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Electron Vortices in Femtosecond Multiphoton Ionization
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Multiphoton ionization of potassium atoms with a sequence of two counter-rotating circularly polarized
femtosecond laser pulses produces vortex-shaped photoelectron momentum distributions in the polari-
zation plane describing Archimedean spirals. The pulse sequences are produced by polarization shaping
and the three-dimensional photoelectron distributions are tomographically reconstructed from velocity map
imaging measurements. We show that perturbative ionization leads to electron vortices with ¢ rotational
symmetry. A change from cg4 to ¢4 rotational symmetry of the vortices is demonstrated for nonperturbative

interaction.
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Since the first experiment revealing the wave-particle
duality of electrons [1] predicted by de Broglie [2], the
interference of matter waves has been observed in numer-
ous experiments and thoroughly studied theoretically.
Nowadays, ultrashort shaped laser pulses are routinely
used to manipulate matter-wave interferences, enabling
control of coherent quantum dynamics (see for example,
monographs [3-5]). In particular, control of the interference
of free-electron wave packets has been demonstrated by
photoionization with phase-locked femtosecond (fs) pulse
pairs [6] or attosecond pulses [7]. Refined experimental
techniques such as angular-resolved photoelectron spec-
troscopy provide highly differential information on the
structure of those interfering electron wave packets [8].
Moreover, tomographic reconstruction of the full three-
dimensional (3D) photoelectron momentum distribution
[9,10] has been developed to characterize free-electron
wave packets, which arise from photoionization with
polarization-shaped pulses. Coherent manipulation of pho-
toelectron angular distributions by shaped fs laser pulses
has been demonstrated experimentally [11] and discussed
theoretically [12]. Recently, the creation of a vortex-shaped
photoelectron momentum distribution, created by photo-
ionization with two time-delayed counter-rotating circu-
larly polarized attosecond laser pulses, was theoretically
predicted and characterized as “an unusual kind of Ramsey
interference” [13].

In this Letter, we report on the experimental observation
of vortex-shaped electron wave packets arising from the
interference of time-delayed free-electron wave packets
with different magnetic quantum numbers m. In the experi-
ment, we detect photoelectrons with energy and angular
resolution from resonance-enhanced multiphoton ioniza-
tion (REMPI) of potassium atoms using a pair of time-
delayed phase-locked fs pulses with counter-rotating
circularity (CCP pulse pairs), generated by a polarization
shaper [14-16]. Projections of the photoelectron momen-
tum distribution are measured in a velocity map imaging
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(VMI) [17] setup at different angles to yield the 3D
photoelectron momentum distribution by tomographic
reconstruction. In the perturbative limit, electron vortices
with ¢ rotational symmetry are observed, whereas non-
perturbative excitation with z pulses [18] gives rise to
electron vortices with ¢, rotational symmetry. The maxima
of the vortices describe Archimedean spirals. The energy
separation of the spiral arms is controlled by the intrapulse
time delay. Pulse pairs starting with a right-handed circu-
larly polarized pulse, followed by the second left-handed
circularly polarized pulse (RLCP), create counterclock-
wise-rotating electron vortices, whereas clockwise-rotating
electron vortices are generated by pulse pairs with the
reverse ordering of polarizations (LRCP). The interplay
of three distinct physical mechanisms, controlled by the
polarization of the pulses, the field intensity, and the time
delay 7 between the two pulses, enables coherent control.
Polarization control is achieved by the CCP pulse pairs:
each pulse defines a single ionization pathway due to the
selection rules Al =1 and Am = +1 for 6= transitions.
Perturbative excitation leaves the ground-state population
unchanged so that both pulses interact with the quantum
system essentially in the ground state. In contrast, the
population dynamics during nonperturbative interaction of
the first pulse with the quantum system controls the initial
conditions for the second laser pulse. The time evolution
of the initially created electron wave packet results in an
energy-dependent (relative) phase of —zE/h, where E
denotes the variable excess energy of the electron. The
schemes for 1 + 2 REMPI of potassium atoms using right-
and left-handed circularly polarized light (£ and &;) for
perturbative and nonperturbative interactions are depicted
in Fig. 1(a) and Fig. 1(b), respectively. lonization with two
right-handed circularly polarized pulses (RRCP) proceeds

