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Dissociative electron attachment to HBr: A temperature effect
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The effects of rovibrational temperature on dissociative electron attachment to hydrogen bromide has been
investigated from the experimental and theoretical point of view. Theoretical calculations based on the nonlocal
resonance model predict a strong temperature effect on the Br− fragment ion yield due to population of higher
vibrational and rotational states. A crossed beam experimental setup consisting of a temperature controlled
effusive molecular beam and a trochoidal electron monochromator has been used to conﬁrm this prediction.
The high degree of agreement between experiment and theory indicates the validity of the theoretical model
and its underlying physical picture.
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I. INTRODUCTION

however, having a lower relative intensity than observed by
Abouaf and Teillet-Billy 关6兴.
The experimental research on low-energy electron scattering from HBr and hydrogen halides in general has been accompanied by intense theoretical efforts over many years. A
variety of theoretical concepts and methods have been developed to explain the experimental ﬁndings. A complete survey
of the theoretical developments can be found in reviews by
Morrison 关7兴, Fabrikant 关8兴, Domcke 关9兴, and Horáček 关10兴.
As to the role of the vibrational and rotational excitation
in the DEA process, early experiments on selected molecules
共e.g., O2, N2O, CO2¯兲 关11,12兴 have shown a large increase
in cross section and decrease in threshold energy with temperature. The ﬁrst detailed theoretical study by O’Malley
关13兴 on O− / O2 yielded good agreement with experiments
关14,15兴 and explained the temperature shift by the effect of
the rapidly varying survival probability. The ﬁrst study to
resolve the contribution from speciﬁc vibrational and rotational states was due to Allan and Wong 关16兴 on H− / H2
production. This DEA process has been subsequently extensively theoretically analyzed, e.g., in Refs. 关17–20兴. Vibrationally resolved DEA data exist also for HCl and HF 关21兴.
The DEA temperature dependence has also been studied in a
variety of complex molecules, including SF6 关22,23兴, SF5Cl
关23兴, SO2F2 关24兴, and a number of halogenated compounds,
e.g., Refs. 关25–27兴. An alternative preparation of the vibrationally excited molecules via Franck-Condon pumping has
been utilized in the DEA study to Na2 by Külz et al. 关28兴
The adequacy of the nonlocal resonance model in describing cross sections for DEA to hydrogen halides at room temperature has been demonstrated previously 关1,3,4兴. Moreover, the nonlocal resonance model has proven capable to
recover strong interchannel coupling effects, experimentally
observed for the associative detachment process in Cl− + H
and Br− + H 关29兴, i.e., for the inverse process of DEA, closely
connected with DEA by microscopic reversibility. However,
there is a disagreement between predictions of this model
and the experimental results for DEA to vibrationally and
rotationally excited HCl. The calculated cross sections for
the production of Cl− / HCl 关3兴 at different temperatures of

Hydrogen halides constitute an ideal system for testing
theoretical models for electron-molecule collisions: recent
results for HF 关1兴, HCl 关2,3兴, and HBr 关4兴 demonstrated that
hydrogen halides provide much richer variety of resonance
phenomena than the long-time prototype system N2. They
include pronounced threshold peaks in the vibrational excitation cross section, steplike features 共Wigner cusps兲 in the
dissociative electron attachment 共DEA兲 cross section and
distinctly different shapes of the DEA cross section for different vibrational and rotational levels of the neutral molecule. The latter feature leads to clearly observable temperature effects.
Among hydrogen halides, the electron-HBr collision system has received much less attention than, for example, the
electron-HCl system. The ﬁrst measurement of the dissociative electron attachment Br− / HBr ion yield is due to Schulz
and co-workers 关5兴. Abouaf and Teillet-Billy 关6兴 used a better
electron energy resolution and reported 共i兲 a structure in the
cross section shape at about 0.3 eV 共the low energy part of
the main DEA peak兲 and 共ii兲 sharp drops in the cross section
on the high energy side of the main peak.
The most comprehensive experimental study of electronHBr collisions at T = 310 K was presented by Allan and coworkers 关4兴. Using a high electron energy resolution apparatus with an energy spread of about 15 meV, the authors
measured relative cross sections for the vibrational excitation
and for the dissociative electron attachment. They identiﬁed
the structure at approximately 0.3 eV to be a separated peak,
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35 meV, however, at higher electron energies 共0.5– 1 eV兲 the
electron energy resolution decreases to approximately
50 meV as was shown by the retarding ﬁeld analysis.
The anions produced were mass analyzed in a quadrupole
mass ﬁlter and detected in the channeltron type secondary
electron multiplier. No difference in the ion yield spectra for
two bromine isotopes 79Br− and 81Br− was observed, the
quadrupole mass resolution was thus decreased to merge the
two masses in order to obtain an increased ion signal.

