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ABSTRACT We report on the progress towards a 2nd-order au-
tocorrelation measurement of a coherent superposition of the
7th to the 15th harmonic of the fundamental frequency of the
Ti : Sapphire laser. The two-photon ionization of He atoms was
investigated and found to be an appropriate non-linear detec-
tor. In addition, the technique of volume autocorrelation based
on a split mirror wavefront divider was analysed and shown to
exhibit adequate degree of modulation. Moreover, the approach
presented opens up the path to XUV-pump XUV-probe type of
temporal studies of ultrafast processes with a sub-fs temporal
resolution.

PACS 42.60.By; 42.65.Re; 42.65.Ky

1 Introduction

Optical pulse engineering has succeeded in strik-
ingly decreasing the laser pulse duration from a few picosec-
onds down to a few femtoseconds [1] over the last twenty
years, thus providing a unique tool for the time domain study
of a large number of ultra-fast processes. Several other pro-
cesses, however, occur within characteristic times of one fem-
tosecond or even shorter. Some typical examples of such pro-
cesses are: i) the evolution of non-stationary quantum state
superpositions in atoms and molecules; ii) the decay of elec-
tronic or dissociative states; iii) electron–electron correlation
effects in atoms and molecules, in conjugation with aromatic
rings or organic macromolecules, in quantum confined sys-
tems such as quantum wells and quantum dots, in supercon-
ductivity; iv) the dynamics of electron–electron scattering in
semiconductors; and v) the early stages of energy redistribu-
tion in antenna complexes within the photosynthetic reaction
center. Time domain studies of such processes require non-
linear approaches and devices with sub-femtosecond tempo-
ral resolution. Significant steps towards this goal have re-
cently been made by several research groups active in the
fields of attosecond pulse engineering and metrology.

According to the superposition principle in wave me-
chanics, spatial or temporal energy localization comes about
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whenever mutually coherent waves are superimposed in time
and space. In particular a superposition of monochromatic
light waves of equally spaced and properly phased frequen-
cies results into a temporal beating, on which short pulse train
generation [2–4] is based on. In this context, the harmonic
emission from atoms appears to be a most suitable candidate
for the temporal localization of light to unprecedented short
time scales. Indeed in the two main approaches, utilized so far
for the generation of attosecond pulses, the underpinning pro-
cess is harmonic generation from atoms. The first approach
uses laser pulses of a few optical cycles aiming at the gener-
ation of isolated attosecond pulses [5, 6], while in the second
approach many-cycle laser pulses are exploited for the pro-
duction of attosecond pulse trains [7, 8].

In the semi-classical description [9] and its extension to
a full quantum theory [10, 11] of the interaction of an intense
low frequency laser pulse with atoms, the combined oscillat-
ing potential of the atom and electric field of the laser pulse
forms a local barrier that a single active bound electron can
tunnel through or escape over. Subsequently, the almost free
electron moves classically in the continuum gaining energy
under the influence of the external laser field. Those elec-
trons that return to the vicinity of the parent ion, which acts
as a third body, may recombine to emit radiation with high
energy and frequencies the harmonics of the driving laser
field. The energy that the electron can gain from the field and
the corresponding trajectory in the continuum depend sen-
sitively on the phase of the field at the time of ionization.
Speaking in terms of Feynman’s path integrals, the harmonic
spectrum results from the contributions of a number of inter-
fering quantum paths describing the electron trajectories that
lead to recombination [11]. In this spectrum, which consists
of a series of equally spaced peaks around the frequencies of
the odd harmonic of the fundamental as a consequence of the
spherical symmetry of the atomic potential and the periodic-
ity in the motion of the driven electron, two main regions are
relevant to the two approaches utilized for attosecond pulse
generation: a) the “cut off” region around the maximum emit-
ted photon energy, that corresponds to the highest energy with
which the electron may recombine, following one specific tra-
jectory. The emitted intensity drops rapidly at energies higher
than the cut off energy given by [10] hωmax = 3.17Up + Ip ·
F(Ip/Up), where Up = e2 EL

/
4mω2

L is the average (pondero-
motive) energy of the electron in the laser field EL, and the
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function F(Ip/Up), whichis due to electron tunnelling and dif-
fusion effects has values close to unity and is usually ignored,
following the semi-classical treatment; b) the “plateau region”
at photon energies below hωmax consisting of a “comb” of ap-
proximately equal intensity peaks.