via the s,0>£§|p, —1>é§|d, —2)25 f,—3) states, where
|l, m) characterizes the angular part of the wave function.
When the second electron wave packet is created, the first
electron wave packet has acquired a phase of —zE/f due
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FIG. 1. Ionization scheme for 1 +2 REMPI of potassium

atoms with left- and right-handed circularly polarized light (£,
and &), including intermediate states and the interfering final
electron wave packets. The insets show the population dynamics
of the |p, 1) and |p, —1) states (a) for perturbative interaction and
(b) excitation with z pulses.

to the time delay between the two pulses. Therefore, three-
photon ionization with RRCP pulse pairs produces the
coherent superposition state

W) oc 7, =3) 4

f.-3). (1)

With Q representing the angular coordinates J and ¢
(see Fig. 1), and (Q, E|l,m) < U, ,, (9, E)e™? the projec-
tion on Q and E, the probability density for the super-
position state reads

W(E.Q)P « [1 +coscE/Mp(9.E).  (2)

Herein, p(8,E) = |¥55(9, E)|> describes the torus-type
photoelectron distribution obtained for single pulse ioniza-
tion [cf. Fig. 1(a)]. The experimental result for ionization
with an RRCP pulse pair depicted in Fig. 4(a) shows
characteristic interference fringes with an energy separation
of AEp = h/7 in the radial (energy) direction. More
quantum pathways are available when CCP pulse pairs
are used for ionization. Ionization with an RLCP pulse pair
starts with a right-handed circularly polarized pulse (RCP)
and proceeds via the same pathway as above. In the
perturbative limit, the |s,0) ground-state population
remains essentially unchanged by the first pulse [cf. inset
to Fig. 1(a)] and therefore, ionization with the second left-
handed circularly polarized pulse (LCP) proceeds similarly

via the |s,0>£L> D, 1>£L>|d, 2)2 f.,3) states. Therefore, for
ionization with RLCP pulses, the wave packet ends up in a
coherent superposition of states with different quantum
numbers m = £3:

lwe) o e f=3) +f.3). (3)

The angle-dependent interference of the two states
(Q|f,=3) x e and (Q|f,3) x ¥ exhibits cg

symmetry. The vortex structure arises from the additional
interference in radial (energy) direction, given by the
amplitude e¢~"F/" Tn order to quantitatively discuss
the fringe structure of the wave packet, we calculate the
probability density from Eq. (3) and obtain

we(E, Q)* o« [1 +cos (64 + 7E/h)]p(9. E),  (4)

with maxima in the interference term at

E (¢) = (27[}’1 - 6¢)h/T (5)

for integer values of n and E,,(¢) > 0. Equation (5)
highlights that the maxima in the section through the
energy-calibrated photoelectron distribution in the polari-
zation plane (x-y plane) describe Archimedean spirals
(cf. Fig. 5). Nonperturbative excitation with a right-handed
circularly polarized z pulse creates an |f, —3) free-electron
wave packet and depletes the |s,0) ground state such
that after the pulse, the population is exclusively stored in
the excited |p, —1) state [see inset to Fig. 1(b)]. Therefore,
the second pulse in an RLCP sequence ionizes the

. . S £
excited |p, —1) state via the ionization pathway |p, —1)=

g
|d, 05|, 1). In this case, the wave packet is composed of
the contributions

lwa) o e f=3) +|f. 1). (6)

Analogous to the above discussion, the coherent super-
position of the [f,—3) and |[f,1) states results in c,
rotational symmetry. The radial interference fringes intro-
duced by the time delay are unchanged. The results from
the simple physical picture presented here are supported by
simulations reported in [13] and our own nonperturbative
simulations described in [12], taking into account both the
population dynamics and the ionization dynamics via all
pathways.

