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Abstract
Single ionization of helium by a superposition of selected XUV high harmonics and infrared
radiation has been studied by a momentum imaging technique. The measured angular
distributions of photoelectrons are compared to numerical time-dependent calculations,
showing very good agreement after average. The calculated angular distributions appear to
depend critically on the delay between harmonic and infrared pulses on the attosecond scale,
and on the relative phases and intensities of the harmonics.

(Some figures in this article are in colour only in the electronic version)

The ionization of atoms by extreme ultraviolet (XUV) photons
produced by high harmonic generation (HHG) has received
growing interest recently. Combining harmonic with infrared
photons issued from the same femtosecond laser gives access
to few-photon, two-colour ionization of atoms and molecules.
Two-colour photoionization, by itself of fundamental interest,
is in addition a powerful tool to probe the harmonic properties.
In particular the intensity modulation of the two-photon
side-band peaks with respect to the delay between XUV
and infrared pulses is the basis of a method (reconstruction
of attosecond harmonic beating by interference of two-
photon transitions (RABITT)) allowing one to reconstruct
the attosecond pulse train time structure [1, 2]. So far
the intensity of single ionization integrated over angles has
been used extensively, but studies devoted to the angular

distributions of the photoelectrons are still scarce [3, 4]. In
this communication, we show that these angular distributions
appear to be a refined test of theory, as well as an alternative
and sensitive probe of the XUV characteristics. Theoretical
analysis requires solving the time-dependent Schrödinger
equation (TDSE), even at moderate infrared intensities (around
1012 W cm−2) for which the perturbative approach breaks
down.

The experimental set-up is schematized in figure 1.
Briefly, it is installed by the PLFA laser facility (SPAM)
delivering 13 mJ pulses at 812 nm, with a width of 35 fs and
1 kHz repetition rate. The beam is split into a main (11 mJ)
IR1 and a dressing (2 mJ) IR2 beam. Beam IR1 is focused
into an argon gas cell (at intensity ∼1014 W cm−2) to generate
XUV harmonics up to 25th order in the plateau. An aluminium
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Figure 1. Scheme of the experimental set-up.

(a) (b)

(c) (d) (e)

Figure 2. Momentum analysis of photoelectrons with the two overlapping harmonic and infrared beams: (a) reference frame; (b) energy
spectrum (dotted curve harmonics only); (c), (d), (e), cuts in momentum space (au are used) for pY, pX, pZ = 0 ± 0.17 respectively.

filter suppresses the low-order harmonics and the infrared. The
remaining XUV light is then spectrally selected and focused
into the electron spectrometer by a plane and a spherical
multilayer mirrors, coated for maximum reflectivity (40%)
at the 19th harmonic (29.01 eV). The harmonics of higher
order are not reflected while those of lower order (17th and
15th adjacent harmonics) are strongly attenuated as discussed
below. The IR2 dressing beam, delayed with sub-fs accuracy
with respect to the harmonics, is intensity controlled by means
of an attenuator. Most of the beam is reflected by a drilled
mirror, through which harmonics are transmitted, and focused
into the spectrometer, leading to peak intensities of the order
of 1012 W cm−2.

The spatial and temporal overlap between the harmonic
and dressing beams in the spectrometer are obviously crucial.
An external CCD camera images the overlap between IR1 and
IR2 beams—after removing the Al filter—at the centre of the

spectrometer. We assume that the harmonic beam, not seen by
the CCD, coincides with the IR1 beam.

When the two beams are spatially overlapped, an
interference pattern is obtained and optimized by tuning
the delay line, thus maximizing the time overlap. The
temporal jitter between the two pulses, mainly due to
mechanical vibrations, can be estimated to a few fs. The
momentum imaging spectrometer CIEL2, optimized for the
present experiment, is described in details elsewhere [5].
The momentum vector of the photoelectrons is accurately
determined by deconvoluting their trajectories in parallel E
and B electric and magnetic fields of 4 V cm−1 and 5 Gauss,
respectively.

