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Abstract

Recent progress in generation and control of intense optical fields has given
rise to isolated soft x-ray pulses with durations significantly below 1 fs. These
constitute a tool of unprecedented temporal definition for attosecond physics—
the study and manipulation of electronic motion on a time scale approaching
the atomic unit of time. A key mechanism in such experiments is the well-
defined momentum transfer between a quasi-free electron, released from an
atom following irradiation by a short x-ray pulse, and a precisely controlled
strong visible light field. The electrons’ final kinetic energy thus sensitively
depends on the timing of electron release with respect to the field oscillations
and reveals the ejected electrons’ confinement in time with sub-cycle, i.e.
attosecond, resolution. Experiments resulting in electron emission of different
durations can be interpreted in terms of a particle-like or wave-like electron,
depending on whether the emission duration is considerably shorter or longer
than the wave period of the probing light.

1. Introduction

The interpretation [1] of disturbing experimental findings [2] in the photoeffect in conjunction
with the subsequent fundamental work in quantum physics at the turn of the 20th century
forced us to accept the dual nature of light and matter as having both particle and wave
properties. As confirmed in many experiments, matter reveals a particle or wave character
depending on the question asked, i.e. the type of experiment conducted. In this paper, we
discuss how observation of the interplay between light and matter in the time domain allows
one—in the same experiment—to interrogate the particle and the wave nature of an electron
simultaneously. The length of the temporal interval over which electrons are set free to interact
with the light field (in the terminology of quantum mechanics: the duration of the electron
wave packet) in relation to the oscillation period of the light wave decides which property
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dominates. By varying the temporal width of the probing light ‘gate’ or the duration of the
particle wave packet, the transition between classical and quantum-mechanical behaviour can
be studied.

A comprehensive formal consideration of both wave properties (e.g. oscillation and
interference) and particle properties (e.g. momentum and spatial confinement) is provided
by the wave packet concept [3] as a suitable superposition of extended waves within a certain
frequency interval. Via Fourier transform, the interval of contributing wave frequencies
determines the temporal and longitudinal spatial extents of the wave packet. Well-defined
freely propagating light wave packets can be obtained from modern pulsed laser systems
[4] with a time-bandwidth product close to its minimum possible value (Fourier-limited
pulse). The photoeffect serves as a mediator for converting a light wave packet into a matter
(= electron) wave packet in a highly coherent fashion. In our approach, an electron wave
packet is launched from atoms ionized by an XUV pulse to interact with the strong field of
a pulse of visible laser light. The relative time scales of the electron wave packet and the
probing light field appear to determine the observed character of the electron.

If the electron wave packet’s duration t. is considerably shorter than the light oscillation
period Ty, . < Ty, particle-like behaviour is observed; if 7. > Ti, the wave nature will
dominate. From an experimental point of view, the latter condition is much easier to meet
because it relies on rather long—fs to ps—ionizing pulses which can be delivered from
a number of sources [5]. Observation of particle-like behaviour, however, is much more
demanding; probing with a light field of period Ty ~ 2.5 fs (red light) calls for XUV
pulses with a duration 74 < 1 fs. It is only the recent progress in generation of attosecond
(1as = 1078 s) XUV pulses that allows us to unveil the particle character of electrons in such
experiments and study the gradual transition in their behaviour to propagation in the form of
waves.

In section 2, we introduce the photonic tools necessary for our technique:
(i) phase-controlled few-cycle intense laser pulses and (ii) isolated sub-femtosecond XUV
pulses. In the following sections, the electron’s particle or wave character will manifest itself
in experimental examples for the cases . <« Tr and 1. > Ti, respectively. The former
case provides an illustrative picture for introducing the basic concept of probing the electron
emission with a rapidly varying electromagnetic field. The interaction of sub-femtosecond
electron emission with a fully controlled (few-cycle) optical wave permits the time-domain
characterization of sub-fs XUV pulses as well as of the electric field of visible light in a classical
framework, constituting the first manifestations of attosecond metrology. The same type of
experiment reveals the wave-like nature of the electron if its emission lasts longer than 7. In
our experiments, an electron wave packet with this property results from secondary electron
emission due to atomic Auger decay following ionization. A suitable choice of experimental
parameters allows one to generate situations where t. ~ T1.. For such intermediate cases, the
electron exhibits particle and wave properties simultaneously.

