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Abstract
Kinetic energy spectra of O− from dissociative electron attachment (DEA)
to NO were measured at 7.6, 8.0, 9.0 and 10.0 eV electron energy using a
spectrometer with hemispherical energy selectors for both the incident electrons
and the resulting ions. The measurements were performed at 10◦ , 30◦ , 90◦ and
135◦ . The capacity of the spectrometer to detect both slow and fast ions was
veriﬁed and the spectra were corrected for the analyser response function.
Under these conditions only a signal corresponding to O− in the ground state
and N in the ﬁrst excited state was observed, a signal from the remaining two
energetically accessible channels was absent. These observations conﬁrm the
original conclusion of Chantry (1968 Phys. Rev. 172 125) and reduce the range
of possible explanations for the diametrically different observations of Orient
and Chutjian (1995 Phys. Rev. Lett. 74 5017).
1. Introduction
Three channels are energetically accessible for dissociative electron attachment to NO around
Ei = 10 eV,
2 
NO  + e− (Ei ) −→ O− (2 P) + N(4 S)

(Eth = 5.036 eV)

(1)

−→ O ( P) + N( D)

(Eth = 7.420 eV)

(2)

−→ O− (2 P) + N(2 P)

(Eth = 8.611 eV),

(3)

− 2

2

where the threshold energies Eth are calculated from the dissociation energy of NO
(D0 = 6.497 eV [1]), the electron afﬁnity of O (1.461 eV [2]) and spectroscopic data for
N (2.384 eV and 3.576 eV for the 2 D and 2 P states, respectively [3]). Both electronic
ﬁne structure states of the target,  = 1/2 and 3/2, are thermally populated in the present
experiment [4].
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Rapp and Briglia [5] observed a band in the O− production in the 7–10 eV electron energy
range and measured the peak absolute value of the cross section to be 1.12 × 10−18 cm2
(a 50% higher value was obtained more recently [6]).
Chantry [7] obtained information on which of the channels are actually occurring by
measuring the energies of the O− ions using a Wien ﬁlter and comparing the results to the
values expected for each of the three channels (1–3) using the relation Eion = (1−β)(Ei −Eth ),
where β is the ratio of the ion and molecular masses, Ei is the incident electron energy and
the values of the threshold energies Eth are given in equations (1)–(3). He concluded that only
channel (2) is operative.
More recently, Orient and Chutjian [8] reported the occurrence of all three channels,
channel (1) being most abundant. The cause of the dramatically different results of the two
experiments has not yet been resolved. The principal differences between the two studies lie
in the experimental method of measuring Eion , and in the presence of a strong magnetic ﬁeld,
6 T, in the experiment of Orient and Chutjian. (Chantry used only a weak magnetic ﬁeld,
∼10 mT, to collimate the electron beam.) Chantry used a Wien ﬁlter to measure the ion
energies, whereas Orient and Chutjian used a novel device where ions drift on a trochoidal
path in crossed axial magnetic and perpendicular electric ﬁelds. This device resembles the
trochoidal monochromator (TM) [9, 10] often used for electrons, but a closer inspection reveals
that its operating mode is entirely different. Standard TM relies on the use of only a weak
magnetic ﬁeld to reject charged particles with appreciable transverse momenta so that only
particles with an essentially forward momentum pass. This by-passes an inherent weakness
of the TM, namely that it ﬁlters the particles only with respect to forward momentum. In
contrast, the very strong magnetic ﬁeld used by Orient and Chutjian allows even particles with
large transverse momenta to pass their device.
Orient and Chutjian emphasized in their paper [8] that their device, in contrast to
that of Chantry [7], has the advantage of collecting ions of all kinetic energies without
being dependent on the use of an extraction voltage. This implies the possibility that
the extraction voltage used by Chantry could have been too low to collect fast ions and
that the difference between the two ﬁndings could be due to an imperfection of Chantry’s
experiment.
This uncertain situation prompted two additional studies. Chu et al [11] measured the
ion kinetic energies by means of ion time-of-ﬂight and concluded, in agreement with Chantry,
that channel (2) is dominant and channel (1) does not occur in their experiment. They
report evidence for a weak occurrence of channel (3), however. They also argue against the
occurrence of channel (1) on the basis of absence of ion signal below 7.42 eV, the threshold of
channel (2). The latter argument has also been presented by Deniﬂ et al [12], who measured
the cross section with an instrument using hemispherical selectors for the electrons, that is,
in a complete absence of any magnetic ﬁeld. They used various extraction voltages and also
concluded that channel (1) is absent in their experiment.
The discrepancy between the two results and the absence of a clear explanation has
prompted a comment by Illenberger and Märk [13] and a reply by Orient and Chutjian [14].
Orient and Chutjian point out in their reply that differences in angles of observation could also
be the cause of the difference of the two observations and that their device is superior in this
respect because it collects ions ejected into all angles.
The issue thus remains unresolved and a clariﬁcation would be desirable for two reasons.
The discrepancy casts doubt at the reliability of the various techniques to collect ions and
measure their kinetic energies. If the results of Chantry were in error, it would cast doubt on
the results obtained over the years for many molecules with commonly used instruments. On
the other hand, if all experiments could be proven to be correct, it would reveal an interesting
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Figure 1. O− ion kinetic energy spectra collected at 90◦ . Energies at which ions from the
processes (1), (2) and (3) are expected are indicated by arrows. Peaks are actually observed only
at the energies corresponding to N atom in the 2 D state, that is channel (2). The spectra were
corrected for the analyser response function but no background was subtracted. The background
to the right of the O− peaks is shown vertically expanded to emphasize the absence of peaks due
to channel (1).

