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Atoms in high intensity mid-infrared pulses

P. Agostini* and L.F. DiMauro

Department of Physics, The Ohio State University, Columbus, Ohio, USA

(Received 27 February 2008; final version received 22 May 2008)

The recent development of intense, ultrashort, table top lasers in the mid-infrared opens new avenues for research in
strong field atomic physics. Electrons submitted to such radiation acquire huge quiver energies, even at moderate
intensity and interesting properties arise: first, the wavelength offers a convenient experimental knob to tune the
ionisation regime by controlling the Keldysh parameter. Second, many processes like above-threshold ionisation or
high harmonic generation, whose characteristics depend directly on this energy, can be pushed to unprecedented
limits. Third, the wavelength controls the spectral phase of the harmonics and hence the possibility to improve the
generation of pulses in the attosecond regime. Recent studies of rare gas and alkali atoms’ photoelectron spectra and
harmonic generation at 2 and 3.6 mm have begun to confirm the theoretical predictions. However, unexpected
features have also been found showing that strong field interaction still keeps some secrets after more than 40 years
of investigation.

Keywords: multiphoton ionisation; above-threshold ionisation; high harmonic generation; attosecond pulses

1. Introduction

With the advent of the laser, the early 1960s saw the
birth of a new class of physical problems related to the
interaction of intense laser fields with bound or
unbound electrons [1]. The intensity of the laser
radiation is measured in power per unit area or Watts
per square cm. At an intensity of about 1016 W cm72,
the electric field of the electromagnetic wave ap-
proaches that of the Coulomb field experienced by an
electron in the ground state of a hydrogen atom. While
today lasers can e asily produce intensities a thousand
to a million times larger, most neutral atoms cannot
survive long when irradiated with intensities above
1015 W cm72 and quickly lose one or several electrons.
In a rather narrow range of intensities around 1014 W
cm72, the physics of the interaction between light and
atoms or molecules changes rapidly and many
phenomena occur which are too weak to be observed
below 1013 but are no longer observable above
1015 W cm72. This range is that of the so-called
‘strong-field’ or ‘high-intensity’ (the two terms will be
used indifferently) regime which is discussed in what
follows. First it is in this range that perturbation
theory breaks down thus challenging theorists. Second
it is in this range that above-threshold ionisation,
harmonic generation and more recently routes to
attosecond pulses and attophysics have been discov-
ered by experimentalists.

For a long time, high power lasers were confined to
wavelengths in the visible/near infrared range: the
Ruby laser (0.79 mm), the Nd laser (1.06 mm), the now
popular Titanium:Sapphire laser (0.8 mm) emit all at
the edge of the infrared. Until recently strong field
physics had practically not been explored beyond this
spectral domain. One of the latest laser advances,
however, has lead to intense, short pulse, mid-infrared
lasers (i.e. with wavelength ranging between 1.5 and
4 mm with the current technology) with which physi-
cists have started to fill this deficit. Strong field optical
interaction between lasers and atoms at mid-infrared
wavelengths is the subject of this article. This wave-
length range has a special significance because of the
scaling with l and intensity of many parameters
governing the physics of both ionisation and harmonic
generation and the production of attosecond pulses, as
discussed in the article.

Strong-field physics, as an experimental science,
goes back to the first years of the laser era. As soon as
the intensity was boosted around 1013 W cm72 by the
invention of the Q-switch [2], the production of sparks
in air was among the first tricks learned by laser
physicists. Sparks meant ionisation. How could a ruby
laser whose photon energy is less than 2 eV ionise an
atom whose ionisation potential is larger than 10 eV,
seemingly breaking Einstein’s photoeffect law? Various
answers were proposed (see Gold and Bebb’s short
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review in [3]) including a straightforward extension of
the theory of two-photon absorption established by
Maria Göppert-Mayer in the 1930s [4] and based upon
the time-dependent perturbation theory [5,6]. However,
from one of the first measurements [7], the ionisation
rate appeared to depend on the intensity exponentially
and not to follow the power law predicted by the
perturbation theory. This result suggested a rather
different mechanism to L.V. Keldysh in Moscow,
namely a dc-tunnelling ionisation. In his famous paper
[8], he strived to show that the ionisation rate was
changing from power law to exponential (see Equations
(3) and (4) below), based on the laser intensity I,
wavelength l and the atom ionisation energy I0.
The change in the rate dependence on intensity
follows a transition from the multiphoton regime
(illustrated in Figure 1(a)) to the tunnelling regime
(Figure 1(b)). The former is referred to as ‘perturbative’
since it is described by the time-dependent perturbation
theory while the latter is assigned to the the
Keldysh approximation usually considered as ‘non-
perturbative’ since it includes the laser interaction to all
orders.

Keldysh’s view remained quite unpopular in the
West, perhaps because of a number of rough approx-
imations in the calculations [9,10], perhaps because it is
experimentally difficult to distinguish between a high-
order power law and an exponential growth or, most
likely, because the tunnelling regime was not easily
reachable with the available equipment. In spite of new
theoretical support through different approaches and
improvements [11–13], Keldysh’s tunnelling regime
was often considered as a fiction until the mid-1980s.
The first demonstration [14] was obtained using a high
intensity CO2 laser whose photons are so small (0.1 eV)
that the lowest order of perturbation required to reach
ionisation, larger than 100, was manifestly incompa-
tible with the experiment. From then on tunnelling

became progressively more accepted (the so-called
ADK formula [15] is now adopted by chemists, as well
as, laser plasma physicists) and newer CO2 experiments
[16] confirmed the earlier measurements. Interestingly
enough, as experiments became more sophisticated
thanks to new laser technology and numerical solu-
tions of the time-dependent Schrödinger equation
(TDSE) became accessible [17], signatures of tunnel-
ling ionisation were obtained even at wavelengths
much shorter than that of the CO2 laser. At this point
tunnelling is considered as the basic mechanism for
strong field, long wavelength ionisation of atoms,
although, as will be seen in the following section, many
objections can still be made to this point of view.

Beside total ionisation, a new aspect of strong field
interaction was discovered when people turned to
measuring the photoelectrons rather than the ions
produced by the laser [18]. In a process, designated as
above-threshold ionisation or ATI (a name coined first
by Karule [19]), the atom absorbs more photons than
required to be ionised, and the excess energy is
transferred to the electron whose energy spectra is a
series of peaks separated by the photon energy [20,21].
The interpretation was first considered through per-
turbation theory [5,19,20]. Faisal [12] and Reiss [13]
gave the first non-perturbative expression of the
photoelectron spectrum. A simple physical meaning
of this somewhat complicated expression involving
generalised Bessel functions did not emerge, however,
until the introduction of the so-called ‘Simpleman’s
theory’ [22] of ATI. Very simple and intuitive
interpretations of the high harmonic generation cutoff
[23] and strong field multiple ionisation [24] derived
from Simpleman’s theory together with the Keldysh
tunnelling, form the basis of the current understanding
of a large range of strong field phenomena. Keldysh
theory depends on two parameters, discussed here-
after, the adiabaticity parameter and the effective
ionisation potential. Many aspects of strong field
ionisation and, particularly their dependence on the
laser wavelength depend on them.

