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Abstract. The fragmentation of LiH−
2 anions after electron impact was investigated at the heavy-ion

storage ring TSR. The main reaction channel was found to be electron detachment followed by a breakup
into LiH + H. In the first ms after production of the molecular ions in a cesium sputtering ion source,
additional contributions were observed in the Li + H2 and Li− + H2 channels, hinting at an initial
population of a short-lived state of the anion. To gain a better understanding of the mechanisms underlying
the observed behavior of the system, ab initio calculations of relevant potential energy surfaces were
performed at selected geometries. The experimental findings are discussed in the light of these calculations.

PACS. 34.80.Ht Dissociation and dissociative attachment by electron impact – 34.20.Mq Potential energy
surfaces for collisions – 34.50.Gb Electronic excitation and ionization of molecules; intermediate molecular
states (including lifetimes, state mixing, etc.)

1 Introduction

The LiH−
2 anion is the most simple stable and covalently

bound triatomic negative ion. As in a whole class of metal
dihydrides [1], the excess electron stabilizes a compound
that is unstable in the neutral state. While a number of
theoretical studies have been performed on this proto-
typical system [1–4], no experimental data on LiH−

2 ex-
cept for its mass-spectroscopic detection at negative ion
sources [5,6] have been reported. In an attempt to record
its photoelectron spectrum, no detachment signal was ob-
served using 2.54 eV photons [6]. Aside from the known
structure of the covalently bound LiH−

2 molecule [3], an-
other minimum of the anionic ground state potential en-
ergy surface (PES) was found in recent calculations, giv-
ing rise to the very weakly bound electrostatic complex
Li−(H2) [4].

The instability of the neutral LiH2 system makes not
only the structure of LiH−

2 , but especially also the elec-
tron detachment from the anion an interesting test case,
as the dynamics of the subsequent dissociation process are
determined by the same PESs which govern the neutral
reaction LiH + H ↔ Li + H2. Because of its fundamen-
tal nature and astrophysical importance [7] this chemical
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reaction is subject to ongoing experimental [8] and theo-
retical [9,10] studies.

In this paper we present the results of electron-impact
fragmentation experiments on LiH−

2 performed in a heavy-
ion storage ring, focusing mainly on the investigation of
product channels populated in this reaction. Considering
the relevant energy levels of the anionic and neutral LiH2

systems (see Fig. 1), several reactions appear possible: at
lower collision energies, a fragmentation might be possi-
ble via an electronically excited state of the anion, thus
producing neutral and negative fragments. Earlier calcu-
lations found such an excited anion state below the lowest
neutral state [2], where the autodetachment of an electron
is not possible but a fragmentation of the anion might
occur, depending on the detailed structure of the PESs
involved. However, our new calculations locate this state
above the neutral ground state (see Sect. 4).

On the other hand, at higher impact energies, elec-
tron detachment is expected to occur with a subsequent
dissociation of the neutral system. The vertical ionization
potentials (VIPs), which describe the transition energy at
the LiH−

2 ground state geometry to the two lowest lying
neutral PESs, corresponding to the detachment of a 1σu

or a 1σg electron, were calculated to 3.0 eV and 3.35 eV,
respectively [1]. While the second neutral surface is geo-
metrically stable at this point, the neutral ground state is
instable and the system is expected to dissociate into the
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Fig. 1. (Color online) Schematic overview of relevant energy
levels assuming the rovibrational ground state for all molecules
and infinite separation of unbound fragments, summarizing
data from [1,3,4,6,11–13] (VIP = Vertical Ionization Poten-
tial). The pictograms visualize the nuclear geometries for some
conformations.

Li +H2 channel [1], which is found at an energy of 0.88 eV
above the LiH−

2 ground level [3]. The second two-body dis-
sociation channel, LiH+ H, has an energy very close to the
VIP. It is thus not clear a priori if a fragmentation via this
channel is possible. A full fragmentation into Li +H+ H
(dissociation energy 5.4 eV) could additionally be possible
via excitation of high energetic electronic states.

