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Abstract
Wecombine bichromatic polarization pulse shapingwith photoelectron imaging tomography for
time-resolved spatial imaging of ultrafast spin–orbit wave packet (SOWP) dynamics in atoms.
Polarization-shaped two-color pump-probe sequences are generated by spectral amplitude and phase
modulation of a femtosecond input pulse and used to excite SOWPs in the potassium p4 fine-
structure doublet. By selecting different spectral bands for pump and probe pulse, we achieve
interference-free detection of the spatiotemporal SOWPdynamics. Using tomographic techniques,
we reconstruct the three-dimensional photoelectronmomentumdistribution (3D-ED) created by the
probe pulse. Time-resolvedmeasurement of the 3D-ED reveals the orbital realignment dynamics
induced by spin–orbit interaction in the neutral atom.

1. Introduction

Nowadays, pump-probe techniques are established experimental tools to observe themotion of electrons and
nuclei on their intrinsic ultrafast timescales. In a nutshell, afirst ultrashort laser pulse (pump) initiates a
quantum-dynamical process which is interrogated after a variable time delay by a second pulse (probe)mapping
the dynamics onto an observable. Recently, pump-probe schemes have been employed in numerous time-
resolved experiments to reveal photochemical dynamics inmolecules on the pico- to femtosecond timescale, as
reviewed for example in [1–3], and even faster electron dynamics in atoms on sub-femtosecond to attosecond
timescales (see e.g. [4–9] and references therein). Traditionally, pump-probe pulse sequences are produced
using an interferometer to create two time-delayed replica of the input pulse from an ultrafast laser source. In
single-color schemes, the signals generated by pump and probe pulse often interfere in themeasured spectra
which complicates the signal analysis and interpretation. In contrast, two-color schemes allow to disentangle the
pump and the probe step providingmore specific information and enabling background-free detection of the
laser-induced dynamics. An even higher degree of control is attained by using polarization-shaped laser pulses to
exploit the vectorial character of light–matter interactions [10]. By adapting the polarization to the induced
dynamics, both the pump and the probe step can be optimized to obtain additional information on the process
under investigation [11]. Besides refined excitation schemes, the level of detail of the physical picture depends
crucially on the applied detection technique. In comparison to the detection of photons, themeasurement of
photoelectrons benefits fromhigh detection efficiency. Employing energy-resolved photoelectron spectroscopy
already yields awealth of dynamical information [12, 13].Making use of angle-resolved techniques, such as
velocitymap imaging (VMI) [14] or cold target recoil ionmomentum spectroscopy [15], reveals vectorial
information in addition. In particular, angle-resolved detection schemes provide access to the dynamics of
angularmomenta essential to understanding spatial aspects and the emergence of directionality in
photophysical and photochemical processes [16]. Eventually, a comprehensive physical picture is obtained by
measurement of the full three-dimensional (3D) photoelectronmomentumdistribution, e.g. using
tomographic techniques [17, 18].
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In this contribution, we present a technique for time-resolved 3D reconstruction of ultrafast quantum
dynamics by combining the aforementioned advantages of polarization-shaped pulses and highly differential
photoelectron detection. The technique is based on the combination of bichromatic polarization pulse shaping,
for the generation of polarization-shaped two-color pump-probe pulse sequences, with photoelectron imaging
tomography to reconstruct the full energy and angular distribution of photoelectronwave packets released by
the probe [19–21]. The experimental scheme has been introduced in [20] and applied to the coherent control of
photoelectronmomentumdistributions aiming at the design of unusual angularmomentum superposition
states. Here, we demonstrate the power of themethod to observe ultrafast dynamics and determine atomic and
molecular properties.We exemplify the bichromatic pump-probe technique on awell-establishedmodel system
by imaging the dynamics of ultrafast spin–orbit wave packets (SOWPs) in potassium atoms. SOWPs, being a
prototype example of coherent electron dynamics, were among the first electronwave packets studied in real-
time. For example, SOWPs have been investigated in Rydberg atoms on the picosecond timescale [22–24] and in
alkalimetals [11, 25] and noble gases [26–28] on the femtosecond timescale. Recently, the sub-femtosecond
motion of SOWPs in krypton ionswas observed using attosecond transient absorption spectroscopy [29]. In
addition, coherent control of SOWPs based on shaped femtosecond laser pulses was demonstrated [28, 30–32]
and the polarization dependence of SOWPswas studied experimentally [11, 24] and proposed as ameans to
produce highly spin-polarized electrons [33, 34]. So far, the dynamics of SOWPs havemainly been studied by
means of scalar observables. For example, in [11, 25, 35], oscillations in the ion yield frommultiphoton-
ionization of potassium atoms due to variation of the ionization probability during the SOWP time evolution
weremeasured and analyzed in a bright-/dark-state formalism.However, since SO interaction induces a
precession of the electron orbital alignment in angular direction [11, 24, 33], highly differential detection
techniques are required to gain a complete spatiotemporal picture of the coupled angularmomentumdynamics.
In [26], photoelectron imaging spectroscopywas used to observe the angular dynamics of a SOWP in krypton
atoms from linearly polarized excitation and ionization. In this case, the photoelectronmomentumdistribution
could be retrieved via Abel inversion due to its cylindrical symmetry. In general, electronwave packets created by
polarization-shaped laser pulses evolving under angularmomentum coupling are not necessarily symmetric.
Below,we present the first 3D tomographic reconstruction of ultrafast SOWPs in the potassium p4 fine
structure doublet and track their orbital alignment in time. After the excitation by the pump, the observedwave
packet dynamics is solely related to spin–orbit (SO) interactionwhich raises the degeneracy of the p4 state. The
oscillation periodT=h/Δε, whereΔε is thefine structure splitting, is directly related to the SO interaction
strength. The resultingwave packetmotion can be interpreted as the precession of spin and orbital angular
momentum about the total angularmomentum [25]. In our experiment, the effect of the SOprecession is
mapped into the 3Dphotoelectronmomentumdistribution by the probe andmeasured using photoelectron
imaging techniques. Two prototypical scenarios based on circularly and linearly polarized pump pulses are
investigated. Circularly polarized excitation of the SOWPgenerally induces an anisotropic polarization of the
atom [11], whereas linearly polarized excitation creates a symmetric state with vanishing net polarization. In the
circularly polarized case, we use a counterrotating circularly polarized (CRCP) probe pulse to demonstrate the
capabilities of polarization-shaped pump-probe sequences. In the linearly polarized case, we use an orthogonal
linearly polarized (OLP) probe pulse specifically adapted to the orbital alignment of the SOWPat half the
oscillation period [11]. Because bichromaticOLP fields are not circularly symmetric, tomographic techniques
are employed to reconstruct the 3Dphotoelectron density. Both scenarios exhibit commonunderlying neutral
dynamics whichmanifest in a counterintuitive rotation of the SOWP from its initial alignment in the laser
polarization plane to an alignment coplanar to the laser propagation direction (k). In theCRCP scenario, the
orbital realignment of the SOWP is indicated by a change in themℓ-character,mℓ being the orbitalmagnetic
quantumnumber of themeasured photoelectronwave packet. In theOLP scenario, the rotation of the neutral
electronwave packet ismapped by a similar rotation of the photoelectronmomentumdistribution about an axis
orthogonal to both the laser polarization vector (e) and thewave vector, i.e. about ´e k .

