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Molecular dynamics in intense laser fields
By Jim F. McCann1† and Jan H. Posthumus2

1Physics Department, University of Durham, Durham DH1 3LE, UK
2J. J. Thomson Physical Laboratory, University of Reading, Whiteknights,

Reading RG6 6AF, UK

We discuss recent developments in the study of the interaction of intense lasers with
diatomic molecules. An overview of theory and experiment is given and particu-
lar attention is given to the energy spectra of ions resulting from photodissociative
ionization. The ionization process is studied in the multiphoton regime using Flo-
quet theory and compared with field-ionization results appropriate for the tunnelling
regime. A review is given of the evidence for the existence of critical distances between
the nuclei at which ionization rates are strongly enhanced. The field-ionization model
is found to reproduce the main features observed by experiments. The field-ionization
Coulomb explosion (FICE) model accurately reproduces the kinetic energy releases
and threshold intensities of the various fragmentation channels of the iodine dimer:
I2. With the three-dimensional FICE model, threshold intensities as a function of
angle between the molecular axis and the laser E-field are calculated. The angular
distributions obtained are in good agreement with measurements taken for distri-
butions of I2 fragments. The angular distributions of the H2 and N2 fragments, on
the other hand, are much more sharply peaked, indicating reorientation by the laser
field.

Keywords: multiphoton processes; Coulomb explosion; dissociative ionization;
molecular dynamics; intense lasers

1. Introduction

The crucial role of the photoelectric effect in the historical development of the quan-
tum theory is well documented. While rudimentary physics textbooks point out that
no photoelectrons are created if the quantum of light energy falls below the work
function/ionization potential of the target material, if the light source is intense
then a significant photoelectron yield can be obtained through multiple photoab-
sorption. In fact, at the highest intensities it is possible to ionize completely any
atoms or molecules in the path of such light. In this article, we discuss the physics
of the interaction of such highly intense lasers with simple homonuclear diatomic
molecules.

The primary influence of an intense laser is to subject the bound electrons to an
electromagnetic tug-of-war between the external and internal forces. At high intensi-
ties, by this we mean values for which the peak electric field of the laser is comparable
to the electrostatic internal fields, electrons can be readily stripped from their par-
ent molecules even in the absence of intermediate resonant states. Consequently, the
shielding and bonding effect of the electrons is lost and the molecule disintegrates.
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1310 J. F. McCann and J. H. Posthumus

For example, although ionization of the helium atom with a Ti:sapphire laser
(λ ≈ 780 nm) requires at least 16 photons, at an intensity of 1015 W cm−2, the ion-
ization probability nevertheless approaches 100% in ca. 100 fs (Walker et al . 1994).
Furthermore, there is a significant probability of double ionization, a process that
requires at least an extra 34 photons. It is no surprise then, that such strong and
fast interactions cannot be described by perturbation theory. A detailed discussion
of intense-laser interactions with the helium atom is described in an accompanying
paper (Taylor & Dundas, this issue). What may come as a surprise, however, is the
fact that many of the distinct intense-laser phenomena can be understood, qualita-
tively and quantitatively, in quite simple terms. Illustrative of this is the simpleman’s
model for above threshold ionization (ATI), where excess photons are absorbed on
top of the minimum amount required (van Linden van den Heuvel & Muller 1988).

Molecules not only ionize in intense laser fields, but dissociate as well. For low-
intensity light, photodissocation is the most likely fragmentation process. However,
as the light intensity increases then ionization becomes a significant process, and one
observes photodissociative ionization producing a large variety of ionic fragments
(Codling & Frasinski 1993). The partitioning of photon energy among the ionic
and electronic fragments is determined by factors such as pulse shape, bandwidth
and peak intensity. In addition to these variables, we have intensity and density
variations over the focal volume. The variations in these parameters give rise to a
wide variety of phenomena, some of which can be exploited in applications such as
high-order harmonic generation, isotope separation, and plasma heating. However,
this complexity can also lead to difficulties in the analysis of these effects. While this
subject is an active area of current investigation, it is fair to say that the detailed
explanation of these processes is far from being understood at this time. One aspect
of the problem that is reasonably well understood concerns the energy distributions
of ionic fragments. On the other hand, considerably less is known about the absolute
yields and relative populations of the ionic states, and the electron spectra have
yet to be studied with quite the same degree of precision. Moreover, the study of
polyatomics (Sanderson et al . 1998) and clusters (Shao et al . 1996) has produced
some startling results. Clearly, this is an ongoing and active area of current research
and much remains to be done.

The problem is inherently difficult, for experimentalists and theorists, owing to
the proliferation of many-body continuum channels. So far laboratory studies have
concentrated on simple diatomic systems through the observation of fragment ions
using techniques such as covariance mapping (Codling & Frasinski 1993). While
theory has been less well developed, nonetheless one can make some progress with
the interpretation of such data for systems as complex as SF6 (Sanderson et al .
1997) with simplified models which treat the ionization process as a sequence of
electron release processes, and neglect the multielectron interactions. It has become
clear recently that a semiempirical model based on such ideas, the field-ionization
Coulomb explosion (FICE) theory, can account for a great deal of the data observed
to date. We discuss this model in detail below.