High harmonics generation, or HHG, is as an
elementary process, closely related to ATI. It is a
practical source of coherent, intense, short pulse XUV
to soft X-ray radiation and, in the last few years has
established itself as the preferred route to attosecond
pulses. Both a large bandwidth and a quasi-linear
spectral phase, required for such pulses, have been
proved possible [25]. Currently, attosecond physics
essentially relies on HHG. As will be discussed, long
wavelength laser drivers, in principle, can improve
attosecond pulses by allowing higher photon energies,
or shorter wavelength, and reducing the quadratic
spectral phase. It is therefore decisive to explore HHG
with the new mid-infrared sources.

Figure 1. Models of strong field ionisation: (a) N-photon
ionisation þ S-photon ATI. (b) Keldysh tunnelling energy
diagram. (c) Schematic of Simpleman’s ATI: the tunnelling
electron emerges with zero velocity. The rest of the process is
described by the motion of a particle in the field.
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Even at moderate intensity (between 1013 and 1014

W cm72), mid-infrared wavelengths mean higher
energy for the photons and electrons resulting from
the interaction, and thus define a privileged road map
for the production of soft X-rays. This is because the
source of this energy, the ponderomotive potential or
quiver energy of a free electron in an optical field,
increases as the square of the wavelength at constant
intensity. In addition, a long optical period drives the
ionisation physics deeper into the tunnelling regime as
it approaches the dc situation. In this regime the
extremely fast dependence of the rate on the field
amplitude implies that photoelectrons are released in a
narrow range of time close to the peaks of the field.
This, in turn has consequences on the energy distribu-
tions of the photoelectrons and in particular deter-
mines the high energy cutoffs for both ATI and HHG.

Initially CO2 lasers were the only high intensity
infrared sources available to the physicist. The already
cited pioneering experiments [14,16] and a study of
ATI in the limit of long wavelength [26] were all done
with a CO2 laser. However, the CO2 technology has
not evolved since the late 1980s. Most strong field
physics of the last 15 years have been carried out at the
wavelength of the Ti:Sapphire laser (0.8 mm). It is only
recently that new sources in the mid-infrared have
become available, giving access to the range between
0.8 and 10 mm. The first studies of high harmonics with
such sources was carried out in alkali atoms by Sheehy
et al. [27] and in noble gases by Shan and Chang [28]
while the OSU group just reported the first systematic
exploration of the dependence of ATI and harmonic
generation on wavelength [29].

In this article we review the recent advances in
strong field physics as a function of the fundamental
laser wavelength. It is true that, forty years after the
Keldysh paper, this domain is understood to a large
extent. Nevertheless, as often in Physics when a new
technology allows one to explore new domains of the
parameters space, surprises might be expected (and
hoped for). The article will discuss successively the
findings in ATI that fit the current understanding,
those which probably do and those which manifestly
don’t. We will then turn to HHG and attosecond
pulses and discuss the cutoff, the yield and the spectral
phase. However, before the experiments, we briefly
review the status of the Keldysh approach and the mid-
infrared laser technology.

2. Scaling strong field interaction to long wavelengths

2.1. Strong field ionisation

The Keldysh theory [8] amounts to (i) a dc-tunnelling
ionisation and (ii) a final state which takes into account
only the interaction with the optical field (Volkov

solution). The field frequency o ¼ 2pc/l is assumed so
low that it can be considered dc and the field amplitude
E so high that the potential barrier formed by the
Coulomb potential (for a hydrogen atom) –1/r and the
dipole interaction –eEr (see Figure 1(b)) thin enough
for the probability of escaping through it, significant.
Both conditions are condensed in the so-called
Keldysh adiabaticity parameter which is the ratio of
the optical frequency to the tunnelling frequency
ot ¼ 2p/tt where the tunnelling time tt is the barrier
width � I0/eE divided by the electron average velocity
� (I0/m)1/2 (m, e, electron mass and charge, respec-
tively). Neglecting the influence of the Coulomb
potential and ignoring the magnetic field, which is
fully justified for the range of field strengths considered
here, the freed electron undergoes both an oscillatory
and a drift motion. The average kinetic energy of the
oscillation with instantaneous velocity v ¼ (E/mo) sin
ot plays a crucial role in strong field ionisation and
high harmonic generation. The expression of this
energy (also known as the ponderomotive energy) is,
from elementary classical mechanics:

UP ¼
1

2
mv2

� �
¼ e2E2

4mo2
/ l2: ð1Þ

The ponderomotive energy is one of the basic
parameters ruling strong-field physics. As discussed
below, it characterises the photoelectron and harmonic
spectra.

Expressing the field as a function of UP, E ¼ (2o/e)
(mUP)

1/2 one gets the familiar expression of the
Keldysh parameter:

g ¼ o
ot
¼ I0

2UP

� �1=2

; ð2Þ

while another form makes the dependence on the
wavelength l and the intensity I apparent and reads in
atomic units, g(l, I) ¼ (2pc/l) (2I0/I)

1/2. Depending on
g being � 1 or � 1 tunnelling or multiphoton
ionisation respectively dominates (Figure 1). The two
limiting rates derived by Keldysh can be expressed as:

wtunnel / exp � 2g
3o

� �
ð3Þ

and

wmultiphoton /
E

o

� �2n

; ð4Þ

where n is the minimum number of photons absorbed
to reach the ionisation threshold. Equation (3) is
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identical to the famous tunnelling formula. Equation
(4) results from the lowest-order time-dependent
perturbation theory probability amplitude in which
each absorbed photon corresponds to one dipole
interaction / E.

In principle, the tunnelling regime is valid up to
g � 1. This is in a nutshell the Keldysh theory and g is
usually taken as an intensity parameter: since UP / I,
the higher the intensity the more ionisation is in the
tunnelling regime. We will keep here the tunnelling
point of view although this concept is specific to the
length-gauge (see [13] for a thorough discussion of this
point) and could be avoided. In this case, other
parameters appear in the theory [30].

If it is intuitively obvious that an increase of
intensity (and hence of field) will decrease the barrier
width and (exponentially) increase the ionisation rate,
the effect of changing the light frequency at constant
intensity (i.e. constant barrier width) is much less so,
although g is indeed / o. Moreover, as recently
discussed by Reiss [30], the concept of tunnelling does
not go without contradictions. First of all it is clear
that the popular diagram of Figure 1 is meaningful
only the in the ‘length’ gauge where the interaction
energy is –eE � r. Second the condition g � or � 1 is
not always consistent with the tunnelling picture. For
instance, at visible wavelengths the hydrogen ground
state is above the saddle point of the potential barrier
for g � 1 and thus the concept of tunnelling is
meaningless just when it should become instrumental.
In addition, small values of g imply a complete
breakdown of the dipole-length gauge approximation
on which the Keldysh picture is built. The Keldysh
approximation implies that the rate is independent of
o in the tunnelling regime. More precisely, the cycle-
average ionisation rate is independent of the wave-
length at least up to a quasi-static limit defined as
o � E/(2I0)

1/2, i.e. for instance, at a typical intensity of
1014 W cm72, wavelengths longer than 1.027 mm. In
spite of the long time elapsed since the Keldysh paper,
these aspects of the theory have not been system-
atically checked hitherto, because of the lack of
convenient sources, with the exception of the few
works mentioned in the introduction.

