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Efforts to access ever shorter time scales are motivated by the endeavour to
explore the microcosm in ever smaller dimensions. At the turn of the millennium,
one and a half decades after the first real-time observation of molecular dynamics
with femtosecond laser pulses (1 fs ¼ 10�15 s), we witnessed the emergence of sub-
femtosecond (that is: attosecond) pulses (1 as ¼ 10�18 s). They have been
produced in the extreme ultraviolet regime by nonlinear frequency conversion
of femtosecond laser pulses. A precise control of the hyperfast electric field
oscillations of the driving femtosecond pulses not only allowed the controlled
generation of single attosecond pulses and their full characterization but also,
for the first time, steering and tracing the atomic-scale motion of electrons.

1. Introductions

Measurement of ever shorter intervals of time and tracing of dynamics within these
intervals rely on reproducible generation of ever briefer events and on probing
techniques of corresponding resolution [1]. The briefest events produced until
recently have been pulses of near-infared laser light, with durations of around 5 fs
(1 fs ¼ 10�15 s) [2, 3]. Traditionally, the fastest measurement techniques have used the
envelope of these laser pulses for sampling [4]. Recently, sub-femtosecond bunching
of femtosecond (>10 fs) extreme ultraviolet light (XUV) was observed in two-colour
[5, 6] and two-photon [7] ionization experiments and evidence of sub-femtosecond
confinement of XUV emission from few-cycle-driven (ionizing) atoms was also
obtained [8]. However, time-domain technique has hitherto not been capable of
resolving the time structure of sub-femtosecond transients.

With the event of the stabilization of the carrier-envelope phase of intense
few-cycle laser pulses [9] an apparatus was developed that allows reconstruction
of atomic processes with a resolution within the Bohr orbit time, which is
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around 150 as. An accurately controlled few-cycle wave of visible light takes
‘tomographic images’ of the time-momentum distribution of electrons ejected from
atoms following sudden excitation. From these images the temporal evolution of
both the emission intensity and initial momentum of freed electrons can be retrieved
on a sub-femtosecond time scale. Probing primary (photo-excited or collisionally
excited) and secondary (Auger) electrons yield insight into, respectively, excitation
and subsequent relaxation processes. The transients can be triggered by an
isolated attosecond electron or photon burst synchronized to the probing light
field oscillations. The technique draws on the basic operation principle of a streak
camera [10–14], where a light pulse generates an electron bunch having exactly
the same temporal structure. Deflection of the electrons in an electric field
allows reconstruction of the duration of the electron bunch. By measuring
the temporal evolution of the emission intensity and momentum distribution
of positive-energy electrons, the atomic transient recorder (ATR) [15] provides
direct temporal insight into the rearrangement of the electronic shell of excited
atoms on a sub-femtosecond scale.

2. Generation of isolated attosecond pulses

The electric field of linearly-polarized femtosecond laser pulses, if sufficiently strong,
induces—in a highly nonlinear interaction—gigantic dipole oscillations by pulling
an electron out of the atom and forcing it back towards its core half a cycle later.
The oscillations contain high-frequency components extending into the extreme
ultraviolet and soft X-ray regimes [2]. In a laser field containing many oscillation
cycles, the oscillations are repeated quasi-periodically, resulting in emission of a
series of high-energy bursts of sub-femtosecond duration and high-order harmonics
of the laser radiation in the spectral domain. For a few-cycle laser driver only a few
dipole oscillations, different in amplitude, occur. The oscillation with the highest
amplitude has been predicted to produce a single burst in the spectral range of the
highest emitted photon energies [16].

With waveform-controlled few-cycle light [9], the few giant atomic dipole
oscillations induced can be precisely controlled and reproduced from one laser
shot to the next. This is expected to result in an X-ray burst with parameters
(duration, energy, timing with respect to the laser field) well reproduced from one
shot to the next. Synchronism of the X-ray burst to the field oscillations of the
generating laser pulse offers the potential for using the X-ray burst in combination
with the oscillating laser field for attosecond spectroscopy. This is essential because
these laser-produced X-ray bursts are—due to the unfavourable scaling of
two-photon transition cross-sections with the photon energy—too weak to be used
for both triggering and probing electronic dynamics (X-ray-pump/X-ray-probe
spectroscopy). Instead the oscillating laser field, which changes its strength from
zero to maximum within some 600 as in a 750 nm laser wave, can take over the role of
the probing X-ray pulse. Experiments have revealed that precise control of the
waveform of few-cycle light is an enabling technology for both controlling and
tracking atomic processes on a sub-femtosecond time scale.

