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The coupling mechanism between an intense (∼1013 W cm-2, 780 nm) near-infrared radiation field of duration
50-200 fs with molecules having 5-50 atoms is considered in this article. In general, the interaction of
intense radiation fields with molecules can result in both electron emission and subsequent dissociation. For
the laser excitation scheme employed here, intact ions are observed in addition to dissociative ionization
channels for all classes of molecules investigated to date. An excitation mechanism is considered where the
electric field of the laser mediates the coupling between the radiation and the molecule. This field-induced
ionization is compared with the more common frequency-mediated coupling mechanism found in multiphoton
processes. Measurements of intense-laser photoionization probability are presented for several series of
molecules. An outline of our structure-based model is presented to enable calculation of relative tunneling
rates and prediction of the laser-molecule coupling mechanism. The relative ion yields for various series of
hydrocarbon molecules are found to be in good agreement with that predicted by the structure-based tunnel
ionization model. Measurements of photoelectron kinetic energy distributions also suggest that the ionization
phenomena proceed to a large degree through a field-mediated excitation process. The photoionization/
dissociation products are measured in an ion spectrometer and are interpreted in terms of a competition between
electronic excitation and energy transfer to nuclear degrees of freedom. Evidence for field-induced dissociation
is presented.

I. Introduction

The interaction of ultrafast, intense radiation (∼1013 W cm-2)
with polyatomic gas-phase molecules will be considered in this
article. In this intensity regime, the amplitude of the electric
field vector of the radiation is on the order of 1 to 5 V/Å. Since
this is on the order of the electric fields binding valence electrons
to molecules, we might anticipate that the electric field of the
laser will play an important role in the radiation-molecule
interaction at high laser intensity. The interaction of intense
lasers with gas-phase atoms and molecules has led to the
observation of many novel phenomena including X-ray genera-
tion from high harmonics,1 above threshold ionization,2 above
threshold dissociation,3 multiple electron emission,4 and mo-

lecular ionization using near-infrared laser pulses.5 The focus
of this paper will be restricted to the intensity regime that leads
to single electron emission from polyatomic molecules. This
area is of interest because the coupling mechanism appears to
be universal; one excitation wavelength leads to ionization of a
wide variety of molecules. The area is also of interest because
the ionization process leads to far less photodissociation than
one might expect at such high photon densities.

The coupling between a radiation field and a molecule is
commonly described using first-order time-dependent perturba-
tion theory. As the intensity of the laser field is increased,
however, lowest-order perturbation theory becomes insufficient,
and one must include higher order corrections. Corrections to
very high order are possible only for highly symmetric systems
such as the hydrogen atom. In the case of polyatomic molecules,
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these calculations rapidly become difficult or impossible. In the
intense field regime, one must account for the perturbation of
the molecular wave function by the amplitude of the electric
field of the radiation. The amplitude of the electric field,E0, is
related to the intensity of the radiation,I, by

wherec is the speed of light andε0 is the vacuum permittivity.
For example, at 106 W cm-2 (typical for nanosecond lasers),
the magnitude ofE0 is 2.7 × 10-4 V Å-1 and is in the weak
field limit, while at 1014 W cm-2, the magnitude ofE0 is 2.7 V
Å-1 and is in the strong field limit. As the electric field of the
laser approaches that binding valence electrons to the molecule,
perturbation theory breaks down and computationally intensive
numerical procedures must be developed to accurately model
the time-dependent quantum mechanics.6 The high electric fields
perturb molecular electronic states causing substantial state
mixing and field-induced avoided-curve crossings.7 Another
manifestation of the perturbation is evident in massive Stark
shifting of intermediate and high-lying eigenstates both in and
out of resonance.8,9 All of these complications make accurate
calculations of the behavior of even the simplest diatomic and
triatomic species (those containing a small number of electrons)
nearly intractable. To treat complex molecular systems, a large
number of simplifying assumptions must be allowed.

At even higher fields, one can enter the regime of field
ionization where the rate of both tunnel ionization and barrier
suppression ionization may coexist with or supersede the rate
of multiphoton ionization. The two distinct regimes for coupling
of the intense radiation with atomic or molecular systems,
multiphoton and field excitation (encompassing both tunnel and
barrier suppression ionization), are shown in Figure 1. Keldysh10

developed a theory to delineate the boundary between multi-
photon ionization (MPI) and field ionization processes. As is
described in detail in section III.3, an adiabaticity parameter
(calledγ and based on the zero range approximation) is defined
for this purpose by comparing a calculated tunnel frequency to
the laser frequency. The adiabaticity parameter essentially
determines whether tunnel ionization is feasible or whether
multiphoton ionization must occur. The Keldysh treatment of
intense laser-atom interactions has been confirmed in numerous
subsequent theoretical11,12and experimental investigations.13-16

We have developed a model that accounts for the extended
electronic structure found in polyatomic molecules in order to
more accurately predict the coupling mechanism.17 In our
structure-based model, the electrostatic potential is not ap-
proximated by the zero range potential but rather by a one-
dimensional potential based on the actual wave function of the
molecule.18 The structure-based potential can then be employed
to define a modified adiabaticity parameter, termedγ(ψ), and
can be employed in calculations of relative ionization prob-
ability.

The ionization of molecular species interacting with intense
laser pulses is more complex than the atomic case because
energy may be channeled into nuclear degrees of freedom. The
majority of the experiments involving molecules and high-
intensity lasers have been performed using diatomic mol-
ecules.7,19-24 Molecular hydrogen has been investigated most
thoroughly,8,25-27 and a charge resonance enhanced ionization
(CREI) model has been shown to account for high-intensity
ionization processes in this molecule.6,28,29 In this model, the
electric field of the laser perturbs the bond length of H2, and at
some elongated bond distance, the molecule’s ionization rate

reaches a maximum. The ionization is due to a combination of
static field barrier suppression and dynamic localization of the
electron by the laser field. For more complex diatomic and
triatomic systems, essentially two regimes of excitation have
been investigated. Under the conditions of infrared (10µm)
excitation, molecules such as N2,19 O2,23 CO,23 NO,23 and I223

have been found to tunnel ionize. At shorter wavelengths,
principally in the visible, molecules such as O2,22 Cl2,30 I2,32

CO2,31 C2H2,33 C2H4,33 C3H4,34 and C3H8
34 have been found to

undergo a similar excitation mechanism at laser power densities
near 1015 W cm-2. In the case of the intense visible laser
excitation mechanism, a molecule begins to align (to some
degree) with the electric field, then elongate, and, at some
optimal bond distance correlating to the electric field strength
of the laser, ionize rapidly. This sequence of events leads to a
Coulomb explosion with the resulting kinetic energy of the
fragments being lower than that expected for ionization at the
equilibrium bond distance. Because of the extremely high laser
pulse intensities employed, 1015 W cm-2, multiple ionization
and substantial fragmentation is observed in these studies.

The laser pulses considered in this paper have duration on
the order of molecular vibrations (100 fs) in addition to the
associated high intensity. This rapid time scale results in one
of the most remarkable features of these experiments: that
photoionization can be induced with limited corresponding
photodissociation in a variety of molecules using a single
excitation wavelength. At least two dissociation mechanisms
must be overcome to produce intact ionization. The first such
mechanism may be called absorption-dissociation-ionization35

(ADI) or the ladder switching mechanism. As one example of
this mechanism, consider the scenario depicted in Figure 2a. In
this example, the polyatomic ABC absorbs one (or more)
photon(s) of energyhν to reach a repulsive potential energy

E0 ) ( 2I
ε0c)

1/2
(1)

(a)

(b)

(c)

Figure 1. Depiction of the limiting paradigms for the interaction of
atoms with radiation. (a) represents the frequency-mediated multiphoton
coupling mechanism wheren photons couple into an atom to produce
ionization. (b) represents the field-mediated coupling mechanism where
the electric field of the laser perturbs the electrostatic potential of the
atom to allow tunnel ionization.(c) represents the field-mediated
coupling mechanism of barrier suppression ionization.
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surface. On this potential, the molecule will dissociate on a short
time scale, on the picosecond to subpicosecond time scale.
Depending on the laser pulse duration, the dissociated fragments
can then absorb additional photons to ionize and produce a mass
spectrum that may consist of only fragments of the original
molecule. To circumvent ADI, the laser intensity must be
increased sufficiently that intact ionization occurs on a time scale
that is faster than the neutral dissociation time scale. Unfortu-
nately, in the case of longer duration laser pulses (picosecond
to nanosecond), a molecular ion produced early in the laser pulse
is capable of absorbing additional photons that will invariably
induce subsequent dissociation. This second mechanism for
dissociative ionization is called absorption-ionization-dis-
sociation36 (AID) or the ladder climbing mechanism. An
example is shown in Figure 2b where molecule ABC absorbs
one (or more) photon(s) to produce ABC+. Subsequent absorp-
tion of photons leads to dissociation of ABC+ to one or more
ion fragments. As in the case of ADI, the mass spectrum
resulting from AID often consists of only fragment species.

