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Attosecond Angle-Resolved Photoelectron Spectroscopy
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We report experiments on the characterization of a train of attosecond pulses obtained by high-
harmonic generation, using mixed-color (XUV� IR) atomic two-photon ionization and electron
detection on a velocity map imaging detector. We demonstrate that the relative phase of the harmonics
is encoded both in the photoelectron yield and the angular distribution as a function of XUV-IR time
delay, thus making the technique suitable for the detection of single attosecond pulses. The timing of
the attosecond pulse with respect to the field oscillation of the driving laser critically depends on the
target gas used to generate the harmonics.
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The development of ultrashort laser pulses has led to
significant advances in physics, chemistry, and biology.
With femtosecond lasers the elementary motions of
atoms and molecules can be observed [1], leading, for
example, to a better understanding of complex biological
systems [2]. Although electron dynamics often plays a
crucial role in these systems, experimental studies have
thus far been mostly limited to investigating the ‘‘slow’’
particles (i.e., atoms) that move under the influence of the
intramolecular potentials. In order to investigate electron
dynamics in real time, pulse durations have to enter the
subfemtosecond (also known as attosecond, 1 as � 1�
10�18 s) domain [3]. Important advances have been made
in the experimental realization and detection of attosec-
ond laser pulses [4–6] formed through the generation of
high-order harmonics of femtosecond infrared (IR) laser
pulses in noble gas atoms. In that process, attosecond time
structure results from phase locking of a series of discrete
harmonics [5,7,8] or a sufficiently broad segment of the
harmonics continuum [6]. In this work, the time structure
of such attosecond pulses is characterized from the an-
gular distribution of the photoelectrons they produce in
atomic mixed-color two-photon ionization.

Many problems still have to be solved before well
characterized and controlled attosecond pulses can be
used as a routine tool for time-resolved spectroscopy
[3,9]. When many-cycle IR pulses are used for the har-
monic generation, the attosecond pulses appear in a pulse
train, which is incompatible with most pump-probe ex-
periments. Therefore the ultimate goal is to produce a
single attosecond pulse. Another problem is the charac-
terization of attosecond pulses. Full characterization can
be done only through a nonlinear process, since linear
processes do not mix different frequency components
Aq cos�!qt� ’q� and thus are insensitive to their relative
phase ’q � ’q0 . Knowledge of the latter is essential and
(together with the easily measurable amplitudes Aq) suf-
ficient for determining a complete field reconstructionP

Aq exp�i�wqt� ’q�	 except for an overall phase.
Thus far, mixed-color multiphoton ionization involv-
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fundamental photons has been the only process delivering
enough signal to allow such measurements [5,6]. In the
low-intensity limit, the amplitude of this process is pro-
portional to the amplitudes of the involved fields, phase
factors included. Ionization by absorption of a harmonic q
and an IR photon interferes with ionization by the next-
higher harmonic q� 2 accompanied by (stimulated) IR
emission. If the fields are represented as cos�!t� ’� �
1
2 fe

i�!t�’� � e�i�!t�’�g, the positive and negative fre-
quency components (responsible for absorption and emis-
sion, respectively) have opposite phases. The phase
difference of the interfering pathways then contains a
phase ’q � ’q�2 � 2’IR, so that mapping the interfer-
ence as a function of ’IR (through retarding the IR beam)
reveals the sought relative phase ’q � ’q�2 in the offset
of the fringe maxima from the zero-retardation point.

Previously, in an experiment by Paul et al. [5], transi-
tions involving high-order harmonics and the fundamen-
tal IR laser were observed in a focused geometry using a
time-of-flight electron spectrometer, where the photo-
electron signal was integrated over all ejection angles.
This method would run into trouble when characterizing
single attosecond pulses or very short trains of such
pulses, where photoelectrons produced by single- and
two-color (XUV� IR) multiphoton ionization have over-
lapping energy distributions. Therefore it is essential to
find alternative ways to distinguish single-photon and
two-photon events. In this paper, we demonstrate that
the angular distribution of the photoelectrons can be
used to this end.

