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Control of three-dimensional electron vortices from femtosecond multiphoton ionization
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We report on the creation and manipulation of three-dimensional (3D) electron vortices from femtosecond
multiphoton ionization of atoms. Vortex-shaped photoelectron momentum distributions arise from the
superposition of two time-delayed free-electron wave packets with different magnetic quantum numbers. In
the experiment, pairs of time-delayed counter-rotating circularly polarized (CRCP) femtosecond laser pulses,
generated from a polarization-shaped supercontinuum source, are used to ionize potassium atoms. The resulting
3D electron vortices are reconstructed tomographically from a set of velocity map imaging measurements. By
variation of the time delay, the helicity, and the spectral bandwidth of the CRCP pulse sequence, we control the
radial vortex shape. Absorption of another photon in the continuum changes the ¢ azimuthal symmetry of the
threshold vortex into cg for above-threshold ionization. Electron vortices from nonperturbative excitation show
¢4 azimuthal symmetry and a -phase jump in the polar direction. Determination of the relative phase of the
superposition state allows us to reconstruct a free-electron wave function.
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I. INTRODUCTION

Vortices are a ubiquitous phenomenon in physics. Their
structures and dynamics are studied in diverse fields in-
cluding meteorology [1], fluid mechanics [2], optics [3,4],
nanoplasmonics [5], and superfluidity [6] down to the quantum
regime of atomic-scale wave functions [7-10]. Recently, the
emergence of vortex structures in the momentum distribution
of free-electron wave packets from the photoionization of
atoms with sequences of two time-delayed counter-rotating
circularly polarized (CRCP) ultrashort laser pulses was pre-
dicted [11] and demonstrated experimentally [12]. In subse-
quent theoretical studies, the generation of multi-arm electron
vortices by photoionization of atoms [13] and molecular
ions [14,15] in circularly polarized bichromatic laser fields
[16] was investigated. Here, we extend the work reported
in [12] and present an experimental study of the creation
and manipulation of electron vortices by resonance-enhanced
multiphoton ionization (REMPI) of atoms using femtosecond
CRCP pulse sequences.

In general, the photoionization of atoms with circularly
polarized (CP) pulse sequences has recently attracted a
great deal of attention. For example, CRCP pulse sequences
with adjustable temporal overlap are routinely used in high
harmonic generation to produce isolated attosecond pulses
by polarization gating [17-19]. In strong-field ionization, an
asymmetry between the ionization yields from CRCP and
corotating CP (COCP) laser pulse sequences was predicted
theoretically [20] and confirmed experimentally in the tun-
neling [21] and multiphoton [22] regimes. In multiphoton
ionization of potassium atoms, specific polarization-shaped
femtosecond laser pulses containing a sequence of right-
(RCP) and left-handed circularly polarized (LCP) subpulses
have been studied for coherent control of photoelectron
angular interferograms [23].

Photoelectron vortices arise from the interference of two
time-delayed free-electron wave packets with different mag-
netic quantum numbers m. Besides their aesthetic properties
[24], vortex-shaped free-electron wave packets are prototype
examples of highly phase-sensitive coherent superposition
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states. As such, they represent ideal test beds to study the
physical mechanisms of coherent control based on photoin-
duced multipath interference. Interfering target states with
the same energy E, excited via M- and N-photon pathways
from the ground state, will have either equal or opposite parity
depending on the number of absorbed photons M and N. It
was pointed out [25] that opposite parity allows for control
of the angular distribution of the final coherent superposition
state and, hence, to steer the directionality of the quantum
dynamics [26-30]. However, in addition, excitation to target
states with the same parity permits control over the angular
distribution of the final state. The electron vortices reported
in this paper are generated by 142 REMPI of potassium
atoms and thus are representative of the latter category with
M = N = 3. The distinct spiral-shaped angular distribution
of the final-state wave packet is obtained by photoionization
into different angular momentum states in the continuum. For
ionization, we employ pairs of counter-rotating femtosecond
pulses either from an amplified femtosecond laser system
or an ultrabroadband white-light supercontinuum source. We
demonstrate control over the vortex shape in the radial
direction by variation of the spectral bandwidth, the time
delay, and the helicity of the laser pulses. In particular, the
use of ultrabroadband pulses allows us to observe a “full
six-arm vortex,” i.e., an electron wave packet with c¢ rotational
symmetry spanning an ultrabroad range of photoelectron
kinetic energies down to zero kinetic energy. Furthermore,
the use of these few-cycle supercontinuum laser pulses allows
us to reduce the time delays to 10 fs, which enables high-
resolution measurement of the radial interference fringes.
In addition, we demonstrate electron vortices with different
rotational symmetries. Absorption of an additional photon
in the continuum produces vortices in the above-threshold
ionization (ATI) with cg rotational symmetry, whereas four-
arm electron vortices are observed for nonperturbative x-pulse
excitation [12]. Finally, by evaluation of the relative phase
of the interfering wave packets, we reconstruct the quantum
mechanical wave function of a free-electron wave packet.
The paper is organized as follows. We start in Sec. II
with a consistent physical description for the generation
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FIG. 1. Excitation and ionization schemes of potassium atoms
interacting with CRCP pulse sequences. (a) In the perturbative
regime, 1+2 REMPI using an RLCP sequence launches an | f,—3)
and a time-delayed | f,3) free-electron wave packet. Interference of
the two wave packets yields a counterclockwise rotating electron
vortex with c¢g rotational symmetry. Analogously, interference of
time-delayed |g,+4) wave packets created by ATI gives rise to an
eight-arm vortex. (b) Population inversion in the resonant 4s-4p
system using LRCP 7 pulses opens routes to an | f,—1) and a | p,—1)
(not shown) continuum. Interference of the former with the | f,3)
wave packet results in a clockwise-rotating electron vortex with ¢,
symmetry. The additional |p,—1) contribution leads to variations of
the vortex in the ¢ direction (see Sec. IV B 3). (c), (d) Calculated
interference terms of the corresponding photoelectron densities on a
sphere with fixed energy E|. Vertical lines indicate sections along the
¢ direction plotted in the right-hand frames.

