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Wave Packet Structure and Dynamics Measured by Coulomb Explosion
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The motion and dimension of molecular nuclear wave packets produced by an ultrashort laser pulse
are measured by Coulomb explosion induced by a delayed intense fs laser pulse. Two different
continuum wave packets in I2 are observed as they move from an internuclear separation of —7 to
)100 A. The ultimate spatial resolution is limited by the pulse duration of the probe laser. For

0
485 nm excitation of B-state wave packets the resolution limit is -0.5 A.

PACS numbers: 33.80.RV, 34.50.Gb

Ultrafast phenomena in atoms and molecules stud-
ied by ps and fs laser pulses have been a topic of in-
tense investigations over the past decade (see, e.g. , the
overviews of Refs. [1,2]). In atomic systems coherent
superpositions of electronic wave functions forming an-
gularly or radially localized wave packets are observed
[2]. In molecules ultrashort laser pulses are used, for
example, to study vibrational and rotational motion [1]
and to investigate photofragmentation dynamics of clus-
ters [3]. In a typical experiment a "pump" laser pulse
excites a wave packet in the atom or molecule, and a sec-
ond, delayed, "probe" laser pulse induces a transition to
some final state. The observed signal exhibits a character-
istic time-periodic structure if the transition caused by the
probe only occurs efficiently at certain periodic values of
the delay determined by, e.g. , the Franck-Condon overlap
between vibrational states [1] or by the electronic wave
function's overlap with the atomic core [2]. To observe
the wave packet anywhere on its trajectory Walmsley and
co-workers [4] have suggested recording the spectral com-
position of spontaneous radiation emitted by molecular
wave packets at each moment of time. A first experi-
ment along these lines was reported recently [5]. Also,
fs time-resolved photoelectron spectroscopy [6] has been
proposed as a way to measure the structure and dynamics
of wave packets, and experiments are now initiated [7].

Scattering femtosecond bursts of short wavelength
((I A) particles such as photons [8] ()12 keV), elec-
trons [9] ()150 eV), or ions ()0.08 eV) from a molecule
is a more direct approach to observing molecular wave
packets. Since these particles must be prepared, synchro-
nized, and transported through the interaction region with
femtosecond precision, there are experimental difficulties,
and no experiments have carried out where fs dynamics is
measured by scattering.

The experimental problems simplify if we can use
electrons or ions originating from the molecule itself
employing a (delayed) fs laser pulse. In particular,
for ion scattering, the half collision of an optically
driven Coulomb explosion provides a simple, direct
approach to measuring wave packets. Coulomb explosion
of molecules following the collision between a thin
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FIG. 1. Potential curve diagram of I2 illustrating the prepara-
tion of the wave packet in either the B 'H.+ or in the ' H.+ state
and the subsequent probe process by excitation of a repulsive
Coulomb state.

foil and a fast molecular ion beam can be used to
obtain information about molecular structure [10]. Here
we demonstrate that a Coulomb explosion induced by
irradiating molecular wave packets with an intense fs laser
pulse is a straightforward and easy interpretable method to
measure the motion and the dimension of wave packets.

The basic idea as applied to I2 is illustrated in Fig. 1.
First, a linearly polarized, ultrashort laser pulse excites a
dissociative wave packet of continuum states. The wave
packet is launched either in the 8 II,+ or in the ' II,+ state.
Second, the wave packet evolves along the respective po-
tential curve. Third, the wave packet is exposed to an
intense, delayed ultrashort pulse which causes rapid ejec-
tion of several electrons from the molecule. This corre-
sponds to excitation of one (or several) repulsive states
of the highly charged molecular ion. The residual atomic
iodine ions repel each other due to the Coulomb force
(Coulomb explosion). Since the removal of the electrons
occurs on a time scale ((100 fs) where the dissociated
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FIG. 2. A schematic of the experimental setup showing the fs
laser system and the UHV chamber.

molecular constituents virtually do not move, the internu-
clear distance of the molecule can be determined by mea-
suring the Coulomb energy, released as kinetic energy of
the atomic ions. In addition, the spread of the observed
kinetic energy retlects the width (dimension) of the wave
packet. We stress that this scenario is accurate at suffi-
ciently large internuclear separations (~6 A). At shorter
distances the kinetic energy release is expected to deviate
from the Coulomb value due to molecular bonding. Partly
for this reason, our experiment concentrates on large in-
ternuclear separations, but the application of the Coulomb
explosion to the short internuclear range is of great inter-
est as we shall discuss later.

A diagram of the experimental setup is shown in Fig. 2.
The output from a colliding pulse mode-locked (CPM)
laser is amplified at 10 Hz in a four-stage dye amplifier
[11] yielding a -80 fs, 625 nm, —250 p, J pulse. Part
of the amplified pulse (-60 p, J) is used for continuum
generation by focusing it into a 1.2-m-long cell filled with
25 atm of CO2. A narrow bandpass filter selects 10 nm
from the continuum centered at 485 nm. Amplification in
a double-pass dye cell brings the 485 nm pulse energy up
to -200 nJ. The dye cell is longitudinally pumped by an
UV (312 nm) pulse obtained from the second harmonic
generation of another fraction (-130 p, J) of the amplified
625 nm pulse in a 5-cm-long KDP crystal. The 300 fs,
485 nm pulse is combined with the remaining -60 p, J of
the 625 nm pulse in a dichroic mirror, and both beams
are focused inside the ultrahigh vacuum (UHV) chamber
by an on-axis parabolic 5-cm focal-length mirror, giving
a maximum intensity of —1 X 10'~ W/cm2 and —9 X
10' W/cm2, respectively. The zero time delay between
the two pulses as well as the 485 nm pulse duration are
determined by cross correlation.