2. Photoionization

The physical character of intense-laser ionization of molecules is loosely divided into
two types. Firstly, tunnelling ionization in which the laser acts as a strong quasi-
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Figure 1. Resonance-enhanced multiphoton ionization in H+
2 . Generalized cross-sections (σ6)

for six-photon ionization of H+
2 at equilibrium separation (R = 2a0). The graphs show the

non-perturbative behaviour of resonance positions and widths arising from strong molecule–field
coupling. Data for three intensities are presented as an illustration of this behaviour. The lowest
intensity corresponds to leading-order perturbation approximation: - - - -, 5 × 1012 W cm−2;
——–, 5× 1013 W cm−2.

static electric field that allows the electrons to escape from the parent atom by a
tunnelling (field-ionization) process. Secondly, multiphoton ionization in which the
electron acquires energy by climbing a ladder of electronic states to reach the con-
tinuum through multiphoton absorption. The classification is guided by the value
of the Keldysh parameter, γ, which is a measure of the ratio of tunnelling time to
the optical period, T (Keldysh 1965). Thus γ is proportional to the laser frequency
and inversely proportional to the laser field strength, so that γ � 1 corresponds to
tunnelling ionization produced by a low-frequency intense laser. The converse con-
ditions (γ � 1) correspond to multiphoton ionization in which an electron, though
inhibited from tunnelling out of the atom, can gain energy from the field through
the combination of the harmonic external force and the anharmonic internal force.
The electron thus gathers several quanta (or harmonics) of energy from the field and
is able to overcome the binding force.

Equivalently, γ is a measure of the relative size of the binding energy of the electron
(|E0|) to the kinetic (ponderomotive) energy of a free-electron in the laser field Up =
(F/2ω)2, where F is the amplitude of the electric field intensity due to the laser, and
ω is the angular frequency of the light, all quantities being expressed in atomic units.
Thus we have the definition: γ = (|E0|/2Up)1/2. The distinction between a tunnelling
and multiphoton process is useful from a conceptual and practical viewpoint. One can
use this criterion to help interpret the experimental data and to establish a suitable
method for calculations.

In the following sections, we will describe some commonly used methods for
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Figure 2. The resonance structure of the ionization rate as functions of bond length (R). The
wavelength and intensity are fixed at λ = 248 nm and I = 5×1012 W cm−2. Results for the two
lowest dressed states are shown; the avoided crossing occurs at R = 3.2a0: ——–, upper state;
- - - -, lower state.
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Figure 3. One-dimensional representation of the potential well for a valence electron inside a
diatomic molecule and subjected to an external electric field. In the field-ionization, Coulomb
explosion model the the central potential barrier impedes the adiabatic adjustment of the
molecule to the laser field.

describing dissociative ionization of molecules: (a) the Floquet method; (b) the quasi-
static field method; (c) the wave packet method; and (d) the field-ionization Coulomb
explosion model. Detailed quantum mechanical results for the hydrogen molecular
ion H+

2 are discussed and then compared with experimental findings. We focus on
very recent developments in this field, but for a very perceptive and comprehensive
review of theory and experiment for the interactions of intense light with molecular
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hydrogen, we refer the reader to the articles of Giusti-Suzor et al . (1995) and Codling
& Frasinski (1993).

(a) Floquet theory

If the laser pulse duration (TD) is sufficiently long, so that the electric field can
be represented as a monochromatic field with slow amplitude modulation, then, to
a good approximation, the external field represents a sinusoidal perturbation of the
system. For systems under the influence of time-dependent periodic potentials, the
Fourier decomposition of the wave function reduces the problem to the solution of
an infinite set of time-independent equations.

The Floquet method has been applied extensively in recent years to the interaction
of intense light with atoms and molecules. We will not attempt to describe the method
in detail, but simply outline some salient features and refer the reader to Potvliege
& Shakeshaft (1992) for an extensive discussion. For simplicity, let us assume a one-
electron diatomic molecule with fixed nuclei. Thus if V (r, t + T ) = V (r, t) then a
solution of the time-dependent Schrödinger equation,

[H(r,p) + V (r, t)]Ψ(r, t) = i~
∂

∂t
Ψ(r, t), (2.1)

is given by

Ψj(r, t) = e−iεjt/~
+∞∑

N=−∞
e−iNωtΦ(j,N ; r), (2.2)

with ω = 2π/T . This equation defines the quasi-energy εj , and the Floquet wave
function (or ‘dressed state’ function) Φ(j,N ; r). Clearly, the quasi-energy is indeter-
minate to within multiples of the fundamental frequency ω. Thus εj is equivalent,
in physical terms, to the sequence of harmonics: εj ± ~ω,±2~ω, . . . . In addition, as
the system is open to fragmentation, this quasi-energy is complex and its imaginary
part represents the decay rate of the bound states. In order to determine ionization
rates, we require the quasi-energy.

In practice, this harmonic expansion is truncated for numerical stability and to
accommodate the resources of the computer; thus Nmin 6 N 6 Nmax. As a result the
periodicity of the quasi-energy (εj , εj ± ~ω, . . . ) is disturbed. As one might expect,
the deviations are most pronounced at the upper and lower ends of the energy spec-
trum, where the effect of truncation is most noticeable. In practice, this periodicity
provides a very useful test of the convergence of the numerical results with respect
to the number of Floquet harmonics (Nmax + 1 −Nmin). Thus it is possible to test
the reliability of results for the quasi-energy by observing whether the eigenvalue
periodicity is well satisfied, and whether the results are sensitive to an increase in
the number of Floquet harmonics.

