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Maps of Nonadiabatic Coupling in Triatomic Hydrogen
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We show in an experiment that dissociation of state-selected neutral H,* molecules into three
ground-state hydrogen atoms reveals highly structured maps of correlation in the motion of the three
atoms. These maps provide a direct view of the internal molecular couplings which initiate dissociation.
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A Dbasis of quantum chemistry is the Born-
Oppenheimer (BO) approximation, according to which
nuclei move on single adiabatic potential energy surfaces
created by the much faster moving electrons. This ap-
proximation permits one to define isolated electronic
molecular states and their energy levels. Many interesting
aspects of molecular dynamics such as molecule forma-
tion and dissociation arise from the breakdown of this
approximation. This is due to small terms in the molecu-
lar Hamiltonian which originate from the finite response
time of electron motion to changing nuclear position.
They introduce couplings between the adiabatic states,
whose integrated effect is observed in perturbations of
the energy spectrum, and in ubiquitous examples of mo-
lecular dynamics such as dissociation, quenching, charge
transfer, and spin-changing reactions [1]. A direct access
to the dependence of these couplings on molecular coor-
dinates has eluded experimental observation to date, ex-
cept for diatomics [2].

We show here that the quantum mechanical coupling,
which leads to dissociation, emerges as a distinct map in
the correlation of fragment momentum vectors in the
reaction

H,* — H(ls) + H(1s) + H(Ls). (1)

We monitor this reaction for individual, state-selected
H,"* molecules and determine the three atomic momen-
tum vectors in coincidence using the technology de-
scribed previously [3—5]. The decay channel in reaction
(1) and the competing process of autoionization of H;*
control the rate of electron capture of Hy ™, an important
process in the interpretation of the density of Hy™ in the
diffuse interstellar medium [6,7].

In our experiment we prepare metastable triatomic
hydrogen molecules in a fast (3 keV) beam by charge
transfer neutralization of Hy*. The rotationless 2p 2AY
state of H; is immune against rapid predissociation [8]
and is present in the neutral beam in a range of vibrational
levels {»|, v,}. In this notation v, and v, describe the
symmetric stretch and degenerate bending mode vibra-
tional quantum numbers. Photoexcitation spectra of Hj
and D5 have been studied in detail [9] and firm electronic,
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vibrational, and rotational assignments of the spectra
have emerged, backed by the multichannel quantum de-
fect theory based solely on ab initio parameters [10].
The molecules are photoexcited inside the cavity of a
narrow band dye laser which is tuned to a specific ab-
sorption transition. In this way the total energy of the
molecule, W, measured relative to three separated hydro-
gen atoms, H(1s) + H(1s) + H(1s), is precisely defined in
the experiment. This situation is indicated in Fig. 1, which
gives a cut through the potential energy surfaces of Hj
along the symmetric stretch coordinate. The excited elec-
tronic states of H; and D5 are embedded in the repulsive
ground-state continuum which dissociates into the limits
H,('27) + H(ls) or into the three-particle limit H(1s) +
H(1s) + H(1s). In the coordinate shown in Fig. 1 the seam
of the Jahn-Teller intersection of the two sheets of the
ground-state surfaces appears [11]. The fast H; molecules
spend = 3 ns in the laser interaction region. Following
photoexcitation they typically predissociate on time
scales of 1-10 ns [12], their center of mass propagating
at an energy of 3 keV towards a detector. The photofrag-
ments separate spatially from this direction according to
their transverse momentum. The fragments are detected
in coincidence using position- and time-sensitive multihit
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FIG. 1 (color online). Cut of potential energy surfaces of Hj
along the symmetric stretch coordinate (D5, geometry). Bound
state wave functions of the 3s A] state are shown together with
three continuum functions of total energy W.
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detectors [4] after a free flight of about 150 cm. Over this
flight distance the fragments separate in space by as much
as 100 mm. Fast electronic signal processing permits one
to measure the spatial coordinates of their impact posi-
tions with a resolution of <100 wm and their arrival time
differences with a resolution of <100 ps. At the same
time it triggers a triple-coincidence logic routine which
examines the positions and arrival times to distinguish
process (1) from fragmentation into H2(12+) + H(ls)
[13]. For each triple-coincidence event, the momen-
tum vectors {kl, k2, k3} in the center-of-mass frame are
evaluated from the time and position information. After
recording the dissociation of = 10* molecules, we obtain
a map of preferred momentum correlation, under which
the selected H;" state escapes into the three-particle
continuum. These data are coded into a Dalitz plot (see
below) after accounting for the geometric detection effi-
ciency [5].