1986 R. Kienberger et al.
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3. Measurement of attosecond pulse durations and transients

Inspired by the physics of the first sub-femtosecond experiment [8], Corkum and
co-workers [13] put forward the basic concept for ATR metrology, which was
analysed with a comprehensive quantum theory by Brabec and co-workers [14].
Let us consider electron emission from atoms exposed to a sub-femtosecond X-ray
burst in the presence of an intense, linearly-polarized, few-cycle laser field
ELðtÞ ¼ E0ðtÞ cos ð!Ltþ ’Þ with E0ðtÞ, !L and ’L being the amplitude, frequency
and carrier-envelope phase, respectively. The momentum of the freed electrons is
changed by �p ¼ eALðtÞ along the laser field vector. Here ALðtrÞ ¼

Ð1
tr

ELðtÞ dt is the
vector potential of the laser field, and e stands for the charge of the electron,
respectively, and tr is the release time of the electron. This momentum transfer
(arrows in figure 1(b)) maps the temporal emission profile into a similar distribution
of final momenta pf ¼ pi þ�p within a time window of T0=2 ¼ p=!L, if the
electrons’ initial momentum pi is constant in time and their emission terminates
within T0=2. Under these conditions the temporal evolution of the electron emission
can be unambiguously retrieved from a single ‘streaked’ momentum distribution
(profiles in figure 1(b)).

Streaked spectra recorded at adjacent zero transitions of ALðtÞ (indicated with
white arrows in figure 2) were analysed and revealed an X-ray pulse duration of
�x�ray ¼ 250ð�5=þ30Þ as. The temporal intensity profile and chirp of the X-ray pulse
obtained from the ATR measurements are shown in the insert of figure 2. The pulse
is found to be essentially Fourier-limited (the near-quadratic frequency sweep results

Figure 1. Light-field-controlled streak camera. The dark and light grey curves in
(a) represent, respectively, the evolutions of the electric field of the laser light and the intensity
of the attosecond X-ray flash. The latter excites the atoms, which then emit electrons.
The electrons ejected in the direction of the electric field of the laser light pulse simultaneously
beamed in are detected. They undergo, depending on the time of their emission within half the
oscillation period of the laser light, a change of velocity: in the case illustrated the electrons
emitted first are decelerated, while those released on termination of the X-ray flash are
accelerated. In this manner the successively emitted electrons are detected separately.
The width �E and shape of the measured energy distribution (vertical axis in (b)) of the
electrons reflect the duration and evolution of the electron emission, just as their spatial
distribution in conventional streak imaging. (The colour version of this figure is included in the
online version of the journal.)

Attosecond physics comes of age 1987
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from the asymmetric shape of the pulse spectrum rather than from a spectral phase).
The remarkable accuracy of �x�ray relies on using several (in this case 3) tomographic
projections of the time–momentum distribution of photoelectrons for the X-ray
pulse retrieval, which is the essence of the ATR concept. The method is closely
related to frequency-resolved optical gating [17–20] with the oscillating field as the
gate and other concepts of tomography for ultrashort pulse measurements [21–26].

With isolated sub-femtosecond X-ray pulses at our disposal atomic transients can
now be triggered and their subsequent evolution be captured by probing electron
emission with a synchronized wave of laser light. In the first ATR measurements
presented here, the objects of scrutiny were photoelectrons. The streaking field in
these experiments was produced by blocking the internal part of the laser beam with
a zirconium filter (transmitting the X-ray pulse) and focusing the transmitted annular
beam on the target with the external section of the Mo/Si mirror [9], which can be
delayed with respect to the internal section that focuses the X-ray beam.

Figure 2 shows a series of streaked spectra of photoelectrons emitted from neon
as a function of �t. The photoelectron spectrum peaking at h!x�ray �Wb � 72 eV
(where h!x-ray � 93:5 eV is the centre of the X-ray spectrum selected by the Mo/Si
mirror, and Wb ¼ 21:5 eV is the binding energy of the most weakly bound valence
electrons in Ne) in the absence of the laser field is upshifted by some 10 eV with only
a few electrons scattered outside the shifted band.

