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Attosecond pump-probe transition-state spectroscopy of laser-induced molecular dissociative
ionization: Adiabatic versus nonadiabatic dressed-state dynamics
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3Max Born Institute for Nonlinear Optics and Short Pulse Spectroscopy, Max-Born-Strasse 2A, 12489 Berlin, Germany

(Received 13 August 2013; published 15 November 2013)

We discuss how a recent pump-probe study [Kelkensberg et al., Phys. Rev. Lett. 103, 123005 (2009)] of the
dissociative ionization of H2, under the combined effect of a single extreme ultraviolet attosecond pulse and
an intense near-infrared pulse, actually represents a transition-state spectroscopy of the strong-field dissociation
step, i.e., of the (probe-pulse-)dressed H2

+ molecular ion. The way the dissociation dynamics is influenced by the
duration of the near-infrared probe pulse, and by the time delay between the two pulses, is discussed in terms of
adiabatic versus nonadiabatic preparation and transport of time-parametrized Floquet resonances associated with
the dissociating molecular ion. Under a long probe pulse, the field-free vibrational states of the initial wave packet
are transported, in a one-to-one manner, onto the Floquet resonances defined by the field intensity of the probe
pulse and propagated adiabatically under the pulse. As the probe pulse duration shortens, nonadiabatic transitions
between the Floquet resonances become important and manifest themselves in two respects: first, as a vibrational
shake-up effect occurring near the peak of the short pulse, and second, through strong interference patterns in the
fragment’s kinetic energy spectrum, viewed as a function of the time delay between the pump and the probe pulses.
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I. INTRODUCTION

The advent of femtosecond laser pulses in the 1990s
has been determinant for the development of transition-state
spectroscopy and femtosecond chemistry [1]. They were
basically used in pump-probe experiments [2,3], to map out,
in a time-resolved manner, nuclear dynamics in molecules
[4]. The production of attosecond pulses, one of the most
remarkable outcomes of research done on high-harmonic
generation (HHG) [5–7], now gives rise to new possibilities.
First, the faster electronic motion can obviously be probed
in a time-resolved manner [6,8]. Second, attosecond pulses
can serve as pump pulses in pump-probe interferometric
experiments, either to image electronic wave packets, as done
in Ref. [9], or to give an indirect probe of nuclear motions,
e.g., the laser-induced dissociation of a molecule, as found in
Refs. [10] and [11], and further studied in Ref. [12] with an
emphasis placed on the coherence between ionizations induced
by individual pulses of an attosecond pulse train.

An important concern in these experiments is the question
as to which extent the structure and dynamics of the molecules
under investigation are influenced by the presence of the
intense infrared (IR) laser field, the same that drives the
high-harmonic generation process [13] used in the production
of the attosecond XUV pulse or pulse train. Depending on the
laser field’s frequency and intensity regime, the dynamical and
structural changes that the field can cause within the molecule
are either of the type associated with the quasistatic picture
or that associated with the Floquet picture. The first type of
molecular restructuring, operative in the low-frequency (IR)
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regime, gives rise to the opportunity of controlling molecular
dissociation by directly synchronizing molecular wave packets
with a time-dependent potential energy barrier to dissociation
(the so-called dynamical dissociation quenching (DDQ) effect
[14]). For a higher frequency, in the near infrared (NIR) or
the visible spectral range, the dissociation dynamics transit
through laser-induced resonances defined and supported by
cycled-averaged dressed electronic states [15].

In the pump-probe experiment of Ref. [10], an ultrafast
XUV (pump) pulse triggers the ionization of a H2 molecule
during the exposure to a longer NIR (probe) pulse, which
would cause the dissociation, or the vibrational trapping, of the
resulting H2

+ molecular ion depending on the delay between
the two pulses. The results of the experiments, supported by
complete wave-packet simulations, are stunning and pertain
to the dissociation product kinetic energy release (KER)
spectrum, viewed as a function of the delay between the two
pulses. For a very short (7-fs FWHM) NIR probe pulse, the
beating pattern impressed upon the whole KER spectrum as
the delay between the pump and probe pulse is varied seems
to merely reflect the vibrational content of the nuclear wave
packet of the ion initially prepared by the XUV pump pulse.
It carries no information on the transient restructuring of the
H2

+ ion induced by the NIR field, i.e., the transition state of
the laser-induced dissociation process. This was taken as the
signature of a practically sudden dynamics of the laser-induced
dissociation that occurs every time a nonzero probability
amplitude is instantly found at the position of some “gate to
dissociation” opened up by the NIR field at its almost instant
onset. In contrast, a longer, 35-fs FWHM probe pulse leads to a
completely different type of delay-dependent KER spectrum,
reflecting a nontrivial dissociation dynamics that unfolds
through laser-induced resonances within the NIR pulse.

There are many aspects of the whole interpretation that
have not been addressed in Refs. [10] and [11]: How does one
attribute the various structures of the H+ KER spectrum to the
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different decay channels associated with laser-induced Floquet
resonances [16]? To which extent are these resonances, the
proper transition states of the laser-induced molecular dissoci-
ation process, identifiable with field-free vibrational states of
the molecular ion and when do they differ from these? What are
the signatures of the dynamical restructuring of the molecule
in these transition states? In other words, can one track in
detail, i.e., in a time-resolved manner, the resonance dynamics,
their populations, their mixings, their time-dependent shifts,
and broadenings? How does adiabaticity of the wave-packet
transports through laser-induced resonances manifest itself,
and how essential is nonadiabaticity to the imaging of the
initial wave packet? It is the particular question of adiabatic
vs nonadiabatic Floquet transition-state dynamics that will
mainly retain our attention in the present paper. After a brief
review of the concepts of Floquet resonance states and of
adiabatic Floquet representation, to be found in Sec. III, we
will illustrate, on the widespread two-state model of H2

+ [14]
(recalled in Sec. II along with relevant details of the compu-
tational methodology), how the dissociation of the molecular
ion, born by sudden ionization of a parent H2 molecule under
the action of the XUV pump pulse, can be unraveled in terms of
projections onto laser-induced resonances. This projection can
be gradual or sudden (adiabatic or nonadiabatic preparation of
the Floquet wave packet), depending on the delay between the
probe and the pump pulses, and in terms of the subsequent
evolutions of the resonances’ populations, which can also be
slow (adiabatic) or rapid (nonadiabatic), depending on the
duration of the NIR probe pulse.

To illustrate a situation in which adiabatic Floquet state
transport certainly occurs, in Sec. IV we will first consider
a long, 150-fs FWHM pulse at the carrier-wave frequency
corresponding to λ = 790 nm, for which well-resolved fea-
tures of the fragment’s KER spectrum can easily be attributed
to resonances that are adiabatically connected with field-free
vibrational states of H2

+. We show analytically and observe
numerically that such an adiabatic Floquet dynamics gives
rise to a KER spectrum that is independent of the pump-probe
delay τ , insofar as this is considered in the range where the
two pulses do not overlap each other. In contrast, whenever
nonadiabatic transitions between Floquet resonances occur
within the probe pulse, the KER spectrum, viewed as a
function of τ (always within the condition of nonoverlapping
pump-probe pulses), exhibits interference fringes that partially
reflect the coherence of the initial Franck-Condon vibrational
wave packet. It is as if this coherent wave packet sees the
NIR probe pulse as an open gate which merely serves to
bring the wave packet out to the asymptotic and dissociative
region, whereas, in fact, it encounters important nonadiabatic
transitions among the Floquet resonances onto which it may
project. These interference fringes were observed in the
experimental spectrum of Ref. [10] for the case of the 7-fs
probe pulse. Here we show that this signal of nonadiabaticity
is also present in the case of the 35-fs probe pulse, although it
is not detected experimentally.