Altogether, an electron impact on LiH−
2 is expected

to lead mainly to the Li +H2 dissociative channel. How-
ever, taking into account the limited knowledge on the
interaction process and the PESs involved, other channels
(possibly involving also charged fragments) cannot be ex-
cluded.

2 Experimental set-up

The experiment was performed at the TSR heavy ion stor-
age ring [14] located at the Max-Planck-Institut für Kern-
physik in Heidelberg, Germany. 7LiH−

2 ions were produced
in a cesium sputtering ion source employing a lithium hy-
dride sputtering target, mass selected and accelerated to
an energy of 4.5MeV before being injected into the stor-
age ring. During the storage time of up to 15 s, the ion
beam was overlapped in the electron cooling device of the
TSR with a co-moving electron beam of adjustable rela-
tive energy between the electrons and the molecular ions.

To observe neutral products emerging from ion-
electron collisions, a silicon surface barrier detector was
used which was mounted straight ahead of the interaction
region after the next main bending dipole of the storage
ring (see Fig. 2). In addition, a movable scintillator was

1m

−
2LiH

−
2LiH

Neutral fragment
detector

detector

Dipole magnet Electron cooler

Negative fragment

Fig. 2. (Color online) Sketch of the electron cooler at TSR
with detectors for charged and neutral reaction products.

employed behind this dipole magnet to detect negative
fragments moving close to the orbit of the LiH−

2 beam.
This detector was sensitive to LiH− and Li− ions, while
H− and positive ions could not be addressed due to the
geometry of the set-up.

The energy sensitivity of the solid state detector could
be used to determine the total mass of those fragments
emerging as neutrals from each single dissociation reac-
tion. In addition, a set of two metal grids was used which
could be moved in front of the solid state detector to re-
duce its efficiency by a well-known factor, thus allowing
for a differentiation between the possible chemical compo-
sitions of the neutral fragments, see Section 3.2.

To investigate the products of electron-ion collisions
at various relative energies, the following timing scheme
was applied to the acceleration voltage of the electron
beam which controls the relative electron-ion energy Ee.
In the first 2 s after ion injection, the electrons were kept
at Ee ≈ 0 eV to allow for rovibrational relaxation before
the start of the measurement.

After that, the electron energy was switched in a fast,
repeating cycle between three different energies: during
the measurement step the electron acceleration voltage
was set such that a certain detuning energy Ee in the cen-
ter of mass frame of the moving ions was achieved. This
energy was varied from injection to injection to accumu-
late a complete energy spectrum of the channel-specific
impact detachment rates. After this, a fixed reference en-
ergy was chosen and the count rate observed during this
step was used as a measure of the ion beam intensity. Fi-
nally, during a background step the electron beam was set
back to Ee ≈ 0 eV; as no electron-induced signal is ex-
pected at very low collision energies, the signal here could
be used to determine the background rate due to residual
gas induced fragmentation events, an interpretation that
was checked by switching off the electron beam.

Because of the very low ion beam intensity (� nA)
no diagnostic methods were available to ensure a trans-
lational cooling of the ion beam. The spread of relative
ion-electron collision energies present at a given electron
acceleration voltage was thus dominated by the spatial
extension of the ion beam in the interaction region. As a
space-charge limited electron beam with relative velocity
differences of ∼10−2 over its cross-section was used, the
spread of collision energies amounts to up to 100meV in
the center of mass frame of the ions. For the experiments
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considered here, this uncertainty in the collision energy
can be neglected.

Another consequence of the use of an uncooled ion
beam is a possible reduction of detection efficiencies.
While the solid state detector employed has a ∼100% ef-
ficiency for detection of MeV particles, the spatial exten-
sion of the ion beam could cause some neutral fragments
to miss the detector, thus leading to the detection of a
reduced mass, as will be seen below.