Making use of the Floquet ansatz (equation (2.2)) and taking the potential to have
the sinusoidal form,

V (r, t) = V−eiωt + V+e−iωt, (2.3)

the time-dependent Schrödinger equation is reduced to an infinite set of time-inde-
pendent differential equations coupling next-neighbour Fourier components:

(εj +N~ω −H)|Φ(j,N)〉 = V+|Φ(j,N − 1)〉+ V−|Φ(j,N + 1)〉. (2.4)
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Physically, the action of the operator V− corresponds to single-photon emission and
conversely, that of V+ corresponds to absorption. The molecule–field interaction oper-
ator V± can be expressed in the length or velocity gauges. There is no physical dis-
tinction between the use of either gauge for the calculation of the properties of a
system interacting with light. Indeed this equivalence provides an important method
for checking the accuracy of the results obtained. Finally, we represent the state kets
in terms of basis functions and apply physical boundary conditions corresponding to
outgoing photoelectrons (details are given in Plummer & McCann (1995a, b)). This
leads to a generalized eigenvalue problem which can be solved by standard methods
to yield the required quasi-energies.

Returning to our model system, consider a hydrogen molecular ion at equilib-
rium separation (R = 2a0). Furthermore, we will restrict our attention to parallel
transitions. This is equivalent to assuming the molecular axis is aligned along the
direction of linear polarization of the light. Figure 1 shows generalized cross-sections
for a range of frequencies for which a minimum of six photons are required to ionize
the molecule from the ground state. For a multiphoton process in which a minimum
of M photons are required to ionize the molecule, it is useful to define a generalized
cross-section in terms of the ionization rate and laser intensity:

σM = ~ωΓ/(IM ). (2.5)
For a low-intensity M -photon ionization process, leading-order perturbation theory
predicts the result Γ ∝ IM , in which case σM is independent of intensity. Thus,
variations of σM with intensity indicate non-perturbative behaviour as may be seen
in figure 1. The generalized cross-sections show a variation in the width and position
of the resonances. The displacements in energy are termed AC Stark shifts, and are
due to virtual absorption–re-emission processes. For example, the resonance located
at ω ≈ 0.186 au for an intensity of I = 5×1012 W cm−2 moves to ω ≈ 0.195 au as the
intensity is increased to 1014 W cm−2. This particular resonance may be identified
with an ionization channel going through a four-photon transition to a higher lying
electronic state (Baik et al . 1996). All other lines in figure 1 correspond to five-
photon resonance transitions. In the notation used to describe resonant enhanced
multiphoton ionization (REMPI) an M +N photon resonance denotes the fact that
M -photon absorption leads to a resonance and additional N photons to ionization.
Thus the peaks may all be identified as 4 + 2 and 5 + 1 REMPI resonances. The
asymmetric non-Lorentzian shapes of the five- and four-photon resonances in figure 1
are familiar from very early studies in atomic multiphoton ionization (Maquet et al .
1983). The modification of the resonance structure due to laser power is also seen in
terms of the broadening and merging of some peaks. These results are an illustration
of the sensitivity of ionization rate to the presence of resonances, and also the large
effects that strong laser power can have on the positions and widths of resonances.

Consider the molecular ion in vibrational motion induced by the light source. In
this case, a change in R implies a change in the electronic energy level structure.
Therefore, the REMPI structure will differ at each R. Thus for a fixed frequency
of light we will observe a sequence of resonance features as R changes. Instead of
scanning the laser frequency, as in figure 1, the molecular expansion scans the energy
spectrum. The determination of the ionization rate as a function of R is critical in
determining the resulting ion kinetic energies.

In particular, as the molecule dissociates, the binding energy of the electronic
orbital is reduced, and lower numbers of photons are required to ionize the molecule.
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This behaviour is illustrated in figure 2, which presents the resonance structure of
the ionization rate as functions of bond length (R). The wavelength and intensity
are fixed at λ = 248 nm and I = 5×1012 W cm−2. Results for the two lowest dressed
states are shown; the avoided crossing occurs at R = 3.2a0 and details are given
in Madsen & Plummer (1998). With reference to figure 2, for large bond lengths
(R > 5a0), where four photons are required to ionize the ground-state molecular ion,
the full curve in figure 2 is characterized by a series of well-separated resonances,
which may all be identified as 3 + 1 resonances, except the lower structure in the
double peak situated at R ≈ 6a0, which is a 2 + 2 resonance. The inner region
(R 6 5a0) is characterized by two Rydberg series, the first passing through the five-
photon ionization threshold just below R = 3a0 and the second passing through
the four-photon threshold at R ≈ 4.8a0. The resonances in the first Rydberg series
all arise from five-photon excitations, whereas the resonances in the latter originate
from four-photon transitions. In practical terms it is impossible to represent the full
(infinite) Rydberg series near threshold as one is limited by the type of basis function
and the size of the function set.

