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Abstract

We have studied dissociative electron attachment in beams of the highly polar sodium halides. The only ions formed in NaX
are Na2, as halogen ions X2 are formed by attachment on the dimer (NaX)2. The Na2 angular distributions show a strong
asymmetry with respect to the 90° scattering angle, which is interpreted as an effect of the dipolar interaction in the attachment.
We have attempted to determine the symmetry of the dissociative anion states by theoretical analysis of the experimental
angular data. TheS symmetry contributes only at energies close to the onsets, while theP symmetry is dominant over most
of the processes. (Int J Mass Spectrom 205 (2001) 137–148) © 2001 Elsevier Science B.V.
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1. Introduction

The interaction of electrons with polar molecules
has received renewed interest as a consequence of the
scattering features observed in the hydrogen halides
[1–5] and of the developments in chemical lasers and
magnetohydrodynamics. Unlike the hydrogen halides,
the anion ground state X1S1 of the highly polar alkali
halides is bound and has been described as the neutral
alkali atom polarized by the halide negative ion [6 and
references therein]. The first evidence of a bound state
came from a photodetachment experiment in LiCl [7]
in which the binding energy of 0.61 eV was in good
agreement with the calculated value [8]. Vertical

electron affinities have been further determined in
other alkali halides, both experimentally [6] and
theoretically [9]. Because of their large dipole mo-
ment well above the critical value (;2.5 D), dipole-
bound states should exist in addition to the valence
anion state [10]. Complementary to photodetachment,
dissociative electron attachment (DA) will probe ex-
cited anion repulsive states in the electron–molecule
scattering continuum. The effect of the strong elec-
tron–dipole interaction manifests as an asymmetry in
the angular dependence of the negative-ion fragment,
as shown experimentally from H2/HF [7] and from
our early Na2 results in the sodium halides [12,13].
Teillet-Billy and Gauyacq [14] have then extended the
DA differential cross-section theory of O’Malley and
Taylor [15] to include the effect of the long-range
dipolar field of the target molecule. In our work on the
alkali halides NaF, NaCl, and NaBr, we have used the

*Corresponding author. E-mail: j.p.tiesel@yosemite.ups-tlse.fr
Dedicated to Professor Aleksandar Stamatovic on the occasion

of his 60th birthday.

1387-3806/01/$20.00 © 2001 Elsevier Science B.V. All rights reserved
PII S1387-3806(00)00291-8

International Journal of Mass Spectrometry 205 (2001) 137–148



angular dependence fits to the theory together with ion
kinetic energy measurements in an attempt to deter-
mine the symmetry of the anion states involved in the
DA processes.

2. Experimental

2.1. Spectrometers

Dissociative electron attachment in sodium halides
has been studied with two different crossed-beam
spectrometers. The magnetic spectrometer (MS) is
used to measure the ion-yield spectra and calibrate the
energy of the DA processes. Kinetic energy and
angular distributions are then obtained in the electro-
static spectrometer (ES), first to distinguish between
DA from the monomer and the dimer and then to
access the spectroscopy of the dissociative NaX2

states.
In the magnetic spectrometer [16], the electron

beam from a thoria-coated irridium filament is energy
selected by a trochoı¨dal monochromator [17] and
crosses the molecular beam effusing from a radiation-
heated Knudsen oven. The negative ions are extracted
at ;90° from the two beams by a small electric field
and then mass analyzed by a 60° magnetic sector. The
electrostatic spectrometer has been described in detail
[18,19]. Briefly, the electron beam is energy selected
in a 127° cylindrical filter and crosses the molecular
beam issuing from a two-stage oven fitted with a
1-mm diameter exit canal 14 mm in length. The
scattered electrons and negative ions coming from the
collision zone are energy analyzed in a second 127°
electrostatic filter that can rotate from 30° to 145°
with respect to the incident electron beam. After
energy analysis, ions and electrons of the same kinetic
energyER are separated in a quadrupole mass filter
and the ions are mass analyzed.