When the pump overlaps the probe pulse at an appreciable
intensity, a vibrational shake-up effect is expected, as the
newly born ion’s state instantly projects onto high-intensity
Floquet resonances that differ strongly from the field-free
vibrational states. This vibrational shake-up effect will be

2 4 6
R (a.u.)

-10

-5

0

5

10

15

V
 (e

V
)

0 2 4 6 8
R (a.u.)

-3

-2

-1

0

)b()a(

v =0

VV

v =10

v =7
+

-

- +

-

|g,0>

|u,-1>

|g,0>

|u,n-1>

|u,n-3>

|u,n+3>

|u,n+1>

|g,n+2>

|g,n+4>

|g,n-2>

v =2-

FIG. 1. (Color online) (a) Dressed potential energy curves in four
Floquet blocks, in the diabatic (solid lines) and adiabatic (red dashed
lines in the central Floquet block and blue dotted lines in the other
Floquet blocks) representations. (b) Three shape resonance levels
(v− = 2,7,10) and a Feshbach resonance level (v+ = 0), shown on
the dressed adiabatic potential energy curves, in the neighborhood of
the one-photon avoided crossing of a single Floquet block.

illustrated explicitly, at the end of Sec. IV, in the case of
the 35-fs probe pulse, which gives a dynamical regime that
is intermediate between adiabatic and strongly nonadiabatic
Floquet resonance dynamics, represented by the cases of the
150-fs and the 7-fs FWHM probe pulses, respectively.

II. MODEL AND METHODOLOGY

The main results discussed in the present paper pertain
to the dissociation of H2

+ under the probe NIR pulse, after
its preparation in an initial nuclear wave packet by the XUV
attosecond pump pulse. The two-(electronic)-state model of
the molecular ion is described by the following Hamiltonian:

H (t) = TN +
(

V1(R) 0

0 V2(R)

)
− μ12(R)F(t)

(
0 1

1 0

)
,

(1)

with ab initio potentials V1(R), V2(R) associated respectively
to the ground, |1〉 = |2�g〉 = |1σg〉 = |g〉, and first excited,
|2〉 = |2�u〉 = |1σu〉 = |u〉, electronic states and transition
dipole moment μ12 between them taken from [17]. Figure 1
shows these potentials dressed by 400-nm NIR photons and
their deformations due to the field-induced couplings F0μ12/2
between these dressed potentials. Wave-packet propagations
are made in one dimension, along the radial coordinate R only,
neglecting molecular rotations that occur on a much longer
time scale. The nuclear kinetic energy TN in Eq. (1) is thus
purely radial. Also, since dissociation occurs mainly along the
direction of the field polarization, we have considered perfectly
aligned molecules in the simulations.

Calculations use a NIR pulse of the form

�F(t) = �εF0g(t − τ ) cos[ω(t − τ ) + θ ], (2)

where �ε is the linearly polarized laser polarization vector,
F0 is the field amplitude, ω = 2πc/(λ = 790 nm) is the
carrier-wave frequency, and θ is the carrier-envelope phase,
here fixed to θ = 0. The field amplitude F0 is given a value
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corresponding to a peak intensity I = 3 × 1013 W/cm2,(I ∝
F2

0 ). The envelope g(t − τ ) is a Gaussian function centered at
τ and is given by

g(t − τ ) = e−[2
√

ln 2(t−τ )/TFWHM]2
, (3)

with TFWHM the FWHM of the electric field pulse duration. We
will consider three values of TFWHM in the following, represent-
ing a long pulse TFWHM = 150 fs, a short pulse TFWHM = 35 fs,
and an ultrashort, few-cycle pulse TFWHM = 7 fs. To the
two probe pulse durations considered in the experiments of
Ref. [10] (the last two values of TFWHM), we have thus added
the case of a much longer pulse, representing the most adiabatic
situation and better approaching the continuous wave (cw)
limit so as to allow a clear, nonambiguous assignment of lines
in the calculated fragment kinetic energy spectra.

In these calculations, we launch the wave-packet propa-
gation procedure at a time t = 0, corresponding to the onset
of ionization of the parent molecule by the XUV attosecond
(as) pulse, so that τ represents the delay between the pump
and the probe pulses. The initial state is then taken to be
a Franck-Condon (FC) wave packet, i.e., it is the ground
vibrational state of H2, χ

H2
0 (R), promoted vertically onto the

ground manifold [potential V1(R) above] of the molecular
ion. The wave-packet propagation is then done by solving
the time-dependent Schrödinger equation (TDSE):

ih̄
∂

∂t

(
χ1(R,t)

χ2(R,t)

)

=
{

TN +
(

V1(R) 0

0 V2(R)

)
− μ12(R)F(t)

(
0 1

1 0

)}

×
(

χ1(R,t)

χ2(R,t)

)
. (4)

The functions χj (R,t), j = 1,2, are the nuclear amplitudes
associated with the two electronic states of the molecule, i.e.,

|�(R,t)〉 = χ1(R,t)|1〉 + χ2(R,t)|2〉. (5)

The TDSE (4) is solved numerically, using a stroboscopic
representation of the time-evolution operator

U (t,0) = U (t = tn,tn−1)U (tn−1,tn−2)U (tn−2,tn−3)....U (t1,t0),

with the propagator U (tn,tn−1) over a short-time slice [tn−1,tn],
computed by a procedure that has been thoroughly documented
in previous works [16]. For the inner part of the nuclear
wave functions, χj (R,t), j = 1,2, defined over the region of
the potentials where Hellmann-Feynman forces are nonzero,
numerical propagation on a grid uses the standard third-order
split-operator algorithm [18], while for the outer part of the
wave functions, defined over the asymptotic region of the
potential energy curves, where these curves level off each
to a constant value, an analytical propagation can be made
since the transition dipole moment behaves as a linear function
of R. This analytical propagation is done by projecting the
asymptotic nuclear wave functions on Volkov-type states
[19,20]. From the accumulated asymptotic part of the wave
packet expressed in momentum space, the relative kinetic
energy of dissociation on each of the two field-free channels

|g〉 and |u〉 is calculated through

Sg(u)(E,tf ) = sg(u)(k = +
√

2ME,tf ), (6)

where

sg(u)(k,tf ) = ∣∣〈k∣∣χA
g(u)(tf )

〉∣∣2
(7)

is the momentum content of χA
g(u), the asymptotic nuclear wave

packet of channel g (or u), at the final time tf . |k〉 denotes the
plane wave 〈R|k〉 ∝ eikR of wave vector k, M is the reduced
mass of the molecular ion, and E is the kinetic energy. The total
relative kinetic energy spectrum S(E,tf ) is the sum of Sg(E,tf )
and Su(E,tf ). The final time tf depends on the duration of the
NIR pulse (TFWHM) and on the pump-probe delay τ . We will
focus on the way Sg(E) and Su(E) vary with τ and discuss
this dependence in terms of Floquet resonances and dynamical
regimes. Relevant concepts and relations derived from Floquet
theory are reviewed in the next section. Note that no calculation
is done directly in the Floquet representation, which is used
for interpretation only.