In this work we determined the correlation map for a
variety of electronic and vibrational molecular states of
H; and D;. Examples are shown in Figs. 2 and 3 for the
lowest rotational energy levels in the electronic states of
3sA", 3d E", and 3p E' symmetry at varying degrees of
vibrational excitation, {0, 0}, {0, 1}, and {1, 0}. The 3pE’
state is populated by spontaneous emission from the laser-
selected 3dE" state. Pronounced islands of high proba-
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FIG. 2 (color online). Final state momentum correlation mea-
sured in three-body decay of the 3sA), 3dE", and 3pE'
electronic states of H; (left) and D5 (right).
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bility appear, their location depending on the type of
electronic excitation, vibrational state, and nuclear
mass. All states shown here lie close in energy
(W = 2.5-3.6 eV); thus they probe similar regions of
the ground-state energy surface. The initial electronic
states have nearly identical nuclear geometry because
the adiabatic potential energy surfaces of the excited
states are all close to the geometry of the parent ion
core H; ™ [14]. The tightly bound ion is of Ds3;, geometry
with a proton separation of 1.64a, at the potential mini-
mum. The attached Rydberg electron adds small modifi-
cations to the binding, leading to small (<5%) variations
in the proton separation at equilibrium. However, the
electronic, rovibrational, and nuclear symmetries of the
excited states differ and thereby control the coupling
matrix elements for predissociation into the ground-state
continuum. This feature dictates the appearance of the
Dalitz plots as we discuss below.

The exit channel in reaction (1) is well-defined in
terms of three plane waves with center-of-mass momenta
k;. Neglecting spin and orbital angular momenta it may
be written as the product wave function of the three
hydrogen atoms,
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FIG. 3 (color online). Final state momentum correlation mea-
sured in three-body decay of the 3s A} and 3d E” electronic
states of H; for different degrees of vibrational excitation
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Since the molecular state under study is selected in the
laser-excition step the energy condition

1 . . .
W = E(|k1|2 + k> + 1k31%) 3)

holds (m being the hydrogen mass), in addition to mo-
mentum conservation k; + k, + k3 = 0. A unique map of
three correlated momentum vectors can be represented in
a Dalitz [15] plot. This probability-density plot gives the
vector correlation in terms of the reduced energies of the
three atoms,

1 € — €
_ 2 ’ 4
€3 3 Vs \/g ( )
where €; = |k;|2/(2mW). Figure 4 illustrates the meaning

of the position of an event in the Dalitz plot in terms of
the orientation and magnitude of the fragment momenta.
Thus islands of preferred population in a Dalitz plot refer
to specific orientations of final-state fragment momenta
in the center-of-mass frame.

At present, no rigorous theory has treated a molecular
three-body problem such as (1); however, a formal dis-
cussion can be given. The initially bound H;"* molecule is
prepared at time #,. At low vibrational excitation its heavy
particle wave function ®(t,) is restricted by locally
quadratic potentials. It is characterized by products of
harmonic oscillator wave functions y in the symmetric
stretch and bending normal mode coordinates, Q; and
Q,,, with {i, j} quanta of vibrational excitation,

Ri(t0) = xi(Qs) x;(Qp)- )
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FIG. 4 (color online). Characteristic momentum vector ori-
entations for specific points in the Dalitz plot. Note that in the
Dalitz coordinates (4) all events are restricted by energy and
momentum conservation to an area within a circle of radius
1/3. For a homonuclear molecule a sixfold degeneracy appears.
The three areas marked by circles at the azimuthal angles 0°,
120°, and 240° correspond to dissociation into H + H,. The
circles at 60°, 180°, and 300° mark where one hydrogen atom
remains at rest in the center-of-mass frame.

