
Colloquium: Optimal control of high-harmonic generation

Carsten Winterfeldt, Christian Spielmann,* and Gustav Gerber

Universität Würzburg, Physikalisches Institut, 97074 Wuerzburg, Germany

�Published 2 January 2008�

High-harmonic generation provides an attractive light source of coherent radiation in the
extreme-ultraviolet �XUV� and soft-x-ray regions of the spectrum and allows for the production of
single attosecond pulses or pulse trains. This Colloquium covers the control of high-harmonic spectra
by temporal and spatial pulse shaping of the driving laser pulses and its implications on time-resolved
XUV spectroscopy and attosecond pulse shaping. It summarizes important steps for extending
existing pulse shaping techniques and control schemes from the near-infrared or visible part to shorter
wavelengths. Using adaptive pulse shaping of the driving laser pulses, several groups have
demonstrated control of the high-harmonic spectrum, including the author’s work on the complete
control over the XUV spectrum of high-order harmonics, generated in a gas-filled hollow fiber. It is
possible to achieve both the enhancement and the suppression of single or several selected harmonic
orders. These arbitrarily shaped soft-x-ray spectra will allow for important modifications of the
resulting harmonic pulses in the temporal domain. This constitutes first steps towards direct
attosecond pulse shaping in the soft-x-ray domain. Moreover, high-harmonic generation in a
hollow-core fiber can be enhanced by coupling into a single fiber mode using a feedback-controlled
adaptive two-dimensional spatial light modulator.
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I. INTRODUCTION

Femtosecond laser technology has enabled us to fol-
low atomic motion in real time �Rose et al., 1988;
Baumert et al., 1991� which has been recently reviewed
by Zewail �2000� and to control molecular processes
�Judson and Rabitz, 1992; Bardeen et al., 1997; Assion
et al., 1998; Weinacht et al., 1999; Brixner et al., 2001;
Levis et al., 2001; Herek et al., 2002� with tailored fem-
tosecond laser pulses �Weiner et al., 1990; Judson and
Rabitz, 1992; Baumert et al., 1997; Yelin et al., 1997;
Weiner, 2000�. The vibrational periods of atoms in mol-
ecules, which reflect the intramolecular atomic dynam-
ics, lie in the range of tens to hundreds of femtoseconds.
Laser pulses with durations of this order of magnitude
can therefore efficiently measure and control molecular
dynamics. However, the natural time scale of electrons
falls into the subfemtosecond or attosecond regime. Im-
portant electronic processes include charge transfer af-
ter excitation or atomic inner-shell transitions. In order
to explore electronic motion in real time as well as to
control electronic dynamics, it is therefore desirable to
develop new light sources with energies in the extreme-
ultraviolet �XUV� region and pulse durations of the or-
der of attoseconds to be able to directly access core-level
electrons easily with one-photon transitions and with
laboratory-scale experimental setups. State-of-the-art
femtosecond laser systems are usually based on Ti:sap-
phire technology, implying an operational laser wave-
length of 800 nm in the near infrared, limiting the short-
est attainable laser pulse duration to about 2.6 fs �one
complete oscillation cycle�, almost reached by recent ex-
periments �Yamane et al., 2003�. For shorter pulse dura-
tions in the subfemtosecond regime, shorter wavelengths
have to be used. The energetic scale of core electronic*spielmann@physik.uni-wuerzburg.de
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transitions also necessitate photons in the XUV.
Several techniques can be used to reach this wave-

length range. Laser-produced plasmas �LPP� are created
by the interaction of a high-intensity laser pulse with
high-density materials, leading to the emission of both
bremsstrahlung and characteristic line radiation �Giuli-
etti and Gizzi, 1998; Schwoerer, 2004�. This radiation has
durations on the subpicosecond to femtosecond scale
and is intrinsically synchronized to the external laser
source that generated the plasma. As a drawback, the
radiation is incoherent and is emitted into a large solid
angle. Spatially and coherent emission at selected wave-
lengths in the soft x-ray range can be obtained with a
LPP driven x-ray laser. These sources have been re-
cently extensively reviewed by Daido �2002� and Tall-
ents �2003�.

This problem is resolved in undulator-based free-
electron lasers �FEL� �Andruszkow et al., 2000�, where
the buildup of the x-ray pulses is coherent, leading to
much higher fluxes in the forward direction. Photons at
12.7 eV �98 nm� from the Tesla Test Facility �TTF-FEL�
at DESY have been used to examine the multiple ion-
ization of atom clusters �Wabnitz et al., 2002�. Recently,
the operation of the free-electron laser at 32 nm
�38.8 eV� has been demonstrated �Ayvazyan et al., 2006�.

To perform the far-reaching step towards attosecond
laser pulse production and application �labeled “the
transition from femtochemistry to attophysics” by Sil-
berberg �2001�� a different approach is needed. Based on
highly nonlinear effects accessible with high-power fem-
tosecond laser systems, this can be realized by the gen-
eration of high-order harmonics of the driving laser �Li
et al., 1989; L’Huillier and Balcou, 1993; Macklin et al.,
1993�, leading to coherent emission in the soft-x-ray
range.

Since the invention of the laser in 1960 by Theodore
Maiman �1960�, attainable laser pulse durations have de-
creased from several hundreds of microseconds in the
ruby laser down to less than 10 fs at very high peak pow-
ers and intensities in modern femtosecond Ti:sapphire
laser systems �Bloembergen, 1999�. This allows the use
of nonlinear optical techniques to convert existing laser
light frequencies to different frequencies where standard
light sources with the desired properties �e.g., wave-
length, pulse duration, intensity, polarization� do not ex-
ist. The first application of the red ruby laser at 694.3 nm
successfully produced blue 347.2 nm radiation through
the process of second-harmonic generation �Franken
et al., 1961�. When a strong electric field �as from this
pulsed laser� is applied to a medium, polarization in the
medium exhibits contributions not only at the original
frequency �linear response� but terms of second, third,
or higher order in the driving electric field appear, re-
sulting in the generation of light at the corresponding
integer multiples of the frequency of the incident light.

Further advances in femtosecond laser technology do
not only allow for these low-order nonlinear processes
such as second-harmonic or third-harmonic generation,
but they make it possible to exploit the highly nonlinear
response of atoms and other media in high-intensity la-

ser fields to generate very-high-order harmonics of the
fundamental laser frequency �high-harmonic genera-
tion�. This new electromagnetic radiation at much
shorter wavelengths than the original optical pulse �at
visible and near-infrared wavelengths� was found acci-
dentally over a decade ago when researchers used in-
tense femtosecond laser pulses to ionize rare gases
�McPherson et al., 1987; Li et al., 1989; L’Huillier and
Balcou, 1993; Macklin et al., 1993�.

High-harmonic generation provides a powerful source
of ultrashort coherent radiation in the XUV and soft-x-
ray range and has the inherent advantage to be realiz-
able on a laboratory scale �so-called table-top systems�
as opposed to large free-electron-laser facilities. Recent
experiments have proven the existence of high-
harmonic-based attosecond laser pulses by characteriz-
ing the temporal structure of the high-order harmonics
�Antoine et al., 1996; Christov et al., 1997; Drescher et
al., 2001; Hentschel et al., 2001; Paul et al., 2001;
Mairesse et al., 2003; Agostini and DiMauro, 2004�. Sev-
eral groups �Nugent-Glandorf et al., 2001; Drescher
et al., 2002; Kienberger et al., 2002, 2004; Scrinzi et al.,
2006� have exploited the unique temporal properties of
this new radiation to examine electronic dynamics, for
example, the Auger decay of innershell electrons. The
attosecond time domain had not been directly accessible
before due to the lack of such extremely short light
pulses. It is now up to the researchers to make further
use of this novel light source which has the potential for
a large number of seminal discoveries. Since the explo-
ration and observation of processes in turn are accom-
panied with the desire to control them, it is the scope of
this work to demonstrate ways to manipulate the prop-
erties of these soft-x-ray pulses.

In general, for multicycle linearly polarized femtosec-
ond laser pulses in a centrosymmetric medium conven-
tionally used, high harmonics are produced at each half-
cycle of the electric field of a laser pulse and are
therefore emitted as light bursts with a periodicity of
half a laser period. Combined analysis of the reciprocity
properties of the Fourier transform and of the observa-
tion of the sign flip between consecutive bursts shows
that the full harmonic spectrum usually consists of the
odd harmonics of the fundamental laser frequency
�Salières et al., 1998; Mauritsson et al., 2006�. For spec-
troscopic applications, it is desirable to use a single har-
monic to facilitate the interpretation of the acquired
data. The selection of single harmonics with a grating is
accompanied with a loss of time resolution due to dis-
persion and with a substantial intensity reduction due to
low reflectivities. As a superior alternative, existing laser
pulse shaping techniques can be used to control the
high-harmonic spectrum and engineer harmonics as
needed. A number of experiments have been performed
with the goal of influencing the harmonic spectra, which
is summarized here to cover the field of the control of
high-harmonic radiation to a certain level of complete-
ness.

We have demonstrated the comprehensive control of
high harmonics �Pfeifer, Kemmer, et al., 2005; Pfeifer,
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Walter, et al., 2005�, including both the enhancement and
suppression of single or multiple selected harmonic or-
ders by temporal pulse shaping. These tunable quasimo-
nochromatic high-harmonic spectra allow for time-
resolved spectroscopy in the soft-x-ray region and are
therefore of great importance to a broad field of scien-
tific disciplines. Arbitrarily shaped soft-x-ray spectra will
also allow for major modifications of the resulting har-
monic pulses in the temporal domain which paves the
way towards direct attosecond pulse shaping and opti-
mal control in the soft-x-ray domain.

In addition to the temporal shaping of the electric
field of the driving laser pulse, the influence of spatial
properties such as propagation effects is examined using
a feedback-controlled adaptive two-dimensional spatial
light modulator. High-harmonic generation in a hollow-
core fiber can be enhanced by coupling into a single
fiber mode. These results resolve the long-standing issue
on the limited controllability of high-harmonic genera-
tion in free-focusing geometries such as gas jets �Yoshi-
tomi et al., 2003; Reitze et al., 2004; Villoresi et al., 2004�
as compared to geometries where the laser is guided
�Bartels et al., 2000, 2001�. Complete control over the
shape of the soft-x-ray spectrum has a major impact on
ultrafast energy-resolved spectroscopy and on the tem-
poral structure of high harmonics. The results presented
in this Colloquium therefore have direct implications for
fields such as time-resolved XUV spectroscopy, nonlin-
ear optics, biology, and chemistry in the soft-x-ray-range.

This Colloquium is organized as follows: Section II
introduces high-harmonic generation in more detail.
Emphasis is put on the different aspects of high harmon-
ics, such as their unique generation mechanism, the har-
monic spectrum and attosecond pulse generation, coher-
ence, and high-harmonic phase matching. The following
section �Sec. III� discusses the scheme of adaptive con-
trol. Sections IV and V summarize the experimental
progress on the control of high-harmonic radiation
mainly through temporal and spatial laser pulse shaping.
Section VI reviews the temporal properties of high-
harmonic bursts before the Conclusion completes the
presentation of the achievements and progress made in
the field of the control of high-harmonic radiation.

