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Abstract—Recent advances in solid-state laser technology and
ultrafast optics have led to the generation of optical pulses as
short as 5 fs with peak powers up to 0.1 TW from a com-
pact kilohertz-repetition-rate all-solid-state laser. This source
significantly pushes the frontiers of nonlinear optics. Intriguing
possibilities include the development of a compact laser-driven
coherent soft-X-ray source at photon energies near 1 keV, and the
generation of attosecond XUV pulses. This paper analyzes strong-
field ionization and high-harmonic generation in the few-cycle
regime, and reviews the first experimental realization of high-
harmonic generation with 5-fs pulses. These experiments have
resulted in the emission of coherent X-rays at photon energies
greater than 0.5 keV (� < 2.5 nm), representing the highest
photon energies achieved with a laser-driven coherent source so
far. The generated XUV beam is well collimated and predicted
to be delivered, after suitable spectral filtering, in asingle burst
of attosecond duration.

Index Terms—Atomic physics, nonlinear optics, nonlinear wave
propagation, tunneling, ultrafast optics.

I. INTRODUCTION

T HE UTILITY of ultrashort optical pulses originates
mainly from their short duration and the fact that high-

peak powers can be achieved with moderate pulse energies.
Time-resolved spectroscopy is one of the “classic” application
fields in which the short pulse duration is of prime importance.
In nonlinear optics, the peak intensity has been appreciated
as the key parameter with the shortness of the pulse regarded
as necessary only to an extent which is needed to achieve
the required peak powers. The possibility of “switching on”
electric field strengths comparable to or higher than the atomic
Coulomb field within a time comparable to the light oscillation
cycle, which has now emerged with the development of a
multigigawatt 5-fs laser source [1], promises to dramatically
extend the frontiers of nonlinear optics and time-resolved
spectroscopy. This extension relates to our ability to expose
matter in its ground state to unprecedented field strengths. The
implications are far reaching with respect to both fundamental
aspects and applications. These include (but are not limited
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to) the feasibility of above-barrier ionization, the generation
of coherent X-rays from a laboratory source in the wavelength
range between the oxygen and carbon K edge (2.3–4.4 nm),
the so-called water-window, and the generation of single
attosecond XUV pulses.

A bright laboratory X-ray source in the water-window is
expected to have great impacts on biophysics and biochem-
istry, allowing the study of biological samples in their natural
environment with high contrast and resolution. This research
previously relied on the use of synchrotron radiation [2] or
an X-ray laser pumped by a multikilojoule laser [3], both
available at large-scale facilities only. Recently laboratory
sources of coherent X-rays in the water window have been
demonstrated by Spielmannet al. [4] and Changet al. [5]
by means of high-harmonic generation in helium. The use of
sub-10-fs near-infrared (NIR) pump pulses limits the effective
interaction time relevant for the generation of the highest
harmonics to essentially one optical cycle, which, in com-
bination with propagation effects, can result in the emission
of a single attosecond X-ray pulse near the cutoff of the
emitted XUV spectrum, as recently predicted by Kanet al. [6].
These extraordinarily short pulses are likely to open the way
to the “atomic time scale” characterization of the quantum-
mechanical evolution of the electron wave function in bound
atomic states as well as for electronic processes in chemical
reactions. Furthermore, the concentration of the X-rays within
an extremely short time interval and the high degree of spatial
coherence of the sub-10-fs laser-driven XUV source give rise
to an unprecedented peak brightness, which paves the way
toward an extension of nonlinear optics into the X-ray regime.

In this paper, we shall review the new possibilities sub-
10-fs pump pulses open up in the research and development
of compact laser-driven ultrafast coherent X-ray sources. The
remaining part of this section is devoted, after a brief overview
of recent advances in the technology of short-pulse lasers, to
the physical processes relevant to short-wavelength generation
and to a discussion of various routes to coherent X-ray
generation. In the subsequent sections we shall focus on one
of the most promising routes, high-harmonic generation, and
the underlying physical processes.

Ultrafast solid-state laser technology has been subject to
dramatic advances over the last 10 years. The invention of
titanium-doped sapphire (Ti:sapphire) [7] along with the devel-
opment of Kerr-lens mode-locking [8], [83], [84] and chirped
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dielectric mirrors for ultrabroad-band dispersion control [9]
have resulted in a new generation of compact solid-state
ultrafast oscillators, which can now routinely generate pulses
in the sub-10-fs regime [10] with peak powers exceeding
1 MW [11], [85] and pulse durations as short as 6.5 fs
[12]. Amplification of ultrashort pulses has also progressed
rapidly. The combination of the technique of chirped pulse
amplification [13] with Ti:sapphire allowed the construction of
laboratory-scale high-power laser systems with unprecedented
characteristics [1], [14]–[27]. Pulses as short as20 fs have
now become available with terawatt peak powers (pulse energy
on the order of 100 mJ) at repetition rates of 10–50 Hz [22],
[25]. The development of powerful kilohertz repetition rate
pump lasers and the excellent thermal properties of Ti:sapphire
opened the way to producing millijoule-energy 20-fs pulses at
kilohertz frequencies [1], [27]. The output of these systems
can now be spectrally broadened in a gas-filled capillary and
subsequently compressed [28] at pulse energy levels many
orders of magnitude higher than applicable in single-mode-
fiber (SMF) compressors [29]. Using this technique (dubbed as
the hollow-fiber technique), self-phase-modulated 20-fs pulses
with energies of tens of microjoules have been compressed
in a delay line consisting of chirped mirrors and fused-silica
prisms to 4.5 fs [30], [86]. The more recent development of
chirped mirrors providing proper dispersion control for self-
phase modulated (SPM) pulses over a bandwidth of 150 THz
(650–950 nm) [31] without relying on additional dispersive
components has permitted upscaling the hollow-fiber-chirped-
mirror compression technique to the submillijoule level while
preserving the 5-fs duration [1], [32]. The electric field per-
forms less than two oscillations within the full-width at half
maximum (FWHM) of the intensity envelope of these pulses.
They are delivered in a diffraction-limited beam and hence
focusable to peak intensities in excess of 10W/cm .

The availability of light pulses comprising just a few oscilla-
tion cycles at intensities well above 10W/cm opens up new
prospects for nonperturbative nonlinear optics and coherent
short-wavelength generation. Matter irradiated at these inten-
sity levels undergoes tunnel ionization [33]–[35]. For pulses
containing many oscillations, the number of ionized particles
(e.g., atoms, molecules, or clusters) accumulates over many
optical cycles, which may result in a depletion of the ground
state well before the peak of the incident pulse impinges upon
the target. Fig. 1(a) depicts the instantaneous ionization rate, as
obtained from the theory of Ammosov, Delone, and Krainov
(ADK) [34], [87]1 induced in helium by the linearly polarized
electric field of a 50-fs near-infrared (800 nm) laser pulse
with a peak intensity of 4 10 W/cm . Fig. 1(b) shows
the ionization rate under the same experimental conditions
except that the pulse duration is 5 fs. Fig. 1(b) also depicts
the ionization rate for circular polarization (dashed line). The
consequences of the dramatically shortened exposure to the
laser field are numerous and far reaching. First, the peak
electron emission (or ionization) rate is much higher than in
the multicycle regime and can considerably exceed the laser
frequency ( 3 10 s ). Secondly, the freed electrons are

1For hydrogen, the same expression was first obtained by [87].

Fig. 1. (top) Instantaneous ionization rate induced in helium by a linearly
(full line) or circularly (dashed line) polarized electric field (thin line) of a
50-fs NIR (800 nm) laser pulse with a peak intensity of 4� 1015 W/cm2.
(bottom) Ionization rate under the same experimental conditions except that
the pulse duration is 5 fs.

released into significantly stronger fields as compared to the
multicycle regime. These implications suggest that coherent
XUV generation resulting from a free-bound transition (high-
order harmonic or continuum generation, henceforth, briefly
HHG) [36], [37] will exhibit improved efficiency and generate
higher XUV frequencies. In addition, electron-excited X-ray
laser schemes (EEXL) [38], [39], [88] are likely to benefit
from the improved energy coupling efficiency into an optically
ionized plasma because the required high intensities can be
achieved at much lower energy levels in the single cycle
regime.

