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Dichroic electron emission patterns from oriented helium ions
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We report a joint experimental and theoretical study using a combination of polarization-controlled free-
electron-laser (FEL) and near-infrared (NIR) pulses in a synchronized two-color photoionization scheme.
Excited He™ ions, created by extreme ultraviolet (XUV) circularly polarized radiation from the XUV-FEL
FERMI in the oriented 3p (m=+1) state, are exposed to circularly polarized 784-nm NIR radiation with peak
intensities from 10! to 10'* W/cm?. The angular distribution of the ejected electrons exhibit a strong dichroism
depending on the NIR intensity. While the corotating case is defined by a single path, for the counterrotating

case, there are two dominant pathways whose relative strength and phase difference are determined.

DOI: 10.1103/3z51-5g8k

I. INTRODUCTION

The transfer of angular momentum from circularly polar-
ized photons to electrons in multiphoton ionization represents
a fundamental quantum process with broad implications
for precision measurements, quantum control, and atto-
second science [1-6]. Recent advances in free-electron-laser
(FEL) technology and quantum-sensing applications have
intensified interest in understanding and controlling these
helicity-dependent interactions, particularly for their potential
to enable novel forms of photoelectron-angular-distribution
(PAD) control [7-14]. While single-photon circular dichro-
ism (CD) is well understood through dipole selection rules,
multiphoton pathways involving intense circularly polarized
light may create complex interference patterns between differ-
ent angular-momentum channels that depend on field intensity
and helicity configuration.

Theoretical considerations predict that the partial-wave
composition of photoelectrons should exhibit distinct
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dependencies on intensity when the multiphoton ionization
(MP]) involves corotating or counterrotating photon helicities
relative to the initial electronic orbital angular momentum.
In corotating configurations, where photon and electron
angular momenta align, the dominant photoelectron
partial wave should remain intensity independent due to
angular-momentum conservation constraints. Conversely,
counterrotating configurations are predicted to exhibit a
strong intensity dependence due to changing interference of
different multiphoton pathways [9,15].

Using a two-color scheme with temporally separated
pulses (500 fs delay), we prepare He™ (3p, m = +1) via se-
quential two-photon absorption of right-circularly polarized
extreme ultraviolet (XUV) radiation (75 fs FEL pulse, se-
lection rule Am = +1) in the same pulse and probe it with
near-infrared (NIR) multiphoton ionization [9,15,16]. This
decouples the state preparation from the subsequent ionization
step, thereby suppressing AC-Stark distortions during prepa-
ration while maintaining full control over photon helicity and
intensity. The above-threshold ionization (ATI-1) peak serves
as our primary observable, requiring five NIR photons and
remaining measurable across the entire intensity range studied
in this work, unlike the four-photon MPI peak that shifts
below threshold at moderate intensities [15], while higher-
order ATIs suffer from poor statistics. We systematically map
PADs of this first ATI peak across NIR intensities from 10'2
to 10" W/cm? for corotating and counterrotating helicity

Published by the American Physical Society
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FIG. 1. Illustration of the experimental setup. Circularly polar-
ized XUV pulses are tuned to the 3p resonance of He', which is
excited by sequential two-photon absorption within the FEL pulse
duration of 75 &£ 25 fs [full width at half maximum (FWHM)]. After
a delay of about 500 fs, circularly polarized NIR laser light with a
mean photon energy of 1.58 eV (784 nm), a pulse duration of about
140 £ 30 fs (FWHM), a circular polarization of 95% + 5%, and a
bandwidth (FWHM) of 26 meV (13 nm) coaxially impinges on the
sample and produces photoelectrons via absorption of several NIR
photons. For a laser intensity of ~1.1 x 10'> W/cm?, the emission
spectrum (top left, gray: corotating XUV and NIR pulse; yellow:
counterrotating) at the detector location of the VMI shows the ATI-1
to ATI-4 signal for co- and counterrotating fields.

configurations. For the counterrotating case, we determine
both the relative strength and phase between the two dominant
interfering partial-wave contributions, thereby extending the
goal of performing a “complete experiment” [17] from the
one-photon to the multiphoton regime.

II. EXPERIMENT

The experiments were performed at the Low-Density Mat-
ter (LDM) endstation [18] of the seeded free-electron laser
FERMI [19]. For a detailed description of the laser parame-
ters, see the caption of Fig. 1. The peak intensities of the IR
laser are shifted upwards by 1.4 x 10'> W/cm? with respect
to previously reported intensities in Ref. [15] to account for an
improved understanding of the experimental conditions and in
light of the theoretical findings.

