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Coulomb explosion of molecules induced by an intense femtosecond probe laser pulse provides an approach
to measure structure and dynamics of internuclear wave packets on a natural{8patial temporalfs) scale
for molecules. The technique is illustrated by applying it to study photodissociation ioftiated by a
femtosecond pump pulse. We report a resolution-8f4 A in the internuclear range7—14 A using an 80-fs
probe pulse. We discuss the ultimate spatial and temporal resolution of the technique, as well as the possibili-
ties of observing dynamics of dissociating polyatomic molecules. Intense femtosecond laser pulses not only
provide a way of probing molecular dynamics but they are also an efficient means to initiate dynamics in, e.g.,
molecular ionic state§S1050-29478)10106-3

PACS numbd(s): 33.80.Rv, 34.50.Gb, 82.50.Fv

[. INTRODUCTION and demonstrate how an intense probe pulse can be used to
measure structure and dynamics of molecules by time-
Femtosecond time-resolved studies of ultrafast phenonresolved Coulomb explosions. Coulomb explosions of mol-
ena in condensed media or in gases are of great interest @ctules following the collision between a fast molecular beam
chemistry, physics, and biolod{]. In such studies the main and a thin foil is used to obtain information about molecular
technique applied is pump-probe spectroscopy where a fenstructure[5,6]. Here, we use an intense femtosecond laser
tosecond laser pulse initiates an event of interest and theulse rather than a thin foil to induce the Coulomb explosion.
subsequent evolution is followed by probing the system withEven though the interaction time between the intense laser
another, temporally delayed, femtosecond pulse. In both corpulse and the molecul@qual to the pulse duratipris sig-
densed phase and gas phase, there is rarely more than amécantly longer than the transit time of a molecular ion
photon used for either the pump step or the probe step sindgbrough the foil(<1 fs), it is still short enough to essentially
additional photons usually add extra complexity, therebyfreeze the nuclear motion during ionization. Furthermore, in
making the interpretation of the experimental results morecontrast to the foil method, the laser-induced approach al-
difficult. lows us to follow the temporal evolution of the molecular
A different approach to femtoseconds) pump-probe structure with a time resolution determined by the duration
measurements of molecules in the gas phase is now possilié the laser pulses.
[2]. For this approach perturbation theory is abandoned in Recently, we reported the first work on femtosecond time-
the probe step and in some cases also in the pump step.risolved laser-induced Coulomb explosions in which photo-
relies on the fact that there are usually two simple limits indissociation of J molecules was measurdd]. The basic
the interaction between light and matter. The first one is thédea of the technique is the following. First, an 80FHsll
widely used perturbation limit in which one or a few photonswidth at half maximum (FWHM)], linearly polarized,
are involved. The second one is the strong field limit in625-nm laser pulse excites a coherent superposition of con-
which a very large number of photons participate. Recentinuum statesa dissociative wave packety asingle photon
research in atomic and molecular physics shows that ionizaransition from theX 12* potential to theA 3I1,, potential
tion induced by intense laser pulses of short duration can béig. 1). Second, the Wave packet moves along A&l
understood by quasistatic or tunneling mod@#l] that are  potential curve with an asymptotic internuclear velocity of
as simple and intuitive as perturbation theory. Pump-probe-11.6 A/ps. Third, the position and the structure of the wave
experiments in the strong-field limit are virtually unexplored packet is determined by exposing the molecule to an intense,
but they have the potential to lead to new insight since stud80-fs, temporally delayed, laser pulse. This causes rapid
ies in this extreme are unrelated to the Fourier transform o&jection of several electrons from the molecule correspond-
traditional frequency-resolved spectroscopic methods. ing to a quasi-instantaneous projection of the wave packet on
In this paper we concentrate on the many-photon limita repulsive Coulombic state of a multiply charged molecular
ion. The Coulomb repulsion between the resulting atomic
ions gives rise to the Coulomb explosion. The internuclear
*Permanent address: Department of Chemistry, Aarhus Univerdistance of the molecule, before the irradiation with the

sity, Langelandsgade 140, DK-8000 Aarhus C, Denmark. probe pulse, can be determined by measuring the Coulomb
TPermanent address: CPMOH, Universite Bordeaux 1, 351 Courenergy, released as kinetic energy of the atomic ions since
de la Liberation, F-33 405 Talence, France. the internuclear distance does not change during the removal
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FIG. 2. A schematic of the experimental setup showing the
E j\ Michelson arrangement and the UHV chamber. The molecular

beam propagates perpendicular to the plane of the paper.

tivity ~30%). The zero delay is determined by cross corre-
lation in a 100um-thick KDP crystal. The two beams are
focused by anf=1.5m lens through a 50Qm pinhole,
which ensures good spatial overlap of the two beams. The
) pinhole is imaged with a 5-cm-focal-length on-axis parabolic
\V  Internuclear Distance (’%‘) L mirror to a focal spot diameter of 25 um inside an ultra-
2 3 4 5 6 71 8 9 10 high vacuum(UHV) chamber. Typically, the pump and the
probe pulses have peak intensities~o8 x 10 W/cn? and
~9x 10" W/cn?, respectively.