3 Results

At storage times larger than a few ms, only neutral frag-
ments were detected following the breakup of LiH−

2 . The
results of these measurements are discussed in the follow-
ing. In the first ms after each ion injection, a different be-
havior was observed which will be described in Section 3.3.

3.1 Total cross-section

To determine the total cross-section for the production of
one or more neutral fragments from electron-impact on
LiH−

2 , the rate of fragmentation events observed by the
neutral fragment detector has to be related to the total
number of electrons and ions present in the interaction
region. While the electron density ne can be deduced from
the known current and geometry of the electron beam, the
absolute number of ions was too small to be determined
by the diagnostic devices of the storage ring. However, as
a measure of the number of ions the neutral count rate
Rref at the fixed electron energy Eref = 41.3 eV can be
used, which was measured during the reference step of
the cooler cycle.

To correct for the background due to collisions of LiH−
2

molecules with the residual gas, the rate Rrg recorded
during the background step was subtracted from the rate
R(Ee) recorded at the relative energy Ee during the mea-
surement step. The rate coefficient α for electron-induced
production of neutral fragments is thus given by

α(Ee) = N R(Ee) − Rrg

Rref ne
. (1)

Because of the unknown total number of molecular ions
in the storage ring, only the relative rate coefficient can
be given, that is, α(Ee) is known up to an arbitrary nor-
malization factor N .

The cross-section σ(Ee) is connected to α(Ee) through
the relation α(Ee) = 〈σv〉, with the averaging according
to the distribution of relative electron velocities v at the
given detuning energy Ee. In the present case, where de-
tuning energies of several eV are considered, the effect
of electron and ion temperatures is small, and the cross-
section σ can be approximated by

σ(Ee) = N ′ α(Ee)√
Ee

. (2)
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Fig. 3. (Color online) Cross-section σ for the production of
at least one neutral fragment by electron impact on LiH−

2 as
a function of the electron energy Ee (ion storage time 2–15 s).
Circles: experimental data (two independent sets of data, with
larger statistical errors at low energy for the data shown by
open circles), line: fit to a classical reaction model (3).

Figure 3 shows the cross-section determined in the present
experiment compared to a classical reaction model [15] de-
veloped for the description of the electron-impact detach-
ment of electrons from atomic anions. This model assumes
a constant probability p for a detachment reaction, given
that the electron gets closer to the anion than a reac-
tion radius ρ, which (in atomic units) corresponds to a
threshold energy Eth = 1/ρ. The model thus predicts a
cross-section of

σ(Ee) =

{
pπρ2

(
1 − Eth

Ee

)
(Ee > Eth)

0 (Ee ≤ Eth)
. (3)

The line in Figure 3 represents a fit of this model to the ex-
perimental data in the region Ee = 0−20eV, adjusting the
threshold energy Eth and an overall normalization factor.
Despite the fact that this model is strongly simplifying the
situation in a polyatomic molecule, the quality of the fit
is comparable with that obtained for atomic [15] and di-
atomic [16] anions. A threshold energy of Eth = 5.5 eV is
found, slightly higher than the detachment energy of 3 eV.
This is a common behavior owing to the Coulomb repul-
sion the incident electron has to overcome to approach the
ion close enough for inducing a detachment reaction [15].

The deviation of the reaction model and the experi-
mental data at high energies is expected, as here the as-
sumption of constant reaction probability p is no longer
valid. The small deviation in the threshold region can have
several reasons, among them quantum effects not covered
by the classical model, an anisotropy of the detachment
threshold due to the extended geometrical structure of the
molecule, vibrational motion, or an experimental artifact
stemming from electron-ion collisions at higher energies in
the toroid magnets which bend the electron beam into the
ion beam orbit (see Fig. 2).
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Fig. 4. (Color online) Fraction Pm of events with a total mass
m= 1, 2, 7, 8, 9 of detected neutral fragments as a function
of the electron energy Ee, including also residual gas induced
events (ion storage time 2–15 s).

