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Abstract: This review discusses a new method for probing the evolution of the valence-electron structure of
molecules during chemical reactions. The method relies on the interaction of an intense infrared laser pulse with
molecules that results in the emission of attosecond pulses (1 as = 107'® s) in a process known as high-harmonic
generation. Time-resolved high-harmonic spectroscopy measures the phase and amplitude of attosecond pulses
emitted from the reacting molecules through interference with the emission from the unexcited molecules. This
coherent detection mechanism provides a high sensitivity to small excitation fractions and direct access to both
the amplitude and the phase of attosecond pulses, the latter of which is otherwise very difficult to measure.
These observables reveal several complementary aspects of excited-state photochemical dynamics such as
dissociation, adiabatic wave-packet evolution and conical intersection dynamics.
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1. Introduction

The outcome of all chemical reac-
tions is controlled by the valence elec-
tronic structure of the reacting molecules.
Understanding the selectivity of chemical
processes and the reactivity of molecules
would therefore greatly benefit from a
direct experimental access to electronic
structure. Since the elementary steps of
chemical reactions take place on femtosec-
ond to attosecond (1 fs = 1000 as = 10715 s)
time scales, any experimental method aim-
ing at resolving these fundamental events
must offer an adequate temporal resolu-
tion. Since the relevant length scales are
those of a chemical bond, a spatial resolu-
tion on the order of 1 Angstrom is simul-
taneously required. Both conditions can be
met by adequate applications of the rapidly
developing tools of attosecond science.

The basic mechanism of attosecond
pulse generation can be qualitatively un-
derstood as a sequence of three steps:
ionization of a molecule by the electric
field of an intense femtosecond laser pulse
(~ 10" W/cm?), acceleration of the liber-
ated electron by the laser field, and finally
recombination of electron and parent ion
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accompanied by emission of an attosecond
pulse.l21 The achieved spatial resolution
is determined by the de-Broglie wave-
length of the recombining photoelectron,
which is on the order of 1-2 A in typical
experiments.’-51 A temporal resolution
of a few femtoseconds can be reached by
launching a dynamical process with a first,
weak, laser pulse followed by the genera-
tion of attosecond pulses in the form of
high-order harmonics from a second, pre-
cisely delayed, intense laser pulse.[46-8]
In special cases, where the dynamics of in-
terest can be prepared by strong-field ion-
ization, a sub-femtosecond resolution can
be achieved using a single high-harmonic-
generation pulse by exploiting the unique
relationship between electron excursion
time and emitted photon energy.[®-12]

The application of high-harmonic
spectroscopy to studying photochemi-
cal dynamics, termed time-resolved
high-harmonic spectroscopy (TRHHS),
has been described in refs. [13-18] and
will be reviewed here. So far, TRHHS
has been applied to studying the photo-
dissociation of Br,l3:!4171 the conical
intersection dynamics and subsequent
dissociation of NO,,'>-"I both following
photoexcitation at 400 nm, as well as the
non-adiabatic photodissociation of CH.I
and CF.I following photoexcitation at 267
nm.!"8 Theoretical models of increasing
detail have also been developed and are
described in refs. [14,16,17]. The experi-
mental results, through comparisons with
the theoretical models, have demonstrated
the main principles and sensitivities of
TRHHS.

2. Experiment

Experiments using time-resolved high-
harmonic spectroscopy have been per-
formed either in a collinear pump-probe
geometryl!4l or using the transient-grating
configuration.!3.15.16.181 While the interfer-
ence between high-harmonic emissions
of excited and unexcited molecules is ex-
ploited in both cases, the transient-grating
configuration, illustrated in Fig. 1, provides
the intensity of the diffracted radiation as
an additional observable that complements
the intensity of the undiffracted radiation.
While the latter has been shown to be for-
mally identical in collinear and transient-
grating pump-probe experiments carried
out with identical spatially-averaged exci-
tation fractions,!!”] the diffracted radiation
has an enhanced contrast. Whereas the un-
diffracted radiation arises from signals of
excited and unexcited molecules weighted
by their relative populations, the diffracted
radiation results from an interference of
emissions with equal weights and thus en-
hanced contrast. An additional advantage
of the transient-grating configuration is
that both phase and amplitude of the high-
harmonic emission of excited molecules
can be obtained.['3-191 This is achieved by
using the time-independent emission of the
unexcited molecules as a reference.