Our experiment uses an in-line geometry, where the
XUV and IR beams are not refocused, thus creating
optimally ‘‘clean conditions’’ for the determination of
the relative phases of the high-order harmonics (Fig. 1).
Photoionization of the target gas by harmonics is accom-
panied by absorption and emission of IR photons. In the
photoelectron spectrum, this results in the appearance of
sideband peaks centered between the single-photon XUV
ionization signals [11]. For low enough IR intensity, only
two adjacent harmonics contribute to each sideband,
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FIG. 2 (color online). (top panels) Slice through the 3D
velocity distribution measured for mixed-color (XUV� IR)
two-photon ionization of argon, where the XUV light has been
obtained by high-harmonic generation in argon. The 3D veloc-
ity distribution contains a series of prominent rings resulting
from ionization by one XUV photon (11th–21st harmonic) and
weaker sidebands at intermediate energies where two mixed-
color ionization processes involving the adjacent harmonics
interfere. Arrows in the measurement on the right indicate
photoelectron signals due to one-photon ionization with the
13th harmonic (H13) and the sideband resulting from two-
photon ionization involving the 13th and the 15th harmonic
(S14). In the image on the left, the interference is destructive
for most sidebands, whereas in the image on the right it is
constructive. (bottom panel) Extracted parameters �, �, and �
[defined in Eq. (1)] for sideband S16 that contains interfering
contributions from ionization by the 15th and 17th harmonic,
as a function of the time delay between the XUV pulse and the
IR dressing beam. Both parameter �, describing the intensity
of the sideband, and parameters � and �, describing the
angular distribution of the ejected photoelectrons in the side-
band, oscillate as a function of the delay with half the IR
period, and allow the extraction of a phase that contains
information about the phase shift between the 15th and 17th
harmonic. The total signal oscillates with the full IR period.

FIG. 1. Overview of the experimental scheme. The output of a
50 Hz Ti:sapphire laser system (delivering near-transform
limited 70 fs, 10 mJ laser pulses at 800 nm) is split into an
annular outer beam (adjustable up to a diameter [out �
20 mm) and an inner beamlet ([ � 3 mm), which are delayed
with respect to each other by passage through two pieces of
glass cut from the same antireflection-coated plate. An f �
2 m lens focuses the copropagating IR beams into a rare gas jet,
where the annular beam generates harmonics. A masking plate
with a [ � 0:5 mm pinhole blocks the annular part of the IR
beam 20 cm behind the focus, and transmits the inner IR beam
and the harmonics into a spectrometer chamber. There the
lasers cross an atomic beam and the resulting photoelectrons
are detected using velocity imaging, which projects the elec-
trons with the aid of electrostatic fields onto a position-sensitive
channel-plate detector. The 3D velocity distribution is recov-
ered from the measured projection by applying an iterative
procedure [10].
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the XUV-IR delay an ideal tool for measuring the relative
phase of consecutive harmonics [5,12].

In the experiment, argon was used as an ionization
target, because of the availability of calculated matrix
elements for its mixed-color two-photon ionization [13].
The favorable cross sections for XUV single-photon ion-
ization of Ar facilitate the detection of high-order har-
monics. The ionization potential of Ar (�10 �h!IR) limits
detection to harmonics with order 11 and higher. The
highest detected order, 21, is limited by the present
geometry of the spectrometer.

Typical angle-resolved photoelectron images obtained
with harmonics generated in an argon jet are presented in
the top part of Fig. 2, where cuts are shown through the
3D velocity distributions obtained. Prominent rings result
from single-photon ionization by the 11th to 21st har-
monic. In the right panel, one can discern sidebands
between consecutive rings. The signal associated with
these sidebands disappears when the dressing field is
blocked.

The wave function of photoelectrons depends on the
angle � between the laser polarization and the direction
of photoelectron escape. From an initially spherical state,
the angular dependence comes entirely from the cos� in
the dipole operator E 
 r � Er cos�. The measured angu-
lar distributions of the photoelectrons are the squared
norm of this wave function, and contain (for parity rea-
sons) only even powers of cos� up to twice the number of
involved photons [14]. For the nth-order sideband, the
two-photon signals can thus be expressed in terms of
Legendre polynomials Pk:
223902-2
S�n; �� � �� �P2�cos�� � �P4�cos��: (1)

The parameter � determines the magnitude of the signal
integrated over all ejection angles, since the higher Pk
integrate to zero [15].
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FIG. 3. (top panel) Extracted phase differences ’��q� 1� �
’��q� 1� between adjacent harmonics for three experiments
performed using argon as a harmonic generation gas (open
triangles), and using xenon (open circles) and krypton (open
squares) as harmonic generation gases. The three argon data
sets were taken on different days under conditions as similar as
we could make them. (bottom panel) XUV temporal shape for
argon, krypton, and xenon as harmonic generation gases, on
the basis of the harmonic phase differences shown in the top
plot. The harmonic amplitudes needed for the reconstruction
were obtained from photoelectron spectra recorded in the
absence of the IR dressing beam.
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The bottom part of Fig. 2 shows �, �, and � for side-
band S16 arising from interfering ionization channels
involving the 15th and the 17th harmonic, together with
a curve representing the total photoelectron signal (the
sum of all harmonics and sidebands). This total signal
oscillates with a frequency that corresponds to the IR
field period of �2:7 fs, since the total laser intensity at
the harmonic generation point is slightly affected by the
weak dressing beam passing through it. This results in
oscillations in the total XUV yield as the phase of the
dressing IR is scanned, which can be fit to a functional
form cos�!IR�	. The total signal thus allows in situ cali-
bration of the delay �, which (for small rotation angle of
the glass plates) is a quadratic function of this angle. The
sideband intensity � can then be fitted on this predeter-
mined delay scale. In the sideband signals, characteristic
oscillations cos�2!IR����	 appear at twice the fre-
quency of the oscillations in the total photoelectron yield,
since the interference involves one channel where an IR
photon is emitted and one where an IR photon is ab-
sorbed. Even deeper oscillations can be clearly distin-
guished in the parameters � and �, giving us the
possibility to extract from our data the three phases ��,
��, and ��. The fact that the modulation depths and
phases of �, �, and � are not equal points out an essential
modulation of the shape of the angular distributions,
rather than merely an overall change of the signal
strength.