What are the motivations for studying ionisation of
atoms by strong mid-infrared pulses? The first one is to
test the predictions of the Keldysh and the Simpleman
models. The second is to produce more energetic
electrons for the same laser intensity. It is well known
that laser plasmas can be submitted to arbtitrarily high
intensities that can be produced (currently much higher
than 1018 W cm72). However, in atoms there is a
strong limitation due to the saturation of the ionisation
probability (wt *1 where w and t are the rate and the
pulse length, respectively). Acting on UP through the

wavelength is a way to circumvent this obstacle,
particularly as UP / l2 while only / I.

2.2. ATI and Simpleman’s theory

Figure 2 shows the evolution of ATI from low to high
intensity. Although not explicitly considered in [8] the
photoelectron energy spectra can be evaluated within a
similar approximation formulated through S-Matrix
theory [12,13]. Incorporating the ATI process, the
photoeffect Einstein’s law for the kinetic energy of the
released electron KE can be extrapolated to
(Figure 1(a)):

KE ¼ ðNþ SÞ�ho� ðI0 þUPÞ: ð5Þ

The UP term in Equation (5) accounts for the increase
of the ionisation potential in the strong field [8] due to
the oscillation kinetic energy that must be provided to
the electron on top of its binding energy to free it. One
of the questions addressed here is the limit of KE when
N þ S ! ? and o ! 0. Obviously perturbation
theory is of no help. The so-called KFR (Keldysh–
Faisal–Reiss), now more often referred to as SFA
(strong-field approximation) [30] is derived from the S-
Matrix approach and takes into account the interac-
tion with the field to all orders and for this reason is
usually known as ‘non-pertubative’ allowing one to
calculate the transition probability for any S (see
Equation (5)).

The spectra envelopes calculated from SFA show a
more or less clearly defined cutoff at an energy of 2UP.
Little notice was taken of this aspect until experiments
started measuring differential cross-sections [18] and a
pioneering paper [22] revealed the meaning of this
cutoff in terms of classical mechanics and shed a
completely new light on the strong field ionisation
process, especially at long wavelength [26]. Classical
aspects of ATI have been recently reviewed in [31]. The
essence of the Simpleman’s theory can be summarised
as follows: the electron energy spectrum is assimilated
to the kinetic energy distribution of the drift motion of
a classical particle (e, m) in a field E sin ot with the
initial conditions t ¼ t0, v ¼ 0, x ¼ 0 (v, velocity; x,
position) corresponding to an electron tunnelling out
near the core with zero velocity. Integrating the
Newton equation €x ¼ E sinot yields _x ¼ (E/o)
(1 7 cos ot) where the drift velocity vdrift ¼ (E/o)
results from the conservation of the canonical mo-
mentum. The corresponding drift kinetic energy is:

KEdrift ¼ 2UP cos 2ot0: ð6Þ

This immediately accounts for a cutoff at 2UP for
ot0 ¼ 0, i.e. for electrons released at the zero-crossing
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of the field while those ‘born’ at the peaks of the field
(ot0 ¼ (2k þ 1)p/2) have no drift motion. Experi-
ments [32,33] confirmed that a large proportion of
the photoelectrons have an energy less than 2UP but
also revealed a long plateau extending between 2UP

and 10UP. The plateau can be easily explained by
allowing the electron to backscatter from the core at
time t1(t0) of the oscillating electron on the parent ion,
followed by a drift motion whose new kinetic energy is
given by [32]:

KEbs
driftðt0Þ ¼ 2UPð2cosot1ðt0Þ � cosot0Þ2 ð7Þ

yielding a cutoff at 10UP. Both cutoffs are proportional
to UP and therefore to l2. For instance, at a typical
intensity of 1014 W cm72 and a wavelength of 4 mm,
10UP represents the absorption of almost 5000
photons. Note that the initial phase ot0 ¼ 1.88 rad

corresponding to the maximum kinetic energy at the
return to the position x ¼ 0 is different from the initial
phase ot0 ¼ 1.83 corresponding to the maximum drift
KEbs

drift ¼ 10UP energy after a backscattering collision
[31]. Actually there are two electron trajectories
leading to the same return energy as will be discussed
in the next sub-section but the second one yields a
lower drift energy of 9.169UP. The ATI ‘plateau’ has
attracted a lot of interest [31] and some controversy
[34]. We will come back to this point when discussing
the experimental results hereafter. To conclude this
short summary of ATI it is perhaps useful to remind
the reader that this process has found in the recent
years a number of interesting applications in the
metrology of ultrafast XUV pulses [35,36] and in the
control of the carrier-to-envelope phase of few-cycle
pulses [37]. As far as the wavelengths scaling is
concerned, ATI in the mid-IR is expected to show a

Figure 2. ATI spectra in the (upper panel) low and (lower panel) high intensity limits: in (a) the characteristic photon energy
structure dominates the spectrum. In (b) this structure tends to be washed out while some features of the envelope can be
predicted classically.
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huge increase in electron energies (typically from tens
to thousands of eV for wavelengths from 0.8 to 4 mm).
Since ionisation, at the same time, is evolving more
deeply into the tunnelling regime, the electron is
released (with zero kinetic energy) over a narrow
time interval within the optical cycle and the spectrum
progressively loses its quantum character and gets
closer to the classical distribution of drift energy
implied by the distribution of the initial times.

2.3. High harmonics and attosecond pulses

By focusing an intense, short pulse (fs) laser in an
argon (rare gases are the most common targets) jet,
odd harmonics of the fundamental frequency are
generated essentially in the same direction as that of
the fundamental beam. High harmonics generation
(HHG) is a process akin to ATI [38] (Figure 3): the
atom/molecule starts by absorbing a (large) number of
photons. However, instead of leaving its parent ion (or
elastically scattering from it before moving away) as in
ATI, the electron recombines to the atom ground state
while emitting a hard photon. Experiments on HHG
go back to the beginning of the 1980s in plasmas and
later (1987) in atoms [39,40]. Quantum mechanically
the energy of this photon is equal to the summed
energy of the absorbed photons. Classically, the active
electron is accelerated in the field and it is this kinetic
energy which is converted into a photon energy at the
recombination. Since the initial and final atomic states
are the same state, dipole selection rules imply that a
total even number of photons are exchanged, hence the
harmonics are odd order. Simpleman’s theory can be
extended to harmonic generation. (This looks pretty
obvious now but it took a few years before this was

actually achieved.) The oscillating electron instanta-
neous velocity when it re-collides with the core as
derived from the equation of motion is v(t1(t0)) ¼ (E/
o)(1 – cos ot1(t0)). The resulting kinetic energy
1
2 vðt1ðt0ÞÞ

2 as a function of the initial time t0 turns
out to have a maximum equal to 3.17UP. Since this
energy is the source of the high harmonic energy, the
so-called harmonic cutoff is therefore bounded to
3.17UP þ I0 [23,24] (the maximum energy, again
proportional to l2 promises a huge increase of photon
energy with mid-infrared drivers).

