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Manipulating quantum paths for novel attosecond
measurement methods

Kyung Taec Kim, D. M. Villeneuve and P.B. Corkum*

Sources of attosecond-duration light pulses provide the fastest time resolutions available today for observing ultrafast phenom-
ena in atoms, molecules and condensed matter. The measurement of such pulse durations is challenging because the spectrum
lies in the vacuum ultraviolet or soft X-ray range. Two classes of pulse duration measurements now exist; they are classified
according to whether the measurement is performed in the generating medium or in a second medium. The first measurement
class is called ‘insitu’ and depends on gently perturbing the electron responsible for attosecond pulse formation. The second
measurement class, which we refer to as ‘ex situ’, takes place in a second medium in which photoelectrons are produced by the
attosecond pulses; a synchronized laser field perturbs the photoelectron spectrum. This Review compares and contrasts these

two approaches for measuring attosecond pulses.

very fast timescales have emerged in the past few decades. Brief

pulses of electrons are used to perform ultrafast diffraction of
molecules' and condensed matter’. Femtosecond lasers have been
employed to observe chemical dynamics’. X-ray free-electron lasers
generate intense bursts of X-rays that can be used to determine
the structure of biomolecules*’. Attosecond pulses in the vacuum
ultraviolet, extreme ultraviolet or soft X-ray range are the shortest
of all current probe pulses. Such pulses have moved the time reso-
lution range from the femtosecond scale (the timescale for atomic
motion in molecules) to the attosecond scale (the timescale for
electron motion in atoms). The atomic unit of time is 24 as, and a
semiclassical electron orbits a hydrogen atom in 150 as. The short-
est individual attosecond pulses generated to date have a duration
of 67 as (ref. 6).

The process of high-harmonic generation (HHG) underlies the
production of attosecond pulses”’; it is described by the so-called
three-step model''"3. The simplest description of HHG is a classical
one. The laser field detaches an electron from a gas-phase atom. The
electron is then accelerated by the field, and photorecombines with
its parent ion. On recombination, the kinetic energy of the electron
is released in the form of a single photon. The entire process takes
place within a single optical cycle, and results in the production of
a single attosecond pulse. If the driving laser field contains many
optical cycles, then a train of attosecond pulses will be produced.
The emission is coherent and can be phase matched among many
emitting atoms'*'¢, leading to coherent and collimated emission of
attosecond pulses. If we are careful about phase matching, the meas-
ured signal will be an amplified version of the single-atom response.

Ultrafast temporal dynamics in atoms and molecules can be
probed by attosecond pulses. An atom irradiated by an attosecond
pulse produces a continuum photoelectron wave packet whose
amplitude and phase are determined by the amplitude, phase and
polarization of the attosecond pulse, as reflected by the transition
moment'”'8, If the atomic transition moment can be accounted for,
then the characteristics of the photoelectron will uniquely encode
the characteristics of the attosecond pulse that created it. Adding a
weak laser pulse will modify the photoelectron replica'®®. It is this
modification that allows us to measure the time structure of the
photoelectron replica. Specifically, by scanning the phase relative to
the attosecond pulse, we gain information about the emission time

E ; everal new approaches to studying the structure of matter on

of the photoelectron replica. This frequency-resolved optical gating
(FROG) concept allows us to fully characterize the electron wave
packet, and hence the attosecond pulse'**'-%.

The other approach for the measurement of attosecond pulses
is to observe the pulse generation process itself. The trajectory of
the electron that recombines can be gently controlled by an addi-
tional laser field. By controlling the additional field, it is possible to
determine the space-time characteristics of the attosecond pulse in
the medium as the pulse is being produced. We call this approach
an ‘in situ’ measurement, as opposed to the ‘ex situ’ measurement,
which utilizes a second atomic medium for the measurement.

The aim of this Review is to demonstrate the parallels between
attosecond measurements based on photoionization (ex situ) and
photorecombination (in situ). As attosecond measurements based
on photoionization have been discussed elsewhere®*, we will put
more emphasis on in situ measurements based on photorecombi-
nation. Attosecond measurements based on photoionization and
photorecombination are conceptually very similar. However, each
biases us to think in a different manner; photoionization inclines
us to consider the photon as the probe and to draw parallels with
time-resolved photoelectron spectroscopy, whereas photorecombi-
nation predisposes us to view the electron as a probe and to draw
parallels with electron diffraction and other collision experiments.
Viewed together, we realize that attosecond diagnostics will allow
us to simultaneously resolve both structure on the angstrom scale
and dynamics on the attosecond scale’. In addition, as the photore-
combination underlying attosecond pulse generation takes place
between correlated electrons and ions, attosecond science gives us
unrivalled access to correlated dynamics.