The experimental setup, schematically shown in Fig. 2,
combines ultrafast polarization shaping with a tomographic
reconstruction technique based on VMI to measure the 3D
photoelectron momentum distribution. The choice of the
time delay between the pulses is restricted by three
constraints: (1) in order to observe the interference pattern,
the energy separation of the interference fringes AEp =h/z
needs to be larger than the energy resolution of the VMI
spectrometer AE, i.e., the VMI’s spectral resolution places
an upper limit on the delay 7 < h/AEj, (2) the two pulses
with duration Ar and opposite circularity need to be
fully separated—otherwise the polarization in the overlap
region is linear—and (3) AEr needs to be well below the
width of the three-photon spectrum AE; ~ 0.76h/At.
These constraints result in AEg < AEr < AE7. Both the
conditions (2) and (3) place a lower limit on the delay. As
soon as the two pulses are fully separated, i.e., 7> Af, a
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FIG. 2. Interaction of CCP pulse pairs with potassium atoms
gives rise to vortex-shaped photoelectron wave packets via 1 + 2
REMPI. The electron wave packets are imaged using a VMI
spectrometer. A A/2 wave plate rotates the incident CCP pulse
pair for tomographic reconstruction of the 3D photoelectron
momentum distribution, revealing the vortex pattern in the
polarization plane (x-y plane). The insets show measured
angular-resolved optical spectra of the incident pulse pairs.
The color scale is identical in all figures.

sufficient number of fringes AE;/AEp=~0.76t/At is
visible. Taking 2At¢ as the minimal delay to guarantee
pulse separation, one obtains 2A¢ < 7 < h/AEg. Assuming
At=20fs and AEg =80 meV results in a narrow
window 40 fs < 7 <50 fs of permissible delays.

We use a FEMTOLASERS multipass chirped-pulse
amplifier (Rainbow 500, Femtopower HR 3 kHz CEP),
providing p-polarized 20 fs pulses centered at 790 nm, with
a full width at half maximum of 80 nm. Because the
experiments are insensitive to the Carrier Envelope Phase
(CEP), CEP stabilization was not used. In general, a CEP
dependence is expected when multiphoton pathways of
different order interfere [19] (nw vs mw excitation). For the
generation of CCP pulses, we employ a polarization shaper
in 4f geometry, equipped with a dual-display liquid crystal
spatial light modulator (LCSLM; Jenoptik SLM-640d)
[14,16,20]. The two LC displays, A and B, with optical
axes tilted by ¢, = 45° and ¢y = —45°, with respect to
the detector axis, control the spectral phases ¢4 (@) and
@gp(w) of the respective components of the input pulse.
Shaper-based compensation of residual spectral phases is
achieved by evolutionary optimization of second harmonic
generation in a nonlinear crystal. Additional application of
linear spectral phases @4 g(@) =F (7/2)w delivers pairs of
bandwidth-limited pulses, temporally separated by z and
orthogonally polarized along the corresponding LC axes
[20]. A /4 wave plate, aligned either at ¢, /4 = 0° (LRCP)
or at ¢;/4 = 90° (RLCP), transforms the pulse pair into a
CCP pulse sequence. RRCP pulse pairs are generated by
insertion of a p-aligned polarizer behind the LCSLM and
the 4/4 wave plate aligned at ¢/, = 45° In order to