These data allow us to identify critical distances, values of R for which ionization is
strongly enhanced, for dissociative ionization. For example, a vibrating/dissociating
molecule will expand from equilibrium bond length passing through these resonances
in turn. Any large ionization peaks will then lead to ions having a Coulomb energy
appropriate to this bond length. Clearly, observation of the ejected ion energy spec-
trum will contain a signature of such a pattern. Although the sharp resonance struc-
ture will inevitably be broadened or suppressed by the motion of the nuclear wave
packet, there will be sensitivity to the mass (isotope) of the ejected nucleus.

(b) Quasi-static field ionization

If the laser frequency is much lower than the orbital frequency of the electron, the
laser interaction can be treated as a quasi-static external electric field. One can allow
for the sinusoidal oscillations by time-averaging this static field (Plummer & McCann
1996). This can be shown to reproduce qualitatively time-dependent wave packet
results (Plummer & McCann 1995a, b; Zuo & Bandrauk 1995). A representation of
the potential energy well for the electron in H+

2 and in the presence of an external
(DC) field aligned along the molecular axis illustrates this point (figure 3). Estimating
the ionization rate for this time-independent problem is straightforward.

A detailed calculation of the ionization of this state is presented in figure 4. It is
clear that there are resonance structures according to the bond length of the molec-
ular ion. These resonances can be qualitatively explained in terms of the potential
barrier heights (figure 3). This forms the basis of the classical FICE model that we
discuss later. The resonance features are evidence that, as in the case of multipho-
ton ionization, for a given field strength, certain bond lengths give rise to critical
distances at which ionization is strongly enhanced. A detailed study of these fea-
tures is given by Plummer & McCann (1997), but let us briefly summarize the main
conclusions. The absolute values of the ionization rates are highly sensitive to field
strength, for example doubling the field amplitude can increase the ionization rate
by two orders of magnitude. Thus ionization, if it occurs, takes place predominantly
at the peak intensities of the laser field cycle. Next, for increasing field strengths, the
critical distances contract and the inner peak increases in importance. Regarding the
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Figure 4. Static field ionization rate variation with internuclear distance. Data for the H+
2 ion

(upper electronic state), with field strength F = 0.04 au.

orientation of the molecular ion with respect to the field and for low laser intensities,
the ionization yields are much higher when the molecular axis is aligned with the
field. However, for very high field strengths the ionization rates are much less sen-
sitive to molecular orientation. We shall see that this is supported by experimental
evidence regarding the angular distribution of fragment ions.

(c) Short-pulse coherent photodissociative ionization

The use of ultrashort laser pulses to probe the time domain of dissociation pro-
cesses is a well-established technique. Since molecular vibrations and dissociation
occur on subpicosecond time-scales, the availability of pulses of the duration 10–
100 fs has made it possible to probe the photodissociative ionization process for
heavy molecules. Fragment atoms such as hydrogen and lithium, and their isotopes,
are more difficult to study in this way; because of their small mass, they dissoci-
ate very rapidly. A complementary technique is to extend the pump-probe method,
widely used as a probe in the reciprocal space (energy/frequency), to investigate
such systems. Very recently, these techniques have been combined in an experimen-
tal study of photodissociative ionization of H2 using coherent ultrashort laser pulses
(Thompson et al . 1997).

The coherence between two-colour ultrashort pulses can only be studied using
direct time-dependent (wave packet) methods. For simplicity, let us assume that the
lasers have a common axis of linear polarization, then the effective electric field of
the light will be of the form,

F (t) = F01(t) cos(ω1t) + F02(t) cos(ω2t+ φ), (2.6)

in which ω1,2 = 2πc/λ1,2 and the pulse envelopes are described by the factors:
F01,02(t). We denote the phase difference as φ. Let us consider the polarization of the
light to be along the molecular axis and that the pulse duration (TD) is short enough
to neglect rotational motion. It is possible to solve the Schrödinger equation for the
electronic motion (in three dimensions) and the nuclear motion (in one dimension)
without any difficulty. The method we adopt is based on a three-dimensional basis
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Figure 5. Proton spectrum for a 20 fs two-colour pulse: λ1 = 750 nm, λ2 = 375 nm; phase
difference, φ = 0. This spectrum shows the dissociative ionization peaks as well as a small
Coulomb explosion peak near 4 eV, in agreement with the quasi-static field model.

function expansion for the electron(s) combined with a discretization of the nuclear
vibrational wave function on a one-dimensional grid of points.

The coherence/interference effects will be strongest when the field strengths are
of comparable size. In figure 5 we show sample results for proton energy spectra
for a TD = 20 fs pulse with a peak intensity of I = 0.56 × 1014 W cm−2. The pulse
profile is given by (in atomic units) F01 = F02 = 0.04 sin2(πt/TD), and we take
φ = 0. Referring to figure 5, one can clearly see a sequence of proton energy peaks
corresponding to dissociative ionization channels. The peaks are assigned as follows,
in increasing energy:

(ω2, 2ω1) (ω2 + ω1, 3ω1) (2ω2, ω2 + 2ω1, 4ω1) (2ω2 + ω1, ω2 + 3ω1, 5ω1).