of all electron vortices (c4, cg, and cg). In Sec. III, we
describe our experimental techniques comprised of white-light
polarization shaping and photoelectron imaging tomography.
The experimental results are presented in Sec. IV, where Sec.
IV A is dedicated to control of the radial vortex shape and in
Sec. IV B we demonstrate manipulation of the angular vortex
shape in both the azimuthal and polar directions. Section V
concludes the paper with a brief summary and outlook.

II. THEORY

The physical mechanism underlying the creation of free-
electron vortices is based on the superposition of two time-
delayed photoelectron wave packets with different magnetic
quantum number m [11,12]. In our experiment, those electron
wave packets are generated by 142 REMPI of ground-state
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potassium atoms with a sequence of two phase-locked time-
delayed CRCP femtosecond laser pulses. The corresponding
excitation scheme is depicted in Fig. 1. Owing to the selection
rules Al = +1 and Am = %1 for o transitions, perturbative
ionization occurs essentially along two ionization pathways.
The right-handed CP (RCP) laser pulse Eg(t) ionizes the
atom via the Al =1 and Am = —1 pathway, whereas the
left-handed CP (LCP) pulse & (¢) drives the excitation along
the Al =1 and Am = 1 pathway. If the two pulses do not
overlap in time, Al = —1 pathways are suppressed due to the
increasing |m| value in the nonresonant two-photon ionization
step. Therefore, perturbative 142 REMPI with CP pulses
connects the 4s ground state to an f-type continuum, as
depicted in Fig. 1(a) for the example of an RCP pulse preceding
an LCP pulse, i.e., an RLCP pulse sequence. In the discussion
below, the RLCP pulse ordering corresponds to positive time
delay, T > 0, while the LRCP configuration, where the RCP
pulse follows the LCP pulse, corresponds to t < 0. InFig. 1(a),
the first RCP pulse ionizes the atom via the three-photon

& & £
route, |5,0) = |p,—1) =5 |d,—2) = | f,—3), and creates a
torus-shaped free-electron wave packet. The wave function
can be written as

V5—3(E,0,¢) = R3(E) Y3 _3(0,9), (D

where the radial part R3;(E) describes the photoelectron
kinetic-energy distribution. In general, for nonresonant pertur-
bative N-photon ionization, R y(E) is related to the Nth-order
spectrum of the ionizing laser pulse [31,32]. The angular part
is given by the spherical harmonic Y; ,,(,¢) = Py, (1)e'™?
(see Fig. 1 for definition of the angles ¥ and ¢), with the polar
part P;,(¢) being proportional to the associated Legendre

polynomial Pl(m)[cos(ﬂ)]. The second LCP pulse ionizes the

atom via the three-photon route, |s,0) ﬁ) p,1) LN |d,2) &
| f,3). Analogously, the resulting photoelectron wave packet is
described by the wave function

V3(E,0,¢) = R3(E) Y33(0,0). 2

Due to the time delay t between the two pulses, the wave
packet launched by the first pulse acquires the quantum
mechanical time-evolution phase of e~*£7/%_ Thus, the final
superposition state reads

V6(E,0,0) = V7 _3(E, 0, ¢)e  ET/M 4y 13 (E,0,9)
= RA(E)Ps_3(9) (e "COTETD _ o130y (3)

The minus sign in the second term results from the symmetry
relation Y; _,(9,¢) = (=1)" Y}, (¥,¢) of the spherical har-
monics. The index “6” of the total wave function refers to its
ce rotational symmetry (see discussion below). The probability
density of the photoelectron is given by the absolute square,

|W6(E,0,0)1> = 2p3(E,9)[1 — cos (66 + ET/)].  (4)

This expression describes the final-state density as a product
of the torus-shaped wave packet p3(E, %) = [{/4+3(E ,z‘/‘,¢>)|2
created by each individual pulse and an interference term in
the form of an Archimedean spiral. In general, Archimedean
spirals are defined by linear progression of the isophase
contour lines in the polar plane, i.e., the ¢-FE plane: E;;,(¢) =
a¢ + c. Considering the argument of the cosine function in
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Eq. (4), we find, for the nth maximum (arm) of the spiral,