The duration of the laser pulse employed for weak field,
resonant multiphoton excitation does afford some degree of
control over the quantity of energy deposited into nuclear modes
prior to ionization. Experimental observation of reduced energy
transfer from electronic modes to nuclear modes can be inferred
from an increase in ionization probability and a corresponding
decrease in the photodissociation probability with decreasing
pulse duration of the excitation laser. Early investigations by
El-Sayed and co-workers demonstrated reduced photodissocia-
tion/ionization of molecules using picosecond excitation schemes
in comparison with nanosecond excitation.38-40 Reilly and co-
workers41,42 demonstrated that picosecond pulses have higher
photoionization yield than nanosecond pulses for molecules with
rapid excited-state relaxation. Castleman and co-workers43 and
Gerber and co-workers44 observed no change in the relative
intensities of the ionized molecular and atomic clusters as the
power density of a femtosecond duration laser pulse was
increased. Similar nanosecond experiments demonstrated mark-
edly increased fragmentation at higher laser power densities.45

Imasaka noted enhanced ionization efficiency for adenine46 and
halogenated benzenes47 upon femtosecond excitation. Benning-
hoven and co-workers48 and Grotemeyer and co-workers49 have
compared the ionization efficiency using nonresonant femto-
second and nanosecond radiation excitation of large molecules.
Both groups found enhanced ionization efficiency and decreased
dissociation yield using shorter time scale excitation pulses.

Stuke and co-workers also observed reduced fragmentation using
picosecond ionization processes for Se(CH3)2, Te(CH3)2, and
CH3TeTeCH3.50-52 Ledingham has demonstrated that multipho-
ton excitation of NO2 using 300 fs pulses increases the yield of
intact ion by a factor of 60 compared to nanosecond excitation.53

Gerber and co-workers also demonstrated that intact Fe(CO)5
+

was obtained using femtosecond excitation at 400 nm, while
nanosecond excitation at 337 nm provided only Fe+ signal.54

Ultrafast multiphoton ionization has been employed to observe
chemical reactions occurring in real time.55 In the case of visible/
UV MPI, shorter pulse duration enhances molecular ion signal
because ionization rates can begin to compete favorably with
dissociation rates. In each of these examples, both AID and ADI
can contribute to the dissociation-ionization channel in the
nanosecond case. In the case of femtosecond excitation, the
molecule does not have time to undergo substantial nuclear
motion during the peak in the radiation intensity, and thus ADI
may be reduced or eliminated. This does not mean that
dissociation is completely eliminated using femtosecond excita-
tion. For instance, dissociation during femtosecond excitation
may occur by subsequent excitation of the neutral complex well
above the ionization potential, i.e., the ladder climbing mech-
anism.

In 1995, this laboratory reported the use of intense near-
infrared laser radiation of femtosecond duration to ionize large
polyatomic molecules,5 in many cases with little accompanying
dissociation.17,18,56-58 This experiment is intrinsically different
from the ultrafast MPI work just described. The ionization
method employs no low-lying intermediate states for excitation;
hence the excitation is essentially nonresonant. The ionization
also occurs in the strong field regime where the laser pulse
significantly perturbs the eigenstates of the neutral molecule.
After our initial report, a number of groups have published
complementary investigations using the same near-IR ionization
method. Willey et al. reported the femtosecond ionization of
Cr(CO)6.59 Ledingham et al. reported the ionization of NO2 and
other heteroatomic molecules.60,61Baumert and co-workers used
near-IR ionization to probe the photodissociation of Fe(CO)5.62

Trushin and co-workers used near-IR ionization to probe the
time-dependent photochemistry of cyclohexadiene63,64 and
Cr(CO)6.65 Castillejo et al. have investigated the intense laser
ionization of hydrocarbons.66 Phenomenologically, it is clear
from these experiments that ultrafast, intense laser pulses lead
to enhanced molecular ion signal in comparison to nanosecond
excitation. Determining the precise mechanisms of such interac-
tions and evaluating the practical limits of such excitation-
ionization schemes has not yet been accomplished.

II. Experimental Section

The experiments presented in this article employ a solid-state
femtosecond oscillator based on the Ti:sapphire crystal.67 The
relatively simple Ti:sapphire oscillator can emit sub-100 fs
pulses tunable from 1100 to 700 nm at a few nanojoules per
pulse. The system employs two oscillators, one with a pulse
duration of 135 fs and another with a pulse duration of 30 fs.
The pulses from either oscillator are too weak to produce
detectable photoionization, so regenerative amplification in a
second Nd:YAG pumped Ti:sapphire crystal is used to provide
a gain of 106.68 The process includes a grating pulse expander
which effectively stretches the pulses in time from∼100 fs to
∼100 ps. These pulses are then directed into a Nd:YAG pumped,
Ti:sapphire regenerative amplifier. Single pulses are amplified
>106 times in the regenerative amplifier and are then switched
out to a parallel grating pair where the pulse is compressed back

Figure 2. Schematic of two mechanisms for dissociative ionization.
(a) represents the mechanism of absorption dissociation and ionization
(ADI) where the molecule first dissociates and the fragments proceed
to absorb additional photons to ionize. (b) represents the mechanism
of absorption, ionization, and dissociation (AID) where the molecule
first ionizes and the ion absorbs additional photons to subsequently
dissociate.
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to the initial short pulse duration. The regeneratively amplified
femtosecond laser is capable of producing 0.5 mJ of 170 fs light
at 780 nm. The system can operate at up to 10 Hz, and the rate
is restricted by the repetition rate of the Nd:YAG pump laser.
The final laser intensity is altered by placing quartz coverslips
in the beam path. This produces a calibrated and repeatable
decrease in the laser intensity of 5% per coverslip.

The femtosecond laser is focused into a time-of-flight mass
spectrometer to perform ion detection. The system employs a
0.5 m linear drift tube and ions are accelerated to 800 eV in a
dual slope extraction region as shown in Figure 3a. Ions are
detected using a microchannel plate stack. Sample introduction
is accomplished via a pulsed valve or by allowing solid samples
to freely sublime into the gas phase. The pressures employed
for these experiments range from 10-5 to 10-7 Torr. The
photoelectron spectra were collected using a linear drift tube
with µ-metal shielding and a drift length of 29.5 cm, as shown
in Figure 3b. The tube was floated to-3 keV, and the electrons
were also detected using a microchannel plate assembly. The
base pressure of the chamber was 3× 10-7 Torr, and the
molecules were admitted into the chamber effusively or were
allowed to sublime directly into the vacuum. The signal from
both spectrometers was recorded using a 2 GHz digital oscil-
loscope. The resulting time-of-flight spectrum was then trans-
ferred to a 486 computer via GPIB interfacing for data storage
and display.

III. Results and Discussion

III.1. General Phenomenology and Overview.The general
experimental observation resulting from interaction of the 780
nm 170 fs laser pulse with a polyatomic molecule is presented
in the series of mass spectra displayed in Figure 4. The ion
time-of-flight mass spectra are shown for the molecules benzene,
dichlorodifluoromethane, and trimethylaluminum after the ground
state, gas-phase molecules have interacted with the intense 780
nm radiation. The spectra demonstrate that one can efficiently
couple the near-infrared radiation into the molecules and that
the coupling mechanism results in substantially less dissociation
of the ion product than is observed using nanosecond excitation.
In the case of benzene, efficient ionization can be produced using

nanosecond resonant excitation methods in the near-UV (∼106

W cm-2), but nanosecond nonresonant excitation using visible
or near-IR wavelengths requires much higher power densities
(>1010 W cm-2) and results in nearly complete dissociation of
the observed products because of AID. For the molecules
dichlorodifluoromethane and trimethylaluminum, intact ions
cannot be produced using any multiphoton or resonant multi-
photon excitation process utilizing nanosecond duration laser
pulses because ADI occurs on repulsive intermediate potential
energy surfaces. In the case of intense, 170 fs, near-infrared
excitation of the organometallic molecule, one observes frag-
mentation products as well as intact molecular ion and multimers
of the intact ion extending up to M3+ (Figure 4b). Similar 780
nm excitation results in fragmentation of the chlorofluorocarbon,
but there is a measurable quantity of intact molecular ion
produced, as shown in Figure 4c.

