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a b s t r a c t

We search for narrow resonances in cross-sections for electron collisions with HCl, DCl, HBr and DBr
molecules, calculated with the nonlocal resonance model. Narrow resonances corresponding to long-
lived metastable states of anionic molecules are indeed found in both elastic and vibrational excitation
cross-sections. The largest lifetime � = 0.11 ms is predicted for HBr− with rotational quantum number
J = 20. For HCl we find maximum � = 0.6 ns for J = 22 and � = 0.6 �s for J = 33 in DCl. A surprising isotope
effect is found for DBr, where the largest lifetime is � = 1.5�s, i.e., much smaller than for HBr.

© 2008 Elsevier B.V. All rights reserved.
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. Introduction

The smallest molecular anion H2
− is unstable, but can temporar-

ly be formed in both e− + H2 [1] and H + H− [2] collisions at low
nergies. Typical lifetimes are of the order of a few femtoseconds. In
998, we predicted the existence of resonances with lifetimes of the
rder of picoseconds in the associative detachment cross-section
3]. Later, we studied these resonances in detail, discovering a group
f metastable states of H2

−, which are stabilised against autode-
achment by rotation [4,5]. Their lifetime can exceed microseconds.
hese ions were also unambiguously identified experimentally [4]
n products of sputtering of hydrogen rich compounds with ener-
etic Cs+ ions. The lifetime of the most stable states of H2

−, HD−

nd D2
− was measured in a storage ring [6] in agreement with the

ncertainty limits given by the theory [5].
The large lifetime of the resonances can be understood from the
Please cite this article in press as: M. Čížek, J. Horáček, Int. J. Mass Spectrom

hape of the adiabatic potential energy curve of the ground state
f the anion [4]. This potential energy function, which is purely
ttractive for nonrotating molecules J = 0, develops, for larger J,
barrier which suppresses the flux to the inner region of small

∗ Corresponding author. Tel.: +420 221912513; fax: +420 21912496.
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nternuclear distances, where the autodetachment of the electron
ccurs. Although the autodetachment dynamics itself is not cor-
ectly described by adiabatic potential function, the energy of the
esonances can be, to a good approximation, determined as the
nergy of a bound state in the outer potential energy well.

In [7], we furthermore studied ocillatory structures (often called
oomerang oscillations) in the cross-section for vibrational excita-
ion of H2 and some other diatomic molecules by electron impact.
t turns out that there is a smooth transition between the oscilla-
ory structures and the above mentioned narrow resonances in the
ross-section. While the boomerang oscillations can be related to
he changes in the phase of the wave function as a function of colli-
ion energy, the narrow resonances are accompanied by an increase
f the wave function’s amplitude in the energy-independent (sta-
ionary state) description. In [7] we also show that while this
istinction can be made for some cases, there is often a transi-
ion region (considering changes in energy or angular momentum)
here the structures are caused by a combination of the two effects.

he boomerang oscillations are present in number of other systems.
. (2008), doi:10.1016/j.ijms.2008.07.034

hey are known to exist in cross-sections for vibrational excitation
f HCl by electron impact [8,9] as well as in HBr [10], HF [11] and
ome larger molecules [12]. It is therefore a natural question if the
ong-lived narrow resonances stabilised by rotation also exist in
hese systems.

dx.doi.org/10.1016/j.ijms.2008.07.034
http://www.sciencedirect.com/science/journal/13873806
mailto:Martin.Cizek@mff.cuni.cz
dx.doi.org/10.1016/j.ijms.2008.07.034
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Fig. 1. Potential energy curves for the nonlocal resonance model for HCl(v,J) + e− for
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Low-energy electron collisions with hydrogen halides exhibit
ich resonance effects and threshold phenomena (see, for example,
13] for a review of both experimental and theoretical results for
Cl and HBr). The shape of the adiabatic potentials of both HCl− and
Br− exhibits an outer potential-energy well. A narrow resonance
ith the width in the milli-electronvolt range have previously been

bserved in the experimental vibrational excitation cross-section
8]. The decay of the possible metastable states of HX− through
utodetachment into the HX(J,�) + e− channel is a process which is
losely related to the associative detachment (AD) reaction