The paper is organized as follows. In section 2, we introduce the physical system and develop an intuitive
physicalmodel to describe the angular distribution of photoelectronwave packets created in the experiment by
the probe pulse. Section 3 introduces the experimental strategy. Experimental results frompump-probe studies
of SOWPs in the potassium p4 fine-structure states usingCRCP andOLPbichromatic pulse sequences are
presented and discussed in section 4. Section 5 concludes the paper and gives a brief outlook on future
perspectives of the shaper-based bichromatic pump-probe imaging technique.

2. Physicalmodel

In this section, we introduce the two-color pump-probe scheme to excite and probe ultrafast SOWPdynamics in
potassium atoms by polarization-shaped bichromatic pulse sequences.We start in section 2.1 by describing the
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shaped laserfield and the excitation and ionization scheme. A detailed theoretical description of the SOWP
dynamics induced in the potassium p4 fine-structure states by the polarization-shaped pump is given in
appendix. The treatment is similar to the formalismused e.g. in [24, 26] and the bright-/dark-statemodel
employed in [11, 25, 35]. However, the description presented here is specifically adapted to the creation of
SOWPs by general polarization-shaped bichromatic laser fields and,moreover, includes the spatial aspects of the
SOWPmapped into the 3Dphotoelectronmomentumdistribution. The photoionization probe step is
addressed in section 2.2, wherewe introduce an intuitive physicalmodel to rationalize the shape of themeasured
photoelectronwave packets.

2.1. Physical system
The excitation scheme of potassium atoms, interacting perturbatively with a polarization-shaped bichromatic
pump-probe sequence, is depicted infigure 1(a). The sequence consists of a blue i.e. high-frequency pumppulse
 w˜ ( )b followed by a red i.e. low-frequency probe pulse  w˜ ( )r at a variable time delay τ. The center frequency
w = -2.45 rad fsb

1 (l = 769 nmb ) of the pumppulse is tuned to the fine structure resonances s p4 41 2 1 2

and s p4 41 2 3 2 at frequencies w = -2.446 rad fs1 2
1 and w = -2.457 rad fs3 2

1, respectively, to resonantly

launch the SOWP. The spectral bandwidth wD = -35 mrad fs 1 [20] of both colors ismuch larger than the fine
structure splitting  eD = = -7.2 meV 10.9 mrad fs 1of the potassium p4 -state, in order to (i) couple both
resonances with approximately the samefield amplitude  w w»˜ ( ) ˜ ( )b b1 2 3 2 and (ii) ensure that the
corresponding pulse durationD =t 80 fs ismuch smaller than the SOWPoscillation
period e= D =T h 578 fs.

