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Dissociation of H," in intense femtosecond laser fields studied by coincidence three-dimensional

momentum imaging
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The dissociation of H," in an intense laser field has been experimentally studied using femtosecond laser
pulses at 790 nm in the intensity range of 10'3~10" W/cm?. Kinematically complete measurements of both
the ionic H* and neutral H fragments dissociated from a vibrationally excited H," beam have been achieved by
a coincidence three-dimensional momentum imaging system. Angular-resolved kinetic energy release spectra
for a series of different intensity ranges have been obtained using the intensity-difference spectrum method,
thus disentangling the problem caused by the intensity volume effect. Our results indicate that the dissociation
dynamics are drastically different for “long” (135 fs) and “short™ (45 fs) laser pulses at similar high laser
intensities. Specifically, bond softening is found to be the main feature in long pulses, while above threshold
dissociation is dominant in short pulses whose durations are comparable with the vibrational period of the
molecule. Bond softening in short pulses appears at low kinetic energy release with a narrow angular distri-
bution. The experimental results are well interpreted by solving the time-dependent Schrodinger equation in the

Born-Oppenheimer representation without nuclear rotation.
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I. INTRODUCTION

As the simplest molecule in nature, the hydrogen molecu-
lar ion H,* plays a fundamental role in the theoretical and
experimental investigation of the interaction between intense
laser fields and molecules. In recent years there have been
numerous theoretical explorations of H,* exposed to intense
laser fields (e.g., Refs. [1-7]), as well as several excellent
reviews (e.g., Refs. [8,9]). Current laser technology produces
intense fields which are comparable with the internal Cou-
lomb field of the molecule and activate various interesting
phenomena, among which are bond softening [10-12], bond
hardening (vibrational trapping)[13], above threshold disso-
ciation [14-16], zero-photon dissociation [17], charge reso-
nance enhanced ionization [18], laser-induced alignment
[19-21], and high order harmonic generation [22]. In an in-
tense laser field the original electronic and nuclear motion of
the molecule are distorted. Both theoretical and experimental
studies have found that the intense-field phenomena are sen-
sitive to the characteristics of the laser pulse, such as the
peak intensity, pulse duration, pulse shape, and wavelength
[5,23,24].

Experimental investigation of the various intense-field
phenomena in H2+ is of current interest. However, due to the
obvious experimental difficulties involving studies of ion
beams, most of the experiments have actually been per-
formed using neutral H, as the target (e.g., Refs.
[10-12,17,23,25-27]). In these experiments, the H, molecule
is ionized and then the daughter H," ion interacts with the
light field within the same laser pulse. A few major differ-
ences between studies of H," produced by laser pulses and
by an ion source are enumerated as follows. (i) The ioniza-
tion of H, occurs at intensities of about 1 X 10'* W/cm? and
higher, which prevents the investigation of laser-induced dis-
sociation of H," at lower intensities. An H," ion beam target
is not subject to this limitation, especially when prepared in
excited vibrational levels. (ii) For a long time the initial vi-
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brational population of H,* from the multiphoton ionization
of H, was unclear, and was assumed to be a Franck-Condon
distribution originating from the v=0 state of the precursor
H,. Recently, Urbain er al. [28] found that an intense ul-
trashort laser field preferentially populates lower vibrational
states than expected for a Franck-Condon transition, which
was confirmed by the calculation of Kjeldsen and Madsen
[29]. This implies that the vibrational population of the in-
termediate H," depends on the properties of the laser pulse.
In contrast, the H," ion-beam target is typically created by
electron impact ionization, which can be treated as a vertical
transition where the vibrational population approximately
follows the Franck-Condon factors (see, e.g., the experiment
of Amitay et al. [30]). (iii) Photoionization of H, populates
the H2Jr vibrational states coherently, while coherence is lost
during the long flight time for an H," ion beam from the ion
source to the interaction region (typically a few us). (iv) In a
neutral H, target, the rescattering of the ionized electron can
be studied, however, it also complicates the interpretation of
the experimental results. (v) Experimentally, when a neutral
target is used, the ionic fragments and the photoelectrons can
be detected. When an ion-beam target is used, the neutral
fragments can also be detected. While in this case the mea-
surement of the photoelectrons is possible in principle, it is
still an experimental challenge not yet accomplished due to
the existence of a large number of photoelectrons from the
residual gas. (vi) The density of a neutral target can be many
times larger than that of an ionic target, which more easily
allows high statistics data to be collected. These significant
differences underline the fact that neutral and ion beam tar-
gets can test different physics, making them complementary
approaches to understanding the dynamics of molecules in
intense laser fields.

Previously, there were only a couple of groups that
experimentally explored intense laser-molecule interactions
using H," ion beams. Both of these experiments employ
intense femtosecond Ti:sapphire laser pulses at 790 nm
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to study the processes of laser-induced dissociation (H,"
+nhv—H*+H) and ionization (H,"+nhv—H*+H*+e).
Williams e al. [31-33] produced an H," beam using a
plasma discharge ion source. In their experiment the kinetic
energy release (KER) distribution of the H fragment was
measured by combining an electrostatic energy analyzer and
time-of-flight (TOF) analysis. The KER distribution of the H
fragment was measured separately, from the TOF spectrum
of H using a laser polarization along the beam direction.
Hinsch and co-workers [34-37] used a similar H," source.
In their experiment, either the neutral fragment H or both H*
and H fragments were projected onto a microchannel plate
with a phosphor anode whose 2D image was recorded by a
high resolution CCD camera. The initial 3D momentum dis-
tribution of the photofragments was reconstructed by an in-
verse Abel transform of the CCD image, taking advantage of
the cylindrical symmetry of the molecular breakup when
linearly polarized light is used.