From this qualitative view of the photoion measurements,
two questions are readily apparent. The first question concerns
the mechanism of coupling between the radiation and a given
polyatomic molecule. Apparently, the precise frequency match-
ing conditions necessary in resonance-enhanced MPI experi-
ments are not required for the intense near-infrared ionization
experiment.5,17,18,54-66 What then is the mechanism of coupling
between the intense laser pulse and the molecule? The second
question concerns the limited fragmentation yield measured at
1013 W cm-2, even though one might expect complete dissocia-
tion through AID using such intense laser pulses. What are the
operative mechanisms of photodissociation during the intense
laser excitation? Our investigations of these two questions form
the remainder of this paper. To address the mechanism of
coupling between the intense near-IR radiation field and a
polyatomic molecule, we have performed both photoion and
photoelectron measurements. Section III.2 will present an
overview of the mass spectroscopic measurements, the procedure
used to extract of relative ionization probabilities, and some
pertinent theory used to interpret the measured orders. Relative
ionization probabilities have been measured for several series
of molecules as a function of laser intensity to determine the
effect of molecular structure on the field-molecule coupling
process. The relative ionization probabilities are not consistent
with current zero range or Coulombic models for atomic
ionization in high fields. Hence, in section III.3, we present our
structure-based model for intense laser ionization of polyatomic
molecules. This model is based on the determination of an

Figure 3. (a) Schematic of the time-of-flight mass spectrometer
employed to measure the resulting mass spectra of ions produced by
intense near-infrared excitation. (b) Schematic of the photoelectron
spectrometer.

Figure 4. Time-of-flight mass spectra for (a) benzene,(b) trimethyl-
aluminum, and (c) CCl2F2, taken using 780 nm excitation with a laser
pulse intensity of 3.8× 1013 W cm-2 (170 fs pulse duration).
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optimal one-dimensional electrostatic potential and a field-
mediated coupling mechanism. The predictions of the model
are compared with the relative ion yield measurements. To
further test the predictions of the structure-based model, we
present photoelectron spectroscopy measurements for benzene,
naphthalene, and anthracene in section III.4. Finally, in section
III.5, we present our observations and speculations on the
mechanism of dissociation using intense near-infrared laser
pulses.

III.2. Ion Spectroscopy. We first consider the photoioniza-
tion/dissociation spectra as a function of molecular structure
and laser intensity. The mass spectra for naphthalene are
reproduced in Figure 5 upon interaction with a 780 nm laser
beam having a pulse duration of 170 fs with intensity ranging
from 1 to 3.8× 1013 W cm-2. Such an experiment contains
several complementary pieces of information. First, the total
ion yield can be plotted as a function of the laser intensity to
determine the order of the ionization process. The total ion yield
is obtained by integrating the ion current in a given spectrum.
For the case of naphthalene, the logarithm of this sum is plotted
as a function of the logarithm of the laser intensity as shown in
Figure 6. The general features of Figure 6 are common to all
of the molecules studied in this laboratory to date. A linear
dependence is observed in the log-log plot over a change in
ion signal of more than 2 orders of magnitude. In the
multiphoton excitation mechanism, the slope is related to the
order of the ionization process through the following expression:

whereY is the ion yield,σn is thenth-order cross section, and
I is the laser intensity.69 Evaluating the logarithm of this equation
linearizes the data, and the slope of the line is the order of the
process. In the case of naphthalene, the slope is 8.5. In
nonresonant multiphoton ionization, the order multiplied by the
quantum energy of the photon always exceeds the ionization
potential by less than one quantum of photon energy. For
naphthalene, the order multiplied by the photon energy returns
a value of 13.9 eV, which is 5 eV above the vertical ionization
potential. Given the photon energy of 1.59 eV, this suggests
that at least three additional photons are absorbed during the
ionization process. The observation of excessively high orders
in the 780 nm ionization of polyatomic molecules is one
common feature in the measurements that we have performed
on many different molecules.

There are several possibilities to explain the excess order of
the ionization process. The additional photons absorbed during

the ionization process may be due to an increase in the ionization
potential by an amount nearly equal to the ponderomotive
potential of the intense laser pulse. This effect can be illustrated
by considering the interaction of an electromagnetic field with
a free electron. In the velocity gauge, the Hamiltonian for this
system is given by

wherep is the momentum of the electron andA is the vector
potential of the radiation field. Upon expansion of the Hamil-
tonian one obtains

The first term is the kinetic energy of the electron. The second
and third terms describe the time-dependent interaction of the
electron with the radiation field. Averaged over an integral
number of cycles of the radiation field one is left with:

The time-averaged Hamiltonian becomes the sum of the average
drift kinetic energy (T) and the average kinetic energy due to
the electron moving in the vector potential [Up(x)]. The latter
quantity is equal to the ponderomotive potential of the radiation
field and refers to the wiggle or quiver motion70 of the electron
in the oscillating field. In the length gauge, Kibble71 has shown
that the ponderomotive potential is given by the average kinetic
energy of the electron accelerated by the electromagnetic field,

Figure 5. Time-of-flight mass spectra for naphthalene (C10H12) excited
using 780 nm, 170 fs laser pulses as a function of laser intensity from
1 to 4 × 1013 W cm-2. The spectra are normalized and the relative
scalar for each spectrum is shown to the left of the respective trace.
The number in brackets represents the electric field strength in V Å-1.

Y ) σnI
n (2)

Figure 6. Plot of the logarithm of the total ion intensity in a given
naphthalene spectra as a function of the logarithm of the laser intensity
employed for ionization. A least-squares fit through the data points is
shown as the solid line. The slope of this line is 8.5. In the MPI model,
this is equivalent to the order of the ionization process and would signify
an ionization process requiring 12.9 eV.
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wherer is the position of the electron,E0 is the amplitude of
the plane waveE ) E0eiω0t andω0 is the angular frequency. To
understand the increase in ionization potential, we must consider
the time-dependent Hamiltonian as shown in eq 4. According
to this Hamiltonian, all states are raised in energy by theA2

term (which gives rise to the ponderomotive potential) of the
radiation field.72 The increase in ionization potential results from
the fact that the ground state is also decreased in energy by
nearly Up via the second-order expansion term of theA‚p
portion of the time-dependent Hamiltonian in the long wave-
length limit.70 Thus, because states near the ionization potential
have almost no downwardA‚p shift, the ionization potential is
observed to increase by a value approximately equal toUp. This
approximation applies only for deeply bound ground states
having no resonances lying within several electronvolts. In a
more classical sense, one can think of the increase in IP as
arising from induced polarizability of the ground state and states
near the ionization potential. Strongly bound electrons experi-
ence a shift in energy due to the ponderomotive potential as
given by73

wherehωIP/2π represents the ionization potential of the state.
For deeply bound ground states the field-induced polarization
is small, hence the shift is small. High-lying Rydberg states
are observed to shift upward in energy by a value of ap-
proximately Up,70 giving rise to the effective increase in
ionization potential. For the conditions employed in this
experiment, the increase in the ionization potential at maximum
intensity is on the order of one to two photons and this shift
may account for the increased order over that expected for the
field-free ionization potential. It should be pointed out that it is
not clear what orders are to be predicted from field ionization
mechanisms in the short pulse limit.

