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Controlling photoelectron interference along the quantization axis of multiphoton
ionization in circularly polarized fields
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We measure angle- and phase-resolved photoelectron momentum distributions of multiphoton ionization of
xenon atoms using bicircular laser fields. In our experiment, the continuum electron ring currents with larger
orbital angular momentum are prepared by an intense circular polarized laser field at 400 nm and probed with
a spatiotemporally overlapped corotating or counter-rotating weak 800 nm laser pulse. Interestingly, a distinct
“carpetlike” interference pattern in the direction of laser propagation is observed for the counter-rotating fields,
but not for the corotating fields. By analyzing the momentum-resolved photoelectron yield oscillations with
respect to the two-color relative phase (phase-of-the-phase spectrum), we observe a distinct angular dependence
in the phase-of-the-phase spectrum in the laser propagation plane when the fields are counter-rotating. In contrast,
in the corotating geometry, the phase-of-the-phase spectrum in the laser propagation plane displays an isotropic
phase profile. We explain that the carpetlike interference in the propagation plane arises from the constructive
and destructive interference of the continuum electron ring currents with different magnetic quantum number,

which can be controlled by the light helicity.

DOLI: 10.1103/PhysRevA.110.023101

I. INTRODUCTION

In the quantum world, the angular momentum of elec-
trons is quantized. The electrons circle around the nucleus
and carry an orbital angular momentum. The orbital angular
momentum can be projected on the quantization axis, giv-
ing rise to quantized magnetic angular momentum m# (m is
the magnetic quantum number). Within this physical picture,
electrons with a certain orbital angular momentum can be
regarded as ring-current electronic states [1]. Generally, ring
currents carry an angular phase factor ¢ (¢ is the azimuth
angle), directly corresponding to the angular phase mg of the
electrons. The sign and magnitude of m determine the direc-
tion and angular speed of rotation, respectively. Ring currents
with the same angular speed but with different helicities, i.e.,
m and —m can be viewed as a pair of enantiomers. Thus
photoionization of ring currents via multiphoton absorption
or tunneling by chiral light fields has garnered significant
attention [2-6]. Recent theoretical [7-10] and experimental
[11,12] studies illustrate that circularly polarized light fields
preferentially ionize counter-rotating ground-state electron
ring currents relative to the light fields. This feature allows for
the production of spin-polarized photoelectrons [13—16] and
control of electron-spin dynamics [17-19] in the strong-field
regime.

The interaction between electron ring currents and cir-
cularly polarized laser pulses has attracted much attention
due to the natural chiral phase structure of electron ring
currents [17-27]. For instance, an unusual type of Ram-
sey interference between time-delayed electron ring currents
with different magnetic quantum numbers m, produced by
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a pair of counter-rotating circularly polarized pulses, was
investigated theoretically [20,21] and later confirmed experi-
mentally [22,23]. Moreover, circular dichroism of excited ring
currents during photoionization [24] and spin-orbit time delay
of the electron ring currents have been investigated [25]. With
advancements in attosecond technology, attosecond chiral dy-
namics of electron ring currents have been manipulated and
probed using the attosecond circular-dichroism chronoscopy
[26].

In the strong-field regime, previous studies have focused
on photoelectron momentum distribution (PMD) in the laser
polarization plane, revealing novel interference structures,
such as the interference carpet, spiral structures, and spi-
der structures [28-30]. Recent studies on the photoionization
of the ring currents with circularly polarized fields have
also focused on the PMD in the laser polarization plane
[24,25]. In contrast, the PMD in the laser propagation plane
has received much less attention, despite containing valu-
able information, such as the nondipole effect in strong-field
ionization and chiral dynamics of photoionization by chi-
ral laser fields [31-34]. Recently, subcycle interference has
been experimentally observed in the photoelectron momen-
tum spectrum along the light propagation direction in the
ionization of helium by two-color circularly polarized laser
fields [35].

In this work, we investigate the photoelectron circular
dichroism of continuum electron ring currents with high or-
bital angular momentum in the light propagation plane using
sculptured circular fields. Continuum electron ring currents
with well-defined helicity are prepared by multiphoton ion-
ization of xenon atoms with an intense circularly polarized
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laser field at 400 nm. We then probe the circular dichro-
ism of electron ring currents with a weak, synchronized
corotating or counter-rotating 800 nm laser pulse. We observe
that the PMD in the light propagation plane for the counter-
rotating geometry reveals a remarkable carpetlike interference
structure compared to the corotating case. Additionally, by
extracting the phase-of-the-phase (POP) spectra of PMDs in
the laser propagation plane, we find that the phase struc-
ture in the counter-rotating case exhibits prominent angular
dependences. Notably, the phase structure shows a distinct
7 shift between emissions along the laser propagation di-
rection and in the polarization plane when the fields are
counter-rotating. In contrast, in the corotating geometry, the
angular-resolved phase structure is nearly isotropic. Our find-
ings are supported by solving the time-dependent Schrédinger
equation (TDSE). Insights gained from the calculations allow
us to determine a complete set of amplitudes and phases of
the contributed partial-wave states and explain the carpetlike
interference.

