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Synopsis We investigate bichromatic photoionization of neon induced by linearly polarized XUV femtosecond pulses. The fun-
damental frequency is tuned near an optically allowed transition to create an interference between one-photon and two-photon
ionization pathways. The asymmetry in the photoelectron angular distribution is analyzed for a variety of pulse characteristics.

Light-induced coherent control of the photo-
electron angular distribution (PAD) in neon was re-
cently achieved using the Free-Electron Laser (FEL)
at FERMI [1]. This experimental tour de force
promises a rich field of possibilities in the control of
matter and has prompted new research in this excit-
ing field. In order to gain a better understanding of
these processes, we investigated two-pathway inter-
ferences in the ionization of neon induced by the
fundamental and second harmonic of a femtosecond
XUV pulse, i.e., the ω+2ω process. We consider the
cases for which either (2p53s)1P1 [2] or (2p54s)1P1
are chosen as intermediate states to enhance the two-
photon ionization probability.Douguet et al.: Photoelectron angular distribution in two-pathway ionization of neon with femtosecond XUV pulses 7
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Fig. 6. Same as Fig. 4 for the pulse ⇧2.

the f -wave channel. However, f -wave ionization is almost
negligible in all calculations presented in this work, and
hence interference of the p- and f - amplitudes only pro-
duces small nonzero �4 values, which are visible in Fig. 4
in the TDSE calculation and also below in Fig. 8. A sec-
ond, indirect reason for nonzero �4 values in the present
situation is the following: While the second harmonic ion-
izes neon, the fundamental frequency depletes the 2p state
over time, especially in the long ⇧2 pulse. However, only
the m = 0 magnetic component of the 2p state can be
pumped to the 3s state by the fundamental. As a conse-
quence of the depletion of this sublevel, the second har-
monic ionizes an “aligned” 2p state, thus leading to sig-
nificant nonvanishing values of �4. In our implementation
of nonstationary PT, �4 ⇡ 0 as a result of cancellation
of terms associated with di↵erent d-wave components of
a photoelectron emitted from an initially unpolarized tar-
get. The second e↵ect, therefore, cannot be accounted for
in PT. This explains most of the observed di↵erences be-
tween the results from the two approaches.

It is also interesting to visualize the three-dimensional
PAD for the two pulses considered. Figure 7 shows the
PAD at the resonant frequency (! = 16.85 eV) and for
small positive (! = 16.88 eV) and negative (! = 16.81 eV)
detunings. For both pulses, the direction of maximum

Fig. 7. Calculated PADs in the TDSE approach for the
pulse ⇧1 (top panels) and ⇧2 (bottom panels), at three dif-
ferent fundamental frequencies ! for � = 0. The z-axis points
upwards through the centers of the panels, as indicated in the
top left panel. The distance from the center to a point on the
surface is proportional to the probability density for the elec-
tron to be ejected along this direction.

emission along the electric field switches while passing
through the resonance. The asymmetry of the PAD is rel-
atively large at the three considered frequencies for ⇧1.
On the other hand, this asymmetry is less pronounced
for ⇧2 due to the important contribution from �4, and
the smaller contributions from �1 and �3. The maximum
electron emission forms an angle of about 145� with the
electric field at the resonance.

The results of the stationary PT-1 model are pre-
sented in Fig. 8 for both amplitude ratios ⌘ = 0.1 and
⌘ =

p
0.1. The di↵erent anisotropy parameters vary ac-

cording to the parametric forms given in Sect. 2. Account-
ing e↵ectively for all intermediate states allows incorporat-
ing f -wave ionization more accurately in the PT-1 model
than in non-stationary PT. As a result, nonzero, but still
small �4 values appear.

As predicted, the resonance profile is rather sharp for
N = 1 and the corresponding resonance would be broader
for smaller ⌘, as seen in Eq. (19). Other features predicted
by Eqs. (15)–(22) are very well seen: the odd-rank asym-
metry parameters go to zero at the resonance while �2 ⇡ 2
due to resonant excitation of the intermediate 3s state; the
amplitude of variations of �k (k = 1, 2, 3) are independent
of ⌘. Some of the strong variations of the anisotropy pa-
rameters are most likely exaggerated, since in this specific
case the population of the 3s state assumes significant
values, thereby preventing an accurate description based
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emission along the electric field switches while passing
through the resonance. The asymmetry of the PAD is rel-
atively large at the three considered frequencies for ⇧1.
On the other hand, this asymmetry is less pronounced
for ⇧2 due to the important contribution from �4, and
the smaller contributions from �1 and �3. The maximum
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The results of the stationary PT-1 model are pre-
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⌘ =
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ing e↵ectively for all intermediate states allows incorporat-
ing f -wave ionization more accurately in the PT-1 model
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small �4 values appear.

As predicted, the resonance profile is rather sharp for
N = 1 and the corresponding resonance would be broader
for smaller ⌘, as seen in Eq. (19). Other features predicted
by Eqs. (15)–(22) are very well seen: the odd-rank asym-
metry parameters go to zero at the resonance while �2 ⇡ 2
due to resonant excitation of the intermediate 3s state; the
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of ⌘. Some of the strong variations of the anisotropy pa-
rameters are most likely exaggerated, since in this specific
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Figure 1. PAD at three fundamental frequencies near
the (2p53s)1P1 resonance for a 250-cycle bichro-
matic XUV pulse with fundamental peak intensity
1012W/cm2. The relative intensity of the second har-
monic is equal to 1% of the fundamental. The Z-axis
represents the direction of light polarization.

Using a time-dependent approach supported by a
perturbative formalism, we analyze the effects on the
PAD when varying the fundamental frequency (see
Fig. 1), the intensity ratio between the harmonics,
and the carrier envelope phase. The role of the pulse
length, fundamental intensity, and experimental av-
eraging is also discussed in detail. Our results are

compared with new experimental data [3]. We also
discuss the additional degree of freedom provided
by adding an infrared field [4], thereby leading to
above-threshold ionization (ATI) processes (Fig. 2).
We compare the PADs of the sidebands obtained in
time-dependent calculations with those from a model
based on the strong-field approximation (SFA) using
Coulomb-Volkov wavefunctions.
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Figure 2. Photoionization scheme and associated spec-
trum for the ω + 2ω process with an additional optical
field. The blue arrows indicate XUV photon absorp-
tion while the red arrows show the minimum number
of photons absorbed or emitted to produce the different
sidebands (SBs) around the mainline (ML).
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