High-harmonic spectroscopy

Three-step model. As mentioned above, the process of HHG is
described by the so-called three-step model'-'?. In the semi-classical
description of HHG, the laser field detaches the electron, the elec-
tron is accelerated by the field, and the electron photorecombines
with the parent ion. The classical equations of motion are written
for an electron with mass m and charge e under the influence of an
oscillating electric field E(f) that represents the intense laser pulse,
with the acceleration being a(t) = (e/m)E(t). The acceleration can be
integrated to give the velocity v(t) and the position of the electron
x(t). The potential of the ion is neglected.
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The trajectories are shown in Fig. 1. Each trajectory is defined
by the instant at which it becomes free of the atom, often called the
time of birth, . Trajectories that start before the peak of the laser
field cycle do not return to the parent ion, whereas trajectories
that begin after the peak will return to the ion, where they have a
possibility of recolliding and recombining. In Fig. 1, the velocity at
which they recollide is determined by the slope of each trajectory
at zero displacement; the kinetic energy at recollision is denoted
by the colour of each trajectory, with blue indicating the highest
kinetic energy. If the electron recombines with the parent ion, it
will emit a photon that has an energy equal to the kinetic energy
of the electron plus the binding potential, I,. The most energetic
trajectory will emit a photon whose energy is 7Q = 3.17 U, + I,
where U, = e* Ej?/(4mw,?), h is the reduced Planck constant, E,
is the peak electric field and w, is the angular frequency of the
laser field. The instantaneous photon energy first chirps up to the
highest energy, then chirps back down; this chirp is known as the
atto-chirp* .

The three-step model can be described quantum mechanically
by the time-reversed S-matrix method?, also called the strong-field
approximation (SFA).

d(t) = i [ dk [ dt (y|r|k-A())-eSE()-(k-AE)|rlw)y (1)

Here, d is the dipole response of the atom, k is the canonical momen-
tum, A is the vector potential of the laser field, y is the Dyson wave-
function describing the bound electron in the atom and S is the
classical action, which is defined as follows.

S= Jt‘ at'(k — A(t))*2 + I(t - t) (2)

Here, I, is the ionization potential. Reading equation (1) from
right to left, ionization occurs at time £, the electron accu-

mulates a Volkov phase in the continuum (described by the
classical action S) and recombines back to y at time t. The radi-
ated electromagnetic spectrum? is the square of the Fourier trans-
form of the second derivative of d(t):

1,(Q) = Q| [ d(De ™ dt]

The results of the classical three-step model can be approximately
reproduced by the SFA model by finding the stationary points of the
classical action S; this approximation predicts that the electron must
originate and terminate near the ion.

Equation (1) describes the single-atom part of the HHG pro-
cess. Because this process begins and ends with the atom in the
state described by wavefunction vy, the phase of ¥ cancels out. This
means that the process is coherent, being independent of the phase
of the atom, which permits the macroscopic emission to be phase
matched. Non-phase-matched emission radiates into 47n sr and is
usually not detected experimentally. Thus, HHG is very sensitive
to the wavefunction y of the atom and discriminates against other
processes that do not end at the initial state.

Perturbation of electron trajectories. In the HHG process, the
electron moves along specific trajectories under the influence of
the fundamental driving laser field, from the time of birth ¢ to the
recombination time t. During this excursion, the electron accu-
mulates a phase that is transferred to the HHG radiation. Any
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Figure 1| Electron trajectories involved in high-harmonic generation.
The instantaneous electric field of the laser is denoted by the dashed

line. Individual electron trajectories that return to the origin are shown

for various times after the peak of the field. The velocities at which they
return are given by the slopes of the trajectories at the origin. The colour
scale indicates the relative kinetic energy on return. The different electron
trajectories can recombine at a range of times between 700 as and

2,500 as after the field peak, leading to the emission of an attosecond
pulse that chirps up and then down in frequency. This process repeats
every half optical cycle, leading to the emission of a train of attosecond
pulses. Figure reproduced with permission from ref. 69 © 2012 NPG.

perturbation made to the laser field modifies the electron trajectory,
and similarly changes the phase of the HHG radiation.

