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High-Harmonic Spectroscopy:
From Femtosecond to Attosecond
Molecular Dynamics

Hans Jakob Woérner*

Abstract: The principles of high-harmonic spectroscopy (HHS) are illustrated using two recent examples from
the literature. The method can be applied as a probe to measure the evolution of the electronic structure of a
molecule during a chemical reaction on the femtosecond time scale. Alternatively, it can be used as a compre-
hensive method unifying pump and probe steps into a single laser cycle to measure electronic dynamics on the

attosecond time scale.
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Introduction

Time-resolved measurements of molecular
and chemical dynamics have long been lim-
ited to several femtoseconds (1 fs=10""5).
This fundamental limit arose from the op-
tical period of the carrier wave. In the past
decade, new techniques have emerged that
offer attosecond temporal resolution (1 as
= 1078 ).1121 They extend time-resolved
chemistry from the atomic to the electronic
time scale and provide the opportunity to
study unexplored phenomena in the time
domain.

The valence shell of molecules is char-
acterized by typical energy intervals of
a few electron-volts (eV), implying that
valence-shell dynamics will be observ-
able with light or electron pulses around
and below 1 fs. The last few years have
seen first successes in the observation of
electronic dynamics on this time scale.[3-7]
These techniques will enable a new experi-
mental access to electronic structure and
electron correlation, which is one of the
most challenging problems in chemistry
and physics.

All of these new techniques with at-
tosecond temporal resolution rely on the
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interaction of a molecule with an intense
femtosecond laser pulse. Most of them
share a common fundamental mechanism,
often summarized in a three-step model.[8!
Every time that the laser electric field
reaches a maximum, a small portion of the
valence electron wave function is moved
into the continuum. This process can be
understood as tunneling of the electron
wave packet through the combined mo-
lecular and laser electrostatic potential.
The unbound electron wave packet is then
exposed to the laser field, and can recollide
with the parent molecule close to a zero-
crossing of the electric field. This phe-
nomenon, ‘laser-induced recollision’, en-
ables new measurement techniques: pho-
torecombination leads to attosecond pulse
production®! whereas elastic and inelastic
electron rescattering offer new approaches
to diffraction imaging.[2.10.11]

In typical experiments, the electron has
acquired up to 100 eV of kinetic energy
during its transit in the continuum and
can release it in the form of an attosec-
ond pulse. Since the emission takes place
around each zero-crossing of the field, the
described mechanism generates a train of
attosecond pulses separated by half the pe-
riod of the generating laser field. In the fre-
quency domain, this emission corresponds
to high-order harmonics of the fundamen-
tal photon energy o (2 = w, 3w, ..., 101w
... etc.).

In addition to being a source of ultra-
short laser pulses, high-harmonic emission
also encodes information about the elec-
tronic structure of the molecule. This prop-
erty arises from the de-Broglie wavelength
of the recolliding electron which amounts
to ~1-2 A under typical conditions. Since
the returning electron wave diffracts in the
electrostatic molecular potential before it
recombines, the high-harmonic spectrum

reveals structural signatures such as two-
center interferencel!2l and features of elec-
tronic structure.[13-16]

In addition, a high-harmonic spectrum
also encodes dynamical information. Un-
der precisely controlled experimental con-
ditions, each photon energy in the spectrum
is emitted by a unique electron trajectory,
i.e. a unique time interval between ioniza-
tion and recombination (0-1.7 fs for an
800 nm driving field). This has been used
to track the motion of protons on the at-
tosecond time scalel!7-18] and to study elec-
tron rearrangement following temporally
confined ionization.[4-6]

The most unusual aspect of these new
methods is certainly the possibility to
measure attosecond dynamics using multi-
femtosecond pulses.[2! This property origi-
nates in the extreme nonlinearity of the
laser-matter interaction at high intensities.
The nonlinearity allows the laser period to
be subdivided. Rather than following the
envelope of the pulse profile, the ionized
electron follows individual oscillations
of the electric field. The problem remains
tractable thanks to quantum mechanical
diffusion: the second, third and subsequent
returns of the electron wave packet have
quickly decreasing amplitudes. Since the
three-step model relies on simplifying as-
sumptions, like the single-active electron
and strong-field approximations, it should
only be used as a guide to the intuition and
improved by accurate calculations (quan-
tum scattering efc.) when detailed informa-
tion is being retrieved.

