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Coherent control of multiphoton ionization of lithium atoms by a bichromatic laser field
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We demonstrate a left-right asymmetry control of the photoelectron angular distribution in multiphoton
ionization of Li atoms by a bichromatic laser field. By delaying the fundamental (780 nm) and its second
harmonic relative to each other in steps of 130 attoseconds, we can vary the relative phase between the two laser
fields with subwavelength accuracy and thereby steer the ejected electrons. Good agreement is found between
the measurements and calculations at the appropriate intensities of the two harmonics.
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I. INTRODUCTION

The interaction of atoms with intense laser fields is a
key focus of fundamental physics [1-3], as complex dynam-
ics arise out of seemingly “simple,” well-understood atoms
by their nonlinear interaction with a classical, but time-
dependent, external electromagnetic field. Particular attention
is paid to the control of these complex dynamics. A common
approach to investigate these phenomena is the application of
ionization schemes based on interference, which are realized
using phase-locked two- or multicolor laser fields. Techni-
cally, a relatively straightforward way of achieving coherent
control involves a two-color laser field at frequencies w (fun-
damental) and 2w (second harmonic). For example, it was
shown that ionization with a linearly polarized two-color laser
field w 4+ 2 w can be employed to control the left-right asym-
metry of the photoelectron angular distribution (PAD) with
respect to the laser polarization direction by changing the
relative phase between the two harmonics.

The experimental demonstration of the left-right asymme-
try control via such a scheme was reported already in 1992
by Elliott et al. [4]. They ionized atomic rubidium from
its ground state via two-photon absorption at frequency w
and single-photon absorption at frequency 2 w in the optical
domain. They also suggested the potential of this particular
ionization scheme for determining the phase difference be-
tween partial waves of opposite parities. The idea was further
developed in the theory paper by Nakajima [5], which, in
turn, triggered further experimental work by Elliott e al.,
resulting in the measurement of the phase difference between
the odd-parity p- and the even-parity d waves [6].

The ionization scheme based on simultaneous one- and
two-photon ionization experienced a renaissance with inter-
est in demonstrating the longitudinal coherence properties
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of free-electron laser (FEL) radiation at FERMI [7]. Several
experiments were performed with neon starting from the 2p
subshell. After first demonstrating the left-right asymmetry
control of the PAD, more experiments followed with the ex-
traction of several photoionization parameters. In particular,
by measuring the PADs as a function of the relative phase
between the two harmonics and fitting them to a series of
Legendre polynomials, the even- and odd-rank g parameters
could be determined. The B parameters, in turn, enabled
the extraction of the phase difference between the even-
and odd-parity continuum wave functions [8]. In addition,
the FERMI group performed measurements of the emission-
angle-dependent phase offset of the modulated photoelectron
signal, similar to the previous observations by Elliott e al.
in the optical domain. By measuring these phases at three
different photon energies, they determined the difference be-
tween the photoemission delays resulting from one-photon
and two-photon ionization [9]. The above-mentioned experi-
ments were performed in the multiphoton ionization regime
with a Keldysh parameter [10] yx > 1. However, a left-
right asymmetry control with an w4 2w laser field was
recently also demonstrated in the tunneling regime, where
ye S L[],

In this paper, we present a left-right asymmetry control
of the PAD of ground-state lithium atoms with respect to
the relative phase of the components of a two-color laser
field consisting of 780-nm (fundamental) and 390-nm (its
second harmonic) radiation. However, in contrast to the
above-mentioned experiments with rubidium and neon, our
ionization scheme involves multiphoton paths.

This article is organized as follows. We begin with the
schematic setup of the study in Sec. II, followed by the de-
scription of the experimental setup in Sec. III and a brief
summary of the theoretical method in Sec. IV. The results are
presented and discussed in Sec. V, before we finish with a
summary and an outlook in Sec. VI.