the neutral gas were compared with the experimental data of
Allan and Wong 关21兴. The position of the structures in the
ion yield spectrum agreed quite well, but their relative height
differed signiﬁcantly at different temperatures. It was concluded 关3兴 that a systematic error in the measurement of the
temperature of Allan and Wong might have been responsible
for the discrepancy between theory and experiment.
The scope of the present work was to perform analogous
measurements for HBr and compare with the predictions of
the nonlocal resonance model. We report experimental results for DEA to HBr in the gas temperature range of
310 to 870 K. The measurements were performed utilizing a
newly designed temperature controlled effusive molecular
beam source in combination with a high resolution trochoidal electron monochromator. In the theoretical part we
report calculations of the DEA cross section to different vibrational and rotational states of HBr within a nonlocal resonance model. To allow for a detailed comparison between
experiment and theory, the theoretical data were appropriately averaged over the rotational and vibrational distribution
of the target gas and convoluted with an experimental resolution function. The comparison of the resulting cross sections with experiment reveals a high degree of agreement.

III. THEORETICAL APPROACH

The dissociative electron attachment was described within
the nonlocal resonance formalism 关9兴. This model is based
on the assumption that a temporary molecular negative-ion
state 共resonance兲 is formed during the collision process and
that this resonance accounts for the coupling of the electronic
scattering dynamics with the nuclear motion. The resonance
is represented by a square-integrable discrete state 兩d典
which interacts with a continuum of scattering states 兩⑀典 via
coupling matrix elements Vd⑀. The scattering problem was
reduced to a problem of solving nuclear dynamics in one
dimension using a projection operator approach. The DEA T
matrix and the cross section were determined by the corresponding matrix elements between nuclear wave functions.
The nuclear dynamics is fully determined by the potential of
the neutral molecule V0共R兲, the potential of the discrete negative ion state Vd共R兲 and the coupling matrix elements Vd⑀共R兲.
An essential ingredient of the nonlocal resonance model
especially for hydrogen halides is the explicit consideration
of threshold effects induced by the long-range dipole potential. The dipole-induced nonanalyticities of the S matrix and
related quantities at threshold enter through the threshold
expansion of the energy dependent width function

II. EXPERIMENT

The trochoidal electron monochromator 共TEM兲 combined
with a quadrupole mass spectrometer used in this study was
described previously 关30兴. The quasimonoenergetic electron
beam was crossed in the shielded TEM collision cell at 90°
with an effusive beam of neutral molecules. The molecular
beam source consists of a stainless steel cylinder ended by a
capillary embedded in the cylinder. The capillary has a
length of 3 cm and a diameter of 0.5 mm. The distance between the end of the capillary and the TEM collision chamber was approximately 1 cm. The gas pressure in the cylinder was kept around 1 mbar, the corresponding pressure in
the monochromator chamber was of the order of
1 ⫻ 10−5 mbar. These parameters assured that the character
of the ﬂow through the capillary was molecular 关31兴 and that
the collisions of the molecules with the surface were the
dominant collision process in the capillary. These conditions
have to be fulﬁlled in order to control the vibrational and
rotational temperature of the neutral molecules prior to DEA.
The gas cylinder was heated by ﬁve pairs of tungsten wires
and the temperature was measured inside the cylinder at the
inner end of the capillary via a PT100 sensor. The temperature range in the present experiment was 310 to 870 K.
We assume that radiative cooling of the vibrationally and
rotationally excited molecules prior to the DEA collisions
can be neglected. For example, the dipole transition moment
for HBr v = 1 → 0 IR emission is 0.036 Debye 关32兴 and the
corresponding natural lifetime for this emission is
0.14 seconds 关33兴.
The electron energy scale was calibrated using the strong
s-wave resonance in SF6 关34兴, and the broadening of the SF−6
peak also reﬂects the electron energy resolution 共see discussion below兲. The energy resolution at very low electron energies estimated from the width of the SF−6 peak was