Theory of HHG can be divided into a microscopic
and a macroscopic parts. The former is the ‘single-
atom’ response or the time-dependent dipole whose
Fourier transform is the harmonic spectrum [41].
The latter (phase-matching) includes the propagation
inside the generating medium, the space and time
dependence of the laser pulse etc. [42]. Beyond the
classical model, quantum theories of HHG include the
strong field approximation [41] and simulations from
numerical solutions of the time-dependent Schrödinger
equation. In spite of computing times increasing
rapidly with the laser wavelength, the latter can
generate spectra like the ones shown in Figure 4 in
which indeed the increase in cutoff is manifest [43].

With the most common driving wavelength of
0.8 mm (Ti:Sapphire laser) and targets (rare gases), the
HHG efficiency is of the order of 1076. Both
Lewenstein’s strong field approximation and TDSE
simulations indicate that the single-atom dipole
decreases rapidly with the laser wavelength [43]. This
is most likely due to a combination of the wave packet
spreading during the electron trajectory in the con-
tinuum and the decrease of the recombination cross-
section as the electron energy increases (Figure 5). As
discussed below, TDSE calculations show indeed that
the single atom power spectrum yield scales as
l75.5 + 0.5 at constant intensity [43] (see also [44]).
However, a complete simulation including phase-
matching is difficult and still under progress. Conse-
quently experiment becomes all the more interesting
for an assessment of this dependence.

High harmonics are currently the preferred route to
the synthesis of attosecond pulses first predicted at the
beginning of the 1990s [45,46] and observed at
the dawn of the 21st century (for a review see [25]).
The current world record of 130 as was obtained in
2006 [47]. From this perspective, the longer wave-
lengths have a certain advantage: theory (both classical
and quantum models) predicts that for each harmonic
energy there are two electron trajectories a short one
(�1/2 cycle) and a long one (�3/4 cycle) [48]. Each
trajectory is defined by an initial phase and a return
phase. The difference between these phases represents
the duration of the electron trajectory under the action

Figure 3. (a) ATI versus (b) high harmonic generation:
quantum processes (arrows) and classical limits (wavy lines).
Both points of view assert the kinship between the two
processes.
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of the field between emission and recombination times.
As a function of the harmonic energy it defines a group
delay dispersion (or ‘attochirp’) which imposes a limit
to the duration of the Fourier-synthesised pulses. The
attochirp is a decreasing function of wavelength
(Figure 6) as discussed below.

3. Mid-infrared laser technology

The practical generation of intense, femtosecond
pulses in the mid-infrared, depending on the spectral
range is based on the nonlinear optics processes [49] of
difference frequency generation (DFG) or Optical
Parametric Amplification (OPA). A 0.8 mm Ti:Sap-
phire (Ti:S) and a 1.053 mm YLF lasers are used in the
designs described hereafter. The first one is a commer-
cial 3 kHz repetition rate chirped pulse amplification
laser. The second one is a passively mode-locked
neodymium-doped yttrium lithium fluoride (Nd:YLF)
oscillator that directly seeds a 1 kHz regenerative
amplifier. The output energy is typically of 700 mJ
available for MIR generation.

3.1. The 3.6 lm source

The 3.6 mm radiation is obtained through DFG: the
nonlinear crystal converts the wavelengths of 0.8 mm
(‘pump’) and that at 1.053 mm (‘idler’) into the ‘signal’

at 3.6 mm, subject to the energy and phase matching
constraints:

o800 ¼ o1053 þ o3600; ð8Þ

k800 ¼ k1053 þ k3600; ð9Þ

where the o’s are the angular frequencies and the k’s
are the wavevectors of the radiations. Equations (8)
and (9) are depicted in Figure 7. The exchange of
energy between the pump (p), signal (s), and idler (i)
during the optical parametric amplification process is
described within the slowly varying amplitude approx-
imation by a set of coupled nonlinear equations [49]
involving the phase and group velocities at the various
frequencies present in the nonlinear medium and the
wave vector mismatch Dk ¼ j kp – ks – kij.

With a KTA (Potassium Titanyl Arsenate, KTiOA-
sO4) nonlinear crystal and by a suitable choice of the
centre wavelength of Ti:S light, tunable MIR radiation
with centre wavelengths in the range of 3–4 mm can be
produced, limited by the transmission dropping from

Figure 4. The nonlinear dipole created by the interaction of the atom with the field can be calculated by numerically solving the
Schrödinger equation. The figure shows the dipole spectra for l ¼ 0.8 and 2 mm.

Figure 5. (a) Effects responsible for the harmonic yield
decrease as a function of the wavelength: wave-packet
spread; (b) kinetic energy versus wavelength; (c)
recombination cross-section versus energy.

Figure 6. The ‘attochirp’ becomes apparent when plotting
the time elapsed between ejection and recombination as a
function of the harmonic order. The slopes of the tangents to
the curves representing a group delay dispersion or
‘attochirp’ are shown here for two wavelengths as
calculated from the classical kinematics of the electron in
the laser field.
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about 90% at 3.7 mm to 50% around 4 mm (Figure 8).
Given the small energy of an MIR photon, this tuning
range only requires that the Ti:S be adjusted from 0.78
to 0.83 mm. A sketch of beam routing in the KTA
crystal is shown in Figure 8(b). Typically, 2.5 mJ, 100
fs Ti:S pulses centred at 0.815 mm and 500 mJ, 17 ps
Nd:YLF pulses centred at 1.053 mm are used in a
5 mm long KTA crystal to produce 160 mJ 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 were � 2.5 mm.
Mixing the amplified Ti:S and Nd:YLF beams requires
locking the repetition rates of the two oscillators. To

do so, the cavity length of one oscillator must be
referenced to the other (some problems and their
solutions related to this locking can be found in [50]).
One of the serious difficulties met in the MIR is the
lack of flexible detectors available in the visible/IR
range. A thermal camera (Electrophysics M/N PV320)
can be used in the 3–4 mm range. Typical spot images
recorded with such a camera is displayed in
Figure 9(a).

3.2. The 2 lm source

Generation of the 2 mm radiation uses a different
arrangement. The source used in the experimental
results presented hereafter is based upon a commercial
optical parametric amplifier (OPA) (model HE-TO-
PAS-5/800 built by Light Conversion). The 2 mm OPA
is pumped by 5 mJ, 50 fs Ti:S pulses derived from a Ti:S
fs system. The TOPAS starts by 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 mm light. After six
passes in the two BBO (beta-barium borate) nonlinear
crystals 400 mJ of 2 mm radiation is available (on
target). Because this is a parametric amplifier that
splits one 0.8 mm photon into two lower energy ones,
conservation of energy implies that 600 mJ of 1.3 mm
idler radiation is also generated. The focus is about 2
times larger than the diffraction limit.