+ X− → HX(J, �) + e−.
In the autodetachment process, the initial condition is given

y the state trapped in the outer well in the Born–Oppenheimer
otential for HX− (for large R, where the local complex potential
pproximation is justified), while in the AD, the initial condition is
iven by the incoming wave in the same potential. It is know from
revious calculations and experiments [14,15,16] that the cross-
ections for associative detachment exhibit clear Wigner cusps at
he energies where the detachment into HX(J,�) + e− is closed for
ome rovibrational state (J,�). The cusps can be observed both in
nergy and J dependencies. We can therefore expect to observe
nusual effects in the dependence of the resonance parameters for
he possible HX(J,�) + e− metastable states on the rotational energy
f the molecule. These effect would also be a clear manifestation of
he violation of the local complex potential approximation in the
nion decay, since the Wigner cusps appear only as a consequence
f the energy dependence of the nonlocal potential [14].

In this paper, we systematically search for narrow resonances in
alculated cross-sections for e− + HX and X− + H collisions for X = F,
l and Br. We also find the parameters (energy and lifetime) of the
esonances and we study the transition between the boomerang
scillations and the narrow resonances for these systems. The paper
s organised as follows: in the next section we refer shortly to the
heoretical description and the models for the studied systems. We
lso discuss in some detail the relation of the structures in the cross-
ections to the shape of the potential energy curves and describe the
ocalisation of resonances and the determination of their parame-
ers. The last section summarises and compares the results in all
ystems.

. Calculation of the cross-sections and location of
esonances

In [10,11,17] we studied the processes of vibrational excitation
VE), dissociative attachment (DA) and associative detachment (AD)

− +HX(v) → e− +HX(v′), (1)

− +HX(v) → H + X−, (2)

+ X− → e− +HX(v), (3)

or the hydrogen halides X = F, Cl, Br within the nonlocal resonance
odel. The cross-sections for these processes have been calcu-

ated from the solution of the Lippmann–Schwinger equation for
he component of the total wavefunction of the system projected
n a diabatic discrete state representing the temporarily formed
X− state (see the above references for the details of the calcula-

ions or [18] for the review of the theory). As an example, we show
he basic functions describing the model and the vibrational exci-
Please cite this article in press as: M. Čížek, J. Horáček, Int. J. Mass Spectrom

ation cross-sections for HCl in Fig. 1. The upper plot shows the
elevant potential energy surfaces for the ground electronic state
f HCl (V0(R), dashed line), with vibrational states indicated, the
diabatic ground electronic state of HCl− (Vad(R)) and the discrete
tate potential (Vd(R), solid lines). While the potential for the dis-

(
c
i
f
e

he rotational state J = 8 (a). The energies relevant for the interpretation of the elastic
lectron scattering and the vibrational excitation cross-sections (b) are also marked
n (a).

rete state is identical to the adiabatic potential for HCl− at large
nternuclear separations R, the two potentials become separated
ear the crossing with V0(R). This splitting is controlled by another

unction Vdε(R) which characterizes the coupling between the dis-
rete state and the continuum state with electron energy ε (see,
or example, [18]). The energy dependence of Vdε(R) for ε→ 0 is
ssential for the behaviour of the scattering quantities near thresh-
lds for electron scattering on the neutral molecule in different
ibrational states. This behaviour depends on long range interac-
ion between the molecule and the additional electron [18]. For H2

olecule there is smooth onset of Vdε(R) ∼ ε1.5 resulting from the
-wave character of the electron scattering dictated by symme-
ry. This smoothness somewhat suppresses the threshold effects.
n the other hand, in hydrogen halides this behaviour has sharp
nset as ε˛ with ˛< 0.5 due to the nonzero dipole moment of the
olecules. This is an important difference, since the function Vdε(R)

ontrols the autodetachment process.
The adiabatic potential energy curve for the HCl− ion has a

emarkable shape, exhibiting a barrier which separates the outer
R > 3.5a ) and the inner (R > 3.5a ) regions. The outer potential well
. (2008), doi:10.1016/j.ijms.2008.07.034

0 0
an support quasibound states as also indicated in Fig. 1. Depend-
ng on their location, these states can be seen in the cross-sections
or various processes as shown in Fig. 1(b). The graph shows the
nergy dependence of the cross-section for vibrational excitation

dx.doi.org/10.1016/j.ijms.2008.07.034
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Fig. 2. Summary of metastable states in HCl− . The dependence of the resonance
energy on the rotational state of the molecule is shown (circles). The resonance
lifetime is indicated by the size of the dot. The thresholds (red lines) for the decay
into HCl(v) + e− are indicated for different vibrational states v; the threshold for the
H + Cl− decay channel corresponds to zero energy as indicated on the right edge of
t
i
e
i

w
J
w
f
a
t
E
N
(
(
t

a
s
a
e
numbers, some J’s are marked with a different shape of the dot.
We see the stabilising effect of the rotation as the width of each
resonance decreases with increasing J, until the resonance energy
is finally pushed above ER = 0, where the resonance can decay to
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rom the ground state to the first vibrationally excited state, and
he cross-section for the elastic e− + HCl scattering [17].