6h 2 Drh
E.(#) = —7¢+M, 5)

T

with ¢ < 0 chosen such that E,(¢) > 0 and E, (¢) = O for
the initial angle ¢ defining the start of the spiral arm. From
Eq. (5), we infer three different attributes characterizing the
electron vortex. First, the energetic separation of adjacent
vortex arms is §E = E,1(¢) — E,(¢) = h/t and can thus
be precisely tuned by the time delay in the pulse sequence.
Second, the azimuthal separation of adjacent vortex arms
is 8¢ = ¢pp11(E) — ¢u(E) =21 /6, implying cg rotational
symmetry of the total vortex-shaped wave function. Lastly,
the negative slope E’(¢) of the spiral arms for T > 0 defines
counterclockwise rotation of the vortex [12]. The rotational
sense is reversed by changing the sign of 7, i.e., by reversal of
the pulse ordering. Using a negative time delay T < O results in
an LRCP pulse sequence which creates a vortex-shaped wave
packet with clockwise sense of rotation.

Next, we consider the case of ATI, as indicated by the
dashed arrows in Fig. 1(a). Absorption of an additional
photon in the ionization continuum generates electron wave
packets with kinetic energy /iwy above the threshold signal,
where w( denotes the laser central frequency. In analogy

to the above discussion, ATI via the four-photon routes

EryL EryL EryL Er/L
s,0) — Ip,F1) —> |d,F2) —> [/, F3) —> I8, F4)

using an RLCP pulse sequence yields the final-state
photoelectron wave function,

W3(E,9,¢) = Ra(E) Py g(9)(e " WHEIM 1 40)  (6)
The corresponding density reads
\Ws(E,0,0)1> = 2p4(E, D[] + cos 8¢ + ET/)],  (7)

with p4(E, %) = |1pg,i4(E,z9,¢)|2 describing a g-type torus.
Comparison of Eqs. (7) and (4) suggests that the final-state
wave packet from ATI exhibits cg rotational symmetry
corresponding to an eight-arm electron vortex. In general, the
number of arms n, of an electron vortex resulting from the
interference of an M- and an N-photon route from the same
initial state is given by

n, = AmiM — AmyN, (8)

where Am and Am, are the helicities of the first and second
pulse, respectively.

Figure 1(b) displays nonperturbative excitation of the atom
by an LRCP sequence (r < 0). Both pulses have a pulse area
of  with respect to the resonant 4s — 4 p transition—briefly
termed 7 pulses in the following. The first LCP & pulse steers
the atom into the resonant |p,1) state [see inset to Fig. 1(b)]
and simultaneously drives perturbative 142 REMPI creating
an | f,3) free-electron wave packet [cf. Eq. (2)]. The inversion
induced by the first 7 pulse alters the initial conditions for the
second. Finding the atom in the excited 4 p state, the second

. &
pulse ionizes the atom along the two-photon route, |p,1) —>

|d,0) ﬁ) | f,—1), and creates the free-electron wave packet,
Yy 1(E,9,¢) = R3(E)Ps 1 (9)e ™. 9)

The corresponding density pi(E,9) = |wf,_](E,19,¢)|2 is
illustrated in the top-right corner of Fig. 1(b). Note that
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in this case, Al = —1 transitions, e.g., ionization via the

two-photon route |p,1) LY |s,0) £ |p,—1), are allowed as
well. Hence, in a complete description, contributions from
a p-type continuum need to be considered in addition. For
simplicity, we focus on the f-type wave packets in the
discussion below. However, signatures of the p-type wave
packets are indeed observed in the experiment and will be
discussed in Sec. IV B 2. Coherent superposition of the | f,3)
and the | f,—1) wave packets in Egs. (2) and (9) gives rise to
the total photoelectron distribution,

|W4(E,0,¢)1> = [p1(E, D) + p3(E,D)]
x [l — A(¥)cos(4¢p — ET/h)], (10)

with A(®) = 2P 1(3)P33(8)/[P#,() + P35(9)]. In this
case, the cosine function describes a Clobkwise-rotating
Archimedean spiral with ¢4 rotational symmetry. This result
is in accordance with Eq. (8), which predicts an n, = 4-arm
electron vortex for ionization starting from the |p,1) state.
Unlike the perturbative vortices in Egs. (4) and (7), however,
the spiral structure of the nonperturbative vortex in Eq. (10)
is modulated in the polar direction by the function A(%}). This
modulation also has important consequences for the vortex
shape in the ¢ direction.