The oven temperatures are monitored with
chromel-alumel thermocouples and set at;1000 K,
which corresponds to a NaCl vapor pressure inside the
oven in the 1022torr-range [20]. In the MS, the oven
exit hole is at 45 mm from the collision center and a
shutter can stop the molecular beam to check if some

species are coming from outside the oven. Electron
currents are typically;100 nA at an energy resolu-
tion of 150–200 meV; the Na2 count rate was then
;100 ions/s, with a draw-out field of a few tenths volt
per centimeter. In the ES, the oven exit could be set at
a distance as close as 2 mm from the collision center.
With electron currents of 30 nA at a resolution of 120
meV, the Na2 count rate was also;100 s21 at a
measurement angle of 90°. The molecular beam is
then condensed on a cold finger at 2 cm above the
collision center. The exit section of the two-stage
oven can be slightly overheated to prevent clogging of
the channel and to decrease the dimer production [20].
The heating wires are winded to cancel out the
magnetic field [21], and indeed, no effect on the
electrons was observed when operating the oven.

2.2. Modes of operation and energy-scale
calibrations

In a dissociative attachment process, an incident
electron of energyEi is captured by the molecule to
yield a negative ion and a neutral fragment as reaction
products. The ion kinetic energy is given by the
relation

ER 5 ~1 2 b!~Ei 2 D0 1 EA 2 E* !, (1)

where b is the ratio of the ion mass to that of the
molecule,D0 the dissociation energy to the products
in their ground state, EA the electron affinity for the
negative ion, andE* the internal excitation energy
deposited in the fragments.

Different modes of operation have been used in the
electrostatic spectrometer and yield differential mea-
surements at a fixed angle with respect to the incident
electron beam in the plane perpendicular to the
molecular beam. In the ion-energy mode, the incident
electron energy is kept constant and the analyzer is
swept to give the ion kinetic energy distribution. For
a diatomic molecule, each peak in the ion-energy
spectrum will then correspond to a different dissoci-
ation limit. A constant ion-energy spectrum is ob-
tained by collecting ions of a fixed energyER while
sweeping the incident energyEi. In an ion-yield
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spectrum, the ratioER to Ei is kept equal to (12b),
and this mode gives the differential cross section
(DCS) for a well-defined process as a function of
electron energy.

In the magnetic spectrometer, the ions formed at
;90° of the electron and molecular beams are col-
lected without kinetic energy analysis and the ion
signal is recorded while sweeping the incident energy.
The ions formed from the sodium halide beams show
little variation of ER through the dissociative energy
range, and thus, there should be very little kinetic
energy discrimination as a function ofEi. The ion-
yield curves from the magnetic spectrometer can then
be compared with the DCS at 90°, measured in the
electrostatic spectrometer.

The electron energy scale is calibrated in the mag-
netic spectrometer with the vertical onset of O2/CO at
9.62 eV [22]. A small amount of CO is flowed inside the
collision chamber together with the sodium halide beam.
The onset energy is assigned to the point of steepest rise
in the experimental O2 curve, and this energy scale then
corresponds to the most probable electron energy. The
absolute peak energies are estimated within60.15 eV.
As the onsets of the processes in NaX are not vertical,
the determination of the appearance potentials is less
straightforward. They are measured at an energy mid-
way between the linearly extrapolated threshold, corre-
sponding to the average energy of the electron beam and
the energy at which the linear behavior of the cross-
section leading edge is well-established [22]. The error
limits (20.15,10.25 eV) take into account a probable
underestimation of the threshold [23].

In the electrostatic spectrometer, the peak energies
determined with the magnetic set-up are used for the
calibration of the selector. The analyzer is calibrated
by setting the incident energy at the Na2 peak and
measuring the scattered electrons’ energy-loss spec-
trum. The energy at the peak of the elastically
scattered electrons is thenER 5 Ei.