By decomposing the laser electric field of the pump into a left-handed circularly polarized (LCP) component
 w˜ ( )L and a right-handed circularly polarized (RCP) component  w˜ ( )R , we allow for pumppulses with variable
states of polarization.With the spherical unit vectors = - +( )e e ei 2x y1 and = -- ( )e e ei 2x y1 to
describe LCP andRCPpolarization, where ex y are the cartesian unit vectors, the polarization-shaped pump is
hencewritten as

  w w w= + -˜ ( ) ˜ ( ) ˜ ( ) ( )e e . 1b L R1 1

The red probe pulse projects the SOWPdynamics onto the ionization continuumvia two-photon ionization
from the excited p4 -state, as depicted infigure 1(a). Its center frequency w = 2.28 rad fsr (l = 826 nmr ) is
detuned sufficiently far from resonance such that the probe pulse is fully non-resonant with respect to both

s p4 4 transitions. The released photoelectronwave packets carry a kinetic energy of about
ε1=ÿ(ωb+2ωr)−εip, where εip denotes the atomic ionization potential. For simplicity, only ionization
pathways leading to an f-type continuum (via a d-type intermediate state) are indicated infigure 1(a). Additional
pathways to a p-type continuum (via s- and d-type intermediates) are not shown but included in the numerical

Figure 1.Bichromatic pump-probe scheme for the excitation and background-free detection of SOWPdynamics in the p4 -state of
potassium atoms. (a)The blue pumppulse launches the SOWPby resonant excitation of the two fine structure components p4 1 2 and
p4 3 2. The red probe pulsemaps the SOWPdynamics onto the continuumbynon-resonant two-photon ionization. (b)Resonant
neutral excitation of the spin-down sub-systemby the pumppulse analyzed in the coupled basis. The pulse is described by its LCP and
RCP field components. The insets (i)–(iv) illustrate the decomposition of the atomic state wave functions in the uncoupled basis.
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simulations presented in section 4 (see figures 5 and 6). Even though these pathways are typically less efficient
due to propensity rules [36, 37], the photoelectronwave packet is, in general, described by a coherent
superposition of a p- and an f-wave [20, 21, 38].

Resonance-enhanced three-photon ionization by the blue (3ωb) and non-resonant three-photon ionization
by the red pulse (3ωr) also contribute to the generated photoelectronwave packet at kinetic energies
ε3=3ÿωb−εip and ε0=3ÿωr−εip, respectively. In addition, when both colors overlap in time ( t D∣ ∣ t ),
intra-pulse frequencymixing by simultaneous absorption of two blue and one red photon contributes at
ε2=ÿ(2ωb+ωr)−εip. However, only the photoelectronwave packet at ε1 is sensitive to the time evolution of
the SOWP,while the other three contributions are either τ-independent (ε0 and ε3) or vanish for time-delays
exceeding the pulse duration (ε2) [20]. Thus, by energetic disentanglement of the different photoionization
channels, the bichromatic pump-probe technique allows for background-free detection of the SOWPdynamics
mapped into the ε1-channel.

Figure 1(b) displays a detailed scheme for the neutral excitation of the SOWPby the polarization-shaped
pumppulse  w˜ ( )b (see equation (1)). In the coupled basis, the atomic system splits into two sub-systems
characterized by the two ground states - ñ∣ s4 , 1 21 2 (spin-down) and ñ∣ s4 , 1 21 2 (spin-up). The gaseous
sample used in the experiment is described by amixture of atoms being in either the spin-down or the spin-up
ground state. Since the two sub-systems are completely decoupled, i.e. no dipole-allowed inter-system
transitions exist, we focus on the spin-down sub-system infigure 1(b). The treatment of the spin-up sub-system
is fully analogous. According to the dipole selection rulesD = ℓ 1,Δ j=0,±1 andΔmj=±1 for optical
transitions (see equation (A.5)), the resonant pumppulse couples the ground state - ñ∣ s4 , 1 21 2 with the excited
states ñ∣ p4 , 1 21 2 , ñ∣ p4 , 1 23 2 and - ñ∣ p4 , 3 23 2 . As shown infigure 1(b), the transitions

- ñ  ñ∣ ∣s p4 , 1 2 4 , 1 21 2 1 2 and - ñ  ñ∣ ∣s p4 , 1 2 4 , 1 21 2 3 2 withΔmj=1 are driven by the LCPfield

 w˜ ( )L , whereas the transition - ñ  - ñ∣ ∣s p4 , 1 2 4 , 3 21 2 3 2 withΔmj=−1 is driven by the RCP field  w˜ ( )R .
The relative dipole couplings of each transition, given in the circles, are calculated using equation (A.5). The
insets (i)–(iv) visualize the decomposition of the excited atomic states in the uncoupled basis. A complete
description of the resulting SOWPwave function is provided in appendix alongwith a discussion of SOWPs
from circularly and linearly polarized excitation.