A schematic drawing of the transient-
grating setup is shown in Fig. 1. Two tem-
porally synchronized excitation pulses
cross at a small angle in a supersonic mo-
lecular beam where they build up an in-
terference grating. The molecules located
inside the bright fringes of the transient
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Different wavelengths are separated
using an XUV grating, placed between the
source (transient grating) and the detec-
tor, which diffracts the light in a direction
perpendicular to x. Since the emitted fre-
quencies correspond to the odd harmonics
of the generating field, the spectrally re-
solved far-field image on the detector con-
sists of undiffracted spots (8(x/(AL)) term
in Eqn. (3), the zero-order diffraction of
the transient grating m = 0) and vertically
displaced diffracted spots (8(x/(AL)x1/A)
terms in Eqn. (3), the first order diffraction
m = =x1) for each harmonic. Around time
zero, when the pump and probe pulses in-
teract simultaneously with the sample, ad-
ditional spots arise, which can be explained
by the absorption of n, photons from the
probe pulse and n, photons from the pump
pulses, leading to emission in directions
between the two interacting beams.[291 This
phenomenon can be described as wave-
mixing and the observed emission spots
can be labeled according to the number
of absorbed pump-pulse photons as wm =
+1,+2, ... Using perpendicularly polarized
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Fig. 1. Experimental setup of time-resolved high-harmonic spectroscopy in a transient-grating
configuration. See main text for the detailed description.

grating are excited whereas no excitation
occurs in the dark fringes. Since the prob-
ability of one-photon absorption scales
linearly with the intensity, the excitation
fraction r, is a sinusoidal function of the
spatial coordinate x of the grating with a
periodicity of A:

(cos <27\$> + 1) , (D

where R is the excitation fraction in the
bright fringes. Some time delay ¢ after the
excitation pulses, an intense (I ~ 10" W/
cm?) infrared probe pulse generates high
harmonics in the structured sample, lead-
ing to a spatially modulated emission for
each generated harmonic g (atomic units
are used unless otherwise specified):

1
e = R o —
" 2

Enear field — dg (1 - Te) + dere7 2

where d__ are the complex spectral compo-
nents of high-harmonic emission from the
ground state (subscript g) or excited state
(e), respectively. For simplicity, we assume
here that the pump and probe pulses are
significantly shorter than the investigated
dynamics. As a result of diffraction, the
emitted electric field in the optical far-field
is the spatial Fourier-transform of the near-
field emission:

pump and probe pulses minimizes wave-
mixing.[20 Fig. 2 shows a typical transient-

R
Efar field — (dg a4 5 (de - dg)> . 6(%)
R 3 1
+4(de—dg)‘5</\L—A> 3
R T 1
+4(de—dg)‘5</\L+A>7

grating measurement using 267 nm pump
and 800 nm probe pulses!!®l at r < 0, where
the sample is not excited (panel a), display-

where & is the Dirac delta function, L is
the distance from the source to the detector
and A the wavelength of the radiation.
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Fig. 2. Intensity distribution observed on the detector for different delay times t between two
synchronized excitation pulses with kpump =267 nm and the high-harmonic-generating probe
pulse centered at A, - =800 nm. In the upper panel (a), high harmonics are generated before
the excitation grating is built up in the sample, leading to the absence of off-axis emission. In
(b), recorded at temporal overlap of pump and probe pulses (t = 0) additional off-axis emission is
visible that arises from wave mixing between the pump and probe pulses. In the lower panel (c),
high-harmonic generation occurs in the presence of a grating of excited molecules resulting in
first-order diffraction.
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ing no off-axis spots, # = 0 (panel b), where
one observes both wavemixing and diffrac-
tion from the transient grating, and finally ¢
> 0 (panel c), where only transient grating
diffraction spots are visible.

While dynamics in the ground elec-
tronic state can be induced when intense
resonant pump pulses are used (see e.g.
ref. [13]), this situation can in general be
avoided, in which case the intensities mea-
sured at the position of the undiffracted
and diffracted spots are given by Eqns (4)
and (5).