At the given experimental resolution, the two elec-
tronic states expected to be accessible by detachment of a
valence electron are thus not distinguishable. However, the
absence of further steps or resonances in the cross-section
suggests that higher PESs do not contribute significantly
to the observed fragmentation reaction, and that no inter-
mediate dianions are formed.

3.2 Branching ratios

For a closer inspection of the fragmentation process, the
chemical composition of the emerging fragments was in-
vestigated. Firstly, the energy resolution of the solid state
detector was used to determine the total mass of neutral
fragments for each dissociating molecule. Events with a
total mass m < 9 in particular could be a signature of
dissociation events including a charged fragment. When
applying relative electron energies above ∼10 eV, the full
mass of 9 a.m.u. of the employed 7LiH−

2 ions was observed
for a fraction of 90% of all dissociation events (see Fig. 4).
This corresponds to the detachment of an electron, pos-
sibly followed by a breakup of the neutral system into
smaller uncharged fragments. For the remaining 10% of
fragmenting molecules a lower total mass was recorded
at the neutral fragment detector. Together with the re-
sults discussed below, which indicate only a small fraction
(on the few-percent level) of non-dissociated neutral prod-
ucts, we conclude [17] that (a) the geometrical detection

efficiency of the set-up (see end of Sect. 2) lies at >90%
for electron-produced fragments and (b) the possible frac-
tion of dissociation events including a charged fragment is
below 10%. In particular, within these limits no evidence
for a dissociative excitation through a low-lying excited
anion state is found, which can produce both neutral and
charged fragments.

For electron energies below ∼10 eV, the fraction of
full mass observations drops to 75%. This is consistent
with the behavior expected for small geometrical detection
losses: residual gas induced fragmentations, which domi-
nate at small electron energies, can be observed also from
regions of the storage ring where the ion beam is not accu-
rately pointed to the neutral fragment detector, thus en-
abling some fragments to geometrically miss the detector.
In essence, we find that the large majority of the observed
events represent true electron impact detachment yielding
only neutral products.

To investigate the chemical composition of fast neu-
tral dissociation fragments, a well established approach
(see e.g. [18]) is to reduce the detection efficiency for indi-
vidual fragments by a known factor by means of inserting
metal grids with a geometrical transmission ratio limited
through a fine mesh pattern with a fixed spatial period
small compared to structures in the spatial fragment dis-
tribution. From the observed relative size of the lower-
mass peaks in the mass spectrum, indicating events where
individual fragments have been absorbed by the grid, it
is then often possible to deduce branching ratios for the
channels in question. In the present case, the situation was
complicated through the large number of channels that
had to be considered. Due to the limited a priori knowl-
edge on the breakup process and the significant amount of
lower-mass events observed without a grid, all 10 possible
combinations of atomic and molecular fragments which
can be formed out of up to one lithium and two hydrogen
atoms had to be taken into account.

In this situation the usual algebraic derivation of de-
tailed branching ratios from the mass spectrum observed
with a grid was not possible. However, by taking advan-
tage of the enlarged set of experimental data obtained by
combining the spectra recorded with two grids of differ-
ent transmission (64% and 27%), and by using the fact
that negative branching ratios are unphysical, the general
trend of the breakup process could be extracted [17].

The by far dominating channel comprising � 75% of
all fragmentation events was found to be the two-body
decay into LiH + H (see Fig. 5), while all other channels
contributed only few percent each. At the given statistical
and systematical uncertainties no evidence for an electron
induced reaction through channels different from LiH +
H can be concluded.