2.2. Photoionization
In the experiment, the SOWPdynamics  ( )r t, ismapped into the photoelectronmomentumdistribution
 e q f t( ), , ; . The two-photon ionization probe step is described using second order time-dependent
perturbation theory [20, 39, 40]. Incorporating the electron spin in the treatment increases the number of
involved ionization pathways considerably. However, in the numerical simulations presented in sections 4.1 and
4.2, all of these pathways are taken into account. Due to themultitude of contributions, the formalism conceals
the basic physicalmechanism. To reveal the essential physics of the probe step, we employ a simplified heuristic
model based on the description of the ionization process in the uncoupled basis. By considering the spatial part
(orbital alignment) of the bound electronwave packet after propagation under SO interaction, we rationalize the
angular distribution of the resulting photoelectronwave packet. In the following, we apply themodel to the
CRCP and theOLP case (see experimental results in sections 4.1 and 4.2) and analyze the photoelectronwave
packet created at half period τ=τ1/2=T/2. For the respective initial states we consider thewave packet
 t( )r,sd 1 2 derived in appendices A.2 andA.3 for the spin-down sub-system, as displayed in the top row (middle
frame) offigures A1(a) andA2(a), respectively.

2.3. CRCP scenario
The simplified ionization scheme for theCRCP scenario is depicted infigure 2(a). As discussed in appendix A.2,
the LCPpumppulse ̃b initially excites the atom into the ñ∣ p4 , 1 -state. Fromhere the system evolves under SO
interaction and, at half period, reaches a configuration essentially described by the ñ∣ p4 , 0 -state (see
equation (A.13) andfigure A1(a) top row,middle frame). Ionization by the RCPprobe pulse  w w= -˜ ( ) ˜ ( )er R 1

in this timewindow can therefore be approximated by the single pathway ñ  - ñ  - ñ∣ ∣ ∣p d f4 , 0 , 1 , 2 ,
creating a photoelectronwave packet with - ñ∣ f , 2 -type symmetry:

 e q f t e q fµ -( ) ∣ ( ) ( )∣ ( )( )R Y, , ; , . 2crcp 1 2
2

3, 2
2

The radial partR(2)(ε) describing the photoelectron kinetic energy distribution is determined by the second
order optical spectrumof the probe pulse [20, 39]whichwe assume to beGaussian-shaped. The corresponding
3D electron density (3D-ED) is illustrated asmagenta-coloredwave packet in the top inset tofigure 2(a). The
result predicted by the simplified photoionizationmodel clearly reproduces the experimental result obtained in
theCRCP case at τ=T/2 (see figure 5(b)).
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2.4.OLP scenario
The simplified ionization scheme for theOLP scenario is depicted infigure 2(b). In this case, we change the
reference frame and describe the excitation in a coordinate systemwith its ¢x -axis aligned in laser propagation
direction and ¢z -axis defined by the pumppulse polarization (p). The primed coordinate system is indicated in
the bottom inset tofigure 2(b). The pumppulse is hence given by  w w= ¢ ¢˜ ( ) ˜ ( )eb z z and excites the atom via aπ-
transition into the ñ∣ p4 , 0 -state. Subsequently, SOprecession guides the system into a state essentially described
by the ñ∣ p4 , 1 -state (see discussion in appendix A.3 andfigure A2(a) top row,middle frame). Fromhere the

system is ionized by the s-polarized probe pulse  w w= ¢ ¢˜ ( ) ˜ ( )er y y arriving at half period. In the dipole
approximation, the effect of the probe pulse propagating in ¢x -direction is equivalent to a pulse propagating in
¢z -direction, since in either case the laser electric field oscillates in ¢y -direction at the position of the atom. The
pulse propagating along the ¢z -axis, however,may again be decomposed into an LCP and anRCP component
drivingσ±-transitions in the primed reference frame. As indicated infigure 2(b), this gives rise to four different
ionization pathways proceeding via the virtual states ñ∣d, 2 and ñ∣d, 0 to ñ∣ f , 3 -, ñ∣ f , 1 - and - ñ∣ f , 1 -type
continua. Evaluation of the relative amplitudes [40] yields the superposition state of the photoelectronwave
packet

 e q f t e q f q f q fµ ´ + + -( ) ∣ ( )∣ ( ) ( ) ( ) ( )( )R Y Y Y, , ; ,
2

15
,

1

15
, . 3olp 1 2

2 2
3,3 3,1 3, 1

2

The corresponding 3D-ED, illustrated asmagenta-coloredwave packet in the top inset tofigure 2(b), is in good
qualitative agreementwith the experimental and full simulation results obtained in theOLP case at τ=T/2 (see
figure 6(b)).