The differences between the nonperturbative four-arm vor-
tex in Eq. (10) and the perturbative six-arm vortex in Eq. (4) are
most clearly seen in a spherical representation. Figures 1(c) and
1(d) display the corresponding interference terms as a function
of the angles ¥ and ¢ for fixed photoelectron energy Ey. Along
the ¢ direction, both plots reflect the rotational symmetry
of the respective vortices, that is, ¢ in the perturbative and
¢4 in the nonperturbative case. Sections in the azimuthal
direction taken at 9 = 90° (x-y plane), shown as black curves
in the right-hand frames, display clear sixfold and fourfold
periodicity, respectively. Here, in the laser polarization plane,
Egs. (10) and (4) are fully analogous due to A(90°) & 1. In the
perturbative case, variation of ¢ leads to a monotonous decay
of the signal, as indicated by the section taken at ¥ = 55°
and plotted as a green curve in Fig. 1(c). In contrast, in the
nonperturbative case, the vortex structure undergoes a distinct
phase shift of 7 at ¥+ = 63° before fading, as highlighted by
the green curve taken at = 55° in Fig. 1(d). In the transition
region around ¢ = 63°, the ¢ dependence of the wave packet
vanishes and the vortex structure is smoothed out [blue dashed
curve in Fig. 1(d)]. This & jump in the vortex phase is induced
by the node of the | f,—1) wave function, which inverts the
relative phase between the interfering wave packets |f,—1)
and | f,3). Measurement of this phase shift provides a method
to determine the free-electron wave function, rather than its
probability density (see Sec. IV B 2).

III. SETUP

The experimental setup is depicted in Fig. 2. CRCP pulse
sequences are generated using a home-built 4 f polarization
pulse shaper equipped with a dual-display liquid-crystal
spatial-light modulator (LC-SLM; Jenoptik SLM-640d)
[16,33-35]. The p-polarized input pulses with central
wavelength Ay = 790 nm and a full width at half maximum
of AX =80 nm are provided by a multipass chirped-pulse
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FIG. 2. Experimental setup. A 4 f supercontinuum polarization
shaper is used to generate an OLP pulse sequence of variable time
delay t by linear spectral phase modulation. The OLP sequence is
converted into a rotatable CRCP sequence (here LRCP) using a QWP
(A/4) followed by a HWP (A/2). Free-electron wave packets created
by the multiphoton ionization of potassium atoms are imaged by a
VMI spectrometer. By rotation of the HWP, we measure images of
the free-electron wave packet under different angles, as illustrated in
the inset, and reconstruct the 3D-ED using a tomographic algorithm.

amplifier (Femtolasers Femtopower HR 3 kHz seeded by a
Rainbow 500 oscillator). For the experiments based on an
over octave-spanning supercontinuum reported in Sec. IV, we
utilize an argon-filled hollow-core fiber as the light source.
In all experiments, pulse compression is implemented by the
pulse shaper for residual spectral phase compensation. To this
end, the integrated second harmonic signal of the laser pulse
is maximized using an evolutionary optimization algorithm
[36,37]. The optical axes of the two liquid crystal displays
(LCDs) A and B are oriented orthogonally at ¢ = £45°.
Applying linear spectral phases

T
PA/B = :FE(CU — wo) (11)

to LCD A and LCD B, respectively, generates an orthogonal
linearly polarized (OLP) pulse sequence with a temporal
separation of 7 [12,16,34]. An achromatic quarter-wave plate
(QWP) with horizontally aligned optical axis transforms the
OLP sequence into a CRCP pulse sequence. Depending on the
sign of 7, the resulting pulse sequence is either RLCP (tr > 0)
or LRCP (tr < 0). Note that the subsequent half-wave plate
(HWP) inverts the helicity. The CRCP pulse sequences are
focused by a lens with a focal length of 250 mm into the inter-
action region of a velocity map imaging (VMI) spectrometer,
to interact with potassium atoms in the gas phase provided by a
dispenser source at a background pressure of about Se-7mbar.
Photoelectron wave packets from REMPI of potassium atoms
triggered by the CRCP pulse sequence are projected onto a
multichannel plate (MCP) detector in chevron configuration
equipped with a phosphor screen which is imaged by a
charge coupled device (CCD) camera. To obtain the full three-
dimensional (3D) electron momentum distribution (3D-ED)
from the measured projected electron momentum distributions
(PED), we employed a tomographic technique [38—41]. In
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contrast to Abel inversion techniques such as the pBASEX
algorithm [42], photoelectron tomography does not require any
symmetry properties of the wave packet to be reconstructed
and is therefore suitable to reconstruct vortex-shaped 3D-EDs.
Since the ionizing laser pulse defines the orientation of the re-
leased 3D-ED, rotation of the laser pulse about its propagation
axis using an achromatic HWP allows us to image the 3D-ED
under different angles. From the PEDs obtained under 45
different angles between —90° and 86°, we retrieve the 3D-ED
applying the Fourier slice algorithm [43]. An advantage of the
Fourier slice algorithm compared to other reconstruction meth-
ods, such as the back projection algorithm, is that the angular
discretization inherent to the measurement manifests in the
Fourier domain rather than in real space. Therefore, the angular
discretization is not palpable in the reconstructed 3D-ED.
Radial conversion of the electron vortices from the mo-
mentum to a kinetic-energy representation is performed by
taking 151 2D slices through the reconstructed 3D-ED under
different angles, performing a 2D calibration of each slice, and
recombining the calibrated slices to obtain the energy-resolved
3D-ED. We estimate the energy resolution of the 3D-EDs to be
better than 80 meV at a photoelectron kinetic energy of 1 eV.
Introducing a relative phase between the two pulses in
the CRCP sequence provides an alternative, shaper-based
approach to perform the spatial rotation of the CRCP sequence
as required for the tomography, without using a HWP. To
this end, a constant phase of +¢ is applied to the LCP
pulse, whereas a phase of —¢ is applied to the RCP pulse
to rotate the whole CRCP pulse sequence about an angle of
¢. As a consequence, the electron vortex is rotated about
¢. Mathematically, this is rationalized by considering the
eigenvalues and eigenvectors of the rotation matrix R(¢),