II. SCHEME

In single-color multiphoton ionization with linearly
polarized light, the angular-momentum selection rules
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FIG. 1. Possible ionization paths. Panel (a) shows that the ejected-electron wave function has s, d, or g symmetry (even parity) if either
four red (780 nm) or two blue (390 nm) photons are absorbed. The remaining panels are cases where two red and one blue photon are absorbed,

thereby leading to continuum states of p or f symmetry (odd parity).

(Af = £1, Am = 0) in the electric dipole approximation re-
strict the parity of the ejected electron to either even or odd,
depending on the number of absorbed photons. Therefore,
in single-color multiphoton ionization, the continuum state
has a well-defined parity. However, in two-color multiphoton
ionization with photon frequencies @ and 2 w, the parity of
the wave function describing photoelectrons with energy E
may be undefined. In our ionization scheme of ground-state
lithium Li(2s)2S, the absorption of four fundamental photons
generates even-parity continuum electrons with s-, d-, and
g-wave character [see Fig. 1(a)]. Ionization by the second
harmonic with two-photon absorption generates continuum
s- and d-partial waves. However, two-color ionization paths
corresponding to the absorption of one 2 w photon and two
fundamental w photons produce odd-parity continuum elec-
trons with p- and f-wave character [see Figs. 1(b)-1(d)].
Each partial wave with an orbital quantum number £ is
described by its corresponding Legendre polynomial P (0),
where 6 is the emission angle of the photoelectron with re-
spect to the laser polarization direction. From the symmetry

property
Pi(90° 4+ 0) = (—1)"Py(90° — 0), (1)

it follows that the P, for even-parity partial waves are symmet-
ric with respect to € = 90°, but antisymmetric for odd-parity
partial waves.

In our experiment, we measure the PAD, which is propor-
tional to the absolute angle-differential cross section defined
by

Cng 2 2 lma

do - i Oot
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The ¢, are complex coefficients and 7, is the phaseshift of the
partial wave with orbital angular momentum £. In our case, it
is comprised of the Coulomb phase plus a potential-scattering
phase that accounts for deviations from a pure Coulomb
potential with asymptotic charge Z,ym =1 due to the
short-range screening of the full nuclear charge of Li (Z=3)

by the (1s?) core of Li™. Furthermore, oy is the angle-
integrated (total) cross section, and the B, are asymmetry
parameters. Therefore, a PAD can be expressed either as the
modulus squared of the sum of Legendre polynomials of all
partial waves involved or as a sum of B parameters with only
one Legendre polynomial per term.

It follows from Egs. (1) and (2) that the PAD of a con-
tinuum state with a well-defined parity, as in single-color
multiphoton ionization, is symmetric with respect to the 90°
emission angle. In this case, the PADs are fully described by
only even-rank 8 parameters. However, in the case of a contin-
uum state with undefined parity, as in two-color multiphoton
ionization, a PAD can still be symmetric under very special
circumstances, but it is generally asymmetric with respect to
6 = 90°. Asymmetric PADs are described by both even- and
odd-rank 8 parameters.

The degree of asymmetry depends on the relative phase ®
between the two laser fields at frequencies w and 2 w as well
as the intensities of the two harmonics. In general, the relative
intensities are chosen to obtain the best asymmetry contrast,
while the control of the degree of asymmetry is realized by
varying the relative phase ® with subwavelength accuracy.
The subwavelength accuracy is a consequence of @ being
imprinted on the partial waves generated via the two-color
paths (see Eq. (2) in [8]).