3. Experimental

The two-color pump-probe scheme employed in our experiment combines bichromatic polarization pulse
shapingwith photoelectron imaging spectroscopy. Retrieval of the 3Dphotoelectronmomentumdistribution is
achieved by tomographic reconstruction techniques [17]. A sketch of the experimental setup is presented in
figure 3.

3.1. Bichromatic polarization shaping
Polarization-shaped bichromatic pump-probe sequences are generated using a shaper-based common-path
scheme. A detailed description of the optical setup is given in [20, 41, 42]. Briefly, a home-built f4 polarization
pulse shaper equippedwith a dual-layer liquid crystal spatial lightmodulator (LC-SLM; Jenoptik, SLM-S640d)

Figure 2. Illustration of the simplifiedmodel employed to describe the photoionization probe step. Themagenta-colored electron
distributions in the top insets display the resulting photoelectronwave packets for (a) theCRCP and (b) theOLP scenario at half
period t =T/2. The effect of SO interaction is indicated by dotted arrows. Note themodified reference frame in (b).
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for independent amplitude and phasemodulation is employed to sculpture the bichromatic amplitude profile
from the spectrumof a 20 fs, 790 nm input pulse provided by an amplified femtosecond laser system
(Femtolasers FemtopowerHR3 kHzCEP amplifier seeded by a Rainbow 500 oscillator). Using a custom
composite polarizer consisting of two adjacent active areas with orthogonal transmission axes (s- and p-
polarized), in the Fourier plane enables independent spectral amplitude and phasemodulation of two
orthogonally polarized spectral bands (see upper left inset tofigure 3). Conversion fromOLP toCRCP
bichromaticfields is implemented by a superachromatic quarter wave plate at the shaper outputwith optical axis
aligned at±45°with respect to the x-axis (see lower right inset tofigure 3). The time delay τ between pump and
probe pulse is introduced by application of the linear spectral phases

j w
t

w w j w
t

w w= - - = -( ) · ( ) ( ) · ( ) ( )
2

,
2

4b b r r

to the blue and red band, respectively. From themeasured spatial dispersion of 0.25 nm/pixel we estimate a
spectral resolution of the pulse shaper of wD » -0.75 mrad fs 1. This corresponds to a shapingwindow, i.e.
maximumapplicable time delay of about 8 ps. In addition, the shaper is employed for spectral dispersion
management. Residual spectral phases are determined and compensated by adaptive optimization of the second
harmonic generation in aβ-bariumborate crystal using the shaper, the crystal and a spectrometer in a closed
loop configuration [41, 43, 44].

3.2. Photoelectron imaging tomography
To study the laser-induced spin dynamics in potassium atomswith 3D spatial resolution, the shaped laser pulses
are focused into the interaction region of aVMI spectrometer [14], as shown infigure 3. Potassium vapor
(pressure 5×10−7mbar) is provided by an alkalimetal dispenser source (SAESGetters)mounted parallel to the
laser beam (not shown). Photoelectronwave packets from1+2 resonance-enhancedmultiphoton ionization
(REMPI) of potassium atoms are imaged onto amulti-channel plate detector in chevron configuration coupled
to a phosphor screen (Scientific Instruments). The peak intensity in the laser focus of the =f 250 mm lens is
estimated to be » ´ -I 1 10 W cm0

11 2. At this intensity, about 2 events per laser shot are detected on the screen
[20]. Images of the screen are recordedwith a charge-coupled device camera (Lumenera LW165M) using an
exposure time of 200 ms. Each projection of the 3D-EDwas recorded by accumulation of 400 images.

In general, photoionization of atomswith polarization-shaped laser pulses yields 3D-EDswhich are not
cylindrically symmetric. This precludes a retrieval of the 3D-EDbymeans of Abel inversion. By employing a
tomographic technique [17] for the reconstruction of 3D-EDs frompolarization-shaped bichromatic pulses
[20], we circumvent symmetry restrictions. The incident laser pulse is rotated about the laser propagation axis
(z-axis) using aλ/2wave plate and various projections of the 3D-ED are recorded for different rotation angles.

Figure 3.Experimental setup combining bichromatic polarization pulse shaping and photoelectron imaging tomography. Seemain
text for a detailed description. TG: transmission grating, CM: cylindricalmirror, FM: foldingmirror, CP: composite polarizer, L: lens,
R: repeller, E: extractor, G: ground electrode.
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In the experiments reported here, 45 projections weremeasured for rotation angles between−90° and 86°.
From the recorded two-dimensional projections, the 3D-EDs are retrieved using the Fourier slice
algorithm [21, 45].