If the electrons are emitted with an initial kinetic energy much larger than their
average quiver energy in the laser field, and temporally confined to a fraction of the
half oscillation cycle, theory predicts that their energy shift �W is linearly propor-
tional to �p and hence to the vector potential at the instant of release of the
wavepacket, �WðtrÞ � ð pi=mÞ�pðtrÞ ¼ ðepi=mÞAðtrÞ, where pi and m are the initial
momentum and the mass of the elctron, respectively. As a consequence, ALðtÞ and
hence ELðtÞ can be accurately determined from the peak shifts of the spectra—
without having to analyse their detailed structure. The result is shown by the black
line in figure 2, constituting the first direct (time-resolved) measurement of a visible
light field. From this measurement we can also evaluate the half oscillation period of
the electromagnetic field as T0=2 � 1 fs. This latter value indicates a significant blue
shift to a carrier wavelength of 600 nm near the pulse peak (origin: ionization-
induced self-phase modulation in the X-ray source), in agreement with previous
observations [9]. With the streaking field ALðtÞ known, full temporal (time-momen-
tum) characterization of sub-femtosecond electron emission is now becoming
feasible. This capability strictly relies on light waveform control: in its absence the
streak records smear out beyond redemption due to irreproducible excitation and
probing.

4. Real-time observation of electron tunnelling and multi-electron dynamics in atoms

Atoms exposed to intense light lose one or more electrons and become ions. In strong
fields, the process was predicted by Keldysh to occur via tunnelling through
the binding potential suppressed by the light field near the peaks of its oscillations.
Here, we report on the real-time observation of light-induced electron tunnelling and
its potential for studying multi-electron dynamics [27].

1988 R. Kienberger et al.
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Keldysh’s theory [28] suggested that a valence electron may escape by
tunnelling through its atomic binding potential suppressed by the light field. If the
dimensionless parameter

� ¼
!Lð2mWbÞ

1=2

ej jE0
ð1Þ

is less than one, under the assumption of �h!L�Wb ionization is predicted to be
confined to short intervals lasting a fraction of the half oscillation cycle of the light
field. Here E0 and !L stand for the amplitude and angular frequency of the
oscillations of the laser electric field ELðtÞ ¼ E0"ðtÞ cos ð!Ltþ ’Þ, with "ðtÞ being
the amplitude envelope function, and e, m and Wb are the charge, mass and
binding energy of the electron. Recent studies of Yudin and Ivanov suggest that
tunnelling remains the dominant ionization mechanism even for � substantially
exceeding one [29].

Figure 2. ATR measurement: a series of tomographic projections (streaked kinetic energy
spectra) of the initial time-momentum distribution of photoelectrons ejected by a single sub-
femtosecond X-ray pulse (in false-colour representation). A few-cycle laser pulse with a cosine
waveform and a normalized duration of �L=T0 ¼ 2 was used for both generating the single
sub-femtosecond excitation pulse and probing photoelectron emission in the atomic transient
recorder. Black line: ALðtÞ of the probing field evaluated from the peak shift of the streaked
spectra (see scale on the right-hand side). Inset: Temporal intensity profile and energy sweep of
the sub-femtosecond X-ray excitation pulse evaluated from the ATR measurements. The basis
of the calculation was the unperturbed and two streaked spectra at the zero transitions of the
laser electric vector potential marked by the two white arrows. (The colour version of this
figure is included in the online version of the journal.)

Attosecond physics comes of age 1989
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The temporal evolution of electron emission can be probed by the streaking tech-

nique as explained before. Here we want to extend the sampling possibilities by

strong-field induced tunnelling unfolding on a sub-femtosecond time scale enabling

temporal measurements on the evolution of bound states. Figure 3 illustrates the

different options of attosecond sampling of electronic motion in atoms or molecules.

