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Molecular reorientation during dissociative multiphoton ionization
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The angular distribution of the ion fragments after multiphoton ionization of diatomic molecules
shows a pronounced anisotropy. Fragments are detected mainly along the direction of the laser polar-
ization, as is shown for iodine in this paper. We have performed a double-pulse experiment to clarify the
underlying mechanism. It shows that the anisotropy cannot be explained in terms of a variation of the
ionization rates with the angle between the electric field and the molecular axis. Instead, the anisotropy
is caused by the deflection of the ion fragments in the strong field due to the molecular polarizability.
Although the molecules are frozen in space on the time scale of the laser pulse, they gain enough angular
momentum to aA'ect the trajectories of the fragments. Classical trajectory calculations support this ex-
planation.

PACS number(s): 33.80.Rv, 33.80.Gj, 33.80.Wz

I. INTRODUCTION

The study of multiphoton ionization of diatomic mole-
cules at high intensities has revealed similarities to analo-
gous experiments on atoms. For example, ionization in
the long-wavelength limit (i.e., infrared at 10 pm) can be
described by tunnel ionization models developed for
atoms [1,2]. However, there are specific elfects, like the
polarizability or Stark shifts, which are much larger in
molecules than in atoms. They have to be taken into ac-
count if we are to use atomic models to describe the ion-
ization of molecular ions [3]. The polarizability is of par-
ticular interest because the interaction of a dipole with a
strong field puts a torque on a molecule. For permanent
dipole moments and constant fields, this torque has been
used to align molecules [4—6].

The tendency of molecules to align in the presence of a
strong laser field is well known in nonlinear optics [7].
Molecular alignment is responsible for the orientational-
dependent optical Kerr effect, which has been studied ex-
tensively because of the insight it can give to molecular
orientation in liquids [8,9]. The characteristic red shifts
of the orientational optical Kerr effect have also been ob-
served in ps experiments on continuum generation in
molecular gases [10].

In this paper we will discuss a consequence of the
orientational force in the dissociative ionization of dia-
tomic molecules. A number of experiments [11—13] us-
ing linearly polarized light have indicated that the frag-
ments are detected mainly along the direction of the laser
polarization when ionizing a diatomic molecule into a
repulsive state. However, there has been no quantitative
explanation and even the qualitative nature has been un-
clear. We present here experimental and theoretical re-
sults to elucidate this phenomenon.

Highly charged molecular ions have no stable electron-
ic state and must dissociate once they are formed. Thus
the anisotropy of the fragment distribution can be ex-
plained in only two ways: either molecules perpendicular
to the laser polarization are not ionized due an angular

dependence of the ionization rates, or the fragments,
though produced, are not detected.

To obtain experimental results which can be interpret-
ed it is important that, classically speaking, the molecule
does not rotate significantly during the ionization pro-
cess. Therefore, we use ultrashort-laser pulses (30—80 fs)
and a heavy molecule (I2) which is frozen in space on the
time scale of the laser pulse because the rotational period
is 500/Jps. Here J is the angular-momentum quantum
number. Furthermore, this allows us to detect fragments
from dissociation of specific molecular states as each
fragmentation channel yields a characteristic kinetic en-
ergy [13,14]. Thus we can measure the angular distribu-
tions for different fragmentation channels.

We will also show results from experiments that used
two linearly polarized laser pulses polarized perpendicu-
lar to each other where the second pulse is delayed by 5

ps with respect to the first pulse. The results show that
both polarizations interact essentially with all molecules.
Therefore any angular dependence of the ionization rate
is not important.

The polarizability is the key to understanding the an-
gular distributions. It can be much larger in molecules
than in atoms because, in parallel transitions, one moves
electrons on the scale of the internuclear separation.
This leads to large polarizabilities which, furthermore, in-
crease quadratically with internuclear separation. Such a
polarizable system experiences a large torque in a strong
electric field if not aligned with the field. Although the
molecules (or molecular ions) cannot move or rotate on
the time scale of the laser pulse, it can gain enough angu-
lar momentum to deflect the trajectories of the fragments
significantly. This leads to the observed angular distribu-
tions of the fragments.

