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The electron impact cross section for the transition between the 2�1=2 and 2�3=2 spin-orbit
components of the ground electronic term of nitric oxide, separated by 15 meV, has been measured
as a function of electron energy at a scattering angle of � � 135�. It is dominated by the 3�� and the 1�
resonances. Its magnitude is very large, at peak about equal to that of the elastic cross section. The
elastic cross sections for the two components have also been determined.
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Introduction.—The knowledge of the interactions of
slow electrons with nitric oxide is important because
NO is used as a plasma gas. Moreover, it has an unpaired
electron and thus offers an opportunity to study electron
collisions with radicals. Radicals are often formed by
electron-impact dissociation of molecules in plasmas
and are important plasma species. Little is known about
their interaction with free electrons, however, because
they are generally chemically very reactive and difficult
to feed into electron spectrometers. Nitric oxide is thus an
important prototype case, permitting the study of the
basic principles in collisions of electrons with radicals.
An important consequence of the unpaired electron, ab-
sent in molecules with a closed electron shell, is that
electronic terms with nonzero orbital angular momentum
are split into spin-orbit components. The 2� ground
electronic term of NO is split into two components (‘‘sub-
states’’): 2�1=2 and 2�3=2 [1]. Their interactions with free
electrons have not been studied individually because they
are separated by only �E0 � 15 meV and are hard to
resolve. This work makes use of the recent instrumental
progress [2] in terms of resolution and low energy ca-
pacity to investigate to what degree collisions with slow
electrons can induce transitions between the two spin-
orbit components. The present work is oriented primarily
towards the properties of NO relevant in plasmas, but it is
worthwhile noting that nitric oxide has recently received
much publicity because of the unexpected and multifac-
eted role that it plays in biology [3].

There are numerous electron collision studies on NO
which do not distinguish the two spin-orbit components.
They revealed sharp structures due to the 3�� and the 1�
resonances of NO� [4–8]. Interpretation of these struc-
tures yielded the NO� internuclear separation re�NO�� �
1:262��0:005;�0:025� �A [9]. Precise quantitative elastic
and vibrational excitation cross sections have been mea-
sured more recently [10,11]. The resonances were also
studied on NO cooled by supersonic expansion [12].
Resonance parameters for the low-lying states of NO�

were calculated using the R-matrix method [13]. A tran-
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sition between the spin-orbit components requires that
either spin or orbital angular momentum is exchanged
between the free electron and the target. The present work
is thus related to the spin exchange studies using polar-
ized electrons [14,15]. Photodetachment studies [16,17]
determined the electron affinity, the latter study yielding
the value of 0:026� 0:005 eV, together with an inde-
pendent value for the NO� internuclear separation
re�NO�� � 1:271� 0:005 �A.

Experiment.—The measurements were performed us-
ing a spectrometer with hemispherical analyzers [2,18].
The energy resolution was about 10 meV in the energy-
loss mode, corresponding to about 7 meV in the incident
electron beam, at a beam current of around 40 pA. The
energy of the incident beam was calibrated on the
19.365 eV [19] 2S resonance in helium and is accurate
to within �10 meV. The analyzer response function was
determined on the elastic scattering in helium. NO was
introduced through a 0.25 mm effusive nozzle kept at
�30 �C. The backing pressure was about 1.1 mbars
(around 0.1 mbars when measuring the absolute value).
Absolute values of the cross sections were determined by
comparison with the theoretical helium elastic cross sec-
tion [20], using the relative flow method, and are accurate
within �25%. The measurements were carried out at a
representative scattering angle, � � 135�, which was
chosen large to diminish possible contributions of direct
excitation. Preliminary measurements at 30�, 90�, and
180� indicate, however, that the shapes of the curves
depend little on scattering angle.

Results and discussion.—Figure 1 shows the relevant
potential curves and vibrational levels of NO and NO�,
based on the known spectroscopical constants [21]. The
NO� vibrational levels higher than v0 � 0 are reso-
nances, subject to the autodetachment of an electron.

Figure 2 shows an electron energy-loss spectra re-
corded at constant incident electron energies. The inci-
dent energy in the bottom spectrum, Ei � 464 meV,
was chosen such as to excite the 3���v0 � 3� resonance.
The peak corresponding to the inelastic 2�3=2  

2�1=2
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FIG. 1. Schematic potential curves of NO (solid) and NO�

(dashed). The arrows indicate the resonant inelastic and super-
elastic transitions which can be seen in the spectra of Fig. 2.
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transition is prominent at this incident energy. The inci-
dent energy in the center spectrum, 449 meV, was chosen
such as to excite the same 3���v0 � 3� resonance starting
from the thermally populated 2�3=2 substate of NO. This
time it is the peak corresponding to the 2�3=2 !

