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Abstract. We review applications of high-order harmonic generation in different fields of physics, from
spectroscopic studies of atoms and molecules, to interferometry and plasma diagnostics and nonlinear
optics.

PACS. 32.80.Fb Photoionization of atoms and ions – 42.65.Ky Frequency conversion; harmonic generation,
including higher-order harmonic generation

1 Historical background

When an intense laser pulse is focused into a gas of
atoms, high-order harmonics of the fundamental radia-
tion can be emitted. The first experimental observations
of these phenomena, which showed the characteristic har-
monic plateau, were done in Chicago [1] and in Saclay [2]
at the end of the 80’s. Most of the early work concentrated
on the extension of the plateau, i.e. the generation of har-
monics of higher frequency and shorter wavelength going
progressively from ∼20 nm at the end of the 80’s to ∼7 nm
in the mid 90’s. Today, harmonic spectra produced with
short and intense laser pulses extend to the water win-
dow (below the carbon K-edge at 4.4 nm) [3,4]. A break-
through in the theoretical understanding of high-order
harmonic generation processes in low frequency laser fields
was initiated by Krause and coworkers [5] who showed
that the cut-off position in the harmonic spectrum fol-
lows the universal law Ip +3Up, where Ip is the ionization
potential and Up is the ponderomotive potential, i.e. the
mean kinetic energy acquired by an electron oscillating
in the laser field. An explanation of this universal fact
in the framework of a “simple man’s theory” was found
shortly afterwards [6,7]. A fully quantum mechanical the-
ory, that is based on a strong field approximation (SFA)
and that recovers the simple man’s theory, was then for-
mulated [8,9]. Progress in experimental techniques and
theoretical understanding stimulated numerous studies of
optimization and control of harmonic generation. These
studies involved among others, optimization of the laser
parameters, generation by multicolored fields, optimiza-
tion of the generating medium, and characterization and

a e-mail: anne.lhuillier@fysik.lth.se
b Present address: CEA/DRECAM/SPAM, CEN Saclay,

91105 Gif-sur-Yvette, France.

optimization of the spatial and temporal properties (see
references in [10–12]).

Very rapidly, it was realized that the radiation pre-
sented unique characteristics, of interest for applications.
The first application of the harmonic radiation was done
as early as in 1993 and consisted in studying the time
evolution of surface states using a pump/probe tech-
nique [13]. The properties of the harmonic emission (ul-
trashort pulse duration, high brightness, good coherence)
make it a unique source of XUV radiation, which is
now used in a growing number of applications ranging
from atomic [14–17] and molecular [18–20] spectroscopy
to solid-state [13,21,22] and plasma [23–25] physics. The
harmonic radiation is intense enough to induce nonlinear
optical processes in the XUV range, as recently demon-
strated by [26–28]. It can also be used to generate ex-
tremely short (attosecond) light pulses [29,30].

In the present paper, we review some of these appli-
cations, and in particular those performed in Lund. In
Section 2, we present lifetime (and photoionization cross-
section) measurements performed in He, CO, N2, C2H2

and C2D2 in the picosecond and femtosecond regimes.
The advantage of using harmonics in XUV interferometry
measurements is pointed out in Section 3. In Section 4,
we review the present status regarding multiphoton ex-
periments using harmonics. We conclude in Section 5.

2 Applications in atomic and molecular
spectroscopy

In all our experiments using harmonics in atomic and
molecular spectroscopy, we have used a pump/probe
setup, with a short harmonic pulse for the excitation of
an electronic state and a short laser pulse for the analy-
sis. The different cases studied in Lund from 1995 until
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Fig. 1. Energy level diagram of He, CO, N2, C2H2 indicating
some of the atomic or molecular states studied and the two-
photon ionization schemes.

now are schematized in Figure 1. For He, CO and N2,
we use a distributed feedback dye laser (DFDL), ampli-
fied in a titanium-sapphire crystal, delivering 70 ps 35 mJ
pulses tunable in the infrared [31,32]. For example, the
He 1s2p 1P state is excited by the 13th harmonic of the
fundamental radiation tuned to a 759 nm wavelength, and
ionized by visible or ultraviolet radiation. The He 1s3p 1P
state is excited by the 14th harmonic obtained by first
frequency doubling the infrared laser. In general, we let
both fundamental and second harmonic radiations inter-
act with the Kr gas jet where the XUV radiation is gen-
erated. Using the tunability of our laser system together
with the possibility to generate both even and odd har-
monics in this way, a quasi-tunability from 40 to 200 nm
is achieved.