In the above-mentioned experiments, dissociation was
clearly separated from ionization in the spectrum of neutral
fragments. However, ionization is harder to separate, as the
H* spectrum measured by Williams et al. [31,32] and the
accumulated H* and H spectrum measured by Pavicic et al.
[35,36] include a significant contribution from the dissocia-
tion channel. A complete distinction between the dissociation
and ionization processes is therefore difficult. As Williams’
experiment [31,32] showed, the KER spectrum of the proton
from the ionization overlaps with that from the dissociation.
Although in both experiments one may obtain the abundance
of the ionization channel by subtracting the spectrum of H
from that of H*, this method has some drawbacks. First, this
is only accurate when there is substantial ionization
compared to dissociation in the KER range of interest.
Therefore, it cannot be applied near the ionization appear-
ance intensity. Second, since the H fragments to be sub-
tracted have to be measured in a separate experiment, this
method demands a high reproducibility of the experimental
conditions, which is not easy in such measurements. To solve
this problem a coincidence measurement of the fragments
from each dissociation or ionization event is required.

In this paper we report the experimental study of laser-
induced dissociation of H," in an intense femtosecond laser
field through a coincidence 3D momentum imaging method.
In this method, the H* and H fragments from each event are
detected simultaneously by a time- and position-sensitive de-
tector, which allows the direct retrieval of the initial 3D mo-
menta of both fragments and generates a high-resolution
KER and angular resolved spectrum. While previous experi-
ments [34] showed no substantial dependence on laser pulse
duration for pulses longer than 135 fs, our results indicate
that a “short” pulse (45 fs) produces dramatically different
KER and angular spectra compared to that from a “long”
pulse (135 fs). Some of the preliminary results have
been reported in a former paper [38]. We have also solved
the time-dependent Schrodinger equation by expanding on
the Born-Oppenheimer electronic states, which helps inter-
pret the observed features of the experimental spectra for
both laser pulses. We will describe our theoretical and ex-
perimental methods in the next two sections, followed by the
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detailed experimental results and their comparison with our
theoretical calculations.

II. THEORY

Our calculations followed the standard route of solving
the time-dependent Schrodinger equation in the Born-
Oppenheimer representation. In this section we briefly de-
scribe our specific implementation. We will also give a brief
discussion of the adiabatic Floquet potentials for this system,
which are useful for the interpretation of our experimental
results.

A. Time-dependent Schrodinger equation

Two fundamental assumptions underlie our treatment: (i)
the nuclei do not have time to rotate during the pulse and (ii)
rotation after the pulse is not significant. For the level of
agreement we seek here, these assumptions are justified.

The electronic degrees of freedom are expanded on the
field-free Born-Oppenheimer states, leaving coupled time-
dependent equations in the internuclear distance R (in atomic
units):

i +U(R)+E(r) - D(R) |F(R,1).

d
i—FR,t)=|-—I—
ot 2u R

(1)

The matrix I is the unit matrix, U(R) is the diagonal matrix
of Born-Oppenheimer potentials, u is the nuclear reduced
mass, D(R) is the matrix of electronic dipole matrix ele-
ments, and F(R,1) is the column vector containing the radial
wave function in each channel. The laser field E(¢) is as-
sumed to be linearly polarized along the lab frame z axis
with magnitude

E(t)= Eoe‘(’”)2 cos(wt). (2)

The pulse duration 7 is related to the FWHM of the intensity
envelope by 7=7pwum/ V4 In2; E, is the amplitude of the
electric field [39]; and w is the carrier frequency. With the
orientation of the nuclear axis fixed at an angle 6 relative to
the laser polarization, the interaction is

E(7) - D(R) = E(t)[cos 6Dy(R) + sin 6D | (R)], (3)

where D(R) is evaluated in the molecular-fixed reference
frame. The parallel electronic dipole matrix elements are the
matrix elements of z, and the perpendicular elements, of the
cylindrical radius p. Both elements include the appropriate
integration over the azimuthal angle.

The potentials and dipole matrix elements were calculated
in the body frame of the molecule for all electronic channels
up to n=4 of the separated atoms for all possible A. Here n
is the principle quantum number in the separate atom limit,
and A is the molecular angular momentum projection on the
internuclear axis. For H2+, these can be calculated essentially
exactly within the Born-Oppenheimer approximation. If the
molecule is not aligned with the laser polarization, then the
component of the electric field perpendicular to the molecu-
lar axis couples states with AA==x1. The Coriolis coupling
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is neglected since the nuclei are not allowed to rotate.
Equation (1) is solved using the short time propagator

F(R,t + 8) = e M+IIR(R 7). (4)
The action of the evolution operator is evaluated
approximately by first splitting H,
H=H;+E(r)- D(R), (5)
then using the usual split operator approximation
o~ H(+812)5  ,=iH((512) ,=iE(t+5/2)D5,~iHo(82) (6)