⌫共⑀兲 = 2兩Vd⑀兩2

共1兲

and the associated level shift 关9兴. Details of this model have
been given elsewhere 关3,4兴.
Using this approach cross sections for DEA to individual
vibrational v and rotational J states were calculated. To compare with the experimental data, Boltzmann population of
these states was assumed and the cross section at the temperature T was calculated as

共⑀,T兲 =

兺,J v,J共⑀兲共2J + 1兲e−E

v,J/kT

v

兺,J 共2J + 1兲e−E

v,J/kT

,

共2兲

v

where Ev,J is the excitation energy of the 共v , J兲 level of the
neutral molecule and k is the Boltzmann constant. The summation was taken over vibrational and rotational quantum
numbers up to vmax = 8 and Jmax = 50. The calculated cross
sections were further convoluted with the electron energy
distribution function f共⑀兲 as

共E,T兲 =

冕

⑀⬎0

共⑀,T兲f共⑀ − E兲d⑀

共3兲

to allow for realistic comparison with the raw experimental
data.
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FIG. 1. Theoretical cross section for the DEA to HBr for 共a兲
different vibrational states of the HBr molecule in J = 0 rotational
state and 共b兲 rotovibrational population corresponding to the
Maxwell-Boltzmann distribution at different temperatures.
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FIG. 2. DEA cross section for various angular momenta J,
v = 0. The cross section for J = 8 is much smaller and signiﬁcantly
broader than that for J = 9.

IV. RESULTS AND DISCUSSION

The calculated cross sections for DEA to the HBr molecule in its ﬁrst three vibrational states are shown in Fig.
1共a兲. Predictions of the DEA cross section for different temperatures of the neutral molecule are shown in Fig. 1共b兲. All
cross sections exhibit steplike features on the high energy
side 共Wigner cusps兲. These sudden decreases of the Br− production yield can be explained on the basis of strong competition between autodetachment and dissociation of the
transient negative ions 共HBr兲*− 关6兴. Their positions correspond to the opening of the 0 → 2, 0 → 3, and 0 → 4 vibrational excitation channels in the neutral HBr. The vibrational
excitation process has a steep onset and the channel interaction produces the cusp structure in the DEA cross section.
Two additional peaks are growing at elevated temperatures.
The peak at 0.306 eV is due to molecules in the ground
vibrational, but rotationally excited state, J ⬃ 10. The cross
section for this particular rotational state is enhanced at
threshold due to the Wigner cusp at the opening of the 0
→ 1 vibrational excitation channel. The peak growing at zero
energy at temperatures above 600 K contains signiﬁcant contributions from molecules in the ﬁrst excited vibrational state
v = 1 because for J 艌 8 the DEA process becomes exothermic
共the DEA cross section diverges at zero energy兲.
Moreover, the exceptional sensitivity of the HBr DEA
cross section at 0.3 eV can be understood by looking at particular DEA cross sections for given angular momenta J. In
Fig. 2 we plot the cross section for J in the range J = 8 – 14.
When increasing J from 8 to 9 the cross section changes
signiﬁcantly. The J = 9 cross section is extremely narrow and
its magnitude is four times higher than that for J = 8. At
higher values of J the cross section remains almost constant
but the corresponding widths broaden strongly. The width of
the narrow J = 9 peak is a very sensitive function of the parameters of the model.