After ionization, the freed electron gains energy in the
laser field. This is an essential process, because emission of
high-energy photons is the result of the interaction of these
electrons either with their parent ions (HHG) or with the
surrounding ions in the ensemble (EEXL) in these schemes
and the photon energy is limited by that of the recombining
(HHG) or colliding (EEXL) electrons. Following Corkum
et al. [40], [41], the electron motion in the laser field can be
described by classical mechanics after tunneling. Fig. 2 shows
electron trajectories for different polarization states of the laser
field (linear and circular) and different release timeswith
respect to the phase of the electric field during the first laser
period following ionization. The laser intensity was chosen as
4 10 W/cm .

The electron reencounters its parent ion if and only if the
laser field is linearly polarized and the electron is released at a
suitable phase of the laser field. The full line in Fig. 2 de-
picts the trajectory of the electron released at 17 , which
was previously shown to yield the electron passing the nucleus
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Fig. 2. Trajectories of the electron wavepacket in an electric field
E = E0 cos(!t) as a function of the time of ionizationt0 and polarization.
The driving field has a cycle-averaged intensity of 4� 1015 W/cm2 and an
oscillation period of 2.67 fs. An electron born at the field maximum (dotted
line) will return to its parent ion with zero energy in a linearly polarized
field. The electron born at!tr � 17� (full line) will reencounter the parent
ion with the maximum energy and give rise to the emission of the highest
XUV photon energies emitted by upon recombination into the ground state.
An electron born at any time will never recombine with his parent ion in a
circularly polarized field (dashed), but it can gain a much higher drift energy,
which may be beneficial for collisional excitation of neighboring atoms.

with maximum kinetic energy, given by 3.17
[41], [42], where is the ponderomotive energy. In units of
electronvolts it can be expressed as 9.3 10 ,
where is the laser intensity and is the laser wavelength
in units of W/cm and m, respectively. With some small
probability the returning electron recombines in its original
ground state upon emitting a photon with an energy equal
to the sum of the ionization potential and the electron
kinetic energy gained in the laser field. Because the
electron wavepacket evolution is driven by a spatially coherent
laser field, the emission of the high-energy XUV photons
from the particles in the ensemble also occurs in a spatially
coherent manner, leading to a well-collimated XUV-beam
collinear with the pump laser beam. In the multicycle regime,
the process is repeated quasi-periodically over many laser
periods, consequently the XUV emission spectrum is made
up of discrete harmonics of the laser frequency. In the photon
energy range close to the highest harmonics (cutoff region)
the emission period has been predicted to be confined to a
small fraction of the laser oscillation cycle. This prediction
implies that the temporal evolution of the XUV output in
the cutoff region can be characterized as a train of bursts
of subfemtosecond duration [43]–[46]. It is obvious from
the above considerations that the use of a quasi-single-cycle
driver benefits HHG in several respects. First, higher photon
energies (shorter wavelengths) can be achieved because the
electrons are released into a stronger laser field (see Fig. 1).
Second, The X-rays near cutoff can be is emitted in asingle
attosecond pulse, resulting in an unprecedented concentration
of electromagnetic energy. Third, efficiency is increased due
to the higher ionization rate and an increased coherence
length [6]. These benefits will be discussed in more detail
in Section III.

For circularly polarized light, the electron never returns to its
parent ion [41] (see, e.g., the trajectory depicted by the dashed
line in Fig. 2). However, the average kinetic energy of the
electrons associated with the drift (nonoscillating) component
of their motion, which the electrons are left behind with
after the laser field is off, can be far higher than for linearly
polarized laser field. The average electron energy in the plasma
produced by circularly polarized light is and
the energetic electrons can serve as an efficient pump source
for X-ray lasers as proposed by Burnett and Corkum [47].
For instance, they can induce bound–bound transitions of the
electron system of the ions via collisions [38], [39], [88]
and thereby generate population inversion for X-ray lasing.
After multiple ionization, the transition energies fall into the
soft X-ray region. This EEXL scheme has been successfully
demonstrated in Xe produced by a circularly polarized
40-fs laser focused to intensities of3 10 W/cm (XUV
emission wavelength 42 nm, photon energy 30 eV) [38],
[88]. Recent theoretical studies suggest that electron-excited
X-ray lasers could be scalable to photon energies approaching
[48] or even exceeding [39] 1 keV.

Yet another route to coherent X-ray generation that opens
up with the availability of few-cycle drivers is high-harmonic
generation in crystalline solids. Recently Kalman and Brabec
[49], [50] proposed a scheme which should allow the gener-
ation of coherent kiloelectronvolt X-rays by the use of very
short pump pulses. Their approach draws on the idea that for
sufficiently short pulse durations high intensity can be coupled
into a crystal before the lattice structure is destroyed. The
periodic potential of the crystal lattice is important for two
reasons. First, the X-ray generation is enhanced by an addi-
tional momentum transfer from the lattice. Second, via Bragg
coupling the X-ray modes with the minimum absorption losses
are selected. These two effects will lead to substantial decrease
of the threshold pump laser intensity required for kilohertz X-
ray generation as compared to free electrons. For a successful
realization of this scheme it is crucial that the pump pulses
are much shorter than the electron–phonon relaxation time
which is on the order of 100 fs. Numerical simulations have
shown that focusing sub-30-fs pulses with a peak intensity of
10 W/cm onto a LiF crystal will result in the emission of
coherent X-rays with photon energies of3 keV having a
brilliance comparable with synchrotron radiation [49].

The above examples demonstrate the tremendous potential
for coherent X-ray generation that can be exploited with
powerful ultrashort light pulses in the few-cycle regime. The
new ultrafast drivers hold promise for both improving existing
techniques significantly and for opening new ways to produc-
ing high-energy X-rays with laboratory sources. Furthermore,
they also permit operation of laser-driven X-ray sources at
laser pulse energies far smaller than in the multicycle regime.
The relaxed pump energy requirements do not only allow the
use of more compact laser drivers but also pave the way
to significantly higher repetition rates, implications carrying
much weight when it comes to applications of the novel X-ray
sources.

The remaining part of this paper is organized as follows.
Section II is devoted to strong-field ionization, the primary
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physical process in all high-field laser-atom interactions. For
pulses consisting of many cycles and intensities significantly
greater than 10 W/cm , ionization occurs in the optical
tunneling regime and is essentially completed in this same
regime because the ground state is depleted before the laser
field could become strong enough to suppress the Coulomb
barrier below the ionization potential (in helium this occurs
at an electric field of 10 V/cm). As a consequence,
ionization can be accurately described by the analytic theory
of optical tunnel ionization [33]–[35]. Fig. 1(b) clearly reveals
that the ground state remains populated up to electric fields
well beyond in the single-cycle regime. Therefore, the va-
lidity of the widely used analytic expressions in this previously
inaccessible regime is brought into question. In Section II
predictions of the analytic ADK theory is compared with
results obtained by numerically solving the time-dependent
Schrödinger equation for hydrogenlike atoms in the presence
of a strong laser field. Sections III and IV focus on the theory
of HHG and its experimental realization in the quasi-single-
cycle regime (XUV continuum generation). In Section III,
we analyze the XUV emission of helium resulting from a
(quasi-)free-bound transition induced by ultrashort laser pulses
in the few-cycle regime. The analysis is not confined to
an isolated atom, but also performed for an ensemble by
using a quasi-classical description [41], [51] and the Maxwell
equation for describing propagation of the pump and XUV
wave. The XUV output is compared for different pump pulse
durations. In Section IV, we review recent HHG experiments
which were carried out with sub-10-fs pulses [4], [52]. The
presented source emits an XUV continuum with excellent
spatial coherence. Coherent XUV generation in the range of
several hundred eV (extending beyond 0.5 keV) has been
demonstrated for the first time at a kilohertz repetition rate in
these experiments. Section V summarizes the challenges left to
be addressed for the generation, control, and measurement of
single attosecond XUV pulses and their use for spectroscopy
and nonlinear optics.