4. Experiments

The experiments to be discussed fall into two main
categories depending on whether electrons or ions

Figure 7. (a) Energy level diagram showing the photon
absorption and emission (arrows) at the pump np signal ns
and idler ni frequencies. Wavevectors relation for phase-
matching in (b) non-collinear and (c) collinear difference
frequency generation.

Figure 8. (a) KTA transmission. (b) Schematic representation of the two pump beams and the signal beam in the KTA crystal
(from [50]). Reproduced with permission from P. Colosimo.
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(subsection 4.1) or photons (subsection 4.2) are
detected. The effect of l on the particle energy at
constant intensity is spectacular. Moreover, it is in
principle possible, by scaling the intensity I, the
wavelength l and the ionisation energy I0, to build
completely different physical situations with the same
Keldysh parameter g ¼ (2pc/l)(2I0/I)

1/2. Will this
‘Keldysh scaling’ work? In setting out to answer this
question we have in mind the various properties which
characterise the ionisation regime of the system under
study. Target atoms were rare gases and alkalis and the
lasers were the Ti:S 0.8 mm and the 2 and 3.6 mm
sources described above.

4.1. Ionisation/ATI

One could ask the experiment to answer two questions:
(i) how does the ionisation probability change with
wavelength at constant laser intensity? (ii) How is the
photoelectron energy spectrum affected by the wave-
length change? The first question is difficult as it
requires either absolute measurements or to keep all
the experimental parameters (intensity, target density,
interaction volume) constant while changing the
wavelength. However, the latter is not done by turning
a knob but by discrete changes of wavelength obtained
by different lasers. In that context the second question
is much more accessible than the first one.

Two different time-of-flight (TOF) electron/ion
spectrometers, abundantly described in the past, have
been used: a Wiley–McLaren ion time-of-flight spec-
trometer (built with a special accelerating field

configuration allowing a better focusing of the ion
trajectories) and a coincidence machine in which
electrons are allowed to fly field free from the laser–
gas interaction region to a multichannel plate detector
while ions are accelerated toward another detector by a
static electric field. All ions are accelerated to the same
energy due to the (� 100 V cm71) static electric field
applied to the interaction region. The electron spectro-
meter was energy calibrated by using a long pulse (�
200 ps) xenon ATI spectrum. A separate machine was
used for the alkali atom studies. Details can be found
in [50].

4.1.1. l2-scaling

To study the evolution of the ionisation/photoelectron
energy spectra as a function of the wavelength, argon is
a convenient target atom [29]. Argon ionisation at the
Ti:S wavelength of 0.8 mm is extremely well documen-
ted [34,51–55] thus providing a benchmark for the
longer wavelength results.

The change of atomic response with increasing
wavelength is clearly revealed in the measured photo-
electron energy distributions displayed in Figure 10(a).
The maximum electron energy scales approximately as
l2 as expected with values of 50, 130, 300 and 1 keV
while UP is *5, 13, 30 and 100 eV at 0.8, 1.3, 2 and
3.6 mm, respectively. Note that the maximum number
of absorbed photons changes from *40 at 0.8 mm to
*3000 at 3.6 mm with only a factor 4.5 change in the
fundamental wavelength. We have a first indication
that the physics indeed tends to follow Simpleman’s

Figure 9. (a) Far-field intensity distribution from the 3.6 mm source. (b) Interferometric two-photon autocorrelation of the
pulse. The pulse FWHM is 170 + 10 fs.
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theory and that the gross features of the photoelectron
spectrum behave classically. This is not a surprise: as
the photon energy ! 0 and the quantum numbers
! ? the principle of correspondence implies a change
to classical mechanics. However, this is the first test
over a significant range of wavelength.

The evolution of the physics according to Keldysh’s
theory is more immediately evident in Figure 10(b)
plotted as a function of the energy scaled in values of
UP which make clear the evolution toward the
structure defined by the tunnelling ionisation (a
spectrum with a cutoff at 2UP) followed by a plateau
descending to the 10UP cutoff caused by the rescatter-
ing of the photoelectron and re-acceleration by the
field. Also shown in (b) are the calculations (grey lines)
at 0.8 mm (solid) and 2 mm (dash) simulating the
experimental conditions. The agreement is very good
and reproduces the loss of resonant structure at the
longer wavelength. The inset is a plot of the electron
yield ratio (Ne (42UP)/Ne(52UP) determined by the
experiment (open circles with error bars) and the
TDSE calculations (solid circles) as a function of
wavelength. The dashed line illustrates a l74.4

dependence. This decrease of the plateau is connected
to the increase of the scattering electron energy
matching the increase of UP with l. Measurements in
helium as well as xenon yield comparable results and
thus confirm that the l2-scaling is a universal property
of ATI. This is consistent with the Keldysh approach
in which the specific nature of the atom is basically
absent, except for the ground state binding energy and
wave function.

Confirmation of the changing ionisation dynamics
is provided by the 1.3 mm distribution which shows
both multiphoton (ATI and broad resonance,
although diminishing) and tunnelling (developing
classical distribution) character. Once again, it appears
that the photoelectron evolves closer to the Simpleman
behaviour, which is consistent with ionisation increas-
ingly in the tunnelling regime.

It should be noted that, as the wavelength is
increased, the majority of photoelectrons become
progressively confined below 2UP. This is quantified
in the Figure 1(a) inset which shows that the
wavelength dependence of the ratio of electrons with
energy 4 2UP (rescattered) to those 52UP (direct)
decreases as *l74. One physical interpretation of this
scaling is that electrons with energy 42UP must have
rescattered and this cross-section declines rapidly with
energy and impact parameter. The number of return-
ing electrons with a given kinetic energy decreases by
l72 and the wave packet’s transverse spread scales in
area also as l72. Consequently, the total decrease in
the fraction of rescattered electrons scales as l74.
Some additional insight into the changing ionisation
dynamics is provided by the 1.3 mm distribution
which shows both multiphoton (ATI and broad
resonance, although diminishing) and tunnelling
(developing classical distribution) character. It there-
fore appears that the photoelectron spectra become
closer to the Simpleman’s behaviour, which is
consistent with increased tunnelling character of the
ionisation regime, as predicted by the Keldysh
parameter.

Figure 10. Photelectron energy spectra from argon at 8 6 1013 W cm72 for 0.8 mm (solid), 1.3 mm (dash-dot), 2 mm (dash) and
3.6 mm (dotted) excitation. The energy is in eV in (a) and in units of the ponderomotive energy which makes the scaling apparent
in (b).
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4.1.2. Keldysh-scaling

The Keldysh parameter with values g(0.8 mm) ¼ 1.3,
g(1.3 mm) ¼ 0.8, g(2 mm) ¼ 0.5 and g(3.6 mm) ¼ 0.3 at
0.08 PW cm72 is qualitatively consistent with the
evolution of the spectra described in the previous
subsection. Since the potential barrier width remains
constant, this evolution must be attributed to a change
of the fundamental frequency becoming slow com-
pared to the tunnelling frequency, as postulated by
Keldysh. This point is addressed again at the end of
this subsection.

