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We show experimentally that an external electric field can be used to control the amplitudes of

nonadiabatic paths taken by a dissociating molecule. In the example presented here, this control is

achieved by Stark-field mixing in H3 Rydberg states with different decay paths. The final state continuum

is in each path formed by three-particle wave packets of slow neutral hydrogen atoms in their electronic

ground state. Their momentum vector correlations show signs of interference, since the molecule can

access the identical continuum via two distinctly different paths, involving different nonadiabatic cou-

pling mechanisms. As an added feature a preferred alignment of the fragmentation plane in the laboratory

frame emerges, corresponding to a selective dissociation of molecules oriented along the field direction.
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Many fundamental aspects of molecular physics such as
molecule formation and dissociation arise from nonadia-
batic couplings between the electronic and nuclear motion.
Direct access to the dependence of these couplings on
molecular coordinates has largely eluded experimental
observation to date, except for diatomics where dynamics
reduces to a single vectorial distance corresponding to
radial and rotational couplings [1]. In polyatomic systems
the larger number of degrees of freedom complicates the
observation and description of dynamical properties [2].
During the last decade powerful experimental techniques
have been brought to bear on nonadiabatic processes:
Ultrafast lasers make it possible to follow the course of a
chemical reaction [3–5], molecular beam technology al-
lows the quantum state preparation of reactants as well as
the state selective detection of products [6–8], and novel
multidimensional coincidence measurements provide hith-
erto inaccessible information about vector correlations in
molecular dynamics [9–12].

Neutral triatomic hydrogen, the simplest example of a
polyatomic molecule, frequently serves as a prototypical
system for investigating molecular dynamics beyond the
limits of the Born-Oppenheimer approximation [10,13–
18]. Even for a simple molecule like H3 the quantitative
information inherent in the vector correlation maps poses
difficult challenges to theory. It was not until recently, that
Galster, Lepetit, and Jungen succeeded in predicting the
principal structures observed in a Dalitz plot by the use of
semiclassical trajectory models [19–21].

Here we add a new feature of experimental control in
this context. We show that the Stark effect can be used to
control the amplitudes of nonadiabatic paths taken by a
dissociating molecule. In the example presented here, an
H3 molecule in the metastable 2p2A00

2 state (abbreviated

2p) is coupled to the short-lived 2s2A0
1 level (abbreviated

2s), building up a superposition of quasidiscrete electronic
states

j�i ¼ �j2si þ �j2pi: (1)

In the absence of an external electric field both unperturbed
states predissociate into the repulsive ground-state surface.
A molecule in the superposition state (1) can therefore
access the three-particle dissociation continuum via two
distinct paths (see Fig. 1), involving different nonadiabatic
coupling operators V2s and V2p. The magnitude of the

external electric field determines the amplitudes � and �.
Describing the rovibrational part of the wave function with
j�i, we may formally view the dissociation process in a
time-dependent approach as a sequence of two steps:
During a first period the quasibound molecular state

accesses the repulsive ground-state surface at a time t1,
forming a superposition of two continuum wave packets at
molecular distances. The wave function

j�miðt1Þ ¼ �V2sj2sij�i þ �V2pj2pij�i
¼ �j�si þ �j�pi (2)

is building up under the action of the nonadiabatic coupling

FIG. 1 (color online). Schematic predissociation channels for
the 2p2A00

2 state in an external electric field. The strength of the

nonadiabatic couplings, V2s and V2p, to the repulsive ground-

state surface are greatly different. The action of the electric field
is indicated by the arrow marked E.
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operators V. This period is followed by an evolution of the
wave packets j�si and j�pi on the ground-state potential

energy surface [22], resulting in a continuum wave func-
tion

j�ciðtÞ ¼
Z t

t1

eiHt0 ð�j�si þ �j�piÞdt0 (3)

with the Hamiltonian H describing the motion of the three
hydrogen atoms on the dissociative 2pE0 ground-state
surface. In the limit t ! 1 (at the position sensitive detec-
tor) the wave function (3) is mapped onto the product wave
function of three separated hydrogen atoms

j�ci ¼ �1ð ~k1Þ�2ð ~k2Þ�3ð ~k3Þ; (4)

the ~ki being the center-of-mass momenta of the free hydro-

gen atoms. The space of ~k vectors is restricted by energy
and momentum conservation. In our experiment we deter-

mine, for one molecule at a time, ~k1, ~k2, and ~k3. The result
for many such measurements provides us with a map of the
probability distribution jj�cij2. Phase differences that
were accumulated on the two paths in Eq. (3) will show
up as interference effects in this map.

In this sense our experiment amounts to a double-slit
experiment involving twowave packets of three correlated,
slow hydrogen atoms in their ground electronic state. Their
interference pattern is projected into the correlation map of
the three atomic momentum vectors.

Our experiment is performed with a fast-beam appara-
tus, discussed previously [12,16,23], but nowmodified by a
Stark-field section as shown schematically in Fig. 2. The
neutral H3 molecules are produced in near-resonant
charge transfer of 3 keV Hþ

3 ions in a cesium vapor cell.