Since this result is basically independent of the energy
of the colliding electron, both electron-induced and resid-
ual gas induced dissociation appear to proceeded mostly
through the LiH + H channel. In the latter case, as ex-
pected, the efficiency for a complete detection of all frag-
ments is reduced, leading to a slight decrease of the ob-
served LiH + H fraction at small (� 10 eV) energies.
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Fig. 5. Branching factor of the LiH + H channel as a function
of the electron energy Ee (including residual gas collisions; ion
storage time 2–15 s).
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Fig. 6. (Color online) Fraction Pm (relative to the total neutral
event rate) of events with a total mass m= 1, 2, 7, 8, 9 of
detected neutral fragments and of Li− ions as a function of
the storage time tstore. The electron energy Ee was fixed to
41.3 eV; residual gas induced events are included.

The results discussed so far were found to be indepen-
dent of the ion storage time over the observed interval of
tstore = 2−15 s.

3.3 Short time behavior

In the first ms after injection of the molecular ions into
the storage ring, also the negative fragment detector re-
vealed a signal, which was due to Li− ions produced by the
stored beam. To shed more light on this observation, the
count rates on both the neutral and the negative ion detec-
tors were examined in more detail for these short storage
times. Figure 6 shows the fractional contribution of events
with different total masses of neutral fragments, observed
at Ee = 41.3 eV. In addition to the neutral mass fractions
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Fig. 7. (Color online) Partial rates of the dominant neutral
breakup channels and Li− rate as a function of the storage
time tstore. The electron energy was kept at Ee = 41.3 eV;
residual gas induced events are included. Channels with low
contribution are not shown, their individual partial rates would
appear below the dashed line.

Pm, the detected rate of Li− ions is plotted, normalized
as all the other rates to the sum of all events involving
neutral fragments. The negative ion detector could distin-
guish between Li− and LiH−, however, no LiH− ions were
detected at any storage time. Error bars are omitted here
for clarity; the different uncertainties sum up to errors of
several percent.

As seen in Figure 6, the neutral mass fractions ap-
proach constant values after ∼12ms of storage. Those val-
ues are comparable to the fractions observed for storage
times of several seconds. In the first few ms after injec-
tion, however, the neutral mass fractions significantly dif-
fer from this distribution, showing now a strong contribu-
tion of m = 2 events; also the otherwise very weak m = 7
signal is significantly higher at small tstore. At the same
time, a high rate of Li− fragments is observed.

To clarify which dissociation channels contribute to
the observed neutral mass fractions, the grid method was
used also here and branching ratios were determined as a
function of storage time. Together with the varying total
neutral count rate, these yield the time dependent partial
rate Ri for each channel i. Figure 7 shows these partial
rates for the dominant neutral channels, together with the
observed rate of Li− ions.

Obviously, the partial rate of the LiH+H channel,
which is dominating at long storage times, is basically
constant even in the first milliseconds after injection. An
additional contribution to the neutral signal at very short
storage times comes from the Li + H2 and H2 channels.
Their count rates are initially up to a factor of 10 higher
than for the LiH+ H channel, but decrease very rapidly
following a roughly exponential decay with a mean lifetime
of 2.8±0.1ms. The same behavior is exhibited by the Li−
ion rate, which strongly suggests that the observed H2
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Table 1. Properties of the observed ‘transient’ and ‘stable’ components of the stored LiH−
2 ion beam.

Transient state Stable state

Fragmentation channels Li+ H2 and Li− + H2 LiH +H

Observed decay rate Γ (Ee = 0 eV) 360 ± 15 s−1 0.63 ± 0.04 s−1 a)

transition rate to the stable state � 270 s−1 —

fragmentation rate � 90 s−1 0.63 ± 0.04 s−1 a)

Result of electron impact (Ee = 41.3 eV) none observed increase of Γ (×4.5)

Initial population ∼ 5–25% ∼ 75–95%
a) As deduced from the observed lifetime of the stored beam.

and Li− fragments originate from the same dissociation
channel, namely LiH−

2 → Li− + H2. Remarkably, almost
the same decay time of the partial rate is observed not
only for H2 and Li−, but also for the Li + H2 channel.
The channel for which only a Li atom is observed among
the neutral products represents the m = 7 contribution
described before. Its size is compatible with the expected
loss of H2 fragments missing the neutral detector; hence,
it does not indicate the occurrence of a further neutral
reaction channel.