The sub-femtosecond XUV pulse triggers the motion by exciting a valence or core

electron (figure 3(a), (b), (d) and (e)). The unfolding excitation and relaxation

processes lead to photo- or Auger electron emission, which can be probed by the

streaking technique using a few-cycle wave of visible or near-infrared (NIR) light

with controlled waveform. Bound states involved in the excitation and relaxation

cannot be traced by this method. Using the same NIR light wave to ionize these

bound electrons by tunnelling ionization within a few sub-femtosecond steps,

Figure 3. Probing electron dynamics in atoms, molecules or solids with attosecond sam-
pling techniques. A sub-femtosecond XUV pulse triggers the motion by inducing valence
(process (a)) or core photoelectron emission (process (b)). The temporal evolution of photo-
and Auger electron emission (process (c)) can be probed via attosecond streaking. XUV
photoexcitation as well as subsequent Auger decay processes are usually accompanied by
shake-up of another electron to a previously unoccupied level (processes (d), (e) and ( f )). For
sufficiently strong probing laser fields, the shake-up electrons can be liberated by tunnelling
ionization. The temporal evolution of the tunnelling current will provide information
about the inner-atomic electron dynamics that populate and/or depopulates the interrogated
shake-up states. (The colour version of this figure is included in the online version of the
journal.)

1990 R. Kienberger et al.
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provides a sub-femtosecond time resolution for probing intra-atomic and intra-
molecular electron dynamics, including the case that no free electrons are
released (attosecond tunnelling). This approach relies on the fact that energetic
photo-excitation as well as subsequent rearrangement via Auger decay is accom-
panied by transitions to unoccupied orbitals via shake-up (levels #1, 2 and 3 in
figure 3 (d )–(f )). The term ‘shake-up’ stands here for all possible processes populat-
ing excited ionic states (including both instantaneous as well as non-instantaneous
ones). These populations can be probed via optical field ionization by a strong, few-
cycle NIR pulse of variable delay, �t, with respect to the sub-femtosecond XUV
excitation by measuring the number of ions resulting from the XUV-pump/NIR-
probe exposure as a function of �t.

Shake-up usually populates several quantum states in the valence band, from
which electrons can be freed by the NIR probe. Hence, the ion yield will constitute
an integral signal, with contributions from all shake-up states up to a certain binding
energy from which ionization is feasible for the intensity chosen. Population
dynamics of individual states of significantly differing binding energy can be
retrieved by pump–probe scans repeated at different NIR probe intensities and/or
from the temporal separation of the depletion of the states in one and the same delay
scan. The ion yield constitutes an integral signal in a temporal sense, too. The shake-
up states are exposed to the ionizing NIR field from the moment they have been
populated until the end of the NIR pulse. As the delay is scanned from large negative
values (negative stands for: NIR-probe comes first) to large positive values
(XUV-pump first) the measured ion yield starts increasing at �t<0 due to ionization
on the trailing edge of the NIR pulse and continues to increase with increasing �t
owing to the XUV pump shifting towards the peak of the ionizing NIR probe and
having the shake-up states exposed to ever higher NIR probe intensities.

The time-dependent ionization dynamics can be traced by measuring the yield of
ions of different charges as a function of the delay between the XUV pump and the
sampling NIR light field. With a sufficiently rapid (�1 fs) excitation, these meas-
urements can thus provide direct insight into the temporal evolution of shake-up
(in the presence of a strong optical field) and light-induced tunnelling. We have
proven this concept by first experiments on neon and xenon atoms exposed to our
sub-femtosecond XUV pump and few-cycle NIR probe pulses. The experiments have
been performed with waveform-controlled laser pulses with a duration
of �L�ð5:5� 0:5Þ fs, at a repetition rate of 3 kHz. The laser pulses produce
sub-femtosecond XUV pulses. Both, laser and XUV pulses are focused onto an
atomic gas target. Ions created in the common focus of the two beams are detected
by a (reflectron type) time-of-flight ion spectrometer.

5. Shake-up and tunnelling

For probing shake-up and light-induced electron tunnelling neon atoms have been
studied. The core shell was not accessed by the 91 eV XUV photons used here,
hence Auger decay is absent. The threshold energies for single and double ionization
from the outer shell of Ne are 21.56 and 62.53 eV, respectively—both accessible with

Attosecond physics comes of age 1991



D
ow

nl
oa

de
d 

B
y:

 [M
P

I M
ax

-P
la

nc
k-

In
st

itu
te

 F
ue

r Q
ua

nt
en

op
tik

] A
t: 

17
:3

3 
23

 N
ov

em
be

r 2
00

7 

the current photon energy. As a consequence Ne1þ and Ne2þ ions are produced with
a ratio of ð19:7:1Þ � 0:5 by the XUV light. A few percent of the Ne1þ ions are
promoted into 2p�2nl (n: 3, 4; l: s, p, d ) configurations. These satellite states can only
decay radiatively on a picosecond time scale.