Part of the cut-off spectral region, is used for isolated
attosecond pulse generation in the few-cycle laser pulse ap-
proach [12–16]. This emission of this spectral region occurs
only during a small fraction of the optical cycle with the high-
est amplitude within the optical pulse. The highly energetic
and spectrally quasi continuous cut-off XUV radiation may
be separated by appropriate filters, producing isolated pulses
with sub-femtosecond pulse duration [17, 18] A crucial pa-
rameter in this generation mechanism is the relative phase be-
tween the carrier frequency and the envelope of the few-cycle
pulse [19, 20], which determines the location of the highest
amplitude cycle under the pulse envelope. The pulse-to-pulse
reproducibility of the emission characteristics rely on the sta-
bilization of this relative phase, and it has been achieved [21]
recently also in amplified few cycle pulses [21].

In contrast to the stabilized few-cycle pulses, many cycle
laser pulses excite a number of electron wave packets into
the continuum, which following different trajectories recom-
bine to give rise to the “plateau” harmonics. In this case from
all the interfering quantum paths, two dominant trajectories
remain, contributing to a given photon energy below the cut-
off [22]. Their return times are less than a laser period but
different, so one speaks of a “long” and a “short” trajec-
tory. As far as the attosecond pulse generation is concerned,
it is the total phase that the harmonic dipole moment accu-
mulates during the motion of the electron in the continuum
that plays a decisive role. Only if the phases of all spec-
tral components in the frequency “comb” are “locked”, i.e.,
if the phase difference between neighbouring harmonics and
within the spectral distribution of each harmonic is constant
at any given time, spikes of attosecond duration would appear
in the time-domain as a result of frequency beating. Addi-
tionally propagation conditions should further maintain phase
locking.

In the quest for laboratory pulse trains, the diagnostics
for the temporal characterization of attosecond pulse trains
and isolated pulses up to now are based on cross-correlation
measurements between the field of the fundamental and that
of the XUV radiation. Cross correlation is a powerful tool
in short optical pulse metrology. However, it is an indirect
approach, based on appropriate modelling that correctly de-
scribes the cross-correlation process, which becomes rather
complicated in the presence of the strong IR field. An import-
ant measurement of the relative phase between plateau har-
monics based on a cross-correlation measurement has been
recently reported [8]. In the well-established femtosecond
metrology, the most widely used methods rely on a non-linear
effect induced by the radiation to be characterized solely. The
higher the degree of the non-linearity, the larger the num-
ber of the field parameters that can be deduced. But, even
a second order autocorrelation (AC) is sensitive to the spec-
tral phase distribution of the radiation to be analyzed, and
thus its pulse duration can be determined to a satisfactory
degree of accuracy. This is why second order AC has been
the routinely used metrology tool in pico- and femtosecond

laser laboratories for many years. The extension of the ap-
proach to sub-femtosecond XUV pulses is far from trivial
as attosecond pulses are necessarily in the UV-XUV spectral
range, orders of magnitude weaker than the laser radiation
and spectrally much broader. The wavelength region below
100 nm is notoriously the most difficult spectral region to han-
dle experimentally. It is characterized by a complete lack of
refractive optical components and even reflective optics are
either of low reflectance or narrow bandwidth. The choice
of an appropriate beam splitter in a conventional Michelson
interferometer normally employed in auto-correlation meas-
urement becomes an unsolvable problem. The fragile attosec-
ond pulses require fully dispersionless optical arrangements.
The non-linear detector has to rely on a two photon pro-
cess, such as two photon ionization. The sensitivity of such
a process is usually too low to produce measurable signal
and given the broad harmonic spectrum, it should have a flat
response for the wavelengths involved in the superposition.
Those are the obstacles that prevented a successful measure-
ment of a 2nd order AC of an attosecond pulse train or isolated
pulse so far.

In the present work, we report on the progress towards
a direct measurement of attosecond pulse trains emerging
from a superposition of harmonics with a method that over-
comes these stumbling blocks. Key factors towards this goal
are (i) the technique of the volume auto-correlation to be em-
ployed in place of a beam splitter and (ii) the demonstration of
the two-photon ionization process in helium as an appropriate
detector [23]. The method can be extended to different spec-
tral regions by an appropriate choice of the atomic (or ionic)
medium for the two-photon ionization. Extension to isolated
pulses is in principle possible, but upon substantial increase of
the currently available XUV fluencies.