It is important for these experiments to work with a
short laser pulse (compared to the lifetime to be mea-
sured) and a narrow bandwidth, in order to optimize the
excitation process. We measure spectral widths of the or-
der of 3.5 pm (1.3 meV) for the 13th harmonic, which
can be compared to a Doppler width of 0.13 meV for the
He 1s2p 1P level. The lifetimes of excited states are deter-
mined by varying the temporal delay between the pump
(XUV) and the probe (UV-visible) pulse and recording
the number of ions produced. A typical decay curve of the
He 1s2p 1P state is displayed in Figure 2 (open circles,
dashed line), showing on a logarithmic scale the number
of He+ ions as a function of the delay time.

The photon energy of the probe laser is chosen so that
the excited 1snp 1P states get ionized in the region close to
threshold, thus optimizing the ionization cross-section and

Fig. 2. He+ ion signal as a function of the temporal delay
between the pump and the probe pulse. The open circles and
dashed line show the exponentional decay curve recorded upon
excitation of the He 1s2p 1P state; the filled circles and solid
line show an enhancement of the zero-time delay signal due to
resonant absorption of the pump and AC Stark broadening of
the transition.

preventing the ionization of lower-lying He 1sns 1S states,
which can be populated by radiative relaxation. For the
He 1s2p 1P resonance, we use a probe energy of 3.5 eV
(355 nm). The decay curves (see dashed line in Fig. 2)
show clearly that the logarithm of the signal varies lin-
early with the delay time, allowing us to determine the
lifetime with good accuracy. The measurements yield life-
times of 0.57±0.03 ns for the 1s2p state and 1.76±0.1 ns
for the 1s3p state, in good agreement with previous data
having about the same level of precision (5%). In some
conditions, at relatively high pressure, we find that the
exponential decay can be perturbed by a significant en-
hancement of the number of ions at very short time de-
lays (solid line in Fig. 2). This effect is attributed to a
“direct” two-photon ionization process, which is enhanced
relatively to (time-delayed) pump-probe ionization, owing
to a combination of resonant absorption of the XUV light
and AC-Stark broadening of the excited level.

Photoionization cross-sections are determined by
recording the number of He+ ions, for fixed photon en-
ergies of the pump and the probe beams, as a function of
the energy in the probe beam, i.e. the number of probe
photons [17,31]. A typical experimental result obtained for
He 1s2p with a probe wavelength of 355 nm is presented
in Figure 3 (top).

The ion signal varies first linearly with the probe en-
ergy (see dashed line), and then saturates, because the
ionization probability in the interaction region is close to
one. Knowing the spatial profiles of both the pump and the
probe beams, as well as the energy in the probe beam, the
absolute value of the ionization cross-section is determined
by fitting the experimental data. The experimental results
for the determination of the absolute cross-section of the
excited He 1s3p state, using a parallel orientation between
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Fig. 3. (top) He+ ion signal as a function of the energy of
the probe pulse. He atoms are prepared in the He 1s2p excited
state and the probe laser is set to a wavelength of 355 nm. The
dashed line indicates the linear, unsaturated regime. The solid
line represents a fit to the experimental data; (bottom) pho-
toionization cross-section from the He 1s2p excited state as
a function of the probe photon energy; experimental cross-
sections (solid circles); theoretical data (solid line) [33].

the polarization vectors of the pump and the probe beam,
shown in Figure 3 (bottom) compare well with theoretical
data [33,34]. In addition, the well defined linear polariza-
tion of the pump and probe pulses allows us to extract
the partial ionization cross-sections by changing the rel-
ative orientation of their polarization vectors. The varia-
tion of the number of He ions as a function of the angle
θP between the polarization vectors is shown in Figure 4,
together with

σ(θP) = σs + σd + 2
(

σs +
1
10

σd

)
P2(cos θP),

using the theoretical ratio [33] σd/σs = 13/1. The given
example demonstrates the potential of this type of pump-
probe experiments to provide detailed information on the
photoionization process by simply measuring the total ion
signal.