II. STRONG-FIELD IONIZATION IN THE FEW-CYCLE REGIME

Ionization is of prime importance being the first step in
high-intensity light-matter interaction processes. Ionization,
acceleration by the electric field, and subsequent collision
of the electron with its parent ion or with adjacent atoms
is responsible for number of exciting phenomena in strong-
field atomic, plasma, and solid-state physics, including beyond
HHG and X-ray lasing, laser-induced damage of dielectrics
[53], [54], molecular dissociation [55], [56], plasma heating
[57], etc. The theoretical investigation of the above processes
is simplified tremendously by the analytical description of ion-
ization. This has been possible in two parameter ranges defined
by and , where is the Keldysh parameter
[33]. It is defined as , where is the
electron charge, is the electron mass, is the ionization
potential, and is the amplitude of the oscillating electric
field. If , ionization can be described perturbatively in
the regime of multiphoton ionization. The opposite limiting
case is characterized by , where ionization takes place

Fig. 3. Regimes of strong-field ionization. Exposing an atom to an intense
laser field will result in a modified potential (solid line) composed of the
Coulomb potential (dashed line) and the time dependent effective potential
of the optical pulse. At moderate intensities the resulting potential is close to
the unperturbed Coulomb potential and an electron can be liberated only upon
simultaneous absorption ofN photons, resulting in(perturbative) multiphoton
ionization. The multiphoton ionization rate scales with theN th power of the
intensity of the optical pulse. At sufficiently high-field strengths the Coulomb
barrier becomes narrow, allowingoptical tunnel ionizationto take over and
resulting in a tunneling current that follows adiabatically the variation of the
resultant potential. At very high fields, the electric field amplitude reaches
values sufficient to suppress the Coulomb barrier below the energy level of
the ground state, opening the way toabove-barrier ionization.

as a result of tunneling [33], [34], [87]. The limiting cases
of multiphoton ionization (at moderate intensities) and tunnel
ionization (at high intensities) are illustrated schematically in
Fig. 3(a) and (b). Tunneling takes over for , which
is fulfilled for neutral atoms at intensities ranging from 10
W/cm to 10 W/cm in the near infrared spectral range.
In strong field experiments preferably noble gases are used
because of their chemical inactivity. A typical representative
is helium (having the highest ionization potential, 24.6
eV) for which 1/2 at a wavelength of 800 nm calls for
an intensity of 8 10 W/cm .

As the duration of intense laser pulses approaches the light
oscillation period, a new regime of ionization comes into play.
Because the peak electric field in these pulse are “switched
on” virtually abruptly, a significant fraction of the ground-state
population survives until the electric field reaches the barrier-
suppression limit, i.e., the Coulomb barrier in the direction of
the electric field is suppressed below the ionization potential
and the bound electron can escape freely, as illustrated in
Fig. 3(c).

The critical field strength at which this phenomenon occurs
in a hydrogen-like atom is given in atomic units (1 at.u.
5.14 10 V/cm) by , where is the charge
of the residual ion and is the ionization potential in atomic
units (1 at.u. = 27.21 eV) [58]. The amplitude of the optical
field is related to the (cycle-averaged) intensity in SI units
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by W/cm V/cm , where .
Applying these simple formulas to He ( 1, 24.6
eV), the intensity needed for barrier suppression, also referred
to as the appearance intensity, is 1.5 10 W/cm .
Fig. 1(b) reveals that according to the optical tunneling rate
[33]–[35], which was used for calculating the ionization dy-
namics depicted in Fig. 1, a dominant fraction of the helium
atoms irradiated by a 5-fs pulse at 800 nm is ionized
at field strengths greater than . This prompts the question
if the optical tunnel rate [33]–[35] gives proper account for
strong-field ionization in the quasi-single-cycle regime.

In what follows, we will investigate ionization numerically
in the parameter range of above-barrier ionization and compare
the results with the predictions of the analytic theory of optical
tunnel ionization. For , it was shown (see ADK-
rate [34], [87] and the Keldysh-rate [33] corrected for the
effect of the Coulomb potential by Krainov [35]) that optical
tunneling can be described by DC tunneling [59], [60] with
the dc electric field being replaced by the fast oscillating
laser electric field. The ADK-theory [34], [87] as well as the
Keldysh theory [33] after Coulomb correction [35] yield the
following expression for the rate of optical tunnel ionization
from the ground state

(1)

with

Here, is the ionization potential of the species of interest,
is the ionization potential of the hydrogen atom, and

is the electric field of the laser pulse. From the ionization rate
, the density of freed electrons can be obtained by

solving a simple rate equation, yielding

(2)

where is the density of atoms.
The process of ionization can also be studied by solving

numerically the time-dependent Schrödinger equation. The
numerical solver is based on the complex scaling method. The
wave equation is expanded in Laguerre polynomials, where
the equations governing the time dependent amplitudes are
solved by a Runge–Kutta scheme. The free electron density
left behind by the pulse is then given by ,
where denotes the projection of the wavefunction onto
the bound states of the atom. Computer simulations have been
carried out for hydrogen in the presence of a strong laser
pulse for different pulse durations in the few-cycle regime.
The results of this study are summarized in Fig. 4, which plots

Fig. 4. Fraction of ionized hydrogen atoms in the regime of above-barrier
ionization as function of the peak electric field amplitude for pulses of 5, 10,
and 20 fs in duration. The full line shows the prediction of the ADK model, the
triangles represent that of the Krainov model and the circles depict the exact
solution of time-dependent Schrödinger equation. The dotted line depicts the
barrier suppression field strength for hydrogen (Ebs � 3.2�108 V/cm).

as a function of the peak electric field strength for
different pulse durations.

The full lines depict the results obtained by using the ADK-
rate [34], [87] whereas the triangles represent the prediction of
the theory of Krainov [35], who extended the tunneling theory
into the barrier suppression regime. The dots show the results
gained from the exact numerical solution of the Schrödinger
equation. The appearance intensity for a hydrogen atom is
given by 1.4 10 W/cm and the corresponding
electric field amplitude is indicated by the dotted line in
Fig. 4. It is interesting that little difference is found between
the barrier-suppression rate of Krainov and the tunneling rate
of ADK even well above . However, we find that the
analytic results increasingly deviate from the exact solutions
for decreasing pulse durations for . This is because,
for shorter pulse durations a larger fraction of the electrons
is ionized at intensities falling into the barrier suppression
regime. Nevertheless, even at high intensities and close to
the single-cycle regime ( 5 fs) the predictions of the
tunneling theory do not deviate from the exact calculations
by more than a factor of 2. It is important to note that the
analytic tunneling theory increasingly overestimates ionization
as the pulse duration approaches the single-cycle regime. As
a consequence, atoms can be exposed to intensities higher
than predicted by the tunneling theory before the ground
state is depleted. This finding is important for HHG, as will
become apparent in the next section. For exact modeling of
HHG from an atomic ensemble the coupled Schrödinger and
Maxwell equations should be solved numerically. Because this
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is excessively time-consuming, the tunneling theory is used in
the following section to determine the ionization rate [6]. It
should be kept in mind that the tunneling theory overestimates
the ionization rate for quasi-single-cycle drivers. However, the
quantitative error introduced in the modeling in this manner
does not significantly change the qualitative behavior of the
HHG process.