At its exit residual ions are deflected by a small electric
field. The charge-exchange process initially generates a
wide spectrum of neutral states, nearly all of which dis-
sociate within a few ns. Only molecules in the rotationless
2p2A00

2 (N ¼ 0, K ¼ 0) state are metastable [24]. Because
of their long lifetime �700 ns [25], only these molecules
can transit to the Stark-field section, which is situated
30 cm downstream from the charge-transfer cell. Two
half-cylindrical electrodes with a radius of 1 cm, posi-
tioned 3 mm apart at the closest point, establish the Stark
field. During their � 50 ns transit time through the Stark-
field region the molecules experience an inhomogenous dc
field, whose maximum strength can be varied between 0
and 20 kV=cm.

The undissociated fraction of the neutral molecules is
intercepted by a beam flag at a distance of 10 cm from the

Stark-field region. Fragments from predissociation with
sufficient transverse momentum pass the flag and reach
the multihit coincidence detector after a free flight of
239 cm. The arrival times and positions of the three hydro-
gen atoms are registered by the detector [9]. Our new
detection electronics [26] achieve a spatial resolution of
80 �m and a temporal resolution of 50 ps.
Owing to the slow radiative transition from the meta-

stable state [27] to the short-lived 2s2A0
1 level, dissociation

of the field-free 2s2A0
1 and 2p

2A00
2 levels can be investigated

separately. This is possible because the kinetic energy
release W of the two states differs by 100 meV, easily
discernible in our experiment. Examples of Dalitz maps
for the two states, recorded in the field-free case, are shown
in Fig. 3 for the lowest vibrational level of the 2p2A00

2 and
2s2A0

1 states. The position of an event inside the circular
Dalitz plot [28] reflects the relative orientation of the
momentum vectors of the three hydrogen atoms in the
center-of-mass frame, as indicated in Fig. 3 on the left.
The map reflects the internal molecular couplings that
initiate the dissociation process and that are experienced
by the 3 H atoms as they evolve from molecular distances
to the separated atom limit. The conventional
Dalitz coordinates

x ¼ 1ffiffiffi
3

p ð"2 � "1Þ and y ¼ "3 � 1

3
(5)

relate the kinetic energy of the ith atom in the center-of-

mass frame, "i ¼ j ~kij2=ð2mWÞ, with the orientation of the

three momentum vectors ~ki (i ¼ 1, 2, 3). The quantities "i
are normalized to the total kinetic energyW released in the
dissociation process, W ¼ P

i"i. The magnitude of W is
determined for each molecule and serves to identify the
initial state involved in dissociation. Here we focus on
metastable molecules in the vibrational ground state, �0.
Molecules in higher vibrational levels are present in the
beam as well. Their summed abundance amounts to
<20%. Their energy release is distinctly different and
they do not contribute to the signals discussed here.
The 2s state accesses the continuum via vibrational

coupling, the 2p state on the other hand can do so in second

FIG. 2 (color online). Overview of the experimental setup.

FIG. 3 (color online). Dalitz maps of the lowest rotational
levels of the vibrationless 2s2A0

1 and 2p2A00
2 states obtained in

the absence of an external electric field. The diagram on the left
illustrates the momentum vector alignment corresponding to
specific positions in the Dalitz map. A definition of the energy
scales is given in Eq. (5) above.
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order only, via rotational coupling [29]. Hence the two
states exhibit completely different correlation patterns:
While the Dalitz plot of the 2p level is dominated by
near-equilateral momentum vector arrangements, the 2s
state preferably dissociates into obtuse isosceles configu-
rations largely avoiding the symmetric momentum ar-
rangement. Theory has recently forwarded explicit
predictions for the origin of the pattern observed for the
2s state [19–21].

The predominant effect of Stark mixing is the decay of
the metastable molecule by indirect coupling to the
ground-state continuum via the admixed 2s character.
The natural lifetimes of the two excited states �2s ¼
200 fs and �2p ¼ 700 ns differ by 6 orders of magnitude.

Therefore the experiment weights the state admixture �

with an amplification factor
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
700 ns=200 fs

p ¼ 1870. As a
result, even weak admixtures of 2s character significantly
shorten the lifetime of the metastable 2p level. For the field
range used in the experiment the fraction of the admixed 2s
wave function is always very small, amounting to no more
than 0.26% at 20 kV=cm.