The degree of asymmetry can be quantified by means of
the asymmetry parameter

L -Rk
T L+

Here I is the integrated intensity of the PAD over emission
angles 0 < 6 < /2, while Iy is obtained by integrating over
w/2<0<m[7]

3)

LR

III. EXPERIMENTAL SETUP

We measured the PADs using a Reaction Microscope
(ReMi), which is illustrated in the top portion of Fig. 2. The
ReMi enables angle-resolved coincidence measurements of
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FIG. 2. Experimental setup. Top: ReMi apparatus. Bottom: Two-color optical setup. Lens: Planoconcave lens with f = 1000 mm; BBO:
Beta barium borate crystal; Calcite: Calcite delay compensation plates; Wedges: A pair of dispersion wedges; DWP: Dual-wavelength
waveplate; UFM1, UFM2: Dual-band ultrafast mirrors coated for 780 nm and 390 nm. MgF, viewport: vacuum viewport window of the
ReMi. SM: Aluminum-coated concave spherical mirror with f = 75 mm. Red and blue arrows: p polarization of the fundamental and SH
harmonic, respectively; Red circles: s polarization of the fundamental radiation.

ions and electrons. In detail, the ions and electrons produced
in the interaction volume, defined by the intersection between
the atomic beam and the focal volume of the two-color laser
beam, are extracted and guided to their respective detectors
by applying an external homogeneous electric field, which is
formed by a stack of electrodes. In addition, a homogeneous
magnetic field is created by a pair of Helmholtz coils, which
subjects electrons that are not ejected along the magnetic field
direction to a cyclotron motion.

The bottom part of Fig. 2 shows the optical setup for
generating the two-color laser beam. We produce the second-
harmonic (SH) radiation by a nonlinear beta barium borate
(BBO) crystal placed at the beam waist of a focused fun-
damental beam with a focal length of f = 1000 mm. The
fundamental radiation is generated by a Ti:Sa femtosecond
laser system operated at a 4-kHz repetition rate with a max-
imum pulse energy of 800 wJ. The actual measurements,
however, were performed at a lower pulse energy of ~5 ul.
The pulse duration (full width at half maximum, FWHM of
intensity) is around 30 fs. We estimate the beam diameter to
be ~130 wm, with a Keldysh parameter of ~9 at the peak
intensity of the fundamental.

Behind the BBO crystal, the copropagating fundamental
and SH beams are linearly polarized with orthogonal electric
field vectors. We rotate the fundamental beam polariza-
tion along the SH beam using a dual-wavelength waveplate.

Because of the different group velocities of the fundamental
and SH pulses in the optical elements following SHG, they
are temporally delayed relative to each other when arriving at
the interaction volume. Specifically, the total delay introduced
by the BBO crystal, the wedges, the dual-wavelength plate,
the vacuum viewport window, and the air are compensated
by calcite delay compensation plates. We control the relative
phase between the harmonics with subwavelength accuracy
by employing a pair of fused silica wedges, one of which
is mounted on a translation stage. By changing its insertion
depth, effectively a glass plate of variable thickness is formed,
and the relative phase between the two harmonics can be
varied in the desired way. The ReMi is equipped with a mag-
netooptical trap and an optical dipole trap to cool and store
target atoms. In the present experiment, however, a simple
collimated oven beam is used.

Figures 3(al)-3(cl) display typical momentum spectra
obtained by the ReMi, where the photoelectron intensity is
plotted as a function of the transversal momentum p; and
the longitudinal momentum p, of the photoelectrons, respec-
tively. In Fig. 3(al), the momentum spectrum shown results
from ionization with only the fundamental radiation at 780 nm
after four-photon absorption [Fig. 1(a)]. In Fig. 3(bl), it re-
sults from ionization with only the second-harmonic radiation
at 390 nm after two-photon absorption [Fig. 1(a)]. Finally,
two-color ionization with 780 nm + 390 nm radiation after
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FIG. 3. Measured two-dimensional momentum distributions and angular distributions of ground-state lithium at (al), (a2) 780 nm,

(b1), (b2) 390 nm, and (c1), (c2) 780 nm + 390 nm.

three-photon absorption [Figs. 1(b)-1(d)] produces the pat-
tern shown in Fig. 3(c1). Since the above-threshold-ionization
peaks are too weak, we will only discuss the features seen in
the main line below.