Figure 2 shows the momentum analysis of the
photoelectrons issued from single ionization of helium with the
overlapping harmonic and infrared beams. The pX component
along the detection axis is deduced directly from the electrons
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Figure 3. Angular distributions of harmonics and side-band peaks of the spectrum in figure 2(b): (a) SB16; (b) SB18; (c) H17; (d) H19.
Calculations at 1.2 1012 W cm−2 are shown for various values of τ , ranging from 0 to 10 units of time, as indicated on each thin line curve.
One unit of time is 4 au or 96.756 as. Curves averaged over τ are shown as thicker lines. In each panel the dominant (1-, 2-, 3-) photon
pathways are reported. The thicker line indicates that H15 is quasi-resonant with the 1s3p 1Po excited state.

time of flight, whereas pY and pZ are obtained from the
positions where they hit the detector. The three cuts through
the momentum distribution in the xz, yz and xy planes show
that electrons are emitted preferentially along the common
axis of polarization (z) of the XUV and infrared radiation.
Moreover, the first two cuts are found to be quasi-identical,
as demanded from the symmetry around the z-axis; this test
strongly validates the consistency of the whole momentum
analysis.

The energy spectrum is reported as a solid line in
figure 2(b), where the dotted line recalls the energy spectrum
due to the XUV alone. In the latter case, the 19th and 17th
harmonic peaks (labelled H19 and H17) are located at their
nominal energies (4.43 and 1.37 eV respectively) and their
respective intensities are about 1 and 0.3, as found by dividing
the peak areas by the helium ionization cross sections at the
corresponding energies [6]. Similar spectra in neon indicate
that the 15th harmonic is also partly reflected by the multilayer
mirrors, with a weight of 0.2 relative to the 19th harmonic. In
figure 2(b), the H19 and H17 peaks are slightly shifted down
by about 0.08 eV with IR2 present. This shift, due to the
ponderomotive increase of the ionization potential, allows one
to estimate the IR2 intensity to 1.2 1012 W cm−2 in the region
of overlap. Three additional peaks labelled SB16, SB18 and
SB20 appear at kinetic energies close to 0, 2.8 eV and 5.85 eV,
respectively.

A specific measurement at lower fields (1.7 V cm−1 and
1.2 Gauss) was performed to expand the image of SB16
electrons on the detector and to analyse their momenta with a
higher precision. Note that the 15th harmonic is quasi-resonant
with the 1s3p 1Po excited state of helium, which can be ionized
by one single IR2 photon, producing photoelectrons under the
SB16 peak. Indeed, the SB16 peak decreases by about a factor
of 2 but is still present when IR2 is delayed up to 3 ps with
respect to the harmonics, which is the signature of a two-step
process.

Angular distributions have been derived from histograms
of the polar angle θ between the momentum vector and
the z-axis, weighted by 1/sinθ to eliminate the solid angle
effect. They are reported in figure 3 for all peaks except
SB20, for which the angular distribution is slightly distorted
since 6 eV electrons are detected very close to the edge of
the detector. Without IR2, the angular distributions for H19
and H17 are in excellent agreement with the expected cos2θ

behaviour of photoelectrons ejected from s orbitals. With
IR2, the distributions reported in figure 3 all differ from each
other: that of SB16 is rather peaked at 0◦ and has a dip
around 60◦; that of SB18 is broader but still narrower than
the cos2θ curve; that of H17 appears to be almost identical
to a cos2θ curve; that of H19 exhibits a remarkable plateau
from 0◦ to about 40◦, and then drops rapidly down to zero
towards 90◦.
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Figure 4. Two harmonics model at 1.5 1012 W cm−2 infrared intensity: (a) calculated spectra and (b) angular distributions for three values
(0, π/2, π) of �φH = φ21 − φ19, as indicated in the figures.

The present observations are more specific and spectacular
than those already reported at lower infrared intensity and with
a wider comb of harmonics [3]. In order to interpret them, we
have performed numerical calculations by solving the TDSE,
using a model Hamiltonian for a single active electron in a
helium atom. We incorporate all relevant field parameters
such as intensities, phases and envelopes in the atom–field
interaction term. The integration technique is much similar to
the one previously implemented [7]. The energy distribution
has been determined with the help of a spectral analysis of
the atomic wavefunction after turning off the fields. The
calculation of the photoelectron angular distribution is more
challenging. We have calculated the flux at a given energy
through a surface element located far enough from the nucleus.