verify the polarization state of the generated pulse pairs,
we measured projections of the spectrum under different
angles between ¢, =0° and 360° using a rotatable
polarizer in front of an optical spectrometer. The results
are shown in the inset to Fig. 2. For RRCP pulses, the
observed spectral interference fringe pattern is angle
independent. For RLCP (LRCP) pulse pairs, the interfer-
ence fringes rotate counterclockwise (clockwise), resulting
in optical spirals with inherent ¢, symmetry. The symmetry
arises due to the /2 phase shift introduced by the 1/4 wave
plate between orthogonal field components, with the
opposite sign for the L- and RCP pulse. Thus, over 90°,
the pulse sequence acquires an effective relative phase of z,
leading to a recurrence of the interference pattern every
180°. For the detection of photoelectrons, we employed a
VMI spectrometer based on our previous design [16]. The
CCP pulses are focused by a lens with a focal length of
250 mm into the interaction region of the spectrometer
to interact with potassium atoms provided by a dispenser
source (cf. Fig. 2) at a background pressure of about
5 x 1077 mbar. Photoelectrons released during the inter-
action are detected by a chevron MCP detector, followed by
a phosphor screen, which is imaged onto a CCD camera.
The energy calibration of the spectrometer was performed
using a narrow-band laser diode tuned to the potassium
5p3), resonance at 404.53 nm as described in [21]. The
energy resolution of the VMI was determined to be better
than 80 meV at 1 eV, which allows us to resolve electron
vortices for time delays of up to 7~ 50 fs. Note that the
highly structured interference fringes in the images have
Fourier components up to 8 times larger than those of
interference-free images from single pulse ionization. In the
weak-field experiments, the laser intensity was adjusted
to Iy ~ 5 x 10'® W cm™2, resulting in about one event per
laser pulse. For the nonperturbative experiment, we used
an intensity of 4/,. In order to reveal the vortex structure of
the photoelectron wave packets in the polarization plane,
which is not directly measured in our setup, we retrieved
the full 3D electron momentum distribution (ED). Since
the electron vortices are not cylindrically symmetric
(see discussion below), Abel inversion is not applicable.
Instead, we employed a tomographic reconstruction tech-
nique [9-11,22], which is applicable, irrespective of the
symmetry. Using a 1/2 wave plate to rotate the incident laser
pulses, different projections of the electron wave packet are
measured for 45 angles between —90° and 86°. From the
projected electron momentum distributions (PEDs), obtained
by accumulating 400 images taken with an exposure time of
200 ms each, we retrieved the ED, employing the Fourier
slice algorithm [23].

We start by discussing the symmetry properties of the
measured PEDs upon rotation of the ionizing pulse about
its propagation direction k. In general, EDs from ionization
with a single circularly polarized laser pulse or an
RRCP pulse pair are circularly symmetric about k. This
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RLCP

FIG. 3. Measured PEDs for different rotation angles ¢ of an
RLCP pulse pair. PEDs with enhanced high frequency compo-
nents, shown on the right half, emphasize the interference fringes.
The dotted white lines serve as a reference to illustrate the fringe
shift upon rotation.

circumstance is illustrated schematically in Fig. 1 for RCP
ionization (£ only) and confirmed by the experimental
result for an RRCP pulse shown in Fig. 4(a). Hence,
rotation of the pulse does not change the PED. However,
the interference fringes in the PEDs measured at different
rotation angles (between ¢ = —90° and 70°), depicted in
Fig. 3, shift upon rotation of the ionizing CCP pulse pair
although both pulses in the sequence are circularly polar-
ized. This observation proves that the ED is not circularly
symmetric. Nevertheless, measured PEDs differing from
each other by rotation angles of A¢ = n x 60° (displayed
in the same column of Fig. 3) are very similar, i.e.,
PED(¢) ~ PED(¢p + n x 60°). In particular, the fringe
positions in those PEDs are identical. This finding already
suggests an approximate cg symmetry of the ED. In
addition, we notice that, although all measured PEDs have
axial and lateral symmetry, the observed PEDs at the
rotation angles +¢ are, in general, not identical. From
this observation, we conclude that the ED has no mirror
plane perpendicular to the polarization plane. Next, we
analyze sections through the reconstructed EDs in the
polarization plane at z = 0, displayed in the upper row
of Fig. 4. In order to enhance the visibility of the fringes in
Fig. 4, the corresponding Fourier components have been
scaled by a factor of 4. A vortex structure with approximate
¢ symmetry is clearly visible for both RLCP [Fig. 4(b)]
and LRCP [Fig. 4(c)] pulse pairs. The maxima of the
reconstructed ED section for the RLCP pulse pair shown
in Fig. 4(b) rotate counterclockwise for increasing values
along the energy axis. Therefore, vortices created by RLCP
pulse pairs are called counterclockwise. The clockwise
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FIG. 4. Sections through the reconstructed 3D electron distri-
bution (ED) for (a) RRCP, (b) RLCP, and (c) LRCP pulse pairs.
Upper row: sections in the polarization plane at z = 0 compared
to simulation results shown in the insets. Lower row: sections in
the detector plane at x = 0. CCP pulse pairs generate vortex-
shaped EDs in contrast to RRCP pulse pairs, which create
circularly symmetric EDs.