A pulsed beam of molecular iodine seeded in helium,
formed by expanding 0.3 Tork in 750 Torr He through a
~250-um-diameter stainless steel nozzle, crosses the laser

of the electrons. Furthermore, the distribution of kinetic en_beams 8 cm away from the nqzzle. In the present experiment
ergies determines the structure of the internuclear wav '€ d(_) not measure the rotational te_mperatlTr,g,, or the
packet. V|bra}t|onal temperat.ureT,\,ib, b_ut Iaser-lndu.ced flupresqence
The paper is organized in the following way. After a de- studle_s of supersonlg_expansmn_ijhder virtually identical
scription of the experimental technique in Sec. Il we presenfXPerimental conditions [8] yielded T,,<10K and
our experimental results for the photodissociationofdn- Tyip<200 K. A V|brat|onal t_emperatu_re 0f-200 K corre-
sisting of kinetic energy spectra measured at different de|ay§ponds_to a Boltzman <_j|str|but|on with 7.8% of thenhol-
between the pump and the probe puSec. 1. We explain ecules in thev=0 vibrational Ievel,' 17% in the=1 Igvel,
how these spectra enable us to determine the square of tRGd 4% in thev=2 level. The density ofmolecules in the
internuclear wave function at different times after the exci-/25€r focus can be estimated by an analytical expression as-
tation of the wave packet with a resolutione2—4 A inthe ~ SUMINg an ideal free-jet expansi¢ll. The result, (?(1_01
internuclear range 7—14 A. A usual concern in femtosecondolecules per cfy is likely an overesUmglge, but indicates
experiments is nonlinear effects induced by the pump lasefhat the actual density is as high as16m >, o
In Sec. IV we discuss how they influence our experimental 1he ions produced from the probe laser irradiation are
results. We also discuss how it should be possible to usénalyzed in a time-of-flightTOF) spectrometef10] that is
nonlinear interactions to initiate dynamics in, e.g., moleculariented perpendicular to both the molecular beam and the
ionic states. Section V deals with the present limitations dud®S€r _beams. It consists of an acceleratiiegectric field
to space charge effects, and in Sec. VI we discuss the ulti="267 V/cm and a field-free drift zone equipped with a dual-
mate spatial resolution for the Coulomb explosion methodMicrochannel-plate detector at the end. Time-of-flight spec-
In the last section before the summary we discuss how thi@ aré recorded using a digital oscilloscope with a sampling
technique might be applied to study molecular dynamics ifat€ Of 16 per second and an analog bandwidth of 500 MHz.
the regime of smaller internuclear separations, and we meri-n€ flight time of any ion is a measure of its mass-to-charge
tion the possibilities of extending our approach from di-"atio and its initial velocity along the TOF axis. A 0.5-mm
atomic to polyatomic moleculeSec. VI). aperture ar_ld a 1_—mm-W|de slit at the exits of the accelerating
and the drift region ensure that we only observe fragments
with their velocity vector essentially aligned with the TOF
axis. Since the measured velocity almost equals the total ve-
A schematic of the experimental setup is shown in Fig. 2locity, the kinetic energy,;, of the ions can be determined.
An amplified colliding pulse modelocke(CPM) laser pro-  Also, the aperture and the slit ensure that we can control the
vides 80-fs-long(FWHM of a Gaussian fitpulses with a polarization of the laser beams with respect to the internu-
pulse energy of-250 uJ. The wavelength is centered around clear axis of those molecules that are detected. The size of
625 nm, the bandwidth is-32 meV (FWHM of a Gaussian the aperture and the slit and the magnitude of the electric
fit), and the repetition rate is 10 Hz. The output pulse of théield in the accelerating zone define the acceptance dtigle
laser system is split in a Michelson arrangement introducingnaximum angle between the TOF axis and the velocity vec-
a controllable delay between the pump and the probe pulséor of a detected fragmenand the energy resolution of the
The relative intensity of the two pulses is controlled by usingspectrometer. The acceptance angle scales\#,l/and is
a partially reflecting mirror in one of the arnfiypical reflec-  9.6° for an I ion with an initial kinetic energy of 1 eV. As

1
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FIG. 1. A schematic of selected potential curves,afilistrating
the formation of theA 3IT,, wave packet and its subsequent pro-
jection by multiphoton ionization onto a repulsive Coulomb poten-
tial.