2. Basic concepts and tools of attosecond metrology

Access to ultrafast phenomena relies on the measurement of brief time intervals, which, in
turn, requires a physical quantity that varies fast in a controlled and reproducible manner. In
femtosecond metrology, the amplitude envelope E,(¢) of the electric field

EL(1) = E,(1) cos(wLt +¢) (D

of a femtosecond laser pulse (of carrier frequency wy ) takes over the role of this quantity. In
the shortest pulses, the rise time of the field amplitude is as brief as a few femtoseconds [6] and
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permits metrology with a resolution approaching 1 fs. Pump—probe techniques furnished with
this time resolution opened the way to observing for the first time the breakage and creation of
chemical bonds by tracing the motion of atoms within molecules in real time [7]. Extension of
this capability to electronic motion deep in the interior of atoms and molecules requires new
tools, because the characteristic time scale for this class of microscopic dynamics is defined
by the classical Bohr orbit time of the electron in the ground state of hydrogen, which amounts
to some 150 as.

Metrology on this time scale requires controlled variation of a physical quantity within
1 fs. Given the fact that the field oscillation period of visible light is longer than 1 fs, this
definitely cannot be achieved with E,(t). However, the hyperfast variation of the oscillating
electric field of the laser pulse does meet the speed criterion for attosecond metrology. In fact,
the electric field of 750 nm radiation (emitted by titanium:sapphire-laser-based femtosecond
systems) changes from zero to its maximum within some 625 as, providing a sufficiently rapid
slope for attosecond measurements.

In principle, time-domain measurements referenced to the laser electric field do not strictly
rely on a short duration of the laser pulse. Triggering the microscopic motion to be studied and
performing the attosecond measurement repeatedly cycle-by-cycle by exploiting correlation
[8] may obviate the need for a very short laser pulse. Because the measurement is accumulated
over several or many laser cycles in this case, it has to be ensured that (i) the sub-laser-cycle
dynamics evolves the same way and (ii) is referenced to the same clock from cycle-to-cycle
during the measurement period. In general, it is hard to meet these requirements with high
precision, which means that the implementation of this concept to a wide range of problems
is not straightforward.

The above difficulties can be avoided in a natural manner by triggering the sub-cycle
dynamics only once per laser pulse. This requires a cycle that can be distinguished from all
the others in the pulse. Isolation of a single cycle is straightforward in a pulse comprising
merely a few oscillation cycles. Intense few-cycle pulses can now be routinely produced [9].
The amplitude of the central wave cycle in such a pulse is significantly higher than that of any
other cycles, allowing discrimination. The central wave cycle of a few-cycle pulse therefore
lends itself to both getting an attosecond process going and providing the reference clock
for measuring it. Both of these operations call for well-controlled, well-reproducible field
evolution.

Reproducible field evolution from one laser pulse to the next requires that the timing of
the oscillations with respect to the pulse peak can be reproduced. In the carrier—envelope
representation of the light field as given by (1), this timing is mathematically denoted by ¢,
which has been referred to as the carrier—envelope phase. ¢ = 0 in the representation of
(1) implies a waveform that has one single most intense half oscillation cycle at the centre
of the pulse. We call this a cosine waveform. ¢ = —m /2, on the other hand, results in a
waveform with two equally strong half cycles. In our terminology, this is a sine waveform.
These waveforms (figure 1) constitute two specific examples out of an infinite number of
possibilities for the same amplitude envelope E,(t) and carrier frequency w;. Few-cycle
pulses with a controlled waveform, i.e. controlled value of ¢, open the way to attosecond
control and metrology in a natural way.