The experiment thus shows a strong change of the
dominant dissociation channel in the first milliseconds
of storage, which can only be attributed to changes in
the internal state distribution of the molecular ion beam.
Apparently, part of the LiH−

2 ions are initially in some
transient state, dissociating into both the Li− + H2 and
Li + H2 channels with comparable probability.

A similar measurement performed at Ee = 0 eV
yielded essentially the same picture, apart from the re-
duction of the LiH + H rate expected from the results at
long storage times. Thus the decay of the transient anion
state seems to be unaffected by electron collisions. Rather,
the LiH+ H rate attributed to electron interactions seems
to be essentially constant in time, while other decay pro-
cesses occur in addition, unrelated to the presence of elec-
trons. The variation of the LiH+ H rate at short times is
observed to be <10%, while the rate of channels produc-
ing Li− or Li initially is about 20 times higher than the
LiH+H rate. From these numbers it can be derived [17]
that at least 25% of the ions stored in the transient state
perform fragmentation instead of decaying to the usual,
stable LiH−

2 state. The numbers are also compatible with
fragmentation being the only decay channel of the tran-
sient ions. Even if transitions to stable LiH−

2 contribute,
the fragmentation rate of the transient ions from these
results exceeds 90 s−1, which is more than two orders of
magnitude larger than the beam loss rate caused by frag-
mentation of the stable ions. All properties deduced from
the measurement in a detailed analysis [17] are summa-
rized in Table 1.

From the present experimental results, no conclusive
identification of the nature and decay mechanisms of the
observed transient state can be given. However, as dis-
cussed below, some tentative explanations of the observed
behavior can be given on the basis of theoretically calcu-
lated potential energy surfaces (PESs) for the system.

4 Comparison to theory

To clarify the processes underlying the breakup reactions
observed experimentally, ab initio calculations using the
MOLPRO suite of programs [19] were performed at some
selected geometries for the low-lying electronic states of
both the neutral LiH2 and the anionic LiH−

2 system. The
internally contracted multi-reference configuration inter-
action method (MRCI) [20,21] with both single and dou-
ble excitations of all electrons was employed. Dunnings
augmented correlation consistent triple-zeta (AVTZ) ba-
sis set [22,23] was chosen for the H-atoms while the stan-
dard correlation consistent triple-zeta (VTZ) basis set,
augmented by two even tempered SPD functions with ra-
tio 2, was chosen for the Li-atom, leading to 122 primitive
and 94 contracted atomic orbitals. The inclusion of dif-
fuse functions for hydrogen and even tempered SPD sets
for lithium is crucial for a correct description of the ex-
cited states of both the neutral and the anionic system.
The CI wave functions are based on the state-averaged
complete active space self-consistent field (CASSCF) wave
function [24,25] with full-valence active space, leading to
60 and 30 reference configurations for the singlet A′ and
A′′ states of anionic LiH−

2 and 35 and 15 reference config-
urations for the doublet A′ and A′′ states of neutral LiH2,
respectively.

To parametrize the three-dimensional space of internal
nuclear geometries, the coordinates φ, r and x are chosen
as follows: φ describes the H-Li-H bond angle, while the
hyperradius r and the dimensionless symmetry coordinate
x are defined by

r =
r1 + r2

2
and x =

r1 − r2

r1 + r2
, (4)

with the Li-H bond lengths r1 and r2.
To visualize the behavior of the three-dimensional

PESs, two-dimensional cuts of the coordinate space are
defined by setting one of the hyperangles x or φ to a fixed
value. The potential energy is then plotted as a function of
the second hyperangle with the hyperradius r optimized
for minimum energy at each point (separately for each
plotted PES). In particular, two such cuts are discussed,
which describe the transition from the LiH−