II. EXPERIMENTAL SCHEME AND RESULTS

Experimentally, 800 nm fundamental laser pulses with a
25 fs duration and 3 kHz repetition frequency were pro-
duced from a commercial amplified Ti:sapphire femtosecond
laser system. We obtained second-harmonic pulses at 400 nm
by frequency doubling through a 200-um-thick g-barium
borate crystal. The second-harmonic field with circular po-
larization was used as the ionizing light field. The peak
intensity of the 400 nm circularly polarized light field was
calibrated to be ~6.3 x 10" W/cm?, according to the po-
sitions of above-threshold ionization (ATI) peaks in the
photoelectron energy spectrum [36-38]. Here, the laser in-
tensity of the 800 nm circular pulse is estimated to be
~4.5 x 10'> W /cm? by comparing the measured PMDs with
the solution of the TDSE. We use a pair of fused silica
wedges to finely adjust the relative phase ¢ between the
two-color laser pulses. The laser pulses were then focused
onto a thin supersonic beam of xenon atoms inside of a
cold-target recoil-ion momentum spectroscopy (COLTRIMS)
[39,40]. The three-dimensional momenta of electrons were
measured by a time-of-flight spectrometer equipped with a
position-sensitive detector, in which a homogeneous static
electric field (~3.2 V/cm) and magnetic field (~5.5 G) were
used to collect an electron and an ion in coincidence for each
event [41-43].

Figure 1 illustrates the experimental scheme. An intense
400 nm circular field is employed to trigger the multiphoton
ionization of xenon atoms. The light propagates along the y
axis, with its polarization in the x-z plane. Consequently, the
y axis serves as the quantization axis for the interaction of
atoms with circularly polarized fields. The measured PMDs
in the x-z and y-z planes with high resolution are also shown,
respectively. The ATIs are clearly visible in both the laser
polarization plane and the laser propagation plane. In the
light polarization plane, the PMDs are isotropic, revealing
concentric ring structures due to the circular polarization of
the light fields.

Different from previous studies [44,45], our work focuses
on the PMD in the light propagation plane, i.e., the y-z plane.
When using circularly polarized fields, almost no ionization
events occur along the quantization axis. The momentum
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FIG. 1. Experimental scheme. We used an intense circular field
at 400 nm to ionize the xenon atoms. The quantization axis is along
the y axis. The measured PMDs in the laser polarization plane
(x, z) and propagation plane (y, z) are shown as the side view, which

are slices along p, = 0 and p, = 0 in three-dimensional (3D) PMD,
respectively.

distribution along the p, direction in circularly polarized
laser fields is nearly Gaussian. Recently, Arissian et al. have
measured the width of the PMD along the laser propagation
direction in a circularly polarized laser field for Ne and Ar
atoms [46]. Thereafter, the nonadiabatic effect on the mo-
mentum distribution along the propagation direction has been
intensively studied [42,47].

We then add weak, spatiotemporally overlapped 800 nm
corotating or counter-rotating circularly polarized laser fields
to probe the continuum electron ring currents prepared by
multiphoton ionization at 400 nm. Since the net angular mo-
mentum direction of the ring currents and the spin angular
momentum direction of the light fields are both along the y
axis, the circular dichroism would also manifest in the light
propagation direction. Figures 2(a) and 2(b) show the two-
color phase-integrated PMDs in the laser propagation plane
for co- and counter-rotating geometries. One can observe that,
after adding a weak 800 nm circular field, the PMDs are
significantly modified.

Interestingly, different from the case in corotating fields
as shown in Fig. 2(a), interference structures form in the
laser propagation plane for the counter-rotating circular fields,
as indicated by the rectangle outlined by the red dashed
line in Fig. 2(b). This interference pattern resembles the
carpetlike structure observed in the laser polarization plane
with linear polarization [28], which was caused by the in-
terference between electron wave packets ionized at the two
peaks of the laser field per cycle, resulting in a 2w sep-
aration of the ATI rings. Recently, it was shown that the
spiral-like trajectory caused by forward rescattering is re-
sponsible for the carpetlike structure in the laser polarization
plane [29].