Each of these exponentials is, in turn, approximated using
the Cayley form
I-iAd

oA ’
I+iAS

(™)

and their action evaluated by solving linear equations. The
Kinetic energy is approximated with finite differences [40].
Solving Eq. (1) directly poses the usual numerical prob-
lems due to the continuum components of the wave function.
We thus apply the scaling method [41], which means writing

R=a(t)& (8)
and
G(&,1) = Va(1)e PHER(R 1), 9)

The Schrodinger equation is then transformed into

d 1 &
ia—tG(g,t) = {— mla—gz +U(aé) + E(1) - D(aé)

+ %Iuad§2:|G(§,t), (10)

which is solved as described in Eqgs. (4)—(7) with the extra
effective potential included in H,. The scaling parameter
a(t) is chosen to be

t<to,

(11)

=

I,
alf) = {[1 P -1,

The linear dependence on time at large times ensures, among
other things, that continuum wave packets never hit the edge
of the grid in & since in the lab frame the edge of the grid lies
at Rmax_> ytgmax‘

The solution is propagated until the laser pulse has passed
and then is analyzed to extract the total dissociation prob-
abilities and kinetic energy distributions of the nuclei. The
dissociation probability is obtained by projecting out the
bound states, then integrating the remaining probability den-
sity over all space. The kinetic energy distribution is ob-
tained by projecting the final time-dependent wave function
onto the continuum energy eigenstates. These states are en-
ergy normalized so that the total dissociation probability can
be obtained by integrating the KER over all energies.

B. Floquet potentials

The theoretical development of the Floquet treatment was
recently reviewed in some detail in Ref. [42], and the results
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FIG. 1. (Color online) The Floquet potentials for H,". The
heavy lines indicate the diabatic Floquet potentials V,,: Lso, (solid
lines) and 2po, (dashed lines). The adiabatic potentials are shown
with light solid lines. The energy ranges for one-photon bond
softening (BS) and bond hardening (BH) are indicated.

applied in another review [9]. We refer the interested reader
to those reviews and give only a brief description here.

The key to the utility of the Floquet representation is that
it includes the effects of the laser in the Born-Oppenheimer
potentials. The Floquet approach, however, does not apply
directly to laser pulses. Instead, in its simplest form it as-
sumes a CW laser. So long as the laser pulse has a bandwidth
small compared to the carrier frequency (say, roughly 10 or
more laser periods within the FWHM of the pulse), the
Floquet potentials should provide a reasonable qualitative
picture with which the dynamics can be understood. Further-
more, when the pulse satisfies this criterion but is still
short compared to the rotational period, the rotation of the
molecule can be neglected to a first approximation.

Figure 1 shows the adiabatic Floquet potentials for H," in
a linearly polarized laser with a central wavelength of
790 nm and an intensity of 1 X 10'> W/cm?. The molecular
axis is fixed along the polarization axis. The black lines show
the field-free 1so, and 2po, Born-Oppenheimer potential
curves alternately shifted by the energy of one photon—the
diabatic Floquet curves. The blue lines—the adiabatic Flo-
quet curves—show the effect of including the coupling with
the laser field: each crossing of the diabatic curves results in
an avoided crossing of the adiabatic curves. It is at these
crossings that inelastic transitions are most likely to occur.

Before the laser pulse, the H2+ molecules are in a distri-
bution of vibrational states in the lso,—Ow curve. As the
pulse intensity grows, the diabatic potentials become coupled
and the gaps at the avoided crossings get larger at a rate
roughly proportional to the electric field strength for cross-
ings between curves coupled by one photon. Vibrational
states that lie below the diabatic crossing of the 1so,—0w
and 2po,— 1w curves now see an effective potential with a
barrier. These states can either dissociate over the barrier or
by tunneling through the barrier. This process is commonly
called bond softening. Vibrational states whose energy
is above the crossing also dissociate, but with a lower
probability than might be expected. This effective suppres-
sion is due to the fact that there is a chance for the nuclei
to make an inelastic transition at the avoided crossing to
the upper, attractive adiabatic potential. Any flux thus
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FIG. 2. (Color online) Schematic view of the experimental setup. HWP: half wave plate, MCP: microchannel plate.

trapped does not immediately dissociate, thus reducing the
total dissociation probability. This process is commonly
labeled bond hardening, or vibrational trapping.

The figure shows calculations for molecules aligned with
the field. For molecules at a different angle 6, one simply
uses the projection of the field along the molecular axis
to calculate the intensity, giving an effective intensity
of Iycos® @ where I, is the peak intensity at #=0. This
effective intensity is the result of the fact that we are includ-
ing only the 1so, and 2po, electronic states (a good approxi-
mation for intensities below roughly 5X 10'* W/cm?). As a
result, the gaps at the avoided crossings decrease to zero
as the angle @ increases from 0° to 90°—a fact that we will
use below to understand the angular distributions of the
dissociation fragments.

III. EXPERIMENTAL METHOD

Our coincidence 3D momentum imaging method consists
of two facets: an experimental setup which allows us to mea-
sure the time and position information of each fragment pro-
duced in one laser pulse, and a data processing procedure to
retrieve the 3D momentum of each breakup event. We have
also employed an intensity-difference spectrum method to
measure the intensity dependence of the processes under
study, which will be discussed at the end of this section.