In the experiments, we normalize the
signals in each harmonic order by dividing
them through the undiffracted intensity at
negative pump-probe delays 7, i.e. I _ (<<
0) = Id 12, define the relative amplltude D
and the phase difference A@ (Eqn. (6)) and
thus show the normalized signals (Eqns (7)
and (8)).

To interpret the variation of the phase
and amplitude with pump-probe delay
t, we have developed a model of high-
harmonic emissiont!”! relying on the fac-
torization of the complex amplitudes
into three contributions.[!:2l The complex
spectral components of high-harmonic
emission are expressed as the product of
three steps, strong-field ionization of the
molecule, propagation of the electron in
the continuum and the recombination of
the electron with its parent cation. Each
of these steps contributes a phase and an
amplitude to the emitted radiation, allow-
ing us to approximate the transition dipole
as Eqn. (9) where R collectively represents
the internal nuclear degrees of freedom of

R(t)

the molecule, i denotes the electronic state
of the molecule which emits high harmon-
ics, f symbolizes the electronic state of the
molecular cation during the high-harmonic
generation (HHG) process, ¥, is the nuclear
wave function, I'' is the strong-field ioniza-
tion rate from state i to f, Ipif is the vertical
ionization potential from i to f, T the excur-
sion time of the electron in the continuum
during HHG, and d* the complex photore-
combination matrix element.l'”l The term
exp(—ilp‘f(R)T) stems from the propagation
of the electron in the continuum and plays
an important role in the phase of high-har-
monic emission.2!l In adiabatic photodis-
sociation processes involving a single elec-
tronically excited state, we use d, = de. In
cases involving multiple electronic states,
as is often the case in polyatomic mol-
ecules such as NO, discussed below, we
use one d, for each diabatic state and sum
the contributions as described in ref. [17].

3. Results and Discussion

We illustrate the principles of time-re-
solved high-harmonic spectroscopy by first
discussing results on the photodissociation
of Br, molecules. Single-photon absorp-
tion at 400 nm excites the molecules from
the X ‘Z ground state to the repulsive C
I, excited state (Fig. 3a) thus creating
a dissociative nuclear wave packet. Figs
3b and 3c show the experimental high-
harmonic intensities for the zeroth-and
first-order diffracted signals, respectively.
The zeroth-order signal first decreases

Ln—o(t) =|E(t,x = 0)|* = |dg + 5 (de(t) — dg) @)
) = |B(t, 2 = 21N = a0y — a2 ®
dy =de/dg = D - exp(iAp),  (6)
Inm=0(t) = 1+ R(t) - [D(t) cos(Agp(t)) — 1]
(t) 1 — 2D(t) cos(Ap(t)) + DA(8)] ”
INm=21(t) Riét) - [1 = 2D(¢) cos(Ap(t)) + D*(t)] - @)
di(\, 1) / dR (R, 1) Z VIT(R)e H®7gl (R), ©)

and then recovers to a harmonic-order-
dependent level. The first-order diffraction
signal displays a narrow local maximum
at t = 0 fs and then increases, reaching its
maximum asymptotic value approximately
300 fs after the excitation pulse. The in-
tense maximum at ¢ = 0 fs is dominated by
wavemixing because the pump and probe
pulses were polarized parallel to each other
in this experiment. A very simple theoreti-
cal modell13.14.17 has been found to capture
the main observations of the experiment:
the modulations of the harmonic emission
in both the diffracted and undiffracted sig-
nals is dominated by the modulation of the
contribution of the harmonic phase e
resulting from the propagation of the elec-
tron in the continuum.!?! Here, Al is the
difference of the vertical ionization poten-
tials of the excited state of the molecule
and its ground state in its equilibrium ge-
ometry R (as shown in the top panel of
Fig. 3a) and t is the transit time of the con-
tinuum electron, which can be calculated
for a given harmonic order using the clas-
sical modell!! or the saddle-point approxi-
mation.2! Since the ionization potential is
itself a function of the internuclear separa-
tion, So is AIP. These experiments are thus
directly sensitive to the evolution of elec-
tronic binding energies as a function of the
reaction coordinate. Whereas the variation
of the diffracted high-harmonic intensities
in Fig. 3c is qualitatively well reproduced
in Fig. 3e, the calculated variation of the
undiffracted signal in Fig. 3d is found to
significantly deviate from the experimen-
tal results in Fig. 3b. This discrepancy is
removed when the increase in the number
of high-harmonic emitters resulting from
the dissociation of one molecule into two
atoms is taken into account.l'l In the fu-
ture, accurate numerical calculations of the
photorecombination matrix elements as a
function of the dissociation coordinates
would be desirable to further improve the
theoretical modeling of these results.