2.3. Ion angular distributions

Angular distributions are obtained by measuring
the ion intensity as a function of the collection angle
u from 30° to 145° at constant energiesEi andER set

by relation (1). Measurements are made relative to
90° and in series of three to minimize the effect of
slow variations in the molecular beam density.

A number of effects can distort experimental an-
gular distributions: thermal motion (translational and
rotational) of the target molecule, momentum transfer,
and collision region. The effects of the thermal
motion and of the molecular recoil caused by momen-
tum transfer have been discussed in detail for H2 by
Tronc et al. [24]. The effect of the translational
velocity component in the direction of the molecular
axis is to broaden the ion kinetic energy distribution
[25]. The variation of this distribution width with the
observation angle, as well as the momentum transfer,
can cause an asymmetry in the angular dependence.
However their influence was found to be small in H2

if the ion intensity were measured for each angle at
the distribution maximum [24]. We have used the
same procedure in the angular measurements of Na2.
In contrast, translational motion in the direction per-
pendicular to the molecular axis, as well as rotation,
can contribute to a loss of anisotropy in the angular
distribution (see section 5.2). The kinetic energy of
the molecules in the plane of analysis is difficult to
know. Inside the oven, the gas is at equilibrium and its
velocity given by a Maxwell-Boltzmann distribution.
In an effusive beam, this distribution is assumed to be
kept with, in the case of a planar aperture, a cosine
law giving the fraction of molecules having a trans-
verse velocitynT. The oven in the electrostatic spec-
trometer has an exit canal with a length-to-diameter
ratio of 14, and the distribution should be more
peaked in the forward direction than the cosine
distribution. From a thin hole to our canal of the same
diameter, the directivity, defined as the ratio of the
flux around axis to the total emitted flux, is improved
by a factor of 10 [26]. Apart from the improvement in
the transverse speed distribution, a forward beam also
has an effect on the angular variation of the useful
volume of collision defined by the incident electron
beam, the molecular beam, and the acceptance cone of
the analyzer. When the molecular beam diameter is
much larger than the collision zone determined by the
electron beam, the angular measurements must be
corrected by sinu. In our experiment the correction
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should be smaller on account of the better directivity
and the short distance between the exit and the
interaction region.

3. Sodium chloride

Dissociative electron attachment processes in a so-
dium chloride beam are observed leading to the forma-
tion of Na2, Cl2, NaCl2, and Na2Cl2 ions. These
processes have been energy calibrated in the magnetic
spectrometer and can be compared to the previous data
of Ebinghaus [27]. Studies completed in the electrostatic
spectrometer have shown that some of the processes
yielding atomic ions arise in fact from attachment to the
dimer molecule. The angular behavior of the Na2/NaCl
differential cross section has also been measured.

3.1. The Na2 processes

The ion-yield curve obtained at;90° in the MS
shows two peaks at 4.3 and 5.6 eV (Table 1). The ES
enables us to separate ions of the same species formed
through different dissociation channels by tuningER

to a selected dissociation limit. In the Na2/NaCl
ion-yield curve at 90° (Fig. 1), the high-energy
process is no more observed and thus does not arise
from a NaCl2 state correlated to the dissociation
products Na21S and Cl2P. We then assign this process
to dissociative attachment in the dimer (NaCl)2, the
dimer population in a sodium chloride vapor being as
high as 25% at 920 K [20].

Also shown in Fig. 1 are the Na2 ion-yield curves
at the observation angles of 70° and 60°. The instrumen-
tal resolution is not good enough to separate the Na2

ions associated with the Cl2P3/2 or Cl2P1/2 fine structure
states. The spin-orbit splitting in Cl2P is 109 meV, which
would give a kinetic energy spacing of 66 meV between
the two groups of ions, compared with a total spectrom-
eter resolution of 200 meV as determined from the
elastic electron peak. The DCS shape changes with
angle as the maximum shifts from 4.2 eV at 90° to 4.6
eV at 60°. At the intermediate angle of 70°, a double
maximum is apparent, suggesting that two processes
with different angular dependence contribute to the
Na2 formation in the electron energy range 3.8–5 eV.
De facto, the ion angular distributions (Fig. 2) have
quite a different shape at electron energies selected
either on the low-energy side or on the high-energy
side of the Na2 cross section. The angular distribution
at Ei 5 4.08 eV peaks near 110°, while atEi 5 4.78
eV it is minimum at this angle.

