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1. INTRODUCTION

The demonstration of lasers, 50 years ago, enabled the de-
velopment and exploitation of perturbative nonlinear op-
tics. Among the many consequences of the partnership be-
tween lasers and nonlinear optics, have been the
development of mode-locking and the emergence of ul-
trashort pulse (even single-cycle) lasers. Over the de-
cades, short pulse technology was continually improved
until we reached the single-cycle limit.

Femtosecond lasers, in turn, have enabled the develop-
ment and exploitation of nonperturbative nonlinear op-
tics. Femtosecond pulses are so valuable because only the
fastest (and therefore the simplest) processes have a
chance to grow. Among the many consequences of the
partnership between femtosecond lasers and nonpertur-
bative optics has been the emergence of attosecond
pulses. As we will see below, for attosecond technology,
ionizing atoms or molecules are the preferred nonlinear
medium.

From the prospective of attosecond science, the high or-
der of the light-atom interaction allows us to work below
the period of the light-cycle. It is as though we had much
shorter wavelength radiation. The ability to work beneath
the laser period is a general characteristic of high-order
nonlinearity, widely appreciated in plasma physics. Using
the re-collision [1] method that we will describe below, re-
searchers will continue to shorten pulses from the current
limit of 100 as to a few attoseconds. But recollision is just
the first of a series of nonlinear methods that will gener-
ate attosecond pulses. We can almost certainly look for-
ward to high-energy zeptosecond pulses in the relatively
near future.

In general, any process that has the response time to
create an attosecond pulse also has a response time to
measure the pulse or to measure attosecond processes
that we may wish to study. There are a number of specific
procedures, but all use ionizing atoms as the nonlinear

0740-3224/10/1100B9-9/$15.00

medium. Generically, this procedure is referred to as the
attosecond streak camera. Named in 1997 [2] before the
first attosecond pulses were generated, it will be de-
scribed below.

With this technology, three classes of attosecond (or
attosecond-like) measurements have been reported. First
attosecond pulses can be used much like femtosecond
pulses. That is, they can be produced (as we describe be-
low) then transported to a medium where they interact
with a material with an unknown response to be mea-
sured. An impressive example of this approach to attosec-
ond measurement is determination of the emission dy-
namics of photoelectrons from Tungsten [3]. Second, the
generating medium for attosecond pulses is also the
probed medium. In this case the generating medium is ex-
cited before the attosecond pulse is to be produced. Pro-
ducing the attosecond pulse serves as a probe; the change
in the emitted spectrum as a function of pump-probe time
delay reports on the process. An example is the complete
characterization of the dissociation dynamics of molecular
Bromine [4]. Finally, an attosecond pulse is not required
at all as long as the underlying strong field physics that
lead to attosecond pulses is used. An example is the at-
tosecond strobing of a strong driven two-level system dy-
namics [5] or time-resolving the position hydrogen atoms
in hydrogen bearing molecules [6] during the first few
femtoseconds following tunnel ionization.

We have emphasized that high-order nonlinear interac-
tions allow us to “sub-divide” the laser period and thereby
make attosecond pulses and attosecond measurements. It
must be also possible to operate below the laser
wavelength—space as well as time. In fact, extreme non-
linear optics opens the potential to directly image atomic-
scale matter [7-12]. Imaging methods have been devel-
oped hand-in-hand with attosecond pulse generation.
Although the body of this paper emphasizes pulse genera-
tion and measurement, the reader should keep in mind
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the opportunity of measuring and manipulating small
spatial dimensions as they read the following sections. We
will briefly discuss imaging in the conclusion of the paper.

2. PRINCIPLE OF ATTOSECOND PULSE
GENERATION AND CHARACTERIZATION

Attosecond XUV pulses are generated by interacting in-
tense femtosecond lasers with noble gases. The center
wavelength of the most commonly used Ti:sapphire laser
is 800 nm, which corresponds to an optical period of T
=2.67 fs. The attosecond pulse generation process can be
understood by the semiclassical three-step model devel-
oped in 1993, which is depicted in Fig. 1 [1,13]. According
to this model, the whole process of generating an attosec-
ond pulse takes place in one laser cycle. The process re-
peats every half of a cycle when the laser is linearly po-
larized and contains many cycles, which leads to an
attosecond pulse train. In the frequency domain, the in-
terference of attosecond pulses in the train produces dis-
crete peaks separated by two-laser photon energy called
high-order harmonics. As a comparison, the spectrum of
an isolated attosecond pulse is an XUV continuum.