An alternative rationalization for the high order of the
ionization process would be the presence of above threshold
ionization during the excitation and emission process. Above
threshold ionization (ATI)2 involves the absorption of additional
photons over and above the lowest number required for
ionization. In this case, the expectedNth order dependence
(determined by IP/hν ) may increase becauseN + 1, N + 2, N
+ 3, ... processes contribute to the measured ion order. The
ATI phenomenon is clearly delineated by well-defined peaks
in the photoelectron spectrum separated byhν above those
expected from lowest order perturbation theory. Such processes
are commonly observed in high-intensity photoelectron experi-
ments.15,70As will be seen, there is evidence for ATI in benzene,
but in naphthalene and anthracene, there is little ATI current
present. It is important to note that both the shift in the ionization
potential and the presence of ATI arise from the strong field
interaction of an intense laser pulse with an atom or molecule.
Since this interaction can only be understood through the
deployment of approximate models, there is considerable room
for improvement in the understanding of intense laser phenom-
ena for molecular systems.

A comparison of the relative photoionization yields at
maximum laser intensity for a number of hydrocarbon molecules
investigated in this laboratory reveals that the ionization
probability increases exponentially as the ionization potential

decreases. The relative ionization probability is plotted as a
function of IP for benzene, toluene, ethylbenzene,n-propyl-
benzene, naphthalene, phenanthrene, and anthracene in Figure
7 as the open squares. Note that in this figure all of the ionization
probabilities are normalized to that observed for benzene. This
exponential increase must be due to more than the fact that the
ionization potential decreases across this series. A simple IP
dependence is assumed in an expression for ionization rate that
is based on Keldysh’s original derivation. Ammosov, Delone,
and Krainov (ADK)74 derived an expression for the ionization
frequency,w:

whereZ is the nuclear charge,l is an angular momentum term,
n* ) Z/(2IP)1/2, andF is the field strength of the laser. In ADK
theory, it is the ionization potential of the system and the field
strength of the radiation that exclusively govern the photoion-
ization rate (i.e., laser frequency is not accessible in this theory).
The relative ionization frequencies calculated using the ADK
method are shown by the solid line in Figure 7, assuming that
l ) 1 for each of the molecules investigated. The angular
momentum appears only in a scalar term. We assume thatl )
1 for all calculations so that all values are guaranteed to be
correct to within a factor of 3 for angular momentum values
varying from 0 to 4. Over this range of ionization potentials,
the structureless atom model predicts a weak dependence of
the ionization probability on the ionization potential. The
predictions of the ADK model rapidly diverge from the
experimentally measured relative ionization probabilities for
larger polyatomic molecules. A log-lin plot of the data reveals
that the difference between the ADK and measured values is
more than a constant factor; the slopes are markedly different.
We conclude from this comparison that if a field ionization
model is to be applied to fit the data obtained for the molecules
investigated here, a simple atomic model is probably not the
most appropriate model for the coupling mechanism. Thus, we
sought to introduce a model that would account for the effect
of the structure of a molecule on the ionization probability. It

Up ) 1
2
me〈r̆

2〉 )
e2E0

2

4meω0
2

(6)

∆E ) (ω0

ωIP
)2
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Figure 7. Plot of the relative ionization probability for excitation using
3.8× 1013 W cm-2 780 nm laser radiation as a function of the ionization
potential of the molecules anthracene, phenanthrene, naphthalene,
n-propylbenzene, ethylbenzene, toluene, and benzene (ordered from
lowest IP to highest). The solid line represents the ionization prob-
abilities calculated using the ADK theory for a structureless atom as
outlined in the text.
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should be noted that, in comparison to experimental values, both
ADK and the structure-based models converge at high values
of IP so that previous studies13,14 of molecules with relatively
high IP are found to be consistent with ADK theory.

III.3. Structure-Based Model for Near-IR Photoionization
of Molecules.To develop a more accurate picture of the intense
IR-molecule interaction, we have focused on incorporating ab
initio molecular electrostatic potentials into a quasistatic model.17,18

Molecular potentials are introduced to model the electronic
delocalization present in polyatomic molecules, and the quasi-
static picture is employed because time-dependent high-order
photoabsorption cross sections are impossible to calculate for
large systems at this time. For the case of atomic and diatomic
systems, the zero range model has proven a useful predictor of
the ionization mechanism.11-14 However, the delocalized nature
of electronic orbitals in polyatomic molecular systems will limit
the applicability of zero range models. For example, a simple
calculation of the Keldysh adiabaticity parameter for molecules
having an ionization potential on the order of 10 eV for our
laser conditions returns a value on the order of 4. This suggests
that MPI would be the dominant coupling mechanism regardless
of the markedly changing electronic structure. As we have
shown, the adiabaticity parameter can range from∼1 to 0 (zero
denoting barrier suppression ionization) for identical laser
conditions when molecular structure is incorporated.17 An
adiabaticity parameter less than one suggests that field ionization
would be the dominant coupling mechanism. As will be seen,
photoelectron measurements are consistent with a field ioniza-
tion mechanism for the molecules and laser conditions employed
in our investigations.

The structure-based model seeks to account for the fact that
polyatomic molecules have delocalized electronic orbitals that
are not well described by zero range or Coulomb potentials (see
Figure 8). To account for the extended structure of poly-
atomic molecules we determine a characteristic length for
interaction with the laser electric field. The optimal length
employed in the structure-based tunneling model is deriVed from
that one-dimension potential in the molecular waVe function
haVing the greatest distance between outer classical turning

points at the ionization potential of the neutral.To summarize
the structure-based model, we begin with an ab initio geometry
optimization of the neutral molecule. The neutral geometry is
then used to calculate the wave function of the singly charged
positive ion using frozen coordinates. To parallel the original
Keldysh derivation, we require a one-dimensional electrostatic
potential. There are an infinite number of possible one-
dimensional potentials in a polyatomic wave function, and each
may be unique. Our model seeks to employ the optimal one-
dimensional electrostatic potential, and this requires determi-
nation of an origin and orientation for an axis within the wave
function. In the structure-based model, the optimal potential
corresponds to the one-dimensional electrostatic potential having
maximum distance between classical turning points defined at
the neutral ionization potential. The optimal potential is
employed in a calculation of the structure-based modified
adiabaticity parameter,γ(ψ), and the determination of the
relative tunneling rate via the Wentzel-Kramers-Brillouin
(WKB) method.

To introduce the structure-based calculation ofγ(ψ) and the
relative tunneling probability, we begin with a consideration of
simpler calculations using the zero range and Coulomb poten-
tials. In the Keldysh treatment, a zero range potential, as shown
in Figure 8a, is employed to model the atomic potential during
interaction with the radiation. The zero range potential is a
δ-function having a state at the atomic ionization potential (IP).
The zero range potential perturbed by a strong external field
defines two classical turning points (an inner and an outer) for
electron motion. These turning points are denoted byx1 andx2

in Figure 8a. The length of the barrier between these turning
points is

wheree is the charge of an electron. The average kinetic energy
of an electron is equal to IP according to the virial theorem and
the average velocity of the electron is then

Figure 8. Various electrostatic potentials used for theoretical calculations: (a) the zero range potential which simply accounts for ionization
potential, the dotted line denotes the superposition of a static electric field giving rise to the classical turning points atx1 andx2; (b) the Coulomb
potential used for atomic calculations;(c) a diatomic potential where the ionization potential resides above the inner electrostatic barrier;(d) a
diatomic potential where the ionization potential resides below the inner electrostatic barrier. In each case, the dashed line represents the IP of the
system.

l ) IP
eE0

(9)
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whereme is the mass of an electron. From the average velocity,
one can determine the average time for an electron to cross a
barrier of lengthl. This is the tunneling time. The tunneling
frequency,ωt, is the inverse of the tunneling time and is given
by

The adiabaticity parameter,γ, is then defined as the ratio of
the laser frequency to the tunneling frequency via

whereω0 is the laser frequency andωt is the tunnel frequency.
If γ .1, there is insufficient time for tunneling to occur and
the MPI process dominates; ifγ ,1, tunnel ionization occurs.
For the case of the zero range potential, the values of IP,E0,
and the laser frequency completely determine the value of the
adiabaticity parameter and therefore the predicted ionization
mechanism.

A more realistic model is obtained upon incorporating a
Coulomb potential (Figure 8b) into the adiabaticity and tunnel
rate calculations. More sophisticated potentials require consid-
eration of both the origin and location of the one-dimensional
axis that determine the direction of the external electric field.
In the case of the Coulomb potential, the only logical choice
for the origin position is at the center of the potential. Choice
of axis orientation is also simplified in the case of the Coulomb
potential due to its one-dimensional nature. In the presence of
an external electric field, a barrier is again formed with well-
defined inner and outer turning points. These provide a length,
tunnel time, and tunnel frequency in parallel with the zero range
potential. The resulting tunnel frequency can again be employed
in eq 12 to determine a modified adiabaticity value.