The results of the calculations are displayed in figure 3,
together with schemes indicating the multi (1-, 2-, 3-) photon
dominant transitions involved in each peak of the spectrum.
It has been shown in previous studies [8] that within the
second order perturbation theory the integrated side-band
peaks contain an oscillating term ∝ cos(�α + �φ2q + 2ωLτ ).
This term shows the important parameters. �α is the
difference of the so-called atomic phases, �φ2q = φ2q+1 −
φ2q−1 is the relative phase of two adjacent harmonics, ωL is
the laser frequency and τ the delay between the XUV and
infrared pulses. Atomic phases are intrinsically included in
the present calculations since they result from the numerical
solution of the TDSE. Harmonics 15, 17 and 19 are weighted
by 0.2, 0.3 and 1 respectively, and �φ16 = 6.50 rad, �φ18 =
7.43 rad values of the relative phases are used, as estimated
from [2] at the intensity of 1014 W cm−2 for IR1. Values of
τ for which the maxima of the XUV and infrared envelopes
are close to each other are explored. In figure 3 the calculated
angular distributions are shown only in a short time range of
ten units of time (one time unit = 4 au = 96.756 as). Each of
these distributions evolves between lower and upper limiting
curves, and such a spectacular evolution occurs within about
six units of time. In the considered time range the harmonic
curves (figures 3(c) and (d)) evolve from the upper down to the

lower limit, whereas the side-band curves (figures 3(a) and (b))
evolve from the lower up to the higher, and there is a noticeable
time shift of 2 (4) units between the two harmonics (sidebands).
In each case of figure 3 the averaged curve over τ is indicated
as a thick line. Note that the period of the laser (T = 2π/ωL)
is equal to 28 units. The above-mentioned second order
perturbation theory leads to T/4 = 7 units between a minimum
and a maximum in the angle integrated side-band oscillations.
The value of six units which can be derived from figures 3(a)
and (b) is slightly smaller than T/4, but it is worth mentioning
that side-band distributions return to their lower limits within a
slightly longer time of eight units. Thus the complete period of
the side-band evolution is 14 units long, which is exactly T/2
as predicted by the second order perturbation theory. Such an
asymmetric temporal profile is the signature of terms beyond
the second order, introducing oscillations at 4ωL frequency
when three harmonics are present.

The already mentioned jitter of a few femtoseconds
between the harmonics and IR2 beams implies, at the present
stage, that the experimental data can only be compared with
the averaged theoretical angular distributions (thick lines in
figure 3). A remarkable agreement is observed, for the four
different shapes, resulting from various interference schemes
between one-, two- and three-photon pathways. It clearly
demonstrates the reliability of both the calculation and the
experiment. Moreover, it gives confidence in the angular
distributions calculated for a specific value of τ , and their
spectacular attosecond evolution with respect to τ .

The calculations also show that the phase differences �φ2q

between two adjacent harmonics are critical parameters for
the angular distributions. In order to illustrate this property
in a simple case, we have repeated the calculations in a
two-harmonic model, at the slightly higher IR2 intensity of
1.5 1012 W cm−2, as shown in figure 4. Only harmonics 19
and 21 have been considered with equal intensities. In such a
case one can show by using perturbation theory that both the
integrated sidebands and dressed harmonics are periodically
modulated as a function of the �φH + 2ωLτ phase, where
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�φH = φ21 − φ19. In figure 4 we have set τ = 0 and
varied �φH. Calculated spectra are shown in figure 4(a).
All spectra have equal total areas, but harmonics and side-
band peaks are alternatively favoured depending on the values
of �φH. As for the angular distributions (figure 4(b)), both
harmonics H19 and H21 have a pronounced dip at �φH = π ,
along the direction of polarization at θ = 0. This dip turns
into a maximum at �φH = 0, corresponding to cancellation
of the SB20 sideband. It is important to note that for all
values of �φH, harmonics H19 and H21 have non-vanishing
intensities and therefore measurable angular distributions.
Therefore the present results strongly suggest that the angular
distributions of dressed harmonics could be used to monitor
the phase-matching properties of HHG sources. In contrast
with the RABITT method, this could be done at a constant
delay τ .