II. EXPERIMENTAL TECHNIQUE
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and the probe pulse by subtracting a spectrum recorded with
only the probe pulse.

0 ’ 20 ps There is a second reason for keeping the probe pulse po-
larized perpendicular to the TOF axis. Since we only observe

0 . 2.0 ps molecules with the internuclear axis parallel to the TOF axis,
the choice of perpendicular polarization of the probe pulse

0 ‘ 1.5 ps ensures that all observed molecules have their internuclear

axis perpendicular to the electric field of the probe pulse. In

1.1 . e . :
0 ps this case the ionization rate induced by the probe pulse is
1.0 ps virtually independent of the internuclear separativof the
7 0 i iati
2 dissociating molecul§4,12].
; 0 0.9 ps Two prominent peaks are observed in the spe@ig. 3.
& The position of the peak at240 meV is independent of the
g 0 0.8 ps time difference between the pump and the probe pulse and
2y \ 0.7 ps therefore of the wave packet’s internuclear separation. Con-
N .

sequently, it must result from the wave packet being pro-
0 0.6 ps jected on an 1-l potential curve since any such curve is
expected to be flat for the internuclear distances considered
0 0.5ps here(at 0.4 ps the internuclear distance should be already
1 J\ A). Thus, this peak reflects the distribution of dissociation
0.4 ps energies of the wave packet moving on %éll,, potential.

The large peaks at higher kinetic energies are due to pro-
jection of the wave packet on ari-1" potential curve. As

FIG. 3. Kinetic energy spectra of Irecorded at different delays the tlm_e d_elay IS |_ncreased thé'!+ peak moves towaro!
between the pump and the probe laser pulse. The spectra are C(!)Q_vver klnetlc_ energies Correspon_dlng to Coulomb ex_plodlng
rected for the dependence of the collection efficiency on the kinetidn0lecules with larger and larger internuclear separation. At a
energy. Each spectrum is an average of 1000 laser shots. delay of 20 ps(uppermost tradethe I"-I" peak almost co-

incides with the T-I peak, indicating that the internuclear
a consequence, the collection efficiency of specific fragmentdistance of the dissociating molecule is so large that very
is inverse|y proportiona| to their kinetic energy in good |Itt|e kinetic energy is released Wh.en'the intense pl’obe pulse
agreement with our observations. Finally, the energy resolulohizes the two widely separated iodine atoms.

0+ . P T T T ]
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tion of the TOF spectrometer causes a broadening-80 The observation of two peaks in the bpectrum is ex-
meV towards lower energies fot ions independent of their actly what is expected in ionization experiments of dissoci-
kinetic energy. ating diatomic molecule$13]. If the intensity in a certain

part of the laser focus is sufficiently high that the ionization
probability of the iodine atom is large, then it is most likely
that both iodine atoms are ionizégdrojection of the wave

In Fig. 3 we show the kinetic energy spectra of thédns ~ packet onto an’l-I™ potentia). In lower-intensity regions it
at different delays between the pump and the probe pulseis possible that only one of the two iodine atoms is ionized
The pump pulse is polarized perpendicular to the TOF axis(projection onto ani-I potentia). The observed ratio of the
This ensures that molecules aligned parallel to the TOF axid,"-I" and I"-1 shows that the peak intensity of the probe
which are the ones that will contribute to the $ignal(due  pulse is high enough to cause ionization of both iodine atoms
to the directional selectivity of the ion spectromét@an be in most regions of the focus.
excited to the dissociativeA 3I1;, potential since the We now discuss how the kinetic energy distribution of the
X 137 —A Iy, transition is perpendiculdr 1]. The probe I"-1* peaks in Fig. 3 can be used to determine the distribu-
pulse is also polarized perpendicular to the TOF axis. Thigion of internuclear distances of the wave packet. The kinetic
serves to minimize the “background” signal produced whenenergyEy, of an I ion originating from fragmentation of an
the probe pulse multiple ionizes those molecules that weré'-1" state is the sum of the energy from the dissociakigg
not excited by the pump pulse. The multiple ionization of theon the initial A *IT;,, potential and the energy released from
I, ground-state molecules leads, among other things, to thée Coulomb explosiofEc,, of the I*-1* state:
formation of I ions with high kinetic energy=1 eV).
These ions are ejected in a narrow cone around the direction
of the polarization of the probe lasgt0O], and therefore they
do not contribute to the detected kignal because of the