The outline of the paper is as follows. In Sec. II we
briefly describe the experimental setup. Section III con-
tains the experimental results and a qualitative discus-
sion. We show that we have to consider the dynamics of
the fragmentation process in order to understand our
data. In Sec. IV we discuss the dynamical behavior of the
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polarizable molecule in a strong field. Section V gives the
results of classical trajectory calculations of the fragmen-
tation process. The last section summarizes the impor-
tant points and gives an outlook on possible applications.

20-70 fs, 625 nm

150 p,J

II. EXPERIMENTAL SETUP

The experimental setup consists of an ultrashort-laser
pulse system and a time-of-Aight mass spectrometer. A
colliding pulse mode-locked dye laser [15] is used to pro-
duce 70-fs pulses at a wavelength of 625 nm. The pulses
are amplified using a four-stage dye amplifier [16],
pumped by a Q-switched Nd:YAG laser operating at a
10-Hz repetition rate. A single pass through a double-
grating compressor is used at the output of the amplifier
chain to compensate for the dispersion of the amplifier.
After the compressor, the pulses have energies of 600 pJ
and durations of 80 fs. A spatial filter which selects only
the Airy disk of the transmitted radiation ensures a good
spatial profile.

The laser pulses are focused inside a vacuum chamber
by an on-axis f /2 parabolic mirror with a focal length of
50 mm. The aperture is limited to f /20 focusing in order
to have a large number of molecules in the interaction re-
gion. To keep the intensity at the window of the chamber
below the limit where nonlinearities modify the spatial
properties of the beam, the energy is limited to 150 pJ.
This gives a maximum intensity at the focus of about 10'
Wcm . The relative intensity of the laser pulses is
determined by measuring the pulse energy. The absolute
intensity scale is obtained by measuring Xe ionization
and fitting the experimental results using the atomic tun-
neling model. Iodine is leaked into the chamber up to a
maximum pressure of 4 X 10 mbar. Typically, the pres-
sure is 10 mbar or below to avoid space-charge effects.
The background pressure is 10 mbar.

For the double-pulse experiments, the laser pulses are
split in a Michelson interferometer. A A, /4 wave plate in
one arm of the interferometer rotates the linear polariza-
tion by 90 . To ensure that both pulses overlap inside the
vacuum chamber, we use an undersized pinhole in a vac-
uum spatial filter. The pulses with polarization parallel
to the time-of-Aight axis are a factor of 2 weaker than the
perpendicular pulses due to the two Brewster windows at
the spatial filter. The combined pulses are then focused
inside the chamber.

The ions are measured in a time-of-fiight (TOF) mass
spectrometer (see Fig. 1). In order to have the exploding
ions situated symmetrically around the zero-kinetic-
energy time, the accelerating and field-free regions of the
TOF spectrometer have approximately equal distances of
30 and 32 mm, respectively. The focal spot is in the
center of the accelerating plates. The accelerating volt-
age is typically 500—1000 V. For the data shown in this
paper, we used a value of 600 V. The ions pass through a
2- and a 4-mm aperture at the output of the accelerating
and field-free regions. At the end of the time-of-Right
spectrometer, the ions are detected by a microchannel
plate detector.

The time-of-Aight spectra are recorded using one of
two digital oscilloscopes with sampling rates of 400 MS/s

ions
MCP

f=50mm
f/2

FIG. 1. Schematic of the time-of-Aight mass spectrometer.
The extraction plates are separated by 30 mm and kept on a
voltage of 500—1000 V. The field-free drift length is 32 mm.

III. EXPERIMENTAL RESULTS

Figure 2 gives typical time-of-Aight spectra for linearly
polarized light at a peak intensity of about 10' W cm
The case of the polarization vector parallel to the time-
of-fiight axis [Fig. 2(a)] shows a rich structure which is
discussed in detail in Ref. [14] (see also Ref. [13]). If the
ions are produced with some initial kinetic energy, the
time-of-Bight spectrum will show pairs of peaks —one re-
sulting from ions flying directly to the detector, the other
from those ions which first Ay in the opposite direction
before being reversed by the extraction field. Each pair
of peaks results from the fragmentation of ground (or ex-
cited) states of the different charge states of I~"+ [13,14].