The shape of the potentials in Fig. 1 depends also on the rota-
ional state of the molecule. The functions are plotted for the
ngular momentum J = 8. With increasing J, all the curves (and the
ibrational levels E�) are shifted upward due to the centrifugal term
(J + 1)/2�R2. This term is strongest at short distances, which means
hat the top of the inner barrier Et′ moves up faster than the bot-
om of the well Eb, making the autodetachment of the quasibound
tates more difficult for higher J. On the other hand, as the bottom
f the potential well moves up, at J = 23, Eb > 0, and all resonances
an decay outwards by dissociation to H + Cl−. This decay is sup-
ressed, however, by tunnelling through the outer barrier Et. This
arrier is very low for J = 8 (note that a different scale is used for the
ail of the potentials in Fig.1), but increases for higher J.

The position of the structures in the cross-section in the lower
art of the figure can be understood from the energy levels in the
pper part. The threshold for vibrational excitation is EVE1 = E1 − E0.
imilarly, the energies of the barriers and the resonance relative
o the ground vibrational state, eb = Eb − E0, er = ER − E0, et = Et − E0,

t′ = Et′ − E0, and the thresholds for higher excitation, EVE2 = E2 − E0,
nd dissociative attachment, EDA = − E0, are marked on the electron
nergy axis of the cross-section plot. Narrow resonances can be
ocated only above the bottom of the outer potential well eb and
ignificantly below the top of both barriers et,et′ . There is only one
uch narrow resonance in Fig. 1, marked as eR. Above et′ , the reso-
ances evolve smoothly into boomerang oscillations as discussed

n [7]. The boomerang oscillations are terminated at the energy et

indistinguishable from the DA threshold in the plot for J = 8). It is
nteresting to note the effect of the second VE threshold on the
ross-sections. The threshold is visible as a small cusp in the cross-
ections and also the amplitude of the oscillations decreases at this
nergy.

Once we understand the location of the resonances as qua-
ibound states in the outer well of VI(R), we can calculate the
ross-section in this region on a very fine energy grid. Accord-
ng to the well-known Fano formula [19], the cross-section near
resonance is proportional to

(q+ ε)2

1 + ε2
, with ε = E − ER

�/2
, (4)

here ER is the energy and� is the width of the resonance. The later
s related to the lifetime of the metastable resonance state through
he relation �=�/� .

. Results and discussion

In the previous section, we discussed how narrow resonances
n the elastic electron scattering and vibrational excitation cross-
ections of HCl can be localised and how the lifetime of the
ssociated quasibound states can be found. The results for the
Cl molecule are summarised in Fig. 2; the figure shows the J-
ependence of the potential energy minima (Eb) and maxima (Et,

t′ ). The positions of the narrow resonances are shown for each J as
ots, with the size of the dot indicating the inverse width of the res-
nance (so that the states with large lifetime are better visible). As
iscussed above, all narrow resonances must be located between
b and min(Et,Et′ ). In the region between Et and Et′ , the resonances
volve into boomerang oscillations. To elucidate the transition of
Please cite this article in press as: M. Čížek, J. Horáček, Int. J. Mass Spectrom

he boomerang oscillations into narrow resonances, we also show
he positions of the local minima and local maxima of the elastic
lectron scattering cross-section. The region between Et and Et′ is
lled with these extrema. As J increases, the extrema cross Et′ (J).
ne maximum and one minimum always get close to each other,

F
n
i
d

he figure. The energies of the local maxima (blue lines) and minima (green line)
n the effective potential of the anion are also shown. The dashed lines show the
xtrema of the cross-section (see text). (For interpretation of the references to color
n this figure legend, the reader is referred to the web version of the article.)

hich is a signature of the formation of a narrow resonance. For
= 15, there exists a maximum of four narrow resonance states with
idths between 0.1 and 1 meV. For smaller J’s, some of them trans-

orm into boomerang oscillations. For larger J’s, they are pushed
bove Et, disappearing in the smooth continuum. To understand
he lifetimes of the resonances, we also plot rovibrational energies
�(J) of the neutral molecule HCl(�,J) for� = 0, 1, 2 in the same figure.
ote that majority of the resonances can decay into both e− + HCl
� = 0) and e− + HCl (� = 1), but for J around 20, the channel e− + HCl
� = 1) is closed. This has a stabilising effect on the resonances and
he lifetimes increase significantly.