R(p)e, = ¢1'%e,, (12)

where e, describe the Jones vectors for LCP (¢ = 1) and RCP
(g = —1) light. Accordingly, applying the rotation matrix to a
CRCP pulse sequence reads

R(@)eiEr +e_1Er) = e e +e_1Ege™™.  (13)

Here, £ and &g describe the time-delayed envelopes of the
LCP and RCP light pulses, respectively. It is seen that the
relative phase of 2¢ rotates the CRCP pulse sequence by an
angle of ¢. This technique is particularly advantageous for
ultrabroadband pulses since the HWP is not required for pulse
rotation.

IV. RESULTS AND DISCUSSION

In this section, we present our experimental results in three
parts. In the first part (Sec. IV A), we study control of the
radial vortex shape by variation of the time delay 7, including
reversal of the pulse ordering, and the spectral bandwidth. In
the second part (Secs. IVB 1 and IV B 2), we utilize neutral
m-pulse excitation and continuum-continuum transitions to
manipulate the azimuthal vortex shape. Finally, in the third part
(Sec. IV B 3), we discuss manipulation of the vortex shape in
the polar direction. Analysis of the relative phase of interfering
wave packets with different |m| allows us to reconstruct a
free-electron wave function.

043426-4



CONTROL OF THREE-DIMENSIONAL ELECTRON ...

A. Control of the radial vortex shape
1. Amplifier spectrum

We start the discussion in the perturbative regime, where
1+2 REMPI results in a vortex with ¢ symmetry as described
by Eq. (4). The first experiment was performed using At =
20fs pulses from the amplifier of our laser system. The choice
of the time delay between the two pulses in the CRCP sequence
is a trade-off between maximizing the pulse separation in
order to avoid significant photoelectron generation from the
linearly polarized field in the overlapping time window, on
the one hand, and maximizing the vortex arm separation in
order to resolve interference fringes with the spectrometer,
on the other hand. In the first experiment, the time delay
was chosen as t = 2Ar = 40fs, which ensures sufficient
temporal separation of the two pulses. The positive time
delay corresponds to an RLCP pulse sequence. The resulting
spacing of interference fringes in the photoelectron spectrum
is §E = h/t =~ 100meV, well above the spectrometer res-
olution. Taking into account the spectral bandwidth Aw =~
2ncAA/A% =240 %“d of the laser pulse, the total width of
the photoelectron spectrum from three-photon ionization is
approximately AE = +/3liAw = 274meV. Hence, the chosen
time delay corresponds to about AE /S E ~ 2.7 visible fringes
in the photoelectron spectrum.

The 3D-ED obtained by tomographic reconstruction and
energy conversion of the measured data is depicted in Fig. 3(a).
For better visibility of the vortex structure, we enhanced the
salient cq Fourier component [12]. In accordance with Eq. (4),
the 3D-ED created by the RLCP pulse sequence displays a
six-arm vortex with counterclockwise sense of rotation. In the
top row of Fig. 4, the slice through the x-y plane of the 3D-ED
is shown in (a) Cartesian and (b) polar representation. The
radial distribution R%(E ) of the Archimedean spiral integrated
over all angles ¢ essentially reflects the three-photon power
spectral density of each laser pulse. In polar coordinates, the
vortex arms evolve linearly along E,(¢) curves predicted by
Eq. (5) (black dashed lines). The negative slope of the spiral
arms indicates the left-handed rotation of the electron vortex.
The energy separation between adjacent arms is 6 E = 0.1eV
in accordance with theoretical value §E = % Overall, com-
parison between the calculated E,,(¢) curves and the measured
vortex arms reveals excellent agreement between theory and
experiment. As confirmed by our numerical simulations [44],
the inhomogeneity of the vortex arms in the ¢ direction results
from minor contributions of the |p,—1) state. This resonant
intermediate state is populated perturbatively by the initial
RCP prepulse and probed by the LCP postpulse (cf. Fig. 1). The
inhomogeneity of the vortex arms leads to the signal variations
in the inner parts of the measured PEDs, presented in Figs. 5
and 6, which arise from the angle-dependent integration over
vortex arms with slightly different electron density.

2. White-light supercontinuum

Next, we focus on the creation of electron vortices by
REMPI with few-cycle CRCP pulse sequences. The super-
continuum input pulses from the hollow-core fiber compressor
have a pulse duration of about Az = 7fs and a spectral width
of AE =450meV. The use of ultrabroadband laser pulses
significantly extends the radial, i.e., kinetic-energy, distri-

PHYSICAL REVIEW A 96, 043426 (2017)

Amplifier, At = 20 fs Supercontinuum, At ~ 5 fs

1
om_,_ll
1 0.5 0.7 9 1.1

. 0.
Wavelength [um]

PSD [norm.]

o

T
0.5 1

0.7 0.9
Wavelength [pm]

—
Q
f=3

(c) threshold
6—armxvortex

?

perturbative
6-arm vortex

- —
e 0.0 0.5 1.0 3 .

