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PREFACE

The 21st International Conference on Atomic Physics (ICAP 2008) was
held July 27 — August 1, 2008 at the University of Connecticut, Storrs,
CT, USA. Approximately 600 participants from 36 countries attended. This
conference was part of an ongoing series of conferences devoted to funda-
mental studies of atoms, broadly defined. A Web site with the Conference
Program, Abstracts, Proceedings and other archival information can be
found at: http://www.phys.uconn.edu/icap2008/.

The ICAP papers encompass forefront research on basic atomic, molec-
ular and optical (AMO) physics, emphasizing atoms and their interactions
with each other and with external fields, including various kinds of laser
fields. These meetings grew out of the molecular beams conferences of the
Rabi group. The first ICAP was held at NYU in 1968. Later conferences
have been held in all even-numbered years, alternating between North
America and other locations, including Europe and recently Brazil, with
the next conference planned for Cairns, Australia in 2010. The Web site for
the Cairns meeting is: http://www.swin.edu.au/icap2010/. The growth of
ICAP in recent years reflects the health and vitality of the AMO field and
the continuing emergence of exciting and often surprising new developments
and connections with other areas of physics.

Historically, topics have included quantum electrodynamics, tests of fun-
damental symmetries, precision measurements (including atomic clocks and
fundamental constants), laser spectroscopy, ultracold atoms and molecules,
Bose-Einstein condensates, degenerate Fermi gases, optical lattices, quan-
tum computing/quantum information with atoms and ions, coherent con-
trol, and ultrafast and intense field interactions. As per tradition, all 50
invited talks were plenary, with approximately 400 contributed papers pre-
sented at one of three afternoon poster sessions. The program included
lectures by Nobel Laureates Phillips, Cornell, Glauber, Chu and Ketterle,
as well as two in memoriam talks, commemorating the scientific lives and
broad impact on atomic physics of Willis Lamb and Herbert Walther. Two
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“hot topics” sessions of five invited papers each were held, emphasizing the
most recent research and including the 2008 winner of the IUPAP Young
Scientist Prize in this area of physics. The conference was preceded by
a one-week Summer School for new AMO researchers, organized by the
Harvard-MIT Center for Ultracold Atoms in Cambridge, MA. The ICAP
Co-Chairs were Robin Côté, Phillip Gould and Winthrop Smith of the
Physics Department at the University of Connecticut. The University and
particularly its Conference Services group provided excellent institutional
and logistical support and facilities.

The conference was sponsored by IUPAP, NSF, NIST, ARO and the
Department of Physics, the College of Liberal Arts and Sciences, and the
Research Foundation of the University of Connecticut, as well as by several
industrial companies. The organizers acknowledge with thanks the generous
support of all these organizations and companies.

The Local Organizing Committee worked tirelessly to make the confer-
ence a success and the Program Committee did a great job in selecting the
invited speakers. We also thank the members of the International Advi-
sory Committee for their advice on conference organization, publicity and
promotion of ICAP 2008.

Robin Côté
Phillip L. Gould
Michael G. Rozman
Winthrop W. Smith
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THE FRONTIERS OF ATTOSECOND PHYSICS
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Department of Physics, The Ohio State University, Columbus, OH 43210, USA
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The genesis of light pulses with attosecond (10−18 seconds) durations signi-
fies a new frontier in time-resolved physics. The scientific importance is obvi-
ous: the time-scale necessary for probing the motion of an electron(s) in the
ground state is attoseconds (atomic unit of time = 24 as). The availability
of attosecond pulses would allow, for the first time, the study of the time-
dependent dynamics of correlated electron systems by freezing the motion,
in essence exploring the structure with ultra-fast snapshots, then following
the subsequent evolution using pump-probe techniques. This paper examines
the fundamental principles of attosecond formation by Fourier synthesis of
a high harmonic comb and phase measurements using two-color techniques.
Quantum control of the spectral phase, critical to attosecond formation, has
its origin in the fundamental response of an atom to an intense electromag-
netic field. We will interpret the laser-atom interaction using a semi-classical
trajectory model.

Keywords: Attophysics, spectral phase, harmonic generation, strong field
physics.