2�1=2

superelastic transition that is prominent. Both the inelas-
tic and the superelastic peaks are weak in the top spec-
trum, where no resonance can be reached. Similar peaks,
but this time accompanied by the excitation of one vibra-
tional quantum of NO, are seen on the right side of Fig. 2.
These transitions will not be studied in detail here.

Note that about 64% of the NO molecules in the target
gas are in the 2�1=2 substate and 36% are in the 2�3=2

substate (see below). The elastic peaks in Fig. 2 are due to
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FIG. 2. Electron energy-loss spectra of NO.
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all target NO molecules, the inelastic peak only to those
originally in the 2�1=2 substate. It is thus evident already
at this level that the cross section for the electronically
inelastic transition must be very large, similar to the
elastic cross section. The same must be true when vibra-
tion is coexcited: Both the electronically elastic and the
electronically inelastic peaks on the right side of the
bottom spectrum in Fig. 2 are of comparable height.

The top trace of Fig. 3 shows the electronically inelastic
cross section as a function of the incident electron energy.
It is dominated by the resonant excitation; the signal
between the resonant peaks is only weak. (Part of the
weak signal between the peaks could actually be due to
elastic scattering since the elastic and the inelastic peaks
partially overlap; see Fig. 2.)

The absolute value of the inelastic cross section was
determined by measuring the apparent absolute value
using the relative flow method, where the total density
of NO is taken as a base, and dividing it by 0.64, the
fraction of NO in the 2�1=2 component. The ratio of the
thermal populations of the two components was obtained
[1] as

n3=2
n1=2

�

P
1
J�3=2�2J� 1� expf���E0 � F��J��g

P
1
J�1=2�2J� 1� exp��F��J��

;

where  � 1=�kT�, the subscripts 1
2 and 3

2 denote the
electronic (spin and orbit) angular momentum �, and
the energies of the individual rotational levels are
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FIG. 3. The elastic (bottom) and the 2�3=2  
2�1=2 inelastic

(top) cross sections, measured at � � 135�. The elastic cross
section is shown as measured for the room temperature sample.
It is thus a superposition of the elastic cross sections for NO in
the 2�1=2 and in the 2�3=2 states, weighted in the proportion of
their thermal populations. The vibrational levels of the 3�� and
the 1� states of NO� are indicated.

063201-2



VOLUME 93, NUMBER 6 P H Y S I C A L R E V I E W L E T T E R S week ending
6 AUGUST 2004
F��J� � B�J�J� 1� ��2� with the total (electronic and
rotational) angular momentum J � �;�� 1; . . . .

The elastic cross section in Fig. 3, recorded on the
thermal mixture of NO in the 2�1=2 and 2�3=2 substates,
has double maxima at the resonant peaks at v0 � 1 and 2,
which are no longer resolved at v0 � 3 because the width
of the resonance increases with v0. The double peak at
v0 � 2 is shown in detail in Fig. 4. It is due to the fact that
the sharp resonant feature is reached at a lower incident
energy in collisions with NO in the upper substate 2�3=2

(see Fig. 1). The double peak can be used to determine the
individual elastic cross sections. The measured cross sec-
tion is first deconvoluted into two curves, with identical
shape, separated by 15 meV. The assumption of identical
shapes is justified by the excellent agreement of the fit
with the experimental curve (indicated by the small
residuals in Fig. 4). The two curves resulting from the
deconvolution are then divided by the relative populations
of the 2�1=2 and 2�3=2 substates to yield the two elastic
cross sections. Surprisingly, the absolute magnitudes ob-
tained in this way are not equal. It is difficult to envisage
an experimental error in the determination, however. The
accuracy of the deconvolution is better than 5%, leaving
an error only in the determination of the relative popula-
tions. One would have to assume a target gas temperature
of about 190 K to explain the observed spectrum under
the assumption of identical magnitudes of the two elastic
cross sections. Such cooling does not appear possible with
the low backing pressure (1.1 mbars) used here.
Furthermore, the shape of the spectrum remained the
same with a lower backing pressure of 0.4 mbars.
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FIG. 4. Elastic cross sections at � � 135�. The line with
statistical noise is the cross section as recorded, averaged
over the thermal populations of the two spin-orbit components.
The smooth, solid lines are the individual elastic cross sections,
obtained by deconvolution of the experimental signal and
dividing by the thermal populations, as described in text. The
residuals (differences between data and deconvoluted curves)
are shown at the bottom. The origin of the v0 � 2 level of the
NO� 3�� resonance is indicated by an arrow.
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Note that the elastic and electronically inelastic cross
sections of NO in the 2�1=2 substate have nearly the same
peak magnitudes, about 1:9 �A2=sr (Figs. 3 and 4). This is
understandable regarding the electron configurations in
the lower part of Fig. 5. Both the 2�1=2 and the 2�3=2

states are parent states of the 3�� resonance. The reso-
nance has consequently two decay channels, with either
the electron with its spin parallel or antiparallel to its
orbital angular momentum � being ejected, leading to the
2�1=2 or 2�3=2 states, respectively. Both channels have
about the same probability. There is a close analogy
between the present transitions, as shown in Fig. 5, and
the excitation of the low-lying states of O2, as discussed
by Teillet-Billy et al. [22].