II. HIGH-HARMONIC GENERATION

As opposed to low-order nonlinear frequency conver-
sion processes such as second-harmonic generation

where moderate laser intensities are sufficient, high-
order harmonics result from the highly nonlinear inter-
action of high-intensity laser pulses with typically a gas-
eous medium. Laser radiation is converted into large
integer multiples of the original laser frequency ��300
�Spielmann et al., 1997��, which reaches down to the
XUV �extreme ultraviolet� and soft-x-ray range. In the
following we describe high-harmonic generation in more
detail.

A. Single-atom response (three-step model)

The basic generation mechanism for high-order har-
monics can be explained using the semiclassical so-called
simple-man model or three-step model by Corkum
�1993� and Kulander et al. �1993� as summarized in Fig.
1. In the strong field of ultrashort high-intensity laser
pulses, bound electrons from atoms or molecules are
field ionized close to the maximum of the laser field
�tunnel ionization �Keldysh, 1965; Ammosov et al.,
1986�� and set free with zero initial velocity. They are
then accelerated away from their parent ions by the
same electric field and move on classical electron trajec-
tories in a laser field.

The average quiver energy of the electron in the laser
field is called the ponderomotive energy Up and is di-
rectly proportional to the intensity I of the driving laser
and the square of the fundamental wavelength �:

Up =
e2EL

2

4me�L
2 � I�2, �1�

where e and me are the charge and the mass of the elec-
tron, and EL is the electric field strength of the laser with
the angular frequency �L �or wavelength ��.

In the three-step model, as soon as the electric field
reverses, electrons are first decelerated and then accel-
erated back towards their parent ions, depending on the
instant of birth into the continuum by ionization. Several
processes can be realized when the electron returns to
the core.

High-harmonic generation (HHG). The electron can
recombine with its parent ion with a certain probability,
leading to the emission of a broadband extreme-
ultraviolet �XUV� photon. One photon per electron is
emitted carrying the sum of the electron’s kinetic energy
plus the ionization potential Ip.

(High order) above-threshold ionization [(H)ATI].

acceleration in the
laser field

2

hν = Ip + Wkin

hν

recombination
and photoemission

3

field/tunnel ionization

1

Ip

FIG. 1. �Color online� Illustration of the three-step model for high-harmonic generation: �1� tunnel ionization of the electron, �2�
acceleration in the laser electric field, and �3� recombination and emission of a high-energy photon. The energy of the emitted
photon depends on the ionization potential of the atom and on the kinetic energy of the electron upon its return to its parent ion.
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Above-threshold ionization �ATI� originates from the
elastic scattering of the electron with the atom. The elec-
tron gains energy in excess of its initial energy in integer
multiples of the fundamental laser frequency �Agostini
et al., 1979; Freeman et al., 1987; Paulus, Nicklich, et al.,
1994�. A typical photoelectron spectrum shows a charac-
teristic plateau of electron peaks, separated by one fun-
damental photon energy and rolling off at a cutoff of
10Up �Paulus, Becker, et al., 1994; Paulus, Nicklich,
et al., 1994; Milošević et al., 2006�. The position of the
ATI peaks can be shifted by the ponderomotive poten-
tial or even be suppressed, depending on the pulse du-
ration of the driving laser �Freeman et al., 1987�.

Nonsequential double ionization (NSDI). When an in-
elastic collision of the electron with its parent ion occurs,
another electron can be ionized so that in the end the
atom is doubly ionized �nonsequential double ionization
�NSDI� �Fittinghoff et al., 1992; Walker et al., 1994��. In-
elastic colllsion processes are the dominant, but not the
only mechanism for NSDI, other processes, e.g., shake-
up, are known to play a role �Dorner et al., 2004�.

Here we are only interested in high-harmonic genera-
tion and the control of their spectral and temporal prop-
erties. The energy of the photon that is emitted upon
recollision of the accelerated electron with the ion core
is determined by the sum of the ionization potential Ip
and the momentary kinetic energy Wkin of the electron:

�� = Ip + Wkin��� . �2�

The kinetic energy depends on the phase � of the elec-
tric field at the moment of ionization. The maximum
photon energy �cutoff energy� that can be achieved in
this process can be calculated using classical �Corkum,
1993� or quantum mechanics �Lewenstein et al., 1994�
and is given by

Ecutoff = ��max = Ip + 3.17Up, �3�

where � is the �angular� frequency of this photon and �
is Planck’s constant. The right-hand side of Eq. �3� is
composed of the ionization potential Ip of the atom �the
binding energy of the electron� and the maximum ki-
netic energy of the electron upon its return to the core:
3.17Up. This happens for a phase of ��17° close to the
maximum of the electric field where also the ionization
rate is highest.

To visualize the laser intensities needed for a sizable
ponderomotive potential Up, Eq. �1� can be reformu-
lated:

Up�eV� = 0.93 � 10−13I�W cm−2��2��m2� . �4�

The corresponding laser intensities of 1016 W cm−2 are
equivalent to an electric field amplitude of EL=5
�109 V cm−1, which is a typical value of the inneratomic
electric field.

Lower harmonic orders �long wavelengths� can usu-
ally be described using perturbation theory, predicting a
decrease of harmonic intensities towards higher orders
following an Iq power law. The exponential of this power
law is given by the number of the corresponding har-

monic order q. Perturbation theory breaks since the
electric field of the laser approaches the inneratomic
electric field. The effective exponential p in the modified
power law Ip is smaller than q �Lompré et al., 1990�.
Intermediate harmonic orders show a plateau in inten-
sity �L’Huillier et al., 1991� which ends at the cutoff en-
ergy for the highest harmonic orders �Fig. 1, upper
panel�.

According to Eq. �1�, the cutoff can be extended to
higher energies by using a longer-wavelength driving
field �Shan and Chang, 2001; Tate et al., 2007�. On the
other hand, the efficiency of high-harmonic generation is
increased for shorter-wavelength pulses due to the re-
duced wave packet spreading of the electron during its
excursion time �Tempea and Brabec, 2000�. Also, since
the oscillation amplitude of the electron in the laser field
scales as �2, the electron spends more time in the vicinity
of the atom for the shorter-wavelength driver and, there-
fore, has a larger probability of emitting a harmonic
photon per unit time �Ditmire et al., 1995�.

An extension of the position of the cutoff is also pos-
sible by using a higher intensity driving laser pulse, pro-
vided that plasma effects such as dephasing and defocus-
ing are properly controlled and not all atoms will be
ionized in the leading edge of the pulse. Using few cycle
laser pulses will substantially reduce the ionization prob-
ability prior to the maximum field strength in the center
of the pulse, minimizing ground state depletion and
plasma effects �Brabec and Krausz, 2000�. Finally an in-
creased intensity poses some limits on high-harmonic
generation even in the single-atom limit. In high-
intensity laser fields electrons may gain velocities of the
order of the velocity of light. In this regime magnetic-
field forces become comparable to electric-field forces.
The electron follows a figure eight trajectory due to the
contribution of the v�B terms induced by the strong
magnetic-field components which leads to a significant
motion of the electron in the propagation direction of
the laser field. As a consequence, there is less interaction
with the nucleus and very few harmonics can be found in
the radiation spectrum �Keitel and Knight, 1995�. Also,
relativistic mass effects have to be taken into account,
preventing the acceleration of the electron to even
higher energies necessary for the extension of the cutoff.

Figure 2 shows a plot of different classes of electron
trajectories during propagation in the electric field of the
driving laser. Electrons start from the nucleus located at
�0, 0�. Depending on the phase � of the electric field at
the instant of ionization, they can return to the core at
position 0. The intersection with the velocity axis deter-
mines their final kinetic energies at the moment of re-
combination. The electron along the cutoff trajectory b
was ionized at a phase of �=17° and has the highest
kinetic energy of 3.17Up upon its return to the core.
Electrons are most likely produced at the peak of the
electric field ��=0° � but they return to the core with
zero kinetic energy �d�. Most electrons, however, are
produced at unfavorable phases of the electric field and
never return to the core �e�. In the plateau region of
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high-harmonic spectra, there are typically two electron
trajectories that give dominant contributions to high-
harmonic emission, which interfere with each other �Le-
wenstein et al., 1995�. The first short trajectory corre-
sponds to a short return time �a�, the second long
trajectory �c� has a return time close to one period,
which causes a strong intensity dependence of the phase.
This can result in strong spectral broadening, leading to
an overlap of neighboring peaks �Salières et al., 1998�.

The phase of the harmonic emission can be deter-
mined using a quantum-mechanical formulation, the so-
called Lewenstein model �Lewenstein et al., 1994, 1995�.
This theory rephrases the classical models by Corkum
�1993� and Kulander et al. �1993� in a fully quantum
theory. It is valid in the single-active-electron approxi-
mation �SAE� in a low-frequency, high-intensity limit
�Up	Ip�, and for high harmonics with energies greater
than the ionization potential.

Referring to Feynman’s path integral formalism,
Salières et al. �2001� expressed the probability amplitude
for high-harmonic generation as a coherent superposi-
tion of contributions of all possible spatiotemporal paths
that connect the initial and the final state of the system,
the so-called quantum orbits. The weight of each path is
a complex number whose phase is equal to the classical
action S along this path. In general, only the first two
quantum orbits with travel times of less than one or two
periods of the laser field contribute noticably. For har-
monics in the cutoff region, there is only one relevant
trajectory whereas for plateau harmonics two trajecto-
ries are needed for an accurate description. The impli-

cations of the spatiotemporal separation of high-
harmonic radiation into two quantum path components
will be discussed in Sec. II.E on the coherence proper-
ties of high harmonics.

B. Harmonic spectrum

Since the generation of high-harmonic radiation is re-
peated every half-cycle of the electric field of the laser
pulse, their spectrum consists of the odd harmonics of
the fundamental laser frequency �Fig. 3 �schematical
view��. Each half-cycle of the driving laser pulse gives
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FIG. 2. �Color online� Different classes of electron trajectories during the propagation phase of high-harmonic generation, plotted
in the position-velocity plane: The trajectories start at the atom located at �0, 0�. Depending on the phase � of the electric field at
the instant of ionization, they can return to the core at position 0 with different kinetic energies, visualized by the intersection with
the velocity axis. The traces a��=45° � and c��=3° � correspond to the short and long trajectory, respectively, leading to the same
final energy. Class b��=17° � is a cutoff trajectory with the highest kinetic energy �3.17Up�, d��=0° � starts at the peak of the
electric field where most electrons are produced but returns to the core with zero kinetic energy. Trajectory e��=−45° � never
returns to its parent atom.
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harmonic order
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FIG. 3. Typical high-harmonic spectrum. The temporal period-
icity of high-harmonic emission with half the laser oscillation
period leads to a harmonic spacing of twice the fundamental
frequency. The spectrum can be divided into three parts �which
have been exaggerated in this schematic diagram for clarity�:
the perturbative regime at low orders, the plateau for interme-
diate orders, and the cutoff at the highest orders.
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rise to a short �subfemtosecond� burst of XUV radiation.
Therefore a driving pulse consisting of multiple cycles
produces a train of subfemtosecond XUV bursts, sepa-
rated in time by half the oscillation period of the driving
laser �attosecond pulse train �APT� �Antoine et al., 1996;
Paul et al., 2001; Tzallas et al., 2003��. This periodicity of
T /2 �where T is the laser period� is responsible for the
observation of the harmonic spacing of 2�. This behav-
ior can simply be understood from the reciprocity of the
Fourier transform, through which the electric field in the
time domain and the spectral amplitudes are linked.
Also, since consecutive bursts result from consecutive
collisions from alternating directions, the corresponding
spectral components have the same spectral amplitude
but differ in sign. This results in destructive spectral in-
terference for even-order harmonics ��=2m�L�, while
constructive interference occurs for odd harmonics ��
= �2m+1��L�.