A comparison of the Keldysh and Coulomb-based adiabaticity
values are shown for xenon and the molecules N2, benzene,
naphthalene, and anthracene in Figure 9 (as are the values for
the structure-based model to be detailed subsequently). As can
be seen there are several important distinctions between the zero
range and Coulomb derived adiabaticity parameters. The first
distinction is that the values for the Coulomb-based model are
always lower than those obtained by the zero range definition,
as has been shown previously.17 This results from the decreased
barrier length in the Coulomb model. The structureless zero
range potential has an inner barrier that is located at the origin
for all field strengths and for systems of any IP. The Coulomb
potential has an inner barrier which is located at some distance
from the origin. The distance from the origin increases as the
electric field strength is increased and this gives rise to a length
that approaches zero much more rapidly than in the zero range
model. The outer barrier decreases with increasing electric field
strength in either model. The distance from the origin to the
inner barrier also increases as ionization potential decreases at
constant field strength. Conversely, the outer barrier decreases
with decreasing ionization potential at constant field strength.
These correlated effects on the inner and outer barrier position
lead to a dramatic reduction in the barrier length (with respect
to the zero range model) for species with relatively low

ionization potentials (e10 eV). Since the tunneling frequency
in the definition of the adiabaticity parameter depends on the
barrier length, we conclude that the structure-based models can
have a dramatic effect upon the interpretation of field ionization
mechanisms. The second distinction is that, while the zero range
adiabaticity parameter has real values for all field strengths, the
modified adiabaticity parameter reaches a value of zero at the
classical barrier suppression ionization (BSI) field strength (FBSI)
and is undefined for all greater field strengths. Above the BSI
field strength, the molecule undergoes rapid ionization. Thus,
the tunneling formulas determined with the zero range potential
should be in ever increasing error as the field strength of the
excitation source approaches and exceedsFBSI. This is due not
only to the significant difference in barrier length as determined
by the two models but also to the substantial depression of the
barrier height not accounted for in the zero range model. In the
zero range model, the barrier height is equal to the ionization
potential at all field strengths. We conclude that an adiabaticity
parameter derived from a Coulomb potential is a more realistic
descriptor of the ionization mechanism than models based on
the zero range potential.

While an adiabaticity parameter calculated using a Coulomb
potential does address the issue of structure in the electrostatic
potential energy surface, the Coulomb potential does not
accurately model the delocalized potentials associated with
molecules, especially polyatomic species. We now consider the
cases of more realistic molecular potentials (parts c and d of
Figure 8) to describe the process of selecting origin location
and axis orientation for arbitrary molecular potentials. A
diatomic molecule is used to illustrate the application of the
model employing an ab initio molecular potential. The choice
of axes orientation for the diatomic case is determined by the
bond axis, not only because this is the axis of highest symmetry

〈V〉 ) (2IP
me
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Figure 9. Plot of the adiabaticity parameter as a function of electrostatic
potential (circles are zero range, squares are Coulomb, and triangles
are ab initio potentials) for(a) Xe, (b) N2, (c) benzene; (d) naphthalene,
and (e) anthracene.
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but because it is the axis which most exemplifies the molecular
character of the species: bonding and multiple charge centers.19

However, a complication exists for molecular systems that was
not present in the zero range and Coulomb derivations. As can
be seen in parts c and d of Figure 8, the highest lying electron
may or may not be free to move within the outer classical
turning points of the unperturbed molecular potential. For this
reason, the definition of the axis position for tunneling calcula-
tions must depend on the details of the molecular electrostatic
potential. In the case of the strongly bound diatom depicted in
Figure 8c, the origin would be located at the symmetry center
and the tunneling axis would lie along the diatomic bond.
Electrons are free to move between the outer classical turning
points of the unperturbed molecular system so that an externally
applied field can have a maximum effect on the developed
barrier. The weakly bound diatom shown in Figure 8d, however,
depicts a case in which a similarly placed tunneling axis would
not define a path of free electron motion between outer classical
turning points. In this case, when an external field is applied, it
cannot be assumed to have the full effect on the bound electron.
The weakly bound system might be expected to behave more
like two independent atoms having lower tunnel probability than
the strongly bound system.

The determination of axis orientation and origin position can
be extended to arbitrarily large molecules. As long as the
molecular symmetry is high, both the origin location and axis
orientation can be chosen with confidence. A simple calculation
of the molecular potential along the axis determines whether
the orientation has only two classical turning points in the bound
region of the potential, as in the case of Figure 8c, or if the
orientation has multiple turning points as in the case of Figure
8d. Determining the appropriate one-dimensional potential
involves searching through various orientations within the wave
function to find the greatest distance between classical turning
points.

The form of the potential used for an adiabaticity parameter
calculation, whether zero range, Coulombic, or structure-based,

has a significant impact on the predicted radiation-matter
coupling mechanism for large polyatomic molecules.17 Calcula-
tions of the structure-based adiabaticity parameters were carried
out for the Xe, N2, benzene, naphthalene, and anthracene as a
function of the electric field strength of the laser, and the results
are included in Figure 9. (The axes that determine the molecular
potentials are in the plane of the nuclei and are depicted for
benzene, naphthalene, and anthracene in the top panels of Figure
10.) Figure 9 reveals that the potential necessary for barrier
suppression ionization is reduced in the structure-based model
as compared to the Coulomb model. A direct comparison of
the zero range Keldysh adiabaticity parameter and the structure-
based adiabaticity parameter for benzene, naphthalene, and
anthracene at 0.75 V Å-1 is included in Table 1, along with the
pertinent physical characteristics of the molecules. The structure-
based adiabaticity parameters are considerably lower than the
zero range adiabaticity parameters17,18,75,76 because of the
previously detailed changes in the inner and outer turning point
distances. This implies that molecules actually enter the tun-
neling regime at significantly lower laser powers in comparison
to the zero range predictions. We note that the correction to the
intensity required for field ionization is a lowering on the order
of a factor of 10 or more for the molecules considered here.
Finally, the adiabaticity parameters calculated using the mo-
lecular wave function are all below the value of 1 for the actual
laser conditions employed in our laboratory, suggesting that the
coupling mechanisms are all in the field ionization limit. The

Figure 10. Schematics of the optimized geometries (from ab initio calculations) for (a) benzene, (b) naphthalene, and (c) anthracene. The dotted
lines drawn on the molecular structures denote the axis employed for the one-dimensional electrostatic potentials extracted from the molecular
wave function calculated using ab initio methods. Below each optimized geometry is plotted the optimal one-dimensional electrostatic potential
employed for the adiabaticity calculations. The dashed lines represent the respective ionization potentials for the molecules. Below this is plotted
the one-dimensional square-well approximation employed for the tunneling calculation of relative ionization probability. The depth of the rectangular
well corresponds to the ionization potential of the molecule, and the width is the distance between the classical turning points defined by the
ionization potential and the ab initio potential for each molecule. The electric field of the laser is superimposed to obtain the barrier to ionization.

TABLE 1: Measured and Calculated Properties for Cyclic
Aromatic Hydrocarbons

benzene naphthalene anthracene

molecules C6H6 C14H10 C14H10

ionization potential [eV] 9.386 8.575 8.045
γ [0.75 V Å-1] 3.33 3.18 3.08
γ(ψ) [0.75 V Å-1] 1.95 1.30 0.47
calculated tunnel ionization 1 28 195
probability, eq 12 [1.4 V Å-1] 1 28 195
integrated ion yield [1.7 V Å-1] 1 20 200
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zero range adiabaticity parameter suggests that MPI is operative
for these molecules.