III. LASER-INDUCED (FLOQUET) RESONANCES

A. Floquet theory: A short review

If the Hamiltonian H (t + T ) = H (t) is time periodic,
which would be the case if g(t) in Eq. (2) is a constant
representing a cw field for which T = 2π/ω, then the Floquet
theorem [21–23] states that the TDSE [Eq. (4)] admits
particular solutions of the form

|�E (R,t)〉 = e−iE t/h̄|
E (R,t)〉 (8a)

or, equivalently,(
χ1(R,t)

χ2(R,t)

)
= e−iE t/h̄

(
φ

(E)
1 (R,t)

φ
(E)
2 (R,t)

)
, (8b)

with φ
(E)
j (R,t),(j = 1,2) (the two components of |
E (R,t)〉)

time-periodic functions. These Floquet states |
E (R,t)〉 are
eigenfunctions of the so-called Floquet Hamiltonian,

K =
[
H (t) − ih̄

∂

∂t

]
, (9)

with associated eigenvalue E called the quasienergy of the
Floquet state:

K|
E (R,t)〉 = E |
E (R,t)〉. (10)

Note that the Floquet Hamiltonian is defined in an extended
space, the direct product of the usual molecular Hilbert space
(H) and the space L2 of periodic functions of t ∈ [0,T ]
[24–26]. We note that since they are time periodic, the
functions φ

(E)
j (R,t) can be Fourier expanded as

φ
(E)
j (R,t) =

+∞∑
n=−∞

einωtψ
(E)
j,n(R), (11)

so that one gets from Eq. (10) an infinite set of coupled, time-
independent equations for the nuclear wave-function Floquet
components ψ

(E)
j,n(R) [whenever possible, the superscript ( )(E)
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will be dropped from now on]:

[TN + V1(R) + nh̄ω]ψ1,n(R)

− 1
2F0μ12(R)[ψ2,n−1(R) + ψ2,n+1(R)] = Eψ1,n(R),

(12)
[TN + V2(R) + nh̄ω]ψ2,n(R)

− 1
2F0μ21(R)[ψ1,n−1(R) + ψ1,n+1(R)] = Eψ2,n(R).

The structure of these equations is such as to define a parity
selection rule: Once a parity of the Fourier indices (“number of
photons”) n associated with the state |1〉 is chosen, the nuclear
amplitudes ψ1,n supported by this state, dressed by “n photons”
(i.e., V1(R) + nh̄ω), are coupled only to the amplitudes ψ2,n′

supported by the state |2〉 with a number n′ of opposite parity.

B. Dressed molecule diabatic and adiabatic pictures

In the limit F0 → 0, Eqs. (12) become decoupled and
define the diabatic Floquet representation, and ψj,n(R) is the
amplitude (wave function) of the n-photon dressed (diabatic)
j th channel in the Floquet |
E (R,t)〉 eigenstate. The field
interaction F0μ12(R) couples the diabatic n-photon-dressed
j th channel amplitudes ψj,n(R) together. An illustration of
the photon-dressed diabatic potentials (solid black lines) is
given in Fig. 1(a), showing explicitly four Floquet blocks
defined by the dressing of the molecule by a λ = 400 nm
field [27]. The reference (central) block therein corresponds
to a single-photon absorption described by the crossing of
two potentials curves: V1(R) and V2(R) − h̄ω. The other
blocks correspond to multiphoton processes (−2 and −3 for
two- and three-photon absorptions; +1 and +2 for one- and
two-photon emissions). Diagonalizing the potential part of
the full Floquet Hamiltonian matrix defined by Eq. (12), i.e.,
including the diabatic-channel couplings [F0μ12(R)], one gets
an equivalent picture, called the adiabatic Floquet scheme,
with channel crossings in the diabatic representation becoming
avoided crossings where adiabatic amplitudes ψ

(adia)
j,n (R) are

now coupled together by sharply localized field-induced
(spatial) nonadiabatic couplings. This (R-) adiabatic frame,
characterized by avoided curve crossings [16,28], is repre-
sented in Fig. 1(a) by the dashed red lines in the central
block and by dotted blue lines in the other Floquet blocks
(neglecting third-order couplings). The adiabatic potential
energy curves in Fig. 1 are obtained by diagonalization of
a truncated Floquet Hamiltonian matrix. Four blocks are
retained in constructing panel (a) to highlight pathways of
the main multiphoton processes discussed hereafter. Dominant
single-photon processes could approximatively be described
by the diagonalization of a truncated Hamiltonian limited to
the single central block as represented in panel (b).

C. Laser-induced resonances

In the presence of the laser, the field-free bound vibrational
levels of the electronic state |1〉, labeled by v, become multi-
channel Floquet resonances which are obtained by imposing
the so-called Siegert outgoing boundary conditions [29] to the
solution of Eqs. (12):

lim
R→∞

ψj,n(R) ∝ e+ikjnR, (13)

which leads to discretized complex eigenenergies labeled by
ṽ such that

Eṽ = Re[Eṽ] − i�ṽ/2, (�ṽ > 0), (14)

with kṽ
jn ≡ Re[kṽ

jn] − i Im[kṽ
jn] = √

2M[Eṽ − εj − nh̄ω],
Re[kṽ

jn] and Im[kṽ
jn] > 0, and εj = limR→∞ Vj (R). These

Floquet resonances can be said to belong to one of the two
following categories, depending on the adiabatic potential
they are associated with [27,30,31]. The resonances supported
by the lower adiabatic potential V−(R) in the Floquet block
shown in Fig. 1(b) are of shape type, whereas those belonging
to the upper adiabatic potential V+(R) are of Feshbach type.
The shape resonances, labeled by v−, of complex energies
Re[Ev− ] − i�v−/2 are either (i) long-lived tunnel resonances
(the lowest-energy ones), which are well protected against
dissociation by the field-induced potential barrier created at
the one-photon crossing, or (ii) short-lived above-the-barrier
resonances. The stronger the field, the lower the potential
barrier will be, leading to shorter lifetimes and more
efficient dissociation through these resonances. This is the
bond-softening (BS) mechanism [16]. Three typical examples
of shape resonances are illustrated in Fig. 1(b): one long-lived,
the v− = 2 level, at low energies; and two short-lived, the
v− = 7 level, at relatively low energies above the potential
barrier; and one at higher energies, the v− = 10 level. The
Feshbach resonances, labeled by v+ with corresponding
energies Re[Ev+ ] − i�v+/2, are in principle long lived. Their
behavior with respect to the field strength is opposite to that
of the shape resonances: the stronger the field, the lower
will the residual nonadiabatic couplings be, resulting in a
stabilization of the molecule. The effect of these resonances
on the dissociation dynamics is thus opposite to the BS
mechanism. The mechanism involving these resonances is
called vibrational trapping (VT) or bond-hardening (BH) [16].
The position of v+ = 0 is given as an example in Fig. 1(b),
again for the dressing of the molecular ion by a photon of
wavelength λ = 400 nm.