073002-3

In a time-dependent approach we may formally view
process (1) as a sequence of two steps. In a first phase
the bound molecular state accesses the repulsive ground-
state surface of Hs,

() = Fuki (i), ©)

where ¢™(#;) is a continuum wave packet at molecular
distances and the operator F describes the modification
of the normal mode wave functions due to the coupling.
This phase is followed by the evolution of the wave packet
on the continuum energy surface [16]

Pe(r) = [ Lar ey (r)), (7

where JH is the Hamiltonian describing the motion of the
three atoms. In the limit of ¢+ — oo the function ¢*(r)
approaches Eq. (2). Significant pieces of information
required to carry out the propagation in (6) and (7) have
been developed recently. Among these are studies of some
of the nonadiabatic [17,18] and Jahn-Teller induced cou-
plings [6] as well as time-dependent dynamics simula-
tions [16—19].

To illustrate the meaning of our data we have modeled
the process under the assumption that the continuum ac-
cess in Eq. (6) is equally probable throughout the avail-
able phase space, i.e., F = 1. This reduces the problem to
propagation of the wave packet (5) on the ground-state
surface. The three-particle channel is primarily popu-
lated [19] via the upper sheet of the Jahn-Teller split
ground-state surface [11] and a wave packet motion on
this surface is tightly confined near the Ds;, geometry
[17]. To predict the momentum vector correlation, we
may in a first crude approximation consider the probabil-
ity map

P (ky, ko, k3) = e[k ®)

with the restrictions imposed by energy and momentum
conservation. We have solved Eq. (8) numerically using
continuum Morse wave functions for ¢ and harmonic
oscillator wave functions for the bound molecular state

fj. Typical results are shown in Fig. 5 for H3 and D5. The
projection in Eq. (8) is between the bound state and the
three continuum wave functions (see Fig. 1). Going from
H; to D5 the bound state wave function narrows and the
spatial oscillation period of the continuum functions
decreases. In the coordinates of the Dalitz plot this pro-
jection is evaluated for relative energies of the individual
fragments ranging from 0 < ¢; =< 2W/3. As a conse-
quence undulations of the type of Condon-diffraction
bands appear which move in the radial and azimuthal
coordinate of the Dalitz plot as either the mass or the
total energy W changes.

While our simple model fails to explain the finer de-
tails in the measured correlation maps, several modes of
agreement can be pointed out. For the case of D3{0, 0}
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FIG. 5 (color online). Predictions of Eq. (8) for the vibra-
tional ground state {0, 0} and for the symmetric stretch excited
state {1, 0} for Hy and D5 at W = 3.10 eV.

our model predicts minimal population for the configu-
rations where one of the fragments remains at rest in the
center-of-mass frame (circles at 60°, 180°, and 300° in
Fig. 4). This is indeed observed (see Fig. 2, right column).
The opposite is true for Hs{l, 0} for which maximal
contributions are predicted in a triangle connecting these
configurations. This again is in agreement with the ob-
servations (see Fig. 3, center row).

We attribute the failure of our model in predicting the
fine structure of the Dalitz plots to the assumption that
F = 1. The projection of the wave packet in Eq. (6)
depends sensitively on the overlap of the initial H;* state
with the continuum and restrictions imposed on the pro-
jection by symmetry considerations. On the basis of sym-
metry arguments we know that predissociation of s A/
states is mediated by the degenerate bending mode, pre-
dissociation of d E" states is by rotational coupling [20],
and predissociation of p E’ states is by Jahn-Teller cou-
pling [6]. The different coupling mechanisms imply that
for each electronic state different areas of phase space
play the leading role in step (6). Indeed the strongest
variation in Figs. 2 and 3 is among maps of different
electronic symmetry.

We therefore conclude that our experiment provides a
direct image of the action of the operator F, which
couples excited molecular states with the final-state con-
tinuum. The dependence of F on electronic and nuclear
coordinates and symmetries is embedded in an inverse
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problem of relating probability density in the Dalitz plot
to phase-space density of the molecular level.

Since final and initial states are precisely defined in
the experiment, the challenge is to perform a quantum
calculation with a proper account of electronic and
nuclear degrees of freedom. Theoretical insight into this
subject will aid the interpretation of correlation maps
obtained in non-state-specific experiments [7], the pre-
diction of the correct capture rate of slow electrons by
H3+ [6], and extend our basis for a microscopic under-
standing of nonadiabatic couplings. Certainly the experi-
ment has reached a level of sophistication which warrants
an in-depth confrontation with this fundamental system
of three protons and three electrons.
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