T =—20fs

. (b) non-perturbative (d) ATI

4-arm vortex 6- within 8-arm vortex
X X

FIG. 3. Tomographically reconstructed electron wave packets
|W(E,®,¢)>. The left column displays electron vortices generated
by CRCP sequences of At =20fs pulses from the laser system
(spectrum shown on top). (a) Perturbative 142 REMPI using an
RLCP sequence leads to the generation of a six-arm vortex with
counterclockwise sense of rotation. (b) Nonperturbative ionization
using an LRCP sequence of two 7w pulses changes the rotational
symmetry to c4 and reverses the rotational sense. The right column
displays electron vortices generated by CRCP sequences of Ar = 5fs
supercontinuum pulses (top frame). Due to the increased spectral
bandwidth, the six-arm vortex from perturbative 14-2 REMPI extends
down to the ionization threshold. Absorption of an additional photon
in the continuum (ATT) gives rise to the eight-arm vortex shown in (d).

bution R3(E) = V3AE of the photoelectron wave packet.
Using shorter time delays t increases the fringe separation
in the photoelectron spectrum. As an example, we present
a perturbative electron vortex with ¢g symmetry, created by
an LRCP supercontinuum pulse sequence with negative time
delay of t = —20fs, in Fig. 5. The figure displays a subset of
9 out of the 45 measured PEDs in angular steps of A¢ = 20°.
In comparison to the PEDs measured with the amplifier and
presented in [12], the influence of both the enhanced spectral
bandwidth and the shorter time delay is clearly discernible.
The former results in the broadened photoelectron energy
distribution extending down to the zero kinetic energy. The
latter results in a higher fringe resolution due to the increased
fringe separation of §E = h/t =~ 200 meV, corresponding to
about v/3AE/SE ~ 3.9 visible fringes in the spectrum. To
guide the eye, three arrows are added at fixed energies in the
first row and column of Fig. 5. Following the evolution of the
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FIG. 4. Slices through the x-y plane of the six-arm electron
vortex generated by (a) an RLCP sequence of Ar = 20fs pulses
from the laser system and (c) an LRCP sequence of ultrabroadband
supercontinuum pulses. In polar representation, displayed in (b) and
(d), the vortex arms form straight lines with a slope of —6/i/t. The
sign of the slope reflects the rotational sense of the vortices determined
by the pulse ordering. Angle-integrated photoelectron spectra R3(E)
are plotted in the right-hand frames of (b) and (d). The x-y-coordinate
axes in (a) and (c) indicate the orientation.

fringe positions relative to the arrows along each row shows
that the fringes shift inwards, i.e., towards lower energies, as
expected for the clockwise rotation of an electron vortex with
clockwise rotational sense. Because of the cg symmetry of
the vortex-shaped wave packet, the fringe pattern recurs after
A¢ = 60° rotation, which is confirmed by comparison of the
PEDs displayed in each column.

The reconstructed 3D-ED depicted in Fig. 3(c) shows a
six-arm electron vortex rotating clockwise due to the negative
time delay. A slice through the x-y plane of the white-light
vortex is shown in Figs. 4(c) and 4(d) in Cartesian and polar
representation, respectively. The radial distribution extends
down to the ionization threshold. Because the time delay is
reduced by half, the energy separation of the adjacent vortex
arms is twice as large as in the case of the amplifier spectrum
shown in Figs. 4(a) and 4(b). In accordance with Eq. (5) for
7 < 0 (LRCP case), the vortex arms evolve linearly with a
positive slope in the polar frame. Again, the calculated E(¢)
curves in Fig. 4(d) coincide with the data.

B. Control of the azimuthal and polar vortex shape

Two different schemes to control the azimuthal shape,
i.e., the rotational symmetry of the electron vortex, are

LRCP 7= —20fs
- - -
e
e
b= —90° —70° _50°
z
- r - -
| n
—30° —10° 10°
- - -
—i
-
30° 50° 70°

FIG. 5. Measured PEDs for different rotation angles ¢ of an
LRCP supercontinuum pulse sequence. Arrows highlight the position
of interference fringes observed in the y direction at ¢ = —90° (first
frame). Comparison of PEDs in each row indicates that the fringes
shift inwards under the clockwise rotation of the 3D-ED. Due to the
c¢ symmetry of the electron vortex, the interference pattern recurs
every A¢ = 60°. Therefore, fringe positions of PEDs in the same
column are identical. The y-z-coordinate axes in the central frame
indicate the orientation.

investigated. In the first scheme, we make use of ATI and
show experimentally that absorption of another photon in
the continuum leads to an electron vortex with cg rotational
symmetry. The second scheme is based on nonperturbative
neutral excitation using a CRCP m-pulse sequence. We show
that manipulation of the three-photon ionization pathways by
populating the intermediate 4 p state results in ¢4 symmetry of
the electron vortex.