D. Floquet representation: cw field

The solutions of the Floquet eigenvalue equation possess a
periodicity property which results from the time periodicity
of the Hamiltonian H (t) [24,31]: If Eγ is a quasienergy,
i.e., an eigenvalue of the Floquet Hamiltonian K associ-
ated with an eigenstate |
Eγ

(R,t)〉 = e−iEγ t/h̄{φ(Eγ )
1 (R,t)|1〉 +

φ
(Eγ )
2 (R,t)|2〉}, then Eγ,κ = Eγ + κh̄ω, κ ∈ Z, is also an

eigenvalue, i.e., it also belongs to the Floquet energy spectrum.
The eigenvector associated with this eigenvalue is obtained by
multiplying |
Eγ

(R,t)〉 with eiκωt , defining an equivalence
relationship between Floquet states. The indices n labeling
the Fourier components ψ

(Eγ )
j,n (R) are shifted accordingly by

−κ , i.e., ψ
(Eγ ,κ)
j,n (R) = ψ

(Eγ )
j,n−κ (R). As a consequence, Floquet

quasienergies are defined modulo an integer multiple of h̄ω,
and a Floquet state, and its energy are identified by two indices:
The index γ identifies the state’s equivalence class and the
index κ defines the Brillouin zone to which the state belongs. In
the present problem, γ is generally a continuous index labeling
continuum half-scattering states. Within this continuum, a
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countable number of resonance states (of complex energies
Eṽ) are found, and will be labeled rather by a discrete index ṽ.

The Floquet states |
Eγ ,κ (R,t)〉, resonances, and pure
continuum states, taken altogether (all Brillouin zones), form
a complete basis in the extended Hilbert space H ⊗ L2.
We are rather interested in the state evolved, in the phys-
ical, molecular Hilbert space H, from some initial state
|�0(R,t0)〉 = χ0,1(R)|1〉 + χ0,2(R)|2〉 prepared at some time
t0 [24,32]. This expression, of the time-dependent wave packet
evolving from |�0(R,t0)〉, reads [note the simplified notations
φ

(γ )
j (R,t) ↔ φ

(Eγ ,κ=0)
j (R,t)]:

U (t,t0)|�0(R)〉
=

∫
γ

∑
Z

(γ )
�0

∣∣
Eγ ,κ=0(R,t)
〉

=
∫

γ

∑
Z

(γ )
�0

e−iEγ (t−t0)/h̄
{
φ

(γ )
1 (R,t)|1〉 + φ

(γ )
2 (R,t)|2〉}, (15)

where

Z
(γ )
�0

=
+∞∑

κ=−∞
eiκωt0

[〈
ψ

(Eγ )
1,κ

∣∣χ0,1
〉 + 〈

ψ
(Eγ )
2,κ

∣∣χ0,2
〉]
, (16)

defined at t0, represents the projection of the initial state (with
the two nuclear amplitudes χ0,1(2) associated with the two
electronic states |1〉 and |2〉) onto the Floquet states of the
class identified by γ , in all the Brillouin zones.

The sum integral in Eq. (15) implies a sum over all the
resonances and an integral over the rest of the continuum. It is
desirable to concentrate on the contributions of the resonances
alone, which can be expressed by the action of an appropriate
projection operator Q on the time-dependent wave packet, so
that

QU (t,t0)|�0(R)〉
=

∑
ṽ

Z
(ṽ)
�0

e−iEṽ (t−t0)/h̄{φ(ṽ)
1 (R,t)|1〉 + φ

(ṽ)
2 (R,t)|2〉}. (17)

E. Adiabatic Floquet representation

Rigorously, the above Floquet representation is valid only
when the field is periodic (cw field). In reality, we have
a time-dependent amplitude F0(t) [F0(t) = F0g(t − τ ) in
Eq. (2)] that modulates the field oscillations at the frequency ω.
If the amplitude modulation is slow, the Floquet ansatz can
still be applied to the TDSE within some time interval
[t − �t,t + �t], �t � 2π/ω around a given time t . If the
variations of the pulse envelope over 2�t can be neglected
but still ensure that some oscillations of the high-frequency
carrier wave do occur during that time interval, then the laser
field F(t) can be considered of constant amplitude therein,
i.e., it can be written F(t) = F0 cos ωt with F0 := F0(t).
The eigenstates, |
(t)

Eṽ ,κ
(R,t)〉, of the instantaneous Floquet

Hamiltonian K {t}(t) = H {t}(t) − ih̄ ∂
∂t

associated with this
local periodic field defines a basis for the expansion of the
actual wave packet of the system as it evolves during this
time interval from some initial condition. Imagine now that
the laser pulse duration is divided up into Nt time slices
of width �tn centered on tn, n = 0,1,2,....Nt . If the actual
time evolution across the full pulse width is essentially the

transport of a single Floquet resonance state or a group of
quasidegenerate Floquet states from one time slice to another,
then the dynamics is said (time-) adiabatic. This definition
represents the extension, to Floquet states, of the concept
of adiabatic transport of eigenstates of the time-dependent
Hamiltonian as expressed by the celebrated adiabatic theorem
[33,34]. Its precise formulation within Floquet theory has
been given in different forms by many authors [24,35–37]. In
this case, assuming that all Floquet levels are nondegenerate,
Eq. (17) becomes, in the limit �tn → 0, ∀n,

QU (t,t0)|�0(R)〉
=

∑
ṽ

Z
(ṽ)
�0

e
−i/h̄

∫ t

t0
dt ′Eṽ (t ′){

φ
(ṽ)
1 (R,t)|1〉 + φ

(ṽ)
2 (R,t)|2〉},

(18)

where Z
(ṽ)
�0

is as given in Eq. (16), but with the Floquet states’

Fourier components ψ
(Eṽ )
j,n′ defined by the instant field amplitude

at t = t . This expression is to be modified to describe the trans-
port of a group of degenerate Floquet states, incorporating,
among other things, possible non-Abelian geometrical phase
effects [34,35,38]. To bring out the contrast between adiabatic
and nonadiabatic dynamics, it is sufficient to refer to Eq. (18)
as representing a pure adiabatic case.

In the adiabatic situation, not only do properties of the
resonances vary smoothly in time, as the slowly varying
field envelope modulates the adiabatic energy barrier height
and width and the energy gap at the main (one-photon)
avoided crossing of the dressed potentials, but resonances (or
degenerate groups of these) are also transported smoothly,
in a one-to-one manner, from one time slice to another.
Thus, discarding some extreme cases involving so-called
exceptional points corresponding to specific laser parame-
ters inducing resonance coalescence [39,40], if the field-
molecule interaction is switched on smoothly, then an initial
eigenstate of the field-free molecule, say a vibrational state
χv(R) supported by the electronic ground state |1〉, will be
transported adiabatically onto a single resonance and will
remain in this resonance (whose properties change slowly
with time) at all subsequent times until the end of the
pulse. This means |�v,κ=0,(R,t0)〉 = χv(R)|1〉, Ev,κ=0(t0) =
εv, ψ

(v)
1,n = χv(R)δn,0, ψ

(v)
2,n = 0, and Zṽ

�0
= δṽ,v , and

Eq. (18) reduces to

QU (t,t0)[χv(R)|1〉]
= e

−i/h̄
∫ t

t0
dt ′Ev (t ′){

φ
(v)
1 (R,t)|1〉 + φ

(v)
2 (R,t)|2〉}. (19)

We will also encounter situations where the field-molecule
interaction is switched on suddenly at a time within the pulse
width when a noticeable field intensity is already attained,
defining resonance states that already differ markedly from
field-free molecular eigenstates. Although the preparation of
the molecule in an instantaneous Floquet wave packet is
sudden in this case, subsequent evolution of each component of
this wave packet, i.e., of Floquet resonances, may be adiabatic
within the remaining part of the laser pulse. Equation (18)
then applies as such, without the reduction of the sum on its
right-hand side to a single term, as shown in Eq. (19), even if
|�0(R,t0)〉 = χv(R)|1〉.
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It is useful to infer from Eqs. (17), (18), and (19) the
corresponding expressions of the amplitude of probability
for producing fragments at a given relative kinetic energy.
Each resonance (Floquet) state in the central Brillouin zone
(identified by ṽ) will give rise to an amplitude of probability
f