The same experimental technique (and the same laser
system) has also been used for lifetime measurements of
excited states of CO [15] and N2 [16]. The wavelength

Fig. 4. He+ ion signal as a function of angle between the po-
larization vectors of the pump and the probe beams. The the-
oretically predicted variation of the relative cross-section [33]
is indicated by the solid curve.

of the radiation needed to excite these states varies be-
tween 83 and 106 nm requiring the use of the 8th or the
7th harmonic of the DFDL and the lifetimes are between
100 ps and 2 ns. In N2, the lifetimes of the electronic states
c′
4

1Σ+
u , c4

1Πu, c3
1Πu, o3

1Πu, b 1Πu, in the vibrational
states v = 0 or 1, have been determined for several iso-
topomers. In CO, the electronic states studied have been
the C 1Σ+, E 1Π and L 1Π . One goal of this research,
of interest in astrophysics, is to determine the importance
of predissociation, and its dependence on the isotope. Our
measurements give the total lifetime of the states, while
the radiative lifetime is determined from calculated oscil-
lator strengths.

A similar setup, using pump/probe pulses in the 100 fs
range and photoelectron spectroscopy to monitor the de-
cay has been used to study dissociation of Rydberg states
in acetylen and deuterated acetylen [18,35]. Electronic
states lying in the 4s−3d Rydberg supercomplex are ex-
cited by the third harmonic (∼132 nm) of the (396 nm)
frequency doubled laser radiation and ionized after a vari-
able time delay by a 396 nm laser pulse. The photoelec-
tron spectrum provides an insight on the different initial
electronic states populated. However, the high density of
initial states prepared by the short XUV pulse sometimes
leads to overlaps of the photoelectron spectra. In order
to study the dynamics of each initial state in spite of
these overlaps, the frequency of the pump laser is sweeped
throughout the pulse. The excited states come into reso-
nance at different times. Their dissociation dynamics have
different initial times, and can thus be analyzed separately.

The experimental setup for these experiments is shown
in Figure 5. The 396 nm-pulse used to generate high-order
harmonics and the time-delayed 396 nm-probe pulse are
generated through frequency doubling of a titanium sap-
phire laser in KDP crystals in a modified Michelson inter-
ferometer. A negative lens is inserted in one of the beam
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Fig. 5. Experimental setup for the study of predissociative
states in acetylen.

Fig. 6. Number of electrons as a function of electron energy
and time delay in C2H2. The contour plot shows two main
structures in energy with a clear difference in temporal dy-
namics.

paths to focus the two pulses at different locations. This
setup allows us to produce pairs of 396 nm pulses, and to
control the delay between them. The first beam is focused
under the nozzle of a xenon gas jet (point A) to gener-
ate harmonics and the second (probe) beam is focused
about 1.3 m after the jet (point B). A lithium-fluoride
(LiF) window placed after the gas jet eliminates all har-
monics of order higher than the third. Positive ions are
collected in a time-of-flight spectrometer. The photoelec-
tron spectrometer is a truncated hemispherical electro-
static analyzer with a 100 meV resolution.

In Figure 6, the number of electrons emitted as a
function of energy and time delay in C2H2 using a pump
wavelength centered at λ = 132.0 nm is represented as
a contour plot. The spectrum appears to have two dif-
ferent features, which follow different temporal develop-
ments. The feature on the right side of the figure corre-
sponds to the excitation of the F42

0 state, which starts
first and leads to the highest kinetic energy electrons. The
feature on the left side of the figure is related to excita-
tion of the quasi-degenerate state E42

0−E52
0. In the same

way, in C2D2, two states are excited at different times dur-

Fig. 7. Photoelectron signal as function of pump-probe delay
(a) in C2H2 and (b) in C2D2. The fits from the multifit proce-
dure [35] are shown in solid line. The dashed line is the fit to
the cross-correlation signal.