III. STRONG-FIELD-DRIVEN FREE-BOUND TRANSITION:
HIGH-ORDER HARMONIC AND XUV CONTINUUM GENERATION

Coherent XUV emission through the process that has come
to be understood as “ultrahigh-harmonic generation” has been
studied for many years [61]. In this process, the XUV emission
is thought to arise from the re-interaction of an essentially
free electron wavepacket with its parent ion some fraction of
an optical cycle after its appearance in the continuum [41],
[42], [51]. The XUV emission is inextricably linked to the
ionization event itself with the induced nonlinear polarization
being proportional to the square root of the ionization rate.
Coherent XUV emission can result from this interaction only
if the coherence of the fundamental forces a large number of
atoms to radiate in phase. The observed XUV emission is thus
determined both by the individual atomic response and by the
phase mismatch between the fundamental and harmonic fields.
For very high-frequency emission such as we study here, the
XUV field can be considered as propagating in vacuum (phase
velocity c), the presence of free electrons however leads to a
slight increase in the phase velocity of the fundamental. Time
dependent ionization also leads to dispersion and self phase
and amplitude modulation (SPAM) of the fundamental. These
factors (the relative importance of which depends somewhat
on pulselength) ultimately limit the coherent growth of the
XUV emission. It is apparent that a phase advance of the
fundamental of a fraction of a percent will interfere with the
coherent growth of XUV whose frequency is more than one
hundred times the fundamental frequency, i.e., very delicate
distortions of the visible field will destroy the coherent growth
of the high frequency XUV radiation.

Ultrashort (few-cycle) pulses offer several advantages in
this process [45], [62]: First, the semiclassical picture predicts
a cutoff in the harmonic spectrum at a harmonic energy
corresponding to [41], [42]

(3)

In a pulsed laser field, is time-dependent and can be defined
in terms of the instantaneous amplitude (envelope) of the
electric field (which may not be strictly speaking correct in
the few cycle regime). Note that for intense pump pulses
relevant to (3) may not be dictated by the peak intensity but
the one at which the ground state is depleted on the leading
edge of the pulse (see Fig. 1) [5]. For ultra-short pulses,
ionization and the related XUV frequency conversion can
persist to much higher intensities which allows coherent XUV
generation at higher X-ray photon energies than is the case
with longer pulses. Furthermore, the desired characteristics
of a high nonlinear polarizability (high ionization rate) and
a large coherence length (low level of ionization) appear on

the surface to force one in the direction of shorter pulses for
optimum conversion efficiency. The onset of SPAM at very
short pulse durations will ultimately set a limit to this trend
(see discussion below). Finally as we will show here, sub-
10-fs driver pulses offer the prospect of concentrating the
high frequency XUV in a single 100-as subpulse. Control
of the phase of the fundamental will allow synchronization of
this subpulse with external events and permit the achievement
of previously impossible temporal precision in pump-probe
experiments. We have examined numerically in the one-
dimensional (1-D) limit these aspects of the high-frequency
XUV conversion process. The main finding of our study is
outlined in [6] and is the observation that for driver pulses
as short as 5-fs SPAM does not interfere with the coherence
growth of XUV emission for frequencies well beyond the
carbon K-edge at 280 eV. In the present paper we present
some additional results concerning the pulselength dependence
of the coherent growth of high-frequency XUV emission. We
observe that for a Ti:sapphire driver a pulselength in the
vicinity of 5 fs is likely near optimum.

In what follows, we combine the model of the nonlinear
polarization, developed by Lewensteinet al. [51] with ground
state depletion based on the ADK tunnel ionization rate [34],
[87] and a 1-D numerical solution of the Maxwell wave
equation for the fundamental and harmonic fields. The 1-
D aspect of this study limits its applicability, of course, to
situations where the target is much thinner (a fraction of a
percent) of the confocal parameter. In the experiments dis-
cussed in Section IV, this requirement is only marginally met,
nevertheless we expect the 1-D model to be of some assistance
in interpreting the results and planning future directions.

In the experiments, as described in the next section,
the helium atoms were irradiated with intensities up to
4 10 W/cm , which is almost three times the appearance
intensity. In Section II, it was shown that the ionization rate is
overestimated by the ADK approach at such high intensities.
To estimate the error in the radiation spectrum of an isolated
atom that is caused by this overestimation, the prediction of
the model of Lewensteinet al. [51] has been compared with
the square of the Fourier spectrum of the expectation of the
dipole acceleration obtained from the exact numerical solution
of the time-dependent Schrödinger equation for hydrogen. The
chosen peak intensity of 510 W/cm of the 5-fs driver
pulse ( 800 nm) exceeds by approximately a factor of
3 the appearance intensity. The results are shown in Fig. 5.
The prediction of the model of Lewensteinet al. [51] is
found to be in good qualitative agreement with the exact
numerical solution of the Schrödinger equation. However, due
to the ionization rate significantly overestimated by the ADK-
formula at these intensity levels, the model overestimates
the intensity of high-harmonic radiation by approximately an
order of magnitude at high frequencies. In order to reduce
this deviation, the following simulations describing collective
HHG in a helium ensemble are restricted to a peak pulse
intensity of 2 10 W/cm , which only moderately exceed
the appearance intensity.

To calculate HHG in an atomic ensemble, we first solve
numerically the 1-D Maxwell wave equation for the driver
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Fig. 5. Square of the dipole acceleration spectrum of a hydrogen atom
exposed to a 5-fs pulse carried at�0 = 800 nm and having a peak intensity
three times higher than the appearance intensity. The full line depicts the
exact solution of the time dependent Schrödinger equation. The dashed line
shows the prediction of the model of Lewensteinet al. combined with the
ADK depletion of the ground state.

field in the presence of field dependent ionization as given
by the ADK formula. This solution is used to compute
the nonlinear polarization of the medium using the model
of Lewenstein et al. and then finally the XUV emission
is obtained by solving the wave equation with the induced
nonlinear polarization as a source. In this final step, an
approximate solution for the high frequency field is used where
we neglect the influence of free electrons on propagation. This
is justifiable since we are interested only in XUV frequencies
for which n/n , where is the critical density.

First, we decompose the laser electric field in envelope and
carrier

c.c. (4)

This decomposition was shown to be physically meaningful
down to pulse durations comparable to the carrier oscillation
cycle [63]. The Maxwell wave equation for
the complex envelope of the fundamental field in an
ionizing medium can then be written as

(5)

where is the square of the
electron plasma frequency and is given by (1) and
(2). Solving the wave equation in envelope form besides
affording some computational advantages provides direct ac-
cess to phase and amplitude deviations of the fundamental
from those corresponding to vacuum propagation. The solution
for the fundamental field is then used to calculate the time
and spatially dependent nonlinear polarization in the ionizing
medium, which is subsequently inserted into the wave equation
for the XUV electric field neglecting dispersion, i.e.,

(6)

where is the second time derivative of the atomic dipole
moment, henceforth dipole acceleration, as calculated from
the model of Lewensteinet al. [51]. This latter equation is

Fig. 6. Square of the dipole acceleration spectrum of helium exposed to laser
pulses with a fixed peak intensity of 2� 1015 W/cm2 at �0 = 0.8 �m for
different pulse durations.

solved using a Fourier transform method [64]. The phase
and amplitude of the numerically propagated fundamental is
defined at the entrance ( 0) to the medium (500-torr He)
as , where
was taken as Gaussian peaking at 0. The relative phase
between the carrier and its envelope () turns out to be
a significant parameter in our calculations. In what follows,
unless otherwise noted, we have chosen 0, i.e., a “cosine
pulse” where the field peaks at the peak of the envelope.

In Fig. 6, we show the square of the Fourier transformed
dipole acceleration (single atom response) for He atoms ex-
posed to pulses with a peak intensity of 210 W/cm
and carrier wavelength 800 nm of varying temporal duration.
Note that the discrete harmonic structure is entirely absent
near cutoff for 5 fs, indicating that emission of these
high-energy photons is confined to one optical cycle in this
case. Fig. 7 depicts the fundamental waveform at the entrance
to the medium, time dependent ionization fraction from the
ADK formula, and the square of the envelope of the inverse
transformed dipole acceleration after applying a spectral filter
to isolate components of frequency ranging from 240–280
times the carrier frequency. This latter curve corresponds to
the radiation intensity envelope that would be emitted by
an isolated atom at 0. In Fig. 8 we show these same
parameters after propagating through 10m of the medium.
In this case, we show the radiation intensity envelope of
the forward propagating coherent XUV signal, again after
a spectral filter applied to isolate components in the range
h240–h280.
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Fig. 7. Fundamental waveform, ionization profile and square of the dipole
acceleration (single atom response) after applying a spectral filter to isolate
components of frequency ranging from 240 to 280 times the carrier frequency
for He atoms subjected to pulses of a peak intensity of 2�1015 W/cm2

carried at�0 = 800 nm with different temporal duration. The scale for
jda(t)j2 is different for different pulse durations.