Introduction

The interaction of radiation with atoms or molecules, one of the basic tools
of quantum mechanics, is traditionally applied to uncover the structure
of matter. As sources of radiation, lasers have provided new spectroscopic
tools with fantastic resolution, given rise to nonlinear optics and to the con-
trol of an atom’s external degrees of freedom. Strong field atomic physics
which includes Above-Threshold Ionization (ATI), High Harmonic Gener-
ation (HHG) and, recently, attophysics, belongs to a class of effects which
become observable only when the laser interaction energy is comparable or
larger than the atomic potential. One physical effect, the quiver motion of
a free electron in the electromagnetic field, provides a metric for the in-
teraction: in atomic units the cycle-averaged kinetic energy, also dubbed
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ponderomotive energy, of this motion is UP = I/4ω2 where I is the inten-
sity (equivalent to one atomic unit of field = 3.5× 1016 W/cm2) and ω the
angular frequency (atomic unit= 4.14× 1016 s−1). The ratio z = UP /ω is a
dimensionless parameter which, when ≈ 1, indicates the limit of the strong
field domain.1z is ∝ ω−3 and reaches easily values > 1 at long wavelength.
Another parameter, the ratio η of the interaction hamiltonian to the atomic
hamiltonian is related to the so-called adiabaticity parameter γ =

√
EB

2UP

(EB is the ionization energy) by η = 1/γ2. The γ parameter was introduced
by Keldysh2 to measure the transition from multiphoton ionization (γ > 1)
to tunneling or strong field ionization (γ < 1). Since γ ∝ ω, at constant
intensity, the longer the wavelength (the smaller ω), the smaller γ and the
more in the strong field regime.

Recent advances in laser technology have resulted in intense, short
pulse, mid-infrared (i.e. with wavelength ranging between 1.5 and 4 mi-
crons with the current technology) lasers and open a new route to reach
the strong field physics domain at lower intensities. Besides, and this is
the main topic of this article, mid-infrared has a number of advantages
in the production of photons and attosecond pulses: (i) As well known,
the high harmonics cutoff energy increases as UP , and mid-infrared long
wavelength drivers help produce hard harmonic photons since UP ∝ ω−2.
(ii) In the domain of attophysics, the duration of the periodic attosec-
ond bursts of light emitted by the high harmonics is limited by the dis-
persion (linked to the quantum mechanical nature of the process) of the
spectral group delay and the corresponding limitation of the effective spec-
tral bandwidth. Long wavelengths allow the reduction of this group delay
dispersion proportionally to the wavelength and therefore produce shorter
attosecond pulses by permitting larger bandwidths. It results that such
drivers are favorable to the generation of ultrashort soft/hard X-ray pulses,
(which currently are at best around 100 as for a photon energy of 100 eV)
and offer a promising route to produce pulses reaching the atomic unit of
time (24 as).

In the following, Section 1 deals with the semiclassical description of
strong field interaction, harmonic generation and attosecond pulse gen-
eration by Fourier synthesis. Section 2 briefly reviews the technology of
mid-infrared femtosecond pulses as implemented at OSU. Section 3 dis-
cusses the scaling of high harmonics cutoff and yield with the funda-
mental wavelength, and finally that of the group delay dispersion or
“attochirp”.
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1. High Harmonic generation of attosecond pulses

1.1. Basic principles

Following Keldysh,2,3 ionization of, say, an hydrogen atom by a strong elec-
tric field E cosωt is described (� = m = e = 1) as a transition from the
ground state to a Volkov state which includes the quiver motion of the
free electron in the field and has an asymptotic momentum �p. The transi-
tion rate is that of a tunneling process through the quasi-static potential
barrier formed by the Coulomb potential −1/r and the dipole interaction
− �E • �r. The free electron wavepacket oscillating in the field acquires a ki-
netic energy ∝ UP which may be transformed into a hard harmonic photon
if it recombines with the nucleus after a fraction of optical cycle. This is
the essence of the non-perturbative theory of high harmonics.4 Since this
process reproduces every half-cycle it gives rise to a train of light bursts
separated by π/ω which, in the frequency domain, corresponds to a series
of odd harmonics separated by 2ω (the “plateau”). Theory and experiment
agree that the spectrum extends up to a so-called cutoff frequency which
is determined by the maximum kinetic energy of 3.17UP acquired by the
electron in the field.5 Filtering a group of N consecutive harmonics yields a
series of bursts of duration ∆t = π/2Nω if the harmonic spectral phase is
constant or linear.6 Moreover, the theory predicts that among all possible
electron quantum paths starting and ending in the vicinity of the nucleus,
for each harmonic energy, the main contribution arises from two trajectories
only, for which the quasi-classical action is stationary (those are dubbed the
short and the long trajectories.6 This forms the basis of attosecond pulse
generation via Fourier synthesis.