A. Apparatus

Our experimental setup for studying the interaction be-
tween molecular ions and an intense laser field is shown
schematically in Fig. 2. The laser pulses are provided by a
Ti:sapphire laser system based on chirped-pulse amplifica-
tion techniques. The output of the laser has a center wave-
length of 790 nm, a pulse energy of ~1 mlJ, and a repetition
rate of 1 kHz. The bandwidth of the laser pulse is ~30 nm,
which results in a near Fourier-transform-limited pulse
duration of 35 fs (FWHM), measured by a single-pulse

autocorrelator. The laser beam is transported to the experi-
mental setup through a vacuum system. The polarization of
the laser field is manipulated by a combination of a half-
wave plate and a quarter-wave plate. The laser beam is fo-
cused by an f=200 mm fused silica lens onto the molecular
ion beam. The focus of the laser beam has a Gaussian shape
in space with a 1/e? diameter of ~65 um, and a Rayleigh
length of ~2.3 mm, measured by a CCD camera. After
transmission through all the necessary optics, the laser pulse
is broadened to 45 fs at the interaction point. The laser pulse
duration is further stretched by introducing a positive chirp,
achieved by reducing the distance between the grating pair
inside the compressor of the chirped-pulse amplification la-
ser system. The intensity of the laser beam is reduced with
beam splitters or neutral density filters.

The H," beam is produced in an electron cyclotron reso-
nance (ECR) ion source and accelerated to a kinetic energy
of 5 keV. The ion beam is collimated to a cross section of
~1X1 mm? with a current of ~1 nA. The ion beam is
crossed with the laser beam at right angles and is finally
directed toward a small Faraday cup (2 mm in diameter)
through an electrostatic spectrometer. It is notable that during
a period of 100 fs the H," molecules move only 0.06 wm
ahead, which is negligibly smaller than the laser focal size,
and thus the ions can be considered as stationary during the
interaction. In the present measurement the laser field is lin-
early polarized along the direction perpendicular to the ion
beam, although in principle it can be in any chosen direction.
Upon dissociation the two fragments, namely, H" and H,
acquire a relative momentum and thus spatially separate. In
order to clearly distinguish the charged and neutral fragments
from each other, a weak longitudinal electric field (typically
20-30 V/mm) is applied along the ion-beam direction to
accelerate the ionic fragments in the spectrometer. This re-
sults in two distinct peaks in the TOF spectrum, as shown in
Fig. 3. The two fragments are detected by a time- and
position-sensitive detector, which consists of a microchannel
plate of 80 mm diameter and a delay-line anode. The
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FIG. 3. (Color online) (a) TOF spectrum and (b) coincidence
TOF spectrum of H,". Note the TOF separation between the ionic
and neutral fragments imposed by the spectrometer field (see text).

distance between the interaction point and the detector is
774 mm. All TOF information is measured relative to the
start signal from a photodiode triggered by the laser pulse.
The counting rate for true coincidences in laser-induced dis-
sociation is typically 20—40 Hz for the highest laser intensity
(~2X 10" W/cm?).

B. Data processing

The detector provides both time (from the MCP) and po-
sition (from the delay-line anode) signals upon arrival of
each fragment, which are recorded event by event, and are
used to calculate the 3D momenta of the H* and H fragments
in the center-of-mass frame. The temporal separation and the
coincidence detection of the fragments allow us to directly
distinguish the dissociation (H*+H) and the ionization (H*
+H™) channels, even though the KER ranges in these two
processes partly overlap. As an example, Fig. 3 shows the
experimental separation of the H* and H fragments in the
TOF spectrum, as well as the separation of the dissociation
and ionization channels in the coincidence TOF spectrum.
The accidental coincidences between H* and H (i.e., frag-
ments coming from different molecules), are filtered out by
requiring momentum conservation for each dissociation
event. This is actually performed by first assuming momen-
tum conservation between any two coincident fragments,
then calculating the momentum of the center-of-mass P,
and finally accepting only the events with [P, |<5 a.u.. The
3D momenta of the fragments provide the angular distribu-
tions for the dissociation over the whole 47 solid angle, as
well as a high resolution KER spectrum.

The uncertainty of KER is mainly due to the resolution of
the detector and time-to-digital converter, which are
0.25 mm in space and 0.5 ns in time, respectively. When the
H," beam energy is 5 keV and the spectrometer voltage is
1 kV, which are typical values for our experiment, the error
in the KER is estimated to be 8Ey;,(eV)=0.06 X \E;,(eV),
which is 0.06 eV at a typical KER of 1 eV. The error in
cos 60, where 6 is the angle between the laser polarization and
the molecular dissociation direction, is estimated to be
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8cos #=0.015\1+cos 6/ E;,(eV), which is between 0.015
and 0.021 for Ey;,=1 eV. It is notable that the uncertainty in
both KER and 6 can be reduced by improving the spatial and
temporal resolutions of the detection system. The coinci-
dence nature of the technique allows us to evaluate the ve-
locity of each molecular ion and measure the fragment ve-
locity in the center-of-mass frame. Compared to previous
ion-beam experiments, this kinematically complete measure-
ment eliminates the energy spread as a broadening effect in
the momentum resolution.