ing the pump pulse: first the E42
0 valence state, then the

E52
0 state.
The time dependence of each spectral component is

presented in Figure 7, together with a fit to the data.
The dashed line presents the results of a cross-correlation
measurement, thus indicating our temporal resolution. A
multifit procedure using ion and electron signals in both
isotopes, as well as the cross-correlation signal allows us
to determine the chirps of both pump and probe pulses
as well as the lifetimes of the states. The lifetime of the
F42

0 state in C2H2 is very short, below our temporal res-
olution (a few tens of fs). The lifetime of the E42

0−E52
0

state is 147 fs. In C2D2, we get 200 fs for the E52
0 state

and 644 fs for E42
0. It would be interesting to character-

ize independently the pump and probe pulses, using for
example the technique presented in [36].

This kind of experiments would benefit from the use
of an XUV femtosecond probe pulse, with an energy high
enough to reach the ionization continuum of the dissoci-
ation product. By recording the photoelectron spectra, it
should be possible to follow the dissociation dynamics of
the molecule in time. A step in that direction has been re-
cently taken by Nugent-Glandorf and coworkers [20]. They
have excited bromine molecules with a 400 nm pump pulse
and analyzed the dissociation with a high harmonic pulse
(the 17th harmonic of a 800 nm laser). We expect to see
an increase in this type of applications of high-order har-
monics during the next few years.

3 Applications in interferometry
and holography

Two spatially separated sources of high harmonic radia-
tion created by the same laser pulse are phase locked and
interfere when superposed in the far field [37,38]. This
property can be used to perform interferometry in the
XUV range without the use of complex XUV beam split-
ters and to probe thin solid films and dense plasmas.

The experimental setup used in these experiments is
shown in Figure 8. The 800 nm femtosecond laser pulse is
split into two identical pulses in a Michelson interferome-
ter. In one arm, a mirror is slightly tilted so that focusing
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E d g e  o f  t h e  f i l t e r

Fig. 9. Interference pattern with the 13th harmonic through
an aluminium step filter. The envelope of the spatial distri-
bution of the harmonic beam is removed by using a Fourier
transform technique.

of the laser beam results in two spatially separated foci. A
normal incidence spherical grating is used to select a given
harmonic order and to image with a magnification of one
the gas jet plane. From the image plane, the two harmonic
beams diverge and overlap in the far field, resulting in an
interference pattern, which is observed with microchannel
plates coupled to a phosphor screen. The far field fringe
pattern can be observed with single shot acquisition and
exhibits a good contrast, better than 30% over a large part
of the harmonic beam. The two harmonic sources with a
diameter ∼25 µm, are separated by ∼130 µm.

An interferometry image of a free-standing aluminium
step filter, obtained with the 11th harmonic is shown in
Figure 9. One harmonic beam (probe beam) goes through
the center of the filter (containing the step) while the other
(reference beam) passes only through the thin layer, uni-
form enough not to distort the beam (see the inset at the
bottom of Fig. 8). The Al filter is placed 15 mm after the
image plane. This position is such that the two beams are
still spatially separated, but sufficiently far away from the
beam waist to ensure that the filter is probed by relatively
large beams, and that the image observed on the MCP can

n e  = 1 0
2 0  e - / c m 3

n e  =  2  1 0
2 0  e - / c m 3

 A
l  p
l a s
m a

Fig. 10. Single-shot interference pattern obtained with the
11th harmonic. The position of the plasma is shown in the
figure, together with isodensity lines (dashed lines).

be considered as a projection of the filter. The top part of
the image is the reference fringe pattern while the bottom
part includes the phase effect due to the larger thickness
of aluminium in the path of one beam. The two parts are
clearly separated by a blurred region, which corresponds
to the step. A fringe shift of 0.4 is measured between the
two fringe patterns, which gives a value of about 70 nm
(within a multiple of λ) for the aluminium step size. Simi-
lar interference patterns are obtained for the 9th, 11th and
15th harmonics, with a fringe shift varying from 0.7 to 0.3,
according to the dispersion of aluminium in this spectral
region. This allows us to determine unambiguously the
aluminium step size to be 70 nm.