1.2. Attochirp

The synthesis of the first attosecond pulse train by Paul et al.7 showed that
the spectral phase was approximately constant over a few harmonic orders
in argon. To achieve agreement with the calculation6 it was necessary to
admit that the experiment somewhat filtered out the contribution of the
long trajectories. This was clarified and systematically investigated a few
years later.8 Although the spectral phase appeared to be quasi linear, under
careful examination Paul’s data revealed a small quadratic term.9 Since
dϕ/dω is associated with a group delay, ∆tG, this term corresponds to a
group delay dispersion d∆tG/dω = d2ϕ/dω2 or attochirp.

What is the origin of the attochirp? Simply the different lengths of
the electron trajectories that give rise to consecutive harmonics. As such,
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it can be calculated from classical mechanics.9 A simple argument allows
the determination of the scaling as a function of the driving wavelength
and intensity (Fig. 1). A plot of the trajectory duration, i.e. the difference
between the return time and the emission time, versus the harmonic energy
is comprised in a rectangle of height ∝ λ/c and width ∝ Iλ2(c the speed of
light and I the intensity). The attochirp is the slope of the diagonal and is
therefore ∝ 1/Iλ (see Ref. 10).

Fig. 1. Group Delay, and Group Delay Dispersion and scaling with laser intensity (I)
and wavelength (λ).

The attochirp has obvious consequences on the duration of the short-
est burst of light emitted in the attosecond pulse train. To decrease this
duration it is not sufficient to increase the bandwidth. Taking into ac-
count the group delay dispersion (GDD) shows that there is an optimum
bandwidth.11 One way to compensate for the GDD is by propagating the
pulses in a medium with an opposite group velocity dispersion (GVD): for
the short trajectories the intrinsic attochirp is positive and must be com-
pensated by a negative GVD found in metals or fully ionized plasmas.8,10

Another way is to reduce as much as possible the intrinsic GDD by taking
advantage of the wavelength/intensity scaling discussed above. The mid-
infrared range is in principle well suited for that purpose with its high
energy harmonic cutoffs as well as high energy photoelectrons.12 As will be
shown here, experiment confirms this expectation.13

Note that the attochirp is a concept valid in the harmonic plateau. For
harmonics generated in the cutoff region the short and long trajectories
coalesce and the spectral phase becomes constant.14 This is one option to
produce isolated attosecond pulses by combining sub-10 fs pump pulses and
spectral filtering15 although the drop of the spectral amplitude in that re-
gion is a clear handicap. The production of single attosecond pulses is also
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possible in the plateau using the polarization gating technique17 which re-
duces the number of effective optical cycles to one. Long wavelength drivers
have another advantage in this case since the number of cycles for a given
duration decreases with the optical period which is ∝ λ.

2. Mid-Infrared technology

2.1. The 2µm optical parametric amplifier

Generation of the 2 µm radiation is based upon a commercial optical para-
metric amplifier (OPA) (Light Conversion HE-TOPAS-5/800). The OPA is
pumped by 5 mJ, 50 fs Ti:S pulses derived from a homemade Ti:S system,
using a small amount of pump light to generate a broadband spectrum via
superfluorescence. A narrow spectral portion is then used as a seed with the
remaining 0.8 µm light. After 6 passes in two BBO (beta-barium borate)
nonlinear crystals, up to 600 µJ of 2 µm radiation is available. In the basic
process of a parametric amplifier, one 0.8 µm photon is split into two lower
energy ones: conservation of energy implies that close to 1 mJ of 1.3 µm
idler radiation is also generated. The beam quality is fair and it can be
focused down to a spot about twice the diffraction limit.

(a) (b)

Fig. 2. (a) Focal spot image of the 3.6 µm source. (b) Interferometric autocorrelation
trace

2.2. The Difference Frequency Generation 3.6µm source

In this case, two laser pulses are combined in a mixing non-linear crys-
tal. The 3.6 µm radiation is generated through Difference Frequency Gen-
eration (DFG): the nonlinear crystal (KTA) converts the wavelengths of
0.815 µm (“pump”) and that at 1.053µm “idler”) into the “signal” at
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3.6 µm. Typically, 2.5 mJ, 100 fs Ti:S pulses centered at 0.815 µm and
500 µJ, 16 ps Nd:YLF pulses centered at 1.053 µm are used in a 5 mm
long KTA crystal to produce 160 µJ of MIR corresponding to 28% of the
theoretical maximum possible MIR energy. At the mixing crystal, the Ti:S
and Nd:YLF FWHM spot sizes are ≈ 2.5 mm. Mixing the amplified Ti:S
and Nd:YLF beams requires locking the repetition rates of the two oscil-
lators. To do so, the cavity length of one oscillator must be referenced to
the other.18 A typical spot image recorded with a thermal camera is dis-
played in Fig. 2(a). The pulse duration was measured by performing an
interferometric autocorrelation, which yields a value of 115 fs FWHM (see
Fig. 2(b)).