The widths � and energies ER of the quasibound states of HCl−

re collected in Fig. 3. The progression of the resonances corre-
ponding to the ground vibrational state in the outer potential well
re marked by� = 0 and connected with dotted line, similarly as the
xcited states by � = 1, 2, 3. To distinguish the rotational quantum
. (2008), doi:10.1016/j.ijms.2008.07.034

ig. 3. Resonance width/lifetime versus energy for HCl. The rotational quantum
umber is indicated by type of the dot. States with the same number of nodes v

n the outer potential well are connected by the dotted lines. The threshold for the
issociation into H + Cl− is marked by a vertical dotted line.

dx.doi.org/10.1016/j.ijms.2008.07.034
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The isotope effect for HBr−/DBr− is qualitatively similar as for
ig. 4. Summary of metastable states in DCl− (a) depicted as in Fig. 2 for HCl and
lot of the resonance width (lifetime) versus its energy (b).

+ Cl− and the width increases again as the energy ER(J) approaches
t(J). It is noteworthy that this trend is interrupted by the closing of
he e− + HCl (� = 1) channel leading to � (J = 18) > (J = 17). This effect
s closely related to the Wigner cusps predicted [14] and observed
15,16] in electron energy spectra resulting from associative detach-

ent in H + Cl− collisions.
In our calculation, we can easily study also the isotope effect.

he potential energy curves remain the same for DCl−, only the
educed mass is approximately doubled. The centrifugal term
(J + 1)/2�R2 in the potential energy is thus half of that for
Cl−. As a consequence, the overall picture in Fig. 4 is simi-

ar to Fig. 2 for HCl, but the rotational quantum numbers J are
n general factor of

√
2 larger. The width of the resonances is

ainly controlled by tunnelling. It is thus not surprising that
he resonances get narrower for the heavier system. The narrow-
st resonance attains a lifetime of a fraction of a microsecond,
hich may allow direct detection by mass spectrometry. The

nergy-versus-width plot (in the lower part of the figure) shows
imilar features as for HCl. In particular, Wigner cusps can be
bserved for � = 0 at J = 21, 31 and at J = 23, 25 for � = 1, 2, respec-
ively.

Another hydrogen halide anion which we studied previously in
onnection with electron–molecule scattering [10] and ion–atom
cattering was HBr−. We have performed the same analysis as for
Cl−. The potential energy curves are of similar shape (see Fig. 1

n [13]) and narrow resonances in the cross-sections can be found
Please cite this article in press as: M. Čížek, J. Horáček, Int. J. Mass Spectrom

n the energy interval determined by the local extrema of the adi-
batic HBr− potential energy curve. The results are summarised
n energy-versus-angular-momentum and width-versus-energy
lots in Fig. 5. The main difference compared to HCl− is the posi-

t
d
s
s

ig. 5. Summary of the metastable states of HBr− (a), depicted as in Fig. 2 for HCl,
nd the plot of the resonance width (lifetime) versus its energy (b).

ion of the final states HBr(�) relative to the H + Br− resonances.
here is only one decay channel, HBr(�) + e−, available for almost all
esonances and even this channel closes at J = 20. The only remain-
ng decay channel for the resonances with J > 19 becomes H + Br−,

hich is accessible by tunnelling through the outer barrier. This
arrier is rather low but extends to large R. The lifetime of the nar-
owest resonance thus reaches �∼ 0.1 ms for J = 20. It is important
o mention, however, that this lifetime is exponentially sensitive
o small changes in the potential energy curve as was previously
bserved for some resonances in H2

− [5]. The value can thus be
onsidered only as an order-of-magnitude estimate, but it is highly
robable that the state is experimentally observable. Wigner cusps
re less pronounced in this system, since they appear in the region
here the lifetime changes rapidly due to the opening of the dis-

ociative channel (H + Br−). It is also interesting to mention that
he narrowest resonances cannot be seen in the e− + HBr scatter-
ng cross-section, because they are located below the threshold.