The mission of the recently initiated attoscience is to gen-
erate and characterize attosecond radiation pulses in order to
use them in the investigation of ultrafast dynamical effects by
means of pump–probe measurements [24]. Pump-probe ex-
periments are based on non-linear effects; commonly a two
photon absorption process. The method presented in this work
relies on such a non-linear process and thus opens up the path
to XUV-pump XUV-probe measurements at unprecedented
short time scales.

2 Experimental set up

The experiments reported here have been per-
formed at the ATLAS facility of the Max Planck Institut für
Quantenoptik using a set up, which draws upon the apparatus
used in our earlier investigations [23]. The main modifica-
tion is that instead of a Kirckpatrick–Baez focusing system
used in [23], we simply use a spherical gold mirror, cut into
two halves for reasons explained in the next paragraph, with
a 30 cm radius of curvature. The harmonic generation occurs
in a xenon gas-jet using up to 10 mJ, 130 fs laser pulses at
λ = 790 nm from the 10 Hz Ti : Sapphire laser. The laser beam
focus was 6 mm before the Xe gas jet, at a position that the-
oretical calculations predict optimum phase locking [25]. In
order to reduce the amount of the fundamental after the xenon
jet, an annular beam is used the inner part of which contains
the harmonic emission and the outer part is blocked by an iris
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FIGURE 1 Experimental setup

after the Xe jet. For the laser intensities employed, harmon-
ics of up to the 15th are generated. A 0.2 µm Indium filter
selects practically a group of harmonics from the 7th to the
15th and suppresses further the fundamental. The XUV pulse
radiation is focused in a second gas jet with helium and the
harmonic radiation was recorded by a XUV monochroma-
tor coupled with the harmonic production chamber through
a gold mirror with 60 cm radius of curvature. The ioniza-
tion products are detected by a time-of-flight (TOF) mass
spectrometer.

3 The broadband non-linear detector

As a non-linear broadband XUV detector can be
used, the two-photon ionization of He is induced by the radia-
tion to be characterized, namely the generated and transmitted
by the In filter harmonic superposition. In Fig. 2 the harmonic
spectrum is shown before (solid line) and after the In filter
(dashed line). After correction for the reflectivity of the gold
mirror and the efficiency of the spectrograph and detector, the
relative intensity amplitude is 7 : 9 : 11 : 13 : 15 _ 0.34 : 1.0 :
0.25 : 0.11 : 0.01. It is worth mentioning that despite the small
number of harmonics in the “comb” under investigation and
the unequal amplitudes, an ideal phase-locking of these har-
monics (all phases equal to zero) would produce an attosecond
train with Full-Width-Half-Maximum (FWHM) “wagons”
duration of τXUV = 335 as (see lower panel in Fig. 2). This is
relatively close to the Fourier transform-limited value τXUV =
TL/2N = 263 as for the duration of each subcycle pulse as
determined by N = 4 harmonics of equal amplitude in a super-
position. This indicates the relative low sensitivity of the pulse
duration on the relative amplitudes of the harmonics. The
combination of He as ionization medium and In as filter mate-
rial for the selection of a group of harmonics possesses several
advantages. This becomes clear if one considers the possible
ionization channels by the available harmonics in relation to
the ionization potential (IP) of 24.6 eV for He (see Fig. 3a).
On the high frequency side, only harmonics higher than the
15th (17th, 19th, . . .) can give rise to single photon ionization.
The harmonics in the transmitted superposition can induce
only two-photon ionization, either by two photons of the same
energy (with the exemption of the 7th harmonic) or by any
combination of the photon energies in the superposition. The

FIGURE 2 Higher order harmonic generation spectra produced in the Xe
jet as measured without the In filter (solid line) and transmitted through the
In filter (dashed line). The lower panel shows the electric field amplitude (red
line) and the instantaneous intensity (blue line) of the superposition of these
harmonics, after correction of the transmitted intensities for the reflectivity
of the gold mirror and the efficiency of the XUV spectrometer and detector,
assuming zero initial phases for all of them