Adding the NIR probing field increased the yield of Ne2þ for a delay �t���L.
The total NIR-induced Ne2þ yield enhancement amounted to ð40� 4Þ% of the
XUV-produced Ne2þ yield at a NIR peak intensity of ð7� 1Þ � 1013 Wcm�2.
The absence of this enhancement for �t���L clearly indicates that the laser sets
electrons free from states excited by the XUV pulse. A substantial fraction of the
population of the 2p�2nl shake-up satellites is freed by tunnelling ionization.

Figure 4(a) shows the number of Ne2þ ions detected as a function of delay
�t between the XUV pump and NIR probe. Figure 4 (b) compares the experimental
data (squares) with the theoretical prediction (lines) based on the Keldysh theory
(refined by Yudin and Ivanov [29]). The calculations are in reasonable agreement
with our measurements and reveal how the different shake-up states are depleted
sequentially by laser-field ionization. States in configurations 2p�24p and 2p�23d are
depleted already at negative delays (where the intensity is still low) and 2p�23p and
2p�23s states, which constitute approx. 75% of all shake-up states and have relatively
high binding energies (�10 and 13 eV, respectively) at around zero delay. The
latter are depleted within approximately one and a half wave cycles of the NIR field,
where the laser intensity has increased sufficiently. Several sharp steps that are spaced
by �TL=2 can be seen in this region, giving a clear indication of field-induced
tunnelling being dominantly responsible here. This conclusion is also supported by
the disappearance of the steps in a pump–probe scan performed with a randomly
varying carrier-envelope phase of the NIR probe pulses (grey line in figure 4 (a)).
Although the Keldysh parameter � is of the order of 3 in this experiment, the
steps appear in the data. Hence, the experiment verifies not only the existence of
light-field-induced tunnelling, as predicted by Keldysh some four decades ago, but
also confirms the dominant role of this ionization mechanism up to � values
substantially exceeding 1.

The steepness of the ionization steps and the dips preceding them in the
measured data are not well reproduced by our model, which neglects the influence
of electron–electron interactions and that of the strong NIR field on the
XUV-induced transitions populating the shake-up states. Apart from these discre-
pancies the experiment provides for the first time profound insight into fundamental
electronic processes such as tunnelling and shake-up by contrasting theoretical
models with time-domain data. Currently, the observed sub-400 as rise time of the
Ne2þ yield (which sets a corresponding upper limit on the time it takes the excited
electronic states to become populated during XUV ionization and on tunnelling), see
inset in figure 4 (a), dictates the temporal resolution being achievable. After refining
the experimental accuracy as well as the theoretical modelling this technique will
allow determination of the attosecond temporal evolution of the light-field-induced
tunnelling current and will provide more insight into the nature of e�–e� interactions
responsible for shake-up. Electrons are found to escape from their atomic binding
potential within several sub-femtosecond time intervals near the oscillation peaks of
the ionizing few-cycle near-infrared laser field. The observed sub-femtosecond

1992 R. Kienberger et al.
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Figure 4. Ne2þ ion yield versus delay: experiment and modelling. (a) The squares and the
error bars show the average and the standard deviation of the measurements. Thick red line:
the average of 5 adjacent data points; thin grey line, the same as the thick line but recorded
with NIR probe pulses of random carrier-envelope phase. Inset: Squares, triangles, and circles
depict an ionization step extracted from 3 different measurements normalized to give the same
change in the ionization yield. Solid line: error-function fit with a rise time of 380 as. (b) The
thin solid lines show the calculated fractional ionization yields contributed by electrons
liberated from different shake-up states. The thick solid line depicts the overall ionization
rate obtained by totalling the fractional rates. The simulations were carried out for a Gaussian
250 as XUV pulse and a Gaussian 5.5 fs laser pulse with a peak intensity of 7�1013 Wcm�2.
The black solid curve represents the modulus of the NIR laser electric field ELj j. (The colour
version of this figure is included in the online version of the journal.)
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ionization steps provide a powerful means of probing the transient population of
short-lived valence electronic states in excited atoms or molecules, offering direct,
time-domain access to a wide range of multi-electron dynamics unfolding on an
attosecond to femtosecond time scale. Simultaneous implementation of attosecond
tunnelling and attosecond streaking spectroscopy along with scaling of the tech-
niques to higher photon energies and shorter X-ray pulse durations will provide
unprecedented insight into the transient electronic states of matter.