However, if the symmetry is broken, even-order har-
monics can be generated. The symmetry can be broken
both on the level of the laser pulses and on the level of
the medium properties. For laser pulse durations ap-
proaching the single-cycle regime �Brabec and Krausz,
2000�, even-order harmonics can be generated near the
cutoff until the high-energy part of the harmonic spec-
trum merges into a continuum �Spielmann et al., 1997;
Baltuška et al., 2003�. This results from a loss of the strict
periodicity of electric-field oscillations within a laser
pulse for pulse durations of less than 10 fs. In this case,
the pulses consist of only a few optical cycles, breaking
the symmetry between consecutive oscillations.

The inversion symmetry between the upper and lower
half-cycles, which yields the spectrum of odd harmonics
only, can also be broken by adding the second harmonic
of the driving laser pulse �Mauritsson et al., 2006�. In this
case, the shape and strength of the electric field in con-
secutive half-cycles differ beyond the simple sign change
that occurs in a one color field, allowing for the produc-
tion of attosecond pulse trains with only one pulse per
infrared cycle with a stable carrier-envelope phase. For a
one-color driver, there is a 
 phase flip from pulse to
pulse in the harmonic attosecond pulse train. The addi-
tion of a weak second-harmonic field can also be ex-
ploited to generate single attosecond pulses in the
multicycle-driver regime where usually multiple attosec-
ond pulses are produced �Pfeifer et al., 2006�.

The same effect of creating a difference between con-
secutive half-cycles can be realized using oriented asym-
metric molecules �Gavrilenko and Oks, 2000; Kreibich et
al., 2001�. The anisotropy of such a medium makes the
contributions from the upper and the lower half-cycle of
the laser oscillations different �even for multicycle laser
pulses�, thus allowing the generation of even-order har-
monics. Alignment �Stapelfeldt and Seideman, 2003�
alone is not sufficient because the symmetry is not bro-
ken.

Due to the dependence of the harmonic phases on
intensity, a blueshift of the harmonic peaks can occur.
Since this effect is more pronounced for the longer tra-
jectories because they spend more time in the electric

field, the different amounts of blueshift between the dif-
ferent electron trajectories can even lead to a harmonic
line splitting �Kan et al., 1995�.

C. Propagation and phase matching

The three-step model describes high-harmonic gen-
eration in the single-atom response by calculating
atomic dipole moments from the electron dynamics,
leading to the emission of a high-energy photon. It does
not completely describe the harmonic-generation pro-
cess in a medium. The discrete nature of the spectrum as
presented in Sec. II.B is a result of the periodicity of the
laser electric field. The final height and shape of the
spectrum, however, are also determined by phase match-
ing.

We now consider the various contributions to the
phase mismatch in gases where conventional phase-
matching techniques do not apply or are hard to imple-
ment. The wave vector k for a light wave transversing a
gaseous medium can be written as follows �Rundquist et
al., 1998�:

k =

2


�
+

2
Nan���
�

− Nere� ,

↑
vacuum term

↑
neutral gas

↑
plasma dispersion

�5�

where Na is the density of neutral atoms in the medium
�taking into account ionization losses�, n��� is the linear
refractive index per unit neutral atom density �minus
unity� at the wavelength �, Ne is the density of free elec-
trons, and re is the classical electron radius. The terms
on the right-hand side of Eq. �5� represent the dispersion
of the vacuum, the material, and the plasma. Note that
the contribution from free electrons in the plasma is
negative.

As we see later, it is advantageous to generate high-
order harmonics in a gas-filled hollow fiber. Inside a hol-
low capillary, a superposition of fiber modes �Marcatili
and Schmeltzer, 1964� is excited, making the pressure
dependence of high-harmonic generation and the spatial
beam profile of the generated radiation more complex.
In general, the phase mismatch �k between the gener-
ating laser field and the field of the high harmonics
includes a dependence of the phase-mismatch �k
=�k�P ,unm� on the pressure P of the medium �the gas
density� and the excited fiber modes unm.

In hollow fibers, we have another negative contribu-
tion given by the waveguide geometry, and the total
wave vector can be written as

k =
2


�
+

2
Nan���
�

− Nere� −
unm

2 �

4
a2

fiber dispersion

, �6�

where �in addition to the quantities defined above� unm
is the mth root of the Bessel function Jn−1�z� for the
waveguide �for the lowest order, u11=2.405�, and a is the
inner radius of the hollow fiber. Real and imaginary
parts of the refractive index in the �soft-�x-ray region
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have been compiled by Henke et al. �1993�.
In a phase-matched high-harmonic-generation process

where the phase velocities of fundamental and harmonic
beams are equal the phase mismatch for the qth har-
monic order

�kq = qklaser − kx-ray=
!

0 �7�

has to be equal to zero.
Substituting Eq. �6� into Eq. �7� and using �x-ray=� /q

�where � is the laser wavelength� we have

�kq =
2
q

�
�1 − ��P�n − P�Natmre��q2 − 1

q
�

−
unm

2 �

4
a2�q2 − 1

q
� , �8�

where we have introduced the pressure P �in atm�, the
ionization fraction �, the atomic number density at at-
mospheric pressure Natm, and the difference between the
refractive indices of the neutral gas at atmospheric pres-
sure �n=nlaser

atm −nx-ray
atm . Since the highest harmonic con-

version efficiency is obtained for �k=0 �phase match-
ing�, it is directly evident from Eq. �8� that there are
several “control knobs” available.

�1� If we consider the case where only one fiber mode
contributes to high-harmonic generation, there is still
the possibility of adjusting the remaining parameters to
achieve phase matching. It has been shown �Rundquist
et al., 1998; Durfee et al., 1999� that the high-harmonic
yield displays a maximum at a certain gas pressure P
�neutral atom density�, which corresponds to the phase-
matched case �k=0 based on the pressure dependence
of �k. If we plot our experimental harmonic spectra ver-
sus the gas pressure in the capillary �Fig. 4�a��, we clearly
see a shift of maximum harmonic emission towards
higher frequencies for increasing pressure. Thus for a
suitably chosen pressure, a certain range of harmonics is
preferred.

�2� Since the highest harmonic conversion efficiency is
obtained for �k=0 �phase matching�, it is evident from
Eq. �8� that there are several solutions of �k=0, one for
each of the different fiber modes, i.e., different values of
unm. Phase matching can therefore be achieved by excit-
ing a suitable fiber mode which determines the value of
unm. Experimentally, if more than one fiber mode is ex-
cited, we should see several local maxima in the pressure
dependence of phase matching since the fiber-mode pa-
rameter unm assumes discrete values for different fiber
modes. Figure 4�b� was recorded in a regime in which
two fiber modes were excited by fundamental laser
pulses. In this figure one can distinguish two separate
local maxima of the harmonic yield as a function of the
pressure. This experimental result matches well with
theoretical calculation �Pfeifer, Kemmer, et al., 2005�
based on Eq. �8�.

Another knob for dispersion control in a hollow-core
fiber was proposed by Christov et al. �1998�. By introduc-
ing thin glass plates with holes for the x-ray beam to pass
into the waveguide, a periodic phase delay can be estab-
lished for the fundamental, resulting in better phase
matching.

If a fiber is not used for high-harmonic generation, but
instead the driving laser is focused into the conversion
medium, the Gouy phase ��z� �Siegman, 1986� has to be
taken into account. The geometric contribution to the
wave vector by the hollow fiber has to be replaced by
the contribution caused by the Gouy phase which de-
pends on the Rayleigh range zR �or equally on the con-
focal parameter b�:

kGouy =
d��z�

dz
=

d

dz
arctan	 z

zR

 �

1

zR
	=

2

b

 , �9�

where the last approximation is valid close to the focus
�zzR�. The additional phase mismatch originating
from the Gouy phase shift undergone by a Gaussian
beam across the focus is given as �Li et al., 1989�
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FIG. 4. �Color online� Pressure and mode dependence of high-harmonic generation in hollow fibers. �a� The excitation of one fiber
mode shows the shift in maximum harmonic emission towards higher energies for increasing pressure. �b� If two different fiber
modes are excited, two distinct local maxima can be seen. The maximum emission of 34 nm radiation at lower and higher pressure
is governed by phase matching of the EH11 and EH12 fiber modes, respectively.
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�kGouy = �q − 1�
2

b
. �10�

For very low gas densities, this term is actually the pre-
vailing contribution to the total phase mismatch �k
�L’Huillier et al., 1993�. However, in the presence of
strong ionization, the phase relationship is strongly per-
turbed �Bouhal et al., 1998�.

The contribution from the Gouy phase can be con-
trolled by placing the focus at different positions with
respect to the gas jet. This change in the phase-matching
conditions allows the selection of the short or long elec-
tron quantum path in high-harmonic generation, influ-
encing the spectral features of the emitted harmonic ra-
diation �Salières et al., 1995�. The axial variation of the
laser intensity leads to different phase-matching condi-
tions for the contributions from different quantum
paths. Depending on the geometry, ionization, and pres-
sure conditions, phase matching can enhance one class
of contributing trajectories at the expense of others:
When the laser is focused before the generating me-
dium, phase matching on the optical axis is efficient and
the spatial and spectral harmonics are regular. For a fo-
cus at the center of the nonlinear medium, the harmonic
yield is low due to poor phase matching. When the laser
focus is positioned after the medium, efficient phase
matching is only ensured for off-axis emission, leading to
a high conversion efficiency but to distorted spatial and
temporal profiles.

D. Attosecond pulse generation

One of the most promising aspects of high-harmonic
generation is the ability to produce single pulses or pulse
trains on the attosecond time scale. An early consider-
ation by Farkas and Tóth �1992� showed that, similar to
mode locking in a femtosecond oscillator �Siegman,
1986�, high harmonics can be superimposed to yield at-
tosecond pulses �with a duration of less than 100 as�,
provided a proper selection and phase relationship of
the harmonics. The regular spacing of the harmonics in
the spectral domain leads to the formation of attosecond
pulse trains �Antoine et al., 1996�. Phase locking be-
tween five consecutive harmonics generated in argon
was demonstrated by Paul et al. �2001�. Isolated attosec-
ond pulses with durations of 650 as could be generated
by spectrally filtering the continuous cutoff region of
few-cycle laser pulses �Hentschel et al., 2001�.