4. Results and discussion

In this section, we present the results of two experiments carried out to study the SOWPdynamics induced and
probed by shaper-generated bichromatic CRCP andOLPpulse sequences.We start with a brief recapitulation of
the experimental results obtained at τ=0which have been discussed inmore detail in [20].While the scope of
this recent publicationwas the sculpturing of static photoelectronmomentumdistributions by creation of
unusual angularmomentum superposition states, the focus of the present study is the observation of ultrafast
dynamics by variation of the time delay. Figure 4 shows the tomographically reconstructed and energy-
calibrated photoelectronwave packets fromCRCP (figure 4(a)) andOLP (figure 4(b)) photoionization at τ=0.
As discussed in section 2.1, four different energy channels εn are accessible by three-photon ionization of
potassium atomswith bichromatic laser fields. If both pulses overlap in time, photoelectronwave packets from
all four channels are observed in different shells of the retrieved 3D-ED. For better visibility, the individual
contributions are extracted by application ofGaussian-shaped energyfilters, similar to the peeling of an onion,
and displayed separately in the bottom insets tofigures 4(a) and (b). In theCRCP scenario, we observe the
selective creation of angularmomentum eigenstates ñ∣ ℓf m, with odd-numberedmℓ [20]. In theOLP scenario,
we observe rotated ñ∣ f , 0 -typewave packets in the inner- and outermost channel. The outer (inner)
contribution is aligned along the y-axis (x-axis) in accordance with the pump (probe) pulse polarization. In the
intermediate channels, two uncommon superposition states are observed, dominated by the interference of the
torus-shaped - ñ∣ f , 3 - and ñ∣ f , 3 -typewave packets withminor contributions from the  ñ∣ f , 1 -states. Because
this superposition results in photoelectronwave packets with an approximate six-fold rotational symmetry, we
refer to this 3D-ED as ‘c6 wave packet’ in the discussion below. In both scenarios, only themagenta-coloredwave
packet from the ε1-channel is sensitive to the SOWPdynamics. In the following, we therefore pick the
ε1-contribution and investigate the time evolution of the related 3D-EDby variation of the time delay between
the two colors.

4.1. CRCPpump-probe results
The time series of 3D-EDs obtained by 1+2REMPIwith time-delayed bichromatic CRCPpulse sequences is
presented infigure 5. Three types of data are presented. The top row shows experimental data from the
tomographic reconstruction procedure. Below, results from anumerical simulation (magenta-framed insets)
are shown alongwith 3D-EDs predicted by the analytical ionizationmodel (small black-framed insets). The

Figure 4.Measured and retrieved photoelectronwave packets from1+2REMPI of potassium atomswith temporally overlapping
bichromatic (a)CRCP and (b)OLP fields. The side panels showprojections of the reconstructedmomentumdistributions in x-, y-
and z-direction. For τ=0, superposition of the two colors gives rise to laser pulses with corkscrew- and Lissajous-type polarization
profiles, respectively (see sketches). The bottom insets display a decomposition of themeasured 3D-EDs into the four individual
photoelectron contributions from third order frequencymixing, localized at kinetic energies εn=nÿωb+(3−n)ÿωr−εip. The
SOWPdynamics aremapped only into themagenta-colored ε1-contribution arising from resonant excitation by the pump (ωb) and
two-photon ionization by the probe (ωr) pulse.
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CRCP sequence consists of a blue LCPpumppulse followed by a red RCPprobe pulse separated by a time delay
τ. Figure 5(a) shows the 3D-ED from the ε1-channel (kinetic energies e = 0.25 .. 0.35 eV)measured at τ=0
(see figure 4(a)). From the observed - ñ∣ f , 1 -type symmetrywe infer that the SOWP is initialized in the

ñ∣ p4 , 1 -state, since the photoelectronwave packet is created by absorption of twoσ−(RCP)photons (see also
discussion in appendix A.2). Increasing the time delay to t = 300 fs, i.e. to roughly half the SOWPoscillation
period, yields the 3D-ED shown infigure 5(b). Here, at the turning point of the oscillation, the photoelectron
wave packet exhibits distinct - ñ∣ f , 2 -symmetry. According to the discussion appendix A.2 and section 2.3, this
symmetry indicates that the SOWPhas ‘precessed’ into the ñ∣ p4 , 0 -state by SO coupling. Figure 5(c) shows the
3D-EDmeasured for t = 580 fs i.e. after a full oscillation periodT. Comparison tofigure 5(a) confirms that the
SOWPhas completed one cycle and returned to its origin. Slight differences between the 3D-EDs in (c) and (a),
mainly related to the photoelectron yield, are due to the fact, that initially (τ=0) the red pulse probes the SOWP
as it is built up from zero to full amplitude by the pumppulse, whereas at τ=T the SOWPevolves freely with
final amplitude.