directional discrimination imposed by the apertures in theAssuming that the laser pulse used for exciting the wave

spectrometer. Also, metastablg’’l ions (same mass-to- packet is transform limitefi14], the kinetic energy distribu-
charge ratio as'lions) are formed. They give rise to a sharp tjon P(E,;,) is given by

peak in the center of the Ipart of the TOF spectrum corre-

sponding to the section where very low energyfiagments

would appeaf<25 me\). Although the background is mini- _ _ B

mal, we still correct our spectra recorded with both the pump P(Eiin)= | P(Bais) P(Ecou=Exin~Eas) B, (2)

Ill. EXPERIMENTAL RESULTS

Eyin= EdisT Ecoul- 1
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of dissociation energies is modeled by a functional form of
the distribution as determined from thé-1 signal (see Sec.
IV B).

There are two important points to note in the comparison
between the experimental results and the simulation. First,
the observed wave packet appears to move slower than ex-
pected from the calculation and, second, the structure of the
experimentally determined wave packet is significantly
broader than the wave packet obtained from the simulation.
Several physical phenomena that may be responsible for the
discrepancies between the simulations and the measurements
are discussed in the next three sections. These include non-
linear effects in the pump step due to the relative high inten-
sity of the pump puls¢Sec. IV), space charge effects caused
by a high charge density in the laser focus after irradiation of
the molecules by the probe pul&®ec. V}, the finite duration
of the probe pulse, which imposes the ultimate spatial reso-
lution (Sec. V). In addition, the limited resolution of the ion
spectrometer causes a broadening of the internuclear prob-
ability density of the wave packet towards larBevalues.

This is briefly mentioned in Sec. VI.

[ (R) (arb. units)

Y 0.4 ps
4 6 8 10 12 14 16 18 20 22 24
R(A)

FIG. 4. The square of the internuclear wave functioh(R) |2, IV. NONLINEAR EFFECTS IN THE FORMATION
of the dissociating 5 molecule measured at different times after OF THE WAVE PACKET
excitation by the pump pulse. The full curves are the measurements

based on the kinetic energy spectra in Fig. 3. The broken curves A. Multiphoton excited wave packets

represent a simulation of the wave packet motion onAhdl,,, In order to obtain a high transition rate in the single pho-
potential(see text The amplitudes of the simulated wave packetston process that forms the wave packet, the fluence of the
are scaled to match the observations. pump pulse must be high. However, this inevitably leads to

high intensity of the pump pulse due to its short duration.
whereP(Eys) andP(Ec,,) denote the probability distribu- Nonlinear effects due to the pump pulse should always be a
tion of the dissociation energy and the Coulomb energy, reeoncern in femtosecond experiments. At the intensity of the
spectively. Sincé’(Ey;,) andP(Eyg) are determined by the pump pulse employed in our experiment ~3
I"-1" and the T-I, respectively,P(Eco,) can be extracted x 10 W/cn¥), the |, molecules are likely excited not just to
by deconvolving the two signals. The distribution of internu-the A 3I1,, potential by one-photon absorption but also to
clear distancesP(R), is now easily found fromP(Ec,y)  higher-lying potential curves by multiphoton absorptjai].

sinceE¢,, andR are related via In general, this will lead to dissociation via different poten-
tial curves and therefore to creation of several different wave
~1qqe packets.
ECOU'_E 4meoR 3 Experimentally, multiphoton excitation is revealed by re-

cording spectra at very large time delays. Here, the Coulomb
(Coulomb’s law, whereq andq’ are the charge states of the energy released is very small and the energy of the peaks in
fragmented ions. In the case of thé&-II* channelq=q’ the kinetic energy spectra is almost equal to the dissociation