1. Eight-arm vortex in the above-threshold ionization

The ATI scheme is implemented using a pair of white-light
supercontinuum pulses with a duration of Af =5fs and
spectral bandwidth of AE = 632meV. The reduced pulse
duration allowed us to decrease the time delay in an
RLCP sequence even further to t = 10fs. The resulting
energy separation of the vortex arms is 6 E =~ 0.4eV, which
corresponds to about +/3AE/SE ~ 2.7 visible fringes in
the energy distribution of threshold photoelectrons. Figure 6
shows a subset of measured PEDs for different rotation angles
of the RLCP sequence. In order to increase the visibility
of the interference pattern in the ATI, the total ATI signal
is scaled by a factor of 3 and the cg Fourier component is
slightly enhanced. Similar to Fig. 5, the first two columns
display PEDs in angular steps of A¢ = 60°. Accordingly,
the fringe pattern of the threshold electrons recurs throughout

043426-6



CONTROL OF THREE-DIMENSIONAL ELECTRON ...

signal [arb. units]
0 9 0.5 1.0

RLC?_’A‘r:gofs A T
+8 | 8./ 8
x3i ¢::90° V~50° w
2|
v_%o

-
~

g
V%O .

—46°

N

ol
| e
FIG. 6. Measured PEDs for different rotation angles ¢ of an
RLCP supercontinuum pulse sequence including ATI. For better
visibility, the overall ATI signal is scaled by a factor of 3. Blue
and green arrows highlight the fringe positions in the threshold and
ATT signal, respectively. The blue arrows (first and second column)
are locked to the fringe positions, indicating their outwards shift
under the clockwise rotation of the 3D-ED. The angular intervals A¢
were chosen such that the interference pattern recurs for all PEDs of
the same column. For the six-arm vortex from threshold ionization,
the pattern reappears every A¢ = 60° (left two columns). The fringe
pattern of the eight-arm vortex in the ATI reappears every A¢ = 45°

with varying intensity (right column). The y-z-coordinate axes in the
central frame indicate the orientation.

each of the two columns, as indicated by the blue arrows.
Under clockwise rotation of the 3D-ED (increasing ¢), the
fringes shift outwards, i.e., towards higher energies, indicating
counterclockwise rotation of the underlying six-arm electron
vortex. The fringe pattern in the ATI, on the other hand, is
expected to recur every A¢ = 45° due to the cg rotational
symmetry. Since the PEDs are acquired with an angular step
size of A¢ = 4°, the third column displays PEDs in angular
steps of A¢ = 44°. Indeed, the fringe position remains fixed
throughout the third column, as indicated by the green arrows.

After tomographic reconstruction and enhancement of the
salient cg Fourier component, we obtain the 3D-ED shown in
Fig. 3(d). Besides the six-arm electron vortex from threshold
ionization, the eight-arm vortex in the ATI is clearly visible.
Both vortices display a counterclockwise sense of rotation in
accordance with the positive time delay. The slice through the
x-y plane of the 3D-ED is shown in Fig. 7 in (a) Cartesian
and (b) polar coordinates. The ATI signal appears more
pronounced in the polar representation due to scaling by the
area element d A = E dE d¢. The energy separation of the
spiral arms is the same for both the six-arm and the eight-arm
vortex, being solely determined by the time delay .
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FIG. 7. Slice through the x-y plane of the free-electron wave
packet created by an RLCP supercontinuum pulse sequence with a
time delay of T = 10fs via 1+2 REMPI and ATTI in (a) Cartesian and
(b) polar representation. The inner vortex from threshold ionization
exhibits ¢ rotational symmetry [cf. Figs. 3(c) and 4(c)], whereas the
outer vortex resulting from ATI exhibits cg rotational symmetry. The
x-y-coordinate axes in (a) indicate the orientation.

2. Four-arm vortex from nonperturbative n-pulse excitation

Next, we study control of the vortex symmetry by non-
perturbative laser-atom interaction. Employing m pulses, with
respect to the resonant 4s — 4p transition, opens up a new
ionization pathway leading to an |f,—1)-type continuum,
as displayed in Fig. 1(b). Interference of the |f,3) electron
wave packet launched by the first pulse and the |f,—1)
wave packet created by the time-delayed second pulse gives
rise to a vortex with ¢4 rotational symmetry. To demonstrate
this scenario experimentally, we used an LRCP sequence
of At =20fs pulses from the laser system, with a time
delay of v = —40fs. In the experiment, m-pulse excitation
conditions were achieved by increasing the pulse energy by
a factor of 4 relative to the perturbative scenario discussed
in Sec. IVA 1. Slices through the reconstructed 3D-ED in
the x-y plane (% = 90°) are shown in Figs. 8(a) and 8(b)
in the Cartesian and the polar frame, respectively. In both
representations, the c4 rotational symmetry is clearly visible.
The vortex arms again coincide with the linear E(¢) curves
calculated using Eq. (10) and shown as black dashed lines in
Fig. 8(b). The full tomographic reconstruction of the measured
3D-ED is presented in Fig. 3(b). For clarity of the illustration,
only the central vortex containing the major part of the
density is displayed. However, unlike the six- and eight-arm
vortices discussed so far, the four-arm vortex results from
a superposition of states with different |m| [cf. Eq. (10)].
Therefore, the 3D-ED exhibits an additional modulation in the
¥ direction, which will be addressed in the following section.