A major benefit of the transient-grat-
ing measurements is that the simultaneous
measurements of diffracted and undiffract-
ed signals can further be used to extract
both the amplitude and phase of harmonic
emission from the excited molecules rela-
tive to the unexcited ones as shown previ-
ously.['3] The high-harmonic amplitudes
have been shown to provide additional in-
sights into the evolution of the electronic
structure as a function of the reaction coor-
dinate, such as harmonic-order dependent
minima that probe the internuclear separa-
tion of the molecule as it dissociates.!!3:22]
The high-harmonic phases reveal the fast
variation of the vertical ionization poten-
tial with internuclear separation and have
also been found to be sensitive to the mo-
lecular orientation, as revealed by com-
paring experiments performed with either
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Fig. 3. a) Relevant potential-energy curves of Br, and Br,* and Alp = Ip,c(R) - Ip,X(Re)' b)
Experimentally observed undiffracted and c) diffracted signal from a TRHHS experiment on Br,
using 40-fs excitation pulses centered at 400 nm and a 30-fs probe pulse centered at 800 nm.
The polarizations of the pump and probe pulses were parallel. Calculations from a simplified theo-
retical model show the undiffracted signals in panel d) and the diffracted signals in panel e).

parallel of perpendicularly polarized pump
and probe pulses.l'3] Whereas the phase
accumulated as a result of the difference
in ionization potentials is independent of
the molecular orientation in the limit of a
single continuum, the phase contributed
by the photorecombination transition mo-
ment can display a significant anisotropy
that contains information on the electronic
structure of the molecule.

As a second example we show how
time-resolved high-harmonic spectros-
copy can be generalized and extended
to probe more complex photochemical
dynamics. Nitrogen dioxide (NO,) repre-
sents an interesting model system, because
photoexcitation at 400 nm is known to be
followed by an efficient ultrafast radiation-
less decay to the electronic ground state as
the consequence of a conical intersection.
Photoexcitation around 400 nm launches
a nuclear wave packet in the A ’B, elec-
tronically excited state with the dominant
configuration (...)(b)'(a,)* (see Fig. 4a).
The wave packet then moves toward the
conical intersection that it can either cross,
retaining its dominant electronic character
or remain on the upper adiabatic surface
thereby changing its electronic charac-
ter to the dominant configuration (...)
(b,)*(a,)" of the X ’A, electronic ground
state. Measurements of the photochemi-
cal dynamics of NO, in a transient grating
geometry are shown in Fig. 4b. The dif-
fracted high-harmonic signals reveal pro-
nounced oscillations with a period of about
100 fs. The undiffracted signals revealed
much weaker oscillations with an opposite
phase, 1% barely visible on the scale of Fig.
4b. The diffracted signal reaches a maxi-
mum after 35 fs, subsequently decreases to
a minimum around 70 fs and reveals an-
other maximum around 130 fs. These ob-

servations have been rationalized by wave-
packet calculations in full dimensionality
shown in Fig. 4c. Following photoexcita-
tion, population is transferred to the A ’B,
electronically excited state, followed by
oscillations of the diabatic-state popula-
tions that are driven by a periodic motion
along the O-N-O bending angle [3.116:23.24]
After 11 fs, the wave packet crosses the
conical intersection for the first time main-
ly diabatically, i.e. it does not change its
electronic character, whereas the second
crossing is mainly adiabatic, resulting in
a minimum of the diabatic excited-state
population after 60 fs. These dynamics
are reflected in the high-harmonic signals,

most clearly in the diffracted signal as a
consequence of the enhanced contribution
of the excited-state emission to diffracted
radiation that has been discussed in Section
2. We have shown in refs. [16, 17] how the
observables of TRHHS can be obtained
from wave-packet calculations and have
obtained a good agreement.