=1, Eq.(3) can be written as energy of the wave packet. In the 20-ps spectrum of Fig. 3,
two peaks, at energies 0840 and~1320 meV, are ob-
R(A)=7200E,,(meV). (4)  served in addition to the prominer °I1,, wave-packet

peak at low energy. The peak at840 meV is consistent

In Fig. 4 we show the results of the deconvolution—that is,with two-photon absorption and subsequent dissociation into
the distribution of internuclear separations of the dissociatinghe atomic fragments 1P3,)-1(P4,), which would give
molecule at different times after excitation. The figure illus-rise to an observed energy 6f758 meV at a delay of 20 ps
trates how the wave packet moves from an internuclear sepd18]. The peak at~-1320 meV arises from two-photon exci-
ration of ~7 A to ~14 A with a constant internuclear veloc- tation and subsequent dissociation into thePl,)-1(?Ps,,)
ity. The width of the wave packet is 2—4 A for the channel(expected energy positiorr1226 meV\ or three-
internuclear separations shown here. photon excitation and subsequent dissociation into the

Also shown in Fig. 4 is a classical simulation of the wavel(?P,/,)-1(?Py,,) channel(expected energy position1274
packet motion(broken curves The simulation is based on meV). We note that the energies of the observed peaks tend
propagating a wave packet excited by an 80f$VHM)  to be slightly larger than the expected energies of the two- or
Gaussian pulse on tha 3I1;, potential curve. We use an three-photon excited wave packets. This is consistent with
existing analytical expression for the 3I1,, potential de- Raman redistribution, discussed in Sec. IV B or with space
rived from spectroscopic studig$s,16], and the distribution charge effect¢discussed in Sec. )V
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No other two- or three-photon absorption channels canion a significant contribution to the broadening of tHell
produce wave packets with dissociation energies close to thgeaks towards higher energies will come from space charge
ones observed. Still, higher-order photon absorption proeffects(Sec. \j. However, Raman transitions should always
cesses might create wave packets, dissociating into highliye considered as a potential interaction mechanism in studies
excited atomic iodine states, that could account for part ofyith high intensity and short duration laser pul§2e,21).
the observed peaks. We also observe dissociation energies smaller than what

In general, the presence of higher-order channels such as possible for a laser bandwidth limited excitation of the
two- or three-photon excitation processes caused by th@ave packet from the=0 level. This is due to the finite
pump pulse adds a background to the pump-probe signal. Adnergy resolution of our ion TOF spectrometer, which al-
the 20-ps delay, where the Coulomb energy is very small, thyays broadens the peaks towards smaller energies. The
wave-packet peaks, corresponding to the different dissocigroadening is estimated t630 meV (Sec. I) in reasonable
tion energies, are clearly separated. However, at the smallelgreement with the observation 6f197 meV at the low-
delays this is no longer the case since the sum of the Cownergy point where the amplitude of the-ll peaks in Fig. 3
lomb energy and the dissociation energy of the differengs reduced to 50% of the maximum value.
wave packets might result in almost the same observed ki- In the deconvolution procedure, described in Sec. Ill, we
netic energy. For instance, at a delay of 0.5 ps, projection ofised a functional form of the distribution of dissociation en-
the two-photon excited fP3,)-1(?P5;,) wave packet onto ergies. This was obtained by fitting a Gaussian function to
an I"-| state gives rise to a kinetic energy 6f1213 meV  the I"-I signal for energies=221 meV, thereby modeling the
whereas the projection of tha °I1,, wave packet onto an effect of the possible population redistribution and space
I*-1* state results in a kinetic energy 61170 meV. These charge effects. For energies221 meV we simply replaced
energies are not resolvable in our experiment and cause tliee distribution function by another Gaussian function with a
relatively broad structure of the"dI™ peaks observed at a width equal to the bandwidth of the pump laser pulse. The
delay of 0.5 pg(Fig. 3). Thus, the presence of multiphoton limited energy resolution of the ion spectrometer and the
excited wave packets enhances the width of the experimentabssible influence of space charge effects on thé peak
internuclear distributions at the 0.4-, 0.5-, and 0.6-ps delaygrevent this signal from being a perfect image of the actual
and is one reason for the difference between measuremedistribution of dissociation energies. However, once these
and simulation in Fig. 4. problems are removed, recording of thellsignal will be an

Although in our experiment two- and three-photon exci-accurate way to determine the distribution of dissociation
tation transitions are clearly observable in the 20-ps delagnergies, necessary for the deconvolution procedure. In par-
spectrum, such multiphoton processes can be significantlicular, this eliminates the need for a detailed knowledge of
suppressed by lowering the intensity of the pump pulse. Théhe Franck-Condon overlaps between the vibrational levels
single-photon excitation probability will be reduced, but theof the ground and the final electronic stae {I1,,), which
experimental signal-to-noise ratio can still be excellent ifwould otherwise be required for a calculation of rather than
high repetition ratd=kHz) lasers are used. an experimental determination of the distribution of dissocia-

tion energies.
B. Raman redistribution of vibrational population
C. Wave-packet dynamics of molecular ionic states