The broad peak around 4 eV corresponds to Coulomb explosion. This is in agreement
with the quasi-static field results of Plummer & McCann (1997), which predict a
value of Rc of 3.4 au for F = 0.08. The interest in such processes is that, by variation
of phase difference and relative field strengths, one can exercise a measure of coherent
control over the process.

Given the success of the quasi-static result, and the fact that it is rather simple to
program, it is convenient to use these data to compare with experiment. Thompson
et al . (1997) performed such a test, and the results of their simulations are shown
in figures 6 and 7. Figure 6 shows a log–log plot of total ion signals of the various
ion channels versus the laser intensity when H2 is subjected to pulses of 85 fs in
duration and at a wavelength of 375 nm. These results were simulated, assuming
that the processes of ionization, dissociation and Coulomb explosion are sequential,
by solving the coupled differential equations for the transition rates and including the
influence of the intensity distribution in the laser focus. The best fit to the data (solid
curves in figure 6) was obtained with population probabilities as shown in figure 7a.
The probabilities are given as a function of the local laser intensity in the focus. The
corresponding rates for the various transitions are shown in figure 7b. Although this
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Figure 6. Log–log plot of the ion signal versus laser intensity for H2 subjected to an 85 fs pulse
at λ = 375 nm. The smooth curves are based on theory simulations described in the text, the
symbols represent the experimental data.

modelling involved some significant simplifying assumptions, the agreement of the
(1,1) rates with theoretical values from Plummer & McCann (1996) is remarkably
good.

3. A classical approach to heavy diatomic molecules

(a) A simple model for field-ionization and Coulomb explosion

When diatomic molecules such as N2 and I2 are subjected to intense laser pulses,
fragment ions are observed with kinetic energies that are typically about half of
the values one would obtain from Coulomb explosion at the equilibrium internu-
clear distance of the neutral molecule (Codling & Frasinski 1993). It has become
clear recently that these characteristic kinetic energies can be associated with the
enhancement of the ionization probabilities at the critical internuclear separation,
Rc (Posthumus et al . 1995; Seideman et al . 1995; Zuo & Bandrauk 1995; Chelkowski
et al . 1995; Kulander et al . 1996; Posthumus et al . 1996a, b). When a molecule dis-
sociates through the influence of a laser, the central potential barrier, separating the
two ionic cores, obviously rises. At Rc, this barrier has risen to such an extent that
it inhibits the adiabatic adjustment of the molecule to the laser E-field (figure 3).
Thus the molecule makes diabatic transitions to excited states with the result that
the probability of field ionization is enhanced. A classical FICE model has been
developed (Posthumus et al . 1996a, b) in order to describe the dissociative ionization
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Figure 7. (a) Population probabilities that lead to the simulation shown in figure 6 at 375 nm.
(b) Simple power-law transition rates, which were adjusted to yield the curve fits of figure 6.
Also shown are the field ionization theory data from Plummer & McCann (1996).

process in simple terms. The FICE model allows us to calculate the minimum laser
intensities that are required for over-the-barrier ionization as a function of inter-
nuclear separation. For example, consider the following one-dimensional model of a
molecular ion. The double-well potential, U(x), in which the outer electron moves is
modelled by (Posthumus et al . 1996a)

U(x) = −
1
2Q

|x+ 1
2R|
−

1
2Q

|x− 1
2R|
− Ex, (3.1)

where Q = Q1 +Q2 is the sum of the ionic core charges, x is the axial coordinate of
the electron, R is the internuclear separation and E is the laser E-field (atomic units
are used throughout). The energy level, EL , of the outer electron in this symmetric,
double well is approximated by

EL = 1
2(−E1 −Q2/R) + 1

2(−E2 −Q1/R), (3.2)

where E1 and E2 are the known ionization potentials of the atomic ions. The complex
adiabatic excitation at Rc is modelled by a Stark shift that is only present when the
unperturbed level is below the central barrier; see figure 3. Even then one assumes
that the Stark shift only operates up to the point of delocalization, i.e. to the top of
the central barrier. The maximum excitation is therefore equal to

∆Emax = 1
2ER. (3.3)

Appearance intensities for fragmentation channels (Q1, Q2) are found from the
minimum E-field that lowers the outer potential barrier below the (raised) electron
energy level. In figure 8 we present such appearance intensities for I2 (full curves).
With the form of equation (3.1) we have assumed that the double potential wells
are symmetric. However, for large values of R, where the two ion cores are well
separated, this assumption is invalid for asymmetric channels such as (1, 2). This
channel must be as difficult to create as the (2, 2) channel, because both involve
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Figure 8. Appearance intensities for the various fragmentation channels of I2 (full curves). The
broken curve traces the evolution of R versus laser intensity for 150 fs pulses at an intensity of
2.5×1014 W cm−2. Note that all appearance intensities have a minimum close to R = 10a0, the
critical internuclear distance for iodine.

the appearance of an effectively free I2+ ion. The curves of the asymmetric channels
are therefore allowed to approach the curves of the next higher symmetric channels
between Rc and R = 15a0 (see figure 8). It is clear from figure 8 that the critical
internuclear separation, Rc, is virtually identical for all channels. This is because the
enhanced ionization process is so closely related to electron localization, which starts
at roughly the same separation for all channels (Posthumus et al . 1995).