To assign a peak of the I + region to a fragmentation
channel, we calculate the initial kinetic energy of the ions
in this peak from the observed time of Aight. For most
peaks, the observed initial kinetic energy is close to the
Coulomb energy between two positively charged ions I
and I'+ at the internuclear separation R, =0.2666 nm.
Thus we assign the respective peak to the fragmentation
channel Iz'a + &)+~ Ik + + II +. The lowest-kinetic-energy
peaks of the I+ and I + regions are assigned to fragmen-
tation channels with one neutral fragment. Our assign-
ment based on the kinetic energy has been confirmed by

(Fig. 2) and 1 GS/s (Fig. 4). Ion yields are measured with
boxcar integrators. The results shown here are corrected
for the different size of the integration window. No at-
tempt has been made to determine the sensitivity of the
microchannel plate as a function of the energy (and
charge) of the detected ions. Although the microchannel
plate is operated at high gains near saturation, the detec-
tion efficiency may vary. Therefore, direct comparison of
the yields for different ions should take this uncertainty
into account. All results shown here are averaged over
1000 shots.
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recent correlation measurements where the correlations
between the ion peaks have been observed [14,17]. The
fact that a pair of peaks is a signature of the state pro-
duced in the ionization process allows us to measure the
formation of these states in detail. For example, we can
measure the angular distribution of the fragment ions for
a given fragmentation channel (see below).

When using perpendicular polarization under other-
wise unchanged conditions (i.e., the same intensity), the
structure is much reduced, and the higher-charged ions
disappear in the time-of-fiight spectrum [Fig. 2(b)]. Only
low-kinetic-energy I+ and I + ions are observed in addi-
tion to the molecular ion I2+. This can be seen more
quantitatively by measuring the angular distribution of
the ion yields.

Figure 3 plots the number of fragment ions as a func-
tion of the angle between the laser polarization and the
time-of-Aight axis for the fragmentation channel
I2 +~I ++I+. The linear laser polarization is rotated
from —90' to +90' with respect to the time-of-Aight axis
using a A, /2 plate. The intensity of the laser pulses just

exceeds that required to produce I2 +. The distribution
is clearly peaked around the direction of the laser polar-
ization.

Angular distributions have been measured for a num-
ber of different fragmentation channels, some of which
are listed in Table I. With increasing degree of ioniza-
tion, the anisotropy of the distributions becomes more
pronounced. All distributions listed in Table I have been
fitted using the empirical formula:

S(0)=a cos"0 .

Both a and n are used as fitting parameters. The ex-
ponent n depends on the fragmentation channel. The
values range from n =3 at low-charge states to n =7 for
the highest-charge state investigated. The values for n

seem to be independent of the peak intensity for a given
fragmentation channel. This is consistent with the fact
that a certain fragmentation channel is produced within a
small intensity range. Changing the peak intensity only
changes the volume of the shell in which this channel is
produced. We note that both Eq. (1) and n are purely
empirical and do not imply theoretical foundations. We
also measured channels other than those listed in Table I.

+As expected, we observe no angular dependence for I2
which is stable. The distribution for the channel
I2

+ —+I ++I shows a much less pronounced anisotropy.
The ion yields drop to about 50% at 90 relative to 0'.

We note that the measured distributions are broadened
due to the geometry of the time-of-Aight mass spectrome-
ter which accepts ions with a Anite transverse velocity
with respect to the time-of-Aight axis. The acceptance
angle is determined by the extraction voltage and the size
and the positions of the apertures along the drift path.
For the given experimental conditions (extraction voltage
600 V, radius of the first aperture R = 1 mm), we estimate
the acceptance angle 60 assuming a pointlike ion source.
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FIG. 2. Time-of-flight spectra for dissociative ionization of
iodine. The intensity is —10' Wcm . The laser pulse is

linearly polarized with the electric-field vector pointing along
the time-of-flight axis [parallel polarization (a)] and perpendicu-
lar to the time-of-flight axis [perpendicular polarization (b)].