The dip observed in the angular distributions of dressed
harmonics along the direction of polarization is rather
counterintuitive, as one would expect the three photon
transitions even more peaked at θ = 0 than the one photon
transitions. However we show below that the behaviour of
the different peaks can be explained within the ‘soft-photon’
approximation [9]. In principle it is applicable only whenever
the kinetic energy of the photoelectron is large with respect to
the energy of one infrared photon, which is only approximately
true here. Although only TDSE numerical calculations can
give the accurate results, as shown in figure 3, the soft
photon approach can be helpful to interpret them. Within this
approximation, the S-matrix transition amplitude component
associated with the absorption of one harmonic (2q−1) photon
and the net exchange of n IR photons has the general form:

S(n) = −2iπJ−n(�α0.�kn) e−i(φH +nωLτ)
〈
χ�kn

∣∣ �A2q−1.�p
∣∣ψ1s2

〉
.

Here �α0 = �F 0L/ω2
L is the classical excursion vector of

a free electron in a field of amplitude �F 0L, �A2q−1 = �F 2q−1/

[(2q − 1)ωL] is the vector potential associated with the field
amplitude F2q−1 of harmonic (2q −1), χ�kn

is the photoelectron

Coulomb wavefunction associated with the wave vector �kn

with kn = √
2(E1s2 + (2q − 1)ωL + nωL), J−n the Bessel

function of order -n and E1s2 the ground state energy. If
we consider only two harmonics 2q ± 1, as in figure 4, one
can easily show that the angular dependence of the SB(2q) is
given by(

dσSB2q

dθ

)
∝ J 2

1 (α0kSB2q cos θ)

×
[

1 − 2
β

1 + β2
cos(φ2q+1 − φ2q−1 + 2ωLτ)

]
cos2 θ

with β = (2q − 1)F2q+1/[(2q + 1)F2q−1] and kSB2q =√
2(E1s2 + 2qωL). Provided the argument of the Bessel

function is much smaller than 1, we obtain(
dσSB2q

dθ

)
∝

[
1− 2

β

1+ β2
cos(φ2q+1 − φ2q−1+ 2ωLτ)

]
cos4 θ.

One can note the cos4 θ behaviour, much narrower than a
cos2 θ , and the fact that the above expression dependence on
θ does not change with the phase difference (φ2q+1 − φ2q−1 +
2ωLτ). Only the amplitude changes with the phase difference.

Under the same conditions, we have for the harmonic peak
H(2q − 1):(

dσH(2q−1)

dθ

)
∝ cos2 θ

{
1 − (α0k0 cos θ)2

×
[

1 − β

2
cos(φ2q+1 − φ2q−1 + 2ωLτ)

]}

We recognize the dominant (without IR) cos2 θ behaviour
broadened by the extra term containing cos2 θ which reduces
the value of the cross section at θ = 0, when the intensity
ratio β between the two harmonics is close to 1, which is the
case in figure 4. Furthermore, we see that such reduction is
maximum when φ2q+1 − φ2q−1 + 2ωLτ = π , corresponding
to large sidebands and small harmonic peaks, and minimum
when φ2q+1 − φ2q−1 + 2ωLτ = 0, associated with the opposite
case. These findings are in qualitative agreement with the
TDSE calculations displayed in figure 4. Thus the spectacular
evolution of the H19 and H21 harmonics angular distributions
in figure 4(b)), with alternate maxima and minima at θ = 0,
can be interpreted as an interference phenomenon driven by
the phase φ2q+1 − φ2q−1, at a constant value of τ .

To summarize, the present work shows that at infrared
intensities around 1.2 × 1012 W cm−2, theoretical predictions
based on the numerical solution of the TDSE are in
excellent agreement with detailed experimental results
obtained by complete momentum imaging. The soft-photon
approximation allows one to understand the main differences
between the angular distributions of the dressed harmonics
and those of the sidebands. On the experimental side
even more refined measurements of the angular distributions
should become accessible in the near future, by reducing the
jitter between the two beams down to about one hundred
as, as recently proved to be feasible [4]. The sensitivity
of angular distributions to the various characteristics of the
pulses could have practical applications to the monitoring of
XUV sources. Another important aspect lies in the ongoing
development of multiple ionization experiments [5]. In photo
double-ionization (PDI) the angular behaviour of the two
electrons, and more specifically their angular correlation, is
under study. Before extending theoretical approaches to PDI,
it is essential to test that the interaction of the target atom
with the specific fields is correctly described, by looking
at the angular distributions of a single electron from simple
ionization. The present results indicate that, at intermediate
infrared intensities, this is well realized by solving the TDSE
numerically.
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