properties of this non-linear detector have been investigated in
detail in a previous experiment and the yields for the same har-
monic superposition calculated numerically solving the Time
Dependent Schrödinger Equation (TDSE) for He in a poly-
chromatic laser field [23]. These calculations have revealed
the flatness of the response of the detector at the frequency
intervals of interest. The maximum variation of the response
for the entire wavelengths of interest is by a factor of two.
This variation may affect the measured duration in a second
order autocorrelation measurement, effectively increasing it
by a factor of a few percent, an acceptable systematic error.
Because, it is difficult to ascertain a priori whether the 17th
harmonic is sufficiently suppressed as not to cause single pho-
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FIGURE 3 Ionization scheme (a); Measured ion mass time of flight spec-
trum for two harmonic energies (b); XUV intensity dependencies of He+ (c),
H2O+ (d) and Xe+ (e)

ton ionization, we have performed measurements with the
present experimental setup with ion yield versus harmonic in-
tensity for three ions (He+, H2O+, and Xe+). Figure 3e, shows
two typical TOF mass spectra produced by the harmonic su-
perposition at two different energies. Xe atoms originate from
the harmonic generation jet, while water molecules appearing
in the spectrum are rest gas molecules of the chamber. The
lower three graphs give the ion yield variation as a function
of the 11th harmonic intensity for the He+ (c), for H2O+ (d),
and Xe+ (e) ions. The fact that the intensity dependence for
He+ (IP = 24.6 eV) is very nearly quadratic while for H2O+
(IP = 12.6 eV), and Xe+ (IP = 12.1 eV) linear provides clear
evidence that the influence of the 17th harmonic is negligi-
ble and that the He+ ionization signal is due to a two-photon
absorption and thus is ideally suited for a second-order auto-
correlation measurement.

4 A non-linear autocorrelation technique

The above described set up can be used for
a second-order autocorrelation measurement if one of the

halves of the spherical mirror would be movable by means of
a piezoelectric translation stage. The mirror would act then as
a wavefront splitting arrangement [26] appropriate for non-
linear autocorrelation measurements. With such a mirror, the
measured signal of the He+ ions will result from the two-
photon absorption from the coherent superposition of the two
replicas of the attosecond train. Assuming that the generated
XUV radiation has cylindrical symmetry, we can represent
a second order AC measurement.

There are two points that distinguish this technique from
the conventional Michelson interferometer based on a non-
linear crystal or a non-linear photodiode. (a) The signal pro-
duced stems from the interaction of the pulse within a vol-
ume defined by the focusing properties of the spherical mir-
ror and not from a plane, as in the case of a non-linear
crystal commonly used in non-linear autocorrelators for fs
pulses. (b) Unlike the amplitude splitting arrangements, the
split mirror technique is a wavefront splitting device and, as
such, a delay variation results not in a change of the energy
reaching the detector, but simply in a spatial redistribution of
the energy in the focal volume according to the diffraction
principle.

For a given wavelength λ, a certain displacement of D be-
tween the two half mirrors has the effect of modifying the
intensity distribution of the focal spot for zero displacement
(Airy spot). Since the total energy in the interaction volume is
conserved for all relative delays. In the case of a linear detec-
tor, the signal for every delay would be the same and no modu-
lation of the signal with the relative delay would be observed.
For a non-linear detector, however, the rearrangement of the
local intensity inside the interaction volume would introduce
a modulation in the measured signal. For a harmonic super-
position, the intensity distributions are expected to become
much more complicated but the principle remains the same.

5 Conclusion

For a quantitative analysis of second order au-
tocorrelation traces a thorough understanding of this auto-
correlation technique is necessary. This study has been final-
ized and will be presented elsewhere [27]. The main result
of this study is that for an intensity autocorrelation trace,
the peak to background ratio is reduced as compared to that
of a conventional autocorrelator, but high enough to observe
a modulated signal from which the mean value of the attosec-
ond pulse train “wagons” can be extracted. Applying this tech-
nique to the above mentioned superposition of the 7th–15th
harmonics, we have obtained very promising results, which
will be presented elsewhere [27].

It is worth noting that the presented approach demon-
strates the feasibility of temporal measurements utilizing
a non-linear effect in the He atom that has a fairly low non-
linear susceptibility. As such, it at the same time reveals the
feasibility of and opens up the path to XUV-pump XUV-probe
type of time domain applications of attosecond pulses to other
gas phase or solid state systems.

The 2nd order autocorrelation measurement, once estab-
lished as an attosecond metrology tool, can be extended,
by employing energy resolved photoelectron spectroscopy
instead of mass spectroscopy, to a second order frequency
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resolved XUV Gating [28]. These will be the near future
developments, complementary to the cross-correlation SPI-
DER [29] or FROG type [30] approaches, in attosecond pulse
metrology
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