FIG. 3. Angular distribution for dissociative multiphoton
ionization of I2. Shown is the ion yield of the fragmentation
channel I2'+~I ++I+ as a function of the angle between the
laser polarization and the time-of-flight axis. The peak intensity
is ca. 1.8X10' Wcm, the acceptance angle is estimated to be
28'. The solid line is a fit with the empirical function
S(0)=a cos"0, where n =4 in this case.
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TABLE I. List of fragmentation channels for which angular distributions have been measured and
fitted using S(0)=a cos"0. The fragment which has been measured is listed first. Also given are the
average peak intensity and the fitting parameter n with its standard deviation. The acceptance angle 60
has been calculated assuming a pointlike ion source for an extraction voltage of 600 V and the geometry
of our time-of-flight spectrometer. Only ions with an angle smaller than +60 will be detected.

Molecular ion

2+
2

3+
2
4+

2

I 4+
2

Ion fragments

I++I+

I +I
I2+ + I2+
I'++I+

I (Wcm )

1.0x10"
1.5x10"
1.8X 10'
3.7x10"
3.7X 10'

3. 10+0.23
3.00+0.24
4.28+0.25
6. 11+0.46
7. 11+0.36

60 (deg)

28
28
28
19
28

Only ion fragments with an angle smaller than +60 will
be detected. The resulting values 60 are listed in Table I
and show that there is significant broadening of the ob-
served distributions.

For highly charged molecular ions, there are only two
possible explanations for the observed angular distribu-
tions. The first argues that molecules perpendicular to
the laser field are not ionized or at least are ionized with a
much smaller probability. The second assumes that the
ionization is (more or less) independent of the angle be-
tween molecule and field, but the fragments are deAected
towards the direction of the electric-field vector during
dissociation. There are no other explanations possible be-
cause once a highly charged molecular ion is produced, it
will dissociate. So either the molecular ion is not pro-
duced at 90 or the fragments are not observed.

Let us have a closer look at why the first explanation
must be rejected. It assumes that molecules perpendicu-
lar to the polarization of the laser field are not ionized
[11]. From the random distribution of molecular orienta-
tions in the gas phase, only molecules more or less paral-
lel with the electric-field vector are ionized. Subsequent-
ly, the fragments come apart in the initial direction of the
molecule. This explanation can be rejected for both
theoretical and experimental reasons.

In Ref. [3] we discuss the weak angular dependence of
the ionization rates. It is a result of the angular depen-
dence of the Stark shifts and the induced dipole moments
(see also Ref. [1]). Furthermore, the quadrupole mo-
ments will also suppress ionization for perpendicular
molecules compared to parallel molecules. However,
these effects do not change the ionization rates
significantly. A typical change of 1.5 eV can easily be
compensated by increasing the intensity by a factor of 2.
Therefore, including these shifts into the calculation of
the ionization yields would shift the calculated yields to
higher intensities. But many experiments (including Fig.
1) are performed at intensities in the saturation regime.
Even under these conditions, there are still hardly any
ions observed at perpendicular polarization. This is not
consistent with the molecular ionization model, which is
otherwise quite successful. Thus, we conclude that an an-
gular dependence of the ionization rates cannot explain
the observed angular distributions.

To confirm the above conclusions experimentally, we
have performed double-pulse experi. ments with parallel
and perpendicular pulses (see Fig. 4). Both pulses have
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FIG. 4. Result of the double-pulse experiment with two
pulses with linear polarization perpendicular to each other.
Shown is the I + region of the time-of-flight spectra. Upper
trace, perpendicular pulse only (polarization perpendicular to
time-of-flight axis); middle trace, perpendicular pulse followed
by a parallel pulse after 5 ps; bottom trace, parallel pulse only
(polarization parallel with time-of-flight axis). The perpendicu-
lar pulse is a factor of 2 more intense than the parallel pulse.

similar energy with a peak intensity of several 10'
W cm, the perpendicular being more intense by a fac-
tor of 2. Using either of the two pulses (upper and lower
trace in Fig. 4) we obtain the characteristic spectra as
shown in Fig. 2. The middle trace shows the result when
a perpendicular pulse precedes the parallel pulse by 5 ps.
The perpendicular pulse strongly decreases the signals
due to the parallel pulse. This holds also for a delay of 1

ps. This decrease means that molecules parallel to the
second pulse are already ionized by the first pulse because
the molecules cannot rotate on this time scale, thus prov-
ing that both polarizations interact with the same class of
molecules.

