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We have used intense few-cycle laser pulses in a pump-probe arrangement to directly map, with high time
resolution, the simultaneous evolution on two different potential curves of wave packets created when H2 �D2�
molecules were ionized by a strong laser field. The experimental “snapshots” were obtained by measuring in
coincidence the kinetic energy distribution of the proton �deuteron� pairs produced in the Coulomb explosion
of the H2

+ �D2
+� molecular ions as a function of the time delay between the pump and the probe pulses. The

time resolution was sufficient to reveal not only the evolution of the wave packet centroid but also the
fundamentally wavelike features of the packets. A full quantum calculation of observed nuclear motion is in
good agreement with the measured spectra.
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Visualization of the motion of the components of atomic
and molecular systems on an atomic time scale allows us to
form a mental picture of how dynamical physical processes
that alter the internal state of atoms and molecules take
place. Theoretically the time evolution of the wave function
of any physical system is known, and in principle calculable,
from the time-dependent Schrödinger equation �for nonrela-
tivistic systems�. The experimental observation of this evo-
lution is more elusive, for reasons of both principle and prac-
tice. Due to the destructive nature of the “photography,” a
“molecular movie” must be made using a pump-probe ap-
proach: the system is prepared many times in an identical
initial state, and a “snapshot” of the resulting system is taken
after some delay. By taking many snapshots at different de-
lay times the full dynamic evolution of the wave packet can
be followed experimentally. The time scale on which this can
be done has advanced rapidly from the early classic experi-
ments �1–4�, and 25 fs pulses are now routinely available. In
this paper we take a further step down in time and work with
8 fs pulses. With the nonlinear nature of strong field tunnel-
ing ionization, we reach a time resolution of about one opti-
cal cycle of the laser pulse. This is a significant advance,
since it allows the vibrational motion in even the simplest
molecule, H2

+, to be followed. We provide comprehensive
multichannel coverage by tracking the wave packet on two
different potential curves simultaneously. We are able to ex-
tract time-dependent features of the heavy particle motion
that are clearly wave mechanical in nature and have no
simple classical interpretation.

The schematic of the process we study is shown in Fig. 1.
A short laser pump pulse removes one electron from a neu-
tral H2 �or D2� molecule near the peak of the laser pulse,
launching a wave packet onto the ground state potential
curve of the H2

+ system �5–8�. This wave packet has almost
�9� the shape of the ground-state vibrational wave packet of
the neutral hydrogen molecule, and is not stationary because
the equilibrium distance, R, for H2

+ �2.0 a.u.� is greater than
that for H2 �1.4 a.u.� and the curvature of the potential is less
for the molecular ion. This packet now evolves and spreads

in the 1s�g ground-state potential. In the presence of the tail
of the laser pulse the 1s�g and 2p�u electronic curves are
coupled, resulting in the generation of a second component
of the wave packet propagating on the 2p�u potential curve.
For the 800 nm radiation we use, this coupling becomes es-
pecially strong when the curves are separated by a single
photon, which occurs near R=4.6 a.u. When parts of the

FIG. 1. �Color online� Schematic of pump-probe process in H2.
The weak pump pulse removes one electron from the neutral mol-
ecule near the peak of the laser pulse and launches the vibrational
wave packet in the ground 1s�g state of H2

+. The wave packet
evolves outward and some part is coupled to the upper 2p�u curve
in the tail of the laser field when the energy separation between the
two curves is about one photon. The wave packet on the upper
curve dissociates along the repulsive potential. The subsequent mo-
tion of the two wave packets can be probed experimentally with a
strong probe pulse with adjustable delay. In the figure the ionization
of the reflected lower wave packet is shown together with an out-
ward evolving upper wave packet. The wave packet distributions
are determined from the kinetic energy release of the protons.
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packet reach this R, a non-negligible fraction of the wave
packet may evolve from the 1s�g to the 2p�u curve, result-
ing ultimately in dissociation via the well-documented
“bond-softening” process �10�. The remaining wave packet
will oscillate in the 1s�g potential.

To put the above discussion on a quantitative basis, we
have performed a quantum mechanical calculation to obtain
the time evolution of the wave packet on the 1s�g and 2p�u
potential surfaces in the laser field. The H2 �D2� molecule is
ionized at the peak of the laser pulse, creating a wave packet
moving initially on the 1s�g potential curve of H2

+ �D2
+�.