(b) Classical trajectory calculations

Fragment kinetic energies can be estimated from the equation E = Q1Q2/Rc,
since ionization occurs mainly around Rc and the kinetic energy release is dominated
by Coulomb repulsion. More accurate results are obtained with classical trajectory
calculations. As an example, let us calculate such a trajectory for an I2 molecule
subjected to a laser pulse of duration 150 fs and peak intensity 2.5 × 1014 W cm−2.
The molecule is ionized and starts to dissociate slowly on the leading edge of the
pulse at an intensity of approximately 3× 1013 W cm−2 (Posthumus et al . 1996a, b).
While the laser intensity continues to rise, over-the-barrier ionization occurs each
time a next higher appearance intensity is reached. After each ionization process,
the kinetic energy of the fragments increases, due to additional Coulomb repulsion.
The broken curve in figure 8 traces the classical trajectory for a 150 fs pulse. The
ionization steps happen at each first crossing of the broken curve with the solid
curves. The figure shows further that the final ionization step occurs at Rc. This
trajectory results in two I4+ fragments with a total kinetic energy release of 58.8 eV.
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Table 1. Explosion fragment energies

(Experimental and theoretical kinetic energy releases, in electronvolts, for (Q1, Q2) channels of
I2 as a function of laser pulse width (FWHM) in femtoseconds. Experimental data compiled from
the measurements of (a) Posthumus et al . (1996b), (b) Normand (personal communication), (c)
Hatherly et al . (1990).)

experiment theory︷ ︸︸ ︷ ︷ ︸︸ ︷
channel Ea

55 Ea
100 Eb

150 Ec
200 Ec

400 E55 E100 E150 E200 E400

(1, 1) 4.9 4.8 4.6 3.7 2.9 5.3 5.3 5.3 5.1 3.9
(1, 2) 9.7 8.9 8.8 7.4 7.3 10.7 10.4 9.1 8.4 7.6
(2, 2) 17.6 16.5 15.6 13.5 12.1 20.9 19.6 15.9 15.4 14.1
(2, 3) 26.0 23.8 24 21 19.5 28.9 26.6 24.2 23.2 21.8
(3, 3) 39.0 35.5 34.8 29.8 16 40 37 34.8 33.9 32.1
(3, 4) 50.3 47.2 46.8 42.3 — 51 47.6 45.2 44.3 —
(4, 4) 60 56.8 16 65.7 61.2 58.8 57.7 35.9
(4, 5) 75.6 72.3 — 80.2 74.8 72.8 70.6 —
(5, 5) 94 88.5 17 97.7 91.9 88.2 74.3 40.1

An equally long pulse at the lower intensity of 8× 1013 W cm−2 leads to the (2,2)
channel with an energy release of 15.9 eV. The fate of a molecule depends on its
location in the laser focus. At the centre of the focus, molecules are subjected to
the highest laser intensities. The highest fragmentation channels therefore originate
from the centre of the focus. Lower channels are produced in the outer region of the
focus. Consequently, intense pulses of a specific peak intensity produce a whole range
of fragmentation channels. Table 1 lists experimental and theoretical kinetic energy
releases for various pulse lengths. We note that nearly all values agree to within 5%
or 10%. More importantly, the trend of a small decrease in energy with increasing
pulse duration is accurately reproduced. We further note that experiment and theory
agree on the absence of the (3,4) and (4,5) channels at 400 fs.

The largest discrepancies in table 1 occur for the (3,3), (4,4) and (5,5) channels at
400 fs. With such long pulses (relative to the vibrational period of the molecule), these
channels are produced by post-dissociative ionization (PDI), i.e. further ionization
of the fragments occurs far beyond Rc. PDI at large R hardly adds any Coulomb
energy to the fragments. PDI channels therefore have kinetic energies characteristic
of a lower, parent channel. We conclude from the data in table 1 that although
the model does not reproduce the exact parent channel, it nevertheless correctly
demonstrates the presence of PDI at 400 fs.

(c) Angle-dependent ionization of I2

From a theoretical point of view we have thus far assumed that the molecular
axis is aligned parallel to the laser E-field. This is a practical starting point for
calculations because enhanced ionization is most efficient for this orientation. Also, in
order to explain the kinetic energy released in the fragmentation process, it is of little
significance whether the natural selection of aligned molecules is enhanced by laser-
induced rotation. On the other hand, such dynamic alignment of molecules in intense
laser fields is of considerable interest, particularly in the context of coherent control
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Figure 9. Contour plot and three-dimensional mesh plot of the double potential well in an
external E-field at an angle of 45◦ with the molecular axis. For classical field-ionization the
electron must pass across the two saddle points.

(Charron et al . 1994). If we wish to study the importance of laser-induced alignment,
we must first estimate the purely geometric effect of the angular dependence of
ionization probabilities. To this end we calculate the threshold intensities for the
ionization of molecules for a range of angles between laser E-field and molecular axis
(Posthumus et al . 1998a). The potential, in the particular case of two ions of equal
charge and a homogeneous E-field at 45◦, is illustrated in figure 9.