3.2. Cl2 formation

A single Cl2 process is observed (insert in Fig. 3),
and the energies at onset and peak are reported in

Table 1
Atomic and molecular negative-ion processes in sodium chloride

Ion
Onset
(eV)

Peak
(eV)

FWHM
(eV) Remark

Na2 3.77 4.22 0.60 Present (3.68, 3.79 eV)a

5.22 5.58 Present
4.04 [27]

Cl2 4.55 5.20 0.78 Present
2.90 [27]

NaCl2 5.00 5.67 0.72 Present
5.08 [27]

Na2Cl2 4.75 5.38 0.76 Present
4.76 [27]

a Thermochemical thresholds of DA into Na2 1 Cl2 P.

Fig. 1. Na2/NaCl ion-yield curves at three scattering angles.
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Table 1. We have not observed any Cl2 formation
between 0 and 4.5 eV electron energy, in disagree-
ment with the observation of a low-energy process by
Ebinghaus [27]. In Fig. 3 the ion-energy spectra of

Cl2 at Ei 5 4.95 eV and of Na2 at Ei 5 4.20 eV are
also shown. The shape of the Na2 distribution is
symmetrical, contrary to the high-energy tail and the
larger width of the Cl2 distribution. The FWHM for
Na2 is ;300 meV, which is consistent with the main
contribution from thermal broadening. The Doppler
FWHM is given [24] by

W1/2 5 ~11bkTER)1/2, (2)

where k is the Boltzmann constant andT is the
translational temperature in the plane of analysis. This
expression is strictly valid for the integrated distribu-
tion over all angles, but if we assumeW1/2 to be 300
meV, the transverse temperature can be roughly
estimated at 625 K.

The Cl2 ion-kinetic spectra are peaked near zero
energy over the whole cross section, in contrast to the
Na2 spectra, where the maximum shifts withEi

according to relation (1). The usual interpretation of
such a behavior is that most of the excess energy (Ei

2 D0 1 EA) is deposited as internal energyE* in the
neutral fragment associated with Cl2. In a diatomic
fragmentation,E* would be purely electronic, while
in a polyatomic fragmentation it can appear as vibra-
tional and/or rotational energy. If the fragment is a
sodium atom, there exists a large number of excited
states between 2.102 eV and the ionization limit at
5.138 eV; we have indicated in Fig. 3 the positions of
the Na excited states that could yield Cl2 kinetic
energies between 0 and 1.3 eV. The Cl2 energy
spectrum could then be a sum of overlapping spectra,
each corresponding to a discrete excitation of Na. As the
maximum stays close to 0 when the incident energy is
increased, this implies that the formation of the highest
Na excited state should always be the most probable.
Different NaCl2-resonant states would then have to be
involved over the Cl2-formation energy range.

From the dimer presence in the molecular beam, it
is more plausible to attribute Cl2 formation to disso-
ciative attachment in (NaCl)2, where not only elec-
tronic but also vibrational/rotational energy disposal
in a molecular fragment may happen. The neutral
fragments associated with Cl2 could be either NaCl
and Na (case a) or Na2Cl (case b). The available
energy is calculated from the dissociation energiesD0

Fig. 2. Na2/NaCl angular distributions at four electron energies:
4.08, 4.28, 4.58, and 4.78 eV. The solid lines are drawn to guide the
eye through the experimental data.