We will show in the next two sections that the other
explanation is valid. It argues that due to the anisotropy
of the molecular polarizability, the fragments are
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deflected during dissociation. The interaction between
the external field and the induced dipole moment results
in a torque towards alignment with the field. This will
lead to observed fragment distribution peaked around the
direction of the field. Section IV discusses the inAuence
of the molecular polarizability in a qualitative way. Sec-
tion V contains numerical results from classical trajecto-
ry calculations.

IV. MOLECULAR POLARIZABILITY
AND THE DYNAMICS OF THE FRAGMENT IONS

The polarizability of molecules is in general larger than
that of atoms because of the larger size of the molecules.
Quantum mechanically, a dipole moment is induced by
coupling of states. The transition dipole moment and the
energy gap determine the polarizability. Whereas the
perpendicular polarizability is comparable to the polari-
zability of the atomic constituents because it results from
transitions with the transition dipole moment perpendic-
ular to the molecular axis, the parallel polarizability of
diatomic molecules is often a factor of 2 larger than the
perpendicular one because of the strength of the parallel
transitions. Furthermore, the strongest parallel transi-
tion moments, which are due to charge-transfer or
charge-resonance couplings, increase linearly with inter-
nuclear separation [18] leading to a quadratic increase of
the parallel polarizability. Strictly speaking, this holds
only for charge-resonance couplings as in odd charged
molecular ions in their electronic ground state. For
charge-transfer couplings, which are important for neu-
tral molecules or even charge molecular ions in the elec-
tronic ground state, the linear increase of the transition
moment near the equilibrium distance eventually turns
over into an exponential decrease at large distances.
Thus molecules, and especially molecular ions with odd
charges, are highly polarizable systems.

When such a polarizable system is placed in a strong
electric field, it will experience a strong torque if it is not
aligned with the field. For a heavy molecule like Iz and
visible radiation, only the electrons can respond to the
external field. The polarization force will thus give rise to
an average force on the molecular constituents along the
direction of the electric field. The angular component of
this force leads to an increase of the angular momentum,
whereas the radial component stretches the molecule.
The increase of the angular momentum depends on the
intensity and is, in the limit of low fields and heavy mole-
cules, proportional to the Auence of the laser pulse.
Large values of J can be reached. During fragmentation
the angular momentum will rotate the molecule or the
fragments towards the direction of the polarization. The
deflection angle, i.e., the change of the molecular axis, de-
pends on the initial angle between the field and the mole-
cule, the electric-field amplitude, and the repulsive force
between the two fragments. Calculations of the fragment
trajectories will be discussed in the next section. Qualita-
tively, the fragment trajectories can end up aligned with
the direction of the electric field, as observed experimen-
tally.

V. CLASSICAL TRAJECTORY CALCULATIONS

We have performed classical trajectory calculations to
obtain a better understanding of the inAuence of the
molecular polarizability. In our model calculations, we
include a number of properties of iodine but leave out
many of the less known details of I2"+. It is important to
include the polarizability of the neutral molecule because
it will lead to angular momentum before ionization.
Once the molecule is ionized to a repulsive state, it im-
mediately starts dissociating. The initial angular momen-
tum at the start of fragmentation (i.e., when I2" is
formed) is critical for the calculated angular distribution.
For the same reason, it is also necessary to use pulses
with a Gaussian temporal profile instead of pulses with
constant intensity. A square pulse leads to earlier ioniza-
tion and thus less initial angular momentum than a
Gaussian pulse where the neutral molecule experiences a
slowly increasing electric field. The neutral molecule is
modeled by taking a ground-state potential curve (X 'X+
from Iz) and an ionic state (D 'X„+ from Iz) coupled by
charge transfer. The transition dipole moment

p, 2=&2eR /2 leads to a parallel polarizability a~~=14. 7
A for low intensities in good agreement with the experi-
mental value [19]. To take the perpendicular polarizabili-
ty into account, we reduce the transition dipole moment

p, 2 by a factor of &2 to obtain the value @=7.2 A for
the anisotropic polarizability [19].