The numerical simulationswere performed for realistic pulse parameters to supplement the generic
analytical description in section 2. The simulations are based on the numerical solution of the time-dependent
Schrödinger equation in the coupled basis to calculate the neutral electron dynamics displayed in the bottom
frames. Photoionization is described by second order time-dependent perturbation theory, taking all ionization
pathways determined by the selection rulesΔ j=0,±1 andΔmj=±1 into account. Both spin sub-systems
are treated separately. The 3D-EDof each sub-system is derived from the absolute square of the spinor
describing the corresponding photoelectronwave packet, similar to the treatment in appendix A.1 (see
equations (A.7) and (A.8)).The total 3D-ED, displayed in the top frames, is obtained by summation of the
densities fromboth sub-systems. The simulation results are in excellent agreementwith experimental findings
and confirm the above analysis of the neutral SOWPdynamics.Moreover, the simulations provide access to any
desired stage of the SOWPdynamics. For examplewe find that the transition between the - ñ∣ f , 1 -type 3D-ED
at τ=0 to the - ñ∣ f , 2 -type 3D-ED at τ=T/2 takes place around t = 60 fs. Here the nodal structure of the
photoelectron angular distribution changes rapidly and the density becomes almost isotropic (second frame).
The transition back to the 3D-ED at τ=T occurs around t = 400 fs where the 3D-ED assumes a very similar
shape.

In summary, in the case of time-delayedCRCPpulse sequences, we observe a change in themℓ-character of
the created photoelectronwave packet induced by SO interaction in the neutral p4 -state. In particular, the

Figure 5.Photoelectronwave packets frombichromatic CRCP excitation (pump) and ionization (probe) for (a) τ=0, (b) half period
τ≈T/2 and (c) full period τ=T of the SOWPoscillation.Measured and tomographically reconstructed 3D-EDs in the top row are
compared to numerical simulation results (magenta-framed insets), performed for realistic laser parameters, and results from the
analytical ionizationmodel (black-framed insets). Aroundhalf period, the photoelectron angular distribution changes from

- ñ∣ f , 1 -type symmetry, observed at τ=0 andT, to - ñ∣ f , 2 -type symmetry, indicating the precession of the neutral SOWP from a
torus-shaped distribution aligned in the polarization plane to a dumbbell-shaped distribution aligned parallel to the laser propagation
direction. The underlying 3Ddensity of the neutral SOWP, derived from the numerical simulations and shown in the bottom row,
confirms the interpretation of the experimental results.
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observation of an - ñ∣ f , 2 -typewave packet completes the set of seven angularmomentum eigenstates ñ∣ ℓf m,
created by bichromatic REMPI [20] and underscores the power of polarization-tailored bichromatic fields to
prepare free electronwave packets in any desired angularmomentum state.

4.2.OLPpump-probe results
Although theCRCPpulse sequences discussed in the previous section are not fully symmetric (especially for
τΔt), the corresponding 3D-EDs turned out to be cylindrically symmetric and could in principle be retrieved
byAbel inversion (see figure 5). In contrast, apart from the ε3-contribution, the 3D-EDs in theOLP case exhibit
no cylindrical symmetry suitable for Abel inversion. Therefore, in this case the application of tomographic
techniques is essential for the reconstruction of the created photoelectronwave packets. The time series of
reconstructed 3D-EDs recorded by 1+2REMPIwith a blue p-polarized pump followed by a red s-polarized
probe pulse is illustrated infigure 6. Againwe focus on the photoelectron contribution in the ε1-channel to study
the SOWPdynamics. Figure 6(a) shows the c6 wave packetmeasured at τ=0 arising from simultaneous
excitation and ionization of the atomvia the neutral states  ñ∣ p4 , 1 [20]. Initially, coherent superposition of
these states corresponds to a rotated ñ∣ p4 , 0 -state oriented in pumppolarization direction (ey). The associated
dumbbell-shapedwave function is discussed in appendix A.3 to describe the initial state of the SOWP from p-
polarized excitation.While the c6 wave packet is aligned in the laser polarization plane, the 3D-EDmeasured
around half period t = 300 fs is rotated by 90° about an axis orthogonal to both the laser polarization and laser
propagation direction, i.e. about ´e ky . As shown infigure 6(b), the resulting photoelectronwave packet is
aligned in the x–z-plane normal to ey and coplanar to k . The top and bottomnode in the angular distribution
have vanished, reducing the total number of nodes (lobes) from six to four. According to the discussion in
section 2.4, this particular shape of the 3D-ED (see figure 2(b)) reflects the evolution of the SOWP from the
dumbbell-shaped distribution oriented in y-direction into a torus-shaped distribution aligned in the x–z-plane,
thus confirming the analysis in appendix A.3 (see figure A2). ‘Thewave packet infigure 6(c) is similar to the
initial wave packet in (a) indicating the completion of the SOWPoscillation cycle. In analogy to theCRCP case,
the 3D-ED at full period exhibits a slightly larger amplitude than at τ=0.

The numerical simulations shown in the insets are again in very good agreement with the experimental
results. In this case, the transitions in the nodal structure occur around t = 110 fs and 330 fs, respectively. At
both instances, the 3D-ED assumes a cylindrically symmetric shape, reminiscent of a rotated ñ∣d, 0 -state, aligned
along the x-axis.