Consecutive experimental results have examined the
existence of high-harmonic-based attosecond pulses and
pulse trains in more detail �Mairesse et al., 2003; Tzallas
et al., 2003� and have described successful first experi-
ments where the unique properties of this new radiation
can be exploited to follow electronic dynamics in real
time �Drescher et al., 2002; Kienberger et al., 2002, 2004�.
A recent review on attosecond physics has been com-
piled by Agostini and DiMauro �2004� and Scrinzi et al.
�2006�. The time structure of single attosecond pulses
and attosecond pulse trains depends on the so-called

femto chirp and atto chirp, which has been discussed by
Varjú et al. �2005�.

E. Coherence

The first direct measurements of the temporal coher-
ence of high-order harmonics were reported by Ditmire
et al. �1996� and complemented by Bellini et al. �1998�
and Lyngå et al. �1999�. In the reported work, the au-
thors measured the fringe visibility of the interference
pattern in the far field of two spatially separated sources
of harmonic radiation that were delayed in time with
respect to each other. Whereas in general the coherence
times are comparable to the expected pulse durations,
the interference pattern exhibits two well-separated spa-
tial regions �concentric rings� with significantly different
coherence times for some harmonics: the intense inner
part has a long coherence time while the outer region
displays a much shorter coherence time. From the semi-
classical interpretation of high-harmonic generation
�Sec. II.A� there are actually two main trajectories that
the electron can follow during the excursion time be-
tween ionization and recombination. The first �short�
trajectory has a phase that does not vary much with laser
intensity �Lewenstein et al., 1995�. Consequently, the
emitted radiation has a long coherence time and is well
collimated. The dipole phase of the second �long� trajec-
tory, however, varies rapidly with laser intensity �Gaarde
et al., 1999�, leading to a strong curvature of the phase
front �due to the dependence of the intensity on the
radial coordinate� and therefore to a strongly divergent
angular emission �Salières et al., 1995�.

The spatial coherence of the high-harmonic light can
be measured through the double-pinhole �or double-slit�
interference technique. The modulation depth of the in-
terference fringes after passing a beam through a pin-
hole pair is a direct measure for the degree of coherence
across the spatial wave-front phase profile. If the phase
difference between the two sampled points is constant,
the fringe visibility will be unity whereas it is less than 1
if random phase variations exist. Bartels et al. �2002�
used such a two-pinhole setup to verify full spatial co-
herence of high-harmonic radiation generated in a
phase-matched hollow-fiber geometry �Rundquist et al.,
1998�. From a classical viewpoint, high-harmonic gen-
eration driven by coherent light is an inherently coher-
ent process. However, the degree of coherence is de-
graded by mechanisms such as plasma refraction and the
time-varying index of refraction. Also, as mentioned
above, at least two trajectories with different phase be-
havior contribute to high-harmonic generation. How-
ever, the quasiplane-wave interaction in a hollow fiber
and the long propagation distance select a single trajec-
tory, which improves both the temporal and the spatial
coherence including the beam mode quality.

Measurements by Lee et al. �2003� confirmed the ex-
cellent spatial coherence of high-order harmonics from a
gas-filled hollow fiber and used point-diffraction inter-
ferometry to show that the wave-front phase of a har-
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monic beam can be considered as a spherical wave
within a phase error of less than � /15.

The first measurement of the spatial coherence of
high-order harmonic radiation in the soft-x-ray region
was performed by Ditmire et al. �1996�. They executed a
series of Young’s two-slit experiments to find that the
harmonics �generated in a gas plume� exhibit good
fringe visibility and high spatial coherence. At high in-
tensities the coherence is degraded due to the rapid pro-
duction of free electrons, which imparts a rapidly vary-
ing phase on the harmonic, lowering the degree of
coherence.

Based on the experiments by Bellini et al. �1998�,
Gaarde et al. �1999� presented a spatiotemporal analysis
of high-harmonic radiation, demonstrating the separa-
tion into two quantum path components. Based on the
numerical integration of the time-dependent
Schrödinger equation, they determined the dipole mo-
ment �q�I� of the qth harmonic as a function of the in-
tensity I of the laser field:

�q�I� = A�I�exp�i��I�� . �11�

The dipole moment consists of several contributions
with phases of the form

�k�r,z,t� = − �kI�r,z,t� , �12�

representing the different quantum paths, labeled by the
index k. I�r ,z , t� is the space- and time-dependent inten-
sity of the driving laser field, and �k is the corresponding
proportionality constant or slope of the phase function.
By performing the equivalent of a time-frequency analy-
sis using a window function for a range of intensities, the
authors determined the “spectrum” of �k. The result
showed that the separation into different quantum path
components is indeed justified. As representative values,
they found the following numbers for �k for the 15th
harmonic in argon: �1�1 cm2/W,�2�27 cm2/W. The
value for the long trajectory is much larger than for the
short trajectory. Similar values are found in a study by
Balcou et al. �1999�. Gaarde �2001� calculated time-
frequency representations of high-order harmonics for a
more detailed analysis of the different chirps present.

The variation in time of the intensity I�t� causes a fre-
quency chirp ��k�t�=−��k�t� /�t, leading to spectral
broadening. Due to the time dependence of the intensity
�Benedetti et al., 2006� and the large value of �k for the
long trajectory, the radiation originating from this trajec-
tory has a very short coherence time and a broad band-
width since the harmonic pulse is strongly chirped.

In the same way, the radial variation of the intensity
I�r� introduces a curvature of the phase front, causing
the beam to diverge, depending on the values of � and I.
We can estimate the influence on both the curvature of
the phase front and the chirp for both components. Us-
ing the values for �k from above we find the ratios of the
spectral widths ��k and of the divergence angles �k �in a
geometrical-optics approximation� as ��2 /��1��2 /�1
�27. Since the spectrum of the long trajectory is domi-
nated by the dipole chirp whereas the spectral width of

the short trajectory is determined by its Fourier-
transform-limited broadening, this ratio reduces to val-
ues between 10 and 20 but is still very large for the two
quantum paths.

Due to the spatially differing behavior �divergence
angles� of radiation originating from the two trajecto-
ries, it is possible to macroscopically select only the
short quantum path by placing an appropriate aperture
in the harmonic beam, resulting in spatially and tempo-
rally highly coherent radiation. The separation of the
two fields can also be achieved by introducing proper
phase-matching conditions for the selection of one or
the other contribution.

The atomic dipole phase �Eq. �12�� also depends on
the harmonic order q. The � coefficients are closely re-
lated to the time the electrons spend in the continuum
before recombination �return time or emission time
�Mairesse et al., 2003�� which is beyond the scope of this
Colloquium.

F. Challenges and goals

The goal of femtosecond or attosecond time-resolved
XUV or soft-x-ray spectroscopy poses several challenges
as illustrated in Fig. 5. The upper left panel shows the
starting situation of unoptimized high-harmonic spectra
�Fig. 3�. The other panels each feature one specific opti-
mization goal: For instance, in order to be able to inves-
tigate the time-dependent shifts of absorption edges
�Seres and Spielmann, 2007� the harmonic cutoff, which
determines the highest energies possible, must be ex-
tended to shorter wavelengths �Spielmann et al., 1998;
Gibson et al., 2003; Seres et al., 2004, 2005�; for any kind
of nonlinear optics in the XUV range �Kobayashi,
Ohno, et al., 2000; Hentschel et al., 2001; Papadogiannis
et al., 2003; Tzallas et al., 2003; Miyamoto et al., 2004;
Sekikawa et al., 2004; Hasegawa et al., 2005�; a large
number of harmonic photons is desirable, therefore the
efficiency of HHG should still be increased �Schnürer et
al., 1999� to make the whole range of methods of pump-
probe technology available to the XUV domain; more-
over, for both spectroscopic applications and the optimi-
zation of attosecond pulse durations �Mairesse et al.,
2003, 2004� the selection of single harmonics or ranges
of consecutive harmonics is necessary.

In order to increase the count rates in photoelectron
spectroscopy with high-harmonic radiation, a higher rep-
etition rate of the harmonics is desirable. While it is very
hard to increase the repetition rate of the driving laser
due to limitations in the pump energies of the pump
lasers in amplification stages, two groups �Gohle et al.,
2005; Jones et al., 2005�, have demonstrated high-
harmonic generation directly from the oscillator. They
succeeded in converting the frequency comb generated
in a femtosecond oscillator cavity into the extreme ultra-
violet �XUV� with intracavity high-harmonic generation
at the full oscillator repetition rate by using an external
buildup cavity with a xenon gas jet included in this cav-
ity.
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In this work we concentrate on the generation of en-
gineered coherent soft-x-ray spectra where harmonics
can be selected or suppressed, based on adaptive tempo-
ral and spatial shaping of the driving fundamental laser
pulses. We first discuss several recent experiments
treated in the literature on this topic. Examples from
our own research are then used to illustrate progress and
possibilities in this field.

III. ADAPTIVE CONTROL

In order to shape high harmonics according to user-
defined targets, it is convenient and effective to employ
adaptive control schemes. This provides a powerful
method to steer quantum-mechanical processes by ap-
plying an optimal light field �Brixner and Gerber, 2003�.
Numerous implementations in different areas have been
reported in recent years, among others the control of
chemical reactions �Assion et al., 1998; Levis et al., 2001�,
molecular population transfer �Bardeen et al., 1997;
Weinacht et al., 1999; Brixner et al., 2001; Herek et al.,
2002�, atomic multiphoton absorption �Meshulach and
Silberberg, 1998�, and high-harmonic generation �Bar-
tels et al., 2000�. The main experimental tool for achiev-
ing these goals is spectral phase shaping of femtosecond
laser pulses �Weiner, 2000�, in combination with
evolutionary-algorithm-based experimental feedback
loops �Judson and Rabitz, 1992; Baumert et al., 1997;
Yelin et al., 1997�.

Likewise, we expect soft-x-ray pulse shaping to be an
efficient tool in our efforts towards the control of elec-
tronic motion. However, a direct transfer of pulse-
shaping techniques developed in the optical wavelength
range to the soft-x-ray regime is not feasible. Existing
devices require either spectral dispersion �e.g., liquid-
crystal �Weiner et al., 1990� or acousto-optical �Fermann
et al., 1993� spatial light modulators or deformable mir-

rors �Zeek et al., 1999�� or extensive passage through
material �the acousto-optical programmable dispersive
filter Dazzler �Verluise et al., 2000��, which precludes
their applicability in the soft-x-ray spectral range due to
small diffraction efficiencies for spectral dispersion and
high absorption coefficients. It appears more desirable
to directly generate a shaped soft-x-ray pulse, for in-
stance, by shaping the fundamental laser pulse prior to
the conversion process than after its production. By
shaping the ultrashort driving laser pulse it is possible to
control the high-harmonic spectrum in a comprehensive
way, far beyond earlier results on the control of particu-
lar spectral properties such as conversion efficiency and
line width �Bartels et al., 2000, 2001� or the blueshift of
harmonics �Reitze et al., 2004�.