The momentum components are defined with respect to
the laser polarization direction. Specifically, p, corresponds to
the momentum perpendicular the laser polarization direction,
whereas p, is parallel to it. We reconstruct the longitudinal
momentum p, from the measured time-of-flight (TOF), and
the transversal momentum from both the measured TOF
and the coordinates of the photoelectron detected by the
time- and position-sensitive detector. From there, we can
generate the PADs studied in this work. For this, we inte-
grated the ionization yield over the total momentum range of
p =0.2-0.3 a.u. Figure 3(a2) shows a typical PAD result-
ing from the ionization with 780-nm radiation, Fig. 3(b2)
390 nm, and Fig. 3(c2) 780 nm 4 390 nm. The five maxima
in Figs. 3(a2) and 3(c2) originate from the superposition of
the s-, d- and g-partial waves with their characteristic PADs.
The enhanced ionization yield at the minima in Fig. 3(c2)
compared to Fig. 3(al) arises from the p and f waves being
generated in the two-color ionization. The PAD in Fig. 2(b2)
shows two distinct maxima characteristic to the d wave.

IV. THEORY

The experimental data are compared to predictions from
ab initio calculations based on solving the time-dependent
Schrodinger equation (TDSE) in the single-active electron
(SAE) approximation for the valence electron moving in a
He-like 15 ionic core. The static Hartree potential [12,13] is
calculated first and then supplemented by phenomenological
terms to account for exchange with the core electrons as well
as the core polarizability. Details can be found in [14]. As
shown earlier [15], our model potential describes the atomic
structure with an accuracy of better than 1 meV for the entire
Rydberg spectrum of neutral Li.

The two-color laser field was constructed by Fourier
transforming our best estimate of the experimental fre-
quency spectrum and accounting for the temporal composition
of the pulses. Significant remaining uncertainties, however,

concerned the absolute peak intensities and even the ratio
between the fundamental and the second harmonic. Conse-
quently, several sets of calculations were performed to narrow
down the likely parameter space. Given the excellent agree-
ment between previous calculations performed with the same
computer code and experimental data measured under similar
conditions [14-16], we are confident in theory having suffi-
cient predictive power in this respect.

In theory, the PADs can be obtained either directly from
the B parameters or using the same procedure as applied to
the experimental data, i.e., from the calculated longitudinal p,
and transversal p, momentum components of the photoelec-
trons. Even though the latter procedure appears like a detour,
we applied it to process the results in the same way as the
experimental data, so that we could properly account for the
experimental resolution.

V. RESULTS AND DISCUSSION

In this section, we describe our results for the coherent
control of the left-right asymmetry of the PADs, which is
achieved by changing the relative phase ® between the fun-
damental and SH components of the two-color pulses with
subwavelength accuracy.

A. Left-right asymmetry

Figure 4 shows relative phase @ traces of the measured and
calculated PADs over two cycles of the blue light’s optical
period of 1.3 fs. The @ step sizes in experiment and theory
were 1/10 and 1/8 of that period, respectively. The calculated
traces are presented at three different sets of the fundamental
and SH pulse peak intensities. The measurements were per-
formed at the 1, /I, ratio of ~0.3.

Each trace is quantified in terms of the asymmetry
parameter Arg introduced in Eq. (3). We find that the Arg
modulation phase of the measured trace agrees well with
that of the calculated trace at b, = 2x10'" W/cm? and
I, = 6x10" W/cm?. However, the Ar modulation of the
measured trace exhibits a significantly smaller modulation
depth compared to theory. Based on the maxima in the
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FIG. 4. Left column: Raw measured (top) and calculated relative
phase & traces of the PADs for selected peak intensities and intensity
ratios. Right column: Corresponding angle-integrated asymmetry
parameter Ay r for each trace.

measured trace of the PADs at emission angles close to 45°
and 135°, which are characteristic for PADs generated only
with the fundamental pulses [see Fig. 3(a2)], we conclude
that a significant fundamental-only contribution to the signal
is present in our experiment. This leads to a large background
and, consequently, to a reduced modulation depth. We assign
this background to imperfect matching of the two-color beam
sizes and their profiles.