The phase shift o, at the gth harmonic order imposed by the
addition of a perturbing field E,(¢) can be derived from the classical
action shown in equation (2) as

t
o(r)= —[dt
(1)

SFA

v (t") JE dt"'EP(t'"—T) (3)
o)

Here, 7 is the relative delay between the fundamental driving
field and the perturbing field, and v, is the unperturbed elec-
tron velocity?.

Unlike other nonlinear processes, such as second-harmonic
generation in a nonlinear crystal, the HHG process is temporally
localized. The electron trajectory that generates the gth harmonic
radiation is born at  and recombines at t. The electron experiences
the additional field only during the excursion time (from # to t). As
we show below, this temporally localized perturbation effect allows
us to probe the dynamics of the attosecond pulse generation process
itself and the perturbing field. Here, we reveal how a small field can
perturb the electron trajectories, leading to a significant phase shift.

In HHG, the ionization-recollision process repeats every half
optical cycle, leading to the generation of an attosecond pulse train.
The electron recollides from alternate sides of the atom during alter-
nate half optical cycles (Fig. 2a). This leads to a series of attosecond
pulses that chirp up and down in frequency. If the spectrum of each
attosecond pulse is F(w), then by the Fourier repetition property
the spectrum of the pulse train will be F(w)Z, §(w - 2n + 1)w,)
(that is, the spectrum is modulated into a series of odd harmonics of
the driving laser field w,). The harmonics are odd rather than even
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Figure 2 | Second-harmonic field leads to even-harmonic emission. a, The
addition of a weak second harmonic of the fundamental laser frequency
affects the electron trajectories differently for alternating half optical
cycles, as shown by the blue lines. One trajectory is slightly longer than the
other, leading to a phase shift of the Volkov phase for the trajectory. b, By
breaking the strict inversion of alternating attosecond pulses, the second-
harmonic field causes the production of even harmonics of the fundamental
laser frequency, in addition to the usual odd-harmonic spectrum. The high-
harmonic spectrum is calculated from a single Ne atom with (blue line) and
without (red line) the perturbing second-harmonic field. The fundamental
and perturbing second-harmonic pulses have intensities of 3 x 10 W cm™
and 1.5 x 10" W cm?, respectively.

because of the alternating parity of each attosecond pulse; emission
at even harmonics is completely cancelled.

If the laser field includes even a weak component at a different
frequency, the exact alternation of the pulse train is broken, leading
to the possibility of generating other frequencies besides those of
the odd harmonics. For example, a second-harmonic field 2w, will
make the positive and negative cycles of the fundamental field dif-
ferent, leading to the appearance of even harmonics. Figure 2 illus-
trates how a weak second-harmonic field can perturb the electron
trajectories for alternate half cycles. The HHG spectrum calculated

from a single Ne atom with an intensity of 3 x 10'* W cm 2 is shown
by the red line in Fig. 2b. The second-harmonic pulse that has only
0.05% of the fundamental intensity is strong enough to perturb the
HHG process, leading to the formation of even-order harmonics
(Fig. 2b). This feature of adding a second-harmonic field can be
used to diagnose the process leading to the production of attosec-
ond pulses, as will be discussed below.

Relationship between photoelectron and high-harmonic spec-
troscopy. Although the three-step model explicitly includes the
bound-state wavefunction of the electron that was removed by the
laser field (or more precisely, the Dyson orbital that corresponds to
the difference between the neutral and the ion) through the recom-
bination dipole moment from the continuum wavefunction to the
bound wavefunction, it is not obvious how this dependence mani-
fests itself in the HHG spectrum, which is the usual observable. It
has indeed been shown that the HHG three-step process can be fac-
torized into three steps, not just in the time domain, but also in the
frequency domain®-*. From ref. 34, the power spectrum I,(E,,) can
be approximately factored as follows.

Io(Eq) = I(E, ) W(E)o*(E) 4)
Here, the term I represents the ionization step, W represents the
acceleration of the electron in the continuum and o* is the photore-
combination cross-section. E is the kinetic energy of the recolliding
electron, and E,, = E + I,. The approach used by Itatani et al.*' was to
determine the product of I and W using a reference atom for which
0" is known. Then, I, is a measure of ¢* for the target atom or mol-
ecule, the basis of quantitative rescattering theory>>-.