3. Harmonic cutoff with the 2µm laser

The harmonic spectrum is expected to extend to values between IP+3.2UP

(theoretical single atom response) and ≈ IP + 2UP (when phase-matching
is taken into account) where IP is the atom ionization potential.5 The
cutoff is in general not easy to measure because it is not abrupt, because
the intensity is averaged over the interaction volume, because of the un-
known transmission of the apparatus... The only previous measurement19

at a wavelength other than 0.8 µm or 1 µm has been performed by Shan
and Chang, and illustrated those difficulties. Our harmonic setup includes
a soft X-ray spectrometer (Hettrick Scientific) with three different graz-
ing incidence gratings. Differentially pumped with respect to the harmonic
source chamber with the gas cell, it is placed at the spectrometer’s entrance
plane. The dispersed spectrum is detected on a back-illuminated soft-X-ray
CCD (charge-coupled device) camera (Andor). Different metal filters (Al
or Zr) are used to suppress the fundamental and low-order harmonics.

Excitation with 2 µm pulses produces a dense (consequence of the small
photon energy) harmonic comb extending to the Al L-edge at ≈ 70 eV en-
ergy. Using a Zr filter instead, the argon harmonic comb is found to extend
over the entire Zr filter transmission window (60-200 eV) (Fig. 3).12 Mea-
surements using the second Al transmission window establish that the cutoff
is ≈ 220 eV, which is consistent with previous calculations and extends the
argon cutoff well beyond the previous measurement at 1.5 µm.19

4. Harmonic yield

The above spectra qualitatively agree with the cutoff law and highlight
the effectiveness of the UP -scaling. The scaling of the yield on the laser



February 16, 2009 14:30 WSPC - Proceedings Trim Size: 9in x 6in icap2008

The frontiers of attosecond physics 339

Fig. 3. Harmonic spectrum from the 2000 nm laser in the cutoff region obtained at
an intensity of 1.8×1014W/cm2. Left: Spectrum with aluminum filter, compared with
the spectrum at 0.8µm. Right: Spectrum through a Zirconium filter and through the
Aluminum filter second transmission window.

wavelength however is not as clearly defined theoretically. One must spec-
ify what quantities are kept constant and what is meant by “yield” for
a single harmonic/ over which bandwidth etc. For instance the usual un-
derstanding from the Lewenstein model4 was that at a constant UP the
modulus square of the dipole scales as λ−3. Actually this is misleading
since it ignores the effect of the change of intensity required to maintain
UP constant while changing λ and it can be shown that a more dramatic
decrease is to be expected.20 At constant intensity the scaling found11 from
numerical solutions of the time-dependent Schrödinger equation (TDSE) is
∝ λ−5.5±0.5, ignoring the phase-matching effects. Experimentally, in argon
the yield at constant intensity, atomic density and focusing, over the band-
width 35 − 50 eV drops by a factor 1000 between 0.8 and 2 µm, close to
the TDSE prediction. This confirms the model but naturally does not pre-
vent an independent optimization of the yield at 2 µm. Preliminary results
suggest that the brightness of a 2 µm harmonic source can be comparable
to that of an 0.8 µm one in the extreme-UV region(ω ≈ 50 eV) and even
higher at higher energies (ω ∈ (50−200) eV). Consistent with our findings,
a recent theoretical study21 shows that favorable phase matching conditions
can be realized at mid-infrared wavelengths.