The performance of the coincidence 3D momentum im-
aging system can be experimentally tested using the well-
studied weak field photodissociation of H,* [43]. In the weak
field limit, only the ground state 1so, and the first excited
state 2po, of H," are considered. The laser-induced dissocia-
tion is a result of a parallel transition between these two
states, and thus the yield of the fragments at a given direction
is proportional to cos? . We reduced the laser intensity to
about 10° W/cm? by using an unfocused laser beam and
stretching the laser pulse to about 200 fs. The resultant dis-
sociation exhibits the expected cos® # angular distribution
[44].

C. Intensity-difference spectrum

The dynamics of molecules at a certain laser peak inten-
sity is of particular interest. However, most experiments use
focused laser beams, where the intensity volume effect
caused by the spatial inhomogeneity of the laser intensity is
inevitable. The observed spectrum is the sum of the physical
phenomena occurring at different intensities ranging from
zero up to the peak intensity at the focus, which is referred to
as intensity averaging. In order to solve this problem, some
special techniques have been used, including theoretical
simulations [2] and reducing the dimensions of the target
[45]. We recently proposed an intensity-difference spectrum
(IDS) method that keeps the exact contribution from a pre-
determined intensity range and eliminates the contributions
from lower intensities. The details of this method have been
described elsewhere [46], thus only a brief description is
given here. When the size of the molecular beam is much
larger than the focal size and much smaller than the Rayleigh
range of the laser beam, the actual laser-molecule interaction
has a 2D configuration. In this case, when a Gaussian laser
beam with a focal radius of wy is used, the volume of the
target located inside an isointensity shell with a width of dI is
mwgdl/ (21), which is independent of the laser peak intensity.
The yield of a specific reaction channel measured using a
laser pulse with a peak intensity of [, is given by

Iy
S(ly) = %wg J @dl. (12)
0

Here P(I) is the probability for the reaction channel to occur
in a laser pulse with peak intensity /. Since the reaction prob-
ability is weighted by 1/I in this intensity-averaged spec-
trum, it is possible that the lower intensity ranges have an
overwhelmingly higher contribution to the final spectrum.
The difference between two experimental results measured at
peak intensities I, and I, where I,> 1), is

043411-5



WANG et al.

)
S(Iy) = S(Ip) = %ﬂ'wz f , @dl. (13)
1y

This equation is exactly the contribution from the intensity
range between /) and I, as if we were using a Gaussian
beam with a peak intensity of I, but spatially truncated at /).

Recall that in our experiment, the width of the ion beam is
more than one order of magnitude larger than the laser focus,
as experimentally verified by scanning the laser focus across
the ion beam, and the thickness is much less than the confo-
cal parameter (twice the Rayleigh length, about 4.6 mm) of
the laser beam. Therefore, the IDS method is applicable. We
make a sequence of measurements, starting from the maxi-
mum available laser intensity, and then gradually attenuating
the pulse energy by inserting beam splitters or neutral den-
sity filters into the beam path, which reduces the peak inten-
sity while keeping intact the spatial and temporal distribution
of the laser beam.

IV. RESULTS AND DISCUSSION

The coincidence 3D momentum imaging method allows
us to measure the momenta of both the ionic and neutral
fragments, which provides an angular and kinetic energy re-
lease spectrum, i.e., a KER-cos # distribution, for each
breakup channel. Here we present our results of the dissocia-
tion of H," using a “long” (135 fs) and “short” (45 fs) laser
pulse, and compare them with each other as well as with our
theoretical calculations.

A. Long pulses

Figure 4(a) shows the KER-cos 6 distribution of laser-
induced dissociation of H," in a laser pulse of 135 fs and a
peak intensity of I,=2.4 X 10'* W/cm?. Here the counts are
binned in cos @ since an isotropic spherical distribution will
be uniform in that representation. The observed structure
matches the v=7-11 unperturbed vibrational levels of the
ground electronic state. For the vibrational levels below the
avoided crossing, the KER may slightly shift to lower values
[34], which is an effect accompanying bond softening due to
the widening of the potential well formed by the adiabatic
potential energy curves. The spectra at a series of lower peak
intensities are shown in Figs. 4(b)-4(e). Qualitatively our
results are in agreement with that of Sindig er al. [34], who
also used 135 fs laser pulses. A quantitative comparison be-
tween our data and theirs is not possible, because they used a
molecular ion beam narrower than the laser focus, which
resulted in a quite different intensity averaging.

The observed vibrational structure is more clearly seen in
a normal one-dimensional KER distribution. In Fig. 5 we
show the KER distribution of Fig. 4(a), but only for the
dissociation in the narrow slice of |cos 6] >0.9. Compared to
Séndig er al. [34] we barely see the v=6 peak. This is be-
cause we have a smaller volume of high intensity in the
interaction region. The levels higher than v=9 do not appear
clearly as the lower levels in this figure. This is because they
tend to align away from |cos 6|=1, as shown later. For com-
parison, in Fig. 5 we also show the KER distribution of Fig.
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FIG. 4. (Color online) The KER-cos 6 distribution of laser-
induced dissociation of H,". The pulse duration is 135 fs and I,
=2.4X 10" W/cm?. The peak intensities are labeled in each panel.
The vibrational structure caused by the levels of the ground elec-
tronic state is labeled. Note that cos 6 is plotted from 0 to —1, and
then from 1 to 0, in order to see the expected symmetry.