Probing Chemical Reactions
Photochemical reaction pathways are

controlled by the valence electrons of the
reacting molecule. An elucidation of the
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associated mechanisms ideally requires
the time-resolved observation of the rear-
rangement of the electronic structure as the
reaction proceeds. Promising methods for
this purpose thus need to be sensitive to the
valence electron structure. Moreover, exci-
tation fractions must remain low in femto-
second single-photon excitation in order to
avoid multiphoton processes upon excita-
tion. Therefore, the methods should also be
sensitive enough to detect the excited spe-
cies. High-harmonic spectroscopy fulfills
both of these requirements.

In the spirit of the three-step model, the
emitted high-harmonic field can be written
as a product of three terms

(Q)=a_(R2,0)a

HHG ion

(@ (2.0) (1)
where € is the emitted photon energy and
0 characterizes the orientation of the mole-
cule relative to the polarization of the laser
field. The last step, photorecombination, is
now well understood in terms of quantum
scattering calculations developed in the
context of photoionization.['516.191 Most
remarkably, the strong laser field does not
lead to a measurable distortion of the elec-
tronic wave functions within the accuracy
of current experiments, even in polarizable
systems like xenon!2%! or in molecules with
appreciable extension along the direction
of the laser field like CO,.[*5I The second
step, propagation of the electron wave-
packet, is largely dominated by the laser
field and is well described by classical
equations as evidenced by, e.g. the chirp of
attosecond pulses.[2!122] The first two steps
together produce an electron wave packet
that weakly depends on the molecular ori-
entation, whereas recombination is highly
sensitive to the molecular frame. Eqn. (1)
describes the case where the molecule is
initially in the electronic ground state and
multiphoton ionization prepares the cation
in a single electronic state. We now extend
the formalism to describe a photochemical

reaction.23.24] A weak femtosecond pump
pulse prepares the molecule in a coherent
superposition of the ground state and an
excited electronic state through one-pho-
ton absorption

W(AD) = c,y, + c,(ADY,(Ar) 2)
with v, being the multielectron wave func-
tion of state i and At the time delay after
excitation. The high-harmonic field emit-
ted from this coherent superposition can be
expressed as

lcPE,  +IcPE,,
+cc E +cc E

Q)=

HHG
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The first two contributions describe
high-harmonic generation in a single elec-
tronic state and are well described by Eqn.
(). E, ,and E,  represent ‘cross terms’ that
are sensmve to the electronic coherence
between states 1 and 2. In addition, these
contributions are also proportional to the
overlap of the nuclear wave functions in
the two electronic states, which vanishes
quickly in the case of photodissociation.[23]

The high-harmonic emission from a
photoexcited molecule can thus be un-
derstood from the coherent addition of
the electromagnetic fields emitted by the
ground and excited electronic states. In
addition to Eqn. (1), the relative phase of
the high-harmonic emission from the two
states contributed by the propagation of the
electron in the laser field plays a role. It is
well approximated by Al T where 7 is the
electron transit time in the continuum.s!
This finding is intuitive since the contri-
bution to the relative phase is essentially
equal to the difference in phase accumu-
lated by the bound state.