One value of the structure-based field ionization model is
that a simple calculation of relative ionization probability can
be performed. We can test whether the structure-based model
is an accurate way to picture the excitation and ionization
process by direct comparison of the predicted ionization rates
with measurements of relative ion yields. Tunnel calculations
are performed using the WKB approximation.77 In this ap-
proximation, the tunneling rate,w, is given by

where

whereE is the ionization potential of the system,V(r) is the
perturbed electrostatic potential, andx1 andx2 are the classical
turning points determined by the ionization potential and the
field-perturbed potential energy surface, as shown in Figure 11.
For instance, the values ofx1 andx2 bound the shaded region
on the rectangular-well potential for each molecule as shown
in Figure 10. To determine the potential,V(r), we employ ab
initio potentials generated at the Hartree-Fock level using a
6-311g++ basis set.78 As an example of the influence of the
electronic structure on the tunneling rate, the barriers calculated
along a C-C bond axis in benzene and cyclohexane in an
electric field of 1.7 V Å-1 are shown in Figure 11. Since the
barrier resulting from the optimal one-dimensional potential for
benzene is also smaller than that for cyclohexane, we predict,
and indeed experimentally measure, a higher ionization prob-
ability for benzene in comparison with cyclohexane. The
potentialV(r) can also be approximated by a rectangular well.
In this approximation, the well has a width equal to the distance
between the outer turning points of the optimal one-dimensional
potential and a depth equivalent to the ionization potential.
Examples for benzene, naphthalene, and anthracene are shown
at the bottom of Figure 10. The relative tunnel rates calculated
using eq 14 are included in Table 2 along with the experimental

values. The experimentally measured ionization probabilities
exhibit a ratio of 1:20:200 for benzene, naphthalene, and
anthracene, respectively. These values are in reasonable agree-
ment with the predictions of the tunneling model, 1:28:195 for
benzene, naphthalene, and anthracene, respectively. Note that
the tunneling calculation must be performed at a field strength
that meets the requirements of the WKB approximation for all
three molecules, W0 > 1.77 Thus, all of the molecules must
remain in the tunnel ionization limit and the field strength must
be less thanFBSI. For the cyclic aromatic series, we employed
rectangular well approximation and a field strength of 1.4 V
Å-1.

The relative ionization probabilities for a number of other
molecules have been predicted using this model, and in general,
the agreement between the experimentally measured values and
the calculations is found to be good. Published results include
molecular series such as benzene, 1,3,5-hexatriene, cyclohexane,
and hexane;18 benzene, toluene, ethylbenzene, andn-propyl-
benzene;56 benzene, naphthalene, and anthracene;5,75and several
experiments being prepared for submission including acetylene,
ethylene, and ethane;79 1,2-, 1,3-, and 1,4-benzenediol;80 and
benzene, biphenyl, diphenylmethane, and diphenylethane.81 Two
of the molecules in this list,n-hexane andn-propylbenzene, do
not yield relative ionization probabilities which agree well with
the model. However, these molecules undergo considerable
dissociation under the experimental conditions, which is believed
to have a tangible effect on the ultimate observable ion signal.
Further experiments with shorter pulse duration lasers are
underway to more fully investigate the competition between
dissociation and ionization modes. The agreement between
theory and experiment for such a wide variety of molecules
lends credence to the hypothesis that the coupling mechanism
is field mediated rather than MPI for the molecules under
consideration here.

III.4. Photoelectron Spectroscopy. A stringent test of
whether the radiation-molecule coupling mechanism is field-
or MPI-mediated is found in the photoelectron kinetic energy
distribution. This is particularly true for molecules where
ionization occurs rapidly. In this case, the photoelectron
spectrum is a signature of the events occurring during excitation
and emission.15,16,72,75In the case of MPI in intense laser fields,
one typically observes ATI, with a limited number of features
displaying the periodicity of the photon energy are observed.
The spectra display this simple appearance because the Stark
shift of the intermediate states is exactly canceled by the
acceleration of the liberated electron in the ponderomotive
potential of the laser field. For sub-100 fs laser pulses, electrons
cannot accelerate to the ponderomotive potential and the spectra
can become quite complex. In the case of field ionization, a
broad distribution is observed because of the indeterminacy in
the precise time of tunneling in the laser cycle and the orientation
of the molecule with respect to the electric field axis. Mevel

Figure 11. One-dimensional electrostatic potentials for (a) cyclohexane
and (b) benzene along a C-C bond axis with the electric field (1.7 V
Å-1) superimposed.

rate) e-W0 (13)

W0 ) 2∫r1

r2(2[E - V(r)])1/2 dr (14)

TABLE 2: Measured and Calculated Relative Probabilities
for C6 Hydrocarbons

benzene
1,3,5-

hexatriene cyclohexanen-hexane

molecules C6H6 C6H8 C6H12 C6H14

ionization
potential [eV]

9.386 8.3 9.86 10.13

calculated tunnel
ionization

1 69 0.13 7

probability, eq 12
[1.2 V Å-1]

integrated ion
yield [1.7 V Å-1]

1 79 0.15 N/A
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and co-workers15 used photoelectron spectroscopy to observe a
transition from multiphoton to a field ionization in a series of
noble gas atoms ranging from Xe to He. The transition was
apparent in the fact that there were distinct MPI/ATI features
observed in the Xe spectrum and the ATI/MPI features gradually
disappeared as the ionization potential was increased through
the series of target gases including Kr, Ar, Ne, and He. In the
He photoelectron spectrum, no reproducible features were
observed other than a broad featureless distribution extending
to kinetic energies on the order of the ponderomotive potential
of the laser pulse.

A similar transition from the multiphoton to field ionization
regime has been observed by this laboratory in the series of
molecules benzene, naphthalene, and anthracene.75 The photo-
electron spectra for these molecules are shown in Figure 12
after excitation using 780 nm radiation of duration 170 fs and
intensity 3.8× 1013 W cm-2. The photoelectron spectrum for
benzene, Figure 12a, displays a series of multiphoton features
from 0.3 to 0.9 eV presumably due to ionization from the e1g

molecular orbital, and these features remain apparent to the
lowest laser intensities employed. Above threshold ionization
features separated by the photon energy, 1.59 eV, are observed
from 2.5 to 15 eV. At the highest laser intensity, there are up
to 8 ATI peaks. Also observable in the spectrum is a broad
electron distribution ranging from 0 to 15 eV. This distribution
is attributed to a field ionization mechanism. Deconvolution of
the spectrum reveals that the contributions of multiphoton and
field ionization represent 43% and 57% of the total electron
current, respectively. The photoelectron spectrum for naphtha-
lene taken at maximum laser intensity is shown in Figure 12b.
Above threshold ionization features are again observed and are
spaced by the photon energy with an integrated current at
maximum laser intensity corresponding to approximately 14%
of the total current. The photoelectron spectrum for anthracene,
Figure 12c, reveals that from threshold to maximum laser
intensity there are no discernible features other than the broad
distribution. The broad feature simply increases in intensity and
shifts to slightly higher kinetic energy (by 0.25 eV) as the laser

intensity is increased. No discrete peaks attributable to MPI or
ATI are observed at any intensity. The photoelectron distribution
extends to approximately 20 eV in the case of anthracene.

The structure-based adiabaticity calculations for benzene,
naphthalene, and anthracene, as described in section III.3 and
summarized in Table 1, reveal that benzene has the largest value
and anthracene the smallest. According to the definition of the
adiabaticity parameter, this suggests that benzene should display
the most MPI-like character and anthracene the least, in
agreement with our observations. To gain some insight as to
why benzene displays more MPI character and anthracene
displays tunnel character, we consider the simple rectangular
well model of the interaction of the electric field of the laser
with the molecule. The one-dimensional rectangular wells shown
in Figure 10 approximates the ab initio potential energy surface.
Recall that the box width is related to the longest distance
between classical turning points in the wave function and the
box height is given by the ionization potential. The rectangular
well has a 1 V/Å electric field superimposed to model the
quasistatic laser field. As can be seen, the width of the
rectangular well increases from benzene to naphthalene to
anthracene. Note that the electric field of the laser has a greater
influence on the barrier to tunneling as the width of the
rectangular well increases. This results in a anthracene having
the smallest barrier to tunnel ionization in comparison naph-
thalene and benzene. Thus, we predict that the probability for
tunneling should be markedly enhanced for anthracene in
comparison to benzene. This prediction is consistent with both
the photoelectron distributions and the relative intensities of the
photoelectron spectra displayed in Figure 12. Anthracene
displays the most tunneling character and benzene the least. Note
that, qualitatively, a photoelectron spectrum displaying a
featureless distribution extending above the laser’s pondero-
motive potential is a hallmark of the field ionization regime.15,16

The field strength for barrier suppression ionization can be
calculated using molecular potentials and compared with values
from the Coulomb potential. We calculate a value ofFBSI of
1.27 V Å-1 for the structure-based method vs a value of 1.53

Figure 12. Photoelectron spectra for (a) benzene, (b) naphthalene, and (c) anthracene, measured using 3.8× 1013 W cm-2 780 nm radiation. The
inset to panel a shows an expansion of the low-energy features for benzene. The scaling factor is shown asR, and the relative photoelectron
intensity emitted along the laser beam polarization axis is shown asΣ.
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V Å-1 for a Coulomb potential in the case of benzene, 0.98 V
Å-1 vs 1.28 V Å-1 for naphthalene, and 0.78 V Å-1 vs 1.12 V
Å-1 for anthracene. In the series benzene, naphthalene, and
anthracene, the field strength corresponding to the onset of
barrier suppression ionization calculated using the structure-
based potential is an increasingly smaller fraction of that
calculated using the Coulomb potential. This suggests that
molecules with delocalized electronic orbitals enter the field
ionization regime at much lower intensities than those predicted
using the zero range model. This is also in agreement with the
photoelectron measurements.

