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Abstract

A detailed investigation of the long-lived states of the hydrogen molecule anion has been per-
formed within the ab initio based nonlocal resonance model. The resonances in the X 23 electronic
state of H, are stabilised against autodetachment by molecular rotation and can be interpreted as
orbiting states of H+H ™~ with high angular momenta (J = 22 — 27). The lifetimes and energies of
all long-lived states have been calculated for the hydrogen molecular anion and its isotopic analogs.
Recent experimental values of Heber et al. [Phys. Rev. A 73, 060501(R) (2006)] for lifetimes of
H,, HD™ and D, can be explained within the model. For T, , we predict a large number of states

with lifetimes up to ~0.1 s.
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I. INTRODUCTION

Recently, the existence of long-lived molecular hydrogen anions was unambiguously
proven experimentally by Golser et al. [1]. It is clear from the time-of-flight in their appa-
ratus that some states of negative molecular hydrogen ion must have lifetimes of the order
of at least microseconds. Being the smallest molecular anion, H; is also of fundamental
theoretical interest.

Theoretically, the existence of a transient anionic state was assumed by many authors in
the description of both e™+Hy [2-14] and H™+H [15-20] collisions, because the magnitude
of the inelastic cross sections requires a resonant mechanism. Early calculations of Taylor
and Harris [21] indicated that the lowest X} state of H lies in the Hy(*X,)+e~ continuum.
Later calculations of Bardsley, Herzenberg and Mandl [22] showed that the lifetime of the
lowest p-wave shape resonance at the equilibrium internuclear distance R = 1.4ag of H,
is of the order of 107%s. This order of magnitude of the resonance lifetime at the fixed
internuclear distance has been confirmed later [23-25]. The H, state becomes electronically
bound for R > 3.1ay (corresponding to H+H™ at large R) but since the H+H™ interaction is
attractive, the nuclei will be driven to internuclear distances smaller than 3.1ay. Therefore,
lifetimes exceeding the vibrational period of Hy (107'*s) were not expected. While it has
later been demonstrated [8, 26] that the dynamics of the metastable H, collision complex
cannot appropriately be described by the adiabatic autodetachment width I'(R) at a fixed
internuclear separation R, time-dependent calculations of Gertitschke and Domcke [12], em-
ploying the nonlocal resonance model of the H; dynamics, have confirmed the femtosecond
timescale of the resonance decay.

Experimental evidence for existence of long-lived molecular hydrogen anions goes back
to late 1950’s. In 1958, Khvostenko and Dukel’skii claimed the detection of H; in a mass
spectrometer [27]. The observation of negative hydrogen ions from a low-energy arc source
has also been reported by Hurley in 1974 [28]. Aberth et al. [29] confirmed the production
of HD™ and D; with lifetimes larger then 10us in their plasma source. On the other hand,
these ions were not found in an elaborated two-step electron-capture experiment by Bae et
al. performed ten years later, although other known anionic species were reliably produced in
the same experiment. In view of this experiment, the state of the theoretical understanding

of the system as well as the possibility of contamination of the Hy signal by D~ (or D, by



HyD™), the existence of long-lived, diatomic hydrogen anions remained controversial.