When a photochemical reaction is
probed by HHS, the ground electronic
state, v, in Eqn. (2), is essentially static,
whereas v, undergoes the interesting dy-
namics. Hence, the measured intensity is

the coherent addition IE, | + E, P of the
emissions from the ground and excited
states. E  can be used as a static refer-
ence to measure dynamical changes in
E, ,. This detection scheme is highly sensi-
tive to weak emission and simultaneously
probes its amplitude and phasel23-24] which
are conveniently separated using the tran-
sient grating method,?6:271 illustrated in
Fig. 1la. Two synchronized replica of the
pump pulse are crossed under a small angle
in a supersonic expansion of the investi-
gated molecules. The periodic modulation
of the excitation fraction leads to a spatial
modulation of the amplitude and phase of
harmonic emission in the generating me-
dium and results in diffraction along the
direction of the modulation.[23]

Writing the emission from the ground
and excited states in terms of the excitation
fraction r = Ic I* and high-harmonic ampli-
tudes and phases, we obtain
Q) =(1 —r)d exp(1¢)+rd
eXp(1¢)

HHG (

“

where r = r__/2%(cos(kx)+1) is the exci-
tation fraction modulated between 0 and
r_ along the spatlal dimension x. The
far-field proﬁle that is observed on the
detector is the Fourier transform of this
quantity. The undiffracted high-harmonic
signal is similar to a measurement carried
out in collinear excitation with the same
spatially averaged excitation fraction (see
ref. [23] and [24]). The diffracted high-
harmonic intensity is proportional to r*/4ld,
exp(ip,) — d exp(rq) )I?, and thus represents
a background free measurement of the ex-
cited state dynamics through 1:1 interfer-
ence with the ground state emission. Since
the excitation fraction is determined from
the known absorption cross section and the
measured pump laser intensity, the relative
amplitudes and phases d (At)/d and ¢ (A7)
— ¢_can be extracted.

he method described above has been

Fig. 1. High-harmonic
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applied to the photodissociation of Br,
molecules.?3241 Single-photon excitation
at 400 nm leads to the repulsive C 'TI,
state that dissociates into Br atoms in the
°P,,, ground electronic state. The relative
high-harmonic amplitudes and phases for a
range of harmonic orders (H13toH21) have
been determined from the experiment.?3]
The amplitude measurements revealed a
harmonic-order dependent minimum as
a function of the pump-probe time delay.
These minima occur when the de-Broglie
wavelength of the recombining electron
wave emitting the ¢™ harmonic fulfills a
destructive interference condition with the
internuclear separation of the molecule R =
3/2\ . Using this relation and the measured
position of the amplitude minima, one can
determine the internuclear separation as a
function of time as shown in Fig. 1b. In
addition to the amplitudes, one also obtains
the relative harmonic phases. The phases
undergo a fast variation with the pump-
probe delay that reflects the variation of I
with the internuclear separation. The phase
of the photorecombination dipole also con-
tributes to the high-harmonic phase and
characterizes the change in the electronic
structure of the dissociating molecule.

Probing Electronic Dynamics

After discussing the application of HHS
as a probe in femtosecond time-resolved
experiments, we now turn to the attosecond
time scale. High-harmonic generation can
be used as a comprehensive method unify-
ing the pump step (multiphoton ionization)
and the probe step (photorecombination)
into a single laser cycle. The experiment
is thus repeated in each half-cycle of the
laser field and the temporal information is
read on the photon energy axis, exploiting
the one-to-one relationship between transit
time and emitted photon energy.!”!

Recent experiments show that strong-
field ionization does not exclusively pre-
pare the ground state of the cation/*-6281but
that excited states can also be populated.
The probability of accessing a certain ion-
ic state is exponentially sensitive to Ip[29]
but also to the shape of orbitals,3% which
can enhance the contribution of a deeply
bound orbital. When ionization accesses
two states of the ion and the laser-induced
dynamics in the ion is neglected, high-
harmonic generation has two contributions

Epo@Q=E  +E,, ©)
which correspond to ionization from and
recombination to one of the valence orbit-
als of the molecule. Remarkably, a cross
term of the form encountered in Eqn. (3)

is absent from Eqn. (4) because recombi-
nation cannot take place to an occupied

orbital. The photorecombination step thus
measures the phase shift accumulated by
the superposition of two ionic states be-
tween ionization and recombination. How-
ever, the process is insensitive to the coher-
ence between the two states. This differs
from other recently introduced methods,
like attosecond transient absorption!’ and
strong-field ionization®!l to probe elec-
tronic dynamics.