The contours on the left-hand diagram clearly show the location of the saddle
points that the electron must traverse in order to escape from the molecule. The
‘mesh plot’ on the right gives a three-dimensional representation of the potential.
The height of the potential at the saddle points is numerically assessed and then
compared to the energy level of the outer electron. The energy level is computed
in the same way as in the one-dimensional model (Posthumus et al . 1996a). The
maximum Stark shift is now the dot product, 1

2E ·R. Again, the threshold intensity
follows from the minimum E-field required to lower the outer potential barrier below
the (raised) energy level. Figure 10 shows the threshold intensities for the escape of
an electron from the field of two I+ ions, as a function of ion separation and for a
series of angles between E and R. At all values of R the threshold intensity rises as
the angle increases. This angular dependence is seen to be strongest at Rc, where
the thresholds vary by as much as a factor of 5 for orthogonal polarizations.

In general, when a molecule breaks up, it is the laser intensity which pertains
when the ions reach Rc that determines the final charge state of the fragments. For
example, the threshold intensity for the I+ + I+ channel at 75◦ is 3× 1013 W cm−2,
but for molecules that are coincidentally aligned with the laser E-field it is only
1013 W cm−2. Thus if I2 molecules at 0◦ were subjected to pulses of 3×1013 W cm−2,
those at the centre of the focus, where the laser intensity is above the threshold of
1013 W cm−2, would reach the (1,1) channel. If, however, the molecules are at an
angle to the E-field, the threshold rises and the volume inevitably becomes smaller.
Molecules at an angle larger than 75◦ to the E-field cannot reach this channel, not
even if they sit at the centre of the focus.

If the molecules are initially randomly orientated and if no laser-induced rotation
of the molecular axis takes place, then one would expect that the fragment angu-
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Figure 10. Threshold intensities for the escape of an electron from the field of two I+ ions, as a
function of ion separation and for a series of angles between the laser E-field and the molecular
axis.

lar distributions depend critically upon the shell sizes as defined by the threshold
intensities. We have calculated the volumes of these shells as a function of angle and
show them in figure 11a for the (1,2) channel and for a number of laser intensities.
Recent experimental results (Posthumus et al . 1998a) for the angular distributions
of this channel are shown in figure 11b. Although the agreement with figure 11a is
by no means perfect, the theoretical and experimental widths (FWHM) are indeed
very similar. Furthermore, we note the correspondence in behaviour at 90◦. Without
dynamic alignment, fragments are bound to appear at 90◦ when the laser intensity
exceeds the threshold at this angle. Given the level of agreement, we conclude that
the anisotropy of the I2 fragments is chiefly due to the angular variation in ionization
probabilities rather than any dynamic alignment.

(d) Dynamic alignment of H2 and N2

Angular distributions of hydrogen and nitrogen fragment ions were also carefully
measured at a range of laser intensities (Posthumus et al . 1998a). These molecules
are lighter than I2 and therefore more susceptible to reorientation. Perhaps more
importantly, due to the higher ionization potentials, these molecules are more resis-
tant to field-ionization and Coulomb explosion and can therefore be subjected to
higher E-fields and torques before they dissociate. Figure 12 shows the widths of
the H+ + H+, the N+ + N+ and the I+ + I2+ angular distributions as a function
of laser intensity. Two earlier data points for H2 (Thompson et al . 1997) measured
at 750 nm are also included. Below the saturation intensity (where the ionization
probability approaches 100%, i.e. 3 × 1014 W cm−2 for H2), the widths of the H2
and N2 channels show a small but significant narrowing for higher laser intensities.
This is a clear sign of laser-induced dynamic alignment. Also, no matter how much
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Figure 11. (a) The relative volumes of the I+ + I2+ shell, as a function of the angle between
the polarization vector and the molecular axis for various laser intensities.

the laser intensity is raised, no fragments are detected at 90◦; instead, the angular
distributions remain very sharp. The I2 channel on the other hand has a strikingly
different behaviour; it follows quite closely the prediction of the classical model for
angle-dependent thresholds.

The modest, counter-intuitive broadening of the H+ + H+ angular distribution
above the saturation intensity can be ascribed to a pulse rise-time effect (Thompson
et al . 1997): at intensities above saturation, dynamic laser-induced alignment takes
place over a shorter interval on the steeper leading edge of the laser pulse. By studying
the angular distributions below saturation, this rise-time effect is overcome and the
expected sharpening is observed. Considering the data collected thus far, and the
results of the present and previous simulations (Thompson et al . 1997), we arrive at
the following scenario for the multiphoton dissociative ionization of H2 by intense,
50 fs, Ti:sapphire laser pulses. (1) The molecule starts to be efficiently ionized at
an intensity of about 1014 W cm−2. (2) The dissociation of H+

2 follows more or less
immediately thereafter (the dissociation threshold of H+

2 is in fact lower than the
ionization threshold of H2 (Thompson et al . 1997). (3) In 10 fs or so, the molecular
ion reaches Rc and is ionized to its final state: H++H+. (4) This final state is reached
with 100% probability for intensities exceeding 3 × 1014 W cm−2. (5) The H+ ions
are ejected in quite narrow cones around the direction of the laser E-field.
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Figure 11. (Cont.) (b) Angular distributions of the fragments of the I+ + I2+ channel at four
laser intensities. The close similarity with the curves in (a) indicates that the alignment of the
iodine fragments are due to a geometric rather than a dynamic effect.