Due to the temporally coherent nature of the soft-x-
ray light generated by high-harmonic generation, spec-
tral shaping and engineering, on the other hand, means
the ability to shape the emerging trains of attosecond
pulses or single attosecond pulses. These results open
the possibility towards adaptive control in the soft-x-ray
spectral range.

Based on the complete Hamiltonian, the potential en-
ergy surfaces and the dynamics of a quantum system can
be calculated theoretically. In principle, the control of
this quantum system is possible by applying the correct
electric field �e.g., of a laser�. The great difficulty is to
determine the exact electric field that is needed to steer
a quantum-mechanical reaction towards the desired out-
put. Derived from simple resonance problems, research-
ers tried to selectively break a chemical bond by tuning
the incident light field to the vibrational frequency of the
selected bond. However, other than was expected, in
most cases the weakest bond broke due to intramolecu-
lar vibrational energy redistribution �IVR�. The vibra-
tional energy coupled into the system by the light field
quickly redistributes over the whole system through the
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FIG. 5. Designed high-harmonic spectra to illustrate the challenges for further high-harmonic generation experiments: extension
of the cutoff energy, increase in the efficiency of the high-harmonic conversion process, and the selection of single harmonics or
range of harmonics.
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coupling of the vibrational modes. A more complex
electric field is therefore required to exactly cleave a
desired chemical bond.

The problem of finding this electric field can be solved
by applying different pulse shapes in a closed-loop opti-
mization setup as proposed by Judson and Rabitz �1992�,
which we also employed for the adaptive control of
high-harmonic generation in this work. Laser pulses are
automatically tailored in a temporal or spatial pulse
shaper according to user-defined optimization goals.

The basic working principle is depicted in Fig. 6. It
relies on an evolutionary algorithm �Baumert et al.,
1997� that finds an optimal electric field. In brief, the
incoming laser pulses are shaped in some sort of pulse
shaper. The modulated laser pulses �in Fig. 6 a tempo-
rally shaped laser pulse is shown� are then used to per-
form the experiment in the quantum system. The experi-
mental signal is analyzed and a fitness is assigned to the
corresponding laser pulse. Utilizing this ranking, the
evolutionary algorithm can automatically find the opti-
mum laser pulse. The first experimental implementa-
tions by Yelin et al. �1997� and Baumert et al. �1997�
automatically compressed chirped femtosecond laser
pulses, without first characterizing the pulses.

In our setups to shape the high-harmonic spectra, the
closed-loop optimization iteratively shapes the laser
pulse either temporally with a deformable mirror �Sec.
IV� or spatially using a two-dimensional liquid-crystal-
display-based spatial light modulator �Sec. V�. The ob-
tained spectrum is measured with a charge coupled de-
vice �CCD� camera. The applied algorithm is based on
the evolutionary principle of “survival of the fittest”
�Baumert et al., 1997�. A fitness measure for each shaped
laser pulse is derived from the high-harmonic spectrum.
This measure, also termed fitness function, maps the
shape of the complete high-harmonic spectrum onto a
single number. In this way it is possible to rank the per-
formance of different laser pulse shapes according to
how well it produced the desired harmonic spectrum or
spectral feature. Each pulse shape termed an individual

is characterized by a number of genes, e.g., the 19 high-
voltage levels applied to the deformable mirror elec-
trodes. These voltage parameters defining the pulse
shape can therefore be regarded as the genetic elements
of an individual laser pulse. Fifty different individuals
represent a generation. The first generation consists of
individuals each possessing randomly chosen genes
�voltages� with values throughout the suitable voltage
range. After applying those pulses in the harmonic gen-
eration experiment, their fitness is determined and the
selection of the fittest is carried out. The evolutionary
algorithm uses the ranking by the fitness function to
keep the best-performing laser pulses for the next gen-
eration. The rest is dismissed or transferred to the next
generation by mutation �some genetic elements are ran-
domly changed� or crossover �two individuals of the old
generation each pass on a part of their genetic elements
to their “offspring”� until a population size of fifty is
reached again. The members of the new generation are
now tested for their performance in order to build the
following generation, and the closed-loop optimization
iteratively converges towards a maximum fitness value
by gradually improving the laser pulse shapes from one
generation to the next.

IV. CONTROL OF HIGH-HARMONIC GENERATION
THROUGH TEMPORAL LASER PULSE SHAPING

Control of high-harmonic radiation should be possible
in two fundamental ways, either by controlling the tem-
poral evolution of the driving electric field or by control-
ling spatial properties in the broadest sense, including
medium engineering and geometric effects. The tempo-
ral aspect are described in this section while spatial as-
pects can be found in Sec. V.

The temporal evolution of the electric field E�t� of an
ultrashort laser pulse can be summarized as

evolution

fit
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shaped fs
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experimental
data
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quantum
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FIG. 6. �Color online� Working principle of adaptive control. The incoming laser pulse is first shaped in a laser pulse shaper and
is then used to perform the experiment in the quantum system. The experimental signal is analyzed and a fitness is assigned to the
corresponding laser pulse. Utilizing this ranking, the evolutionary algorithm can automatically and iteratively find the optimum
laser pulse shape.
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E�t� = Eenv�t�p�t�ei��t+��t�+�0�, �13�

where Eenv�t� is the envelope of the pulse effectively de-
termining the pulse duration and pulse intensity, p�t� is
the polarization axis which can vary during the duration
of the pulse, � is the central frequency and can be modi-
fied, e.g., in multicolor experiments, ��t� is the time-
varying phase and determines the chirp of the laser
pulse, and �0 is the carrier-envelope phase which we
have written here explicitly since it plays an important
role for few-cycle laser pulses and the generation of
single attosecond pulses.

Here we describe a number of experiments that sys-
tematically adjusted one of these parameters manually
in order to control high-harmonic radiation. This is also
called open-loop control since no feedback from the ex-
periment is used to close the optimization loop. As the
number of possible configurations is extremely high, it is
very convenient to use an evolutionary algorithm as pre-
sented in Sec. III to quickly find an optimum setting.

A. Open-loop control

Several attempts have been made to influence har-
monic spectra and the corresponding harmonic light
pulses. As explained in Sec. II, the same intense laser
field is responsible for the ionization of the medium and
the subsequent acceleration of electrons so that they can
gain kinetic energy. In order to replace the initial effec-
tive multiphoton ionization by a linear single-photon
step and to have control over the initial phase of the
electron with respect to the accelerating laser field, it
was first proposed and calculated by Schafer et al. �2004�
and experimentally verified by the group of Ursula
Keller �Biegert et al., 2006� to separate these two steps.
First, a regularly spaced attosecond pulse train �APT�
consisting of high-photon-energy harmonic pulses is
generated in a hollow fiber filled with xenon gas. This
attosecond pulse train is then directed into a helium gas
jet, together with a strong fundamental laser pulse. The
high-energy photon from the APT can now ionize the
gas efficiently in a direct one-photon transition while the
second fundamental laser field is responsible for the ac-
celeration of the electron. The timing between these two
fields can be controlled, allowing for quantum-path se-
lection on the single-atom level, decoupling the ioniza-
tion step from the strong-field dynamics.

Another implication of the fact that usually the same
laser field is employed for the ionization and accelera-
tion of electrons is the limit that is placed on the highest
obtainable photon energy �cutoff energy�. The actual la-
ser intensity I in Eq. �1� has to be substituted by the
saturation intensity Is �Chang et al., 1997; Schnuerer
et al., 1998�, which atoms can be exposed to before satu-
ration is reached, i.e., before the number of atoms left
available in the neutral ground state has become negli-
gible. For high-intensity pulses with long pulse durations
�multicycle pulses�, the medium is depleted before the
high peak intensity is reached since the number of ion-
ized atoms increases in a stepwise fashion at each maxi-

mum of the oscillations of the electric field, leaving no
neutral atoms to be ionized and available for high-
harmonic generation at the highest intensities. The cut-
off therefore appears at lower harmonic orders than
what is expected from the laser pulse peak intensity in
Eq. �3�. This limit can be circumvented for very short
driving pulses �few-cycle or single-cycle pulses� since in
this case the high peak intensity of the envelope nearly
coincides with the first peak of the oscillatory electric
field. A sizable number of electrons are born into a very
strong electric field and can acquire higher kinetic ener-
gies than before when the ground state was depleted
before the peak of the envelope had been reached. The
cutoff energy no longer depends on the intensity of the
laser pulse alone, but on the pulse duration as well
�Chang et al., 1997, Eq. �2��. This dependence was used
by Chang et al. �1997, 26 fs pulses� Schnürer et al. �1998,
sub-10-fs pulses� to extend high-harmonic generation
into the water window �4.4–2.3 nm� where water ab-
sorbs less than carbon �Spielmann et al., 1997; Chang et
al., 1998b� and is therefore of high interest to time-
resolved soft-x-ray spectroscopy of biological samples.

Lee et al. �2001� have shown that the high-harmonic
generation process can be controlled coherently using
chirped femtosecond laser pulses to produce sharp and
strong harmonic spectra. For an efficient coherent con-
trol, a proper laser chirp condition must be chosen to
suppress the harmonic chirp that broadens high harmon-
ics and reduces their peak intensities. This chirp depends
on the current laser intensity used. Chang et al. �1998a�
have demonstrated theoretically and experimentally that
for positively chirped pump pulses �precompensation of
the harmonic chirp�, the individual harmonic peaks are
well defined and discrete, while for negatively chirped
pump pulses �additional contribution to the negative
harmonic chirp�, the harmonic output spectra merge
into a continuum. Adjusting the laser chirp and/or en-
ergy also allows for continuous wavelength tuning of the
high-order harmonics, covering the entire spectral re-
gion between two consecutive harmonics �Altucci et al.,
1999; Kim et al., 2003�.

A detailed analysis �Mauritsson et al., 2004� including
a cross correlation of the generated harmonics and a
theoretical calculation �Murakami et al., 2005� showed
that a chirp on the pump pulse generating the harmonics
is transferred to the qth harmonic as q times the funda-
mental chirp, verifying an earlier analysis by Chang et al.
�1998a�. For bandwidth-limited pulses, the harmonics
are negatively chirped due to the atomic dipole phase,
so by adding a positive chirp on the pump pulse, the
harmonic chirp can be compensated.