At this point, it might be worth noting that the two previously
accepted models (the zero range and the Coulomb) for atomic
potentials interacting with intense lasers lead to a logical
inconsistency when directly applied to large molecular systems.
At 1.7 V Å-1, the highest field strength employed in this study,
the Keldysh adiabaticity parameter predicts that a multiphoton
mechanism is responsible for benzene ionization, yet the
common expression forFBSI derived for Coulomb potentials
predicts that barrier suppression ionization occurs at all field
strengths above 1.53 V Å-1. This also suggests that more
accurate descriptions are required to model the interaction of
intense lasers with polyatomic molecules.

III.5. Intense Laser-Molecule Photodissociation Mecha-
nisms.There are two questions that are apparent from the mass
spectra presented thus far. The first concerns identification of
the mechanisms leading to dissociation of polyatomic molecules
in intense laser fields. Possible mechanisms contributing to
dissociation include ADI and AID and may involve field-
induced processes. The second question concerns the mechanism
by which some molecules survive intact in laser fields ap-
proaching 1014 W cm-2. The pulse duration of the laser is
certainly short enough to decrease the probability of a molecule
undergoing neutral dissociation before excitation above the
ionization potential. However, even if such ADI or ladder
switching mechanisms are suppressed, one expects the AID
mechanism to be active in these intense laser pulses. This is
because the photon density is sufficient to drive excitation of
the ion to higher lying states, some of which may be dissociative.
A calculation of the photon density reveals that the number of
photons per cubic wavelength is on the order of 3× 109 in the
170 fs pulse employed in these investigations. This is many
orders of magnitude greater than the photon densities found in
nanosecond pulses employed for two or three photon resonant
excitation, for instance. This fact suggests that multiphoton
excitation of the ion should be facile. Thus, one might expect
correspondingly higher dissociation yields with the higher laser
intensities available using femtosecond pulses, but this is not
observed. As another example of nonintuitive behavior in the
dissociation of molecules in intense laser fields, Willey et al.59

found a decreasein the measured dissociation yield upon
increasingthe intensity of a laser while maintaining the pulse
duration at 2 ps. This phenomenon was observed in the
photoionization of Cr(CO)6 over an intensity range 1012-1013

W cm-2. To begin to elucidate the photodissociation mecha-
nisms present during intense near-infrared excitation, we sum-
marize three experiments that have been performed in our
laboratory. The first involves measuring the dissociation prob-
ability for a series of alkyl-substituted benzenes. The second
involves an investigation of the dissociation probability for a
series of C6 hydrocarbons having a varying degree of saturation,
and the last involves measuring the dissociation yield for a series
of aromatic hydrocarbons.

The dissociation probability for a series of alkyl-substituted

benzene molecules was measured to understand the role of
increasing vibrational degrees of freedom on the ionization/
dissociation probability. We anticipated that, as the density of
states in the target molecule increased (by increasing the degrees
of freedom), the dissociation branching ratio would decrease.
As will be seen, this hypothesis was not consistent with the
experimental observations. Fluorescence measurements have
demonstrated that the rate of intramolecular vibrational energy
redistribution (IVR) increases considerably as the length of the
alkyl substituent is increased.82 Measurements of the intense
780 nm laser ionization/dissociation of C6H5X, where X) -H,
-CH3, -CH2CH3, -CH2CH2CH3,56 at 3.8× 1013 W cm-2 are
shown in Figure 13. The spectra revealed two trends as the
length of the substituent was increased. The first was an increase
in the dissociation yield with increasing number of atoms
contained in the molecule. The dissociation yield increased with
the number of atoms in the molecule approximately as (N -
12)2, whereN is the number of atoms and 12 represents the
number of atoms in benzene, displaying virtually no dissociation.
The dissociation trend suggests that the energy transfer to
nuclear degrees of freedom is enhanced in the larger molecules.
One mechanism for this would be an increase in energy
deposition into the molecule with increasing alkyl chain length.
Such a trend is predicted by the field-mediated coupling
mechanism because the distance between classical turning points
in the optimal one-dimensional potential increases from benzene
to n-propylbenzene. Note that in weak field excitation the
relative electronic transition moments are reasonably constant
in the first absorption band for these molecules (∼250l mol-1

cm-1). The second major observation from the study was that,
as the alkyl chain length increased from two to three carbon
units, the photoionization probability decreased precipitously.
This may be attributed to an increase in the channeling of
excitation energy into dark photodissociation modes. This may
also be due to the increasing degree ofσ-type bonding in the
series benzene, toluene, ethylbenzene, andn-propylbenzene, or
it may be due to exciting dissociative states in the larger
molecules. Further photoelectron measurements are necessary
to understand the trends observed as a function of the change
in the degree ofσ-bonding in a molecule.

An intriguing observation from the alkylbenzene study is the
fact that ion signal is generated at C3, C4, and C5 species for
ethylbenzene and at C4 and C5 species forn-propylbenzene.
These mass features imply that at least two aromatic bonds are

Figure 13. Time-of-flight mass spectra for (a) benzene, (b) toluene,
(c) ethylbenzene, and (d)n-propylbenzene ionized using 3.8× 1013 W
cm-2 780 nm radiation of duration 170 fs.
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being broken during or after the excitation and ionization step.
One possible explanation for the additional fragmentation in
the larger alkylbenzene species might simply be the increased
proportion of weaker C-C single bonds in these molecules.
Such bonding may increase the probability of pumping through
or to dissociative states during excitation. There is little doubt
that such a mechanism plays a role in the dissociation observed,
but this mechanism alone cannot explain the presence of the
fragments noted above for ethyl andn-propylbenzene. A
substantial amount of energy must be coupled into the very
stable aromatic ring to cleave a pair of double bonds to produce
the ions listed previously. We have proposed that a new
mechanism involving the production of energetic electrons
within the molecule may account for the observed dissociation.
In this mechanism, the dissociation yield is mediated by the
electronic polarization of the molecule as produced by the
electric field of the laser.18 This polarization increases with
increasing alkyl chain length. Energy stored in such electronic
polarization can be transferred to the nuclear modes both during
and after the laser pulse via field-induced curve crossings, field-
induced proton migration, and Coulomb repulsion between
positively charged nuclei in the center of the molecule. Further
support for a field-mediated dissociation mechanism was
obtained from measuring the photoionization/dissociation prob-
ability of a series of hydrocarbons where the bonding type
changes, but the number of carbon atoms in the molecule
remains constant as described next.