Unfortunately, conventional ultrashort-pulse lasers do not deliver pulses with a constant
waveform. Rather, the carrier—envelope phase is subject to a pulse-to-pulse shift as a
consequence of the difference between the group and phase delays in the laser cavity. This
pulse-to-pulse phase shift had been measured as early as 1996 [10], but stabilization of the shift
[11-13] became possible only years later, drawing on a proposal by Hénsch [14-16]. These
carrier—envelope-phase-stabilized femtosecond oscillators [11, 13] revolutionized frequency
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E, (t)= E(t) cos(w,t + @) Cosine waveform
¢=0

Sine waveform
Q=7/2

T ~25fs

Figure 1. Few-cycle light waves of identical amplitude envelope and carrier frequency carried at
a wavelength of 750 nm. Different values of the carrier—envelope phase result in different, in our
example cosine- and sine-shaped, waveforms. If the waveform is reproducible (from laser pulse
to laser pulse), the rapidly varying field within, for example, the half cycle highlighted can be used
as a reference clock for time-domain measurements on a sub-femtosecond time scale.

metrology owing to their precisely controlled frequency comb, but had virtually no impact in
the time domain because the sensitivity of light—matter interactions to the waveform relies on
field strengths higher than that available from oscillators. Collaboration between one of the
authors’ groups with that of Hinsch recently led to the generation of waveform-reproducible
intense few-cycle pulses [17].

The first source of phase-stabilized high-power few-cycle laser pulses delivers 5 fs,
0.1 TW pulses at a wavelength of 750 nm and a repetition rate of 1 kHz (figure 2). Whilst the
control loops in figure 2 permit stabilization of ¢ as well as changing it by a known amount,
the absolute value of ¢ is still unknown and remains to be determined from strong-field
experiments. These waveform-controlled few-cycle pulses have opened the door to control
the motion of electrons in and around atoms within the wave cycle, i.e. on a sub-femtosecond
time scale. Sub-wave-cycle electron dynamics naturally unfold in the process of optical field
ionization. This phenomenon is predicted to set in at laser field strengths yielding a cycle-
averaged wiggling energy of a free electron (ponderomotive potential) comparable to or larger
than the binding energy of valence electrons, which is typically fulfilled at intensity levels
beyond 10'* W cm~2 in the near-infrared spectral range.

A linearly polarized intense light wave detaches electrons from the irradiated atoms
whenever the electric field exceeds the threshold for tunnel ionization (near the oscillation
peaks). The liberated electrons are first removed from the atomic core, but the laser field
changes its direction and pulls the electrons back to their original location less than a period
later, resulting in a recollision of the electron wave packets with their parent ions. This
recollision gives rise, with some probability, to recombination of the electron into its original
bound state and to simultaneous emission of an energetic (extreme ultraviolet or soft-x-ray)
photon. The phenomenon has been modelled by Lewenstein e al [18] on the basis of the
above-outlined intuitive picture put forward by Corkum [19] and independently by Schafer
et al [20]. If the driving laser pulse consists of many wave cycles, this process is repeated
quasi-periodically each half cycle. Hence, theory predicts the light emission in the form of a
quasi-periodic train of sub-fs bursts with a spectrum consisting of high-order harmonics of the
incident laser field. This time structure was recently confirmed experimentally [21, 22].

In the case of a few-cycle driver, only a few recollisions occur. The electron wave
packet recolliding near the zero transition of the laser field following the pulse peak is
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Figure 2. Overview of a carrier—envelope-phase-stabilized, i.e. waveform-controlled, few-cycle
laser source. The phase of the pulses emitted from the Ti:sapphire oscillator is maintained by
a frequency-domain (f-to-2 f) technique originally developed for frequency-domain metrology,
through a feedback loop controlling the pump power with an acousto-optical modulator (AOM).
The energy of the phase-stabilized pulses is boosted by approximately six orders of magnitude
in a multipass amplifier (Femtopower Compact Pro, Femtolasers GmbH) and compressed to a
duration of 5 fs in a gas-filled-hollow-fibre /chirped-mirror compressor. Random phase drifts in
the amplifier are monitored with Interferometer II and pre-compensated in the oscillator to yield
waveform-controlled few-cycle pulses with excellent long-term stability.

significantly more energetic than the others, because it is pulled back by the most intense
half cycle to the vicinity of the core. This implies the emergence of a burst at higher photon
energies than other recollision events. For a cosine waveform, we expect one single highest
energy XUV burst to be emitted (figure 3(a)), whereas a sine waveform—comprising two half
cycles of highest amplitude—will create a couple of pulses at the highest photon energies
(figure 3(b)).