vortex depicted in Fig. 4(c) is created by an LRCP pulse.
Taking into account the handedness conventions and the
orientation of the plotted sections, our experimental find-
ings are consistent with the theoretical prediction [13]. The
insets to Fig. 4 show simulated angle- and energy-resolved
ED sections in the polarization plane based on the numeri-
cal solution of the time-dependent Schrodinger equation,
including all relevant ionization pathways as described
in [12]. Comparison to the experimental results shows
excellent agreement. Both the tomographically recon-
structed and the simulated ED confirm the (approximate)
ce rotational symmetry, i.e., ED(¢) =~ ED(¢ + n x 60°).
A simulated vortex-shaped ED showing ¢, rotational
symmetry is depicted in Fig. 2. Deviations from perfect
cg symmetry, expressed by the inhomogeneous intensity
distribution among the spiral arms in Figs. 4(b) and 4(c),
are explained by minor contributions to the final state from
ionization of the perturbatively excited states |p, £1) by
the second pulse [cf. Fig. 1(b)]. This analysis was con-
firmed by our simulations where the respective pathways
could be turned off artificially. In the lower row of Fig. 4,
perpendicular sections at x = 0, showing the reconstructed
ED section in the detector plane (y-z plane), are displayed.
Note that the vortices in Figs. 4(b) and 4(c) are indistin-
guishable when analyzed in the detection plane. By
increasing the intensity of the first pulse in an LRCP
sequence to a point at which the population is predomi-
nantly stored in the excited |p,1) state, the ionization
pathway for the second pulse changes such that the electron
is guided into a superposition state analogous to Eq. (6),
composed of states with different angular distributions
[cf. Fig. 1(b)]. We note that the intensity was too low to
observe above-threshold ionization. Figure 5(b) shows a
section through the reconstructed ED in the polarization
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FIG. 5. Sections through the ED for (a) perturbative and
(b) nonperturbative excitation with an LRCP pulse sequence
show ¢g and ¢, symmetry, respectively. The reconstructed ED
sections are superimposed by Archimedean spirals. The section
in (b) is compared to a simulation in (c).

plane for nonperturbative ionization. Although the con-
tours are less pronounced compared to the weak-field
result due to focal intensity averaging, the approximate c,
symmetry is clearly visible. The clearest ¢, symmetry
was observed with a minimal displacement from z = 0,
where the spiral arms appear slightly thicker. The simu-
lated results without focal intensity averaging, shown in
Fig. 5(c), are in good agreement with the reconstructed
ED section in Fig. 5(b).

We have demonstrated the creation of vortex-shaped
electron wave packets by perturbative and nonperturbative
REMPI of potassium atoms with CCP pulse sequences
generated by fs polarization shaping. Coherent control by
the field polarization and intensity was shown to rely on the
creation of superposition states composed of free-electron
wave packets with different magnetic quantum numbers.
The time delay controlled the energy-dependent amplitudes
of the contributing states, causing Ramsey-type interfer-
ence fringes in the radial direction. The ionization path-
ways were selected by the laser polarization via selection
rules and the field strength via the population dynamics.
The interplay of both mechanisms introduces a new twist to
Ramsey-type experiments. In the experiment, tomographic
reconstruction of EDs allowed us to retrieve the unusual
vortex shape of the ED in the polarization plane. Although
all measured PEDs exhibited both lateral and axial mirror
symmetries, the reconstructed results showed c4 rotational
symmetry for perturbative interactions and c¢, rotational
symmetry for strong fields. We found that RLCP (LRCP)
pulse pairs generated counterclockwise- (clockwise-) rotat-
ing electron vortices describing Archimedean spirals. In the
context of previous work on the determination of ionization
matrix elements by polarization-shaped pulses [12,24], we
believe that ionization with CCP pulse pairs is an ideal
technique to measure the quantum mechanical phase of
ionic states, simplified by selective excitation of only a few
quantum states. Motivated by our finding that CCP pulse
pairs discriminate between signatures from excitation and
ionization, we currently investigate REMPI of chiral
molecules with CCP pulse pairs to study the role of
intermediate resonances in the multiphoton photoelectron
circular dichroism [25].
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