(j )
ṽ (E) for finding the system dissociated on channel |1〉 or

|2〉 with a relative energy E, typically of the form

f
(j )
ṽ (E) =

∑
n

a
(ṽ)
jnLζ

(ṽ)
jn

[E − (Re[Eṽ] − εj − nh̄ω)], (20a)

Lw being the Lorentzian (centered at Re[Eṽ] + εj + nh̄ω),

Lw(x) = 2π
w

x2 + w2
,

with w its partial width as obtained from the asymptotic ampli-
tudes of resonance wave-function components associated with
the dressed channel (j,n) [41]. The partial widths are actually
proportional to the branching ratios of these channels and,
in the case of nonoverlapping neighboring resonances, their
sum is nothing but �ṽ . The relative weight in the amplitude
f

(j )
ṽ (E) of the Lorentzian is given by a

(ṽ)
jn , proportional to the

corresponding branching ratio. A wave packet represented by
Eq. (18) will then lead to a KE distribution that is the absolute
square of the following complex amplitude:

f (j )(E) =
∑

ṽ

Z
(ṽ)
�0

e−i/h̄
∫ tf
t0

dt ′Eṽ (t ′)f
(j )
ṽ (E), (20b)

tf being a time marking the end of the NIR pulse.

IV. RESULTS AND DISCUSSION

A. Long NIR pulse: Adiabatic Floquet dynamics

Figure 2 shows, for the case TFWHM = 150 fs, the fragment
relative kinetic energy spectrum for four values of the delay τ

between the XUV pump pulse and the long NIR probe pulse.
This pulse is shown explicitly in panel (a). Its position defines
the zero of the delay scale shown on the abscissa. The position
of the XUV pulse τ is thus measured with respect to the center
of the NIR pulse. In conformity with the convention adopted
in Ref. [10], this τ scale is defined such that τ > τ0 > 0 for
a pump (XUV) pulse preceding the probe (NIR) pulse. We
have defined, on the delay scale, a point denoted τ0 marking
the effective onset of the NIR pulse so that any value of
τ preceding this point can be considered, for all practical
purposes, a situation where the NIR field is off. Note that since
this pulse is represented by a symmetric Gaussian envelope
function in the present calculations, this point can only
be estimated here (for example, τ0 � 200 fs for the case of
the TFWHM = 150 fs pulse) and the NIR pulse effective full
width is �2τ0. It is important to distinguish this delay scale
from the scale of the wave packet propagation time t , which
is defined such that the XUV pulse comes (and creates the
molecular ion) at t = 0, while the NIR pulse is centered at
t = +τ . The molecule encounters this NIR pulse at t = t0. We
now look at the details of the spectrum for different ranges of
the XUV-NIR delay τ .

1. Pump pulse preceding probe pulse

In this case the molecular ion, prepared in a FC wave packet
by the pump pulse, experiences the whole NIR pulse and
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FIG. 2. (Color online) Fragment relative kinetic energy spectrum
for four values of the delay τ between the XUV pump pulse and the
TFWHM = 150 fs NIR probe pulse (λ = 790 nm, I = 3 × 1013 W/cm2),
shown explicitly in panel (a), which also defines the delay (τ ) scale.
In panel (b), τ = +561 fs; in panel (c), τ = +61 fs; in panel (d), τ =
0 fs, and in panel (e), τ = −122 fs. In all panels, the spectrum traced
out in red is associated with dissociation on the channel |u,n − 1〉, and
the one traced in black is for dissociation on the channel |g,n − 2〉.

vibrational states v are adiabatically transported onto Floquet
resonances defined by the instantaneous field intensity of the
NIR pulse, i.e., one has here both adiabatic branching of
resonances and adiabatic evolution of resonance once created.
The time t0 in Eq. (18) corresponds to the onset of the NIR
pulse (τ0, on the delay scale defined above), i.e., t0 = τ − τ0,
and

Z
(ṽ)
�0

=
∑

v

cFC
v e−i/h̄εv(τ−τ0)δv,ṽ (21)

(cFC
v = 〈χH2

0 |χv〉), in this case, so that Eq. (20b) becomes
(tf = τ + τ0, the end of the NIR pulse)

f (j )(E) =
∑

v

cFC
v e

−i/h̄[εv (τ−τ0)+∫ τ+τ0
τ−τ0

dt ′Ev (t ′)]
f (j )

v (E), (22)

with j = g, u, and the KE spectrum is of the form

Sj (E) = |f (j )(E)|2

=
∑

v

∑
v′

(
cFC
v

)∗(
cFC
v′

)
× e

−i/h̄{(εv′−εv )(τ−τ0)+∫ τ+τ0
τ−τ0

dt ′[Ev′ (t ′)−Ev (t ′)]}

× [
f

(j )
v′

]∗
(E)f (j )

v (E), (23)

which shows that the KE spectrum exhibits a strong nontrivial
dependance on the XUV-NIR delay τ , with characteristic
periodic interference fringes arising from the phase factor
e−i/h̄[(εv′−εv )(τ−τ0)] in Eq. (23) only if some amplitudes f

(j )
v (E)

overlap each other.
Panel (b) of Fig. 2 shows the KE spectrum obtained

at τ = +561 fs. The lower-energy vibrational states of the
molecular ion are transported onto resonances supported by
the lower adiabatic potential and give rise to dissociation (from
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FIG. 3. (Color online) (a) Fragment relative kinetic energy spectrum viewed as a function of the delay τ between the XUV pump and the
TFWHM = 150 fs NIR (λ = 790 nm) probe pulse. Panel (b) illustrates the principle used for the assignment of the KE spectrum’s features to
laser-induced resonances connected to field-free v states, as shown in panel (c) for the spectrum taken at τ = +561 fs.

each of these resonances) by absorption of one or two photons
following the BS mechanism. The positions of the peaks in
the KER spectrum reflect those of corresponding resonances
supported by the well of the |g,n〉 potential energy curve, with
respect to the asymptote of the |u〉 channel dressed by n − 1
photons. We have been able to make a detailed assignment
of the peaks in terms of the field-free vibrational energy
levels v, giving due allowance to Stark shift and broadening
of these as they denote resonances in the presence of the
field. This assignment is shown in Fig. 3(c). The resonances
associated with the states v � 5 give rise to dissociation on
the |u,n − 1〉 channel, and the peaks of the fragments’ kinetic
energy spectrum associated with this channel (traced in red
lines) are sufficiently well resolved to allow, for most of them,
a one-to-one assignment of the peak to a v state. The shape
resonances corresponding to v = 7,8 lead to above-the-barrier
dissociation and have a large integrated width. They give rise to
the broad KE bands at 0.18 and 0.3 eV, respectively. In contrast,
the resonances adiabatically connected to the v = 9,10,11
states are more of the Feshbach type and have an important
VT component. As a consequence, the bands they give rise to
are narrow and well resolved. The KE bands associated with
these resonances are nonoverlapping, and this implies that
their positions and widths do not vary with the delay τ when
this is reduced from τ = 561 fs to τ = τ0, as can be inferred
from Eq. (23), with [f (j )

v′ ]∗(E)f (j )
v (E) = |f (j )

v (E)|2δv′v . This
invariance is clearly seen in panel (a) of Fig. 3, which shows

how the various lines in the KE spectrum vary in amplitude
with the delay τ for τ ∈ [−300 fs,+561 fs].