These considerations suggest that waveform-controlled few-cycle light can excite
electronic motion in a controlled manner within the oscillation cycle of visible light, i.e. on a
sub-femtosecond time scale. The resultant sub-femtosecond extreme ultraviolet emission, in
turn, can be used to test the ability of controlled light field oscillations to perform measurements
on an attosecond time scale. To this end, the XUV radiation together with the few-cycle laser
pulse used for generating it are focused into a second atomic gas jet (figure 4). The laser
field is strong enough to change significantly the momentum of the electrons knocked off
by XUV photons. The momentum change—measured by time-of-flight spectrometry—is
directed parallel to the electric field vector and depends on the instant of release of the electron
wave packet within the laser cycle.

The sensitive dependence of the momentum change of the freed electrons on the phase
of the field at the instant of their release and precise control over the hyperfast light field
oscillations permit probing of the ejected wave packet with sub-femtosecond resolution.
Depending on the emission duration of the electron wave packet as compared with the wave
period of the probing laser light, the electron reveals particle-like or wave-like behaviour in
its interaction with the light field, as is discussed in the following sections.
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Figure 3. Schematic illustration of XUV emission from atoms ionized by a linearly polarized
few-cycle laser pulse. The most-weakly bound atomic electron is detached with some probability
from the atom as the laser electric field exceeds the optical-field-ionization threshold (black dashed
line). The electron wave packet is first removed and then pushed back to the vicinity of the
core. The most energetic part of the electron wave packet recollides at the zero transition of the
driving electric field, resulting in emission of the most energetic photons in one or two bursts of
sub-femtosecond duration for (a) a cosine- and (b) a sine-shaped driver wave, respectively.

3. Particle-like behaviour: sub-femtosecond pulse characterization

Let us consider photoionization of an atom in the presence of a visible laser field too weak
to induce directly or even to influence the electron emission process. As the ionization can
be assumed to occur instantaneously on the time scale under consideration, excitation with an
ultrashort XUV pulse of duration 7, <« 7. forms an electron wave packet with an envelope
mimicking the photon wave packet, t. ~ 1. Owing to this temporal confinement, we could
consider this escaping photoelectron as a particle with a defined initial momentum p;. Once
liberated, however, the electron experiences the laser field and is accelerated in the direction of
the light polarization, thus gaining or losing momentum, Ap = pf — p;. In momentum space,
this transfer can be regarded as an alternating linear displacement of the momentum sphere
[23] as depicted in figure 5, where isotropic electron emission is assumed. From this classical
scheme, it becomes clear that the momentum transfer Ap depends on the angle between p; and
the laser polarization plane, but most importantly on the phase and amplitude of the laser field
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Figure 4. Schematic of the experimental set-up for generation of sub-femtosecond XUV pulses
and their use for impulsive atomic excitation in the presence of a waveform-controlled few-cycle
light wave. The extreme ultraviolet radiation emerging from a tube filled with neon gas as a result
of the interaction depicted in figure 3 is emitted in a highly collimated laser-like beam propagating
collinearly with the generating laser beam in an evacuated beamline. The two beams are reflected
by two different parts of a composite molybdenum—silicon multilayer mirror. The two concentric
parts can be translated with respect to each other, allowing one beam to be delayed with attosecond
precision with respect to the other. Both beams are focused into a second atomic gas target which
is excited by the XUV pulses in the presence of the laser field. The freed electrons are detected
and analysed with a time-of-flight spectrometer.

at the instance of electron injection, i.e. the ionization event. Ap is parallel with the electric
field vector in a linearly polarized light field with its magnitude given by

Ap = e/ EL () dr’ = eAL(), 2)

where Ay (¢) is the vector potential. Ap vanishes when the ionization takes place in the field
maximum and is strongest for the zero field transitions a quarter of a light period earlier or
later. This corresponds to a 90° phase shift between the light oscillation and the observed
momentum transfer, independent of the exact form of the pulse envelope E,(¢).