A. Semiclassical Model
Here we focus on what happens in one laser cycle.

1. First Step: Releasing of Attosecond Electron Bunches
When the electric field strength of the laser is comparable
to that of the atomic Coulomb force, an attosecond elec-
tron wave packet can be released from the atom during a
fraction of a laser cycle by tunneling through the poten-
tial barrier formed by the superposition of the Coulomb
field and the laser field. The strength of the Coulomb field
of noble gases is close to one atomic unit. One atomic unit
of intensity is 3.55 X 101 W/cm?. The laser intensity used
in attosecond pulse generation experiments is on the or-
der of 10 to 10" W/ecm?2, which is orders of magnitude
higher than what was used in nonlinear optics studies
with solid materials (<1012 W/cm?).

In the tunneling ionization regime, the probability of
releasing an electron can be estimated by simple equa-
tions. The most commonly used one is the Ammosov-
Delone-Krainov (ADK) rate [14]. When a laser pulse in-
teracts with an atom, the ionization from each cycle adds
up. An isolated attosecond pulse is generated within one
laser cycle of the whole pulse, the ground-state population
of the atom should not be fully depleted by ionization be-
fore the cycle where the attosecond pulse is generated.
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Fig. 1. (Color online) Semiclassical model of attosecond pulse

generation. Adapted from P. B. Corkum and F. Krausz, Nat.
Phys. 3, 381 (2007).
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The requirement puts a major constrain on the laser field
for generating isolated pulses. For sufficiently higher la-
ser intensity, the atom can be fully ionized just before the
useful cycle. That value is defined as the saturation inten-
sity Ig, which is 1014 to 10'®* W/cm? for noble gases.

2. Second Step: Electron Acceleration

Once an electron tunnels out from the barrier, its motion
is mostly controlled by the laser field which is much stron-
ger than the Coulomb field when the distance of the elec-
tron to the nucleus is sufficiently large. The electron tra-
jectory can be conveniently calculated by solving
Newton’s equation, which is a big advantage of the semi-
classical model.

The solution reveals that only electrons released during
a certain time period in a laser cycle can return to the
parent ion to produce attosecond XUV photons. The ini-
tial velocity of the electron is almost zero. During the re-
turning journey, the electron is accelerated by the laser
field. For electrons in an attosecond wave packet, the re-
turning kinetic energy varies with the returning time,
which introduces a chirp to the attosecond electron pulse.
The maximum energy gain is 3.17Up, where Up is the
ponderomotive energy, which is proportional to laser in-
tensity I, and wavelength square \2. The round trip time
for an electron to gain the maximum energy is about half
a laser cycle. The electron that returns earlier than the
one with maximum kinetic energy takes a “short trajec-
tory”, whereas the one that returns later goes through a
“long trajectory.” The short-trajectory electron pulse is
positively chirped, meaning the kinetic energy increases
with the returning time.

In attosecond pulse generation experiments, the den-
sity of the noble gas target is ~10'8/cm3. The size of the
target is on the order of millimeters. It turns out that ra-
diations from the short trajectory have lower beam diver-
gence than that from the long trajectory. Thus they can be
easily separated in the far field where photon emissions
from all the target atoms are collected by a detector. In
most applications, the short trajectory is used. Conse-
quently, the attosecond photon pulses are positively
chirped. The amount of chirp is ~0.57/3.17Upx1/I\,
which suggests that the chirp can be reduced by either us-
ing high laser intensity or increasing the laser wave-
length.