The number of 400-eV photons per unit area (full lines) and
the peak intensity of the most intense micropulse (dotted lines)
as a function of propagation distance are shown in Fig. 9 for
pulse durations of 5, 10, and 20 fs. We have done a similar
calculation for a 2.5 fs pulse, in this case the saturated peak
intensity decreases to a value near that observed for the 10-fs
case. We find that, in this latter case, self-phase and amplitude
modulation (SPAM) and not simple free electron induced
phase advance is the dominant limit to coherent growth. SPAM
in a medium undergoing time dependent ionization leads to
a frequency increase and amplitude reduction [65] of the
fundamental which alters highest frequency XUV emission
that is permitted by the 3.17 Ucutoff rule, this also modifies
the relative phase of the induced dipole moment at a given
permitted XUV frequency. Fig. 9 indicates that 5-fs pulses
are, owing to an enhanced coherence length, capable of
generating by two orders of magnitude more 400-eV photons
and three orders of magnitude higher peak intensities at these
high-photon energies than 20-fs pulses. This is all the more
remarkable when one considers that the comparison is made
at constant peak powers, i.e., the energy of the 5-fs pulses is
substantially lower as compared to the 20-fs pulses.

The micropulse structure seen in the XUV signal plotted in
Figs. 7 and 8 is due to the nature of the classical trajectories
of electrons which tunnel with small initial energy into an
optical field. Electrons which re-encounter their parent ions
with the highest energy are born in a narrow phase bin of

Fig. 8. Fundamental waveform, ionization profile and forward propagating
radiation intensity after applying a spectral filter to isolate components of
frequency ranging from 240 to 280 times the carrier frequency for He atoms
subjected to pulses of peak intensity 2� 1015 W/cm2 and �0 = 0.8 �m
of varying temporal duration. The results were obtained after a propagation
length of 10�m in 500-torr He. The scale for the XUV intensity is different
for different pulse durations.

Fig. 9. Number of 400-eV photons per area within the filter band as given
in Figs. 7 and 8 (solid lines) and peak intensity of the most intense micropulse
(dotted lines) as a function of propagation distance for pulse durations of 5,
10, and 20 fs.

the fundamental just after (17 ) a peak in the fundamental
field (see full line in Fig. 2) and return about 2/3 of a cycle
later in a narrow bin near a zero crossing of the electric field
[41], [43]. Depending on the spectral window employed to
isolate the emission, individual micropulses can have durations
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Fig. 10. Saturation length for the coherent growth of XUV radiation in the
frequency range 240< !=!0 < 280 as a function of the pulse duration for
a fixed peak intensity of 2� 1015 W/cm2 in 500-torr He. The dots represent
the “quasi-static” coherence length caused by ionization. The squares depict
the computed coherence lengths as extracted from the results shown in Fig. 9.

considerably shorter than 100 as. In Fig. 9, we plot the peak
intensity of the largest micropulse. The coherent growth of
individual micropulses is roughly determined by the electron
density that existed near the time when electrons responsible
for that micropulse first appear in the continuum. So that
generally the first micropulse that is allowed by the 3.17 U
cutoff rule, seeing the lowest electron density, grows the most
robustly.

Our calculations in regard to the pulselength dependence
of the coherence length for growth of XUV emission in the
frequency interval between h240 and h280 are summarized in
Fig. 10. Here, we show the propagation length in 500-torr He
over which the peak intensity of emission in this frequency
interval grows to 90% of its saturated value as well as the
expected coherence length L for a plasma with electron
density, n, corresponding to that existing when the electrons
responsible for the most intense micropulse first appear in the
continuum, i.e., [66].2 Here, denotes
the critical electron density at the fundamental laser carrier
wavelength and denotes the “harmonic” order. Also
plotted is the observed saturation length for the strongest
micropulse from our propagation code. It is apparent that the
limits to coherence for pulses longer than 20 fs can be thought
of in terms of quasi-static plasma dispersion. For pulses in
the range from 20–5 fs, the coherence length is improved,
apparently as a consequence of the breakdown of the slowly
varying envelope approximation [6]. Our results suggest that in
the few-cycle regime the relevant velocity for phase matching
is intermediate between the quasi-static phase velocity ()
and the group velocity ( ). For pulselengths below 5 fs, the
coherent growth of the XUV emission is limited by SPAM of
the fundamental rather than by quasi-static plasma dispersion.
It is apparent from Fig. 10 that the optimum pulse duration
for efficient XUV emission is in the vicinity of 5 fs.

As is apparent from Fig. 8, this pulse duration has the
coincidental benefit of allowing single-micropulse selection by
means of simple spectral filtering. In practice both the XUV
micropulse selectivity or contrast as well as the saturated peak

2For a discussion of the coherence length dictated by a quasi-static free-
electron density see, e.g., [66]. The situation for the short pulses we consider
here is somewhat more complicated and is discussed by C. Kanet al. [6].

intensity of the strongest micropulse depend somewhat on the
relative carrier phase chosen for our calculation. We will not
elaborate on this point here except to note that, somewhat
surprisingly, for a 5-fs envelope, 0 is not the optimum
phase for efficient coherent XUV production. Likewise the
micropulse contrast after propagation can be optimized by
varying the carrier phase. In this case, the optimum phase is
observed to vary somewhat depending on the chosen spectral
window.

Although care must be taken in applying the results of a
1-D analysis such as used here to frequency conversion with
a focused laser beam, the concept of a definable carrier phase
(relative to its envelope) will still apply to a focused beam
in the limit that the target thickness is much less than the
confocal parameter. As few-cycle lasers will eventually have
multimillijoule pulse energies, experiments will eventually
closely approach this 1-D regime. In this case it is clear
from Fig. 9 that, providing the fundamental has something
approaching a “top hat” intensity profile and geometric phase
advance is negligible in the nonlinear medium, stable, single
attosecond pulse selection is possible through simple spectral
filtering with a 5-fs driver. Present generation solid state lasers
emit a stable (soliton-like) amplitude envelope and frequency
spectrum but the relative phase between carrier and envelope
is in practice random [67]. Stable single attosecond pulse
selection will require access to and control over this phase.
We will return to this point in Section V.

IV. COHERENT XUV CONTINUUM

GENERATION WITH SUB-10-fs LASER PULSES

The ultrashort-pulse laser driver used for the XUV
generation experiments reviewed below is an all-solid-state
Ti:sapphire-based oscillator-amplifier system followed by a
hollow-fiber-chirped-mirror pulse compressor. The system is
described in detail elsewhere [1], [32]. Briefly, the front end of
the laser system is a 10-fs Ti:sapphire oscillator (FemtoSource
Pro, FemtoLasers GmbH) pumped by a frequency-doubled,
diode-pumped Nd:YVO laser (Millennia, Spectra Physics
Inc.). The oscillator routinely delivers sub-10-fs pulses with
an energy of about 5 nJ. The pulses are nearly transform
limited and have a spectral width of about 100 nm centered
at 780 nm. After stretching the pulses to several ps by a
10-cm-long slab of SF57, the energy is boosted by almost
six orders of magnitude in a confocal eight-pass amplifier.
The amplifier is pumped with an energy of 10 mJ at a 1-
kHz repetition rate provided by a continuous-wave (CW)
lamp-pumped intracavity frequency-doubled Q-switched
Nd : YLF laser (Model 621D, BMI). Owing to a simple
amplified spontaneous emission (ASE) suppression scheme
the amplifier delivers pulses with energies up to 1.5 mJ
and an ASE-to-amplified-energy ratio as low as2 10 .
The pulse-to-pulse energy fluctuations are 1% rms [1]. The
amplified pulses are compressed by a pair of double-fused
silica prisms. The throughput is about90%. The residual
high-order dispersion is compensated by a pair of mirrors
which are placed in front of the amplifier. This allows to
keep the throughput of the compressor at maximum. The
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compressed pulses have a duration of 20–25 fs and energy
of typically 1.1–1.2 mJ. The performance of the stretcher
and compressor is not alignment sensitive, therefore, these
results are reproducible on a day-to-day basis without any
time-consuming alignment.