Both resonant processes should result in spin exchange
(the bottom part of Fig. 5 oversimplifies the situation; in
reality a 3�� scattering complex with Ms � 0 will also
occur, giving rise to spin exchange). Nearly no depolar-
ization was observed in experiments with spin-polarized
electrons [15] at 2.5 eV, probably because 2.5 eV is too
high for the 3�� and 1� resonances to have an appre-
ciable effect.

The peaks in the inelastic cross section in Fig. 3 are
asymmetrical, and the v0 � 2 peak, recorded with a
slightly higher resolution, is shown in more detail in
Fig. 6. The envelope of the �N � 0 transitions indicates
that the asymmetry is primarily caused by an unresolved
rotational structure. The rotational width is relatively
large, about 9 meV for the �N � 0 transitions shown,
because the internuclear separations re (Fig. 1) and con-
sequently the rotational constants Be of NO and NO� are
quite different [21]. In reality, transitions with �N � �1
and �2 probably also contribute and make the rotational
profile even wider. The width of the experimental band at
half-height (FWHM) in Fig. 6 is 13.5 meV. Subtracting
(taking the root of the difference of the squares) the
contributions of the estimated instrumental (7 meV)
and �N � 0 rotational (9 meV) widths leads to an esti-
mate of the upper limit of the natural width of the
NO� 3��v0 � 2 resonance to be about 7 meV. This is
narrower than reported previously; the narrowest width
2
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FIG. 5. Electron configurations in the scattering processes via
the 3�� (bottom) and the 1� (top) resonances.
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FIG. 6. Detail of the 2�3=2  
2�1=2 inelastic cross section

around the v0 � 2 level of the NO� 3�� resonance. The ex-
pected energies of the �N � 0 rotational transitions
(NO 2�1=2v � 0! NO� 3��v0 � 2) are indicated.
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reported for the v0 � 2 level was 29 meV [12]. Note that
the cross section measured in Ref. [12] was a superposi-
tion of the elastic and electronically inelastic cross sec-
tions because the final states were not resolved. On the
other hand, their spectrum was not rotationally broadened
because of supersonic expansion cooling.

The parameters of the NO� 3�� resonance obtained in
this work are as follows: The electron affinity is 26.8 meV;
vibrational constant ~�e � 1360 cm�1; anharmonicity
~�exe � 9:5 cm�1. The value of the electron affinity is in
fortuitously good agreement with the (rotationally ad-
justed) photoelectron value of 0:026� 0:005 eV [17].
Note that the present energies are taken slightly to the
right of the peak positions, as suggested by the rotational
profile in Fig. 6; that is, they are also rotationally adjusted.
The resonance energies are in good agreement with ear-
lier measurements [7,12].

The parameters of the NO� 1� resonance are (i) the
energy of the center of the lowest vibrational level T0 �
0:74 eV, (ii) vibrational constant ~�e � 1480 cm�1, and
(iii) anharmonicity ~�exe � 8 cm�1. The width of the
v00 � 1 peak is 80 meV.

Finally, it must be pointed out that a detailed descrip-
tion of the electronic fine structure transitions discussed
here must take into account that they are interwoven with
molecular rotation because of similar energy spacings.
The distinction between the 2�1=2 and 2�3=2 becomes
approximate only for higher values of J because of the
spin uncoupling and transition to Hund’s case (b) [1].

Conclusions.—The differential cross section for the
2�3=2  

2�1=2 transition between the spin-orbit compo-
nents of the ground electronic term of NO was found to
have extraordinarily large values at the energies of the
NO� 3�� and 1� resonances. The magnitudes are com-
parable to the values of the elastic cross sections. This is
very unusual for an electronic transition. It is because the
excitation is mediated by shape resonances, and both the
063201-4
attachment and decay of the resonance are one-electron
processes. This is generally not the case for electronic
excitation, because the shape resonance usually lies ener-
getically below the electronically excited state and ex-
citation occurs via a core excited resonance, the formation
of which involves a two-electron process. The resonance
energies are in good agreement with previous work, but
the widths are narrower. The present experiment indi-
cates, somewhat surprisingly, that at � � 135� the differ-
ential elastic cross section of NO in the 2�1=2 substate is
larger than that of NO in the 2�3=2 substate.
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