Besides the change of the l2 scaling of the electron
energy at constant laser intensity for a given atom one
could ask what would happen if two atoms with
different ionisation potentials are irradiated by laser
light whose intensity and wavelength are scaled to keep
the Keldysh parameter g constant. Let us take for
instance argon at 0.8 mm and 8 6 1013 W cm72. What
intensity should be applied to an alkali atom, say
rubidium, at a wavelength of 3.6 mm so that it would
not differ from argon at 0.8 mm? From the expression
of g (Equation (2)) one gets:

IðRbÞ
IðArÞ ¼

I0ðRbÞ
I0ðArÞ �

lðArÞ
lðRbÞ ð10Þ

or, plugging the values above, I(Rb)/I(Ar) ¼ 1.3 6
1072. In other words rubidium at 3.6 mm and an
intensity of 1.04 6 1012 W cm72 may simulate argon
at 0.8 mm from the Keldysh’s point of view and be
characterised by the same g ¼ 1.28. The experiment [56]
indeed confirms that the photoelectron spectrum
(Figure 11) has the strong field behaviour, at least
qualitatively, with visible 2UP and 10UP limits.

At this point it is perhaps worthwhile discussing the
value itself of the Keldysh parameter. Reiss [30] has
pointed out that the limiting value g ¼ 1 supposed to
separate the tunnelling from the multiphoton regime is
basically meaningless since in for instance in hydrogen
at 0.8 mm a value of g ¼ 0.91 actually corresponds to a
zero-length barrier while at g ¼ 0.3 when tunnelling
should occur the potential barrier is below the ground
state and the electron can freely escape to the con-
tinuum over the barrier. For lower values of g the laser
field is so intense that the dipole approximation breaks
down. So g has clearly only a qualitative value as a
signal of tunnelling. Let us note in addition that the dc
picture that defines the potential barrier and hence, the
tunnelling, is only part of the definition of g which
depends also on the frequency (Equation (2)). In that
sense g is not just an intensity parameter. Let us
remark that one of the parameters introduced in the
Reiss strong field approximation [13,30], namely
z1 ¼ 2UP/I0 ¼ 1/g2, although totally independent of
the tunnelling concept is related to g and while another
one z ¼ UP/h�o introduces the frequency through the
comparison of UP to the photon energy.

It is a certain dependence on frequency (or
wavelength) which was tested (for the first time) by
the experiments reported here above, carried out at
constant intensity, i.e. at constant barrier width or
tunnelling probability. From the Kelysh’ point of view
this is a test of the influence of the time left to the
electron to cross the potential barrier before the field
reverses. From Reiss’ point of view, alternatively, it is
the ratio of the quiver energy to the photon energy that
rules the strong versus the low field behaviour.
Whether one takes UP as the value of the ac-Stark
shift of Rydberg states [57] or as the oscillating energy
of a free electron in the field, z is a pure intensity
parameter as it is intended to be in [13] reflecting how
many photons is the shift or the oscillating energy in
the field and does not imply any notion of time. Since g
is linear in o and 1/z / o3 one may think that some
experiment will succeed in deciding which of the
Keldysh or the Reiss condition describes more
accurately the physics and whether Keldysh tunnelling
goes beyond a convenient fiction.

4.1.3. Plateau-smoothing

A comparison of the experimental distributions of
Figure 10 reveals a number of differences: the 2 and
3.6 mm spectra are similar but clearly different from the
0.8 mm case while the 1.3 mm result shows, not
surprisingly, a transitional behaviour: (1) in the
0.8 mm distribution (g ¼ 1.3 the ATI characteristic
structure (peaks separated by the photon energy) is
clearly visible. Moreover, a Rydberg structure of

Figure 11. Rubidium photoelectron energy spectrum at
3.6 mm. The 2UP and 10UP values are indicated by the arrows.
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Freeman resonances [58] near zero energy is resolved.
A broad enhancement near 4.5UP [32,54,55] and,
finally, a slowly modulated distribution decaying to
10UP energy can be identified. The subject of this
section is to discuss the evolution of the enhancement.
The 2 mm and 3.6 mm distributions appear to have a
distinctly different structure: no ATI peaks, a rapid
decay from zero to near 2UP energy (Simpleman limit),
followed by a plateau extending to the 10UP rescatter-
ing limit. The broad resonant enhancement near 4.5UP

so conspicuous at 0.8 mm is either completely absent or
stretched over so large an energy range that it is
practically washed out. Now, this enhancement is
extremely well documented in the literature
[31,32,34,52,54,55] and has, at least, two possible
interpretations [34]: either a multiphoton resonance
involving an excited state or an effect connected to
channel-closure. Wassaf et al. [34] have analysed this
situation with the help of the strong field Floquet
approach and/or TDSE simulations and conclude to
the resonance interpretation. It is not our intention
here to debate this point but rather to argue that the
two interpretations become rapidly indistinguishable
when the wavelength increases.

The argument is straightforward: in both scenarios
the condition for the enhancement is obtained by
equating a quantity scaling as I 6 l2 (the ac-Stark
shift of the resonant states or the effective ionisation
potential I0 þ UP) to the energy of an integer number
of photons. This can be figured as the intersection in
the intensity-energy Floquet plane (see Figure 2 in

[34]) of one horizontal straight line with a line of
slope ¼ 7UP / 7l2 representing the dressed ground
state. From this perspective the difference between the
two scenarios, experimentally accessible, is given by
the difference between the two intensities satisfying one
or the other of the two equations (in atomic units)
(Figure 12):

I1 ¼ 4o2ðko� I0Þ; ð11Þ

I2 ¼ 4o2ðko� ERÞ; ð12Þ

where ER is the energy of a resonant state, I0 the
ionisation potential and k an integer. The sketch in
Figures 12(b) and (c) show how the difference I1 –
I2 ! 0 when the wavelength increases. The intensity-
induced resonances repeat when UP has increased by
one photon energy. Moreover, while a single Rydberg
state induces a well-defined resonance (as in the
calculation of [34]), several Rydberg states would
induce a group of nearby resonances. The interaction
volume intensity distribution easily covers a large
number of photon energy in the mid-infrared.
Although a complete calculation has not yet been
carried out it is intuitive that the combination of these
two effects would give rise to a progressively more
spread out and less prominent enhancement. To sum
up, the enhancement in the photoelectron spectrum of
argon between 15 and 30 eV at 0.8 mm tends to move
to higher energies and to smooth out at longer

Figure 12. (a) Argon plateau at three wavelengths (0.8 mm upper, 2 mm middle, 3.6 mm lower). Schematic illustrating the
argument in Section 4.1.3: (Intensity-Energy) Floquet diagram for two wavelengths (b) l and (c) l0 4 l. The intensities I1 and I2
are the solutions of Equations (11) and (12).
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wavelengths. At constant peak intensity this is a direct
effect of the l2-scaling of UP, the decreasing of the
photon size and the averaging over the laser intensity
distribution.