3. Third Step: Attosecond Photon Pulse Emission
An attosecond photon pulse is emitted when the attosec-
ond electron wave packet returns to the parent ion. The
photon energy is equal to the ionization potential plus the
kinetic energy of the returning electron that makes the
transition to the ground state. For electrons taking the
short trajectory, their positive chirp is transferred to the
photon pulses. The chirp needs to be removed to yield the
transformed-limited pulse. The duration of such pulses is
limited by their frequency bandwidth. A transform-
limited 25 as Gaussian pulse corresponds to a bandwidth
of 75 eV FWHM.

The attosecond light pulse is generated from the elec-
tric dipole radiation. The photon emission rate is related
to the dipole moment
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(t) = (W (FO[FV(7,0), 1)

where W,(7,t) and W (7,¢) are the wave functions of the
ground state of the target atom and continuum state, re-
spectively. Above the ionization saturation intensity, the
ground state is completely depleted, i.e., W,4(7,t)=0. No
isolated attosecond pulse can be generated. Therefore, in
isolated attosecond pulse-generation experiments, the
ionization caused by the laser field before the cycle where
the desirable three-step process occurs should not fully
deplete the ground-state population. The maximum ki-
netic energy of the returning electron and thus the high-
est photon energy, named cut-off energy, is determined by
the saturation intensity.

For given atom and laser pulse parameters, the cut-off
photon energy fiw, is limited by the depletion of the
ground-state population in the cycles before the one
where the isolated attosecond pulse is generated. Assum-
ing the laser is linearly polarized and that we wish to gen-
erate an attosecond pulse during the cycle at the peak of
the pulse, then [15]

0.5I25\2

ﬁwc = Ip + = s
[ <0.86IP32” 16, C2ye ) r
In T

- In(1-pg)

(2)

where pg is the ionization probability at the peak of the
pulse that defines the saturation of the ionization of the
ground-state population, which can be set to 0.98. The
unit of 7w, and ionization potential Ip is eV. The unit of
laser wavelength N is um. The laser pulse duration
(FWHM) 7, is in femtoseconds. The values of n*, Gy,,, and
Ci*z* are found in [14]. Equation (2) shows the explicit de-
pendence of the cut-off photon energy and, thus, the at-
tosecond bandwidth on the atomic and laser parameters.

Equation (2) indicates that one approach to increase
the cut-off photon energy is to use long-wavelength driv-
ing lasers. This was first demonstrated in the XUV wave-
length range in 2001 [16]. Figure 2(a) is the high-order
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Fig. 2. Experimental demonstration of cut-off extension by in-

creasing the driving laser wavelength. Adapted from B. Shan and
Z. Chang, Phys. Rev. A 65, 011804(R) (2001).
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harmonic spectrum from xenon atoms obtained with a
0.8 um laser. Figures 2(b)-2(d) are the results produced
by using an optical parametric amplifier (OPA) pumped
by the 0.8 um laser. The OPA was tuned at 1.51, 1.37, and
1.22 um, respectively. Obviously, the cut-off was dramati-
cally extended when the 1.51 um OPA was used.
Equation (2) revealed that the cut-off photon energy de-
pends on the cube of the ionization potential energy of the
target atom. It was predicted that keV soft X-rays could
be generated by interacting helium atoms (which has the
largest Ip among neutral atoms) with lasers centered at
1.6 um. Recently, phase-matched X-rays in the “water
window” have been generated using mid-IR OPAs by sev-
eral groups [17-19]. Using long-wavelength lasers may
lead to coherent zeptosecond X-ray pulses in the future.

B. Strong Field Approximation

The semiclassical model is extremely intuitive. With this
model one can calculate the chirp and cut-off photon en-
ergy of attosecond pulses. A quantum version of the three-
step model was developed in 1994 [20], which allows us to
find out the attosecond pulse shape and phase from a
single atom. It is also useful for understanding the char-
acterization of attosecond pulses.