In 1998, we noticed that the H+H~ interaction in the lowest X1 electronic state at
internuclear distances R > 3 ay (where the excess electron is in a bound state) has a rather
special shape, so that distinct orbiting resonances appear in H4+H™ scattering for orbital
angular momenta of the nuclei of J = 22 — 26 [20]. These resonances result from the
formation of a centrifugal potential barrier at large internuclear separations (R > 10 ag),
arising from the combination of the centrifugal (~ R™2) and polarisation (~ R™) terms
in the potential. The existence of this barrier does not explain however, the narrow width
of the resonances which is well below 1 meV, corresponding to lifetimes of ~ 107 13s. It is
a unique feature of the H; potential function that for high J another barrier is formed at
R < 5 ag, which prevents the anion from penetration into the autodetachment region [30]. In
the 1998 calculations [20], we did not pay particular attention to these resonances, since they
were too weak to be experimentally discernible in the total H4+H™ collision cross section.
Later Xue-Feng Yang (Dalian University of Technology) has drawn our attention to the
unresolved experimental controversy about the existence of long-lived molecular hydrogen
anions, in connection with his experimental work [31], which indicated the formation of Hy
in dielectric barrier discharge plasmas. We become aware of the fact that the resonances
that we had calculated in H+H™ cross sections are members of a series of resonances, some
of which are discernible only in e~ +H, collisions below the H+H~ threshold [32-34]. They
are closely related to so-called boomerang oscillations in vibrational excitation cross sections
[35], which are "magnified” by tunnelling through the inner barrier like in e~ +HCI scattering
[36]. Our theoretical prediction for the lifetime of some of the resonances was in the order
of 10% [32]. The unambiguous detection of long-lived molecular hydrogen and deuterium
anions by accelerator mass spectroscopy was subsequently published in 2005 [1]. We have
reported preliminary theoretical results on the lifetimes and energies of H, resonances in
this paper [1]. The production of long lived Hy, and D, species was subsequently verified by
Gnaser and Golser [37] using high-resolution secondary-ion mass spectrometry. They were
able to separate unambiguously the D~ and H; peaks in the mass spectra. Recently, the
lifetimes of the H;, D; and HD™ species have been measured in an electrostatic ion-beam
trap [38]. The measured lifetimes were 8.2 us and 50.7 us for H, and HD™, respectively.
For D, , three decay constants (23, 84 and 1890 us) were observed [38].

In the present work, we have performed a comprehensive investigation of the energies



and lifetimes of the long-lived resonance states in H,, HD™, D, and T,. The underlying
nonlocal resonance model for Hy [20] is briefly described. We have implemented a new
technique which allows us to calculate efficiently and accurately the positions and widths of

extremely narrow orbiting resonances.

II. BRIEF OUTLINE OF THEORY

To describe the electronic and nuclear dynamics of the H, system, we use the nonlocal
resonance theory reviewed in Ref. [39]. The basic model for e~+H; collisions, based on
projection-operator formalism of scattering theory, was constructed by Berman, Miindel
and Domcke [25]. The model is based on the Fano picture of the discrete H, (*%,) state
embedded in the Hy(X'¥,)+e  continuum. We have adjusted the long-range part of the
H+H™ potential to treat the polarisation interaction properly [20]. Higher anionic states are
not considered, since they are autodetaching at all internuclear distances and their lifetimes
are expected to be very short. The only exception is the lowest state of 2, symmetry of H;,
which becomes electronically stable for internuclear distances beyond about 6a,. However,

this potential function is repulsive [50] resulting in fast dissociation to H+H™.

A. Effective Hamiltonian for the nuclear motion within the nonlocal resonance

model

The basic idea of the nonlocal resonance model is the division of the electronic Hilbert
space of the problem (for each position of the nuclei) into a discrete state (¢4) and an
electronic continuum. The main difficulty in the description of resonant electron-molecule
collisions is the failure of the Born-Oppenheimer approximation. The success of the nonlocal
resonance model for the description of resonant electron-molecule collisions [40] is due to
the fact that it is often possible to select ¢4 in such a way that the requirement of the
orthogonality of the continuum states ¢. to ¢4 removes the shape resonance, which are
responsible for the nonadiabatic coupling, from the continuum.