(e) A spatial pump-probe experiment to test laser-induced alignment

A double-pulse experiment was performed recently (Posthumus et al . 1998a) to
confirm that within a certain focal volume all H2 molecules ionize and subsequently
fragment in the direction of the laser E-field. The experiment employs a Mach–
Zehnder-like optical arrangement (figure 13). The first 50 fs pulse to arrive at the
focus is linearly polarized with its E-field orthogonal to the drift tube axis of the
time-of-flight (TOF) analyser. The intensity is approximately 5× 1014 W cm−2. The
H+ fragments are ejected in the direction perpendicular to the drift tube axis and
therefore miss the microchannel plates detector. The second pulse arrives 1 ps later
(a very large range of delay times yields the same result). Its E-field is along the drift
tube axis. Furthermore, the second pulse is focused more sharply, the waist diameter
is halved, so as to improve the spatial resolution of this probe pulse. This is achieved
by means of a 1:2 beam expander in one of the arms. The energy in the probe pulse
is lower, in order to make the focused intensity of the probe about the same as that
of the pump.

If the pump and probe are not focused at the same spot, forward and backward
H+ fragment ions created by the probe pulse will be detected. If, on the other hand,
the foci spatially overlap, the earlier pump pulse should deplete the focal volume
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Figure 12. The angular widths of channels of different molecule species as a function of laser
intensity. The absence of reorientation of I2 is clear from the measure of agreement with the
model. N2 and H2, on the other hand, are forced into alignment. The narrowing with increase
in laser intensity provides further evidence of dynamic laser-induced alignment.

Figure 13. Schematic diagram of the optical arrangement for the pump-probe experiment. The
E-field of the pump beam is perpendicular to the drift tube axis; the probe’s E-field is parallel.
The inset shows a three-dimensional impression of the two foci as observed on the CCD camera.

of all H2 (and H+
2 ) molecules and thus the probe pulse should be unable to propel

H+ fragments to the detector. In the pump-probe experiment we therefore maintain
a constant time delay, but scan the pump beam sideways across the probe. This is
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Figure 14. (a) H2 TOF spectra as a function of the spatial separation of the pump and probe
foci. When the foci overlap, the fragments disappear completely. (b) Contour diagram of the
same data as in (a).

done by stepwise, electronic adjustment of a mirror (labelled M in figure 13). At each
step a TOF spectrum is recorded, averaged over 100 laser shots.

A typical result is shown in figure 14. For clarity, figure 14 shows the same data
in different representations. Before discussing the interesting behaviour of the frag-
ments, we first look at the H+

2 peak at the right of figure 14. These parent ions have
no significant kinetic energy and are collected efficiently, irrespective of the polariza-
tion of the pulse. We note, nevertheless, that for small separations of the foci, this
peak is somewhat lower. The reason is that the total focal volume (pump volume
plus probe volume), and therefore the total amount of irradiated molecules, is smaller
when the foci overlap.

The TOF spectra show five fragment peaks, two forward and two backward peaks
from the probe beam and one central peak from the pump beam. The central peak
consists of fragments that, although they are ejected perpendicular to the detector
axis, are still collected due to their very low kinetic energy (Hatherley et al . 1990). As
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expected, the forward and backward fragments produced by the probe beam virtu-
ally disappear when the beams overlap. When the same experiment is conducted on
I2, the TOF spectrum is hardly affected; the orthogonal pre-pulse has no significant
reorientation effect (Posthumus et al . 1998b). These results show that the first pulse
has indeed ionized and fragmented all H2 molecules and sent the fragments in the
orthogonal direction. The laser must therefore have aligned the molecules parallel to
the E-field, since they were originally randomly orientated. Of course, this experi-
ment does not show at what stage the dynamic alignment takes place, but with we
suspect that the dissociation and reorientation occur simultaneously.

4. Summary

We have reviewed the theory of multiphoton ionization of molecular ions. Detailed
results for H+

2 were presented for ionization in the multiphoton and tunnelling
regimes. We found the quasi-static field ionization model accounts quite success-
fully for the principal features of the process observed in experiments. Indeed this
approach, by virtue of its simplicity and ease of calculation, earns our recommenda-
tion even for processes in the region γ ∼ 1. The use of two-colour ultrashort pulses
was also reviewed. A classical approach, the FICE model describes the enhanced
ionization process at the critical internuclear distance, Rc, in simple terms. Fur-
thermore, it quite accurately reproduces the kinetic energy releases and threshold
intensities of the various fragmentation channels of I2. With the three-dimensional
FICE model, threshold intensities as a function of angle between the molecular axis
and the laser E-field are calculated. Since the thresholds are low for molecules par-
allel to the E-field, an angular distribution of fragments arises that is peaked along
the polarization axis. We find that the calculated angular distributions, involving
only the angle-dependent variation in thresholds, are very similar to the measured
angular distributions of the I2 fragments. Conversely, the lighter molecules (H2 and
N2) are reorientated by the laser field. The difference in behaviour of the H2 and I2
molecules is further highlighted by a new pump-probe experiment.
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support of this work. We also thank Dr Martin Plummer and Professor Keith Codling for very
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