Lopez-Martens et al. �2005� demonstrated amplitude
and phase control of attosecond light pulses by introduc-
ing a thin aluminum filter in the beam path of the har-
monic pulses. High-harmonic pulses are intrinsically
chirped due to the intensity dependence of the atomic
phase �phase accumulated during excursion on the quan-
tum paths �Lewenstein et al., 1995; Salières et al., 2001��.
For the short quantum path which can be selected by
placing a hard aperture in the fundamental laser beam
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prior to harmonic generation this chirp is positive. This
results in temporally long harmonic pulses. This phase
can be compensated by the negative material dispersion
introduced by the aluminum filter in the XUV wave-
length range. A train of almost Fourier-transform-
limited pulses with pulse durations of 170 as can be ob-
tained, characterized with RABBITT �Muller, 2002;
Mairesse et al., 2003; López-Martens et al., 2004�. The
same group �Mairesse et al., 2003� proposed to use a
plasma compressor for the synchronization of high har-
monic since the free electrons in a plasma also induce
the required negative group velocity dispersion. The use
of material dispersion was suggested by Kim et al. �2004�
to obtain single sub-50 as pulses. The use of extreme-
ultraviolet chirped mirrors has also been proposed as a
way to compress attosecond harmonic pulses �Morlens
et al., 2005�.

Another way to control high-harmonic generation is
by controlling the time-dependent polarization state of
the electric field during the driving laser pulse duration.
The process of high-harmonic generation is sensitive to
the ellipticity of the driving light field �Weihe and Bucks-
baum, 1996; Flettner, König, et al., 2003�. Only for linear
polarization can the electron return to its parent ion to
recombine and emit harmonic photons. A time-varying
polarization can be realized by combining two short per-
pendicularly polarized pulses with slightly different cen-
ter frequencies �Corkum et al., 1994; Ivanov et al., 1995�,
by polarization gating using two waveplates or other bi-
refringent optics �Altucci et al., 1998; Strelkov et al.,
2004; Zair et al., 2004�, or by direct polarization pulse
shaping of the fundamental driving laser field �Oron
et al., 2005� using a polarization pulse shaper. Polariza-
tion pulse shaping has been introduced by Brixner and
Gerber �2001� and has been demonstrated, e.g., for the
two-photon ionization of potassium dimers �Brixner et
al., 2004�. Calculations �Chang, 2005� have shown that
the chirp of a single attosecond pulse generated by po-
larization gating is positive and its value is almost the
same as that when a linearly polarized laser is used. Us-
ing polarization gating and phase stabilized pulses �Sola
et al., 2006� it was possible to generate single-cycle iso-
lated attosecond pulses around 36 eV �Sansone et al.,
2006� Applying a complete temporal characterization
technique the estimated pulse duration was as low as
130 as, representing the shortest man-made electromag-
netic pulses so far.

B. Tailoring high-harmonic spectra by adaptive temporal
pulse shaping (closed-loop control)

In addition to the open-loop results reported above,
the implementation of a closed-loop scheme represents
a very powerful method to comprehensively shape high-
harmonic spectra, beyond the extent possible by simply
modeling the high-harmonic generation process.

1. Adaptive optimizations in gas jets

There are two main geometries that can be employed
to generate high harmonics in a gas target: generation in
a gas jet or in a hollow gas-filled capillary �Fig. 7�. A
simple setup consists of the intense laser pulses being
focused into a gas jet as shown in Fig. 7�a�. The XUV
radiation produced in the gas jet by the highly nonlinear
interaction of laser pulses with gas atoms is separated
from the fundamental field by a suitable filter, e.g., by a
thin 300 nm aluminum filter for harmonics in the energy
range from 20 to 70 eV and is subsequently detected by
a soft-x-ray spectrometer.

Earlier experiments performed in gas jets successfully
tuned the harmonic wavelengths via blueshift �Reitze
et al., 2004�. The 27th harmonic at 30 nm could be
shifted to 31.16 nm. The authors attribute this shift to
ionization effects. They also attempted to enhance single
harmonics relative to adjacent peaks. However, the se-
lective control of single harmonics using such a free-
focusing geometry has not been achieved so far. Also
our result in Fig. 8�a� shows that it is impossible to en-
hance a single harmonic in a gas jet �yield in region A
compared to the yield in regions B�.

On the other hand, it is possible to extend the cutoff
in a free-focusing geometry �Fig. 8�b��, using the deform-
able mirror as described in Sec. IV. The optimization of
the cutoff position in HHG is due to the clean-up of
higher-order phase distortions by the deformable mirror,
thus increasing the laser peak intensity, leading to higher
cutoff photon energies. An enhanced level of control
including the selectivity of selected harmonic orders can
only be achieved in a waveguide geometry such as a
hollow fiber.

There has also been a theoretical study on the optimi-
zation of high-harmonic generation in noble gases using
a genetic algorithm �Roos et al., 2001�. Harmonic radia-
tion could be tailored to different applications such as
optimization of the pulse energy of one harmonic, mini-

gas jet

detector

XUV

XUV pulse
(a) gas jet

gas
filter

capillary XUV

detector

(b) capillary

filter

FIG. 7. �Color online� Geometries for high-harmonic generation in atomic or molecular gaseous media. �a� Generation in a
free-focusing geometry �gas jet�, selectivity of single harmonics is not possible. �b� Generation inside a gas-filled hollow capillary,
selectivity of different single harmonics can be achieved with a high contrast with respect to neighboring orders.
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mization of the pulse duration, and the optimization of
the temporal coherence of harmonics. This was done by
adaptively adjusting the intensity of the laser, the gas
pressure, the interaction length in the nonlinear me-
dium, and the position of the focus relative to the gas jet.

Another theoretical investigation �Yedder et al., 2004�
used an efficient genetic algorithm to optimize short in-
tense excitation laser pulses in order to generate high-
order harmonics from which single attosecond pulses
can be synthesized. Whereas the high-harmonic field
generated by an unoptimized laser pulse exhibits the
well-known train structure �Antoine et al., 1996� with a
number of satellites, single attosecond pulses appear af-
ter the optimization.

2. Enhanced control in hollow fibers

A capillary setup where the laser is focused into a
hollow fiber filled with a noble gas �Fig. 7�b�� allows for
selective enhancement �Bartels et al., 2000, 2001; Pfeifer,
Walter, et al., 2005�. Earlier work �Bartels et al., 2000�
demonstrated the optimization of a single harmonic gen-
erated in an argon-filled hollow fiber. This was achieved
using spectral-phase shaping with a micromachined de-
formable mirror. Additional work by the same group
�Bartels et al., 2001� showed the enhancement of differ-
ent harmonic orders in different noble gases, although
the contrast ratio between the selected harmonic and
neighboring harmonics is lower.

Going far beyond these earlier results we demonstrate
the complete control over the XUV spectrum of high
harmonics. We achieved both the enhancement and sup-
pression of high-harmonic emission in a selected wave-
length region as well as the enhancement of coherent
soft-x-ray radiation over a selectable extended range of
harmonics. In order to find the laser pulse shapes that
are needed to exert this level of control we employed an
evolutionary algorithm.

The experimental setup used for these experiments is
displayed in Fig. 9: Ultrashort laser pulses from a regen-
eratively amplified Ti:sapphire laser system �80-fs pulse

duration, 800-nm center wavelength, 0.8-mJ pulse en-
ergy, 1-kHz repetition rate� are spectrally broadened in
an argon-filled hollow fiber �250-�m inner diameter,
0.6-m length, 0.6-bar pressure� by the process of self-
phase modulation �Nisoli et al., 1996�. Using a prism
compressor with a deformable mirror as a retroreflector
�Pfeifer et al., 2003�, we are able to obtain 20-fs pulses
that can be phase shaped by controlling the surface of
the deformable mirror. The shaped pulses are focused
into a second argon-filled fiber with an inner diameter of
140 �m and a length of 0.1 m. This fiber is split into
three parts which are aligned on a V-groove mount with
tiny gaps between them to ensure a constant pressure in
the center segment where high-harmonic generation
takes place. The outer segments serve as a seal towards
the vacuum before and after the fiber. The laser intensity
inside the capillary can be estimated as 2�1014 W/cm2

from the cutoff scaling law. After a 0.3-�m-thick alumi-
num filter which blocks the fundamental and lower or-
ders the harmonic radiation is detected with a soft-x-ray
CCD camera mounted behind a grazing-incidence XUV
spectrometer. Rundquist et al. �1998� used a similar
setup to demonstrate phase-matched generation of high
harmonics in a hollow capillary. They were able to in-
crease the harmonic output by two to three orders of
magnitude compared to the non-phase-matched case.
Similar values were reported by Tamaki et al. �1999�.
Spatial effects inside a fiber such as phase matching are
discussed in Sec. V.

Control over the high-harmonic spectrum is achieved
by employing an evolutionary algorithm �Baumert et al.,
1997�. This algorithm drives the gold membrane of the
deformable mirror �inset of Fig. 9� to shape the laser
pulses by sending specific voltage values to electrodes
behind the gold membrane. The gold membrane is de-
formed depending on the applied voltage and thus
changes the optical path of the individual wavelength
components of the laser pulse that are spatially dis-
persed in a prism compressor. The high-harmonic spec-
tra generated by these shaped pulses are recorded by the
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mirror, thus increasing the laser peak intensity, leading to higher cutoff photon energies.

130 Winterfeldt, Spielmann, and Gerber: Colloquium: Optimal control of high-harmonic …

Rev. Mod. Phys., Vol. 80, No. 1, January–March 2008



CCD camera that evaluates them according to a given
fitness function. The closed-loop optimization iteratively
converges towards a maximum fitness value by gradually
improving the laser pulse shapes.

We can now follow our goals defined above and try to
selectively generate single harmonics or a range of har-
monics. We are able to enhance a particular harmonic
order while simultaneously keeping neighboring orders
at low intensity �Fig. 10�. The fitness function in this case
was defined as the spectrally integrated yield of the tar-
get harmonic divided by the integrated yield of the other
harmonic orders. Compared to previous measurements
�Bartels et al., 2000, 2001� our results show an unprec-
edented contrast ratio between the selected harmonic

and suppressed neighboring orders. Direct neighbors of
the optimized harmonic order are relatively weak while
there is a negligible contribution from all others. These
tunable quasimonochromatic high-harmonic spectra al-
low for time-resolved spectroscopy in the soft-x-ray re-
gion.

A comparison between the two experiments on the
optimization of high harmonics in a gas jet and in a cap-
illary �Figs. 8�a� and 10� reveals that an enhancement of
single harmonics in a free-focusing geometry such as a
gas jet is not possible. The results by Reitze et al. �2004�
confirm this finding. This contradicts the explanation
given by Bartels et al. �Bartels et al., 2000, 2001; Christov
et al., 2001� which is based on the single-atom response
only and does not include propagation effects. Instead,
comparison shows that a spatial contribution arising
from the mode distribution in a hollow fiber is essential
to the optimization. The results of our investigation of
spatial effects in a capillary are summarized in Sec. V.

We also succeeded at the selection of a certain range
of consecutive harmonic orders. Figure 11�b� shows the
optimization of the long-wavelength spectral part while
simultaneously reducing the short-wavelength region
and vice versa �Fig. 11�c��. Considering the reduced peak
intensity in a temporally shaped and thus chirped gener-
ating laser pulse, the selective generation of lower or-
ders can be understood since the cutoff is shifted to-
wards lower energies. However, it remains unclear what
process is responsible for the enhancement of higher or-
ders while at the same time lower orders are suppressed
almost completely.