In the present study, PADs were measured with a velocity-
map-imaging (VMI) detector as shown in Fig. 1. For our
geometry, the PAD can be fitted to the form

d*o
dEdf

(E,0,1)oc1+ Y Bu(E,DPcos(®)] (1)

n=2,4,6,...

Here, E is the ejected-electron energy, 6 is the detection angle
on the VMI, [ is the NIR peak intensity, and P,[cos(0)] de-
notes a standard Legendre polynomial. For 180° < 6 < 360°,
we use 360° — 6 as the equivalent angle in the above formula.
Experimentally, quadrant mirroring of the raw data was used
to enhance the data quality. The inversion of the electron-
projection data was performed with the well-established Abel
algorithm [20].

Due to the symmetry of our detection scheme and the
assumption that no chiral or nondipole effects play a role
under the present conditions, only even-rank asymmetry pa-
rameters f§, can contribute to the sum (1). In principle, one
would expect B, to depend on both the electron energy and
the peak laser intensity. However, we will see below that this
dependence is not as general as one might expect at first sight.

III. THEORY

The calculations were performed with the same method
and computer code described in detail by Wagner et al. [15]
and Douguet ef al. [21]. Briefly, we solved the time-dependent
Schrodinger equation (TDSE) for the active electron starting
in the 3p (m=+1) state of He™. Due to the 500 fs delay
between the generation of the excited He' ion, sequential
ionization of the He(1s?) ground state and excitation of the
remaining electron from the ls to the 3p orbital, and the
multiphoton ionization of the excited state by the intense NIR
laser, this is a true one-electron problem. The nonrelativistic
orbitals are known analytically, and the continuum states to
project the final-state wave function on to obtain the ionization
signal are pure Coulomb functions.

Without loss of generality, we assume the helicity of the
XUV photon to be +1, i.e., we prepare the He™ (3p, m = +1)
state. For the corotating case, the dominant pathway after the
absorption of N NIR photons, therefore, is to reach a state
whose PAD is proportional to

Yy @, ¢ =0 180°)|2 o | sin(0)|*N+2. )

The ATI-1 line is therefore characterized by a pathway
resulting in a continuum electron with angular momentum
£ = 6, since five NIR photons are required for the ionization
process. Note that this result is entirely independent of the
NIR intensity. Consequently, the B, parameters cannot be
independent of each other, but are the unique expansion coef-
ficients of | sin(6)|?V*2 into a series of (orthogonal) Legendre
polynomials.

IV. RESULTS AND DISCUSSION

Figure 2 shows the parameters g, for n = 2,4, 6,8 ob-
tained for the corotating case, i.e., the same helicity of the
XUV and NIR laser beams. The validity of Eq. (2) is, indeed,
verified by both the experimental data, albeit with some minor
fluctuations, and the theoretical predictions. Both data sets
are characterized by a constant value for the g, parameters.
We only show B, B4, Bs, and Bg for this case, even though
higher terms appear but are too small to be experimentally
distinguishable from zero.

Moving on to the counterrotating case, we see an entirely
different pattern in Fig. 3. For this case, we experimentally
determined B, B4, Bs, Bs, Bio, and Bi» as clearly being
nonzero in general. Also, there is a strong intensity depen-
dence for all of them, resulting in a drastic change of the PAD
from the lowest intensity of 3.5 x 10'> W/cm? to the next
selected one (5.1 x 10'> W/cm?) and, finally, to intensities
above 6 x 10'> W/cm?. Such a strong intensity dependence
of the PAD, accompanied by a rapid change over a small range
of NIR intensity, was unexpected in light of the fact that (i) the
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FIG. 2. Top: Beta parameters (8,, B4, Bs, Bs) as a function of laser intensity from 3.5 to 12 x 10'> W/cm? for the ATI-1 peak in
the corotating case. Experimental data (solid circles) obtained by averaging over all quadrant combinations are compared with theoretical
predictions (lines). Colored vertical boxes indicate the intensities selected for a detailed polar-plot analysis. Bottom: Polar plots showing PADs
at four representative intensities. The red points represent the experimental data, the black solid lines show experimental fits, and the yellow
dashed lines are the relative theoretical predictions. The background colors correspond to the intensity markers in the top panel.

angle-integrated dichroism (cf. Fig. 9 of Ref. [15]) is smoothly
decreasing in the corresponding intensity range from about 0.4
at lowest intensity to about zero at high peak intensities and
(ii) the pattern for the corotating case does not change at all.