Fig. 3. Ion kinetic energy spectra of Cl2 at Ei 5 4.95 eV (solid
circles) and Na2 atEi 5 4.2 eV (open circles) from sodium chloride
at a scattering angle of 90°. The Cl2 ion yield (magnetic spectrom-
eter) is shown in the insert.
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of Na2Cl2 [28], Na2Cl [29], and NaCl [30] and from
the electron affinity of Cl [31]. About 2.3 eV of excess
energy could be deposited in the neutral fragments in
case a and 3.1 eV in case b. The Na 3p excited states
are energetically accessible but not the first excited
NaCl state, as shown by the optical absorption thresh-
old at ;4 eV, close to the minimum energy of this
state [32]. The excited states of Na2Cl are unknown,
so a large number of electronically excited states
cannot be invoked to explain the behavior of the Cl2

spectra. Rovibrational energy disposal in the molec-
ular fragments is then the most likely process. The
attribution of Cl2 formation to DA in the dimer is
further supported by studies in NaF and NaBr where
no halogen ions have been observed when overheat-
ing the exit stage of the oven.

3.3. Molecular ions

The onset and peak energies of the NaCl2 and
Na2Cl2 formation processes are listed in Table 1, in
good agreement with previous results [27]. The most
likely process is DA to the dimer molecule, as the
abundance of the trimer in a sodium chloride vapor is
negligible [33]. The ion-kinetic energy spectra are
shown in Fig. 4; the Na2Cl2 and NaCl2 distributions
are peaked at zero energy and have an asymmetric
shape similar to that observed for Cl2. The energetics
of the Na2Cl2 process is not known. FromD0

(Na2Cl-Cl) and the onset of Na2Cl2, only a lowest
value of EA (Na2Cl) can be determined at 0.95 eV. In
the NaCl2/Na2Cl2 process, the dissociation energy is
;2.24 eV [28] and the adiabatic EA (NaCl) is 0.727 eV
[6]. An excess energy of;4.2 eV is then transferred
either into electronic excitation of the neutral NaCl
fragment, into rovibrational excitation of the two molec-
ular fragments, or into dissociation of the NaCl2S
ground state, which needs an energy of 4.23 eV [30].

4. Sodium fluoride, sodium bromide, sodium
iodide

The dissociative attachment processes in sodium
fluoride, bromide, and iodide observed in the mag-

netic spectrometer are listed in Table 2. Sodium
iodide has only been studied in the MS, and energies
of the processes are given here for the record. Unlike
the study in NaCl, we have overheated the oven exit
stage in the electrostatic spectrometer in an attempt to
lower the dimer density. Then some of the Na2 and
all of the X2 processes are no longer observed, such
as the high-energy Na2 peak and F2 in sodium
fluoride. This suggests that these ions (Table 2) are
formed by DA in (NaX)2 issuing from the single-stage
oven while the dimers are dissociated in the two-stage
oven.

The formation of Na2 in NaBr is of great interest
as the spin-orbit splitting of Br2P is large enough to
study in the ES the processes leading to Na2 1
Br2P3/2 and Na2 1 Br2P1/2 (Fig. 5). There is one
process correlated to the Br2P1/2 limit unlike DA in
HBr [14], where two processes are observed, one of
them arising from the coupling of the2S1/2 with the
2P1/2 state. Two processes are observed in the Br2P3/2

dissociation channel. The peak energies are quite
different, suggesting that three resonant states are
involved in the dissociative attachment. However, as

Fig. 4. Ion kinetic energy spectra of NaCl2 at Ei 5 5.67 eV and
Na2Cl2 at Ei 5 5.38 eV from sodium chloride at a scattering angle
of 90°.
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discussed below (see section 5.3), the attribution of
the low-intensity peak;4.5 eV to DA in the mono-
mer is doubtful. The onsets of the two main processes
are very close to the thermochemical thresholds,
which implies that the potential energy curves of the
molecular anion states must be flat at large R or even
have a shallow minimum.