dramatic sensitivity of the physics of the dissociative electron attachment to NO on a strong
magnetic ﬁeld.
The present study aims at making a positive test of the results of Chantry [7] and the
subsequent studies [11, 13] by presenting ion kinetic energy measurements in the absence of
magnetic ﬁeld. It extends existing studies in an important way because observations are made
at various angles, with superior signal-to-noise ratio, and at high resolution for the analysis
of the ion kinetic energies. An additional important point is that the response of the present
experiment as a function of ion energy has been calibrated on elastic scattering in helium and
the spectra presented here are corrected for this response function. This excludes the problem
of an inappropriate draw-out ﬁeld, that is, the danger of missing ions of certain kinetic
energies.
2. Experiment
The measurements were performed using a spectrometer with hemispherical analysers which
has already been described [15, 16]. The resolution in the incident electron beam was about
15 meV and the beam current was about 1 nA. The response function of the spectrometer, that
is the relative sensitivity of the instrument as a function of the kinetic energy of the detected
particle, was determined on the elastic scattering in helium and the spectra shown in ﬁgure 1
are corrected for this response function. A small Wien ﬁlter separates ions and scattered
electrons, in a way similar to that used by Hall et al [17]. The ion kinetic energy mode of the
present instrument has already been tested [18].
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Thermal broadening is an important aspect of the measurement of ion kinetic energies.
The ion kinetic energy in the present experiment is substantially larger than kT so that it
may seem that thermal broadening is negligible. Chantry and Schulz [19, 20] have shown,
however, that thermal broadening is ‘ampliﬁed’ in dissociative attachment, generally exceeds
the resolution of the energy analyser (15 meV in the present case) and dominates the measured
distribution except at very low ion energies (see also [21]). For a stationary sample gas,
Chantry and Schulz [20] obtained the equation
W1/2 = (11βkT Eion )1/2

(4)

for the width W1/2 of the ion peak. As an example, the width of the peak at Ei = 9.0 eV in
ﬁgure 1 (Eion = 0.737 eV) should be W1/2 = 0.33 eV, much more than kT !
In the present experiment the thermal broadening is substantially reduced in comparison
to a stationary sample, despite the fact that only an effusive nozzle was used. The reason is
that the overlap of the narrow incident beam and the analyser acceptance cone (each about
0.25 mm in diameter) deﬁnes only a very small effective collision volume, within which the
NO molecules move all in essentially the same direction. The width of the O− peak obtained
with Ei = 9.0 eV and shown in ﬁgure 1 is 75 meV, substantially less than the 330 meV
predicted for a stationary sample, but more than the 15 meV resolution of the analyser. This
indicates that some thermal broadening persists, primarily due to the ﬁnite size of the effective
interaction volume and the nozzle exit, giving rise to a small but ﬁnite range of angles between
the trajectories of the molecules and electrons. The high resolution in the ion kinetic energies
is important because it avoids the problem of overlapping bands and helps distinguishing a
narrow band from a broad underlying background.
3. Results and discussion
The spectra in ﬁgure 1 show clearly that signal is observed only for channel (2) and fully
conﬁrm the initial conclusion of Chantry [7]. There is a weak and approximately constant
background to the right of the channel (2) O− peak, due presumably to channeltron dark count
and stray electrons. This background does not have the shape of a narrow peak and thus
cannot correspond to O− from channel (1). The spectra put an upper limit on the O− intensity
from channel (1): it is at least 200× weaker than the O− intensity from channel (2) at 7.6 and
8.0 eV, at least 100× weaker at 9.0 eV and at least 20× weaker at 10.0 eV. No narrow O−
peaks are observed also to the left of the O− peak—the present experiment gives no indication
of signal from channel (3). The upper limit for this channel is about 1/20 of channel (2) signal
at 10.0 eV.
Ions were collected at 90◦ with respect to the electron beam in ﬁgure 1. The measurements
were repeated with the detector placed at 10◦ , 30◦ and 135◦ and no signal due to channels (1)
and (3) has been observed at any of these angles. The observed channel (2) O− signal was
found to peak at 90◦ and to decrease towards larger and smaller angles as already reported by
Van Brunt and Kieffer [22]. The present experiment thus excludes, within the limits given
above, the idea that channels (1) and (3) are active, at least in the absence of a strong magnetic
ﬁeld in the collision region. The hypothesis that these channels were missed in the earlier
studies [7, 11, 12] because of limited angular range of observation or because of ion kinetic
energy discrimination due to problems with ion draw-out ﬁeld is not justiﬁed.
The large selectivity with respect to the various channels remains puzzling, despite the
substantial information existing on the Feshbach resonances in NO [23, 24]. Dissociative
electron attachment to NO which has been laser excited to the A 2  + Rydberg state results
in a very high yield of O− and N in their ground states [25], that is, laser excitation activates
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channel (1). It seems that the formation of the resonance which mediates the laser activated
process is strongly forbidden in electron attachment to ground state NO.
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