4(c), which is measured at a reduced laser peak intensity. The
v=8 vibrational level, for example, shifts to lower energy
with increasing intensity due to the deformation of the
potential well below the avoided crossing.
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FIG. 5. (Color online) The KER distribution of Fig. 4(a) (filled
circles) and Fig. 4(c) (open circles). The arrows mark the KER from
the v=_8 level at each peak intensity. Only the dissociation inside
|cos 6] >0.9 is taken into account.
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FIG. 6. (Color online) The KER-cos 6 intensity-difference spec-
tra of Fig. 4. The corresponding intensity ranges are labeled in each
panel.

We now apply the IDS method to the experimental re-
sults. By subtracting Fig. 4(b) from Fig. 4(a), Fig. 4(c) from
Fig. 4(b), and so on, the spectrum measured at the highest
peak intensity, i.e., Fig. 4(a), can be decomposed into five
subspectra. Each subspectrum contains the contribution from
a certain intensity range. The five components of Fig. 4(a)
are shown in Figs. 6(a)-6(e), where Fig. 6(e) is identical to
Fig. 4(e) except that the color scale is changed.

The decomposition of the spectrum of Fig. 4(a) by IDS
reveals the characteristics of the laser-induced dissociation
for specific intensity ranges. For the intensity range below
5% I, [Fig. 6(e)], mainly a broad structure around the
avoided crossing at about v=9 can be seen. This is the typi-
cal feature for low-intensity photodissociation. As discussed
above, it closely follows a cos’ @ distribution as in the weak
field limit. It is notable that Fig. 6(¢) accounts for 33% of the
total counts in Fig. 4(a), although the peak intensity is 20
times smaller. This indicates that an intensity-averaged spec-
trum may suffer severely from the intensity volume effect, as
Eq. (12) implies. In the intensity range of 5-9 %I, the
broad structure becomes much weaker. Instead, the bond-
softening channel from v=8 appears stronger, which indi-
cates that the barrier formed by the curve crossing (see Fig.
1) is lower than this vibrational level. At higher intensity
ranges, this bond-softening channel is dominant, and it shifts
to lower KER in a continuous manner. The shift of the bond-
softening channel indicates the successive breakup of lower
vibrational levels, as well as a downward energy shift of the
levels at higher laser intensities. At the wavelength we used,
the dissociation of H,* is dominated by the coupling between
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the ground (1so,) and first excited (2po,) states. The effec-
tive light field for this coupling is given by E, cos 6, where
E, is the amplitude of the laser pulse. It is notable that the
angular distribution of the bond-softening channel is nar-
rower for the lower vibrational levels. This indicates the
strong nonlinear intensity dependence of the avoided cross-
ing energy gap, where the required intensity is only reached
when the molecules align within a narrower cone around the
laser field direction.

The dissociation from the vibrational levels above the
avoided crossing, i.e., v >9, forms another feature in Fig. 6.
The angular distributions of the dissociation from these lev-
els are much broader than the bond-softening channels, and
are even broader than the cos” @ distribution of photodisso-
ciation at the weak field limit. Bond hardening can be in-
voked to explain this broad distribution [47]. Because at
higher intensities the molecules can be trapped in the poten-
tial well above the avoided crossing, there is a reduced prob-
ability for the molecules to dissociate when they align close
to the laser polarization, which results in a counterintuitive
angular distribution [20]. It is notable that this bond-
hardening effect is different from the observation of perpen-
dicular emission of fragments by Talebpour er al. [48] at
shorter wavelengths, which was interpreted in terms of the
coupling between the ground electronic state and the high-
lying 3do, and 3p, states. Although the broadening of the
angular distribution of v>9 levels can also be caused by
saturation, Figs. 4 and 6 indicate that the spectrum for v
>9 changes when increasing the laser intensity. Therefore
the observed phenomenon is attributed to bond hardening
rather than saturation.

B. Short pulses

Figure 7(a) shows the KER-cos 6 distribution of laser-
induced dissociation of H," in a laser pulse of 45 fs and a
peak intensity of I,=1.7 X 10'> W/cm?. The spectra at a se-
ries of lower peak intensities are shown in Figs. 7(b)-7(e).
The main feature of these spectra is a broad KER distribution
around 0.8 eV. After applying the IDS method to the spectra
in Fig. 7, we get the spectra for each intensity range as
shown in Figs. 8(a)-8(e). The features at lower intensity are
generally interpreted by bond softening and bond hardening.
However, the IDS spectra indicate that the feature at around
0.8 eV exists at all higher intensities. We propose that
this high-intensity feature is produced by above threshold
dissociation, where the molecular ion absorbs three photons
and emits one later, resulting in a net two-photon absorption.
This is confirmed by our calculation, as shown later.
From Fig. 8 we also see that at higher intensity ranges,
above threshold dissociation generally has a broader KER
distribution and shifts slightly to lower KER values.