6. Sub-femtosecond control of electron dynamics

The generation of attosecond pulses and their complete characterization [15]
demonstrate the capability of steering the motion of electrons inside and around
atoms with strong light fields [30]. These achievements have provoked the question,
whether light-field control of electron motion [31] can be extended to more complex
systems, such as electron wave packet motion in simple molecules and possibly even
electron motion in complex (bio)molecules and nanosystems.

Control of chemical reactions or photo-biology has been previously achieved by
employing laser pulses as photonic reagents [32], with their duration, intensity,
frequency, chirp, and polarization being used as control parameters. The intro-
duction of laser light with a stable and synthesized evolution of the electric field
EðtÞ ¼ E0ðtÞ cos ð!tþ ’Þ, adds new functionality to photonic reagents that can be
used to control electron motion.

First experimental evidence that electron motion can be controlled by synthesized
light waveforms was obtained recently in the strong-field dissociation of the
hydrogen molecule, being one of Nature’s most simple molecular systems.
H2 (along with its isotopes HD and D2) has been the subject of many experimental
and theoretical research efforts and many of the processes in terms of which strong-
field molecular interactions are presently interpreted (bond softening, enhanced
ionization, etc.) were discovered in experimental and theoretical work on
this molecule. It has furthermore been the testing ground for several exciting
experimental approaches such as ‘molecular clock’ experiments that are based on
correlated electronic and nuclear motion [33, 34].

Following the proposal of Haljan et al. [35], we have ionized D2 with waveform-
controlled few-cycle laser pulses [36]. Detailed previous studies have revealed several
pathways in the dissociation of H2, HD and D2 in intense laser fields whose relative
importance depends on intensity and pulse duration [37]. In the double ionization of
these systems, two momentum-matched ions are produced that are symmetrically
emitted along the molecular axis, irrespective of the evolution of the driving fields.
Light-waveform control of the dissociation of D2 thus requires double ionization to
be kept at a minimum. We utilized the velocity-map imaging technique [38] to
monitor the emission of Dþ ions from the dissociation of D2, allowing us to identify
the fragmentation channels by their characteristic energy and angular distributions.
The carrier-envelope phase served as a control parameter for the electric field
waveform.

1994 R. Kienberger et al.
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Figure 5 (a) shows a cut through the Dþ 3D-momentum distribution in Cartesian
coordinates (px, py) at pz ¼ 0, for a 5 fs, 1�1014 Wcm�2 laser field with a randomly
varying phase ’. The laser was polarized along the y axis (� ¼ 0�=180�). The kinetic
energy spectrum derived from the image is displayed in figure 5 (b). According to
previous studies [39], the contributions in the centre of the image, which show
relatively narrow angular distributions, can be attributed to bond softening (0–2 eV)
and a weak enhanced ionization channel (2–3 eV). A nearly isotropic distribution is
measured for higher energies (between 3 and 10 eV) and is a typical signature of
fragmentation induced by electron recollision [40] (with the electron that is emitted
upon ionization of D2), being further supported by its absence with circular instead
of linear polarized laser pulses.

No difference in the up versus down emission of Dþ ions (along the laser
polarization axis) is observed with a randomly varying phase. Figure 5 (c) reveals
how phase locking (and thus stabilization of the waveform of the laser electric field)
results in a non-zero asymmetry

AðW, ’Þ ¼
PupðW, ’Þ � PdownðW, ’Þ

PupðW, ’Þ þ PdownðW, ’Þ

of the ion yields PupðW,’Þ and PdownðW, ’Þ in the up and down directions, respect-
ively, as a function of the kinetic energy W of the Dþ fragments and the laser
phase ’. Regions in figure 5 (c) where the asymmetry oscillates as a function of the
phase represent conditions where the direction of the Dþ emission—and hence the
localization of the electron in the dissociation process—is effectively controlled by
the sub-cycle evolution of the laser field driving the dissociation. The extent of the
control is further illustrated in figure 5 (d ), which displays a series of curves where the
asymmetry is integrated over selected energy intervals. The highest degree

px

py

270°

0°

90°

180°

q

(a) (b) (c)