This wave packet is taken to be the ground-state vibrational
wave function of the neutral hydrogen molecule. The subse-
quent motion of the wave packet is calculated by solving the
following time-dependent Schrödinger equation
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including only 1s�g and 2p�u potential curves. Here, �g and
�u are the vibrational wave functions associated with the
1s�g and 2p�u states with potential curves Vg and Vu, respec-
tively. The dipole coupling between the two electronic states
is given by Vgu, � is the reduced mass of the two nuclei, and
E�t� is the time-dependent laser field.

In Fig. 2 we show the long time behavior of the calculated
time evolution of the density distributions of the two wave
packets ���g�R , t��2 , ��u�R , t��2� associated with the 1s�g and
2p�u states of D2

+ for D2 ionized at the peak of an 8 fs laser
pulse with peak intensity of 3�1014 W/cm2. The equations
were solved with the initial condition �t=0� that �g�R , t=0�
is given by the ground vibrational wave function of D2 and
�u�R , t=0�=0. For the wave packet on the upper 2p�u po-
tential curve, the wave packet moves outward monotonically,
except for a gradual spreading and some interference struc-
ture at long times. For the wave packet on the lower 1s�g
curve, the behavior is oscillatory and quite complex.

How can these elementary theoretical predictions be ob-
served experimentally? We sample the time evolution of the
wave packet by using a strong probe pulse applied at a time
� after the pump pulse is over. This probe is strong enough
that it can remove the remaining electron completely from
the 2p�u potential curve, placing it on the H2

+2 Coulomb-
exploding potential curve. The two protons then “Coulomb
explode” with a kinetic energy release �KER�, which is the
sum of the Coulomb explosion energy plus a small contribu-
tion from the kinetic energy they have already accumulated
by propagation along the 2p�u potential curve of the molecu-
lar ion. The strong probe laser also ionizes the electron from
the 1s�g curve at a rate that increases as a function of inter-
nuclear separation R. We measure the KER and from it infer
the internuclear distance at which this explosion occurred.

We have used a Ti:Sapphire laser with a 25 fs pulse

width, 1-kHz repetition rate, 1.0 mJ pulse energy, 800 nm
mean wavelength, compressed to 8 fs by passage through an
argon-filled glass fiber �11�. The laser pulse is passed through
a glass disk from which a central area of 5 mm has been cut
and displaced along the direction of laser propagation. The
pump pulse is formed from that part of the pulse that passes
this disk, and the probe is formed from that which passes the
remaining disk. The time delay is achieved by tilting the
larger disk �12�. The focal point of both pulses is located
inside a supersonic gas jet of molecular hydrogen �deute-
rium� with a local density near 106 atoms/cm3. The resulting
protons �deuterons� are projected onto the face of a channel
plate detector located 5 cm away by a uniform transverse
electric field of 20 V/cm. The position and time of arrival of
each ion is used to reconstruct the full vector momenta with
which they were emitted, on an event-by-event basis. Only
coincident proton pairs corresponding to approximately zero
momentum mother target molecules are accepted. Further
experimental details are given in Refs. �13–15�.

In Fig. 3 we show a density plot of the yield of coincident
proton pairs, with the time delay on the horizontal axis and
the KER on the vertical axis. The propagation of the wave
packet on the 1s�g and 2p�u curves is readily apparent. As
expected from the description above, the 1s�g packet oscil-
lates back and forth in the 1s�g potential curve, giving rise to
a KER centered near 8–9 eV with clear oscillatory behavior
with a period near 15 fs. This KER is slightly lower than one
might expect for a wave packet oscillating about a potential
minimum of 2.0 a.u., since the ionization rate from this po-
tential curve increases rapidly with internuclear distance
�16�. The 2p�u packet is seen as a single descending trajec-
tory giving rise to a KER decreasing monotonically from

FIG. 2. �Color online� Calculated density plots of the vibrational
wave packets associated with the 2p�u �upper panel� and 1s�g

�lower panel� electronic states, as a function of time, generated by
the ionization of a neutral deuterium molecule by a pulse of peak
intensity 3�1014 W/cm2 and pulse length 8 fs full width at half
maximum �FWHM�.
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about 6 eV at 20 fs to near 2 eV at 100 fs. We ask to what
extent this trajectory can be accounted for classically. The
black dashed line superimposed on the 2p�u curve of Fig. 3
shows the trajectory of a classical particle launched from
rest, but with a delay, on the 2p�u curve. The delay was
taken to be 7.8 fs, the time the particle would have taken to
propagate on the 1s�g curve from 1.4 a.u. to the bond-
softening crossing at 4.6 a.u., with enough initial kinetic en-
ergy to just reach this point. To avoid visual confusion on the
figure, and because the identification of the dissociative wave
packet becomes clear only beyond about 20 fs, only the part
of this trajectory beyond this time is shown. The calculated
KER is the sum of the KER from the Coulomb explosion and
that accumulated on the dissociation potential. The classical
trajectory is seen to track very near the experimental trajec-
tory.

