential cross sec-

tions given in Fig. 5 by 1.06 X 4w. This yields a
maximum rotational cross section, at 2.21 eV,

of (2.1+0.8) X% 10"'® cm? and a maximum rotational -
vibrational (v =0-1) cross section, at 2.27 eV, of
(0.90+0.3) X 107'® cm?.

The differential rotational and rotational-vibra-
tional cross sections for Aj= -4 are observed to
have similar energy dependence to those for Aj=+4.
The absolute magnitude of cross sections can be de-
termined with the branching ratios given in Table L

A comparison of the absolute vibrational cross
section (v=0-1) in the energy range 1-4 eV be-
tween our experiment and the absolute boomerang
theory has been given by Dubé and Herzenberg.®
The agreement on both resonant structures and
absolute magnitudes over the whole range is within
10%. The angular dependence of the branching
ratios given in Fig. 4 provides further support of
the viéw of resonant excitation.

Figure 6 presents a comparison of the differen-
tial rotational cross section for Aj=4 between
experiment and a boomerang calculation. The
shift of energies in the resonant peaks of the rota-
tional cross sections is also accounted for by the
theory. The agreement on the energy dependence
of the absolute cross sections is good except at
energies larger than 3 eV. The experimental cross
'section decreases less rapidly with increasing en-
ergy than that calculated by the boomerang theory.

A divect comparison of the experiment with other

_ theoretical calculations is difficult due to the limi-
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FIG. 5. Energy dependence of rotational and rota-
tional-vibrational cross sections for Aj=4. The ex-
perimental errors in the cross sections are about 35%
and 25%, respectively.
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electron energy. The errors in the absolute magnitude
of experimental cross sections are about 35%. The
theoretical calculation is based on the absolute boom-
erang theory of Dubé and Herzenberg on vibrational
excitation, as discussed in Sec. III C. :

tation of the published information. In the hybrid
calculation of Chandra and TemkinS and the reson-
ant calculation of Chen,” only the low-j transition
with initial =0 and 1 are presented. Nevertheless
the dependence of rotational cross sections on the
initial j values has been studied by Chandra and
Burke.® Their results suggest that the rotational
cross section for Aj=4 at T=300°K is one-third
of that for j =0 -4 transition and one-half of that
for 1-5 transition. Under this assumption, we
find our results for Aj=4 are consistent with the
hybrid calculations in the absolute magnitude of
the peak cross sections and the general profile of
the energy dependence. But.the detailed resonance
structures, such as the number and energy spacing
of resonant peaks, ‘are not accounted for by this

calculation.
IV. DISCUSSION

In this paper the rotational and rotational-vibra-
tional excitation in N, have been studied with a
crossed-beam method in the range of 1-4 eV. Ro-
tational transitions with Aj=+4 as well as those
with Aj=+2 are strongly observed. The excitation
of the rotational branch Aj=+4 can be understood
in terms of the incoming and outgoing resonant
dm partial waves, eachof which carries two units of
angular momentum for exchange with those in the nu-
clear motion. Theobservedangular and energy de-
pendences of the differential cross sectionslend sup-
port to this view. For pure rotational excitation,
the resonant structures in the energy dependence
are shifted down below that of rotational-vibration-
al excitation to v=1. The general features and the
peak rotational cross sections of (2.1+0.8) x 107*¢
cm?® for Aj=4 are in good agreement with an abso-

17 ROTATIONAL EXCITATION OF N, BY ELECTRON IMPACT:... ‘ 575

lute boomerang calculation previously used by
Dubé and Herzenberg.'® The peak rotational cross
sections can also be accounted for by the hybrid
calculations of Chandra and Temkin® on j=0-4
and j=1-5 transitions extrapolating the j depen-
dence given by Chandra and Burke.® '
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APPENDIX

In the rotational impulse approximation, the
scattering amplitude f (i, k4) for a rotation transi-
tion J;M; = J; M, involving Z electronic states is
given by!3 14

f Ceis ) = [ 5,1, (R)F iy s B Y, R AR, (AD)

where f (R, ks ; _IE) is the scattering amplitude for a
‘molecule having the fixed orientation _1_2_ For pure-
ly resonant process, this fixed-axis scattering
amplitude between specific vibrational states v;
and 7 of the target molecule may be derived as"

S (ki By 5 B) =167°0(v;, v;5 E) 3 Yy nlR ) Y R,

" (A2)

with p(v;, ¥;; E) representing an energy term that
depends on the details of the radial wave function
of the compound state, as well as on the initial
and final vibrational wave functions. E is the inci-
dent electron energy, I, and /; are the incoming
and outgoing partial waves, respectively, and the
prime in the wave vectors indicates that they are
defined with respect to the body-fixed frame.
Equation (A2) contains implicitly the approxima-
tion that the scattering is due to only one partial
wave in the in- and out-channel: For °II, reson-
ance in N,, /;=l;=2 and m=+1.

Using (A2) in (A1), the differential cross section
is obtained by summing over unobserved final %
and averaging over M :

‘f (_Igiy _k_f), 2
(A3)

do = ks L
E(viJ,--’UfJf)" k; 2J;+1 M,-Zu

- with

B2 =k +2{w(v; - v;) +(1/21)[Ji(Ji +1) ~JJ; +1)]} .
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Making use of the high-J approximation,® we obtain
an expression for the differential cross section
for excitation in the AJ branch, :

do ky ’ .
Eﬁ—(vi -V, AJ) = E“Ip(vi » Urs E)164 ¢
XY AL(AJ)Pycost),  (A4)
L

where
A (AT)=(=)H2L +1)(24; +1)(21,+1)

00 O

I I; L
00 0

x ;(-)j(2j+1)[dj,m(%ﬂ)]2

. (A5)

and dJ»;(0) are the reduced rotation matrices.’

The angular terms in (A4) are consistent with the
earlier work of Read.® The simplicity of the ex-
pressions for Az given in (Ab) is due to the explicit
use of single partial waves in the scattering for-
malism. Note further that if one neglects the en-
ergy loss due to rotational transitions, we have
the relation:

do do
2 ag (=t AT = g (=), (A6)

This last expression provides the connection be-
tween the individual rotational~vibrational branch
and the vibrational cross sections. The present
formalism together with the boomerang treatment
for energy dependence’® yields the absolute rota-
tional cross section shown in Fig. 6.
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