4.1.4. Low-energy enhancement

Whether or not the argon enhancement is consistent
with Keldysh theory (the channel closure scenario is
while the resonance one is not, since it implies excited
states absent from the Keldysh model) is perhaps still
an open question although, at this time, TDSE and
Floquet calculations [34,52] appear to support the
resonance view. In this subsection we discuss another
experimental observation that points to an effect of
Rydberg states. The effect is still under investigation at
the time of this writing and therefore will be only
briefly described here. The basic signature of the effect
is illustrated in Figure 13 in xenon although it seems to
be quite universal. Qualitatively analysed, the effect
consists of an enhancement in the photoelectron
spectrum at long wavelength (or at least becoming
more visible at long wavelength) in the lowest part of
the spectrum: in scaled units of energy it occurs in
xenon around 0.1–0.2UP. Such a bump in the spectrum
envelope is clearly incompatible with the classical
spectrum resulting from the initial phase distribution
from tunnelling ionisation [59] and the Keldysh theory,
at variance with most of the findings reported here.
Attempts to simulate such spectra using numerical
TDSE are difficult for several reasons: (i) even a single-
intensity calculation places ever increasing demands on
computational power as the wavelength increases; (ii)

realistic simulations must include a spatial-temporal
averaging over the interaction volume/laser pulse
intensity distribution. Because of the large value of
UP/h�o a large number of calculations must be carried
out with extremely small intensity steps due to the
small photon size. Such calculations are in progress
[60]. Although definitive theoretical spectra are not yet
available it appears that Keldysh model simulations
cannot reproduce the enhancement of Figure 13 while
TDSE calculations can. It is likely that excited states,
ignored in the Keldysh approximation, play a role
here. The angular distributions of the low energy
enhancement part of the spectrum have also perhaps
revealing characteristics [61].

One can remark that strong field interaction, in
spite of its respectable age still keeps in reserve some
surprises.

4.2. High harmonic generation

High harmonics, with orders of several hundred
cannot be hoped to be described in terms of the
perturbative expansion central to nonlinear optics [49].
As a non-perturbative effect HHG has exerted a
continuing fascination on theorists. Its attraction for
experimentalists as a coherent, intense, short pulse
source of XUV radiation was fuelled at the beginning
of the 1990s by the recognition of its potential to
produce attosecond pulses [45].

Achieving the atomic scale for both time (25 as)
and length (0.5 Å) is a distant frontier for time-
resolved imaging, spectroscopy, metrology and, more
generally, optical science. The atomic scale of time is

Figure 13. (a) Xenon photoelectron energy spectra at 2 mm. (b) Blow-up of the spectrum low energy part showing the so far
unexplained low energy enhancement.
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defined by the motion of electrons in their orbitals.
Resolving this temporal scale with light pulses would
enable a new class of time-resolved investigations of
electron dynamics by freezing and ultimately control-
ling electronic motion. The atomic length scale is
characterised by the size of the orbital. The grand
challenge of resolving both scales promises images and
movies of complex molecular objects. At this time, the
only demonstrated method for making pulses ap-
proaching the atomic time scale [47] is HHG in rare
gases. From the perspective of attosecond generation
at shorter durations and wavelengths, evaluating the
efficacy for producing high harmonic combs using long
wavelength fundamental fields is pivotal.

4.2.1. Setup

This subsection briefly outlines the experimental setup
shown in Figure 14. The high harmonics are generated
by focusing the laser pulses into a gas cell, operating
with a continuous gas flow. The cell is a thin (1.5 mm)
rectangular cross-section metal nozzle wrapped in
Teflon (a trick first invented and tested in Lund [62]),
backed with a pressure of up to 250 torr (significantly
higher than usual with visible/near infrared driving
wavelengths). The laser drills holes through the
Teflon, ensuring minimal gas load on the pumps and
limiting reabsorption of the XUV radiation in the
generation chamber where the pressure is kept to
1073–1074 torr.

The 0.5 m Hettrick design (Hettrick Scientific) soft
X-ray spectrometer is differentially pumped with
respect to the harmonic source chamber with the gas
cell placed at the spectrometer’s entrance plane. It
operates at a 28 grazing angle and has three different

dispersion gratings. A Kirkpatrick–Baez mirror geo-
metry collects and focuses the soft X-ray radiation on
the exit plane where it is detected on a back-
illuminated, soft X-ray CCD camera (Andor Inc.).
Different metal filters (Al or Zr depending on the
wavelength range studied) are used to suppress the
fundamental and low-order harmonic light.

Currently, harmonic generation is possible only
with our 0.8 and 2 mm sources. The focusing optics are
chosen to produce the same Rayleigh range at the
two wavelengths and the same intensity (�1.8 6 1014

W cm72).

4.2.2. High frequency cutoff

The harmonic comb is a continuous series of odd-order
harmonics of the fundamental frequency that termi-
nates at an energy defined by the cutoff law. Compar-
ing the cutoff to the standard law (I0 þ 3.2UP) is the
first goal of the experiment [29]. This is not as easy as it
may sound. The harmonic spectra at 2 mm are
recorded in three independent measurements with
different filters which have been separately normalised:
aluminium (Figure 15) and zirconium for the low-
energy portion and aluminum for high-energy one
(Figure 16). First, Figure 15 shows the argon harmonic
distribution in the EUV region driven by 0.8 mm and
2 mm fundamental fields, transmitted by an Al filter
[63]. The 0.8 mm distribution shows a 50 eV cutoff (i.e.
order 31) consistent with previous measurements, time-
dependent numerical results [43] and the cutoff law. In
contrast, as seen in Figure 15 excitation with the longer
wavelength produces a denser harmonic comb

Figure 14. High harmonic setup.

Figure 15. High harmonic comb produced in argon for an
intensity of 1.8 6 1014 W cm72 with 0.8 mm (dashed) and
2 mm (solid line) pulses through an Al filter (transmission in
dotted line). The cutoff at 75 eV is due to the Al
transmission. The harmonic cutoff is visible in the
following figure.
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(consequence of the smaller photon energy) extending
to the Al L-edge at *70 eV energy. Using a Zr filter
instead, the same argon harmonic comb is observed to
extend over the entire Zr filter transmission window
(60–200 eV) (Figure 16). The fast structure is the 2h�o
(1.2 eV) spacing while the overall shape is a convoluted
instrumental response. Obviously, no harmonics are
generated in this region using 0.8 mm excitation. A third
set of measurements utilising the second Al-transmis-
sion window is necessary to establish that the 2 mm
harmonic cutoff is *220 eV because the measurement
using the zirconium filter is obviously spectrally limited
by the transmission drop at short wavelengths. This
cutoff value is consistent with the TDSE calculations
[43] and extends the cutoff in argon beyond the value
found in a previous work at 1.5 mm [28] (Figure 16) as
expected from the longer driving wavelength.