In Fig. 4 we compare the observed three-body decay rate
of the 2p2A00

2 level with the prediction from a perturbation-

theory based Stark model using the 2s-2p coupling matrix
element of Petsalakis et al. [30]. Note that the dissociation
rate of the 2s2A0

1 level is practically unaffected by the 2p
admixture, but serves as a convenient experimental cali-
bration of the ratio of rates at zero electric field. As a result
of the Stark mixing the momentum correlations observed
for the 2p state undergo dramatic changes. The strong
influence of the external electric field on the predissocia-
tion is apparent from the vector correlation maps for the
vibrationless 2p2A00

2 state at different electric-field

strengths shown in Fig. 5.
For a molecule initially in the 2p state the branching

between the 2p and 2s paths is predicted to be about
equal at 4 kV=cm. At 20 kV=cm the branching amounts
to 96% along the 2s path with only 4% remaining on the

parent 2p channel. Hence practically the full 2s correlation
pattern builds up in the Dalitz map of the Stark 2p state at
20 kV=cm. This is apparent from a comparison of Fig. 5(g)
with Fig. 5(h). The latter shows the field-free result for the
2s state.
Interference features develop in the intermediate field

range (E ¼ 2–4 kV=cm), where the amplitudes of both
excited states are similar. These interference patterns in
the Dalitz plot of the 2p state cannot be explained in terms
of a simple addition of the two field-free maps. Rather their
interpretation calls for a superposition treatment outlined
in the introduction above.
The direction of the Stark field, parallel to the detector

and perpendicular to the molecular beam axis, was chosen
to ensure an optimum sensitivity with regard to changes in
the orientation of dissociated molecules. Our measure-
ments show that the effect of angular-momentum mixing
is reflected in a laboratory alignment of the fragmentation
plane. For reasons of momentum conservation this plane
lies perpendicular to the molecular main symmetry axis, its
normal vector representing the spatial orientation of the
2pz orbital at the time of dissociation. In the field-free case
one would expect an isotropic distribution of the fragmen-
tation plane, whereas the presence of the Stark field should
lead to preferred dissociation of H3 molecules aligned
along the field direction.

FIG. 4 (color online). The observed ratio of three-body disso-
ciation rates of the metastable 2p2A00

2 state and the 2s2A0
1 state

for different electric fields is shown by the full circles. The
dotted line gives the prediction from a Stark model based on
purely hydrogenic wave functions. The solid curve results when
the transition-dipole moment of Petsalakis et al. [30] is used.

FIG. 5 (color online). Influence of an external electric field on
the observed momentum vector correlations of the vibrationless
2p2A00

2 level. The axis labeling is identical to that shown in Fig. 3

but omitted here for clarity of presentation. Color scale is as
given in Fig. 3.

FIG. 6 (color online). Spatial distribution of the main symme-
try axis for 2p2A00

2 molecules predissociated in the Stark field.

The results at 0 and 20 kV=cm are compared to a Monte Carlo
simulation given by the dashed curves. The orientation of the
molecular symmetry axis in the external electric field is clearly
apparent.
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Our experimental results in Fig. 6 display this effect
very clearly, with � defining the angle between the electric
field and the molecule’s main symmetry axis in the labo-
ratory frame. An alignment parameter � ¼ 0 corresponds
to the isotropic case, whereas � ¼ 2 describes a
cos2� distribution oriented along the electric-field axis.
In order to enable a direct comparison we evaluated these
two limiting distributions by means of a Monte Carlo
simulation (accounting for the experimental detection ef-
ficiency) and depicted them as the dashed lines in Fig. 6. At
E ¼ 0 kV=cm our experimental observation is in good
agreement with the model of an isotropic distribution of
the fragmentation plane. As the electric field rises the
distribution begins to develop a growing dip around � ¼
90�, until it resembles the� ¼ 2model at E ¼ 20 kV=cm.
This documents that the degree of Stark mixing is aniso-
tropic and most pronounced for H3 molecules whose
pz orbital is oriented along the electric-field axis.

Our measurements give a very clear demonstration of
the effect of angular-momentum mixing on the vector
correlation maps and the spatial orientation of the frag-
mentation plane: As the field strength rises, an increasing
alignment of dissociated 2p molecules along the field axis
is observed, while at the same time the Dalitz plot proceeds
from the typical 2p2A00

2 features to the distinctly different
2s2A0

1 features. In the transition region around E ¼
4 kV=cm an interference pattern appears in the correlation
map of the Stark 2p state. It results from the fact that the
dissociating molecule can be described as a superposition
of three-particle wave packets which coherently access the
same continuum via two different channels, each case
experiencing a different nonadiabatic transition and a dif-
ferent evolution on the ground-state potential energy sur-
face. By adjusting the electric-field strength we are able to
fine-tune the amplitudes of the two interfering paths, which
offers the opportunity to experimentally control the mag-
nitude of nonadiabatic coupling.

Unlike studies of pure decay rates, our kinematically
complete experiment records the dissociation dynamics in
terms of the center-of-mass momentum vectors and the
molecular orientation in laboratory space. At this point it is
awaiting a thorough theoretical discussion on the motion of
three-particle wave packets on the ground-state energy
surfaces of H3. The recent achievements [19–21] in the
theoretical description of predissociation of the 2s2A0

1 state
promise that a similar treatment of the 2p2A00

2 state will,
once it is available, enable a detailed analysis of our data.
We expect that a quantitative understanding of the ob-
served interference effects will greatly improve our knowl-
edge in the field of nonadiabatic couplings.
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