(d)

Figure 5. (a) Two-dimensional Dþ momentum image for D2 dissociation in a 5 fs,
1� 1014 Wcm�2 laser field with randomly varying phase (the laser polarization is vertical);
(b) Dþ kinetic energy spectrum derived from (a); (c) asymmetry of the Dþ ion emission along
the laser polarization (integrated over an angular range of 60�) as a function of the Dþ kinetic
energy and carrier envelope phase �; (d ) asymmetry integrated over several energy ranges.
(The colour version of this figure is included in the online version of the journal.)
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of asymmetry with a modulation depth of ca. 50% is observed between 3 and 8 eV,
indicating the important role of electron recollision for the observed control of the
directional Dþ emission.

To further understand the mechanism of the light-field control of the D2

fragmentation, we have modelled the laser-driven motion of the two nuclei and
the bound electron by numerically solving the time-dependent Schrödinger equation.
To simplify the theoretical treatment, D2 is assumed to be aligned along the laser
polarization axis and is ionized at the maximum of the laser electric field, producing
an electron wave packet and a vibrational wave packet in the 1ssþ

g ground electronic
state of Dþ

2 . Electron recollision (introduced in our model at a delay of 1.7 fs after
ionization, corresponding to the first recollision time [33]) leads to excitation from
the 1 ssþ

g ground electronic state to the 2psþ
u excited electronic state. The time

evolution of the wavefunction for the Dþ
2 molecule after recollision is calculated by

expanding the full wavefunction for the electronic coordinate (r) and the internuclear
distance R in terms of the two lowest-lying electronic states, i.e.

Cðr,R; tÞ � 1s�g
�� �

 gðR; tÞ þ 2p�u
�� �

 uðR; tÞ, ð2Þ

where  g=uðR; tÞ represent the nuclear wave packets corresponding to the 1 ssþ
g and

2psþ
u states (for the full theoretical treatment, see [36]).
Due to the repulsive nature of the 2psþ

u state, dissociation via this state can result
in a large kinetic energy (up to ca. 10 eV) of the Dþ and D fragments. During the
dissociation, the laser field transfers part of the 2psþ

u population back to the 1ssþ
g

state, producing a dissociative wave packet with a large excess kinetic energy.
The emerging coherent superposition of the two electronic states results in a
time-dependent localization of the electron density on the upper or lower nucleus [41].
The calculated time-dependent localization of the electron density in Dþ

2 is shown in
figure 6(a) together with the corresponding laser waveforms for cosine and �cosine
shaped pulses).

The electron density oscillates between the upper and lower nucleus as the
internuclear distance increases. Beyond a critical internuclear distance, the electron
can no longer tunnel through the potential barrier emerging between the two nuclei
and remains on the upper nucleus for a cosine-shaped pulse in figure 6(a). At which
one of the two nuclei the electron remains is determined by the phase of the
oscillatory electron motion relative to the dissociation time. In agreement with our
experimental observation, a shift of the carrier-envelope phase ’ by � turns the
direction of emission of the ionic/atomic fragment opposite (as shown in figure 6(a)).

The mechanism for the observed control of the electron localization in Dþ
2 and its

dissociation is summarized in figure 6(b). The observation of asymmetric Dþ

emission as a result of electron localization requires that we are unable to identify
the quantum path (i.e. the 1ssþ

g or the 2psþ
u curve) along which the measured ions

were created. This restricts the kinetic energy range where an asymmetric emission
may be expected. Electron localization is calculated to peak around 6 eV, in good
agreement with the experimentally observed asymmetry.

This experiment demonstrates that (i) attosecond electron motion is relevant to
chemical processes, and (ii) attosecond shaping of the light field in a femtosecond
pulse can be used to control it. The results reviewed here are first examples of the

1996 R. Kienberger et al.
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control of intra-molecular electronic motion and may provide a first clue for the
control of intra-molecular electron transfer processes by synthesized light fields in
more complex systems.
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