Consider the diagrams in Fig. 3. The first diagram shows the pro-
cess of single-photon photoionization®. If the photon has sufficient
energy, it can remove an electron from the atom. As the photon
energy is increased, more-deeply bound electrons can be removed.
Because the valence electrons are responsible for most of the
chemical properties of a molecule, it is desirable to employ photon
energies just above the ionization potential so as to remove only a
valence electron. When an electron has been removed, the ion must
end up in an eigenstate; the electron removes any excess energy as
kinetic energy. The field of photoelectron spectroscopy* uses this
approach, by measuring the energy and direction of photoelectrons.

Figure 3b shows the process of HHG, as described above.
The electron is removed by an intense laser field by the electron
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Figure 3 | Photoionization vs. high-harmonic generation. a, Energy diagram showing how a single photon can ionize an atom. The electron kinetic energy
takes up the difference in energy between the photon energy and the binding energy of the electron. This is the basis of photoelectron spectroscopy.

b, Illustration of the high-harmonic process. A valence electron is tunnel ionized by the laser field, which subsequently causes it to recollide with the parent
jon. The electron can recombine, emitting a photon in the process. ¢, The HHG spectrum from xenon atoms extends to 160 eV, illustrating the broad range
of frequencies obtained simultaneously in HHG experiments. The blue line is the HHG experiment®2 The green line is a calculation of the photoionization
cross-section®?, and the symbols are synchrotron measurements®***. PICS, photoionization cross-section; RRPA, relativistic random-phase approximation.
Figure ¢ reproduced with permission from ref. 52 © 2011 NPG.
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Figure 4 | Exsitu and insitu measurements. a, A typical experiment set-up for exsitu measurement. The attosecond pulses are generated in the HHG
target, and refocused into the photoionization target. The laser pulse and the attosecond pulses are separated by an X-ray filter mounted on an annular
glass pellicle. The time delay is controlled by moving the inner mirror. TOF, time-of-flight spectrometer. b, A typical experiment set-up for insitu
measurements. The perturbing beam can be spatio-temporally overlapped with the fundamental driving laser beam. The HHG spectrum is measured with
a standard extreme-ultraviolet spectrometer that has a slit, extreme-ultraviolet grating and extreme-ultraviolet imaging detector.

tunnelling through the potential barrier*’. This step is expo-
nentially sensitive to the binding energy of the electron*, and
so, unlike single-photon photoionization, is not able to remove
deeply bound electrons. The recombination process is a time-
reversed version of photoionization, as the continuum wavefunc-
tion recombines through a dipole transition back to the ground
state. For both processes, the transition matrix element between
the bound and continuum states is the same. Despite the fact
that in HHG the returning electron looks like a plane wave as it
approaches the ion, it is now thought that the continuum wave-
function can be described as a scattering state in both cases®.
Equation (4) shows that the HHG spectrum is proportional to the
photorecombination cross-section, which is proportional to the
photoionization cross-section.

This  correspondence  between  photoionization  and
photorecombination has led to the field now called high-harmonic
spectroscopy®"***. High-harmonic spectroscopy can provide com-
plementary information to photoelectron spectroscopy, and has
some advantages over it. For example, because the laser pulses are
5-30 fs in duration, impulsive alignment”*’ can be used to pro-
vide aligned molecules, permitting molecular-frame measurements
to be made. The emitted HHG photons can be characterized by
energy, polarization and phase, providing important information
about the transition matrix®°'. Unlike photoelectron spectroscopy,
high-harmonic spectroscopy utilizes a wide band of photon ener-
gies simultaneously.

Figure 3¢ shows a HHG spectrum from xenon atoms, using a
1.8 um, 12 fs laser™. The green line indicates the calculated pho-
toionization cross-section of xenon® and the symbols show the
cross-sections measured in synchrotron experiments™®. The
HHG spectrum shows the same features, demonstrating the par-
allels between photoionization and photorecombination. The large
bump at 100 eV is the well-known giant plasma resonance in xenon,
a manifestation of electron-electron correlations that is faithfully
reproduced by the HHG experiment.