Our measured PADs exhibit a small left-right asymmetry,
which does not change with the relative phase @ (see Fig. 3).
This results from a reduced detection efficiency for the second
electron if two electrons are produced from two atoms within
the same laser pulse. This asymmetry leads to a small positive
offset in the A; g modulation. We eliminated this experimental
effect by setting the experimental mean asymmetry to zero.

The A;r modulation of the calculated PADs shows a
strong dependence on the absolute intensities of the two har-
monics. In recent theoretical studies on neon, such a strong
dependence of the phase offset of A r on the ionizing pulse
intensities was found in the presence of resonant ionization
transitions [17]. In particular, a phase jump of x is predicted
close to a resonant intermediate state.

This scenario is also very likely in our ionization scheme
of lithium due to so-called dynamic resonances, which are
induced via AC Stark shifts of the ground state and the high-
lying Rydberg states at different times and to various extents
during the pulse depending on the laser peak intensities.
The physical Rydberg states can then be shifted in or out
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FIG. 5. (a) Raw measured PAD (dashed curve) and average of
measured PADs (dotted curve). Since both curves are very close, the
insets zoom into particular angular regions where their difference
is visible on a compressed y scale. (b) Raw calculated PAD (solid
curve) and average of calculated PADs (dash-dotted curve). (c) Pro-
cessed measured (dashed curve) and calculated (solid curve) PADs
of the raw data in (a) and (b) according to the steps described in
the main text. In (a) and (b), the ionization yields of the PADs are
normalized with respect to the peak ionization yield of the raw data.
All PADs shown correspond to ® = (.8.

of resonance with the virtual intermediate state after three-
photon absorption at frequency w or two-photon absorption
at frequencies w and 2w (see Fig. 1). We found, indeed,
that these dynamic resonances at various fundamental and SH
pulse intensities used in the calculations favor the population
of different Rydberg states. According to our estimates, the
4%P, 4’D, and 4°F states are populated significantly at I, =
2x 10" W/cm? and I, = 6 x 10'! W/cm?, while the 42S,
4P, and 4°F states are populated at I, = 4 x 10'! W/cm?
and I, = 12 x 10" W/cm?. However, no significant popula-
tion of Rydberg states occurs at I, = 5 x 10! W/cm? and
I, = 40 x 10" W/cm?. The dependence of the Rydberg-state
population on the intensity of the two-color laser field is thus
the likely reason for the rapid changes in the phase offset of
the A; g modulation.

Since the measured PADs contain a large background,
they cannot be directly compared with the calculated ones.
Therefore, to make this possible, we processed the mea-
sured and calculated PADs at I, = 2x10'! W/cm? and I, =
6x10'"" W/cm? [see Figs. 5(a) and 5(b)] in the following
way. We first calculated the average PAD over the entire
relative phase range of the trace and then subtracted it from
the individual PADs measured at each delay step. Finally, we
normalized the results by setting the peak difference between
the raw and the averaged data to unity. For theory, the loca-
tions of the predicted innermost minima and maxima do not

013116-5



S. MEZINSKA er al.

PHYSICAL REVIEW A 110, 013116 (2024)

phase ® [units of 27 (390 nm)]

emission angle 6 [deg]

L0 08 06 04 -02 0 02 04 06 08 10
g 2.0
s ]
s 4
< 1.5+
5 157
S
5 ]
° ]
= 1.0
E
s ]
g 0.5
g 057
a ]
07 T T ‘.\ T ‘ T T ‘ T T ‘ T T ‘
0 30 60 90 120 150 180

emission angle 6 [deg]
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text. To improve the visibility, the color bar for the experimental data does not go to —1.0.

change after subtracting the average PAD from the original
PAD. However, the maxima and minima of the measured PAD
are shifted and now agree well with those of the raw and
processed calculated PADs, as seen in Fig. 5(c).