Varying the two-color relative phase modulates the PMDs.
Here, we employ phase-of-the-phase spectroscopy to analyze
the phase-dependent PMD [48]. For each final momen-
tum (py, p.), the photoelectron yield Y(¢) in the y-z plane
changes as a function of the relative phase, i.e., Y(p) =
Yo + AYcos(p + @), where Y is the background count, AY
is the relative phase contrast (RPC), and @ is the phase of the
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FIG. 2. (a),(b) The measured 2D PMDs in the laser propagation
plane (slices at p, = 0) for the corotating and counter-rotating circu-
lar fields, respectively. One can observe the interference structure in
the red square in (b). (c),(d) The POP spectra for the PMDs for the
corotating and counter-rotating circular fields, respectively.

phase (POP). Mathematically, the RPC and POP spectra can
be extracted via fast Fourier transform of Y(¢) with respect to
¢ for each (p,, p;). The extracted momentum-resolved POP
spectra are shown in Figs. 2(c) and 2(d) for the corotating
and counter-rotating cases, respectively. The results for the
two interaction geometries exhibit very different features. In
the corotating case, the POP hardly changes with respect to
the emission angle 6 = arccos(p,/pii) for electrons with
p. > 0 or p, < 0. However, for the counter-rotating case, the
POP changes significantly with the emission angle . Partic-
ularly, there is an abrupt phase jump between the emissions
along the laser propagation direction and in the polarization
plane.

III. THEORETICAL SIMULATIONS AND DISCUSSIONS

To understand the observation, we resort to the solution
of the TDSE. In the TDSE simulation, we adopt an effective
potential Vegr = —[Z + (Zsun — Z)exp(—r/ry))/r to model the
5p ground state of the xenon atom. Here, Z = 1 and Zz,;; = 54
are the asymptotic ion charges as r — oo and r — 0, re-
spectively. The screening length r; = 0.102826 is tuned to
match the ionization potential (/, = 0.4458 a.u.) of the P3/,
ionic state for xenon atoms. The laser field has a 12-cycle
pulse duration at 400 nm and a 6-cycle 800 nm pulse with
a sin? envelope. We separately calculate the ionization of
5p orbitals with the magnetic quantum number m at £1, 0.
Then, we sum up the photoelectron momentum distributions
of the three channels to obtain the final PMD. Twenty two-
color relative phases within [0, 2] are sampled during the
simulation to obtain the phase-integrated and phase-resolved
PMDs.
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FIG. 3. (a),(b) The calculated 2D PMDs in the laser propagation
plane (slices at p, = 0) for the corotating and counter-rotating circu-
lar fields with TDSE, respectively. (c),(d) The momentum-resolved
POP spectra with the TDSE for the corotating and counter-rotating
circular fields, respectively.

Figures 3(a) and 3(b) show the simulated two-color phase-
integrated PMDs in the laser propagation plane by solving
TDSE for the corotating and counter-rotating circular fields,
respectively. The TDSE calculations reproduce the measured
PMDs well, including the carpetlike interference structure that
emerges in the counter-rotating case. Based on the calculated
phase-resolved TDSE calculations, we also extract the POP
spectra in the laser propagation plane for these two field
geometries, as shown in Figs. 3(c) and 3(d). Clearly, the simu-
lations basically reproduce the experimental measurement as
shown in Figs. 2(c) and 2(d).

To visualize the angle-dependent feature of POP in co-
and counter-rotating fields, we show the angle-resolved POP
spectra for the first-order sideband (as denoted by the white
dashed lines in Figs. 2 and 3) in Figs. 4(a) and 4(b). One can
clearly see that, for the corotating case, the angular-resolved
POP spectrum is flat, with the phase around —m /2 at different
emission angles. However, for the counter-rotating case, there
is an abrupt phase jump ranging from ~-m/2 to /2 when the
emission changes from the direction of the y axis to the laser
polarization plane.

As the angular-dependent features are usually associ-
ated with the angular momentum of electrons, we illustrate
the involved multiphoton transitions and the electron partial
waves for the first-order ATI, second-order ATI, and sideband
in corotating and counter-rotating geometries in Figs. 4(c)
and 4(d), respectively. By absorbing the circular photons at
400 nm, the continuum ring-current states with high orbital
angular momentum are generated. Given the ionization po-
tential of xenon atoms, at least five photons of 400 nm are
required to ionize the ground-state electrons of the xenon
atoms. According to the selection rule of both / and m, when
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FIG. 4. (a),(b) Extracted angle-resolved POP spectra for the
first-order sideband in the corotating and counter-rotating geome-
tries. (c),(d) Multiphoton transition pathways for the corotating and
counter-rotating geometries, Where L/R stands for the left/right cir-
cular polarization. The main contributed states for the first-order ATI,
first-order sideband, and second-order ATI are shown on the right
sides of (c),(d).

the electron absorbs a left- (right-) handed circular photon, its
orbital angular momentum / changes by +1, and the magnetic
quantum number m increases (decreases) by 1. As a result,
the first-order ATI electrons can be regarded as mixed ring
currents consisting of a partial wave of g4 (I =4, m =4)
and i4(l = 6, m = 4), while the second-order ATI electrons
are mixed ring currents composed of A5 (I =5, m = 5) and
jS5(U =7, m=25).