1. For Attosecond Generation

The quantum model calculates the dipole moment in Eq.
(1) based on the strong field approximation, which ignores
the effects of excited states and assumes the continuum
states are plane waves. As a result, the dipole moment
can be calculated by an integral,

% T 3/2 ‘ . R A R
F(t)=1i f dn a’ () [ps(t,m) - AL(6)eS P TE (¢
T

0 .
€+1—

-7 -d[ps(t, ) - ALt - D]alt - 1) +c.c. (8)

where E/(t) is the driving laser field, which frees the elec-
tron from the ground state with population |a(t—7)|?
through the dipole transition Ej(t—7)-d[ps(t,n-AL(t
—7)] at time #—7. The freed electron wave acquires a
phase S(p,,t,7) and then recombines with the ground
state with a population of |a(t)> through another dipole
transition at time ¢. It explicitly shows the ground-state
population cannot be completely depleted for generating
attosecond pulses

The integral can be performed on a personal computer
in seconds to minutes, which is much faster than solving
the time-dependent Schrodinger equation numerically.
The fast speed is important for simulating the attosecond
pulse generation from a gas target, which needs the
single atom response for millions of atoms.

2. For Attosecond Characterization

The strong field approximation also plays an important
role in characterizing attosecond pulses. At the present
time, it is difficult to perform autocorrelation of attosec-
ond pulses based on the second or high-order nonlinear ef-
fects like what has been done for characterizing femtosec-
ond laser pulses. This is because of the low attosecond
pulse power as a result of poor conversion efficiency (typi-
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cally 107%) from the driving laser to the XUV pulse. In-
stead, attosecond pulse characterization is based on cross-
correlation with a femtosecond field oscillation that
changes a full cycle in a few femtoseconds. The experi-
ments are done by first converting the attosecond photon
pulse into an attosecond electron pulse through photoelec-
tric emission in atoms. An intense NIR laser field inter-
acts with the freed electron, giving the electron a momen-
tum kick [2,21]. By measuring the electron spectrum
variation as a function of time delay between the NIR
field and the attosecond pulse, one can deduce the attosec-
ond pulse duration. The spectrogram is related to the am-
plitude of electron wave in the continuum with momen-
tum v at delay 7;:

b(@, 1) =i f dtEx(t — ;) - d[v

+ AL (t)]e 1w+ Ap(t")2/2+Ipldt’ ’ (4)

where EX(t) is the attosecond pulse to be characterized,
d(®) is the dipole transition matrix element from the

ground state to the continuum state. A;(¢) is the vector
potential of the NIR laser. The expression was derived un-
der the strong field approximation [22], which assumed
that the continuum states are plane waves. The intensity
of the NIR laser is 102 to 1013 W/cm2, which is intense
enough to change the momentum of the electrons in the
continuum states but does not ionize the bound state. Ex-
pression [4] is similar to that of the frequency resolved op-
tical gating (FROG) technique for characterizing femto-
second lasers [23]. Consequently, the pulse retrieval
algorithm developed for FROG can also be used to recon-
struct attosecond pulses, which leads to the complete re-
construction of attosecond burst (CRAB) method [24].

The iterative phase retrieval algorithm used by CRAB
assumes that the spectral bandwidth of the attosecond
pulse is smaller than the center energy of the photoelec-
trons, which is named central momentum approximation.
It limits the shortest attosecond pulse that can be charac-
terized by CRAB. Very recently, it was discovered that
I7.d7g|b(v, 74)|%e ™ consists of a series of peaks centered
at w=mwy, m=0,1,2..., where oy, is the NIR frequency.
When the laser intensity is low (~ 10! W/cm?), the spec-
tral phase of the attosecond pulse can be retrieved from
the signals in the w=w; peak. This scheme, dubbed
PROOF (phase retrieval by omega oscillator filtering), can
be applied to extremely short attosecond pulses, since it
does not require the central momentum approximation
[25].