Molecular iodine is leaked into the UHV chamber
where the background pressure is 3 & 10 Torr. The I2
pressure is kept low -5 ~ 10 Torr in order to avoid
any influence from space charge. The ions produced from
the laser irradiation are analyzed in a time-of-tlight (TOF)
spectrometer [12]. It consists of an accelerating (electric
field -133 V/cm) and a field-free drift zone equipped
with a dual microchannel-plate (MCP) detector at the end.
The measured time of fIight reflects the ion velocity along

the spectrometer axis. Two apertures at the output of the
accelerating and the field-free region ensure that we only
observe fragments with their velocity vector essentially
aligned with the TOF axis. Furthermore, the size of the
apertures defines the acceptance angle of the spectrometer
and to what extent the measured velocity corresponds to
the real ion velocity. Finally, time-of-Bight spectra are
recorded using a digital oscilloscope with a sampling rate
of 10 /s.

The experimental results are shown in Fig. 3. The
curves show the I + TOF spectrum for different time de-
lays between the blue and the red pulses. A symmetric
structure consisting of two main peaks is observed corre-
sponding to ionic fragments ejected either opposite to or
in the direction of the detector. The distance between the
symmetric peaks refIects the kinetic energy of the ions.
The central feature of the spectra is that this distance de-
creases monotonically as the time delay increases (that is,
as the excited wave packet evolves toward larger inter-
nuclear distances). The reduced amplitude of the wave
packet signal at short time delays is caused by the de-
crease of the acceptance angle of the TOF spectrometer as
the kinetic energy Ek;„of the ionic fragments increases.
This collection efficiency scales approximately as I/Eq;„
in good agreement with the spectra of Fig. 3. It has been
shown [13] that irradiation of I2 at 485 nm leads to exci-
tation of the 'H,+ state if the polarization of the laser is
perpendicular to the internuclear axis and excitation of the
83H,+ state if the polarization is parallel to the internu-
clear axis. Since the detection system selects molecules
aligned with the TOF axis, the spectra in Fig. 3(a) (po-
larization of 485 nm beam perpendicular to the TOF axis)
and Fig. 3(b) (polarization of 485 nm beam parallel to the
TOF axis) correspond to a wave packet launched in the
'H,+ state and in the 8 H,+ state, respectively. Ions origi-
nating from Coulomb explosion of ground state molecules
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FIG. 3. The TOF spectrum of I2+ recorded at four different
time delays between the blue and the red laser pulse. Each
spectrum represents an average of 20000 laser pulses. (a), (b)
Observation of the 'H,+ and the O'H,+ wave packet, respec-
tively. The vertical lines represent the calculated positions of
the different Coulomb explosion channels (see text).
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are mainly ejected in the direction of the polarization of
the red laser [12] which is perpendicular to the TOF axis.
Even though the contribution to the ion signal from these
unexcited molecules is small, all data are corrected by
subtracting spectra recorded with the red laser only from
the spectra recorded with both lasers. We note that the
blue laser is not intense enough to ionize I2, so no signal
is observed in the TOF spectrum if only the blue laser is
applied.

The time difference AT between pairs of peaks is given
by AT = 2mtvo/qeF. , where mt is the mass of atomic
iodine (127 amu), E is the electric field strength in the
accelerating region, qe is the charge of the observed ion,
and vo is the initial velocity of the ion. This velocity is
determined by the Coulomb energy and the wave packet
motion:

where R is the internuclear separation, q'e is the charge of
the other ejected ion, and vip is the dissociation velocity
of the wave packet. Combining the expression for AT
with Eq. (1) we get

(2)

' rI.' state.

A conspicuous feature in Fig. 3 is the complex peak
structure of the TOF spectra which results from explo-
sions into different charge states. Using Eq. (2) and
the expressions for R(t) the expected positions for the
two major fragmentation channels, I -I+ (2-1), I2+-I
(2-2), are indicated in Fig. 3 as vertical lines. The agree-
ment with the TOF spectra is good. In particular, for
small time delays it is seen how the substructure in the
B3II„wave packet spectrum [Fig. 3(b)] exactly matches
the calculated position of the 2-1 and the 2-2 Coulomb
explosion channels. This strongly indicates that the ob-
served spectra really originates from Coulomb explosion
of a highly charged molecular ion rather than dissociation
of some highly excited state into I and I +. A further
proof of the Coulomb explosion mechanism comes from
the fact that the wave packet motions are also observed in
the I~+ signal. Again, the agreement with the calculated
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The B3H,+ state and the 'll,+ state dissociates at an en-

ergy of -20044 and —12441 cm ' [14], respectively,
and the average photon energy of the blue pulse is
—20 621 cm . Taking into account the distribution of vi-
brational levels in the ground state (see discussion later in
the text) and the Franck-Condon overlap with the excited
states we find a mean wave packet velocity of 5.5 A/ps-
in the 83H„+ state and —17.8 A/ps in the 'H„+state. Fur-
thermore, from the shape of the potential curves we esti-
mate the temporal evolution of the internuclear separation
(t ~ 0.3 ps):

R(t/ps) = 5 5t + 3.9 A, . B H, state,

R(t/ps) = 17 8t + 2.0 A, .

positions of the photofragmentation channels (mainly 3-1
and 3-2) is very good.