Our technique can also be used to probe laser-
produced plasmas. It is well-known that a dense plasma
refracts and absorbs visible light. Both absorption and re-
fraction increase with the plasma density as well as with
the wavelength of the probe beam. The wavelength of the
beam used to probe plasma densities must therefore be
short, but not too short since the plasma refractive index
approaches unity at very short wavelengths (which makes
interferometry measurements difficult). The availability of
many odd harmonics allows us, for a given plasma density
range, to choose a wavelength for the probe, short enough
to avoid refraction and absorption, but long enough to
induce a significant dephasing of the beam when propa-
gating through the plasma. The plasma is generated by
irradiating a solid target with a 50 mJ, 300 ps, 790 nm-
laser pulse, focused on a 50 µm-thick aluminium foil fixed
on a flat glass support. In contrast to the filter experi-
ment, we place the target directly after the gas jet plane
to reduce as much as possible the influence of the (bright)
plasma self emission on the measurements (see the inset
at the top of Fig. 8). The optimum probe wavelength to
study this particular plasma is found to be that of the 11th
harmonic. A single-shot interference pattern is presented
in Figure 10, together with the (approximate) position of
the Al target. The noise level is higher than without the
plasma owing to self-emission and the fringes are tilted.
Isodensity lines corresponding to electron densities equal
to 1 and 2× 1020 electrons/cm3 (from the bottom to the
top) are indicated in the figure as dashed lines.

In a recent experiment, Bartels and coworkers have
demonstrated that the harmonic radiation could also be
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Fig. 11. Summary of the multiphoton processes observed in-
volving high-order harmonics.

used in holography experiments [39]. The principle of the
setup is very simple. An object is placed in the path of the
harmonic beam. This leads to diffraction fringe patterns,
which can be recorded at some distance from the object.
The spatial coherence of the harmonic beam allows them
to reconstruct the object (the tip of a near-field scanning
optical microscope). The harmonic source by its simplicity
and its extremely good spatial coherence properties should
become very useful for metrology applications in general.

4 Nonlinear optics using harmonics

The few attempts to observe non-linear processes us-
ing high-order harmonics are summarized in Figure 11.
Xenakis and coworkers observed resonant (1+1) two-
photon ionization in Ar, using the third harmonic (15 eV)
of a KrF laser [40]. Watanabe and coworkers report the
observation in He of two-photon ionization using the
ninth harmonic of a titanium sapphire (Ti:S) laser, four-
photon ionization using the fifth harmonic [26,27] and
recently, two photon ionization frequency-resolved tem-
poral gating measurement of the fifth harmonic gener-
ated in xenon [41]. Recently, we observed non-resonant
two-photon ionization in xenon and krypton using the
fifth harmonic (7.7 eV) of a Ti:S laser, as well as
a quasi-resonant three-photon ionization in argon [28].
Papadogiannis and coworkers observed two-photon ion-
ization of helium, using a combination of the 9th to 13th
harmonics [42].

Our experimental setup is shown in Figure 12. The
laser is an amplified Ti:S 10 Hz system delivering 60 fs
pulses around 800 nm with an energy up to 200 mJ.
The beam is apertured down by an 11 mm-diameter di-
aphragm, so that only about 3 mJ infrared energy is actu-
ally sent into the experimental setup. The beam is focused
by a 2-m focal length-lens into a 3 mm-long windowless
Xe gas cell. A 500 µm thick high-quality UV-grade fused
silica plate is used to absorb harmonics of order higher
than the fifth. This plate reflects 1% of the beam into an
XUV spectrometer, which records the fifth harmonic flux
without cutting part of the beam. The fundamental field
is eliminated by two beam splitters, antireflection coated
at 800 nm, with a reflectivity less than 1% at the funda-
mental wavelength and about 40% at the fifth harmonic
frequency. The harmonic beam is focused by a normal in-
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Fig. 12. Experimental setup for the observation of multipho-
ton processes using the fifth harmonic.

cidence 10-cm focal length spherical mirror, with MgF2-
protected aluminum coating. The gas medium in the in-
teraction region is provided by a pulsed gas jet. The ions
produced are detected in a time-of-flight spectrometer.