5. Attochirp

The attosecond metrology is usually based on photoionization of a target
atom (with an ionization energy IP ) by a superposition of the weak in-
tensity harmonics and a relatively intense infrared beam.7,8,15This method
called “RABBITT” (Reconstruction of Attosecond Beating By Interference
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of Two-photon Transitions) has been well validated and documented.10,16

It requires, however, sophisticated equipment which is under construction
at OSU but not yet available. Dudovich and coworkers22 have demonstrated
an all-optical method which is simpler to implement. A small amount of
the driving field is converted to its second harmonic (2ω) and propagates
with the fundamental beam to the atomic jet where the harmonics are
generated. The superposition creates even harmonics (through transitions
involving, for instance, an even number of ω-photons and one 2ω-photon).
The amplitude of the even harmonics as a function of the relative phase
φ between the ω and 2ω fields is modulated at a frequency 4ω and the
phase φmax(2q) which maximizes the even harmonic 2q depends on q (see
Fig. 4). The method relies then on theory associating φmax(2q) to the spec-
tral GDD, with an arbitrary shift of the phase origin (fixed at zero for the
harmonic generation cutoff in Ref. 22). In the original paper,22 the calcula-
tion is based on the assumption that the second harmonic field only slightly
perturbs the fundamental and that the even harmonics phases interpolate
that of the “normal” odd-harmonics. This is the case as the intensity of
the second harmonic is limited to less than 1% of the fundamental. Other
calculations23,24 drop that approximation and allow higher 2ω fields. It is
the Dudovich method which has been implemented and used to measure
the mid-infrared attochirp.

Fig. 4. Typical 2D plot of the harmonics amplitudes vs the relative ω − 2ω delay . The
modulation of the even harmonics is clearly visible as well as the shift in the position of
the maxima

The experimental setup is similar to the one of Dudovich et al. The
OPA described above yields 550µJ of 2 µm light with a pulse duration of
50 fs. A 300µm BBO crystal tuned out of phase-matching generates a small
amount of second harmonic polarized perpendicularly to the fundamental.
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The group delay accumulated between the two color pulses through prop-
agation in air and glass, is compensated by calcite plates. A pair of fused
silica wedges is used as well for compensation and to control the subcy-
cle delay between the electric fields of the two pulses. A zero order half
waveplate resets the two polarizations along the same direction. The two
beams are focused by a silver-coated mirror into the harmonic generation
atomic jet (argon or xenon). Phase matching conditions and spatial fil-
tering of the on-axis radiation due to the very small acceptance angle of
the Hettrick spectrometer combined to select the contribution of the short
trajectory quantum path and eliminate the more diverging one due to the
long trajectory. Following Dudovich et al., by varying the delay between
the fundamental and the second harmonic fields the φmax(q) is extracted
to an arbitrary origin and then compared to a simple theoretical modeling
in which the quantum paths are limited to the classical trajectories. This
is obviously a great simplification and does not yield any information on
the classically forbidden cutoff region. It is actually unclear whether the
method works in that region.

We first validated the method at 0.8 µm with a result in agreement with
both the RABBITT measurement10 and the ω−2ω one.22 The attochirp at
2 µm13 is as expected from the λ-scaling, about 2.5 times smaller. Energy
losses in the setup limited greatly the generation cutoff that we could obtain
in Argon with the 2 µm driver, and our spectrometer resolution prevented
us from observing all the harmonic orders generated. Those limitations
combined in a full measurement over a limited total bandwidth (35-60 eV).
In Fig. 5, we present the reconstructed attosecond pulse train corresponding
to our measurements. Dudovich et al stress that their method, in contrast
to RABBITT, which measures the harmonic phases on a target which might
be located quite far from the source, yields the attochirp in-situ, i.e. where
the harmonics are generated. This is both an advantage (to compare with
theory) and a drawback (to evaluate the duration of attosecond pulses on
target).

6. Conclusion: the attophysics frontier

Currently the record for attosecond pulses is of 130 as at qω ≈ 30 eV17 and
100 as at qω ≈ 90 eV.25 The mid-infrared driving lasers promise attosec-
ond sources beyond the 800 nm harmonic cutoff that are both shorter and
brighter. So far it has not been possible to generate harmonics with driv-
ing wavelengths longer than 2 µm. However ionization of argon or helium
atoms with the 3.6 µm source has been observed12 and therefore harmonic
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Fig. 5. An attosecond pulse train from the 2000 nm harmonics. The dotted line rep-
resents the transform limited pulses (135 as FWHM), while the solid line takes the
measured attochirp into account (170 as FWHM).

generation will most likely be achieved in the near future. With the tremen-
dous values of UP created at that wavelength, the generation of hard har-
monics (currently limited to about 100 eV with the Ti:Sapphire laser) be-
comes possible. The cutoff has already been pushed above 200 eV using
a 2 µm driver. One atomic unit (24 as) of several hundreds eV of central
frequency can be envisioned. The current mid-infrared sources are hindered
by the low intensity of the commercial systems. The 2 µm OPCPA under
construction at OSU should remove this limitation and finally open the
road to intense X-ray attosecond pulses and thus provide a real chance for
the spectacular applications that attophysics promises.