The angular dependence of the Na2/NaBr pro-
cesses, normalized with respect to the 90° scattering
angle, are shown at four different energies in Fig. 6.
These angular distributions reflect the variation of the
relative DCSds/dV. Along the cross section for each
dissociation channel, there is no drastic change of the
general shape, unlike our measurements in Na2/NaCl
(Fig. 2) or Na2/NaF (Fig. 7). For these ions, the
dissociation channels to X2P are studied as a whole,

resulting in a mixture of all the involved resonant
states. A common feature of all the Na2/NaX angular
distributions is a strong asymmetry with respect tou

5 90°, which reflects the preferential attachment of
the electron to the Na1 side of the polar molecule
[14].

5. Symmetry of the resonant dissociative NaX2

states

Two molecular states ofS and P symmetry are
correlated to the dissociation limit Na21S 1 X2P.
These states are Feshbach resonances with electron
configurations p4s1s92 and p3s2s92, where the
LUMO s9 is filled by one excited valence electron
and the attaching incident electron. The coupling by
the spin-orbit interaction splits them into three states,
of which two are defined by the quantum numberV 5
1/2 and one withV 5 3/2. The attachment to theV 5
3/2 state and then the Na2 angular distribution (see
following) should be both typical of a state ofP
symmetry and a sum of the contribution ofS andP
symmetries for the twoV 5 1/2 states.

Table 2
Atomic and molecular negative-ion processes in sodium fluoride,
sodium bromide and sodium iodide

Ion

Onset Energy (eV)
Peak (eV)
Present CommentPresent [27]

Na2/NaF 4.55 4.66 5.1 (4.38, 4.43 eV)a

6.25 6.3 6.75 b
F2 4.7 2.55 5.25 b

5.5 5.25 6.25 b
NaF2 6.3 6.3 7.0 c
Na2F

2 5.75 5.85 6.65 c
Na2/NaBr 3.3 3.36 3.75 (3.21 eV)a

4.25 4.45 (3.67 eV)a

4.85 5.1 b
Br2 3.65 3.75 4.1 b

4.15 4.6 b
5.5 b

NaBr2 4.35 4.38 4.85 c
Na2Br2 4.05 4.08 4.6 c
Na2/Na 2.65 2.84 3.1 c (2.76 eV)a

4.2 c (3.70 eV)a

I2 2.1 2.55 c
3.15 3.25 3.8 c

4.6 c
NaI2 3.4 3.54 4.0 c
Na2I

2 3.2 3.26 3.7 c

Error 10.25 60.2 60.15
20.15

a Thermochemical thresholds: the lowest value corresponds to
the dissociation into Na2 1 X2P3/2, the other into Na2 1 X2P1/2.

b Not observed in the electrostatic spectrometer.
c Only studied in the magnetic spectrometer.

Fig. 5. Na2/NaBr ion-yield curves at a scattering angle of 47°: (a)
dissociation to Br2P1/2; (b) dissociation to Br2P3/2.
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5.1. DA differential cross sections with a dipolar
field

Assuming that the dissociation of the resonant state
is fast compared to the rotation of this intermediate
anion, the DA differential cross section at an angleu

between the incident electron beam and the internu-
clear axis is then related to the probability of attach-
ment to the neutral molecule atu. This probability
depends on the electronic coupling elementV between
the resonant state and the continuous wave function of
the entrance channel (electron1 molecule). Assum-
ing that the interaction potential is of spherical sym-
metry, the incident electron plane wave is developed
in spherical harmonics and the angular dependence of
V is then contained inYlm(u). A theoretical treatment
has been given by O’Malley and Taylor [15] based on
the formalism of O’Malley [34]. Within the slow
rotation approximation, the angular part of the DCS
ds(u,ki)/dV is expressed as a squared modulus of a
sum of spherical harmonicsYlm(V) over l from m to
`, ki being the incident electron wave number. From

Fig. 6. Experimental angular distributions of Na2/NaBr: dissocia-
tion to Br2P3/2 at Ei 5 3.77 eV (a) and 3.97 eV (b); dissociation to
Br2P1/2 at Ei 5 4.277 eV (c) and 4.57 eV (d). The solid lines are
drawn to guide the eye through the experimental data.