According to the theoretical treatment of the mixed-
color two-photon ionization, the relative phase of neigh-
boring harmonics can be obtained from �� by subtract-
ing a small phase correction #� (�0:2 rad, dependent on
the sideband order) contributed by the atomic response
[5,13]. Results for a series of experiments using argon,
krypton, and xenon as harmonic generation gas are
shown in the top panel of Fig. 3. Combining these phase
measurements with a measurement of the relative ampli-
tudes of the harmonics determined from the photoelec-
tron spectra, a reconstruction of the XUV temporal shape
becomes possible. As shown in the bottom panel of Fig. 3,
the reconstructed XUV burst can be as short as �250�
30 as (FWHM) for harmonic orders 11 through 21 when
argon is used for high-harmonic generation.

The phase corrections #�and #� depend only weakly
on the harmonic amplitudes, and thus are practically
independent of the generation process. As such, they
provide a good check on the various atomic phases ob-
tained by theoretical modeling of the ionization process.
Results obtained for ����� � �� ��� are presented in
Fig. 4. Within the accuracy of the measurements, all
experimental curves coincide. The theoretical curve [12]
reproduces the trend in the experimental data quite well,
albeit with a slight offset. The theoretical results for
����� and ����� remain almost constant when the ratio
of the amplitudes of neighboring harmonics is changed in
the range between 0.5 and 2. We can conclude that recon-
struction of the XUV pulse shape can be performed both
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on the basis of sideband intensities and on the basis of the
angular distribution measurements.

The reconstruction of the XUV temporal shape also
yields a determination of the timing of the XUV bursts
with respect to the field oscillations of the femtosecond
IR laser. According to the description of high-harmonic
generation in terms of a three-step recollision model, the
time corresponding to the maximum kinetic energy of
recollision of the ionized electrons with their parent ions
occurs at a delay of 70% of the IR period (TIR) with
respect to the appearance of a field maximum in the IR
field [16,17]. Taking into account the Gouy phase shift
accumulated by the XUVand IR dressing beams between
the high-harmonic generation point and the spectrometer
[18], we obtain a pulse timing of �0:83� 0:05� � TIR for
argon and krypton and �0:59� 0:07� � TIR for xenon
(Fig. 3). This striking difference between argon and kryp-
ton versus xenon is most likely due to the fact that in the
former case the high-harmonic generation takes place in
the tunneling regime, whereas in the latter it takes place
in the multiphoton ionization regime. In the latter case,
resonant effects can strongly affect recollision times [19].
The observed differences between argon, krypton, and
223902-3



FIG. 4. Difference between the extracted phases �� and ��
for three experiments using argon (solid squares), krypton
(solid circles), and xenon (open squares) as harmonic genera-
tion gas, along with a theoretical prediction based on the
mixed-color two-photon ionization model (open circles).
Since the phase difference depends only weakly on the har-
monic amplitudes and is independent of the harmonic phases,
the experimental results lie on top of each other, and agree
reasonably well with the theoretical prediction.
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xenon underscore the remarkable robustness of the results
that have been obtained for these three gases over the
course of extensive experiments, where variations in the
laser intensity, beam focusing conditions, and harmonic
gas densities might have led to variations in the phases
determined [20]. It seems that optimization of the har-
monic yield and quality of the 2D photoelectron images
has ensured that on a day-to-day basis the experiment was
performed under rather similar conditions (see the argon
results in Figs. 3 and 4).

The phase dependence of angular distributions might
be useful for pulse reconstructions under conditions
where the XUV spectrum is so broad (due to the short
pulse duration) that single- and two-photon signals over-
lap in energy. The various signals would have opposite
parity [21], though, causing odd Legendre polynomials to
contribute to the angular distributions [22]. This again
allows unambiguous separation of the photoelectron sig-
nal at any energy into single- and two-photon contribu-
tions, the latter allowing the same kind of analysis as we
performed above. It has been proposed [23] that even a
single attosecond pulse can be fully characterized
through this use of angular information in the perturba-
tive limit [24].
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