After the selection of the appropriate diabatic basis ¢., ¢4, we expand the complete

(electronic plus nuclear) wave function of the system in this basis
U(R,7) = Wa(R)pa(R,7) + [de Wo(R)o.(R,7), (1)
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where R stands for the nuclear coordinate and r for the electronic coordinates. Eliminating
U, (R), the equation of motion for the function ¥,(R) is governed by the effective Hamilto-
nian

Heff :TN+Vd(R)+F(E)7 (2)

where Ty = —ﬁAR is the nuclear kinetic-energy operator, Vy(R) is the discrete-state po-
tential (mean value of electronic Hamiltonian in the state ¢q) and F(E) is the effective
potential resulting from the interaction of the discrete state with the continuum, which in

the nuclear coordinate representation reads
(RIF(B)|R) = [ deVa(R)[B — e = Ty = Vo(R) + 0] Vi (). (3)

Here and in the following text the hat symbol indicates the nonlocality of the operator in R-
representation. Here Vj(R) is the potential-energy function of the neutral molecule, Vy.(R)
is the coupling matrix element of the electronic Hamiltonian between ¢, and ¢., E is the
total energy of the system and e is the kinetic energy of the continuum electron. The partial-
wave expansion of the nuclear wave-function (1) gives rise to the standard centrifugal term
J(J +1)/2uR?, which adds to the potentials Vo(R) and Vy(R). The effective Hamiltonian
for the radial nuclear wave function ¥;)(R) thus reads [41]

J(J+1)

H’. =T,
off N+ 2uR?

+ Vy(R) + F/(BE) = Ty + W, (4)

We would like to point out that we neglect here the recoil angular momentum due to electron
release from the anion. In our previous work on electron collisions with H, as well as H+H™
collisions we tested this approximation. Its effect on the cross sections and resonance widths

is small [20, 30, 34]

B. Description of orbiting resonances within the nonlocal resonance model

In [1] we have shown that very narrow resonances are present in both dissociative at-
tachment and vibrational excitation cross sections for energies close to bound states in the
real part of the effective potential (2). Even knowing approximately the positions of these
resonances, it is difficult to find them in the cross sections, since the width of some of them
is below 107% eV. To obtain a comprehensive description of these resonances, we need an

effective and reliable method to find the resonances. A direct calculation of the poles of the
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FIG. 1: (Color online) Potential-energy curves (including the centrifugal term J(J + 1)/2uR?)
for angular momentum J = 0 (left) and J = 20, 24, 27 (right). The area above Vj(R) (electron
continuum) is shaded. Vpcp(R) corresponds to the energy of the (electronically) bound state (solid

line) or to the pole of K-matrix (dotted line).

scattering S-matrix has been performed for J = 0 within the local-complex-potential (LCP)
approximation by Narevicius and Moiseyev [42] employing complex scaling methods. In the
case of long-lived resonances for high .J, it is inconvenient to use methods which are based
on analytic continuation in to the complex energy plane, since even a very small relative
error in the complex energy Ep — i['/2 would spoil the imaginary part, since I' < Fp.

A convenient way to obtain the resonance energy and width directly is the use of a
projection-operator method for the nuclear dynamics governed by the effective Hamiltonian
(2). If we can guess a square-integrable function ®, which approximates the resonance under

consideration then the resonance energy and position can by found from [43, 44|
EO = <(I)|Heff(E0)|(I)> + <(I)|Heﬂ(E0)G(EO)Heff(EO)|(I)>7 (5)

where G(E) is the so-called background Green’s function. This equation has to be solved
iteratively. The final result does not depend on the choice of ®. For a narrow resonance and
with a good choice of ®, we can hope to obtain accurate result even with a single iteration

[43]. In our previous attempts to characterise the resonances in the vibrational excitation
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FIG. 2: (Color online) Decomposition of Vi,cp into Wy (dashed line with shaded well) and W;
(solid line). The autodetachment region (decay into the electron continuum) is indicated by the

dark shaded area.

cross sections [1, 30, 34] we found good agreement between the positions of resonances and
the energies of bound states in the local effective potential. Within this approximation, the
full nonlocal interaction W is replaced by the energy-independent complex potential energy
function Vicp(R) —i/20Lcp(R). This potential can directly be calculated from the functions
Vo(R), V4(R) and Vg (R) defining the nonlocal resonance model [20, 39]. For R 2 3ay,
Vicp(R) is real and coincides with the adiabatic potential for the ground electronic state of
the molecular anion at fixed R. The potentials Vy(R), V4(R) and Vi,cp(R) are shown in Fig. 1
for J = 0 (left) and for rotating molecules with J = 20, 24, 27 (right). The formation of the
outer well and the barrier separating it from the inner autodetachment region (R < 3ao) is
clearly seen.