2 equilibrium
geometry to the geometries of the two asymptotic channels
which were observed in the experiment, namely LiH+H
and Li +H2.
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Figure 8a shows the transition from the LiH−
2 configu-

ration (x = 0) to the LiH + H asymptote (x → ±1) along
linear geometries (φ ≡ 180◦). In Figure 8b the transition
to the Li + H2 asymptote through a closing of the H-Li-
H bond angle φ is shown, restricted to isoceles geometries
(x ≡ 0). Energies of the asymptotic channels and the LiH−

2
Vertical Ionization Potentials are indicated, as taken from
Figure 1 after correction for zero-point energies.

In view of these calculated PESs, the dominance of the
LiH + H channel observed at long storage times seems to
be rather surprising. After a vertical transition to the low-
est PES of the neutral system (labeled 2Σ+

u at the D∞h

geometry of the anion), this channel is here found ener-
getically open by only ∼20meV. While corrections due to
vibrational zero-point oscillations of the molecular species
involved could slightly increase this value, a propagation
of the neutral system towards the Li(2s) + H2 channel,
with an energy release of more than 2 eV, appears to be
much more likely. In addition, the pathway to LiH + H
was found to be unstable vs. distortions of the C∞v sym-
metry, while the path to Li + H2 along the C2v symmetry
follows a minimum of the PES with respect to distortions
of this symmetry.

However, a first step towards explaining the experi-
mental findings could be made by taking into account the
second neutral state 2Σ+

g . The shape of this PES is similar
to the anionic ground state; thus the favorable Franck-
Condon overlap should strongly enhance detachment reac-
tions populating this state once the colliding electron has
sufficient energy. This excited state will then undergo a

rapid radiationless transition to the neutral ground state,
accompanied by a transfer of energy from electronic to vi-
brational degrees of freedom. The detailed processes gov-
erning the transitions between these three PESs and in
particular the interplay of electronic and vibrational en-
ergy might bear the physical reason for a initial propaga-
tion of the system in the direction of the LiH+H geom-
etry following electron detachment. However, with such
a mechanism alone one still cannot explain why the sys-
tem indeed reaches the LiH+ H asymptote in spite of the
noted instability of the pathway vs. perturbations of the
linear shape. Hence, the observation of this pathway as the
dominant one opens up a number of interesting unsolved
questions regarding the underlying reaction dynamics.

Another open question is the nature of the transient
state of the anion observed experimentally at short stor-
age times, which decays mainly into Li− + H2 and Li + H2

(corresponding to the geometries in Fig. 8b). In principle,
this state could differ from the usual, stable LiH−

2 state in
three ways: it could either exhibit an exceptional vibra-
tional excitation or an alternative geometry correspond-
ing to a displaced, local minimum of the electronic ground
state PES, or it might belong to another, excited PES.

To enable a dissociation of the system by tunneling
through the potential barrier at φ = 60◦ from a vibra-
tionally excited state, a very high excitation level (v � 38)
of the bending mode would be required [17]. A high vibra-
tional excitation level at the same time would be accom-
panied by a significant population of moderately excited
levels which cannot dissociate by tunneling. Due to their
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geometry, these excited ions would however be expected
to fragment after electron detachment significantly to the
Li + H2 channel. However, such an electron induced con-
tribution to the Li + H2 signal at short storage times is
not observed experimentally (see Sect. 3.3). This makes
the existence of a high initial bending mode excitation of
the stored LiH−

2 ions unlikely.