The validity of this classical picture of particle-like electrons interacting with a
synchronized light field is put to the test in an experiment depicted in figure 6, utilizing sub-fs
XUV pulses well synchronized with a phase-stabilized few-cycle laser field as introduced in
the previous section. Free atoms are ionized with the (pump) XUV pulse and the escaping
photoelectrons are probed with a delayed light field. Varying the delay At between the XUV
and laser pulses, one should expect an alternating bipolar shift of the final kinetic electron
energy Wy measured in the spectrometer according to

Wi (At) = Wi +,/8Wik E2(Ar) sin(w At), 3)

with k = e?/4m.w?.
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Figure 5. Schematic picture of the momentum transfer imposed on a photoemitted electron by
a strong light field, polarized vertically in this figure. An initially isotropic distribution (grey) of
photoelectrons with equal momentum (length of arrows) is modulated by the addition of a constant
momentum equivalent to the vector potential of the light field at the instant of electron emission.
Accordingly, the momentum transfer directly follows the oscillation of the vector potential. The
most pronounced variation is observed in the light polarization direction.
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Figure 6. Observation of electron wave packets shorter than the light oscillation cycle. XUV and
laser pulses travel collinearly and with fixed relative delay through an atomic gas. The photoeffect
transforms the XUV photon wave packet into an electron wave packet of the same temporal shape.
Upon emission, the electron immediately experiences the laser field and gains or loses kinetic
energy, depending on the temporal delay. This kinetic energy shift is most pronounced in the
direction of the laser field polarization, where a time-of-flight electron spectrometer is situated.

Figure 7 presents the result for a corresponding experiment on neon atoms excited with an

8 eV wide XUV pulse centred at a photon energy of 92 eV [24]. The particle-like behaviour is
clearly evident in the oscillatory pattern of the Ne 2p photoelectrons. The extreme sensitivity
of the electron energy on the light phase provides the footing for temporal measurements with
a resolution of a fraction of the laser period. Analysis of figure 7 results in a XUV pulse
duration of 250 + 30/—5 as and proves that our XUV source delivers isolated pulses rather
than pulse trains. The shortness of these pulses has provided a §-like gate for a first-time
sampling of the temporal evolution of a visible light field [25].
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Figure 7. Experimental result from a measurement as depicted in figure 6. Excitation of neon
atoms in an 8 eV wide band centred around a photon energy of 93 eV yields Ne-2p photoelectrons
at a kinetic energy of approximately 72 4 4 eV. Momentum transfer between the photoelectron and
the laser field leads to the observed oscillatory energy shift directly mapping the vector potential
of the light field. This is a signature for particle-like behaviour of the electron. Analysis of this
distribution results in a duration of 250 +30/—5 as for the electron wave packet, i.e. the XUV
pulse, and so the condition 7, < 71, is safely met.

4. Wave-like behaviour: sampling secondary electrons

Relaxation processes in atoms give rise to delayed electron emission in the form of
electron wave packets with a shape and temporal extension characteristic of a specific decay
(figure 8). Sampling the temporal profile of such wave packets thus reveals details of the
underlying electronic dynamics with attosecond precision. For many atomic shells, the typical
decay time is of the order of several femtoseconds, thus extending over a few laser field cycles.
For such cases, the outgoing electron wave packet will interact with the light field at a multitude
of different relative phases as depicted in figure 9. Coherent superposition of all contributions
leads to the formation of sidebands [26] in the electron kinetic energy spectra—a signature for
wave-like behaviour.