e therefore searched for these resonances in the elastic H + Br−

ross-section, which can also be calculated within the nonlocal res-
nance model. During the calculation of the energy dependence of
he cross-section, we also monitor the magnitude of the wave func-
ion | (Rb)|2 at the position of the bottom of the outer potential
ell. This helps us to find the narrow resonances, since | (Rb)|2

teadily grows reaching a maximum at resonance, unlike the cross-
ection, which is determined by the background scattering, and
nly close to resonance energy (at distance comparable to the
idth of the resonance) it changes rapidly according to the Fano

ormula.
. (2008), doi:10.1016/j.ijms.2008.07.034

he HCl/DCl system. In general, there are more resonances in DBr−

ue to the higher values of J, and the lifetimes are longer. At the
ame time, the spacing of the final states available for the decay is
maller. Thanks to this, we can see the effect of the closing of the

dx.doi.org/10.1016/j.ijms.2008.07.034
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Fig. 6. Summary of the metastable states of DBr− (a), depicted as in Fig. 2 for HCl,
and the plot of the resonance width (lifetime) versus its energy (b).

Table 1
Lifetimes of the most stable anion states and their energies (in units of eV) with
respect to the thresholds of the decay channels

Resonance Lifetime (s) e− + HX H + X−

HCl− (J = 22) 6.4 × 10−10 0.2120 0.0166
HCl− (J = 23) 5.7 × 10−10 0.1725 0.0325
DCl− (J = 32) 2.5 × 10−8 0.2378 0.0184
DCl− (J = 33) 1.3 × 10−7 0.2098 0.0302
HBr− (J = 19) 9.8 × 10−10 0.0048 −0.0009
HBr− (J = 20) 1.1 × 10−4 −0.0251 0.0093
HBr− (J = 21) 7.4 × 10−10 −0.0570 0.0194
DBr− (J = 28) 2.9 × 10−7 0.0232 0.0042
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Br− (J = 29) 1.5 × 10−6 0.0011 0.0117
Br− (J = 30) 2.0 × 10−7 −0.0219 0.0191

egative energies indicate closed channels.

Br(� = 1) channel in Fig. 6. Surprisingly, the maximum lifetime
ound is smaller than that for HBr. This is caused by the sensitivity
f the high-J resonances to the value of the energy relative to the
op of the outer barrier Et. Since the J-dependence is discretised,
he value of the energy just falls into a less favourable position.
et us emphasise that the value of lifetime of this resonance is
Please cite this article in press as: M. Čížek, J. Horáček, Int. J. Mass Spectrom

xtremely sensitive to variations of the potential energy surface.
he theoretical prediction is thus not very reliable.

To summarize, the energies and widths of the most important
that is, most long-lived) resonances of HCl−/DCl− and HBr−/DBr−

re given in Table 1.

[
[
[
[
[
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. Other hydrogen halides and comparison to H2

Within the nonlocal resonance model for e− + HF [11], it turns
ut that the adiabatic potential of the anion does not develop a
ignificant outer potential well when the rotational quantum num-
er J is increased. The potential just changes from attractive to
epulsive. A very shallow well appears for J = 24 − 27, but is less
hat 10 meV deep and therefore does not support any narrow res-
nances. In the adiabatic potential of HI− there exists an outer
otential well [20] similar as for HCl− and HBr− even for J = 0. This
ell is located below ground state of neutral HI. The corresponding

tates of HI− are thus bound and can be studied with conventional
ethods for bound molecular states using the Born–Oppenheimer

pproximation.
The results for the narrow resonances in HCl− and HBr− dis-

ussed above, are in many respects quite similar to our previous
esults for H2

− [5]. This may be somewhat surprising, since the elec-
ron resonance in H2

− is of p-wave character and, unlike hydrogen
alides, the molecule poses no dipole moment. We see the rea-
on for this similarity in the fact that the outer well in the HX−

otential is, in both cases, formed due to attractive polarisation
nteraction between H and X− ion and the inner barrier is resulting
rom the avoided crossing between HX− potential and the HX + e−

ontinuum. The nonzero dipole moment has profound effect on
he threshold behaviour of cross-sections as discussed in Section

and it is also reflected in the presence of Wigner cusps in the
-dependence of the widths in hydrogen halides which are not
resent in H2.
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