4.2.3. Yield

While the above distributions clearly assert the
effectiveness of the l2-scaling for the production of
higher energy harmonic photons, the dependence of
the yield on the wavelength, albeit crucial information,
is more difficult to predict theoretically. As already
mentioned, numerical solutions of the TDSE show that
the ‘single atom’ dipole power spectrum scales as
l75.5 + 0.5 at constant intensity [43] (Figure 17). As in
ordinary nonlinear optics, the actual HHG depends

not only on this atomic response but also on the
macroscopic effects, e.g. propagation and phase-
matching. Difficult numerical simulations incorporat-
ing both are in progress [64,65]. Although individual
dispersive effects from free electrons, the Gouy phase
(i.e. the p phase shift that a Gaussian beam undergoes
at focus) and the intrinsic dipole phase [42] most
generally result in an even more rapid decrease of the
macroscopic yield scaling with wavelength [28], control
parameters (focusing and target geometry, density)
enable means for a global optimisation. Independently
of theory, experiment can provide a valuable metric
and, in some cases, good surprises. The change in
harmonic yield in argon between 0.8 and 2 mm, was
monitored while keeping the other conditions fixed,
e.g. intensity, argon density, focusing and collection
system. Confining the comparison to a spectral
bandwidth (35–50 eV) common to both wavelengths,
the 2 mm harmonics are observed to be 1000-times
weaker than with 0.8 mm and 6-times less than that
predicted by calculations [43]. Naturally, in an experi-
ment one has the resource of independent optimisation
of the parameters. Optimising only the argon density
for maximum harmonic yield at both wavelengths
results in a 2 mm yield that is only 85-times weaker
than the 0.8 mm one. This preliminary, not fully
optimised result (pump intensity, focusing geometry
are still available for optimisation), shows that
probably the brightness of the 2 mm-pumped harmonic
source can be made comparable with that of 0.8 mm
driver in the EUV (�50 eV) and obviously superior at
higher energies (50 � h�o � 200 eV).

4.2.4. Attochirp

The spectral goup delay dispersion is one of the
fundamental limits of ultrashort pulses [66]. In the
context of attosecond pulses Fourier-synthesised from
high harmonics, an inherent group delay dispersion

Figure 16. High harmonic spectra produced in argon for an
intensity of 1.8 6 1014 W cm72 at 2 mm through Zr (filled)
and Al (unfilled) filters together with the filter transmission
curves (dot-dash and dot, respectively). The graphs are not
corrected for the grating efficiency [63]. The real cutoff (*220
eV) is seen in the unfilled curve. Reprinted figure with
permission from P. Colosimo et al., Nature Phys. 4, 386,
2008. Copyright (2008) by Nature Publishing Group.

Figure 17. Yield versus wavelength from strong field
approximation (SFA) (crosses) and TDSE calculations
(dots) from [43]. The strong decrease is discussed in the
text. Reprinted figure with permission from J. Tate et al.,
Phys. Rev. Lett., 98, 013901, 2007. Copyright (2007) by the
American Physical Society.
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exists, due to relationship between one harmonic (or
rather a group of contiguous harmonics) and the
length of the electron trajectories that generates them
[67] (Section 2.3). Hence the spectral amplitude alone
(Figure 15 for instance), is not sufficient information to
model the corresponding time domain pulse train but
must be completed by the spectral phase.

A number of pump–probe methods able to measure
the spectral phase have been demonstrated. A first
group including RABBITT, atto-streak and CRAB is
based on the analysis of the photoelectron spectra
produced by the superposition of the group of
harmonics under examination and the fundamental
frequency. In RABBITT [36,37] the spectral phase is
retrieved from a series of spectra recorded as a
function of the delay between harmonic and funda-
mental pulses. In the atto-streak: an attosecond
photoelectron pulse is measured by the change of
momentum induced by the laser optical field [68]
while CRAB is a phase-only variant of the FROG
method [47].

A second type of method [69] is purely optical:
harmonics are generated by a superposition of a
fundamental driving laser and its second harmonic.
For a small proportion of second harmonic, even order
harmonics are generated, e.g. by absorption of an even
number of fundamental photons and one second
harmonic photon. (The total number of exchanged
photons, including the harmonic one, must be even
since the atom is making a transition between two
states of the same parity, namely from and to the
ground state.) Although standard nonlinear optics
explains the generation of even-order harmonics this
way, the perturbative calculation is simply impossible
for the orders of Figure 15. A very clever method of
calculation is proposed in [69]. It is based on
evaluating the asymmetry of the electron trajectories
imposed by the ‘right–left’ asymmetry of the total
pump field for linearly polarised fields and assimilating
the strength of the even harmonics with this asymme-
try which, in first approximation, can be calculated
from classical mechanics. The schematic of the
experiment as it is implemented at OSU is shown in
Figure 18.

After a test at l ¼ 0.8–0.4 mm, the method has
been implemented at 2–1 mm. Figure 19 shows a
preliminary result where one can get a hint of the
observed dispersion and quadratic spectral phase.
Processing and tests are in progress. Although at the
moment it is not yet possible to assert the wavelength
dependence of the ‘attochirp’, it will be in the
immediate future. This measurement is of the utmost
importance for the future of attosecond generation at
long wavelength. Moreover the attochirp is of central
importance in orbital tomography based on high

harmonic generation by aligned molecules [70] (see
[71] for a recent review).

5. Conclusion

Strong-field interactions using the emerging long
wavelength laser technology has potential impact in
both fundamental and applied investigations. The
basic quasi-classical principles that provide the foun-
dation of strong-field physics can be explored and their
scaling laws tested. In contrast to varying the intensity,

Figure 18. Setup of the o – 2o method. A small part of the
fundamental beam is taken for second harmonic generation.
The two beams are then superposed and a fine-tuning time
delay is introduced before the harmonic cell.

Figure 19. Typical graph of the harmonic spectrum versus
the delay between the o and 2o pulses. Each even harmonic
(order indicated on the left) is strongly modulated. The
spectral phase difference of the two odd harmonics adjacent
to it can be retrieved from the phase of this modulation [69].
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wavelength offers the experimentalist the ability to
continuously tune the interaction from tunnelling to
multiphoton regimes, explore a broader class of
atomic/molecular systems by exploiting the Keldysh
scaling and realise novel target configurations.
Furthermore, the two-boost in the ponderomotive
energy can be exploited to achieve unprecedented
interaction energies in the quasi-classical limit or in
principle, achieve relativistic electron motion in neutral
atom ionisation.

From an applied perspective, long wavelength pulses
driving a high harmonic source may be the preferred
route towards brighter and more energetic attosecond
bursts. In addition, the ponderomotive boost can also
result in better and less intrusive metrology.

All of these potentially interesting directions would
be academic if the prospect for generating long
wavelength pulses was improbable. As demonstrated
in this review, nonlinear optics provides one obvious
solution although ultimately a long wavelength source
competitive with the best ultra-fast titanium:sapphire
laser system would be optimal. The advent of a new
laser amplifier architecture called optical parametric
chirp pulse amplification has the potential of filling this
void and thus enabling a new class of strong-field
investigations.
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