Carbon dioxide is an instructive model
system to understand multielectron effects
in HHS. When CO, is aligned parallel to
the laser field generating the high harmon-
ics, emission from HOMO of . symmetry
. g
is suppressed by the presence of a nodal
plane along the direction of tunneling and
recombination. HOMO-2 of ¢, symmetry
lies 4.3 eV below HOMO but its emission
is not suppressed by the presence of nodal
planes. HOMO-1 is of &, symmetry and is
thus suppressed by both a nodal plane and
alarger / . Thus, HHS can be described as
a sum of contributions from HOMO and
HOMO-2, i.e.

Enunc(Q) = 2am,i(g,e)apmp,i(g)a,ec,i(g,e)
i=1 (6)

Minima in E, () may thus be of
structural origin and appear in a__(€2,6)
or of dynamical origin and result from de-
structive interference in the coherent sum.
These two situations can be distinguished
by varying the relative phase well approxi-
mated by Al 71?1 of the two propagation

terms in Eqn. (6). For a given intensity

of the laser field, the transit time T scales
approximately linearly with the wave-
length A, enabling a controlled variation of
the relative phase.

Since the minimum observed in the
emission from aligned CO, molecules had
been attributed to either structurall’¥l or
dynamical origins,[* we have measured
high-harmonic spectra of aligned CO, at
different wavelengths and intensities.[!
The observed spectra are shown in Fig. 2.
For a generating wavelength of 800 nm,
the minimum in aligned CO, is observed
at 42 eV, whereas at 1200 nm, it is ob-
served at 57 eV. This clearly shows that
the minimum is not of structural origin
because its position would be independent
of the laser parameters, as in the case of
argon.[®] Does the observed position agree
with a dynamical minimum? At 800 nm,
the relative phase accumulated by the two
orbitals amounts to ~3s but at 1200 nm,
the minimum corresponds to ~4.57. De-
tailed calculations show that the differ-
ence arises from the photorecombination
dipole moment of HOMO that undergoes
a sudden phase variation at the position of
the structural minimum.[5! Thus, the mini-
mum observed in CO, is mostly dynami-
cal but its position is affected by structural
properties as well.

In the future, high-harmonic spectros-
copy of attosecond dynamics may be op-
erational and relevant in larger molecular
systems in which the orbital relaxation
upon ionization is significant. In such cases
the orbitals of the neutral molecule differ
from those of the ion and ionization will
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Fig. 2. High-harmonic spectroscopy of aligned CO, molecules. The central wavelength and peak
intensities of the laser pulses used to generate the high-harmonic spectra are indicated in the

figures.
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trigger an electronic wave packet whose
motion encodes the effects of electron cor-
relation.

Conclusions and Outlook

The two examples discussed in this arti-
cle highlight the potential of high-harmonic
spectroscopy towards two different direc-
tions. The method will be applied as a probe
to measure the rearrangement of the valence
electronic structure of molecules undergo-
ing chemical reactions on the femtosecond
time scale. In the future, this will be particu-
larly interesting to probe changes in elec-
tronic configurations occurring at conical
intersections. High-harmonic spectroscopy
will be sensitive to electronic symmetries
and map them into the amplitude, phase and
polarization of the emitted radiation. On the
attosecond time scale, high-harmonic spec-
troscopy may become an important tool
to investigate purely electronic dynamics.
In the majority of polyatomic molecules,
the orbital relaxation upon ionization is
significant. In such cases, high-harmonic
spectroscopy will offer a new approach to
probing electron correlation — a property
that is hard to measure by other means. We
anticipate fruitful collaborations on both of
these topics within NCCR MUST.
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