Generalising the method of Gurwitz [43], we decompose the potential Vi,cp(R) into po-
tential well Wy(R) and the residual interaction W;(R),

Vicr(R) = Wo(R) + Wi(R) (6)
where

Wo(R) = VLCP(R) - C for Ry < R < Rz,



Wy(R) = 0 elsewhere,
W[(R) =C for Ri < R< RQ,
Wo(R) = Vicep(R) elsewhere.

Here R; and Ry define the outer-well region and C' = Wicp(R1) = Wicp(Rz2). As an
example, we show the decomposition of the potential for J = 24 in Fig. 2.

The complete effective interaction W7 (R) is then written in the form
W’ =Wo(R) + Wi(R) + (W’ — Viep(R)) = Wo(R) + W. (7)

The bound states ®/ in the potential W, are a convenient choice for ®. Equation (5) for

the position of the resonances now reads
Ey = Eyy + (2, [W(Ep)| ;) + (@;, W (Eo)G(Eo)W (Eo)|2;), (8)

where we have utilised the orthogonality of the nuclear background continuum to ®. The
expression (8) is readily evaluated, since the Green’s function element can be calculated
with the methods which have been developed for the evaluation of the vibrational excitation
cross sections [34].

Equation (8) remains valid for any separation of Hyy = Hy + W, EJ and ®/ being
eigenenergies and eigenstates of Hy = T + Wy. The special choice of W; defined above
ensures that the ®/ describe the states localised in the outer potential well. Furthermore,
this choice allows us to overcome certain numerical difficulties. We find E and ®; by the
diagonalisation of Hj in the Fourier basis using the discrete-variable-representation (DVR)
method. This procedure is numerically unstable in the classically forbidden region. The
special choice of Wy(R), which is constant outside the interval [R;, Ry], makes it possible
to replace numerically inaccurate values of ®;(R) by analytical solutions in the classically
forbidden region.

We tested this method for the positions and widths of H, resonances obtained from vibra-
tional excitation and dissociative attachment cross sections [30, 34] by fitting the resonance
peaks to Fano line shapes. The procedure was then straightforwardly used for the other

isotopes.
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FIG. 3: Summary of the energies and decay widths/lifetimes of narrow resonances in Hy and HD ™.

Energies are given relative to the H+H™ threshold. The resonances with high dissociation rates
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III. RESULTS: ENERGIES AND LIFETIMES

An overview of all narrow resonances of H,, calculated as described above, is given
in Fig. 3 (top), where we have plotted the resonance lifetime against the energy. The
energy scale is defined such that £ = 0 corresponds to the H+H™ dissociation threshold.
The resonances with £ > 0 thus can decay both into the autodetachment (Hy 4+ e™) and
dissociation (H+H™) channels. Autodetachment is the only decay channel for the resonances
with ' < 0. The resonance lifetime is given on the right side of the figure.

For each J we observe a series of resonances. The characteristic features of the plot can
be understood in terms of the shape of the adiabatic potentials (see Fig. 1). For fixed J, the
width of the resonances grows with energy as expected for the quantum tunnelling effect. For
J = 22,23, the trend is violated for the highest resonances, which are located above the inner
barrier. Their wave functions extend into the autodetachment region and these resonances
develop into boomerang oscillations. The additional narrowing can be understood as an
interference effect [34] or the interaction of many overlapping resonances [42]. For higher J,
such resonances do not exist, since the inner barrier is always higher than the outer barrier.