Fig. 7. Angular distributions (corrected) of Na2/NaF: (a) Ei 5 4.8 eV: filled circles, experimental data; solid line, theory,F0
0 andF1

0 modes;
open circles, corrected experimental data; dotted line, theory,F0

0 andF1
0 modes. (b) Ei 5 5.4 eV: solid circles, experimental data; solid line

theory:F1
1 andF2

1 modes; open circles, corrected experimental data; dotted line, theory,F1
1 andF2

1 modes.
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the axial momentum conservation,m is uLr 2 Ltu,
whereLr and Lt are the resonance and target axial
angular momenta. For heteronuclear diatomics, all the
l $ m values are allowed, but for homonuclear
molecules,l will be either even or odd depending on
the parity, same or opposite, of the initial and resonant
states. In homonuclear molecules, the fragment-ion
angular distribution will then always be symetrical
with respect to 90°. In heteronuclear molecules, this is
also the case when only one incident electron partial
wave is involved, but the contribution of several
partial waves may eventually produce distributions
with forward-backward asymmetry, as observed in
O2/CO [35] and in H2/HI [36]. When looking to the
hydrogen halides and sodium halides series, the asym-
metry is not present in H2/HBr (m 5 0.8 D) [17] and
H2/HCl (1.08 D) [37] but appears in H2/HF (1.82 D)
[9] and becomes more pronounced in the sodium
halides (8.1–9.1 D). A slight asymmetry is even
present in the H2 distributions from the triatomic
molecules H2S (0.97 D) [38] and H2O (1.85 D) [39].

The theory of O’Malley and Taylor [15] does not
take into account the dipolar interaction in the attach-
ment, as it is assumed that the electron-molecule
interaction is spherically symmetric at large electron–
molecule distances. Teillet-Billy and Gauyacq [14]
have extended the theory to polar and highly polar
molecules by introducing the anisotropic interaction
2m cosur22 for a pure point dipole. The spherical
harmonicsYlm are then replaced by the dipolar angu-
lar eigenmodesFn

m, expanded as a sum ofAlmYlm(V),
where the coefficientsAlm are dependent onm. The
selection rulem 5 uLr 2 Ltu still applies. Finally, the
angular part of the DCS will depend on the fixed
orientation of the molecule during dissociation only
through Fn

m, and its expression is [ds/
dV}uS`

n5man
mFn

mu2. This theory has been proved
successful by analyzing the angular distribution of the
H2/HF process;9.5 eV with theF1

1 mode alone; the
H2 resonant state is then unambiguously of2P
symmetry asLr 5 m 5 1 [11].

From the comparison between the theoretical and
experimentally measured angular distributions of the
Na2 fragment, we expect to be able to determine the
symmetry of the dissociating NaX2 state. We assume

a given symmetryS or P for the NaX2 state. In a few
cases, we have also considered the possibility that two
dissociative states of different symmetry contribute to
the process. For a single symmetry, it is assumed that
only two modes are necessary to describe the attach-
ment angular dependence, with the amplitude of each
mode and their relative phases as parameters. For the
analysis with two contributing symmetries, each was
described with one single mode and two parameters
were used, as there is no interference between the
spin-orbit coupled states. The theoretical description
given here describes the ion angular behavior in a
dissociative electron attachment process on a target
molecule supposed to be fixed in space and not to
rotate. In the present experimental operating condi-
tions, the kinetic and internal energies of molecules at
the oven temperature are not negligible compared
with the dissociation energy, and this induces a loss of
anisotropy in the angular distribution [14]. We have
included these corrections in the theoretical approach.