It is remarkable that the HHG spectrum is a measure of the
photoionization (or photorecombination) cross-section, as the
recombination occurs in the presence of an intense laser field. It
is important to be aware of this when performing spectroscopic
experiments. For example, in experiments where holes are pro-
duced in a molecule®, the electron dynamics may be influenced
by the laser field. In addition, there is a subtle difference between
in situ and ex situ measurements in how the transition dipole is
included. Because in situ measurements operate by perturbing the
electron trajectory, they are not sensitive to the transition dipole.
On the other hand, ex situ measurements record the electromag-
netic pulse after it has exited the medium, and hence they are
influenced by the transition dipole.
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Exsitu and insitu measurements

After the first experimental observation of high-harmonic emis-
sion®, many theoretical studies suggested the underlying formation
of attosecond pulses” . Because attosecond pulses can be used as
a coherent light source that provides an unprecedented temporal
resolution for pump-probe experiments, attosecond-pulse meas-
urement quickly became a popular area of research. However, there
is no efficient nonlinear material in the photon energy range of
HHG radiation. Instead, nonlinear interactions using photoioni-
zation, or the HHG process itself, are utilized for the attosecond
pulse measurement.

In ex situ attosecond pulse measurements using the photoioni-
zation process, the attosecond pulse is employed as a light source
for pump-probe-type experiments!”?-?#*460-¢_ Figure 4a shows a
typical experimental set-up for the ex situ measurement. In the
first gas target, attosecond pulses are generated through HHG
by focusing the strong laser field with an intensity range of 10~
10" W cm™ The laser pulse is separated from the generated atto-
second pulses; in Fig. 4a, an X-ray filter mounted on a glass pellicle
is shown as an example. The attosecond pulse transmitted through
the filter is refocused on the second target to produce the photo-
electron. The laser pulse transmitted through the glass pellicle is
also refocused on the second target with a time delay. The photo-
electrons measured in the presence of the time-delayed laser field
are used as a signal to measure the attosecond pulses. As we explain
below, the reconstruction of attosecond beating by interference of
two-photon transitions (RABBITT) technique'”*** and the atto-
second streak camera®-?>?*5-%* are ex situ measurements in which
the generated attosecond pulses are independently measured at a
different location.

In an alternative approach to measurement, the re-colliding elec-
tron in HHG can be used to measure the attosecond pulses. In the
HHG experiment, a weak perturbing field is added collinearly**,
non-collinearly**® or collinearly with orthogonal polarizations® to
probe the dynamics of the attosecond pulse generation process. The
HHG spectrum measured with the time-delayed perturbing field is
the signal for the attosecond pulse measurement, and can be meas-
ured with an all-optical experimental set-up (Fig. 4b). These are
in situ (in place) measurements®**¢-%; that is, the ultrafast dynam-
ics of attosecond pulse generation in atoms or molecules is studied
at the place where it is generated.

Although these two approaches — ex situ and in situ — seem
very different from each other, they are fundamentally linked. In
both approaches, the additional laser field plays a critical role, and
acts as a temporal gate. The phase of the attosecond pulses and the
gate field are retrieved from the photoelectron spectrum (ex situ)
or the HHG spectrum (in situ) modulated by a time-delayed gate
pulse. This FROG-like idea allows us to probe the dynamics of the
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Figure 5 | Attosecond pulse and optical field measurements with exsitu and insitu measurements. a, A schematic transition diagram for the formation
of the even-order sideband through a two-photon transition in the RABBITT measurement. b, A photoelectron spectrum measured with the attosecond
pulse train in the RABBITT experiment. ¢, A schematic showing the momentum shift of the photoelectron in FROG CRAB measurements. d, Photoelectron
spectrum measured with an isolated attosecond pulse in a FROG CRAB experiment. e, A schematic showing the electron trajectories in collinear insitu
measurement. The original (red dotted line) and perturbed (blue lines) electron trajectories are shown with the fundamental driving laser field (thin red
line). f, High-harmonic spectrum with a weak second-harmonic field in collinear insitu measurement. g, The original (red dotted lines) and perturbed (blue
lines) electron trajectories of electrons at different positions across the focus in the STRAP measurement. h, The angular distribution of the harmonic
radiation in the petahertz optical oscilloscope®®. Figure reproduced with permission from: b, ref. 24, © 2003 AAAS; d, ref. 62, © 2004 AAAS,; f, ref. 29,

© 2006 NPG; h, ref. 68 © 2013 NPG.

attosecond pulse generation as well as the optical field of the addi-
tional laser field. In the next section, we review the two approaches,
emphasizing the measurement of attosecond pulses, optical fields
and electron birth times.