Another nonlinear interaction that can influence the for- ! .
induced by intense pump pulses

mation of the wave packet is stimulated Raman transitions.
Since the bandwidth of the pump puldes32 me\) is larger Rather than decreasing the intensity of the pump laser to
than the vibrational level spacing-26 meV) in the ground suppress nonlinear effects in the excitation process, one can
electronic state of,| part of the population in an initial vi- utilize the ability to efficiently drive high-order multiphoton
brational level might be transferred to a higher-lying vibra-absorption processes with intense femtosecond pulses to
tional level by a stimulated Raman transition. Thus, the ini-populate and initiate dynamics in ionic molecular states. Fur-
tial Boltzmann distribution of vibrational levels might be thermore, it is possible to perform time-resolved spectros-
redistributed by one or several Raman processes thereby adebpy of such states by using delayed femtosecond probe
ing vibrational energy to the, Imolecule. This would mani- pulses to follow their evolution. For instance, we have re-
fest itself as additional dissociation energy of the wavecently employed an intense femtosecond pulse to efficiently
packet. The 1-I peaks, which reflect the distribution of dis- excite a wave packet in an?l" state, dissociating into the
sociation energies, are located arour?38 meV and have a fragments #*-1 [12], with the purpose of verifying the exis-
FWHM ~98 meV. In comparison, a wave packet excitedtence of a critical internuclear distance where the ionization
from the »=0 level will be centered around 221 meV and rate of molecular ions is strongly enhanded. In order to
have a FWHM equal to the laser bandwidth32 me\).  create the £#* wave packet, the,Imolecules absorbed an
Excitation of the small fraction of the Boltzmann distribution energy from the intense laser field equivalenttb6 photons
that initially resides in higher-lying vibrational levelsee at 625 nm. This experiment illustrates the approach of utiliz-
Sec. I) adds some dissociation energy to the wave packeihg wave-packet technolodyp?] to study a new problem.
[19], but it is not sufficient to explain the observed distribu-  Along the same lines, we recently demonstrated that irra-
tion of dissociation energies. diation of molecules with intense femtosecond pulses pro-
We would like to stress that even though the observatiowvides a means of producing metastable molecular trications
of enhanced dissociation energies is consistent with stimuy=23]. Thus, it was shown how ", Br,>*, and b>* can be
lated Raman transitions redistributing the vibrational populaformed by exposing the respective neutral halogen molecules
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to an intense £ 3x 10 W/cm?), 80-fs-long optical pulse.
The strong field facilitates the triple ionization while the
short duration prevents the molecule from dissociating on
transient potential curves during the ionization process.

To exert control of the outcome of the nonlinear processes
driven by the pump pulse it will be advantageous to use laser
beams with a constant spatial intensity profile. Presently,
Gaussian shaped beams are employed with the result that,
within the focal volume, a variety of different states are ex-
cited depending on the maximum intensity reached at a par-
ticular position in the focus. Since the signals recorded in our
experiment represent an average over the entire focal vol-
ume, they consist of contributions from all states excited.
Using a laser pulse with an essentially flat spatial profile
should ensure a more selective state excitation. This will
make the interpretation of the signals easier and increase the
population transfer to desired states. A constant transverse
intensity profile is achieved, for instance, by selecting the
central part of a Gaussian beam with an undersized pinhole
and imaging it. In the longitudinal direction the constant in- N S . Od4ps
tensity is obtained by restricting the laser-molecule interac- 4 6 8 10 12 14 16 18 20 22 24
tion to a dimension much smaller than the Rayleigh length. R(A)

We note that a constant spatial intensity profile will also
be useful for the probe pulses employed to Coulomb explode FIG. 5. Same as Fig. 4 except that space charge effects are taken
the molecule. Here, it should ensure that a wave packet und&Ho accountin the analysis of the data by assuming that they add 50
study is projected primarily onto one type of charge statgMeV of kinetic energy to the observed ions (see text for details
rather than onto a number of different charge states.