Subsequently these pulses are coupled into a hollow wave-
guide filled with a noble gas. The gas acts as a nonlinear
medium in which spectral broadening via self phase modu-
lation takes place [28]. The best performance for the given
input pulses was achieved with an argon-filled 85-cm-long
fiber having an inner diameter of 260m. After passage
through the fiber the 50-nm-wide input spectrum broadens to
more than 200 nm and is slightly blue shifted. The blue shift
may arise from self steepening and some plasma formation.
The fiber serves not only as a nonlinear medium but also
acts as a very efficient spatial filter. As a consequence the
linearly polarized output beam is diffraction limited within
10% and has a nearly Gaussian far-field distribution. Finally,
the pulses are compressed in a dispersive delay line consisting
of chirped mirrors. They introduce a nearly constant group-
delay dispersion (linear variation of the group delay) over a
range of 650–950 nm. Five to seven bounces off these mirrors
compensate the chirp induced by SPM and precompensate the
material dispersion between compressor output and experi-
mental target and result in pulse durations of typically 5–7 fs
on target. The output pulse energy is 0.4–0.5 mJ, yielding peak
powers up to 0.1 TW. Owing to the diffraction-limited nature
of the beam [1], these intense kilohertz-rate 5-fs pulses can be
focused to peak intensities well in excess of 10W/cm .

Special care has to be taken when employing 5-fs pulses
in experiments, because the pulses broaden by almost a factor
of three upon traveling a distance of 1 m in air. To ensure
minimum pulse duration at the target, the dispersion of air (and
of possible optical components) has to be precompensated. The
right amount of compensation can be adjusted by setting up
a reference path. In this reference path the pulses experience
the same amount of dispersion (glass and air) before they are
measured with an interferometric autocorrelator.

The experimental arrangement used for the HHG is
schematically shown in Fig. 11. The laser beam was focused
with a silver-coated spherical mirror (focal length 20 cm)
through an 0.3-mm-thick fused-silica window into a vacuum
chamber containing the target at focus. The focal region
was imaged onto a CCD camera. The estimated 1/ebeam
diameter were 50 and 70m in the vertical and horizontal
direction, respectively. The slight ellipticity is caused by the
off-axis focusing geometry using a spherical mirror. For a
typical pulse energy of 0.3–0.4 mJ impinging the target, the
on-axis peak intensity is estimated as 4–510 W/cm on
target. The target itself is formed by a 1-cm-long thin nickel
tube with an inner diameter of 0.6 mm and a wall thickness
of 0.05 mm. To minimize the interaction length and the gas
load, the tube was squeezed to a residual inner diameter of
30 m and its end was sealed. The holes in the tube walls in
the squeezed region were bored by the laser itself. The tube
was continuously backed with helium or some other noble
gas with pressures up to 5 bar. To avoid reabsorption of the
generated radiation in the interaction chamber the pressure

Fig. 11. Schematic of the experimental setup for measuring the
high-harmonic XUV spectrum emitted by gas targets exposed to femtoseocnd
pulses.

was kept below 1 mbar employing a root pump. From the
pumping speed and the background pressure we were able
to estimate the gas flow out of the target. Gas flow, target
configuration, and background pressure [68] then determine
uniquely the pressure in the interaction region. For a backing
pressure of 5 bar, we estimated the average pressure in the
interaction region as 500 mbar.

For wavelength-dispersive spectral analysis, the XUV ra-
diation emerging from the target was passed into a 1-m
grazing-incidence monochromator (Model 248/310G, McPher-
son Inc.) [4]. The monochromator was separated from the
target chamber by a circular aperture of 1-mm diameter
and evacuated by a turbo pump. This differential pumping
scheme allowed the residual pressure to be reduced below
10 mbar in the monochromator, which was required by
our single-channel electron multiplier detector (uncoated chan-
neltron, Model 4175 G, Galileo). The monochromator was
equipped with a 300-grooves-per-mm platinum-coated grating.
The output of the detector was collected by a high-dynamic-
range lock-in amplifier, which was synchronized by the laser
pulse train. Alternatively, energy dispersive X-ray spectrom-
etry (EDX) was employed for high-dynamic-range detection
of X-rays with photon energies 170 eV [52]. To this end,
the monochromator was replaced by a lithium-drifted silicon
[Si(Li)] crystal detector cooled to 77 K. In this case, the X-
ray beam must be strongly attenuated to make sure that no
more than 1 X-ray photon hits the detector simultaneously. The
impinging X-ray photon generates electron-hole pairs, whose
number is proportional to the photon energy. The detector
signal is preamplified and processed in a multichannel pulse
height analyzer, yielding the photon energy spectrum of the
emitted X-rays.

First, the HHG spectra for different noble gases were inves-
tigated using the wavelength-dispersive system. The entrance
and exit slit width of the monochromator were fixed at 50

m implying a resolution of 0.06 nm at 100 nm and 0.02
nm at 10 nm. The entrance slit and the aperture in front of
the monochromator located 50 cm downstream of the target
blocks an increasing part of the XUV signal for increasing
wavelength because of the wavelength-dependent beam size.
Correction for these two effects is expected to increase the
spectral intensity of the long wavelength components by an
order of magnitude in comparison to the short one. According
to the information provided by the manufacturer the spectral
response of the detector is fairly flat in the wavelength range
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Fig. 12. Uncorrected spectrum of XUV radiation emerging from argon at a
backing pressure of 0.5 bar. The upper curve was recorded after putting an
aperture with a diameter of 5 mm into the laser beam prior to the focusing
mirror. The beam diameter prior to the aperture was�7 mm.

Fig. 13. Uncorrected spectrum of XUV radiation emitted by neon with a
backing pressure of 0.5 and 2 bar.

of interest. In the absence of reliable information about the
wavelength dependence of the grating efficiency the XUV
spectra presented below have not been corrected for the
spectrometer response.

The measured spectra for argon and neon are shown in
Figs. 12 and 13. In these experiments, the pulse energy on
target was about 300J and f/30 focusing yielded an estimated
on-axis peak intensity of 4 10 W/cm . The radiation
spectrum of argon for a backing pressure of 0.5 bar shows
well resolved discrete harmonics up to the 31st order. Above
this frequency the harmonics merge to a continuum. Reducing
the pulse energy by 50% by aperturing the laser beam before
the focusing mirror resulted in a shift of the transition from
discrete harmonics to continuum to the 43rd order. On the
other hand, increasing the backing pressure up to 1 bar shifted
the border of the continuum toward longer wavelengths. We
repeated these measurements with neon at backing pressures
of 0.4 and 2 bar, and observed a qualitatively similar behavior.
These observations along with an increasing blue shift of the
discrete harmonics with increasing backing pressure points to
a nonnegligible role of plasma-induced SPM in these media
[69]–[71].

Theory as well as previous experiments suggest that XUV
radiation with the highest possible photon energy can be
expected from helium. This is because helium has the highest

Fig. 14. Uncorrected spectra of XUV emission from helium for backing
pressures of 1, 2, 4, and 5 bar. The spectral intensity increases with increasing
pressure.