3. CARRIER-ENVELOPED PHASE-
STABILIZED DRIVING LASERS

The required laser intensities 104 to 10 W/cm?, for
generating attosecond pulses, are obtained by focusing
femtosecond millijoule (or higher) pulses to a spot less
than 50 um. The most commonly used driving lasers are
based on chirped pulse amplification (CPA), where femto-
second pulses with a few nanojoules of energy from an os-
cillator are stretched to tens or hundreds of picoseconds
before seeding multipass or regenerative amplifiers to

Z. Chang and P. Corkum

avoid damaging of the gain medium. The amplified pulses
are compressed to tens of femtoseconds. Prism or grating
pairs are commonly used to stretch and compress optical
pulses. The laser pulses from CPA lasers can be further
compressed down to pulses that contain only a few optical
cycles. Single isolated attosecond pulses are generated in
one laser cycle, thus the energy contained in other cycles
cannot be converted to attosecond pulse energy. For
achieving high conversion efficiency, the laser pulse dura-
tion should be as short as possible.

The attosecond pulse emission time is locked to the car-
rier wave oscillation, as the three-step model revealed.
This makes the timing between the carrier wave and the
envelope of the pulse important. The carrier-envelope
(CE) phase of the driving laser needs to be locked for gen-
erating identical single isolated attosecond pulses from
shot to shot. Very recently, it was demonstrated that at-
tosecond XUV pulses with identical duration and contrast
can be generated with arbitrary CE phase values using
the generalized double optical gating to be discussed in
Section 4. The CE phase only affects the intensity of the
XUV pulses.

A. CE Phase in Grating-Based CPA Systems
The electric field of a linearly polarized transform-limited
laser pulse can be expressed as

E(t) = E4(t)cos(wot + ¢cr), (5)

where E,(t) is the pulse envelope function andw, is the
carrier angular frequency. The CE phase ¢cg is defined as
the offset between the peak of the pulse envelope and the
nearest maximum of the field oscillation.

For the grating pairs used in the optical stretchers and
compressors, it was shown that, in a double-pass configu-
ration, if the spacing between the gratings is changed by
an amount AG, the CE phase will have a shift [26]

AG
Apcg = 4777 tan[B(wy)], (6)

where d is the grating constant, which is on the order of
1 um. B is the diffraction angle. For typical setups,
tan[B(wg)]= 1, thus a change of grating spacing on the or-
der of sub-micrometer by vibration and thermal expan-
sion can cause a large CE phase variation (on the order of
7 radians). Vibration management is extremely impor-
tant for developing CE phase stabilized lasers.

B. CE Phase Stabilization

To deliver CE phase stabilized laser pulses on the gas tar-
get for generating isolated attosecond pulses, the shot-to-
shot CE phase variation in the oscillator, CPA, and
hollow-core fiber compressor must be eliminated.

1. Oscillator Phase Locking

The repetition rate of the femtosecond oscillator is on the
order of 80 MHz. Instead of locking the CE phase of all
pulses to the same value, the change rate of the CE phase,
which is named the CE offset frequency f;, can be conve-
niently locked. fj is sensitive to the power of the pump la-
ser on the gain medium, which can be locked to a fraction
of the repetition rate by controlling the pump power with
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an acousto-optic modulator (AOM). The locking scheme
was demonstrated for frequency metrology in 2000
[27,28]. [, is also susceptible to the temperature of the
gain medium. By adding a second feedback loop that con-
trols the gain crystal temperature, the CE offset fre-
quency can be locked for 19 hours [29], as shown in Fig. 3.

2. CPA Phase Stabilization by Controlling the Grating
Separation
The CE phase of CPA lasers has been stabilized by
feedback-controlling the separation of gratings in either
stretchers or compressors [30,31]. The gratings are dis-
placed by piezoelectric transducers. The feedback loop is
separated from the one that stabilizes the CE offset fre-
quency and thus does not interfere with the oscillator op-
eration, which leads to long phase-locking time. The
scheme has been developed to lock CE phase of CPA sys-
tems based on either multipass or regenerative designs.
The CE phase error signal is measured with f-to-2f in-
terferometers for the feedback control [32,33]. In the
f-to-2f setup, a few microjoules of pulse energy are focused
to a sapphire plate to form a filamentation, which pro-
duces a white-light that covers an octave spectrum. For
Ti:sapphire laser, the spectrum extends from
500 to 1000 nm. When a narrow spectral pulse at
1000 nm light is frequency doubled, the interference be-
tween the second-harmonic pulse and the laser around
500 nm from the white-light leads to oscillation in the
measured spectrum:

I(w) = Igp(w) + I5po(w) + 2\Igp(w)I500(w))cos(wry + ¢cp),

(7

where Igy(w) and I5p)(w) are the power spectra of the
second-harmonic and 500 nm pulses. 7, is the delay be-
tween them. ¢cp is the CE phase of the laser pulses from
the amplifier, which is also the CE phase for the 500 nm
and 1000 nm pulses. When the CE phase is stabilized, the
interference fringe does not shift with time, as shown in
Fig. 4(a), where a 6 mdJ, 30 fs operates at 1 kHz was
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Fig. 3. (Color online) Locking the CE offset frequency by

feedback-controlling the pump power and the crystal tempera-
ture. Reprinted from C. Yun, S. Chen, H. Wang, M. Chini, and Z.
Chang, Appl. Opt. 48, 5127 (2009).
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Fig. 4. (Color online) Stabilization of the CE phase a grating-
based CPA. Reprinted from S. Chen, M. Chini, H. Wang, C. Yun,
H. Mashiko, Y. Wu, and Z. Chang, Appl. Opt. 48, 5692 (2009).

locked to 90 mrad for 4.5 hours.

It was found that the systematic error of the measured
CE phase is affected by the stability of the laser pulse en-
ergy. As large as 160 mrad of error can be introduced by a
1% laser energy fluctuation [34,35]. Techniques for lock-
ing the laser power have been developed to reduce the CE
phase measurement error [36]. The CE phase of few-cycle
pulses can be accurately measured with phase meters
based on the above threshold ionization [37,38].

3. Automatic Phase Stabilization

The mid-IR laser pulses for generating attosecond pulses
at shorter wavelengths can be produced with optical para-
metric amplifiers (OPAs). In an OPA, a nonlinear crystal
is pumped by the femtosecond pulse from a CPA laser.
The signal pulse that seeds the OPA can be generated by
focusing a small portion of the CPA pulse into a sapphire
plate, like in the case of white-light generation in f-¢0-2f
interferometers. We can assume that the CE phase of the
signal, ¢cgs, and the pump pulses, ¢cgp, are the same
since they are from the same CPA laser. The CE phase of
the idler pulse

©CE;i = PCEp — PCE,s (8)

is constant. Thus the CE phase of the idler pulse is auto-
matically stabilized even if the CE phase of the CPA laser
changes from shot to shot [39—41].

4. ISOLATED ATTOSECOND LIGHT SOURCE

Both the semiclassical model and the strong field model
predicted that attosecond pulse trains are produced when
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the driving laser is linearly polarized and contains many
optical cycles of oscillation. The spacing between the
neighboring pulses is half of laser optical cycle, which is
1.3 fs for Ti:sapphire lasers. Once the pulse train is gen-
erated, it is extremely difficult to switch out a single iso-
lated pulse from the train. For that to work, one would
need a pulse picker that opens for less than an optical
cycle.

Single isolated attosecond pulses have been directly
generated from gas targets since 2001. Several sub-cycle
gating methods have been developed that can be applied
to the generation stage.

A. Amplitude Gating

If the driving laser is a half-cycle pulse, the three-step
process can only occur once, which naturally generates a
single attosecond pulse. Half-cycle picosecond pulses in
the THz frequency range have been extensively used in
studying Rydberg atoms [42]. However, the generation of
high-power half-cycle pulses in the visible to mid-IR
range is extremely challenging. The shortest sub-
millijoule laser near 800 nm that has been measured so
far is 3.8 fs [43], which is still longer than one optical pe-
riod (2.5 fs). Consequently, at least two attosecond pulses
are generated. The number of XUV pulses can be reduced
to one by spectrally filtering out the cut-off region of the
XUV spectrum and by stabilizing the CE phase of the
driving laser [44]. The first experimental demonstration
of isolated attosecond pulse generation in 2001 was per-
formed with a 7 fs laser [45]. The 650 as pulse duration
was deduced from the attosecond streak camera trace.
The shortest XUV pulse, 80 as, was generated in 2008 by
using CE phase stabilized 3.8 fs lasers [43].