5.2. Na2/NaF, Na2/NaCl angular distributions

The angular distributions of Na2/NaF are shown at
two energies in Fig. 7. Even when the maximum
correction in sinu is applied to the experimental data
(see section 2.3), the strong asymmetry with respect to
90° is still there. The main effect arises from the
kinetic and rotational energies of the target molecule
effusing from the oven. The loss of anisotropy caused
by the translation increases with the temperature and
inversely decreases with the fragment-ion kinetic
energy. As for the rotational effect, the average angle
of rotation during the dissociation to Na2 is ;20° in
a beam of NaCl at 1000 K [14]. We have taken into
account the averaging effect caused by both the target
translation and the rotation on the theoretical angular
distribution by an angle convolution procedure with
an estimated convolution width of 40°. This angle
convolution of 40° width has been applied to all the
theoretical distributions. We thus compare the exper-
imental distributions with the convoluted theoretical
angular distributions after adjustment of the parame-
ters of the theoretical description. We have ascer-
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tained that convolution with a width as large as 60°
does not change the data analysis conclusions.

In Na2 from NaF and NaCl (Fig. 8), it is found that
every experimental distribution can be fitted with aP
symmetry within the experimental errors. The correc-
tion in sinu for the collision volume improves the
agreement between the theoretical and experimental
distributions (Fig. 7). For most of the energies, the
two modes involved areF1

1 and F2
1, although in

Na2/NaCl the quality of the fit improves on the
high-energy side whenF2

1 and F3
1 are used. The

angular distributions can also be fitted with a combi-
nation of theF0

0 andF1
0 modes (S symmetry), but the

quality of the analysis is generally not as good as with
a P symmetry, except at energies close to the Na2

onsets in which theS modes seem dominant. No
satisfactory agreement has been obtained when com-
bining two modes of different symmetries. More
modes are probably needed, but the large number of
parameters involved has precluded such an extended
analysis.

5.3. Na2/NaBr angular distributions

In NaBr, the two dissociative attachment channels
have been studied separately. The angular distribu-
tions of Na2 correlated to Br2P1/2 decrease at large
angles (Fig. 9a) and are best fitted with modes ofP
symmetry, even at low energy. In the Br2P3/2 channel,
theP symmetry dominates over the process (Fig. 9a)
with a possible contribution ofS character at low
energy (Fig. 9b). The nonobservation of a significant
S symmetry, even in the upper state 2(V 5 1/2) could be
caused by a weak attachment probability in theS state.

The small structure;4.5 eV in the Na2 ion yield
correlated to Br2P3/2 (Fig. 6b) could arise from the
2(V 5 1/2) state, either through a nonadiabatic
transition as observed in H2/HBr or by incomplete
experimental filtering. However, dissociative attach-
ment to the dimer fraction remaining in the beam
cannot be excluded.

6. Conclusion

We have determined that no halogen ion X2 are
formed by dissociative attachment to the NaX mole-
cules. The observed X2 processes are attributed to
DA in the sodium halides dimer molecules. These
ionic clusters are also probably responsible for the
formation of the NaX2 and Na2X

2 molecular ions.
Aside from the positive electron affinity of (NaCl)2

[40] resulting in a ground anion state that is bound,
the excited anion states are unknown. For NaCl, a
resonance has been observed in the electron1 NaCl
continuum in a photodetachment experiment [41] and
attributed to theA2P state of NaX2 correlated to
Na(3p)1 Cl2. Calculations in LiF have shown that
the excitedA2P and B2S anion states are either
attractive in the continuum [42] or even bound with
respect to the neutral ground state [43]. These states
could then not give rise to X2 formation, in agree-
ment with our results.

The Na2 processes in NaF, NaCl, and NaBr show
a strong asymmetry toward large angles in their
angular distributions, which can be interpreted as
favored electron attachment to the electropositive

Fig. 8. Angular distributions (corrected) of Na2/NaCl: Ei 5 4.11
eV: filled circles, experimental data; solid line, theory,F1

1 andF2
1

modes.Ei 5 4.78 eV: open circles, corrected experimental data;
dotted lines, theory,F2

1 andF3
1 modes.
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atom of the highly polar molecule. We have analyzed
these distributions in the frame of the theory of
Teillet-Billy and Gauyacq. It seems that attachment
mainly proceeds through theP character of the anion
states, while theS character only contributes near the
onsets.
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