Another example of our ability to control the gener-
ated harmonic spectra is displayed in Fig. 12. The upper
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FIG. 9. �Color online� Experimental setup for temporal pulse shaping. Ultrashort laser pulses from a regenerative amplifier
undergo further spectral broadening and compression using self-phase modulation in an argon-filled hollow capillary and a prism
compressor. A deformable mirror as the symmetry plane of the prism compressor allows temporal pulse shaping. The shaped
pulses generate high-harmonic radiation in a second argon-filled hollow fiber. The resulting spectrum is recorded by a CCD
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part shows a typical harmonic spectrum in the plateau
region while the lower part demonstrates the suppres-
sion of one and two harmonics, respectively. The un-
shaped spectrum reveals a maximum due to phase
matching inside the capillary. However, the harmonics
are nearly equally intense, implying that the displayed
range lies in the plateau region. To our knowledge this is
the first demonstration of the suppression of single pla-
teau harmonics. Complete control over the shape of the
soft-x-ray spectrum has a major impact on ultrafast
energy-resolved spectroscopy and on the temporal struc-
ture of high harmonics. Section VI discusses some of the
implications on the attosecond time structure of gener-
ated radiation. The following section examines the spa-
tial properties of high-harmonic generation in a hollow
fiber and considers propagation effects such as phase
matching.

V. CONTROL OF HIGH-HARMONIC GENERATION
THROUGH SPATIAL ENGINEERING

Up to now only the temporal shaping of high-
harmonic radiation in a hollow fiber has been consid-
ered. However, Figs. 8 and 10 imply that spatial effects
determined by the waveguide geometry have to be
taken into account in order to obtain a high level of
control over the harmonics as demonstrated above.
However, control of the spatially coherent nature of the
process is essential for maximizing the yield.

A. Free-focusing geometry

Work done on controlling the spatial shape of gener-
ating laser pulses by use of a two-dimensional deform-
able mirror has been able to enhance only the overall
conversion efficiency in a jet geometry by cleaning up
higher-order spatial phase distortions �Yoshitomi et al.,
2003; Villoresi et al., 2004�. Their result closely re-
sembles our result in Fig. 8, which shows a similar effect.
Note, however, that the cutoff extension in our experi-
ments was mainly achieved by cleaning up the temporal
profile of the laser pulse while higher-order spatial phase
distortions are corrected in the work by Villoresi et al.
�2004�.

Kazamias et al. �2002� and Sutherland et al. �2004� re-
ported marked enhancements in high-harmonic genera-
tion in a gas cell filled with noble gases when a partially
closed aperture is placed in the path of the laser beam
before the focusing lens �truncation�. They attributed
this effect to the effective f-number, the laser beam spa-
tial quality, and the interplay between the laser phase
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and the intrinsic phase of the harmonics. Apparently, the
aperture introduces phase variations on the laser wave
front that minimize the phase mismatch. Here we dem-
onstrate the importance of spatial effects in achieving
full control over the process of high-harmonic genera-
tion.

B. Fiber-mode excitation

As we have seen in Sec. II.C, several fiber modes can
contribute to high-harmonic generation in a hollow fiber,
opening different phase-matching windows �Fig. 4�.
Which fiber modes are excited after the driving laser has
been coupled into the fiber can be adjusted by modifying
the spatial amplitude and phase profile of the driving
laser pulse at the entrance of the fiber. However, the
systematic selection of specific fiber modes is impossible
due to the mode-coupling effect. Near the critical power
of self-focusing inside the fiber different fiber modes no
longer travel independently as linearly independent
modes but start to mix �Tempea and Brabec, 1998; Ho-
moelle and Gaeta, 2000�. This effect is responsible for a
changing mode distribution as a function of propagation
along the fiber. Therefore we need an optimization algo-
rithm that is able to manipulate the spatial properties of
the driving laser pulse to fulfill the phase-matching con-
dition inside the fiber exactly at the harmonic generation
point.

To examine the influence of excitation of different fi-
ber modes on the process of high-harmonic generation
more thoroughly, a two-dimensional spatial pulse shaper
for the fundamental laser pulses was set up in order to
modify their spatial phase before they are coupled into
the fiber. By shaping the spatial phase of the laser pulse
before focusing, we are able to control the amplitude
and phase profile of the pulse in its Fourier plane lo-
cated at the entrance of the capillary.

This pulse shaper is based on a computer-controlled
electrically addressable phase-only spatial light modula-
tor by Hamamatsu Photonics �programmable phase

modulator PPM X8267�. An adjustable phase between 0
and 2
 can be added to the local spatial phase of the
laser pulse separately for each pixel �Kobayashi, Igasaki,
et al., 2000�. The shaped laser pulses excite different
modes in the fiber used for high-harmonic generation.
The harmonic spectra are recorded by a CCD camera.
An evolutionary algorithm is used to run the closed-loop
optimization of certain optimization goals.

In order to test the abilities of this setup to excite
arbitrary fiber modes as needed for the spatial optimiza-
tion of high-harmonic generation we used a helium-neon
laser focused into a similar fiber. The fiber output is re-
corded by a CCD camera to evaluate the excited fiber
modes. The fitness function is defined as the integral
overlap between the recorded picture and a predefined
bitmap mask representing the desired fiber modes. We
were thus able to selectively excite the fundamental
mode, double and triple modes, as well as ring modes or
random patterns, demonstrating the capability of our
setup for the adaptive spatial control of fiber modes and
their excitation for high-harmonic generation �Walter
et al., 2006�.

C. Optimizations in a hollow-core fiber

The optimization of the high harmonics based on se-
lective fiber mode excitation should now be possible.
Our first approach is to enhance the total harmonic yield
beyond the value that can be achieved by manually op-
timizing the coupling of the laser into the fiber. After the
adaptive optimization, the total yield increases by ap-
proximately a factor of 5 �Fig. 13�a��. We also tried to
selectively enhance a single harmonic order as was done
in the case of temporal pulse shaping �Sec. IV�. The re-
sult is shown in Fig. 13�b� where the shaded area marks
the wavelength range over which the yield of the se-
lected harmonic is integrated, squared, and divided by
the integrated yield of the neighboring orders to define
the fitness function �gas pressure: 170 mbar�. As can be
seen, the yield of the selected cutoff harmonic increases
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by more than two orders of magnitude. Obviously spa-
tial optimization of high-harmonic radiation is possible.
However, the contrast ratio between the selected single
harmonic and the neighboring orders is not nearly as
high as in the case of temporal phase shaping �Fig. 10�.
This implies the necessity to use temporal and spatial
pulse shaping in order to selectively enhance single har-
monics.

The calculation of the expected harmonic mode pro-
files based on the initial spatial phase of the laser pulse is
very difficult. Due to the high intensities that are present
in the fiber, ionization of the conversion medium occurs
and leads to significant distortions of the propagating
laser pulse inside the fiber. The initially excited fiber
mode distribution changes constantly due to this nonlin-
ear mode coupling �Jenkins and Devereux, 1992�. It is
therefore important to excite a single fiber mode at the
point inside the capillary where the harmonics are pre-
dominantly generated �center piece in our setup�. Not
only is it very difficult to calculate the initial spatial in-
tensity and phase profile needed, but it is almost impos-
sible to reproduce exactly the calculated profile experi-
mentally. This again explains why a closed-loop
optimization based on an evolutionary algorithm is of
great value.

The excitation of different fiber modes can be made
visible by spatially resolving the harmonic beam along
the spectrometer slit �Figs. 14�a� and 14�b��. Before op-
timization �Fig. 14�a��, each harmonic is split up into two
contributions at two distinct center wavelengths. The
two contributions originate from two fiber modes. Since
the transverse intensity distribution within the fiber and
thus the degree of ionization varies for different fiber
modes, this results in different amounts of blueshift. Af-
ter the optimization �Fig. 14�b�� with the goal to enhance
the 23rd harmonic order the bimodal structure inherent

to Fig. 14�a� disappears, leaving a clear single-mode har-
monic spectrum.

Enhancement of the selected harmonic order could be
due to better phase matching based on the selection of a
suitable fiber mode that can fulfill Eq. �8�. An increased
intensity inside the fiber due to an improvement of the
coupling into the fiber as a reason for the observed en-
hancement can be ruled out. In this case, the amount of
blueshift should have increased whereas in our measure-
ment there is less blueshift after the optimization. Fur-
thermore, if the single-atom response was responsible
for the enhancement, an increased intensity would have
led to the production of higher harmonic orders, which
is not the case. By decreasing the pressure in the fiber
from 170 to 20 mbars we are no longer in the phase-
matching regime, thereby switching off the effective
mode filter caused by phase matching. Nonlinear mode-
coupling effects also become negligible as a consequence
that spatial changes in the generating pulse directly
carry over to the harmonic beam. Figures 14�c� and
14�d� show substantial differences in the beam shape be-
tween neighboring harmonic orders for the unoptimized
as well as for the optimized case. This indicates the con-
tribution from different fiber modes during the genera-
tion of high harmonics.

D. Optimizing the geometry: Quasi-phase-matched generation

Using a modulated hollow-core waveguide �Paul et al.,
2003� instead of a hollow capillary with flat walls in or-
der to periodically vary the intensity of the laser light
driving the conversion, high harmonics can be generated
at significantly higher photon energies, even in the pres-
ence of substantial ionization. Higher levels of ioniza-
tion, caused by the higher intensity of the driving laser
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to extend the cutoff, normally cause the phase velocity
of the pump beam to be too fast to be phase matched.

Quasi-phase-matching �QPM�, originally proposed by
Armstrong et al. �1962�, introduces an additional term
K=2
 /� into the phase-matching expression �8�, where
� is the modulation period. A periodicity corresponding
to twice the coherence length corrects the phase mis-
match and allows for more efficient nonlinear frequency
conversion. In the modulated waveguide the intensity of
the laser is reduced in regions where the harmonic light
is out of phase by 180° with the driving laser �after one
coherence length� by expanding the diameter of the
waveguide so that no new harmonics are generated. This
pattern is repeated periodically for a full quasi-phase-
matching scheme. Decreasing the modulation period of
the walls of the waveguide �Gibson et al., 2003�, coher-
ent light can even be generated in the water window
using gas-filled hollow fibers.

A different method to achieve a periodically varying
generation efficiency for nonlinear frequency upconver-
sion can be realized by density modulations of the me-
dium to modulate the nonlinear susceptibility �Shkolni-
kov et al., 1996�.

E. Optimizing the medium

Since harmonic generation is a coherent process, the
resulting harmonic electric field scales linearly with the
particles density of the interacting medium, leading to a
quadratic dependence of the intensity. However, for the
cutoff harmonics, a maximum density is given by the
ionization-induced defocusing of the laser pulse �Altucci
et al., 1996�. Instead of using gas targets, we made the
transition from gaseous to liquid targets and investigated
water microdroplets as a source of high-harmonic radia-
tion �Flettner, Pfeifer, et al., 2003�. We studied the emis-
sion of XUV radiation from water microdroplets under
excitation with either a single or a pair of intense fem-
tosecond laser pulses. Varying the delay between the
two pulses we observed a transition from pure incoher-
ent plasma emission to coherent high-harmonic genera-
tion. Under optimized conditions we obtained high-
harmonic radiation up to the 27th order.