How do these findings compare to
the results obtained in Br,? In the case
of the photodissociation of Br,, the sig-
nal modulations are dominated by the
variations of the vertical ionization po-
tential because the width of the nuclear
wave packet in coordinate space remains
small during photodissociation as shown
in Fig. 2. In the case of NO, the spread-
ing of the nuclear wave packet along both
the bending and asymmetric-stretch co-
ordinates is much more significant.[16.23]
Consequently the averaging over the
nuclear wave packet covers large varia-
tions of the vertical ionization potential
which suppresses the modulation result-
ing from the Al T phase efficiently.l6.17]
While the importance of the coordinate
dependence of 1 as encountered in Br, is
likely to apply to photochemical dynamics
occurring mainly along a single soft coor-
dinate as we further demonstrate below,
the situation encountered in NO, is likely
to be representative of multi-dimensional
photochemical dynamics of polyatomic
molecules. In such cases, the signal varia-
tion is dominated by the temporal variation
of the electronic populations rather than by
the variation of ionization potentials with
internuclear coordinates.

As a last example, we discuss recent
results on CH,I, which is a prototypical
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Fig. 4. a) Relevant potential-energy surfaces of NO,. b) Experimentally observed undiffracted
(blue) and diffracted (red) signals from a TRHHS experiment on NO, using 40-fs excitation pulses
centered at 400 nm and a 30-fs probe pulse centered at 800 nm. The polarizations of pump and
probe pulses were perpendicular. c) Results of a three-dimensional wave packet calculation
showing the population of the higher-lying diabatic state (A state) in red, and the expectation
values of the O-N-O bond angle for the wave-packet components in the diabatic X state (black)

and A state (yellow).
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system for polyatomic photodissocia-
tion. We used pump pulses of 50-70 fs
duration centered at 267 nm, which trans-
ferred population from the X 'A  ground
state to the dissociative *Q,, state (Fig. 5).
Photoexcitation prepares a dissociative
nuclear wave packet that predominantly
moves along the C-I coordinate. The *Q,,

state correlates with CH, in its electromc
ground state and an 10d1ne atom in the
spin-orbit excited °P, , state. The photodls—
sociation of CH,I has been studied in de-
tail expenmentally and theoretically (see
e.g. refs. [25, 26] and references therein).
The relevant potential surfaces are shown
in Fig. 5a together with a one-dimensional
wave packet propagation on the Q. sur-
face. The latter intersects the surface of
the 'Q, state as a function of the reaction
coordinate. However, the population trans-
fer to the 'Q, state is small and has been
neglected here. Fig. 5a further shows AL,

the difference in vertical ionization poten—
tials between the *Q_, surface and the po-
tential-energy minimum of the X surface.
The high-harmonic signal observed in the
zeroth and first order diffraction is shown
in Fig. 5b and c, respectively. The undif-
fracted signal is found to decrease fol-
lowed by a recovery to an order-dependent
level, as in the case of Br,. The diffracted
signal however shows a temporal evolution
that qualitatively differs from the results in
Br,. The diffracted signals are found to in-
crease during the excitation pulse, reach-
ing a maximum after the peak of the pump
pulse followed by a decrease to an asymp-
totic order-dependent level. These signals
have been found to be well represented by
the convolution of a single-exponential

decay with a Gaussian function. The ex-
ponential time constants were found to
weakly depend on the harmonic order but
to be consistent overall with previous mea-
surements of the photodissociation time of
CH,LI27

We now turn to the theoretical model-
ing of these experimental results. We again
use the same very simplified model as in
the case of Br,. Only the variation of Al
with the C—I distance is taken into account.
One-dimensional wave-packet propaga-
tion is performed on the *Q,, surface and
the obtained nuclear wave packets are used
to calculate the high-harmonic signals.
While the spread of the nuclear wave pack-
et mainly takes place along the soft C-I
coordinate, excitation of the CHS—umbrella
and stretch modes during dissociation have
also been observed.[231 The signal observed
in the zeroth and first order diffraction is
nevertheless again qualitatively repro-
duced by our simplified model as shown in
Fig. 5d and e. The initial drop of the undif-
fracted signal and the subsequent recovery
to a signal level that decreases with in-
creasing high-harmonic order is correctly
reproduced. Similarly, the initial increase
of the diffracted signal and its subsequent
decay to alevel that increases with growing
harmonic order is also correctly predicted.
From this result alone but even more con-
clusively by comparison with the results
on Br,, we can thus validate the important
contribution of the coordinate-dependent
vertical ionization potential. However, the
photodissociation of CH,I is not entirely
adiabatic because of the presence of a
conical intersection along the dissociation
coordinate. As a consequence of the small
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Fig. 5. a) Relevant potential-energy curves of CH,l and CH,I* and Al =1