¥ (R)|’ (arb. units)

sistent with the broadening of thé-l peaks towards higher
V. SPACE CHARGE EFFECTS energies. .
We can estimate the space charge energy acquired by the

Space charge can influence the velocity distribution ofions in the laser focal volume following the ideas of Am-
ions when a focused laser beam ionizes a sample of neutradosovet al.[25]. The laser focus is approximated by a cyl-
molecules or atoms. Most of the photoelectrons exit the focainder with a radius ofwy, and lengthl. The electrons are
region very rapidly, leaving behind a positively charged coreassumed to exit the focal volume instantly, leaving behind a
of ions. The electrostatic interaction between the positivepositively charged volume of approximately uniform charge
ions changes their energy spectra and angular distributionslensity, ane, where « is the degree of ionization of each
In particular, the kinetic energy of the ions is expected tomolecule,n is the density of molecules, amdis the elemen-
increase due to the repulsive force between them. Our exary charge. As the cloud of ions expands due to Coulomb
perimental results are consistent with space charge in thepulsion the T ions gain a maximum energy tfe, where
velocity mismatch between the observed and the simulated is the electrostatic potential felt by the ions at the surface
wave packetFig. 4). of the cylinder. Since the length of the cylinder, approxi-

We can approximate the influence of space charge on theately two times the confocal parameteiyZ\, is much
velocity distribution in the analysis of the kinetic energy |arger thanw,, U can be calculated by Gauss’s theorem:
spectra by assuming that it adds a constant viyg,to the  ye=2ane/2e,, wheres, is the vacuum permittivity. In-
observed kinetic energiegi,=Ecout Edist Esc. Repeat-  serting the experimental values of, (12.5 um) andn (6
ing the deconvolution procedure wikh.as a free parameter, 1o cm~3), and assuminge=2 (the I*-I* channel is the
we obtain a much better agreement between the simulategyminant ong we obtainUe=170 meV. The agreement
and the observed internuclear distributioifsg. 5 for Esc  with the experimental value of 50—100 meV is satisfactory in
equal to 50 meV. light of the simplicity of the space charge model and the
_ Another indication of space charge comes from the posiyncertainty on the estimate of the density in the molecular
tion of the two high-energy peaks, in the 20-ps spectruMpeam. Thus, the outcome of the simple calculation corrobo-
resulting from the wave packets excited after two- or threeyates the experimental indication of the non-negligible role
photon absorption. The observed energy positions of thesgr space charge. If high spatial resolution is required future

peaks are~50-100 meV larger than the calculated kinetic coylomb explosion experiments should be performed at
energies of the respective channi@ee Sec. IV A Thisisin  |gwer gas density or with a small focal volume.
accordance with the value &, determined in Fig. 5.

Space charge may also influence thel Ipeaks. The ef-
fect should be smaller than in the case of tiel1 peaks
since the -1 signal mainly originates from parts of the laser ~ Presently, the spatial resolution of the Coulomb explosion
focus where the intensity is low¢24] and therefore where method to measure the size of wave packets is limited by the
the charge density is lower. Nevertheless, the effect is corspace charge and the energy resolution of the ion TOF spec-

VI. ULTIMATE SPATIAL RESOLUTION LIMIT
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trometer. Still, Fig. 4 demonstrates a spatial resolution ohonlinear character of the transition to the highly charged
2—-4 A for internuclear separations in the range 7—14 Amolecular ions implies that the probe process only occurs
Since both effects become more important as the energy @ffficiently during a fraction of the pulse duration correspond-
the detected ions decreases, the spatial resolution gets worigg to the highest intensities. This should minimize the effect
for large internuclear distances. However, our spatial resoluof internuclear motion during the probe pulse and enable
tion is not limited by fundamental physics. The pronouncedstydies with a time resolution better than the actual duration
broadening of the internuclear distributions towards largeyf the probe pulse.

values for the larger delay®.8—1.1 ps is caused by the One obvious goal in future work is to extend time-

energy resolution of the TOF spectrometer. This can be iMzoqo1ved Coulomb explosion imaging from studies of di-

pfr10ved by % better deS|gl;1 (I)f the. spt(;ctrf)met?rd anqt SPaG%omic molecules to studies of polyatomic molecules. In the

charge can be overcome by lowering the target density. - ,qq o polyatomic molecules laser-induced Coulomb explo-
The ultimate resolution limit of our Coulomb explosion _. : : . .