Can we observe the complex behavior of the 1s�g wave
packet predicted in Fig. 3? Classically one would expect this
packet to simply oscillate back and forth between the two
turning points at R=1.4 and 3.5, and indeed evidence for
such behavior was reported in �17�. The quantum calculation
shows that the behavior of this packet is more interesting.
After the first reflection from the outer turning point and
within the next half period, the wave packet is very broad
showing no noticeable localization within the potential well.
At about one vibrational period, the wave packet “re-
emerges” from the inner turning point and immediately
thereafter produces one major peak moving outward with
additional minor peaks. This pattern repeats itself at mul-
tiples of the vibrational period �about 21 fs for D2

+�. The
additional minor peak structure results from the interference
between the waves going on opposite directions, from com-
ponents of different phase velocity.

In the upper panel of Fig. 4 we show the corresponding
theoretical KER spectrum assuming removal of the second
electron by the delayed probe at a rate given by the exact
static ionization rate �18�. The KER was calculated assuming
a pure Coulomb explosion. The two-potential-curve nature
seen in the data of Fig. 3 is clearly predicted, with an oscil-
latory packet in the 1s�g potential and a dissociative packet
eventually following the 2p�u potential. The series of strong
outgoing, but not incoming, waves seen in Fig. 2 for the 1s�g
packet gives rise to a series of descending stripes on the 1s�g
KER plot, with the outward motion of wave maxima much
more prominent than any inward motion of the returning
waves.

In order to search for these stripes experimentally, we
performed the experiment with molecular deuterium, which
produces a slightly more compact wave packet and a slower
time evolution. The results are shown in the lower panel of
Fig. 4. The sequence of outgoing waves predicted by the
model is clearly observed in the data, showing that we are
able to see in the experimental photographs not only the
overall oscillatory motion of the wave packet but details of
its dispersion and propagation that go beyond the classical
description. We note that the theoretical calculation of the
kinetic energy release is simply a reflection of the vibrational
wave packet in the double ionization potential and does not
include any kinetic energy accumulated by the wave packets
in propagating along the potential curves. Thus the theoreti-
cal locus for the dissociative curve is somewhat lower than
the experimental one.

In summary, we have shown that the simultaneous propa-
gation of vibrational wave packets on different potential

FIG. 3. �Color online� Density plot of the yield of coincident
proton pairs from H2. The vertical axis is the kinetic energy release
of the protons and the horizontal axis is the delay time between
pump and probe. The wave packet trapped in the 1s�g potential is
seen centered near a KER of 8–9 eV and oscillates with a period
near 15 fs. Recurrences are denoted by small vertical arrows. The
packet on the dissociative 2p�u potential appears as a monotoni-
cally descending track evolving toward a KER of 2 eV at 100 fs.
The classical trajectory expected for the 2p�u packet is shown as a
black dashed line. The pump and probe are linearly polarized with
peak intensities of 1014 W/cm2 and intensity 1015 W/cm2, respec-
tively. The pulse length is 8 fs �FWHM�.

FIG. 4. �Color online� Lower panel: Similar to Fig. 3, but for a
D2 target and for pump and probe intensities of 3�1014 W/cm2

and 9�1014 W/cm2, respectively and a pulse length of 10 fs
�FWHM�. Upper panel: model calculation. The “outgoing waves”
in the 1s�g potential curve, which are seen in the calculations of
Fig. 2, appear in these spectra as descending stripes centered near a
KER of 8 eV and recur with a period near 21 fs.
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curves can be tracked on a very short time scale in H2
+ using

a pump-probe arrangement. Along with the average motion
along the potential curves, detailed structural features of the
dispersing and propagating wave packets are revealed. If the
pump pulses were replaced by custom-shaped pulses, quite
technically feasible today, we believe one could use this ap-
proach to give quite specific time-dependent information
about the shaping of vibrational wave packets. This might in
turn prove extremely useful in being able to control the out-

come of the dissociation process. Extensions to a broader
range of chemical rearrangement processes could be possible
�19�.
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