There is another contribution to the spectra in Fig. 7,
which is located below about 0.4 eV, and has a very narrow
angular distribution. In the IDS spectra, as shown in Fig. 8,
this minor feature shifts to lower KER values when the in-
tensity increases. It becomes weaker at higher intensities, and
almost disappears in Fig. 8(a). This suggests that this minor
contribution is caused by bond softening, which is confirmed
by our calculation as shown later.
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FIG. 7. (Color online) The KER-cos # distribution of laser-
induced dissociation of H,". The pulse duration is 45 fs and
Iy=1.7X10"> W/cm?. The peak intensities are labeled in each
panel.

C. Comparison between long and short pulses

It is notable that Fig. 7(d) has almost the same peak in-
tensity as Fig. 4(a), i.e., 2.4 X 10'* W/cm?, but their spectra

0
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FIG. 8. (Color online) The KER-cos 6 intensity-difference
spectra of Fig. 6. The corresponding intensity ranges are labeled in
each panel.
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FIG. 9. (Color online) The KER-cos # distribution of laser-
induced dissociation of H,". The peak intensity is [y=2.4
X 10'* W/cm?. (a) The intensity averaged spectrum, for a pulse
duration of 135 fs. (b) The IDS spectrum for (a). (¢) The intensity
averaged spectrum for a pulse duration of 45 fs. (d) The IDS
spectrum for (c).

are dramatically different. These two figures and their corre-
sponding IDS spectra are redisplayed in Fig. 9 to show the
details. Some significant differences between the spectra of
the long and short laser pulses are as follows. (i) At higher
intensities, as shown in Figs. 9(b) and 9(d), in the short pulse
the dissociation is dominated by above threshold dissocia-
tion, while in the long pulse it is mainly due to bond soften-
ing and bond hardening. (ii) Vibrational structures can only
be observed in the long pulse. They cannot be resolved in the
short pulse due to the fact that the 45 fs pulse duration is
approaching the vibrational period of H,", which is about
20 fs for the vibration levels from which the molecules dis-
sociate. (iii) The short pulse yields a minor bond-softening
channel below 0.4 eV with a narrow angular distribution,
which does not appear in the spectrum for the long pulse.
The differences between the spectra from the short and the
long pulses are more apparent after subtracting the contribu-
tion from lower intensities by the IDS method, as shown in
Figs. 9(b) and 9(d).

D. Comparison with theory

Before we compare the experimental results with theory,
it is helpful to show a typical KER spectrum for H," disso-
ciation calculated by the method described in Sec. II. Figure
10 shows the total KER distribution for H," dissociation and
contributions from several selected vibrational levels. Here
the pulse duration is 45 fs, and the laser intensity is 5
X 10" W/cm?. In this figure no intensity averaging is taken
into account. For the total KER distribution we calculated
the contribution of all levels from v=0 to 19. The dissocia-
tion mechanisms for v=9 and 3 are straightforward. These
two levels are located very close to the one-photon and three-
photon avoided crossings as shown in Fig. 1. They are sub-
ject to bond softening and above threshold dissociation, re-
spectively. However, other vibrational levels may have more
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FIG. 10. (Color online) Theoretical KER distribution of laser-
induced dissociation of H2+. The pulse duration is 45 fs, and the
peak intensity is 5X 10'3> W/cm?. The contributions from several
different vibrational levels are shown.

than one dissociation pathway. For example, v=5 and 7 can
dissociate through both bond softening and above threshold
dissociation, where bond softening produces the lower KER
peak, and above threshold dissociation produces the higher
one. The v=11 vibrational level is known to dissociate
through bond hardening, but can also produce very low KER
at about 0.15 eV. This may be explained by the zero-photon
dissociation mechanism suggested by Posthumus et al. [17].
In conclusion, Fig. 10 shows that each KER cannot be attrib-
uted to one vibrational level, or to one dissociation mecha-
nism. This increases the difficulty of the interpretation of the
experimentally observed KER spectrum. Furthermore, in a
real experiment the KER distribution is a convolution of
spectra at different intensities.

v=5 6 7 8 91011

v=5 6 7 8 91011
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In order to elucidate the experimentally observed phe-
nomena of laser-induced dissociation of H,* at different
pulse durations, we calculated the KER-cos 6 distribution us-
ing the method described in Sec. II. The results are shown in
Fig. 11. Here cos 0 is obtained using the effective light field
along the molecular axis. The peak laser intensity is 1.0
X 10" W/cm?, and the pulse duration is 135 fs for Fig.
11(a) and 45 fs for Fig. 11(d). In these two figures no inten-
sity averaging is done. The intensity averaged KER-cos 6
distributions are shown in Figs. 11(b) and 11(e). For com-
parison, the experimental KER-cos # distributions for 135
and 45 fs laser pulses are shown in Figs. 11(c) and 11(f),
which are intensity averaged spectra measured at peak
intensities of 1.6 X 10'* and 1.1 X 10'* W/cm?, respectively.

In our calculation only the ground and first excited elec-
tronic states of H2+ are considered, and the rotation of the
molecule is neglected. On the other hand, the experiments
suffer from finite kinetic energy resolution and an uncer-
tainty in the peak intensity (~+50%). In view of this, we do
not expect an exact quantitative agreement between theory
and experiment. The theoretical results shown here are in-
tended to guide us in the interpretation of the observed
phenomena.