One of the most comprehensively studied (in the energy domain) systems of atomic
relaxation is nonresonant MNN Auger decay in krypton following excitation of the 3d
shell above the ionization threshold at 93.8 eV [27]. Time-resolved measurement of the
characteristic exponential decay time 1, of the core-hole decay relies on sampling of the
Auger electron wave packet formed after excitation of krypton atoms with an XUV pulse in
a 3 eV wide band centred at 97 eV, corresponding to a (Fourier-limited) duration of 0.9 fs.
A typical electron spectrum acquired in the time-of-flight spectrometer is shown in the upper
right corner of figure 10. Combining such spectra taken at different delays Az between the
XUV and the laser pulse provides a map of the temporal evolution of the electron emission,
displayed as a surface plot in figure 10. According to the above discussion for electron
emission with t. > T, interaction with the laser field leads to the emergence of sidebands
separated by multiples of vy, ~ 1.6 eV from each Auger line. For the case of the My sN{N; 3
Auger lines investigated here, this spacing approximately coincides with the typical separation
between the Auger lines [28], thereby obscuring most of the sidebands. Only for the least
energetic (lPl) line is the first sideband well isolated and taken into consideration. Since the
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Figure 8. Lower panel: scheme of the Auger decay. Sufficiently high photon energies can create
an inner-shell hole upon emission of a photoelectron (a). The vacancy is spontaneously filled
with a less bound electron (b). The binding energy of the latter is transferred to a third (Auger)
electron leaving the ion with defined kinetic energy (c). Upper panel: since the Auger decay is
a spontaneous relaxation process, the secondary Auger wave packet Wayger(¢) should follow an
exponential decay law. It will therefore, in general, be more extended in time than the primary
photoelectron wave packet Wpporo (7).

sideband area represents a convolution of the Auger emission rate and the laser pulse envelope
E,(t), the latter must be precisely known to extract the desired value of 1. In accordance
with the technique for light field mapping introduced in the previous section, this calibrating
information is simultaneously embedded in the acquired electron spectra of the 4p photo
line. With this information as input, a fit procedure with 7, as the only varied parameter is
capable of extracting the temporal evolution of the Auger emission rate. This analysis yields
7, = 7.9(+1.0/-0.9) fs for the lifetime of M(3ds/,) vacancies in krypton [29]. Assuming
monoexponential decay, this lifetime corresponds to a natural linewidth of I' =1 /7, = 84 &+
10 meV, well in accordance with the energy-domain result of 88 £ 4 meV from [30].
Asevident from figure 10, a wave-like character is clearly perceptible already for 7, ~ 377..
Typical time constants of atomic decay processes, however, cover a range from 0.1 fs to
10 fs [31]. In many cases, one therefore faces situations where t. ~ T suggests behaviour
intermediate between the particle and wave limits. In a quantum mechanical calculation, the
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Figure 9. Experimental arrangement for observation of electron wave packets longer than the light
oscillation cycle. XUV and laser pulses travel collinearly and with fixed relative delay through an
atomic gas. In contrast to the experiment depicted in figure 6, the electron wave packet is longer
than the exciting XUV pulse due to an intrinsic atomic process, e.g. Auger decay. Different parts of
the wave packet experience different phases of the laser field; the resulting coherent superposition
leads to an interference pattern in the electron spectra.

Figure 10. Experimental result from measurement of the time evolution of MNN Auger decay in Kr
using the set-up depicted in figure 9. The delay-dependent plot is composed of spectra as shown in
the upper right corner. The temporally extended coherent interaction between Auger electrons and
the laser field leads to the transient formation of spectral sidebands of the Auger lines (red), from
which the inner-shell relaxation dynamics can be retrieved. To this end, simultaneously acquired
broadening of the 4p photoelectron line provides important information about the temporal shape
of the laser field envelope.

steady transition of time-resolved spectra from the particle to the wave case has been followed
[29, 32]. Figure 11 presents quantum mechanical simulations of Scrinzi and Yakovlev [29]
of electron spectra assuming different lifetimes of a model Auger decay with a field-free
kinetic energy of 40 eV. At . = 5 fs (to = 27r) the sideband pattern discussed above
clearly dominates. For t, = 200 as (t. = 71./12.5), on the other hand, the well-expressed
oscillation closely resembling the photoelectron study in figure 7 reveals the particle character
of secondary electrons emitted almost instantaneously after excitation. Already for 7. = 500
as (t. = Tp./5), contributions from the coherent interaction with different visible field phases
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Figure 11. Simulation of time-resolved electron spectra for hypothetical Auger decay at various
time constants for the atomic relaxation. An initial kinetic energy centred around 40 eV is assumed.
The figure visualizes the gradual transition from a particle-like character of the electrons for very
short electron wave packets, revealed by an oscillatory dependence of the spectra on the temporal
delay, to a clear signature of wave-like behaviour in the form of spectral sidebands.