Figure 3 shows the measured Br− signal as a function of
the incident electron energy and a comparison with earlier
data and the present calculations. The predicted growth of
the 0.3 eV peak and the appearance of near-zero energy
structures with the increasing temperature can be clearly observed in the present data.
The spectrum taken at 310 K is compared with the measurements of Allan and co-workers 关4兴 and Abouaf and
Teillet-Billy 关6兴 共top panel Fig. 3兲. The temperature in the
measurements of Allan was 310 K, Abouaf and Teillet-Billy
do not specify the gas temperature in their experiment. The
somewhat narrower main DEA peak and the clearer resolution of the Wigner cusps in the spectrum of Allan and coworkers as compared to the present one can be ascribed to
the better electron energy resolution in their experiment.
However, this does not account for the lower relative intensity of the 0.3 eV peak. It is important to point out that we
had to shift our data and the spectrum of Abouaf et al. to
higher energies by 30 meV so that the positions of the resonances agreed with data of Allan.
This matching procedure is necessary if different energy
calibration procedures have been invoked. Allan and coworkers 关3兴 calibrated the energy scale using the He−共 2S兲
negative ion scattering resonance at 19.366 eV. Abouaf and
Teillet-Billy used the onset of O− / CO cross section estimating a 40 meV uncertainty in their calibration. As mentioned
above we calibrated the energy scale using the s-wave zero
energy resonance in SF−6 . When calibrating with zero-energy
peaks in crossed-beam experiments two effects have to be
taken into account 关35,36兴 when comparing data obtained by
other calibration procedures. First, the convolution integral
in the region around the zero electron energy is not symmetric, see Eq. 共3兲. Second, the abundance of the very low en3

ergy electrons in the beam may be lower because these electrons are easily deﬂected from their proper paths even by
weak stray electrostatic ﬁelds. Both effects tend to shift the
apparent maximum of the measured SF−6 peak to higher energies compared to the “correct” zero energy position. We
conclude, that the 30 meV difference between the data of
Allan and our data is the right order of magnitude caused by
these effects.
As mentioned above theoretical cross sections shown in
Fig. 3 were convoluted with a Gaussian resolution function
of 50 meV FWHM. We observe a perfect agreement between
the position of the resonances as well as between their relative height for the temperatures above 600 K. However, the
calculations underestimate the relative intensity of the 0.3 eV
resonance at temperatures up to 380 K. Similarly, at 600 K
the experimental cross section is slightly larger in the region
around 0 eV.
In order to elucidate the observed difference in the intensities of the peaks at different temperatures, we have varied
several parameters in the model of Čížek et al. 关4兴. In particular, in Ref. 关4兴 the Morse potential curve based on parameters from Refs. 关37兴 was used as a potential of the neutral
molecule V0共R兲. The high quality ab initio data for V0共R兲 by
Leininger and Gadea were presented in Ref. 关4兴. However,
they were not used in the model due to disagreement of the
calculated HBr dissociation energy and the experimental one.
The difference was approximately 100 meV. This leads to an
incorrect dissociative attachment threshold calculated using
the ab initio potential. Thus we modiﬁed the asymptotic part
of the ab initio potential to get the correct asymptotic value.
From this V0 we constructed the discrete state potential Vd
and the coupling matrix elements Vd⑀. The DEA cross sections calculated using this modiﬁed nonlocal resonance
model differed from the predictions of the original model
only negligibly. Additionally we have tried different shapes
of the neutral HBr potential 共keeping the dissociation energy
equal to that of Ref. 关37兴兲, similarly they did not change the
calculated cross sections signiﬁcantly.
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V. CONCLUSIONS
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In conclusion, the present experiments provide accurate
data for DEA to HBr for a range of temperatures. The observed temperature effects 共appearance of additional peaks at
0.3 and zero eV at higher temperatures兲 can be nicely described within the nonlocal resonance model. The reason for
the relative higher abundance of the 0.3 eV resonance as
compared to the main peak in the experimental data below
380 K remains the only open question.

2.0

Electron energy (eV)
FIG. 3. Top panel: Comparison of the present ion yield spectrum
at 310 K with the data of Allan and co-workers 关4兴 and Abouaf and
Teillet-Billy 关6兴. The present data and the spectrum of Aboauf were
shifted to higher energies by 30 meV, see text. Lower panels: Comparison of the theoretical DEA cross section 共dashed line兲 with the
experimental data 共full line兲. The theoretical data are convoluted
with a Gaussian of 50 meV FWHM. The experimental data are
shifted to higher energies by 30 meV. The intensities of the experimental and calculated spectra have been normalized to the same
intensity of the broad peak.
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