3. Reconstruction of the wave function

The superposition of angular momentum states with dif-
ferent absolute value |m| of the magnetic quantum number
provides a means to measure the relative quantum mechan-
ical phase of the wave function. Recently, we reported a
measurement of the density of a pure |f,—1) free-electron
wave packet [32]. Here, we extend these measurements by
determining the phase of the | f,—1) wave packet using the
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FIG. 8. Four-arm electron vortex from nonperturbative m-pulse
excitation. (a), (b) Slices through the x-y plane (¢ = 90°) of the 3D-
ED in Cartesian and polar representation. (c) The retrieved quantum
mechanical phase of the |f,—1) wave packet relative to the |f,3)
reference wave packet as a function of the polar angle ¢. The distinct
7 step observed in the ¢, vortex pattern around ¥ = 68° is indicative
of the node in the | f,—1) wave function. Slices through the 3D-ED
taken at different ¥ close to the phase step are displayed in the bottom
row. The crosshairs serve as a fixed reference to highlight the 45°
rotation of the vortex pattern. The x-y-coordinate axes in (a) indicate
the orientation.

| f,3) wave packet as a reference. Figure 8(c) shows the
retrieved phase of the c4 Fourier component as a function
of the polar angle ¢. Around ¢ = 68°, a distinct phase
step of m is observed. According to Eq. (10), the phase
shift is predicted to occur at ¢ = 63° [see also Fig. 1(d)].
The deviation between theoretical model and experiment is
explained by an additional contribution from a |p,—1)-type
ionization continuum, which is not included in the simplified
theory presented in Sec. II. Additional interference between
the corresponding torus-shaped wave packet v, _(E,?,¢)
and the vortex-shaped wave packet in Eq. (10) shifts the
phase step to larger angles ¢, i.e., towards the x-y plane.
In our numerical simulations, we were able to reproduce the
experimental finding using a relative mixing factor of the order
of 0.5 for the |p,—1) contribution, in excellent accordance
with [44]. The bottom row of Fig. 8(c) shows a series of slices
through the 3D-ED, taken at various angles ¢ relative to the
x-y slice shown in Fig. 8(a). The m-phase shift is expressed
by the 45° rotation of the observed four-arm vortex pattern
as the polar angle is scanned from ¥ < 68° (yellow and red
squares) to ¥ > 68° (purple and blue squares). The slice taken
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at ¥ = 68° (green square) marks the transition between both
regions of the wave function. Here, the contrast of the vortex
arms is strongly reduced and the angular distribution becomes
nearly isotropic.

We found that the measured four-arm vortex displays the
structure described by Eq. (10) in both the ¢ and ¢ directions.
Indeed, we observe an Archimedean spiral with ¢4 rotational
symmetry with a w-phase step in the ¢ direction. As discussed
in Sec. II, the interference of the |f,—1) wave packet with
a reference wave packet allows direct measurement of the
relative phase and therefore provides a different technique for
the determination of atomic and molecular wave functions
[45,46].

V. CONCLUSION AND OUTLOOK

In this paper, we report experimental results on the creation
and control of 3D electron vortices obtained by multiphoton
ionization of potassium atoms employing pairs of CRCP fem-
tosecond laser pulses from white-light polarization shaping.
The 3D electron vortices are reconstructed from multiple
velocity map imaging measurements using a tomographic
technique. In the perturbative regime, 142 REMPI leads to
the generation of vortices with c¢ rotational symmetry. The use
of ultrabroadband white-light supercontinuum pulses enabled
efficient control over the radial, azimuthal, and polar shape of
the vortex. Besides being able to measure the “full” vortex, i.e.,
an electron wave packet over a large range of photoelectron
kinetic energies, the results feature high resolution of the
interference fringes due to time delays down to 10fs. In
addition, we observe an electron vortex with c¢g rotational
symmetry in the above-threshold ionization (ATI). A vortex
with ¢4 symmetry is generated by nonperturbative neutral
excitation. Evaluation of the relative phase of the interfering
electron wave packets provides access to the relative quantum
mechanical phase of the total free-electron wave packet,
allowing direct measurement of the wave function rather than
its probability density.

Currently, we study the generation of electron vortices with
odd number of arms. As suggested by Eq. (8), such vortices
arise from the interference of M- and N-photon pathways, with
M and N being of opposite parity [13]. For the experimental
implementation, we employ bichromatic fields from white-
light polarization pulse shaping. In contrast to the M = N case
discussed in this contribution, the bichromatic M vs N scenario
requires stabilization of the carrier envelope phase (CEP) of the
laser field [16]. In addition, we plan to investigate strong-field
effects in the electron vortices from nonperturbative ionization,
including energy and phase shifts. Studying electron vortices
of larger atoms will allow one to investigate electron-electron
correlations in the multiphoton ionization of multielectron
systems [47]. CRCP pulse sequences may also serve as a
“bichiral” probe of the electron dynamics in the photoelectron
circular dichroism (PECD) of chiral molecules [48,49].
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