We concentrate on the dissociation dynamics of the
first purely repulsive charge state I2

+ decaying into
I ++I+. From the fragment-ion states, one can con-
struct the two states coupled by charge resonance. We
assume that the potential curve of the upper state is given
by a simple Coulomb potential. The potential curve of
the lower state is the same Coulomb potential but super-
imposed is the attractive potential of the isoelectronic
molecule Te2 [20]. In this way we approximately in-
clude the attractive forces between the two ions due to
the overlap of the electron shells (see Ref. [21]). The gap
between the two curves at the equilibrium distance of the
neutral molecule is 3.4 eV, the binding energy of Tez
The charge-resonance coupling leads to a transition di-
pole moment p&2=eR /2. The absolute energy of the two
charged states are adjusted so that the ionization poten-
tial equals 26.5 eV, which is the value for the ionization
of I2 ~I2 + assuming a Coulomb potential for the
upper charge state. The energy of the lower state is de-
rived from the estimated ionization potential of 16.4 eV
for I2+ ~ I2 [22].

We neglect the intermediate charge states for several
reasons. These intermediate states are not well known,
but the polarizabilities for the different charge states (the
main parameters in our approach) should not be very
different (i.e. , varying less than a factor of 3) from that of
I2. The most important contribution to the polarizability
in all charge species results from charge-transfer or
charge-resonance couplings with very similar transition
moments. Furthermore, the dynamics of the molecule
should be similar in the different states as long as the
state has a bound potential (I2 is the first purely repul-
sive state). Thus, our calculations treat a model problem,
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not the exact I2 molecule.
The classical dynamics on one potential-energy curve

has been calculated by direct integration of the equation
of motions. We start with the classical Hamilton func-
tion. For simplicity, we assume that the direction of the
electric field is in the plane of rotation. Then the Hamil-
ton function for the homonuclear molecular in the
center-of-mass frame is given by

H(r, p„,O, L, t)=p„ /2p+L /2I+ V(r)+ V,„, .

The first term on the right-hand side is the radial kinetic
energy with the reduced mass p and the radial momen-
tum p„. The second term is the rotational energy with
the angular momentum L and the moment of inertia
I=pr, where r is the internuclear separation. V(r) is
the field-free potential of the state on which the dynamic
is calculated. The last term results from the coupling of
the two states and includes the effect of the external field
on the molecule. We use the quasistatic quantum-
mechanical expression where the polarizability results
from coupling of electronic states. Coupling two states,
one has [1]

2.0

1.5—

1.0—

0.5—

0.0
-100

angle (deg)

I

50 100

FIG. 5. Calculated angular distribution for dissociative mul-
tiphoton ionization for a simplified I2 molecule. The calculation
assumes a Gaussian temporal profile with a full width at half
maximum of 70 fs and a peak intensity of 3 X 10' W cm . The
spatial distribution has not been taken into account.

V;„,= —V, 2 tanP, (3)

where V&2(t)= —p&28(t) cosO with the transition mo-
ment p&z, the time-dependent electric field 6(t) and the
angle 8 between the molecule and the electric field. P is
given by tan2P=2V, z/bE, where bE is the energy gap
between the two coupled states. Equation (3) gives as the
low-intensity limit the classical energy of a polarizable
system in an electric field V;„,= —yD cos 0/2, where y
is the anisotropic polarizability.

From the Hamilton function, Eq. (2), one can easily
derive the equation of motions which are integrated using
the Bulirsch-Stoer method [23]. Most of the calculations
are done by averaging over one optical cycle. This leads
to elliptic integrals and is justified because the molecule
does not move on the time scale of the laser period (2 fs).

The ionization rates are calculated from the atomic
tunneling model [24] (without molecular shifts). To
simulate the random nature of the ionization, several tra-
jectories with the same initial conditions are calculated
where the exact time of ionization depends on the ioniza-
tion rate at the momentary intensity and a random num-
ber. The initial conditions used in the results presented
here are those of a molecule at rest in the equilibrium
configuration. Ten ps after the maximum of the laser
pulse (with Gaussian profile and full width at half max-
imum of 70 fs), the molecular fragments have reached
their final angles. All final angles of trajectories of disso-
ciated molecules are collected and smoothed to give the
calculated angular distribution.