As a second candidate, the electrostatic complex con-
figuration Li−(H2) found in recent ab initio calculations [4]
has to be considered. The geometry of this complex is
close to the Li− + H2 asymptote with an equilibrium dis-
tance of 11.6 a.u. between the Li− ion and the center of
the electrostatically attached H2 molecule. The complex
is very weakly bound, the adiabatic dissociation energy
D0 with respect to the Li− +H2 asymptote being only
0.9meV (2.7 meV) for the para (ortho) nuclear spin con-
figuration of the H2 molecule [4]. Such a state, if produced
in the ion source, would be dissociated by interactions
with the surrounding 300K blackbody radiation, with the
observed lifetime of ∼3ms being of reasonable order of
magnitude. On the other hand, the experiment shows a
considerable flux also towards the neutral Li +H2 chan-
nel. Here an additional energy of 0.62 eV is required for
detachment of an electron; therefore an identification of
the observed transient state as the electrostatic complex
would contradict the finding of equal rates at the neutral
and anionic fragmentation channels.

The third option to be considered here is a metastable
state belonging to an electronically excited PES of the an-
ion. This would require a local minimum of an excited PES
at a geometry that allows for the breakup into Li + H2 as
well as Li− +H2. The energy of this state should be below
that of the neutral system to avoid a rapid autodetach-
ment inhibiting the fragmentation into Li− + H2.

A good candidate for such a situation might be the
conical intersection of the two lowest electronic states of
the anion which appears at the geometry of an equilateral
triangle (φ = 60◦, x = 0). Because of the strong coupling
at the intersection point, a vibrational ground state wave
function supported by the conically shaped minimum of
the upper PES would be expected to decay very fast by
transitions to the lower surface, probably much faster than
the lifetime observed. However, a vibrationally excited
state would exhibit a much lower probability density at
this geometry, which might yield the observed lifetime of
the transient state of ∼3ms.

Transitions from the upper to the lower sheet of the
PES near the conical intersection should be followed ei-
ther by an opening of the bond angle and fast vibrational
relaxation to the anionic ground state configuration, or by
separation of an H2 molecule. In the latter case the sys-
tem would pass through a second intersection of the two
anionic PESs at φ≈ 35◦, a geometry where also the two
lowest neutral PESs are energetically very close. Thus, the
transition to a neutral PES by autodetachment of an elec-
tron appears well possible, in agreement with the obser-
vation that the Li+ H2 and Li− +H2 channels occur with
comparable yields in the decay of the transient state.

5 Conclusions

While a number of questions have to be left open in this
discussion, the present storage ring experiments reveal
new and unexpected results when discussed together with
theoretical calculations of the properties of the LiH−

2 an-
ion.

Following a transient decay behavior during the first
few (∼10) ms, LiH−

2 ions from a cesium sputter ion source
show a fragmentation pattern with time-independent
properties at >20ms storage time. The electron-induced
fragmentation of LiH−

2 is dominated by the detachment
of an electron and the subsequent dissociation into the
neutral LiH+ H channel. The fragmentation towards this
channel proceeds in the geometrically unstable electronic
ground state of the neutral system, but the first excited
neutral state is likely to play an important role as an inter-
mediate state directly following the electron detachment.
The strong dominance of the LiH+H channel over the
Li+ H2 channel, clearly observed in the experiment, is un-
expected in view of the potential energy landscape, and
needs further theoretical consideration. A breakup into a
channel containing a negative fragment via dissociative
excitation was not observed.

The second and just as much unexpected result is the
finding of a transient state of the anion with a lifetime
of 2.8ms and an estimated population of ∼5–25% at the
time of production of the molecular ions in the sputter
ion source. This state was found to decay rapidly, and ba-
sically independent of electron impact, by fragmentation
into both the Li +H2 and Li− +H2 channels at equal rate.

The nature of this state could not be derived con-
clusively on the basis of available theoretical knowledge.
More detailed theoretical calculations are desirable here to
study the properties of potential candidate systems, such
as highly vibrationally excited or electronically metastable
states. On the experimental side, studies of the short-time
behavior under variable environmental conditions, such as
different residual gas pressure or surrounding temperature
might help to clarify the origin of this transient decay.
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2001.
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