Figure 6 displays the measured and calculated relative
phase @ traces with the subtracted background, which show
good qualitative agreement, albeit with significant different
contrast in the maxima and minima. No modulation occurs
at 90°, because all odd-rank Legendre polynomials vanish at
that angle. Similarly, there is no modulation near 70°/110°,
where the g wave has a node. This indicates that interference
with this wave is important for producing the modulation in
the neighboring angular range. Since the odd-parity f wave
has a node at 40°, the modulation in the data in this angular
region is mainly due to the odd-parity p wave contributing. At
55° the d wave has a node. In this case, the strong modulation
is due to the contribution from the even-parity waves being
reduced. Finally, the maxima near 60°/120° agree with the
maximum of the f wave.

B. Ionization yield modulation at various emission angles

Figure 7 shows relative ionization yield modulations at
various emission angles 6 and their counterparts 180° — 6.
These data correspond to those presented in Fig. 6. The modu-
lated signals not only depend on the relative phase ® between
the two colors, but also on the emission angle. Each of the
modulated signals exhibits a phase offset, which varies with
the emission angle. Ideally, the curves for 6 and 180° — 6
should be shifted by 7 when the relative phase ® between
the two colors is varied. This is, of course, the case for the
theoretical predictions, while some deviations are seen in
the experimental data. These deviations provide an indication
about statistical and systematic uncertainties in the measure-
ments. We also note that some binning (42°) was applied to
both the experimental data and the theoretical predictions to
obtain a sufficiently large count number.

The above characteristics were also observed and discussed
in earlier experiments for other target systems, where the

left-right asymmetry in the PADs was controlled via inter-
ference between one- and two-photon ionization pathways
[4,8,9]. Therefore, we only briefly refer to the main ideas
reported in the earlier works. While the mr-shifted oscillations
result from the symmetry properties of the two-color laser
field [9], the emission-angle-dependent phase offsets are di-
rectly related to the differences of the phase shifts 7, of the
partial waves that determine the emission at specific angles
according to Eq. (2) [4,8].

In our ionization scheme of lithium (see Fig. 1), several
intermediate resonant transitions to high-lying Rydberg states
are possible. Recent experimental and theoretical studies on
the variation of the phase offsets of the modulated ionization
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FIG. 7. Relative ionization yield modulation at various emission
angles 6 as a function of the relative phase ®. Red diamonds: Exper-
imental data points. Black lines: Theory.
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signals with the emission angle 6 showed that, in the case
of the nonresonant multiphoton ionization, the phase offset
changes smoothly with the emission angle, whereas it exhibits

rapid changes in the presence of intermediate resonances [9].
In the resonant case, the theory also predicts a strong depen-
dence of the phase offset on the absolute intensities of the two
harmonics. This is indeed observed in the predictions shown
in Fig. 8, although it is yet to be confirmed experimentally. In
particular, the calculations reveal that the strongest variation
of the phase offset with intensity occurs along the polarization
direction, whereas only a small variation is observed at 90°.

VI. CONCLUSION AND OUTLOOK

We demonstrated a left-right asymmetry control of the
PADs of ground-state lithium using a bichromatic laser field
consisting of 780-nm and 390-nm radiation. Except for the
low asymmetry contrast in our measurements due to the
large background caused by strong ionization at the fun-
damental wavelength, we found good qualitative agreement
with theoretical predictions if appropriate absolute intensi-
ties and intensity ratios of the two harmonics were selected.
Our calculations predict a strong intensity dependence of
the emission-angle-dependent phase offsets of the ionization
yield modulation and the asymmetry parameter. We currently
attribute this dependence to dynamical resonances with in-
termediate Rydberg states. However, further experimental
investigations would be required to unambiguously confirm
this conclusion.
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