The first-order sideband is formed by the interference be-
tween the two transition pathways, i.e., absorption of one
800 nm photon from the first-order ATI and emission of one
800 nm photon from the second-order ATI. In this case, the
partial-wave components in the first-order sideband are illus-
trated in Figs. 4(c) and 4(d). In corotating fields, the first-order
sideband comprises A5, j5, g4, i4, and k4 partial waves. In the
counter-rotating case, the sideband is formed by interference
between mixed k3, f3, j3, i6, and k6 partial waves. The
involved partial waves determine the angular dependences of
the PMDs and the POP spectra in co and counter-rotating
fields.

Furthermore, to better understand the carpetlike inter-
ference structure and angular-dependent POP spectra, we
identify the amplitude and phase of each contributed par-
tial wave based on the TDSE method. Theoretically, we
have transformed momentum spectra via Fourier transform
and obtained the individual partial wave by expanding the
final wave function into spherical harmonics [49,50]. Fig-
ures 5(a) and 5(b) show the extracted amplitudes and phases of
the contributed partial waves for the first-order sideband in
the corotating and counter-rotating geometries, respectively.

e N
ceeCEVC Seet

1.0 3
@ (®) )
0.8 A

1 =
0.6 2
N 0o
0.4 =
\ 12

02 2

0 3

h, g j; i, Kk, h, i f, j, k

5 3 6 3
Electronic state Electronic state

6

FIG. 5. Extracted amplitude and phase of the relevant partial
waves for the first-order sideband in the corotating (a) and counter-
rotating (b) geometries.

The amplitude and phase of the contributed partial wave differ
significantly for the two interaction geometries. The helicity
of the probing light of 800 nm can significantly modulate the
involved partial waves.

In the corotating case, as seen in Fig. 5(a), the h5 (I =5,
m=15) and g4 (I =4, m = 4) waves dominate over the j5
(=7, m=5),i4 (=6 m=4), and k4 (I =8, m=4)
waves. However, in the counter-rotating case, the 43 (I =5,
m=23), 6 I=6, m=6), and f3 (I =3, m =3) waves
dominate over the j3 (I =7, m=3) and k6 (I =8, m =
6) waves. Besides the amplitude of the contributed partial
waves, their phases also provide a unique view of the pho-
toionization dynamics of continuum electron ring currents.
In the two geometries, the different angle-dependent phase
changes in the POP spectra are mainly due to interference
among the different partial waves. In the corotating case,
the sideband is dominated by interference between the A5
and g4 waves, forming an almost isotropic phase profile, as
seen in Fig. 4(a). In contrast, in the counter-rotating case,
the angular-resolved POP spectrum for the first-order side-
band undergoes a distinct phase shift of 7, mainly due to
the interference among the %3, i6, and f3 waves. Unlike
the corotating case, the presence of the A3 partial wave in
counter-rotating fields significantly influences the interference
of electron ring currents due to its angular structure in the light
propagation plane, thus leading to carpetlike interference.
Moreover, its angular-dependent phase structure, i.e., the al-
ternating phase sign of the three lobes in the 43 partial wave,
also influences the interference among the h3, i6, and f3
waves, causing the phase jump in the angular-dependent POP
spectrum.

IV. CONCLUSION

In conclusion, we have studied the photoelectron circu-
lar dichroism of electron ring currents using bicircular laser
fields. The carpetlike interference in the light propagation
plane was observed in the counter-rotating geometry. By
extracting the phase-of-the-phase spectra, we show that the
angular-dependent POP spectra exhibit prominent circular
dichroism. Insights gained from the TDSE simulation enable
us to determine a complete set of partial waves contributing
to the continuum electron ring currents. We revealed that the
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circular dichroism related to the ring current can be probed
and controlled with light helicity. The photoelectron interfer-
ence structure along the laser propagation direction, obtained
with counter-rotating fields, may find applications in chiral
molecules [51,52], topological condensed matter [53], and the
nondipole effect [54].
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