At larger time delays the dispersion of the wave packets
(see below) will eventually result in an overlap of the
peaks from the different explosion channels. However,
the limited resolution of our spectrometer at lower kinetic
energies of the ejected ions is the main factor that prevents
us from resolving the peaks for delay times greater than
3.7 ps. Also, the different fragmentation channels are not
separated when the wave packet is evolving in the 'H,+
potential [Fig. 3(a)] since the much faster wave packet
motion results in large internuclear distances (low kinetic
energies of the fragments) even at short time delays.

Figure 3 also shows TOF spectra obtained at a time
delay of 100 ps where the internuclear distances are so
large that the kinetic energy of the ionic fragments is
determined almost solely by the dissociation velocity
of the wave packet [Eqs. (1) and (2)]. Here, the ~H,+

and B H„+ wave packets show up as two sets of peaks
separated by -74 and —23 ns, respectively (see Fig. 3).
Thus, these spectra are a clear manifestation of the two
different dissociation channels. The limited resolution of
the spectrometer gives rise to the observed broadening
toward lower kinetic energies and to the appearance of
the central peak in the upper trace of Fig. 3(a). This
peak results from molecules excited to the B state aligned
perpendicular to the TOF axis since the dissociation
velocity of the B-state wave packet is so low that many
of the ionic fragments pass through the apertures in the
spectrometer.

We now discuss the dispersion of the wave packets and
the temporal extent of the peaks in Fig. 3. In general, the
width of the wave packet increases with time due to the
different propagation velocities induced by the different
frequency components of the exciting laser pulse and by
initial thermal population of vibrational states. The width
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FIG. 4. The dimension of the B-state wave packet measured
after 1.0 ps. The vertical lines indicate the calculated extent of
the wave packet (see text).
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of the wave packets can be determined from the TOF
spectra by using Eq. (2). This is illustrated in Fig. 4 for
the B-state wave packet at a time delay of 1.0 ps based on
a point-wise deconvolution of the (2-2) explosion channel
(the I/Ek;„dependence of the collection efficiency is
taken into account). The data fall virtually within the two
vertical lines at 7.2 and 11.4 A which mark the maximal
extent of the wave packet structure after 1.0 ps expected
for excitation with a 300 fs long laser pulse of 10 nm
bandwidth (—425 cm ') and for initial population of the
v = 0, 1, 2 vibrational levels in the ground state of I2
(Boltzmann distribution at room temperature).

Now that we can directly measure wave packet struc-
ture it is important to consider the resolution limit. A fun-
damental limit is given by the final de Broglie wavelength
of the exploding ions. At an internuclear separation of
—10 A and for the (2-2) fragmentation channel this limit
is very small indeed ((0.02 A). A more severe limit is
imposed by the pulse duration ~ of the probe laser. Nu-
clei move during the pulse and this motion leads to an un-

certainty in the position when ionization takes place given
by —v~p7. . Thus, for R ~ 6 A, features as small as 0.5 A
should be resolvable for the B-state wave packet in this
experiment.

With minor improvements in the resolution of our spec-
trometer the Coulomb explosion technique should allow
us to follow the temporal evolution of the dimension of
the wave packet over a large range of internuclear dis-
tances as well as to study more complex time depen-
dent shapes of the wave packets. For example, Krause
et al. [15] have suggested focusing a dissociative wave
packet launched in the I2 B state to form a narrow dis-
tribution of the internuclear separation centered at a cho-
sen position by exciting the wave packet by a short laser
pulse with a substantial positive chirp. Building on this
ability to manipulate wave packets, Coulomb explosion
from well characterized wave packets opens an approach
for determining the potential curves of highly charged
molecular ions. Furthermore, the proposal for strong
field-induced explosive ionization at critical internuclear
distances [16] and strong field bonding [17] is now avail-
able for experimental investigation.

In summary, we have introduced a new technique to
measure the dynamics of nuclear molecular wave packets.
The method is based on Coulomb explosion induced by
intense fs laser irradiation and subsequent recording of

the kinetic energy of the ionic fragments. As a first
demonstration, the technique was applied to measure the
motion of two different dissociative wave packets in I2.
Particularly important is that the technique can be used to
determine the dimension of wave packets. It will now be
possible to measure the general shapes of wave packets.
Finally, the prospects of using the Coulomb explosion
method in spectroscopic studies as well as to investigate
strong field phenomena, were pointed out.
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