Reconstruction of attosecond beating by interference of two-
photon transitions. The first experimental observation of attosec-
ond pulses was carried out by the ex situ technique'” involving the
RABBITT. In the RABBITT technique, the attosecond pulse train
consisting of odd-order harmonics produces discrete photoelectron
energies with a separation of 2w,. As the photoelectron spectrum
is the replica of the attosecond pulse, only odd-order harmonics
would appear without the additional laser field. However, contin-
uum-continuum transitions occur due to the presence of the addi-
tional laser field, resulting in the formation of spectral sidebands™.
Figure 5a shows the transition diagram. The sideband with energy
hqw,, where q is even, may be produced through two different quan-
tum paths, leading to the possibility of interference.

As a result of the interference between the two quantum paths,
the amplitude of the sideband oscillates as a function of the time
delay 7 between the attosecond pulse and the laser pulse (Fig. 5b).
This oscillation occurs because S, o sin[2w,(7 - 7,7 — £,*°™)], where
7,9 is the group delay near the gth harmonic. Assuming we know
the intrinsic atomic delay ¢, imposed in the photoionization pro-
cess'””, the group delay (or emission time) of each harmonic can be
determined. The slope that connects the maxima of the sidebands
(indicated by the thick white line in Fig. 5b; the thin white line
shows the vertical direction) represents the group delay difference
of each harmonic, known as the ‘atto-chirp™*-. This phase informa-
tion can be combined with the amplitude of harmonics to recon-
struct the temporal profile of the attosecond pulse train. Because
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this technique requires a comb-like spectrum, it is applicable only
for attosecond pulse trains; it cannot be applied for isolated attosec-
ond pulses.

Attosecond streak camera. The advent of carrier-envelope-phase-
stabilized few-cycle pulse laser sources enabled the generation of
isolated attosecond pulses’”2. Several different approaches for
selecting an isolated attosecond pulse from the train have been
employed, including high-frequency filtering**"72, polarization
gating®"*°, double-optical gating”, ionization gating?7*’> and pho-
tonic streaking”””. The attosecond streak camera® was developed
to characterize isolated attosecond pulses. In the attosecond streak
camera, an isolated attosecond pulse produces a photoelectron in
the presence of an additional laser field E, (f) (Fig. 5¢). The gener-
ated photoelectron is then driven by the additional laser field after
the ionization time (#). The final momentum of the photoelectron
is shifted by —A,(f,) where A, is the vector potential of the addi-
tional laser field (that is, E;, = —0A/0t). The photoelectron spec-
trum measured with a time-delayed laser pulse shown in Fig. 5d
is the measurement signal for an attosecond pulse. The temporal
profile of the attosecond pulse is determined by a phase-retrieval
algorithm known as frequency-resolved optical gating for the
complete reconstruction of attosecond bursts (FROG CRAB)™.

Direct measurement of light field. In addition to measuring the
attosecond pulse, the attosecond streak camera also directly meas-
ures the vector potential of the laser field". This was the first direct
observation of the subcycle electric field of a laser pulse in the visible
range®. Conventional ultrafast optical techniques commonly used
to characterize visible light pulses (such as FROG” and SPIDER”)
are frequency-domain measurements in which the relative phase of
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different Fourier components is measured. In addition, these con-
ventional techniques suffer from the limited bandwidths of the non-
linear materials used in measurements. In contrast, the attosecond
streak camera is a time-domain measurement. The momentum shift
of the photoelectron directly reveals the oscillating light field itself
(Fig. 5d). More precise analysis can be achieved using the FROG
CRAB technique'. The temporal resolution of the measurement is
limited only by the bandwidth of the attosecond pulse, which could
go below 100 as. Therefore, the measurement covers the broad spec-
tral ranges of the additional laser field in the ultraviolet, visible and
infrared regions®®.