) ) : : . sions holds the promise to directly observe three-dimensional

technique for measuring wave functions is determined by thé

effective duration of the probe pulse. The motion of the nu_evolutlons of the nuclear configuration. This is an intriguing

clei during the probe pulse leads to a blur of the measureaUbjeCt and one that is not yet well addressed by femtosec-

internuclear position approximately equal to the product Opnd spectroscopy. We note, however, that observing three-

the internuclear velocity and the effective pulse duration dimensional structures is a problem that has been confronted,

This effective pulse duration is expected to be only a fractiorO" instance, in beam-foil non-time-dependent Coulomb ex-
of the real duration since the multiple ionization only occursPlosion studied5,6] and various other fragmentation type
efficiently around the peak intensity of the probe pulse.experiments[30]. This has led to the development of ad-
In our experiment, the wave packet velocity f.1.6 A/ps  vanced three-dimensional imaging methods which should be
and the 80-fs-long probe pulse should therefore result in agpplicable in the laser-induced studies.
ultimative spatial resolution better than 1x.6.080 A~0.9 Timed Coulomb explosion imaging will not provide as
A. The development of high power pulses of 5-10-fsprecise values for spectroscopic constants as more traditional
duration[26] will significantly improve the spatial resolu- spectroscopy methods but wave packet studies are unlikely
tion. Thus, measurements of wave-packet structure with & require such precision. Optically driven Coulomb explo-
resolution of a few tenths of an A seem feasible even for fasgion imaging may have applications in addition to observing
internuclear motion$10—40 A/ps. molecular dynamics. The technique is very simple and com-
patible with molecular beam or ion beam technology. It has a
significant advantage over spectroscopy in not requiring any
a priori model for the molecules under study because the
So far we have only considered the measurement of waviechnique gives direct information about the molecular ge-
packets at relatively large internuclear separatiofs ( ometry. Thus, Coulomb explosion imaging could be of par-
=6 A). This approach ensures that the probe pulse projectscular importance for the study of floppy molecules encoun-
the wave packet onto a state that is purely Coulombic. Howtered in highly excited states of most molecules or in the case
ever, at smaller internuclear separations some of the potentiaf van der Waals molecules.
curves of molecular ions deviate significantly from a Cou-
lombic shape. For instance, many molecular dications and
trications exhibit metastable Staté23,27,28. |-n order to VIIl. SUMMARY AND CONCLUSION
perform wave packet measurements at small internuclear dis-
tances, of the precision that we have described, it will be Femtosecond laser-induced Coulomb explosion imaging
necessary to remove enough electrons from the molecule g a new method to study dynamics and structure of mol-
the probe pulse that the Coulomb repulsion between the reecules on a natural temporék) and spatial(A) scale for
sulting atomic ions far exceeds the binding energy of themolecules. Itis based on initiating internuclear motion with a
molecular ion in the absence of Coulomb repulsion. Ideallyfemtosecond pump pulse and measuring the time-dependent
the probe pulse should then remove all valence electrongnternuclear position and shape by Coulomb exploding the
This can be readily achieved when the molecule consists aholecule with an intense, delayed probe pulse. To test the
atoms with only one or two electrons in the valence shellperformance of the technique it was applied to study photo-
such as alkali dimers or trimers. For molecules with a largedissociation of iodine molecules. We measured the wave
number of valence electrons, likg, lexplosion into highly  function of I, molecules dissociating in th& °I1,,, potential
charged atomic fragments will be required to ensure that thevith a resolution of 2—-4 A in the internuclear range of
released kinetic energy approximately corresponds to the-7—14 A. When space charge effects, present in our experi-
Coulomb energy29]. ment, are eliminated and the energy resolution of the ion
One concern about using highly charged atomic ions ispectrometer is improved it seems feasible to reach the ulti-
that the molecule is likely to pass through highly repulsivemate spatial resolution limit given by the product of the in-
states during the removal of the electrons. If the probe pulse®rnuclear velocity and the effective duration of the probe
are too long, the internuclear motion on the transient repulpulse. This effective pulse duration is smaller than the real
sive potential curves will cause a deterioration of the spatiatiuration due to the high nonlinearity of the probe process.
resolution. Thus, observing wave-packet motion at small in-Thus, the future use of probe pulses of 5-10 fs duration
ternuclear separations will require the use of very shoB)  should make it possible to perform time-resolved studies of
fs, probe pulses. In addition, as pointed out in Sec. VI, thenternuclear structure with a spatial resolution of a few tenths

VII. OUTLOOK
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of an A and a time resolution of the order of the optical suring three-dimensional structural changes on an ultrafast
period of the probe pulse. time scale.

Highly nonlinear interactions such as multiphoton ioniza-
tion not only provide a method for problr?g. molecular dy- ACKNOWLEDGMENTS
namics but it can also be employed to initiate dynamics.
Finally, it should be possible to follow photochemical events We would like to acknowledge the technical support from
taking place in polyatomic molecules with the goal of mea-D. Joines and the help and advice from A. Stolow.
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