Higher-energy resonances associated with v > 12 are
strongly of the Feshbach type, and the stronger VT effect
prevailing in this range of energy is clearly observed in panel
(c) of Fig. 3. Since populations trapped in these resonances
supported basically by the upper adiabatic potential created
at the one-photon avoided crossing [cf. Fig. 1(b)] cannot
contribute to the fragment KE spectrum, the bands expected
in the spectrum at these high energies, correlating with v =
12,13,14 on the |u,n − 1〉 channel, are quenched (as compared
to the bands associated with v = 10,11, for example). Note that
these bands do overlap each other to some extent. According
to Eq. (23), these overlaps should give rise to interferences
between these individual v-state signals in this range of energy.
Close examination of the τ variations of these higher-energy
bands associated with the |u,n − 1〉 channel does confirm this.
These variations are not seen in panel (a) of Fig. 3, as they are
masked by the strong continuous bands depicting the variations
of the intense peaks [shown by the black line in panel (c)]
corresponding to the above-threshold dissociation (ATD) on
the |g,n − 2〉 channel, after a net absorption of two photons
from v = 3,4 states.

In the range 0–0.1 eV of the KE spectrum of panel (c), a
series of apparently well-resolved fine peaks is found. They
arise from the interaction between overlapping resonances,
in particular, those correlated to v = 5 and v = 6, both
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Stark-shifted downward (“pushed downward” by the opening
barrier at the one-photon avoided crossing), the shift being
normally stronger for v = 6 than for v = 5. This difference in
the shifts, together with the fact that the width associated with
v = 6 is much broader than that of v = 5, gives rise to a typical
resonance overlapping situation. The fine structure of this low-
energy band indeed varies periodically with τ , as expected for
overlapping KE bands associated with overlapping resonances,
giving rise to the interference pattern observed in this energy
range in the KE spectrum of panel (a) of Fig. 3.

2. Overlapping pump and probe pulses

In all such situations (characterized by τ0 > τ > −τ0),
the FC wave packet (the initial state) is instantly, i.e.,
nonadiabatically, projected onto Floquet resonances (shape
and Feshbach) of H2

+, t0 corresponds to τ , and

Z
(ṽ)
�0

=
∑

v

cFC
v Z(ṽ)

χv
. (24)

As a consequence, the proton KE spectrum on channel j = g

or u, given by (here again, tf = τ + τ0 but t0 = τ )

Sj (E) =
∑

ṽ

∑
ṽ′

[
Z

(ṽ)
�0

]∗
Z

(ṽ′)
�0

e−i/h̄
∫ τ+τ0
τ

dt ′[Eṽ′ (t ′)−Eṽ (t ′)]

× [
f

(j )
v′

]∗
(E)f (j )

v (E), (25)

does not exhibit XUV-NIR delay-dependent interferences
between overlapping resonance amplitudes. This is because
the phase integral∫ τ+τ0

τ

dt ′[Eṽ′ (t ′) − Eṽ(t ′)]

=
∫ τ0

0
dθ [Eṽ′(θ ) − Eṽ(θ )], (θ = t ′ − τ ) (26)

depends on the width of the NIR pulse (i.e., the total width
≈2τ0) and not on the XUV-NIR delay. The proton KE
spectrum does depend on the XUV-NIR delay τ , however,
but continuously, through the quantities Z

(ṽ)
�0

defined at τ .
This dependence is shown in panel (a) of Fig. 3 and can be
understood by analyzing the extent to which the laser-induced
resonances differ from the field-free v states and how their
positions and widths vary across the IR pulse.

With a delay 0 fs < τ = 61 fs < τ0 [Fig. 2(c)], the XUV
pump pulse precedes the maximum of the NIR pulse envelope.
This means that the molecular system does experience a part
of the pulse rise to the peak intensity. The shape resonances
already come with non-negligible widths defined by the
intensity of the NIR probe at this time. The closer τ is
to zero, the more these resonance states will differ from
the field-free vibrational states of the molecular ion and the
projections of these v states comprised in the initial FC wave
packet onto resonances amount to a shake-up process: the
initial FC state becomes an initial resonance wave packet.
Once placed in this superposition of resonance states, the
system sees the remaining part of the intensity profile of the
NIR pulse, which, being relatively slow, ensures an adiabatic
evolution of the resonances under this pulse. During the rise
of the NIR envelope, the ion experiences increasing field
amplitude in time and sees a lowering of the lower adiabatic

potential barrier and a widening of the potential energy gap
at the one-photon avoided crossing. All the resonances onto
which the v > 8 field-free vibrational states project are now
above-the-barrier shape resonances. The width � of these
shape resonances, already important at the time of birth of
the resonance wave packet, further increases, and the more so
the higher-lying the resonances are with respect to the potential
energy barrier at the one-photon crossing. The broadening and
the overlap of these resonances are sufficient to wash out the
structures previously found in the higher-energy wing of the
KER spectrum associated with the |u,n − 1〉 channel, giving
the unresolved band as seen in Fig. 2(c).

On the |g,n − 2〉 channel, we observe essentially the same
well-resolved peaks as found in the case of an adiabatic
resonance branching, showing that the dissociation dynamics
of the v = 2,3,4 components via the two-photon channels is
not much affected by the movements of the dissociation barrier
defined by the one-photon avoided crossing.

The situation is not much different for τ � 0 fs [Figs. 2(d)
and 2(e)], corresponding to preparing the molecular ion at or
after the center of the NIR pulse envelope, where the peak
intensity is attained and the potential energy barrier (at the
one-photon crossing) is lowest. Once again, the shake-up–type
projection of the initial FC wave packet on the high-intensity
resonances is sudden (strongly nonadiabatic), but subsequent
resonance transport is adiabatic. As the potential barrier
is rising afterwards, less time is offered for dissociation
through low-energy shape resonances and one observes a
decrease, even an extinction for τ < 0 fs, of the amplitudes
of low-kinetic-energy peaks in the spectrum associated with
the |u,n − 1〉 channel. The same holds true for peaks corre-
sponding to dissociation on the |g,n − 2〉 channel. The global
effect of all the above effects is to produce a shift of the center
of gravity of the distribution towards higher kinetic energies
when τ decreases past zero.

B. Short and ultrashort probe pulses: Nonadiabatic dynamics

1. Short NIRS probe pulse

The case of the shorter probe pulse, TFWHM = 35 fs,
is illustrated in Fig. 4 (organized in the same manner as
Fig. 2) and Fig. 5, which shows the continuous variation
of the KE spectrum as a function of the delay τ . Here, the
evolution of the Floquet resonances under the NIR probe is
expected to be less adiabatic than in the previous case of the
TFWHM = 150 fs pulse. Nonadiabatic transitions are expected
to occur in the vicinity of the peak of the pulse, where the slope
toward the peak intensity is steepest. For τ > τ0 ≈ 50 fs, the
Floquet resonances are accessed adiabatically and may evolve
adiabatically during the slow rise of the pulse, to quickly mix
with each other nonadiabatically just before reaching t � τ ,
i.e., the center of the pulse. These nonadiabatic transitions in
time between the Floquet resonances cause a loss of resolution
in the kinetic energy spectrum [as seen Fig. 4(b)] in comparison
with what was found in the case of the longer pulse [Fig. 2(b)].
Also, because of these nonadiabatic transitions, Eq. (22)
is no longer valid. To appreciate how nonadiabatic effects
would modify this expression, let us imagine that nonadiabatic
transitions between instantaneous Floquet eigenstates occur at
t = t < τ (some time on the steep rise towards the center of
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FIG. 4. (Color online) Same as for Fig. 2, but for a TFWHM = 35 fs
NIR probe pulse, shown in panel (a). In panel (b), τ = +132 fs;
in panel (c), τ = +32 fs; in panel (d), τ = 0 fs; and in panel (e),
τ = −28 fs.

the pulse) and can be described by a transition matrix ZNA,
of elements ZNA

ṽ,r , and that each resonance |�(r)(R,t)〉 evolves
afterwards adiabatically to yield a KE distribution amplitude
f

(j )
r (E) on each channel j . Then, the KE amplitude, on a

given channel, resulting from the complete time evolution of
the initial FC wave packet would read

f (j )(E) =
∑

v

cFC
v e

−i/h̄[εv (τ−τ0)+∫ t

τ−τ0
dt ′Ev (t ′)] ∑

r

ZNA
v,r f (j )

r (E).