Delay in photoionization. Ex situ techniques, including RABBITT
and the attosecond streak camera, measure the emission time of the
photoelectron produced by the attosecond pulse in the presence
of an additional field. The ex situ techniques actually measure the
amplitude and phase of the photoelectron®. Within the SFA, the
phase shift imposed during photoionization has to be corrected
using the calculated intrinsic atomic delay. After the photoioniza-
tion, the electron in the additional field is classically treated with-
out considering the effect of the ionic potential. However, recent
measurements of the delay in photoionization from different orbit-
als could not be successfully explained by this analysis®. Using the
FROG CRAB technique with an isolated attosecond pulse, a delay
of 21 + 5 as in the photoionization from the 2p orbitals of Ne atoms
with respect to those from the 2s orbitals was measured. In addition,
delays from —40 as to —110 as for the 3s and 3p orbitals of Ar atoms
were measured using the RABITT technique with an attosecond
pulse train®.

These measurements motivated several theoretical studies®™*-#,
which claim that the delay in the ex sifu measurements can be caused
in both steps — the photoionization and the streaking. The linear
phase variation of the transition moment causes a delay in the pho-
toionization, known as the ‘Wigner time delay’. In addition, the ionic
potential affects the electron dynamics during the streaking, which
cause another ‘measurement-induced delay’ Based on this new inter-
pretation, the expression for the sideband intensity can be written as
S, o sin[2w,(t - 7,5 — t,*™ - 7,°°)], where 7, is the delay imposed
in the continuum-continuum transition during the streaking®’. How
these delays can be disentangled remains to be studied®?.

Collinear in situ measurements. The in situ approaches measure
temporal dynamics during the HHG process itself. In collinear
in situ measurements, a weak second-harmonic field is collinearly
superimposed with the fundamental laser pulse to perturb the HHG
process”. HHG repeats at every half optical cycle of the fundamen-
tal laser pulse along alternate directions. If the electron recombines
along one side of the atom in one half cycle, it will recombine along
the other side of the atom in the next half cycle (Fig. 5e). Because
the electron moves with mirror symmetry for two consecutive half
cycles (red dotted line), only odd-order harmonics are generated.
The weak second-harmonic field breaks the mirror symmetry. The
addition of the second-harmonic field slightly modifies the elec-
tron trajectories (blue lines). The phase of the attosecond pulse is
modified by +o, (equation (3)) during one half cycle and by -0,
during the next half cycle for the gth harmonic (Fig. 5e). This asym-
metric electron motion causes the formation of the even-order
harmonics (Fig. 5f).

The addition of the second-harmonic field is effective only when
the electron is in the continuum state from the ionization time to
the recombination time. In the in situ measurements, this tempo-
rally localized perturbation effect is used as a temporal gate. The
even-order harmonic is maximized when a peak of the second-
harmonic field is well overlapped with the excursion of the electron
from the ionization to recombination (Fig. 5f). Thus, the time delay
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that maximizes the even-order harmonics is linearly proportional to
the recombination (or emission) time. This relationship is universal
when the ionization potential is neglected”. Quantum mechanical
approaches in which the ionization potential is taken into account
suggest corrections when the intensity of the fundamental driving
laser pulse is weak®?.

Space-time reconstruction of attosecond pulses. Researchers
further generalized the in situ measurement for characterizing
isolated attosecond pulses®. As the collinear in situ measurement
breaks the symmetry of two consecutive attosecond pulses in the
time domain, it cannot be applied for isolated attosecond pulses.
To measure isolated attosecond pulses, the second-harmonic beam
is superimposed at a small angle relative to the propagation direc-
tion of the fundamental driving laser pulse. The additional sec-
ond-harmonic beam serves as a spatial and temporal gate for the
space-time characterization of the attosecond pulse; this method
has been called space-time reconstruction of attosecond pulses
(STRAP)*. Because of the small angle used in this technique, the
time delay 7 between the fundamental driving laser pulse and the
weak second-harmonic beam varies depending on the transverse
position y. The phase shift o,(y) of the net driving field modifies
the electron trajectories, and hence the wavefront of the attosecond
pulse (Fig. 5g).

Any modification made in the near field changes the angular
distribution of the attosecond pulse in the far field. The angular
distribution measured as a function of the time delay 7 shown in
Fig. 5h is a direct analogue of the photoelectron spectra shown in
Fig. 5d. In the FROG CRAB technique, the additional field serves
as a temporal phase modulator. The spectral amplitude and phase
of the attosecond pulse are reconstructed using the photoelectron
spectra. In STRAP, the additional second-harmonic field serves as
a spatial phase modulator. The spatial amplitude and phase of the
attosecond pulse is reconstructed from the spatial distribution at
different photon energies. The phase shift o, can also be found from
the spatial distribution; it provides information on the group delay,
which determines the phase relationship between different energies.
Consequently, the amplitude and phase of the attosecond pulse can
be completely characterized in space and time™.