R) -1 ,(R). b)

p,300+(

Experimentally observed undiffracted and c) diffracted signal from a TRHHS experiment on CH,|
using 50 to 70 fs excitation pulses centered at 267 nm and a 30-fs probe pulse centered at 800
nm. The polarizations of the pump and probe pulses were perpendicular. Calculations from a
simplified theoretical model show the undiffracted signals in panel d) and the diffracted signals in

panel e).

non-adiabatic population transfer to the
'Q, statel?8] and the relatively long excita-
tion pulses, the present data do not reveal
the surface crossing. Future measurements
with shorter excitation pulses are expected
to reveal the non-adiabatic dynamics.

4. Conclusions and Outlook

In this article, the main results and con-
clusions of the first experiments using time-
resolved high-harmonic spectroscopy have
been reviewed. The working principles
and the main sensitivities of TRHHS can
be summarized as follows. First, TRHHS
is sensitive to the electronic structure of
the reacting molecule through the ampli-
tude and phase of the photorecombina-
tion transition moment. This is illustrated
through minima in the amplitude of emis-
sion observed during the photodissociation
of Br, that are consistent with destructive
quantum interference.[13221 Moreover, os-
cillations observed in the diffracted high-
harmonic yield in the case of NO, are con-
sistent with the evolution of the electronic
character of the molecular wave packet as
it crosses a conical intersection.!l5-17.23]
Second, TRHHS is sensitive to the varia-
tion of the vertical ionization potential
along the reaction coordinate. The relative
phase of high-harmonic emission from ex-
cited and unexcited molecules has a con-
tribution A/ T (in atomic units) that is pro-

. P . .
portional to the difference of the vertical
ionization potentials A/ and the electron
excursion time T. This is illustrated by the
results on both Br, and CH,I where it was
shown that a simplified theoretlcal model
containing only the Al T contribution to
the variation of the excited-state emission
qualitatively reproduces the signal varia-
tions that were found to be very different
for the two molecules. Third, TRHHS is
also sensitive to temporal variations of
the population of electronic states, even
in cases where multi-dimensional wave-
packet spreading prevents the observation
of coordinate-dependent changes in the
phase and amplitude of emission. This case
was encountered in the photodissociation
of NO,,l15] where the wave packet spreads
considerably along both the bending and
asymmetric-stretch coordinates.[16-17]
In this case, the signal modulations were
found to reflect the temporal variation of
the population of two states involved in
the conical intersection, i.e. the evolution
of the electronic character of the excited-
state wave packet as it crosses the conical
intersection.

In the future, considerable additional
insight will be obtained from improve-
ments of both experimental and theoretical
aspects. On the theoretical side, many im-
provements building on the present work
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can be made in the near future. Ionization
rates can be calculated with one of the
recent approaches,[2-311 wave-packet cal-
culations can be extended to the relevant
dimensionality and photorecombination
transition moments can be calculated using
multi-electron treatments.l321 The use of
Dyson orbitals in modeling HHSB3-34 gains
its full importance when excited-state dy-
namics are described, since configuration-
interaction effects are truly important in
most electronically excited states.

On the experimental side, the informa-
tion content can be extended by aligning or
orienting the molecules (see e.g. ref. [35])
prior to photoexcitation. Performing the
measurements reviewed in this article, in
combination with independent measure-
ments of the phase and amplitude of the
unexcited molecules relative to a refer-
ence atomB¢ will provide all quantities
needed to perform a reconstruction of the
electronic structure as a function of time.
However, the reconstruction method needs
to be improved since previously used ‘to-
mographic’ approachesl>-1237 rely on some
approximations of limited validity.[38-391 A
self-consistent reconstruction approach
such as the one studied in ref. [40] in a
different context, appears to be a possible
route to achieving a reliable reconstruction
of electronic structure from experimental
data.
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