Fig. 15. Pressure dependence of the XUV intensity for different harmonic
orders in helium.

ionization potential (24.4 eV) among all noble gases and hence
can be exposed to the highest intensities before ionizing. The
experiments reported below were performed using helium as
the target material. Fig. 14 plots a wide-band scan extending
from 100 to 7 nm. The spectral behavior differs from that
observed with argon or neon. Discrete harmonics appear only
up to the 13th order. In contrast with argon or neon, the number
of discrete harmonics appears to be constant in helium up to
backing pressures of 5 bar. To check whether the observed
XUV radiation results from a coherent generation process
(rather than, e.g., incoherent plasma emission), we measured
the XUV signal as a function of the backing pressure. Fig. 15
depicts the variation of XUV spectral intensity with pressure at
two different frequencies. The quadratic pressure dependence
evaluated provides clear evidence for the coherent nature of
the XUV emission from the ensemble [72].

The high-energy end of the continuum can not be accessed
from the previous measurements because of the rapidly in-
creasing amount of stray XUV light leaking through as the
zeroth order is approached. The leakage becomes dominant for
wavelengths below 7 nm. For a detailed investigation of the
spectrum below 10 nm it is necessary to suppress the scatter
from the central image (zeroth order) of the monochromator.
To this end, a 100-nm silver foil, fixed on an electroformed
nickel mesh (open area 80%) was placed in front of the
entrance slit. The filter has a nearly constant transmission
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Fig. 16. Short-wavelength end of the XUV continuum emitted by the helium
jet, as transmitted by a 100-nm-thick silver foil. The spectrum is the average of
three scans. The error bars give the standard deviation of the signal at selected
wavelengths averaged over several seconds. The spectral components at� >
10 nm are damped by the silver foil.

of about 50% in the wavelength range of 3–10 nm and
blocks radiation with wavelengths greater than 10 nm. The
short wavelength tail of the XUV continuum was obtained
by averaging over three scans and is shown in Fig. 16. To
clarify whether the observed structure of the spectrum is
real or caused by fluctuations of the experimental parameters,
we measured the signal for fixed wavelengths over several
seconds. The rms deviations are displayed as error bars in
Fig. 16. In the wavelength range of 4.2–4.4 nm, the detector
signal exceeds the noise floor by a factor of500. The noise
floor is defined as the signal level with either the gas flow or
the laser blocked. Further evidence for the signal originating
from coherent XUV radiation rather than incoherent plasma
emission can be gained from the fact that no measurable signal
was observed after replacing helium with argon, although the
ionization potential of argon is much lower than for helium,
implying a much higher plasma density for argon. Systematic
tests also ruled out the possibility that the tube wall contributes
to the measured signal. Last but not least, increasing the
pump pulse duration at constant pulse energy makes the
short-wavelength tail of the spectrum to retreat to longer
wavelengths, as expected from the theoretical considerations
on HHG in the previous section.

In order to verify the calibration of our monochromator
and provide additional evidence for the emergence of water-
window radiation from the He target, we replaced the silver
foil by a pair of 900-nm-thick Mylar foils (C H O ). At
4.37 nm, the carbon K-edge, this filter provides an absorption
contrast of . The measured spectrum shown in Fig. 17
exhibits a sharp cutoff at 4.37 nm, providing conclusive
evidence for water window radiation. The signal contrast at
the carbon K-edge of was limited by the noise floor
of our detection apparatus. Drawing on data provided by the
manufacturers of the spectrograph and the detector, a conser-
vative estimate yields some 100 X-ray photons generated by a
single laser pulse within a 1% bandwidth at the carbon K-edge.

The signal shown in Fig. 16 is found to exceed the detection
limit by more than an order of magnitude down to 3 nm. At
these short wavelengths, however, the exit slit is very close
to the zeroth order of the diffraction grating. Therefore, some
stray light contribution to the signal can not be ruled out. In

Fig. 17. Short-wavelength end of the XUV spectrum as transmitted by a
1.8-�m-thick mylar foil (solid line) and transmittance of the foil (dotted line).

Fig. 18. High-energy end of the XUV spectrum for 7-fs pump pulses
(9�105 shots) transmitted through 400-nm boron and 200-nm aluminum
(dotted line). The photon energy spectrum has been obtained with the EDX
system.

order to get around this problem, the short wavelength end
of the spectrum was also studied with an energy dispersive
system (ZMAX, NORAN Instruments) [52]. The lithium-
drifted silicon detector is able to reliably identify only single
X-ray photons with an energy greater than 170 eV. Yet, the flux
at low photon energies must be suppressed with appropriate
filters to avoid pile-ups, i.e., the simultaneous detection of
two or more photons, which would falsify the photon energy
spectrum. For safe avoidance of pile-ups the number of counts
per laser shot had been reduced far below unity (0.01). After
the appropriate filtering the system yielded reliable information
of the photon energy spectrum of the emitted X-ray radiation.
In order to gain access to the spectral region beyond 300
eV we used a 200-nm aluminum and a 400-nm boron foil
to suppress low-energy radiation. With this filter combination
and a count/shot probability as low as 0.5% pile-ups could
be safely eliminated. The transmitted X-ray spectrum along
with the filter transmittance (dashed line) is shown in Fig. 18.
Fig. 18 reveals that the XUV spectrum extends beyond 500
eV, i.e., to the short-wavelength edge of the water window at
2.3 nm, the K-edge of oxygen.

The observed shape of the high energy end of the spectra
strongly deviates from that of the single atom response, as
shown in Fig. 6. The radiation spectrum of a He atom driven
by 5-fs pulses exhibits a broad plateau of nearly constant
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intensity. For a peak laser intensity of 310 W/cm , which
finds a large fraction of the He atoms in their ground state for
a 5-fs pulse as revealed by Fig. 1, (3) predicts this plateau
to extend to a wavelength of around 2 nm. The striking
discrepancy between the predicted plateau and the rapid roll
off of the XUV spectral intensity for decreasing wavelengths
(see Figs. 16 and 18) is attributed to a rapidly decreasing
coherence length for increasing XUV frequency in our high-
pressure target [6], [52]. The dephasing is caused by an
accumulating phase error due to plasma dispersion and wave
front curvature, both of which rapidly increase in importance
with decreasing wavelengths. For our focusing geometry,
the accumulating phase error introduced by the curvature of
the fundamental wave front limits coherent accumulation of
XUV radiation to an interaction length (geometric coherence
length) on the order of 5–10m for wavelengths in the water
window [61]. The high pressure used in our experiments is
dictated by the short geometric coherence length associated
with tight focusing of the pump laser, which was necessary to
achieve the required peak intensities with our present source.
Roughly, optimum signal can be expected at a pressure which
makes the coherence length determined by plasma dispersion
only approximately equal to the geometric coherence length.
The role of plasma dispersion was extensively analyzed in
the previous section. According to our computer simulations
(see Fig. 9) the respective coherence length for radiation
around the carbon K-edge is on the order of 5m for
a target pressure of 0.5 bar. This compares well with the
estimated geometric coherence length for the same XUV
wavelength region and explains why we had to rely on the
high pressures for maximum XUV emission in the water
window in our experiments. Because the total interaction
length, i.e., target thickness could not be confined to a few
micrometers (rather it was estimated as 100–150m), the
increasing coherence length for increasing wavelength resulted
in a rapidly increasing spectral intensity. We expect that the
availability of somewhat higher pulse energies (of 1–3 mJ) will
allow a significant enhancement of the X-ray flux in the water
window owing to the more gentle focusing and associated
more relaxed conditions for optimizing coherence growth of
the emitted radiation.