A major difficulty is to eliminate the influence of
other ionization processes, such as multiphoton ionization
due to the remaining fundamental laser field, one-photon
ionization due to higher-order harmonics, and ionization
processes involving mixing of several harmonic or funda-
mental frequencies. The fundamental field is eliminated
essentially by the two beam splitters which decrease the
infrared intensity by at least a factor 104. The higher-order
harmonics are absorbed by the thin fused silica plate,
which has a huge absorption coefficient for wavelengths
shorter than 160 nm. The group-velocity dispersion in the
fused silica plate allows us to separate in time the funda-
mental, third and fifth harmonic pulses. This ensures that
no mixing processes take place in the interaction region.
Finally, ionization with third harmonic photons occurs via
absorption of three photons in Xe, and four photons in
Kr and Ar, and therefore requires a higher intensity than
for two-photon ionization (or quasi-resonant three-photon
ionization). In addition, the ion signal disappears when a
(thick) fused silica window, absorbing the fifth harmonic,
but not the third, is placed in the beam.

The clearest evidence that the observed signal is due
to a two-photon ionization process is shown in Figure 13.
The number of ions detected in Xe (a) and in Kr (b) is
plotted as a function of the number of fifth harmonic pho-
tons. The number of photons is varied by changing the
pressure in the gas cell where the harmonics are gener-
ated, keeping all other experimental parameters constant.
We measure a slope of 2.0± 0.2 in Xe and 1.8± 0.2 in Kr,
over more than two orders of magnitude. The intensity of
the fifth harmonic is estimated to be of the order (or be-
low) 4×1011 W/cm2. It should be possible to multiphoton
ionize rare gases also with higher-order harmonics, since
the number of photons that can be obtained in the 7th,
9th or 11th harmonics, for example, are very close to the
number of photons in the fifth harmonic. However, the sep-
aration of the different ionization processes that can take
place during the interaction is more difficult. One way is to
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Fig. 13. Number of ions in Xe (a) and Kr (b) as a function of
number of fifth harmonic photons.

use an electron spectrometer to identify these processes.
These results are important because they open up the field
of multiphoton processes and non-linear optics in general
to the VUV and XUV regions. Using higher harmonics, it
should be possible, for example, to ionize inner-shell elec-
trons by multiphoton processes. In addition, it provides
a way to measure ultrashort, femtosecond and even at-
tosecond pulse durations in the VUV and XUV regions
by autocorrelation.

5 Conclusion

The field of research “atoms in strong laser fields”, though
quite fundamental, has led to an interesting new tool for
science. The harmonic radiation, with its unique proper-
ties of ultrashort pulse duration, high brightness and good
spatial and temporal coherence, is being used in a growing
number of applications, ranging from atomic and molecu-
lar spectroscopy to solid-state and plasma physics. It has
also been proposed as an alternative source for nanolithog-
raphy, in particular for metrological purposes. It opens up
two new fields of research: multiphoton processes in the
XUV range, demonstrated for the first time three years
ago, and attosecond physics, where processes in atoms
and molecules can be studied at an unprecedented time
scale. Attophysics is just born and there is already an ac-
tive discussion on the possible applications of attosecond
XUV pulses. The first step towards the use of attosecond
pulses has been recently taken by Krausz and his collabo-
rators who have been able to “steer” electron wavepackets,
generated by attosecond XUV pulses, in the laser light [43]
as well as to time resolve an Auger process [44].

We have presented different applications using high-
order harmonic radiation as an XUV source. The diver-
sity of these experiments demonstrates the high potential
of this new source. The generation of high-order harmon-
ics is experimentally easy to realize. The radiation is rel-
atively intense, and presents interesting properties, often
complementary to those of other XUV radiation sources,
e.g. synchrotrons. In the next few years, we expect the
high-order harmonic radiation to become more and more
useful in many scientific areas.
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