Figure 5 shows the normalized angular distribution for
a peak intensity Io =3X 10' W cm . This intensity
gives population of I2

+ without significant further ion-
ization. The distribution is clearly peaked around 0',
which is the direction of the electric-field vector. The
width is comparable to those measured. We do not ex-
pect perfect agreement, as our model neglects a number
of details of the real I2 problem and does not include the

spatial intensity distribution. Nevertheless, the agree-
ment is impressive. It clearly demonstrates that
deflection of the ion fragments due to an increase of an-
gular momentum can explain the observed angular distri-
butions. With higher intensity, the torque on the mole-
cule becomes larger, so that higher-charged molecules
should show a more pronounced deflection, as indeed is
observed.

An initial angular momentum of the molecule has little
effect on the calculated angular distribution. Calcula-
tions with J =+50 (the most probable angular momen-
tum at room temperature) yield identical distributions
which are shifted by 5'. Superimposing them leads to
the same distribution as J =0.

There are a number of possible improvements to our
model. First, this problem should be addressed rigorous-
ly using a quantum-mechanical approach. There seems
to be no simple theoretical approach available for treat-
ing a rotating molecule in a very strong time-dependent
electric field [25]. Therefore we use a classical approach.
Second, the charge-resonance energy levels have an ener-
gy separation on the same order as the photon energy.
Single or multiphoton resonances can occur and clearly
play a role in the dynamics of the molecular ion (not so
much in the neutral molecule). Therefore our static po-
larizability must be replaced by the dynamic one, which
again is not known in the high-intensity limit. The error
induced by using the static instead of the dynamic polari-
zability is unlikely to change the angular distribution
qualitatively, because the angular distribution depends
mainly on the angular momentum absorbed when the in-
ternuclear distance is small and thus the laser frequency
well below the resonance frequency. It will, however,
have a strong effect on the kinetic energy of the ion frag-
ments, which is increasing as long as the laser pulse is on.

Third, we have not included an angular dependence of
the ionization rates. This might enhance the directionali-



47 MOLECULAR REORIENTATION DURING DISSOCIATIVE. . . 2311

ty because ionization is more likely for parallel than for
perpendicular molecules. However, as stated above, this
effect alone cannot explain the observations. Therefore
we have concentrated on the inhuence of the polarizabili-
ty. Note also that the present calculation does not in-
clude the spatial intensity distribution in the focal
volume.

We thus think that the rather simple model shown here
gives the basic explanation of the observed anisotropic
angular distributions. Classically speaking, the polariz-
able molecule picks up angular momentum from the
strong field leading to fragment trajectories with a large
velocity component in the direction of the electric field.

VI. CONCLUSIONS

This paper presents a detailed study of the angular dis-
tributions observed in the dissociative multiphoton ion-
ization of diatomic molecules. We show the importance
of the molecular polarizability for the dynamics of the
fragmentation process. The molecule and the molecular
ion gain angular momentum due to the interaction with
the strong electric field. This leads to the deAection of
the fragment ions towards the direction of the electric
field and thus explains the experimental observations.
Classical trajectory calculations support this explanation.

Orientational processes such as those discussed in this
paper are present in all high-field experiments and are

particularly important when studying light molecules like
Hz or N2 [11,12,26]. Interpretation of such long-pulse ex-
periments will have to take the aligning forces into ac-
count.

We also note that not only the fragmentation process is
affected. Because the neutral molecule gains angular
momentum, it will eventually be aligned with the electric
field. However, for a molecule like I2, this will require ps
at intensities of 10' Wcm . Laser-induced angular
trapping will be important for small molecules. It should
be possible to trap the molecules in the potential well due
to the polarizability. This should make it possible to con-
duct experiments with aligned molecules with a high de-
gree of orientation.

This paper has also an important implication for non-
linear optics. The agreement between model and experi-
ment suggests that Eq. (1) adequately describes the non-
linear response of the molecule. Plasmas consisting of
molecular ions will be a very nonlinear medium which
deserves further study.
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