To investigate the influence of the type of chemical bonding
on the photodissociation yield, mass spectra for a series of C6Hx

(x ) 6-14) hydrocarbons were recorded as a function of laser
intensity using intense 780 nm excitation, 170 fs duration.18 The
series of molecules included benzene, 1,3,5-hexatriene, cyclo-
hexane, andn-hexane. The photoionization spectra measured
at 3.8× 1013 W cm-2 are shown in parts b, c, and d of Figure
14 for benzene, 1,3,5-hexatriene, and cyclohexane, respectively.
Note that, as the fraction ofσ-bonding in the molecule increases,
so does the yield of dissociated ions. For this series, as the laser
intensity is decreased, the photodissociation distribution shifts
toward the intact parent ion peak. No ion intensity was observed
for the moleculen-hexane at any laser intensity employed using
the 170 fs duration laser. The fact thatn-hexane is not observed

suggests that photodissociation channels in the linear alkane
dominate the photoexcitation process. This result is in accord
with the alkylbenzene investigation detailed previously in that
the ion yield was reduced when the alkyl chain length increased
to n-propylbenzene. Recently, a shorter duration (125 fs) laser
pulse was employed to enhance the ionization rate over the
presumably rapid dissociation rate and indeed substantial
dissociation/ionization was detected inn-hexane as shown in
Figure 14e. We conclude that the longer alkyl chains promote
efficient channeling of electronic energy into nuclear motion.
The distributions can be quantitatively analyzed using the ratio
of the integrated fragment ion intensity and the parent ion
intensity. For this series, we again observed a significant increase
in the photodissociation yield as the degree ofσ-bonding
increased. Also, there may be evidence for energetic dissociation
in 1,3,5-hexatriene because C1

+, C3
+, and C5

+ ion species are
observed. These species would not be expected if the mechanism
for dissociation was simply fragmentation of the weakerσ-bonds
in comparison to the stronger CdC double bonds. Electronic
structure calculations of the radical cation would provide
additional insight into this dissociation mechanism. Another
mechanism of dissociation would be absorption of additional
photons by the ion (AID). Analysis of the one-photon photo-
electron spectrum reveals that lowest order absorption cannot
account for the observed dissociation trends because there is
no 780 nm resonance. In other words, there is no feature in the
spectrum of either benzene or 1,3,5-hexatriene 1.59 eV above
the ground-state ion feature. There is a broad continuum in the
HeI photoelectron spectrum of cyclohexane extending 6 eV
above the ionization potential that may contribute to the
dissociation in this molecule.

Further evidence for a field-induced dissociation mechanism
can be found in a comparison of the kinetic energy distributions
of the dissociation products after ionization for molecules that
ionize through a field mechanism versus a multiphoton mech-
anism.18 For instance, in the mass spectrum shown in Figure
13c, the resolution of the mass spectrum degrades for the lighter
masses in the case of 1,3,5-hexatriene, a molecule that presum-
ably undergoes field ionization. Various features have been
analyzed in the mass spectrum of cyclohexane, a candidate for
MPI, and the resolution is constant and on the order of 200m/
∆m. For the molecule 1,3,5-hexatriene, the resolution degrades
from a maximum of 150 for the parent ion to 100 for the
intermediate fragments to approximately 40 for the H+ ions. A
similar distribution in resolution has been observed for other
molecules, naphthalene for example. The degradation in resolu-
tion suggests that some form of kinetic energy release is
occurring upon dissociation/ionization. The kinetic energy
distribution can be calculated by deconvoluting the H+ feature,
and we estimate that the total kinetic energy release is on the
order of 20 eV. Trushin and co-workers have observed a similar
kinetic energy distribution for the molecule 1,3,5-hexatriene and
attribute the phenomenon to Coulomb explosion.64 However,
in the measurements performed in our laboratory, there is little
evidence for the multiple charging necessary for the Coulomb
explosion mechanism. We attribute the kinetic energy release
observed in the mass spectra to a field-induced process. The
spread in kinetic energy is most likely not due to metastable
decay because of the presence of a splitting in the H+ peak that
is consistent with forward and backward scattered distributions
occurring in a well-defined region in space. The precise
mechanism of this field-induced dissociation/ionization is under
investigation at the present time.

We have investigated a series of robust cyclic aromatic

Figure 14. Time-of-flight mass spectra for (a) benzene ionized using
1011 W cm-2 532 nm radiation of duration 4 ns, (b) benzene, (c) 1,3,5-
hexatriene, and (d) cyclohexane ionized using 3.8× 1013 W cm-2 780
nm radiation of duration 170 fs. Panel e displays the mass spectrum
for n-hexane photoionized using a 125 fs laser pulse of similar energy
to that used in (a-d).
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hydrocarbons to attempt to separate the contributions of
σ-bonding and polarizability to the dissociation process. In the
series benzene, naphthalene, and anthracene, the polarizability
changes markedly and no additional C-C σ-bonding is intro-
duced across the series. The polarizability increases across this
series from 10.5 to 16.5 to 25.4 Å3. The mass spectra for
benzene, naphthalene, and anthracene at a moderate laser
intensity are shown in Figure 15. The polarization possible with
electric fields on the order of several V Å-1 is substantial and
increases with the number of rings in these aromatic hydrocar-
bons. The field-induced electronic polarization leads to massive
Stark shifting and field-induced curve crossings both in the
excited neutral and ionic states. It is important to note that each
of these molecules is relatively robust to nanosecond resonance-
enhanced multiphoton ionization in comparison to substituted
aromatics, for example. In fact, anthracene is commonly
employed for analytical REMPI of rather exotic samples,
extraterrestrial rocks, for instance.83 Upon exposure to the
intense radiation field, the photodissociation probability again
increases significantly for the series benzene, naphthalene, and
anthracene. For the molecule benzene, only minor dissociation/
ionization is observed at any laser intensity up to 4× 1013 W
cm-2. For the molecule naphthalene, an increasing degree of
dissociation/ionization is measured as shown in Figure 5. Until
highest laser intensity, the intact parent naphthalene peak is the
most intense feature in the spectrum. For the case of anthracene,
substantially enhanced dissociation/ionization is observed at all
laser intensities and the parent ion is not the dominant peak in
the mass spectrum until the lowest laser intensities are employed
(∼1 × 1013 W cm-2). This trend of increasing dissociation/
ionization is consistent with a model that incorporates the
electronic polarization during intense laser excitation. Again,
the increase in dissociation may also be consistent with a simple
increase in the rate of AID due to the increased density of states
in the ionic states of larger molecules. However, for these
molecules, such a trend is not obvious in corresponding
nanosecond experiments. Nor are there resonances in any of

the molecules in the ion states for one photon absorption from
the lowest energy ion state in the HeI photoelectron spectra. It
is also of note that considerably larger molecules, such as laser
vaporized Rh6G, can be ionized with limited accompanying
decomposition. This latter observation suggests that the dis-
sociation probability is not simply dependent on the degrees of
freedom, density of states, or size of the molecule.

Summary

An overview of the interaction of intense, near-infrared laser
pulses with polyatomic molecules has been presented. We
describe both ion and photoelectron spectroscopic data to shed
light on the coupling mechanisms between a polyatomic
molecule and radiation at intensities where the electric field of
the laser approaches the fields binding valence electrons to
nuclei. We demonstrated that, for a variety of molecules, some
fraction of the ion current is found as the intact molecular ion.
This suggests the possibility of a widely applicable, nonresonant
ionization method. We presented measurements of relative
ionization probabilities for well-defined series of molecules and
found that the ionization probability increases both with
decreasing ionization potential and increasing spatial extent or
“size” as defined by the distance between classical turning points
in the electronic potential energy surface.

The measurements of relative ionization probabilities were
rationalized using a structure-based tunnel ionization model.
Limitations in the application of zero range and Coulomb-based
field ionization models to polyatomic molecules were identified
and a detailed description of the structure-based model was
presented. In this model an optimal one-dimensional electrostatic
potential is employed for both adiabaticity parameter calcula-
tions and for determining relative tunneling rates. The optimal
potential is defined as that one-dimensional electrostatic potential
in the molecular wave function that has the greatest distance
between classical turning points at the ionization potential. The
predictions of the structure-based model were compared to the
measured relative ionization probabilities for several series of
molecules. Good agreement was found for all series as dis-
sociation channels dark to ion detection do not dominate the
interaction. The agreement between the model and experimental
measurements suggested that the field ionization is the dominant
mechanism under the conditions employed here.

The predictions of the structure-based model were further
tested by measuring the photoelectron spectra for benzene,
naphthalene, and anthracene. We observed that the mechanism
of coupling changed from a mixed multiphoton field to field
dominated as the spatial size of the molecule increased from
benzene to anthracene. This transition was accurately predicted
by the structure-based adiabaticity parameter, while the zero
range adiabaticity parameter predicted all molecules to remain
in the MPI regime.

The mechanisms of photodissociation in intense ultrafast laser
fields were also discussed. It was found that the number of
degrees of freedom, the degree ofσ-type bonding, and polar-
izability of the molecule correlated to increasing dissociation.
We have proposed that a photoionization/dissociation model
based on transfer of energy from electronic to nuclear modes
via a polarization mechanism may account for the qualitative
trends observed.
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