The decrease of the width and increase of the energy with increasing .J is associated with
the increase of the inner barrier and the bottom of the well, respectively. In addition, the
width is decreasing with J due to the increasing energy of the final states Hy(.J,v), which
decreases the number of states available for autoionisation into Hy(.J,v) + e~. The sharp
decrease of the lifetimes of the highest resonances of Hy, with large J (encircled in Fig. 3)
is due to a change of the shape of the outer well with .J. These resonances have very small
decay rate to Ho+e~ but they can decay with rather large rates into H+H~ through outer
barrier. For J = 26, 27, the outer well becomes very shallow and for J = 28 the outer well
does not support a resonance. The outer well disappears for higher .J’s.

The bottom part of Fig. 3 shows the results for HD™. The isotope effects are more or less
trivial. The widths are smaller for the heavier system since it is more difficult for the heavier
particles to tunnel through the barriers. The resonances are more closely spaced in energy.
The shape of the effective potential is determined by the centrifugal term J(J + 1)/2uR?.
For the heavier systems we thus expect to get a similar shape of the potential for larger .J
(J scales approximately as \/z). The angular momenta of the resonances of HD™ are thus

generally larger than those of H; . The most conspicuous qualitative difference from H; is the
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absence of the resonances with high J and enhanced dissociation rate. The reason for their
absence is as follows. For HD™, the highest narrow resonance for each .J is still significantly
below the outer barrier, while the next resonance lies already above the barrier. In H,, on
the other hand, the resonances lie just few meV below the top of the outer barrier. This
causes smaller lifetimes and renders them quite sensitive to small changes in the potential.

The data for D, and T, are given in Fig. 4. The density of states and the lifetimes
increase with the mass, as expected. The lifetimes reach 2 ms and 0.1 s for D, and T,
respectively. Unlike for HD~, resonances with a high dissociation rate exist and are grouped

in the top right corner of the plots.

IV. COMPARISON WITH THE EXPERIMENTAL DATA

Very recently, the lifetimes of H, and its isotopic analogs created by sputtering were
measured in an electrostatic ion beam trap in the Weizmann institute [38]. In this apparatus,
metastable ions with lifetimes of at least ~ us can be detected. The lifetimes measured in
[38] from the trap-loss rates are collected in Table I together with the results of the present
calculations.

We observe a nice agreement for the lifetimes of the three states observed in D, [51]. For
HD™, the difference between theory and experiment is about a factor of 2. For H;, on the
other hand, the longest calculated lifetime (0.25 ps) is more than one order of magnitude
smaller than the measured one.

To understand the possible origin of these discrepancies, we tested the sensitivity of
the resonance positions and lifetimes with respect to small changes in the effective nuclear
potential. As a test, we have slightly deepened the outer potential well by adding the term
E7 exp[—(R—6)?] to the discrete-state potential V;(R). The energies and lifetimes obtained
for B = —10meV of are given in parentheses in Table I. We observe that the energies are
shifted down by 3-7 meV and that changes in the lifetime by a factor of 2 are easily possible.
Furthermore, the lifetimes of the resonances with a high dissociation rate are extremely
sensitive to the position of their energy relative to the top of the outer potential barrier.
These resonances are not included in Table I, since their lifetimes are not that large, with
the exception of the (J,v) = (27,0) resonance in H; . The lifetime of this resonance changed

by three orders of magnitude (from 2 ns to 6 us) as a consequence of the small change in
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J v E 71 (Theory)
J v E 7 (Theory) 7 (Experiment) T, 147 0 23 961ms
" 60 5(1) 025038 46 0 9  2lms
27 0 28 (22) 0.002 (6.3) 46 1 21 3ms
HD- |31 0 22(15) 23 (49) 50.7+1 450 -6 9ms
30 0 1.7(-5) 2 (4) 451 9 350
30 1 20(17) 0.6 (0.8) 45 2 20 140
Dy |38 0 19 (12) 2108 (3900) 189080 4 0 21 105
37 0 2 (-5) 61 (140) 8443 4 1 -4 15
37 1 18(15) 16 (17) 9343 42 9 5
36 0 -16 (-22) 4 (9) 4 3 18 3
36 1 4(0) 0.9 (L1) 43 0 -37 11
36 2 17 (15) 0.5 (0.5) 43 1 17 1
42 0 -53 1