(27)

Taking the squared modulus of this, we get the expected
KE distribution. Consider the particular case where the
distribution amplitudes f

(j )
r (E) do not overlap each other,

[f (j )
r (E)]∗f (j )

r ′ (E) = |f (j )
r (E)|2δr,r ′ , for which an adiabatic

Floquet state transport throughout the pulse would give a
delay-independent KE spectrum. In the present case of strong

FIG. 5. (Color online) Fragment relative KE spectrum viewed as
a function of the delay τ between the XUV pump pulse and the
TFWHM = 35 fs NIR probe pulse. The delay scale is as defined in
panel (a) of Fig. 4.

nonadiabaticity, from Eq. (27) we have

S(j )(E) =
∑

r

A(r,τ )
∣∣f (j )

r (E)
∣∣2

, (28)

A(r,τ ) =
∑

v

∑
v′

(
cFC
v ZNA

v,r

)∗(
cFC
v′ ZNA

v′,r
)

× e
−i/h̄(εv′−εv )(τ−τ0)+∫ t

τ−τ0
dt ′[Ev′ (t ′)−Ev (t ′)]

, (29)

which is strongly τ dependent, the function A(r,τ ) modulating
the individual resonance (labeled r) signals by a periodic
function, giving rise to periodic depletions and enhancements
of the signals, i.e., a τ -dependent interference pattern. This is
seen in Fig. 5 for τ � 35 fs.

For τ0 > τ > −τ0 the preparation of the Floquet resonance
wave packet is sudden. What was said previously about the
effects of the variations of the widths of the resonances across
the intensity range covered by the pulse width, in the equivalent
situations but in the longer NIR pulse case, applies here
also. In addition, the nonadiabatic transitions between certain
resonances occurring in the vicinity of the pulse’s peak causes
a quenching in the two-photon signals on the channel |g,n − 2〉
and in the low-energy KE signals (those corresponding to v =
5,6) earlier than in the longer (TFWHM = 150 fs) pulse. [The
spectra in panels (c) and (d) of Fig. 4 are comparable in form to
those in panels (d) and (e), respectively, of Fig. 2.] The overall
blueshift of the center of gravity of the KE spectrum occurs
already at the maximum of the NIR pulse in the present case
(TFWHM = 35 fs), i.e., earlier than in the TFWHM = 150 fs pulse.
These marks of nonadiabaticity observed in the present case
can also be expressed differently, namely, that the rapid rise
of the dissociation barrier accompanying the rapid variation
of the intensity profile (after reaching the peak intensity)
largely reduces the dissociation probability on the |u,n − 1〉
channel from the low-energy states, even at τ = 0 fs. The rapid
fall of the intensity after its peak also limits the two-photon
(higher-order) process and causes a decrease in the dissociation
probability on the |g,n − 2〉 channel, as reflected in the weaker
intensities found [in Fig. 4(c) for the case of the TFWHM = 35 fs
probe pulse] for all the bands associated with this channel as
compared to the case of the TFWHM = 150 fs pulse of Fig. 2(c).

2. Ultrashort probe pulse

With an even shorter, TFWHM = 7 fs NIR probe pulse, nona-
diabatic dynamics effects are stronger and set in almost right at
the onset of the pulse, and τ0 is so short that the phase integral
of the complex resonance energy appearing in Eqs. (27) and
(28), even more appropriate in this strong nonadiabaticity
case, is negligible as compared to (εv − εv′ )(τ − τ0) so that
the beating patterns observed in the KE energy spectrum at
τ > τ0(>0) in Fig. 6(b) reflect the coherence of the initial
FC field-free vibrational wave packets. Thus, if attention is
focused only on the range of τ denoting nonoverlapping
XUV-NIR pulses situations, then the 7-fs NIR pulse appears
to only serve to open, almost instantly, a gate to dissociation
with which the incoming wave packet is synchronized to give
an efficient dissociation or its quenching (the molecule hits
or misses that gate), depending on the value of τ [14]. The
interference pattern in the spectrum gives information only
on the initial vibrational wave packet formed as the ion was
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FIG. 6. (Color online) Fragment relative KE spectrum viewed as a function of the delay τ between the XUV pump pulse and the TFWHM = 7 fs
NIR probe pulse. The delay τ ranges from −25 fs to +400 fs in panel (b). Panel (a) is an enlargement of the region τ ∈ [−25 fs,+25 fs], made
to show the smooth variation of the KE spectrum with τ in the pump-probe pulse overlap condition.

born under the XUV pulse. This is one of the conclusions
reached in Ref. [10], where this interference pattern, also found
in the experimental spectrum to be in complete agreement
with the theoretical one, was resolved by Fourier transform
techniques and was shown to result from the beatings of
signals bearing the signatures of vibrational states composing
the initial Franck-Condon wave packet. In fact, the 7-fs
FWHM pulse does more than just open an instant gate to
dissociation. The part of the τ -dependent spectrum associated
with the XUV-NIR overlapping conditions [Fig. 6(a)] again
gives a different, interference-free behavior, with the same
characteristic blueshift of the center of gravity of the spectrum
as found in the longer-pulse cases (albeit occurring faster here
than in these longer cases).

3. Vibrational shake-up

It is interesting to follow the branching of vibrational states
onto resonances and their gradual deformations within the
intensity profile of the NIR field. To this end, we repeat the
propagation procedure for a fixed value of the delay τ between
the pump and the probe pulses, but this time starting from
initial states that are vibrational states ϕv(R) = 〈R|v〉 of the
ground-state molecular ion, i.e., eigenstates of TN + V1(R).
From the results of these calculations we can calculate the
projection of χ

H2
0 , the vibrational ground state of H2, onto

the |g〉 component ϕ
g
v (R,t) of the propagated state ϕv(R,t) =

U (t,0)ϕv(R):

Pv(t) =
∣∣〈χH2

0

∣∣ϕg
v (t)

〉∣∣2

||ϕv(t)||2 . (30)

For times t falling within the width of the NIR pulse centered
at t = τ , this represents, in the adiabatic Floquet limit, the
projection of χ

H2
0 onto the instantaneous (time-parametrized)

resonance state that correlates at zero field to the molecular
vibrational state |v〉. In contrast, at any time preceding the onset
of the NIR pulse, Pv is nothing else than the Franck-Condon
ionization profile. Its deviation from the Franck-Condon value
after the onset of the NIR pulse thus reveals precisely the

difference between field-free vibrational states and resonances
and the dynamics followed by these resonances.