become clearly visible. A complex pattern in the range of 71, /5 < t. < Ty fully reveals the
dual nature of matter with contributions from the particle (oscillation) and the wave (sidebands)
behaviour becoming simultaneously observable.

5. Conclusion

Electric and/or magnetic fields are often used to affect the motion of electrons and probe
their characteristics. Attosecond metrology now allows one to uncover wave- or particle-like
behaviour of electrons emanating from the photoeffect induced by ultrashort XUV excitation.
If the emission time of the electron is long in relation to the wave cycle of probing light
(te > Tv), sidebands spaced by the laser photon energy from the main line appear in the
energy spectrum of electrons emitted in the presence of a strong light field. This phenomenon
results from interference between electron wave packets released at instants differing by the
laser period (or its integer multiple) and is a clear manifestation of the wave nature of electrons.
The electrons behave like a coherent collective matter wave. In the limit of 7. < 71, this
temporal interference is completely suppressed and the electrons’ motion can be modelled
and their momentum and energy can be precisely predicted in the framework of classical
physics. The electrons behave like a shower of particles with a point-like charge. These two
limits can, in principle, also be realized by varying the frequency of the light wave used for
probing the electrons released by the photoeffect or Auger effect. It may thus be concluded
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that, depending on the oscillation period of the probing field relative to the emission time, the
electrons behave as a coherent matter wave or as point-like particles in their interaction with
the electromagnetic field.

From a practical point of view, the intermediate regime 7. < T, or t. ~ T appears to
be most important for the emerging field of attosecond science. In this regime, the electrons’
energy and momentum distributions are modified gently and in a well-defined manner by the
rapidly varying field. From the modified momentum and/or energy distributions, it is possible
to determine the temporal structure of the electron emission. Probing the emission of primary
(photo) and secondary (Auger) electrons created by impulsive (attosecond) excitation in this
way yields direct time-domain information of the evolution of the underlying atomic excitation
and relaxation processes, respectively.

The resolution of optical-field sampling of electron emission is dictated by the initial
kinetic energy W; of the ejected atomic electrons, by 71, and (as always) by the signal-to-
noise (S/N) ratio. The briefest time interval within which two different atomic events can
be recognized as different by this technique is ultimately limited by quantum-mechanical
uncertainty, which dictates that any short time structure comes with a broad energy spectrum.
To be able to resolve the spectral ‘images’ of two events separated in time by ¢, they must be
shifted with respect to each other in the final energy spectrum of the electrons by as much as
at least their own spectral width §W = i /§z. This requirement makes the resolving power

TL h(,()L

ot = — ,
27\l AWpnax

“4)

where A Wy« stands for the energy shift suffered by the electron ejected at the peak of Ay (¢).
In recent measurements A Wy,.x approached 30 eV, yielding (for 7y, = 2.5 fs) §t &~ 100 as
[24]. Attosecond metrology based on interaction of electrons with a strongly controlled wave
of intense few-cycle light is able to distinguish two ultrafast atomic events following each
other within 100 as, constituting the shortest interval of time directly measurable to date.

Recent experimental advances afford promise of generation of single attosecond bursts
with durations well below 100 as and photon energies approaching 1 keV [33]. At these
excitation energies AWy.x can be enhanced by at least an order of magnitude, yielding
6t ~ 30 as. Extension of the presented experiments to exploring simultaneously the sub-
femtosecond temporal variation of emission intensity and momentum distribution of primary
(photo) and secondary (Auger) electron emission will provide unprecedented insight into the
complex excitation and relaxation dynamics of the electronic shell of atoms and molecules
with a resolution that will approach the atomic unit of time (24 as).
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