The fact that, in contrast to the corotating case, there
is an intensity dependence for the counterrotating case can
be understood from the two pathways that should predomi-
nantly contribute to the PAD, namely pathways with angular
momenta £ = 6 and £ = 4 for the outgoing electron [9]. These
partial waves will interfere to form a state that can be repre-
sented by the linear combination

|A|Y* + |Blexp (i8)Y, . 3)

Hence, the measured angular distribution will contain the ab-
solute strengths |A|?> and |B|? that determine the generalized
multiphoton cross section, as well as the interference term
|A||B] cos 8. The B, parameters then become known functions
of the relative strength |B|/|A| and the phase §. Considering
this, and the excellent agreement between the measured and
calculated PADS (cf. Figs. 2 and 3), we refrain from further
analyzing the §, and focus on the phase §.

It is indeed possible to determine both the relative strength
and the cosine of the phase between the two dominant
pathways. This two-channel model suffices here; systems
with multiple comparable pathways would require additional
observables or energy-resolved measurements for complete
phase retrieval. Figure 4(a) shows the experimental data and
the theoretical predictions for the relative strengths, nor-
malized to their sum being 1. We see a strong intensity
dependence up to intensities of about 6 x 10'> W/cm? with

changes of the relative contributions by up to a factor of 4.
Above this region of intensity, the contributions are nearly
constant, with £ = 6 dominating over £ = 4. This is expected
from the propensity rule of likely adding angular momentum
to the ejected electron when its energy is increased [22].
Figure 4(b) shows cos(d8), which also varies strongly between
+0.4 and —0.4 in the intensity region up to 6 x 10'> W/cm?
and then remains negative for higher intensities.

We interpret the observed patterns to originate from the
crossing of the relative partial-wave strength and to the strong
NIR intensity dependence of the relative phase. They may,
at least to some extent, have to do with the fact that the
MPI line moves below threshold with increasing intensity.
Hence, it is more likely that the five-photon ATI-1 line is
affected by the fourth photon exciting members of the dense
Rydberg manifold. In this scenario, such near-resonant Ryd-
berg states are known to cause rapid phase shifts when the
ponderomotive-shifted multiphoton transitions pass through
resonance at different intensities for the two paths [23], di-
rectly altering cos(§) and the PAD.

V. SUMMARY AND OUTLOOK

To summarize, we analyzed in detail the dichroic, angle-
dependent electron-emission pattern observed after irradiating
oriented He ' (3p) ions, produced by circularly polarized FEL
laser pulses, with intense NIR light having the same or op-
posite helicity as the FEL. As expected, the PAD for the
corotating cases can effectively be described by a single
partial wave for all intensities studied. Consequently, the
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FIG. 3. Same as Fig. 2 (with expansions up to f;» added) for the counterrotating case. The selected angular distributions reveal a
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FIG. 4. (a) Dominant partial-wave contributions and (b) cos(é)
as a function of laser intensity for the ATI-1 peak in the counterrotat-
ing case.

intensity-independent 8, parameters are determined by addi-
tion theorems for the Legendre polynomials.

For the counterrotating case, on the other hand, interfer-
ence of two dominating partial-wave contributions leads to
more complex PADs. Interestingly, we found a rapid variation
in both the relative strength and the phase as a function of
the NIR intensity. Their determination brought us one step
closer to a “complete experiment” in a multiphoton scenario.
Realistically, however, determining the absolute values of the
coefficients A and B in Eq. (3), i.e., the absolute generalized
photoionization cross section, is currently out of reach.

In light of the experimental challenges, the agreement be-
tween our theoretical predictions and our experimental data
is satisfactory. We suspect that less than 100% circular po-
larization of the two beams and slight misalignments are
mainly responsible for the remaining discrepancies. We em-
phasize that focal-point averaging, even if it were necessary,
would not resolve the differences in the corotating case, since
constant §, values are expected independent of the laser
intensity.

Controlling not only the angle-integrated CD but also the
angular-resolved PAD via the mutual helicity of the two laser
beams and the NIR intensity is expected to be a general tool
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that could also be applied to much more complex systems than
the proof-of-principle case presented in this paper. Molecular
applications, however, will require addressing competing co-
herent couplings between closely spaced levels.
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