In the case of TFWHM = 35 fs NIR probe pulse, Fig. 7 shows
the evolution of the projection Pv for v = 7,8,9. Two observa-
tions can be made: First, within the NIR pulse, Pv oscillates at
a high frequency, actually equal to 2ω. These then disappear
at the end of the pulse and are replaced by much slower ones.
Second, shortly after the NIR pulse is encountered, Pv tends
to increase in the mean (within the 2ω oscillations described
above) before decaying, the increase being most important,
and setting in earliest, in the case v = 9, and least important in
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FIG. 7. (Color online) Time evolution of the projection Pv , cal-
culated using Eq. (30), of the FC wave packet χ

H2
0 onto the individual

v states of the ion, which are themselves transported from an initial
time t = 0 onto resonances defined by the NIR pulse at a time t . Panel
(a) shows the TFWHM = 35 fs NIR probe pulse centered at t = 130 fs.
v = 7 in panel (b), v = 8 in panel (c), and v = 9 in panel (d).
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the v = 8 case. Though limited to those values of v in the high
end of the initial FC vibrational profile, this observation is a
confirmation of the hypothesis of a vibrational shake-up within
the width of the intense NIR pulse, in favor of resonances
correlating with high-energy vibrational states.

The 2ω oscillations arise from the beating of Floquet
components of the time-dependent wave packet with the given
v as the initial condition. These components correspond to
some Floquet eigenstates that belong to a Brillouin zone nearby
and distant by 2ω from the one containing the main resonance
that adiabatically connects with the field-free v state at low
intensity. These components are acquired by the time nona-
diabatic couplings between the time-parametrized Floquet
states, which occur only when the field intensity is sufficiently
high to enable second-order, two-photon processes. Postpulse,
slow-frequency oscillations denote beating of the amplitude of
the initial v state (the dominant one) with signals associated
with new field-free vibrational components. These correspond
to Floquet resonances that are mixed in (at about midpulse)
with those correlated to the initial v state through the same
nonadiabatic couplings mentioned above in relation to the 2ω

oscillations. In the cases v = 7,8, the postpulse oscillations
denote the beating of two frequencies, implying that two other
v states are comprised in the final wave packet and were
accessed, during the pulse, by these nonadiabatic transitions.
For v = 9, many more vibrational states seem to have been
populated by the same mechanism by the end of the pulse.

V. CONCLUSION

We have addressed in this paper a number of important
issues concerning the manifestations of the dynamical impli-
cations of dressed transition states in strong-field molecular
fragmentation, induced and probed by a NIR pulse. We show
how the variations of this observable, the KER spectrum of
molecular fragments, as a function of the time delay between
this probe pulse and an XUV ionizing pump pulse carry
rich information regarding the way dressed transition states,
laser-induced resonances, are accessed and used in the NIR
laser-driven dynamics of the molecule on its way towards
complete dissociation. The discussion is centered on the
distinction between adiabatic versus nonadiabatic behaviors
of the molecule. Two levels of adiabaticity in time are to be
distinguished: one with respect to the preparation of the wave
packet, which is controlled by the pump-probe pulse delay,
and another one with respect to the dynamics of the Floquet
resonances, the dressed transition states of the molecular
dissociation process per se, which strongly depends on the
duration of the NIR pulse.

Within a very long NIR pulse (the 150-fs FWHM pulse in
the above is representative of this case), the Floquet resonances
are transported adiabatically from one time to another, and
their connection with field-free vibrational states can be
followed smoothly in time. For a time delay denoting an XUV
pump pulse preceding the NIR pulse, or overlapping this pulse
near its onset, each v component of the initial wave packet
is slowly transported onto a single Floquet resonance, i.e.,
one has a one-to-one correspondence between the field-free
vibrational states and the laser-induced resonances. This is
the signature of adiabatic behavior. More precisely, it can

be shown that adiabaticity is basically governed by two key
factors, namely, a slow variation in time of the molecule-
field coupling, which guarantees a small time derivative of
this coupling [42], and well-separated resonances (i.e., with
distinct energy positions and widths) [34,37]. For situations
where the pump-probe pulse overlap occurs at a time closer to
the NIR pulse’s peak, the Floquet resonances defined by the
field intensity of the NIR probe pulse at this time may differ
strongly, in every respect (position, width, nodal properties),
from the field-free vibrational states, and these strong-field
dressed transition states are accessed nonadiabatically and
in a many-to-one fashion (i.e., a given v may correlate to
several Floquet resonances). This actually is a consequence
of the sudden strong NIR field intensity which is felt by the
molecular ion as prepared by the XUV pulse. However, the
subsequent dynamics of these resonances unfold adiabatically,
i.e., there is no mixing between them, and they should connect
back to the corresponding field-free v state at the end of the
NIR pulse, except if resonance quasidegeneracies (overlaps)
are dynamically encountered at some time during this long
pulse. Though nonadiabatic couplings between the (slowly
time-varying) Floquet states are weak, they can nevertheless
become effective when this quasidegeneracy occurs, resulting
in a final vibrational wave packet that is different from the
initial one. In an analysis of the same type as done in Fig. 7,
but for the longer (150-fs FWHM) NIR pulse, during which
the Floquet state transport is normally adiabatic, postpulse
oscillations were observed in some Pv (results not shown
here) and indicate nonadiabatic transitions that result from
quasidegeneracy situations of this type.

Under a shorter NIR pulse, high-intensity Floquet reso-
nances are accessed nonadiabatically and at an earlier time
relative to the NIR field period; thus the pulse is shorter,
causing an early vibrational shake-up effect. The Floquet states
themselves evolve nonadiabatically, i.e., strong nonadiabatic
transitions between them occur as the system sweeps through
this short, intense pulse. The strong nonadiabaticity is signaled
by a modulation of features of the KER spectrum by a
delay-dependent interference pattern for values of the delay
denoting a pump pulse preceding the probe pulse. The effect
is more pronounced the shorter the NIR pulse. In the case of the
shortest pulse considered (7 fs FWHM), nonadiabatic mixing
of the Floquet states is so strong that this modulation affects
all the lines of the KER spectrum, and the interference pattern
observed in this range of the pump-probe delay merely reflects
the coherence of the initial wave packet. This can actually
be used to image this initial field-free H2

+ vibrational wave
packet prepared by the XUV attosecond pump pulse. Insofar as
this wave packet of the molecular ion constitutes by itself the
first transition state of the dissociative ionization of the neutral
parent molecule (H2), this imaging objective is already of great
interest, as emphasized in Ref. [10]. There is more to this
ultrafast pump-probe experiment, however, as the dynamics
that unfold under the XUV-NIR pulse overlap conditions also
gives in all cases an interference-free delay dependance of the
KER spectrum. This part of the delay-dependent spectrum
shows in all cases, almost irrespective of the duration of
the NIR pulse, qualitatively the same characteristic blueshift
of the whole KER spectrum as the pump pulse is swept
across the probe pulse. It carries the dynamic signature of the
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resonances, laser-dressed transition states encountered during
the laser-induced molecular fragmentation process. In addition
to the implications of the present analysis pertaining to an
imaging objective, that of a laser-dressed transition state,
which is nontrivial by itself, we should also mention its obvious
application in quantum control. Molecular dissociation and
final vibrational distributions can indeed be controlled through
an interplay of Feshbach and shape resonances that can be fol-
lowed through the delay-dependent fragments’ KER spectrum,
and tuned by the intensity and duration of the probe pulse.
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