For practical applications of this X-ray source the spatial
coherence is of great interest. To acquire some information
about the spatial properties of the X-rays, a knife edge was
transversely scanned across the beam. The transmitted power
as a function of the knife edge position was recorded [73]
for different wavelengths. The knife edge was positioned
29 cm downstream of the helium source. In Fig. 19, the
transmitted power is shown for wavelengths at 4.4 and 10
nm. The diagram also depicts Gaussian fits to the measured
data (dashed line), which yielded a 1/e-diameter of 480 and
180 m at a wavelength of 10 and 4.4 nm, respectively.
The corresponding beam divergence was estimated as1
mrad and 0.5 mrad at 10 and 4.4 nm, respectively. Taking
into account the transverse size of the XUV source, from
these measurements we conclude that the emitted X-ray beam
is within a factor of three diffraction limited (i.e., can be
characterized with 3 [74]). Assuming an X-ray beam

Fig. 19. Transmitted X-ray signal as a function of the position of an knife
edge scanning transversely across the beam 29 cm downstream of the He
target at two different wavelengths. The dashed lines depict Gaussian fits to
the measured profiles.

diameter of 25 m at the beam waist (in the source), we
estimate the (time-averaged) brightness of the presented source
at the carbon K-edge within a 1% bandwidth as 510
photons mm mrad s . An upgrade of the laser driver
to a pump pulse energy of several millijoules and further
optimization of the XUV generation process is expected to
increase both the peak and the average brightness of the
present source by some two orders of magnitude. The former
should then allow focusing the beam to peak intensities as
high as 10 W/cm in the sub-10-nm wavelength range and
open the way toward an extension of nonlinear optics into the
X-ray regime [44], [75]. The latter should allow focusing the
output to average intensities sufficiently high for permitting
biological microscopy [76] and holography [77], [89] in the
water window.

V. TOWARDS THE GENERATION OF

SINGLE ATTOSECOND XUV PULSES

In this section, we shall briefly address the temporal evo-
lution of the coherent XUV radiation emitted at wavelengths
below 10 nm and the challenges the predicted temporal be-
havior presents to the experimenter. The results of simulations
presented in Section III suggest that the short-wavelength end
of the X-ray spectrum emerging from helium driven by a 5-
fs laser pulse is emitted in a single subfemtosecond burst.
Transmitting the spectral components in the range of 240

280 (corresponding to wavelengths between 2.7
and 3.3 nm) through an appropriate filter, a single pulse with
a duration of 100 as can be expected.

The theoretical analysis underlines the crucial role of prop-
agation effects in selecting a clean single pulse for sub-10-fs
laser drivers and suggests that the relative carrier phase
of the laser pulse described by the electric field

plays an important role for the gen-
eration and control of single XUV attosecond pulses. In fact,
numerical experiments clearly revealed that the evolution of
the (filtered) instantaneous X-ray intensity on an attosecond
time scale is a sensitive function of . Both the peak intensity
and the timing (with respect to the laser pulse) varies with

. As a consequence, the relative carrier phase (hence-
forth briefly: carrier phase) of the quasi-single-cycle laser
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pulse needs to be controlled for stable and fully controllable
generation of single-attosecond XUV pulses. Unfortunately,
CW mode-locked lasers, the primary sources of ultrashort
pulses, do not produce pulses with a constant carrier phase.
Recent experiments performed with a sub-10-fs Ti:sapphire
laser revealed that even under optimum conditions the carrier
phase is subject to rapid variations in the emitted pulse train
[67]. Stabilization of the carrier phase calls for a process
that yields a physical measurable which is sensitive to the
phase. Our investigations indicate that phase sensitive effects
can be explored in the strong-field regime of nonlinear optics,
where the fast-oscillating electric field, rather than its slowly
varying envelope governs light-matter interactions. Until re-
cently, the intensity levels directly achievable with a CW
mode-locked laser did not allow accessing the strong-field
regime. Recent advances in sub-10-fs Ti:sapphire oscillator
technology permitted focusing the mode-locked laser pulses to
intensities higher than 5 10 W/cm [85]. These intensities
should be sufficiently high for inducing photoemission in
the tunneling regime from a gold photocathode. This process
would yield a photocurrent (averaged over the pulse repetition
time) which is dependent on the carrier phase in the sub-
10-fs regime [78]. This -dependent signal could then be
coupled into a feedback servo loop for stabilizing the carrier
phase as proposed in [67]. This route represents a promising
approach to realizing a phase-stabilized sub-10-fs pump source
for coherent XUV generation.

Another issue that needs to be addressed is the spatial
variation of the emitted XUV radiation. It is evident that the
temporal evolution of the generated X-rays is subject to a
strong spatial variation if the intensity of the driving laser field
exhibits a radial variation on target. The adverse consequences
include among others a spatially varying timing of the single
attosecond pulse with a selected center frequency with respect
to the peak of the laser pulse. As a consequence, focusing
of the X-ray pulse would result in a pulse broadening up
to several femtoseconds. This drawback can be eliminated
by realizing a nearly flat-top intensity profile on target. This
can, among others, be achieved by placing a hard aperture of
suitable diameter in the collimated laser beam and imaging the
aperture plane onto the target. The next question that arises
is whether appropriate filters can be found which fulfill a
couple of requirements: they 1) have to efficiently suppress
longer-wavelength radiation with a sufficiently steep cut off
and 2) may not cause significant dispersive broadening of the
transmitted pulse. It can be shown, that a 200-nm aluminum
filter in combination with a 200-nm titanium filter meet the
above requirements.

Last but not least, once the attosecond pulses can be
reliably produced they need to be characterized temporally
before they can be used for applications. Recently, the ninth
harmonic of a femtosecond Ti:sapphire laser was measured by
autocorrelation [79]. The pulses were recombined in a helium
jet and generated Heions by two-photon ionization. In the
absence of neutral atoms with correspondingly high ionization
potential, this technique can not be extended to the wavelength
range of around 10 nm or shorter. However, a vacancy
could be produced in the K-shell of some light element

(e.g., O, N, C, B, Be) by two-photon absorption, resulting
in fluorescence at photon energies approximately equal to
twice the absorbed photon energy. Unfortunately, the two-
photon absorption cross section scales with the fourth power
of the wavelength and hence, is much smaller than around
100 nm [80]. As a consequence, tight focusing and the use of
a sensitive technique for detecting the two-photon-absorption-
induced fluorescence will be inevitable. Estimations [80] show
that the contemplated upgrade of the sub-10-fs laser driver
along with the use of a state-of-the-art toroidal focusing mirror
might result in a fluorescence yield that can be detected
by a single-photon-counting EDX system. This would not
only permit attosecond pulse measurement but also constitute,
to the best of our knowledge, the first nonlinear optical
experiment performed with X-rays. Finally, it should be noted
that a corollary of single attosecond pulse generation will
be the complete disappearance of harmonic structure in the
XUV spectrum. This may be important for such spectroscopy
applications as X-ray fine structure absorption spectroscopy
(EXAFS) in the vicinity of the carbon K-edge.

VI. SUMMARY

The above applications clearly indicate that the significance
of intense few-cycle laser pulses is likely to go well beyond
the frontiers of physical sciences. A laboratory-scale source of
coherent X-rays in the water window will undoubtedly make
a major impact on high-contrast live biological X-ray mi-
croscopy [76] and holography [77], [89]. Further optimization
of the above demonstrated 5-fs-pulse-driven harmonic genera-
tor (e.g., by the implementation of quasi-phase matching) may
allow the development of the first laboratory tool suitable forin
vivo microscopy of living organizms with a resolution, which
approaches the virus, DNA, and RNA scales. The predicted
“concentration” of the high-energy XUV photons in asingle
burst of attosecond duration may not only extend nonlinear
optics into the X-ray regime and allow studying the dynamics
of bound electrons, but also provide a tool for studying
chemical reactions and wave packet dynamics on a previously
inaccessible time scale. Polarization control of the 5-fs infrared
driver pulse allows the emission of a subfemtosecond electron
burst with well-determined energy distribution [43]. The pos-
sibility of injecting an intense subfemtosecond electron burst
into a plasma in a controlled manner is likely to benefit the
development of laser-driven particle accelerators [81], [82] as
well as electron-pumped X-ray lasers in the keV regime [39].
Nevertheless, at present we are just at the stage of exploring the
new possibilities and phenomena, and a number of technical
barriers are left to be overcome before these exciting prospects
can materialize.
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