B. Polarization Gating

The amplitude gating only makes use of the cut-off region
of the XUV spectrum, the narrow spectrum range put a
limit on the attosecond pulse duration. Dumping the
broad plateau spectrum also reduces the conversion effi-
ciency from the NIR driving laser to the XUV pulses. Po-
larization gating is an alternative sub-cycle gating
method that can generate isolated attosecond pulse in
both the plateau and cut-off region of the XUV spectrum.

Attosecond pulses can only be efficiently generated
with linearly polarized driving field, which can be easily
understood by using the three-step model. If the laser is
elliptically or circularly polarized, the returning electrons
are steered away from the parent ion, which reduces the
recombination probability. When the ellipticity reaches
0.2, the attosecond generation yield drops by about an or-
der of magnitude. If the driving field is such that only a
small portion under its envelope is linearly polarized,
whereas the other portions are circularly polarized, then
a single XUV pulse can be generated as long as the linear
portion is short enough [46].

The driving pulse for polarization gating can be con-
structed by the superposition of two counter-rotating cir-
cularly or elliptically polarized pulses with a certain delay
T4 between them [47-50]. For such pulses, the width of
the polarization gate can be estimated by the expression
[49-51]
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where £,,~0.2 is the threshold ellipticity at which the g%
harmonic intensity drops to a certain value, 7=0.1, of
that generated by linearly polarized lasers. 7, is the du-
ration of each elliptically polarized pulse with an elliptic-
ity e.

Equation (9) indicates that it is possible to reduce the
gate width to sub-laser cycle by properly choosing three
laser parameters, €, 7,, and Ty. However, the attosecond
yield decreases with the laser pulse length due to the
depletion of the ground-state population of the target at-
oms [49]. Numerical simulations showed that, by using
5 fs driving lasers, it is possible to generate sub-100 as
pulses in the plateau region of the XUV spectrum when
the positive chirp of the attosecond pulse is compensated
by negative dispersions of thin films [52].

Experimentally, the effects of the polarization gating on
the sub-laser cycle was demonstrated by the generation of
XUV supercontinuum [53]. The sub-10 fs driving laser
pulses were generated in a hollow-core fiber pulse com-
pressor. XUV pulses as short as 130 as were generated
with 5 fs CE phase stabilized NIR lasers [54]. In these ex-
periments, the laser pulses with a time-dependent ellip-
ticity were created by using birefringence optics. Higher-
energy driving pulses for polarization gating could be
produced by using interferometers [55].

C. Double Optical Gating

When a second-harmonic field is added to the fundamen-
tal driving laser field, the spacing between the neighbor-
ing attosecond pulses become a full laser cycle, due to the
symmetry breaking of the driving field. This process is
named two-color gating [56]. The combination of the po-
larization gating with two-color gating leads to a new sub-
cycle gating method: double optical gating. Due to the in-
creased pulse spacing, the required polarization gate
width can be set wider, which allows longer driving lasers
to be used for generating isolated attosecond pulses
[57,58]. The experimental setup that demonstrated the
generation of isolated 163 as pulse using 25 fs Ti:sapphire
laser is depicted in Fig. 5. The linearly polarized 2 mdJ
pulses centered at 780 nm from a chirped pulse amplifier
operating at 1.5 kHz were transformed into the gating
field with a time-dependent ellipticity through four opti-
cal elements, as shown in Fig. 5(a), which include a
second-harmonic generation crystal BBO. They are places
in one arm of the attosecond streak camera shown in Fig.
5(b) to generate the XUV pulses. The measured CRAB
trace and the reconstructed attosecond pulse are shown in
Fig. 6 [51,59].