From our calculation shown in Fig. 11(a) we see that in
135 fs laser pulses the dissociation is dominated by one-
photon absorption by the molecules initially at different vi-
brational levels of the ground electronic state. Although it is
energetically possible for all v=5 levels to dissociate, the
levels around the avoided crossing (v=9) contribute the
most. At about 1.2 eV a small contribution is superimposed
onto the resolved vibrational structure, with a much narrower
angular distribution. This minor feature is caused by above
threshold dissociation. After intensity averaging, the features
at lower intensities, i.e., those at smaller cos 6 values in Fig.
11(a) (recall that the effective laser field is given by E; cos 6

|
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FIG. 11. (Color online) Comparison between experimental and theoretical KER-cos 6 distribution of laser-induced dissociation of H,".
(a) Theoretical, 135 fs, 1.0 X 10'* W/cm?, no intensity averaging. (b) Same as (a), but with intensity averaging. (c) Experimental, 135 fs,
1.6X 10" W/cm?. (d) Theoretical, 45 fs, 1.0X 10'* W/cm?, no intensity averaging. (¢) Same as (d), but with intensity averaging. (f)
Experimental, 45 fs, 1.1 10'* W/cm?. The vibrational structure through bond softening and bond hardening are labeled.
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and that intensity averaging always enhances the lower-
intensity contributions), become dominant in Fig. 11(b). The
processes that occur at higher intensities, i.e., the bond soft-
ening that produces low KER and the above threshold disso-
ciation at about 1.2 eV, become less apparent. In particular,
the dissociation below 0.3 eV, i.e., the bond softening from
v=>5 and 6 levels, seems to be significant in Fig. 11(a), but
after intensity averaging it becomes barely noticeable except
a spike around 0.1 eV. The bond-softening and bond-
hardening channels are reproduced in Fig. 11(c), except that
the dissociation below 0.1 eV is not observed. This is be-
cause in our experimental setup the fragments with very low
KER (=0.1 eV) may not be detected due to the finite size of
the Faraday cup used to block the ion beam. It is notable that
although above threshold dissociation is a minor channel in
135 fs laser pulses, it has been clearly uncovered in a
separate angular distribution analysis [47].

In Fig. 11(d), where 45 fs laser pulses are used, the cal-
culated KER spectrum has two contributions. Below 0.5 eV
the bond softening takes place, which peaks at |cos 6
~(0.35. Above 0.5 eV the theoretical spectrum is dominated
by another feature with a wide KER range, which is due to
above threshold dissociation, where no vibrational structure
can be seen. In this KER range bond softening and bond
hardening only occur at lower cos 6 values. After intensity
averaging, in Fig. 1l(e), the bond-softening and bond-
hardening channels are greatly increased, while the above
threshold dissociation appears as a background in the KER-
cos 6 distribution. Due to intensity averaging, the bond soft-
ening that produces KER below 0.5 eV becomes narrow in
angular distribution and now peaks at |cos 6|=1. These fea-
tures help us to explain the experimental results as shown in
Fig. 11(f). Below 0.5 eV bond softening produces a stripe
which is narrow in angular distribution. Above 0.5 eV a large
blob is observed in the KER-cos @ distribution, which is
thought to be a mixture of bond softening and bond harden-
ing at lower intensities, as well as above threshold dissocia-
tion at higher intensities. In short laser pulses the vibrational
structure in the KER spectrum is broadened, as can be seen
by comparing Figs. 11(e) and 11(b). As Fig. 11(f) shows, the
vibrational structure in short laser pulses cannot be resolved
with our experimental KER resolution.

It is notable that, as Fig. 11 shows, intensity averaging
plays an important role in the experiments. Our calculation
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qualitatively agrees well with the main characteristics of the
experimental results. However, a quantitative agreement is
still desired.

V. CONCLUSIONS

We have experimentally studied the dissociation of H,* in
an intense laser field by a coincidence 3D momentum imag-
ing method. The laser pulses have a wavelength of 790 nm
and an intensity range of 103—10" W/cm?. Our coinci-
dence measurement provides kinematically complete infor-
mation for the ionic and neutral fragments from each disso-
ciation event and clearly distinguishes the processes of
dissociation and ionization. An intensity-difference spectrum
method, which takes advantage of the spatial distribution of
a Gaussian laser beam, is used to solve the problem caused
by intensity averaging. We measured the angular-resolved
kinetic energy release spectra at different peak intensities and
different pulse durations.

While previous experiments show no significant differ-
ence in the spectrum for pulses longer than 135 fs, our re-
sults show that the dissociation dynamics are dramatically
different for long (135 fs) and short (45 fs) laser pulses at a
similar peak intensity. For the long pulse both bond softening
and bond hardening appear in the spectrum, and bond soft-
ening makes the major contribution. At higher intensities the
bond softening dominates in the dissociation, which shifts to
lower vibrational levels and has a gradually narrower angular
distribution. For the short pulse at higher laser intensities
above threshold dissociation is dominant, with a minor con-
tribution from bond softening. A theoretical method for solv-
ing the time-dependent Schrodinger equation in the Born-
Oppenheimer representation without nuclear rotation is
applied, which qualitatively explains our experimental
results.
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