Petahertz optical oscilloscope. In the in situ measurement, the
phase shift is imposed by the additional field during the excursion
time of the electron during the high-harmonic process. If the elec-
tron trajectory is shorter than the period of the perturbing field, it
can be used as a fast temporal gate to probe the perturbing field.
An arbitrary optical waveform E,(t) can be superimposed at a small
angle. The phase shift is proportional to the additional field (that is,
0, E(1)), which modifies the wavefront of the harmonic radiation.
Then, the propagation angle of the harmonic radiation is changed as
(1) o dE,(7)/d7. The deflection angle of the harmonic radiation
is proportional to the time derivative of the perturbing light field,
permitting E,(f) to be measured®® (Fig. 5h).

Resolving ionization and recombination time in HHG. The tem-
poral dynamics of the electron in HHG starts at the ionization
time and finishes at the recombination time. To resolve these two
temporal events, two separate measurements are required. This is
achieved by introducing an orthogonally polarized second-har-
monic field with respect to the fundamental driving laser pulse®.
The ionized electron is displaced by the orthogonal field; this ‘dis-
placement gate’ suppresses the harmonic emission. The addition
of the second-harmonic field also breaks the mirror symmetry of
the electron motion in two consecutive half cycles. The symmetry
breaking is maximized when the lateral velocity of the recombining
electron is a maximum,; this ‘velocity gate’ provides an additional
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independent observable. These two gates disentangle the ionization
and recombination times of the electron in HHG. The reconstructed
ionization and recombination times agree well with the real part
of the complex ionization and recombination time obtained with
the saddle-point approximation” where the ionization potential is
taken into account. Resolving ionization and recombination times
opens up a way to observe the tunnel ionization process in more
complicated systems®.

Applications for ex situ and in situ measurements. Both the ex situ
and in situ approaches can be used to measure ultrafast dynamics.
Ex situ measurements provide a completely independent measure-
ment through photoionization in the presence of an additional laser
field. They permit the attosecond pulses generated with single- or
multicoloured laser pulses to be measured”®. In addition, they can
measure any modification made on the attosecond pulse after genera-
tion, such as absorption and dispersion, allowing the temporal profile
of the attosecond pulse to be optimized. Such an optimized attosec-
ond pulse®*? can be used to study the photoionization dynamics in
atomic inner shells® or solids*” and tunnelling dynamics®. In con-
trast, in situ measurements are coupled with the generation process in
which a single-coloured fundamental driving laser pulse is assumed.
The temporal measurement is insensitive to additional dispersion
after generation. Thus, in situ measurements are suitable for studying
the dynamics in the generation medium, such as performing molecu-
lar tomography, investigating ultrafast molecular rearrangement®
and hole dynamics® and resolving the tunnelling time®.

Conclusions

To date, attosecond measurements have mainly used strong-field
concepts similar to those that underlie attosecond pulse generation
itself. These attosecond-infrared methods have given attosecond
science many early successes, including orbital imaging, resolution
of attosecond hole dynamics excited by tunnelling and measure-
ment of the time delays in ionization. The similarities and differ-
ences between ex situ and in situ measurements provide flexibility.
This diversity of approaches to measurement is one of the strengths
of attosecond science.

There is no reason why we cannot enhance this diversity by
adapting perturbative nonlinear methods to attosecond problems.
A promising area for future progress in attosecond science is cor-
related electronic dynamics. Strongly coupled electronic systems are
currently poorly understood. Progress has been made through stud-
ying analogous problems involving the atoms in complex molecules
using two-dimensional spectroscopy® — a perturbative, three (or
more) pulse-pump-probe method. Two-dimensional spectroscopy
performed by exciting a molecule at one frequency and observing
the influence of this excitation at another frequency has revealed
coupling between vibrational modes. By analogy, it should be pos-
sible to excite a multi-electron system at one frequency and observe
the reaction at another during the exchange of electronic energy in
the electronic system®’.

Received 8 November 2013; accepted 22 January 2014; published
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