The capability of the generating isolated pulses using
25 fs lasers has several advantages. First, the photon flux
can be scaled up by many orders of magnitude with ~100
TW lasers. This is important for studying nonlinear pro-
cesses with isolated attosecond pulses. Second, such la-
sers are easier to construct and operate. This allows many
labs where 25 fs CPA systems are already available to
conduct attosecond research. Finally, like polarization
gating, a double optical gating can produce isolated at-
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Fig. 5. (Color online) Experimental setup for implementing

double optical gating to generate isolated attosecond pulses with
25 fs lasers directly from CPA amplifiers. Reprinted from S. Gil-
bertson, Y. Wu, S. D. Khan, M. Chini, K. Zhao, X. Feng, and Z.
Chang, Phys. Rev. A 81, 043810 (2010).

tosecond pulses in both the cut-off and plateau region. A
soft X-ray supercontinuum extending over 600 eV has
been generated, which is ideal for transient absorption
applications [60].

5. OUTLOOK

We have introduced the core technologies that are essen-
tial to attosecond pulse generation. These technologies
are now relatively mature. However, as we refine attosec-
ond technology over the next decade, we should expect
pulse durations to fall a lot more. We will find better
methods to correct chirp. We will develop better schemes
for attosecond gating. We will use other driving fields, ex-
tending the spectrum and bandwidth toward ~1000 eV.
It seems inevitable that pulse durations will fall by an-
other order of magnitude or more, easily passing one
atomic unit.

Photoelectron energy (eV)

-14-12-10-8 -6 -4 -2 0 2 4 6 8 101214
Delay (fs)

0 4000 |

T T T T T T T
-200 0 200 400

Time (as)
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However, it is not necessary to develop perfect chirp
compensation for all high time-resolution experiments. A
chirped pulse can be used as if it were transformed lim-
ited as long as the chirp is known [61].

But it is not only the pulse duration that makes high
harmonic generation so important. High harmonics cover
a spectral region in which coherent light is unavailable.
Thus, high harmonics is a unique source that can compete
with synchrotrons for some VUV and perhaps XUV
experiments—it may even compete with X-ray free elec-
tron lasers in these wavelength regions.

But it is not only the frequency and pulse duration that
drive applications. Just as perturbative nonlinear optics
has many applications other than those in ultrafast sci-
ence, so too nonperturbative nonlinear optics will find ap-
plications other than those directly related to attosecond
dynamics. Nonperturbative nonlinear optics offers a com-
pletely new approach to some problems. Tunneling, for ex-
ample, is one of the most important quantum mechanical
phenomena. It is almost inconceivable that, having tun-
neling at the core of most of our experiments, we cannot
exploit it. Imagine an electron tunneling from a molecule.
The molecule serves the function of a tunneling tip. Ro-
tating the molecule is much like scanning the tip. Mea-
suring the ionization probability as a function of time we
can trace out a molecular orbital structure [10,11,62].

The re-collision electron also has greater implications
than just forming attosecond pulses to be used elsewhere.
It can be thought of as an attosecond electron beam aimed
right at the molecule from which it tunneled [8]. With a
wavelength in the 0.5 A<X\<3 A, the electron can serve
as an extremely interesting probe of atomic scale matter.
An electron with this wavelength will diffract. Measuring
the electron, we measure the atomic-scale structure of the
ion [7,10,63]. The electron can also interfere with the elec-
tron from which it departed—this interference is the
source of high harmonic generation [9]. Thus the har-
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(Color online) Characterization of the isolated attosecond pulses generated with 25 fs lasers with CRAB. Reprinted from S.

Gilbertson, Y. Wu, S. D. Khan, M. Chini, K. Zhao, X. Feng, and Z. Chang, Phys. Rev. A 81, 043810 (2010).
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monic spectrum encodes the orbital structure of matter
[9] just as optical interferometry measures the temporal
or spatial structure of an optical beam.

Removing our optical bias and looking on a grander
scale, re-collision science is a unique mixture of optical
and collision physics. As we have just seen, optics can bor-
row from collision physics the ability to image atomic-
scale matter. Equally, collision physics can transfer from
optics the ability to perform time-resolved experiments
[63,64]. This may extend even up to measuring dynamics
in the atomic nucleus [65,66].

As we approach the second attosecond decade, it is
clear that there are new frontiers opening everywhere. Al-
ready attosecond science is influencing fields other than
our own—but then this is not an unusual trajectory for a
new optical technology.
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