TABLE I: Theoretical and experimental results for resonances with lifetimes in the us to ms range.
The quantum numbers J and v are given for each resonance. The lifetimes 7 are given in us (unless
stated otherwise). The energies E of each resonance relative to the dissociation threshold are given
in meV. The numbers in parentheses illustrate the sensitivity of the energies and lifetimes with

respect to changes in the potential (see text).

the potential energy. The lifetime obtained with the modified potential is very close to the
measured value of (8.2 + 1.5) us. There are no such dissociating resonances for HD~. Some
dissociating resonances in D, are similarly sensitive to changes in the potential, but their
lifetimes are not in the us range.

The potential-energy curve Vy(R) for R > 3ay is based on data of Senekowitsch et al. [45]
which were recently found out to be accurate within few meV [46]. The effects of correlated
electron and proton motion are of similar size [46]. In addition, there are dynamic effects of
the nuclear rotation on the electronic energies. Considering these limitations of the model,
the calculated lifetimes are in full agreement with the measured data. We conclude, in

particular, that it does not seem necessary to invoke the existence of the other electronic
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states of Hy [38] for the explanation of the lifetimes of H, and its isotopomers.

V. CONCLUSIONS

We have employed the projection-operator method to calculate the energies and lifetimes
of resonances within the nonlocal resonance model for H,. The method has been applied
to characterise the outer-well resonances in Hy, HD~, D, and T, . A comprehensive set of
resonance energies and lifetimes has been calculated.

The predicted lifetimes generally are in qualitative agreement with experiment [38], al-
though the calculated lifetime is too low by an order of magnitude for H,. For HD™, the
deviation from experiment is within a factor of two. The calculated lifetimes of D, are in
good agreement with the three measured lifetimes [38].

We predict the existence of many more resonances with lifetimes below us, down to the ps
range. The detection of these short-lived species and the accurate prediction of their lifetimes
represents a challenge both to experiment and theory, considering the sensitivity of the
lifetimes to the internuclear potential and the autodetachment width. We have shown that
the deviation from experiment can be explained by a rather small (~10 meV) modification
of the ab initio H+-H™ potential. The resonances which decay primarily by dissociation into
H+H™ are particularly sensitive to changes in the H+H™ potential. The lifetimes of the
resonances which decay primarily by autodetachment are much less sensitive to details of
the H; potential-energy function.

Furthermore we have calculated the energies and the lifetimes of the T, states. It is
predicted that these resonances have lifetimes up to 0.1s.

An issue which deserves further attention is the mechanism of the creation of these
metastable species under various conditions. The creation of the metastable states in binary
e +H, or H+H~ collisions is difficult, although cross sections at resonance exceed 200AZ2.
Since the widths are of the order of 107% — 107 eV, the production rates with any realistic
experimental energy resolution would be very small. This can explain the mixed success
of the experimental efforts to detect these species [47-49]. Recent experiments [1, 37] have
shown that it is possible to create metastable H; species in ion collisions with hydrogen-rich
surfaces. We expect that the creation of these species may be feasible in collisions involving

molecular targets, like H™+H,. It would also be interesting to investigate the destruction
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mechanism of the anions in collisions with H and Hs. A better understanding of these
processes is important for the optimisation of plasma conditions for the efficient generation

of H=, D™ or T~ anions.
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