Acknowledgments

This work was performed with support from USDOE/BES under con-
tracts DE-FG02- 04ER15614 and DE-FG02-06ER15833. L. F. Dimauro ac-
knowledges support from the Hagenlocker chair. We are grateful to Dr.
Linda Young (Argonne National Laboratory) for the loan of the Hettrick
spectrometer.

References

1. H. Reiss, Effect of an intense electromagnetic field on a weakly bound system,
Phys. Rev. A 22, 1786 (1980).

2. L. V. Keldysh, Ionization in the field of a strong electromagnetic wave, Sov.
Phys. JETP 20, 1307–1314 (1965).

3. M. Fedorov, Atomic and Free Electrons in a Strong Light Field (World Sci-
entific, Singapore 1991).

4. M. Lewenstein et al., Theory of high-harmonic generation by low-frequency
laser fields, Phys. Rev. A 49, 2117–2132 (1994).



February 16, 2009 14:30 WSPC - Proceedings Trim Size: 9in x 6in icap2008

The frontiers of attosecond physics 343

5. J. L. Krause, K. J. Schafer and K. C. Kulander, High-order harmonic gener-
ation from atoms and ions in the high intensity regime, Phys. Rev. Lett. 68,
3535 (1992).

6. P. Antoine, A. L’Huillier and M. Lewenstein, Attosecond pulse trains using
high-order harmonics, Phys. Rev. Lett. 77, 1234–1237 (1996).

7. P. M. Paul et al., Observation of a train of attosecond pulses from high
harmonic generation, Science 292, 1689–1692 (2001).

8. R. Lopez-Martens et al., Amplitude and phase control of attosecond light
pulses, Phys. Rev. Lett. 94, 033001 (2005).

9. S. Kazamias and Ph. Balcou, Intrinsic chirp of attosecond pulses: Single-atom
model versus experiment, Phys. Rev. A 69, 063416 (2004).

10. Y. Mairesse et al., Attosecond synchronization of high-harmonic soft X-rays,
Science 302, 1540–1543 (2003).

11. J. Tate et al., Scaling of wave-packet dynamics in an intense midinfrared
field, Phys. Rev. Lett. 98, 013901–013904 (2007).

12. P. Colosimo et al., Scaling strong-field interactions towards the classical limit,
Nat. Phys. 4, 387–389 (2008).

13. G. Doumy et al., Attosecond synchronisation of harmonics from long wave-
length drivers, submitted to Science (2008).

14. Y. Mairesse et al., Optimization of attosecond pulse generation, Phys. Rev.
Lett. 93, 163901 (2004).

15. M. Hentschel et al., Attosecond metrology, Nature 414, 509–513 (2001).
16. H. G. Muller, Reconstruction of attosecond harmonic beating by interference

of tao-photon transitions, Appl. Phys. B 74, S17 (2002).
17. G. Sansone et al., Isolated single-cycle attosecond pulses, Science 314, 443–

446 (2006).
18. P. Colosimo, A study of wavelength dependence of strong-field optical ion-

ization, PhD Dissertation (Stony Brook, August 2007).
19. B. Shan and Z. Chang, Dramatic extension of the high-order harmonic cutoff

by using a long-wavelength driving field, Phys. Rev. A 65 011804–011807
(2001).

20. T. Auguste et al., Harmonic yield scaling with driving laser wavelength, to
be submitted to Phys. Rev. (2008).

21. V. S. Yakovlev, M. Ivanov and F. Krausz, Enhanced phase-matching for
generation of soft X-ray harmonics and attosecond pulses in atomic gases,
Opt. Express 15, 15351–15364 (2007).

22. N. Dudovich et al., Measuring and controlling the birth of attosecond XUV
pulses, Nat. Phys. 2, 781–786 (2006).

23. S. Long, W. Becker and J. K. McIver, Model calculations of polarization-
dependent two-color high harmonic generation, Phys. Rev. A 52, 2262–2278
(1995).

24. D. Milosevic and B. Piraux, High-order harmonic generation in a bichromatic
elliptically polarized laser field, Phys. Rev. A 54, 1522–1531 (1996).

25. E. Goulielmakis et al., Single-cycle nonlinear optics, Science 320, 1614
(2008).


	icap2008-front.pdf
	icap2008.pdf
	icap2008-back.pdf