High-harmonic generation in a dense medium such as
water microdroplet also was the subject of a theoretical
study by Strelkov et al. �2005�. The three-dimensional
Schrödinger equation was solved for a single-electron
atom in the combined fields of the neighboring particles
and the laser and the results were averaged using a
Monte Carlo method. Since the long and the short tra-
jectory are affected differently by the random variation
of the harmonic phase in the presence of the medium,
sharper harmonic lines and shorter attosecond pulses
can appear due to the suppression of the long path. At
very high densities, harmonic lines are compressed com-
pletely. Also, electrons can possibly be captured by
neighboring ions. However, due to the random distribu-
tion of particles in the medium no coherent emission
occurs for these electrons. Hence there is no extension
of the single-atom cutoff.

A different approach to overcome low particle densi-
ties is to increase the interaction length. This can be
done by focusing the intense laser pulses into a gas-filled
hollow capillary �Marcatili and Schmeltzer, 1964; Davies
and Mendonça, 2000� instead of a short gas jet. In com-
bination with the negative dispersion of the hollow fiber
the variation of the gas pressure inside the fiber provides
an additional control parameter to compensate the
phase mismatch between the fundamental wave and the
generated harmonic. This results in a notable increase of
the conversion efficiency �Rundquist et al., 1998; Durfee
et al., 1999; Paul et al., 2003�. The use of hollow fibers
has already been discussed in the previous sections of
this work.

Proper phase matching can also be ensured in a gas
cell �Delfin et al., 1999; Tamaki et al., 2000� where the
laser is loosely focused, provided the correct placement
of the focus with respect to the entrance of the gas cell.
Kazamias, Douillet, Valentin, et al. �2003� and Kazamias,
Douillet, Weihe, et al. �2003� used the analysis of the
coherence length for constructive harmonic buildup
based on Maker fringes �Maker et al., 1962� to optimize
the conversion efficiency.

In addition to controlling the electric field that drives
high-harmonic generation, the nonlinear medium itself
can be engineered. Apart from atomic gases, high har-
monics can be generated in simple �Liang et al., 1997�
and complex molecules �Fraser et al., 1995; Hay et al.,
2000; Altucci et al., 2006�, clusters �Donnelly et al., 1996�,
or solid surfaces �Norreys et al., 1996� �although the gen-
eration mechanism is different for the latter�.

If a molecule is stretched out well beyond its equilib-
rium distance by preparing a highly excited vibrational
state, harmonic peaks of much higher energies in units
of the ponderomotive energy than those predicted for a
single atom or ground-state molecule can be detected
�Moreno et al., 1997�. According to this numerical simu-
lation, the large internuclear separation allows the elec-
tron to be detached from one of the cores, but recom-
bine with the partner core. A similar behavior with
kinetic energies reaching 8Up has been found by Lein
�2005�. By using a two-color excitation in extended mo-
lecular systems, harmonics at energies of 6Up to 10Up
can be generated �Bandrauk et al., 1997�. A high-
frequency prepulse ensures sufficient ionized electrons,
while a second lower-frequency pulse accelerates them
towards the other atom in the stretched molecule. Also,
controlling the ground-state wave function of the elec-
tron in a stretched molecule can increase the efficiency
of high-harmonic generation �Pfeifer et al., 2004�. Since
the electronic wave function is more delocalized for a
stretched molecule as compared to a ground-state mol-
ecule, it experiences less spreading during continuum
propagation, increasing the probability of recombination
of the returning electron with the parent ion.

VI. HIGH-HARMONIC TIME STRUCTURE

The results on temporal and spatial shaping presented
above demonstrate our capabilities to generate arbitrary
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high-harmonic spectra. However, the question of the
time structure of our shaped harmonics as generated in a
hollow capillary remains open.

Proper selection of harmonics generated in a gas jet
enables pulse durations in the attosecond regime
�Hentschel et al., 2001; Paul et al., 2001; Mairesse et al.,
2003�. The controlled selection of range of harmonic or-
ders is essential to the optimization of attosecond pulses.
According to the work by Mairesse et al. �2003�, select-
ing a larger and larger region of harmonics does not
necessarily lead to shorter �attosecond� pulses. More
harmonics result in more spectral width, but since the
harmonics are intrinsically chirped the harmonic pulse
duration may effectively increase in spite of the broad-
ened spectrum. The chirp results from the different ex-
cursion times of electrons generating the different har-
monic orders. In order to produce the shortest
attosecond pulse possible, the appropriate number of
harmonics with suitable relative phases has to be chosen,
which can now be done using our pulse shaping tech-
nique. This circumvents the problem of finding a suit-
able filter that can select the desired range. Also, the
conventional selection with a grating is accompanied
with a loss of time resolution due to dispersion and with
a substantial reduction in photon number and is thus not
desirable. Besides providing a superior way of selecting
specific high-harmonic frequencies our approach also al-
lows for shifting the range of harmonics and conse-
quently for tuning the wavelength of the resulting at-
tosecond pulses or attosecond pulse trains.

Most of the previously published experiments used
bandwidth-limited laser pulses or laser pulses with a
controlled linear chirp and high-harmonic generation
was done in a gas jet. On the other hand, during our
optimization of harmonic generation in a gas-filled hol-
low fiber, the spectral phase of the driving laser pulses is
adapted continuously according to the fitness in order to
reach the predefined optimization goal. This in turn
modifies the harmonic phase. In addition, there are
propagation effects inside the relatively long fiber com-
pared to the focus in a gas jet or gas cell. Therefore the
pulse duration of such a single adaptively selected har-
monic order is completely unknown. The knowledge is
crucial for spectroscopic applications since conventional
filtering using gratings is accompanied with a loss in time
resolution due to dispersion and a significant decrease in
photon number. Therefore work is in progress to deter-
mine the time structure of our adaptively shaped har-
monics using a cross-correlation setup.

Currently there is much interest in the generation of
attosecond pulses. In addition to characterization ex-
periments cited above, there are efforts to actively con-
trol the phase of high harmonics in order to get rid of its
inherent wavelength dependence to produce bandwidth-
limited attosecond pulses. This can be achieved using
aluminum filters that have a negative dispersion in the
desired energy range �López-Martens et al., 2005� or by
designing XUV chirped mirrors �Morlens et al., 2005�.

A recent theoretical study �Xiao et al., 2006� showed
that by optimizing the chirp and initial phase of the driv-

ing laser pulses with the help of a genetic algorithm, the
peak intensity of single attosecond pulses can be en-
hanced by one or two orders of magnitude. In addition,
the pulse duration is automatically greatly compressed
and the optimal propagation distance determined.

Our ability to shape the spectrum of high-harmonic
pulses as demonstrated in Secs. IV and V enables us to
modify the time structure of high harmonics on an at-
tosecond time scale. Figure 15 �left column� displays
shaped harmonic spectra where one or two orders have
been suppressed. The right column of Fig. 15 represents
the corresponding Fourier transforms of these spectra,
assuming a flat phase. Of course, the assumption is not
valid since harmonics are known to have a remaining
linear chirp. In addition, our shaped harmonics must
have additional contributions from the chirp of the driv-
ing laser pulse since at least part of it is transferred to
the harmonics in the fiber. However, this calculation
shows interesting features caused by the suppression of
one or two harmonics. Since in addition to the harmonic
spacing of 2� there is another spacing of more than 2�
between the harmonic contributions on the left and on
the right of the suppressed orders, there must be a
modulation in the time domain of less than half a laser
period. The dotted line in Fig. 15 shows the envelope of
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FIG. 15. High-harmonic spectra and their corresponding Fou-
rier transform assuming a flat spectra phase. �a� The unshaped
spectrum show the periodicity of T /2 for the harmonic pulses
in the time domain as expected. �b� One or �c� two suppressed
harmonics result in an increased effective spacing of frequency
components and thus in a sub-half-cycle modulation of the har-
monic time structure.
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the electric field with a period of T so that harmonics are
generated with a period of T /2. This results in the har-
monic spacing of 2
 / �T /2�=2�. Since the spacing in the
frequency domain is effectively larger in the presence of
the suppressed orders, the period of the harmonics in
the time domain is smaller than T /2, which means that
there is a sub-half-cycle or attosecond modulation. Even
though the assumption of a flat spectral phase is not
correct, these results are qualitatively valid and show the
attosecond modifications of the harmonic pulses caused
by adaptively shaping them using the pulse shaper. This
consideration demonstrates the potential of our tech-
nique for extending pulse shaping into the attosecond
regime. Adaptive quantum control of electron dynamics
in the gas phase and condensed phase is therefore pos-
sible.

VII. CONCLUSION

In conclusion, we have summarized recent develop-
ments and achievements in the field of optimal control
of high-harmonic generation. Depending on the geom-
etry of the setup and on the type of control �open loop,
adaptive feedback loop, temporal shaping, spatial shap-
ing�, different levels of tailoring high-harmonic spectra
and high-harmonic pulses are possible. The efficiency of
the frequency conversion process can be improved, and
the position and/or shape of the resulting harmonic
peaks can be influenced.

We have demonstrated that the use of a hollow-fiber
setup allows for the generation of arbitrarily shaped
high-harmonic spectra, including both the enhancement
and the suppression of single or several selected har-
monic orders. Both temporal pulse shaping and spatial
propagation effects are necessary in order to selectively
enhance single harmonics with a high contrast ratio. The
manipulation of discrete harmonic peaks results in at-
tosecond modifications of the attosecond pulse train
generated by these harmonics. However, shifting our
technique towards the continuum part of the cutoff re-
gion will represent an attosecond pulse shaper for true
isolated attosecond pulses.

Tailored harmonic spectra are of current interest and
importance for the field of frequency or time-resolved
spectroscopy in the XUV and soft-x-ray regions of the
spectrum. A number of applications have demonstrated
the power and versatility of this laboratory-scale table-
top light source for probing matter properties both in
the spectral and in the temporal domain, in an energy
range and with a time resolution previously inaccessible.
However, up to now none of them employed adaptive
shaping of high-harmonic radiation as demonstrated in
this work to extend the capabilites and the usefullness of
this radiation. Applications that could greatly benefit
from these developments include the following: EUV
microscopy and submicron imaging, time-resolved pho-
toemission spectroscopy of surface chemistry, and time-
resolved measurements of electronic dynamics such as
the Auger decay and innershell lifetimes in atoms and
solids. The possibility to shape high harmonics greatly

extends the field of applications and broadens the level
of information retrieved from such measurements.

Future work on the optimal control of high-harmonic
generation will include a combination of temporal and
spatial pulse shaping to investigate the physical back-
ground in more detail. Furthermore, since we have
shown that shaping the harmonic radiation in the spec-
tral domain allows for modifications of the time struc-
ture on an attosecond time scale, this constitutes the first
steps towards building an attosecond pulse shaper in the
soft-x-ray domain.
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