In summary, in the case of time-delayedOLP pulse sequences, we observe a counterintuitive rotation of the
photoelectronmomentumdistribution about an axis orthogonal to both the pumppolarization vector and the
wave vector (x-axis). As a result, the photoelectronwave packet created at half period is aligned coplanar to the
laser propagation direction.

Figure 6. Same asfigure 5 for the bichromaticOLP scenario. Around half period, the photoelectronmomentumdistribution is rotated
by 90° about ´e ky , indicating the precession of the neutral SOWP from adumbbell-shaped distribution aligned parallel to the
pump polarization direction into a torus-shaped distribution aligned coplanar to the laser propagation direction.
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5. Conclusion and outlook

In this paper, we presented a two-color pump-probe scheme based on the combination of bichromatic
polarization pulse shaping and photoelectron imaging tomography. Ultrashort two-color pump-probe pulse
sequenceswith variable states of polarizationwere generated by amplitude and phasemodulation of a
femtosecond input pulse using a f4 polarization shaper equippedwith a custom composite polarizer. Due to the
commonpath geometry of the optical setup, the shaper-based approach benefits from excellent phase stability
[46]. Selecting different spectral bands for pump and probe pulse is the key to disentangle the excitation and the
interrogation step. The separation of pump and probe signals in the energy-resolved photoelectron spectrum
opens an energywindow for the background-free detection of the light-induced electron dynamics. The angular
resolution provides access to the polar and azimuthal part of the electronwave packet, enabling the observation
of angularmomentumdynamics.

To exemplify the bichromatic pump-probe technique on awell-establishedmodel system, we applied the
scheme to time-resolved spatial imaging of ultrafast SOWPdynamics in potassium atoms.We presented the first
3D tomographic reconstruction of photoelectronmomentumdistributionsmapping the coupled angular
momentumdynamics in the p4 fine structure states. Two different scenarios were investigated utilizingCRCP
andOLPbichromatic pulse sequences. Analysis of both scenarios revealed a commonunderlying neutral
dynamics, i.e. the counterintuitive rotation of the SOWP from an initial alignment in the laser polarization plane
to an orthogonal alignment parallel or coplanar to the laser propagation direction. In theCRCP case, the orbital
realignmentmanifests in a change in themℓ-character of themeasured photoelectronwave packet. In theOLP
case, the angular dynamics of the SOWP induces a corresponding rotation of the photoelectronwave packet
about ´e k . For completeness, corotating circularly polarized (COCP) and parallel linearly polarized (PLP)
pump-probe scenarios were also investigated. The physics behind these cases was found to be analogous to the
results from theCRCP and theOLP scenario. Similar to theCRCP case, the photoelectron angular dynamics
turned out to be cylindrically symmetric, in accordancewith the symmetry of the fields, and could be retrieved
byAbel inversion. Therefore, theCOCP and PLP results are not discussed in this paper. The experiments were
supplemented by analytical and numericalmodels of the spatiotemporal SOWPdynamics and the angular
distribution of the created photoelectronwave packets. In particular, we presented an intuitive physical picture
of the photoionization dynamics in the presence of SO-interaction. The simulations provided access to the
underlying 3D electron dynamics in the neutral atom to confirm the interpretation of the experimental findings
andmay be used to retrieve the degree of spin polarization of the released photoelectrons.

Our results highlight the power of shaper-generated polarization-shaped bichromatic fields in conjunction
with photoelectron tomography for interference-free observation of ultrafast quantumdynamics, opening up
new avenues in ultrafast science. For instance, using polarization-tailored pumppulses allows to coherently
control and image the time evolution of bound electronwave packets in atoms andmolecules. Currently, we
study the control of SOWPs in the perturbative regime bymodulating the spectral phase and amplitude of the
pump at the resonance frequencies (see equation (A.4)) as an initial step for the production of highly spin-
polarized photoelectronwave packets [11, 30, 32, 33]. In addition, extensions to the strong-field regime for
efficient spin-selective production of photoelectrons are investigated.

Promising perspectives arise from the application of the bichromatic polarization shaping scheme to phase-
stabilized supercontinua covering the entire visible spectrum [42]. The ultrabroad bandwidth of white light
supercontinua permits the generation of waveform-controlled few-cycle pump-probe sequences (down to
»10 fs pulse duration) to investigate even faster electron dynamics inmulti-electron systems [29]. The enhanced
input bandwidth also supports a larger spectral separation of the two colors (up to 1 eV) tomaintain the
energetic separation of the photoelectron signals and ensure background-free detection of the dynamics. In
addition, shifting the probe pulse to shorter wavelengthsmay simplify the scheme by realizing a one-photon
ionization probe step. Eventually, the available bandwidth allows for an extension of the technique tomulti-
chromatic polarization-sensitive pump-probemeasurements. For example, selecting two bands of
commensurable center frequencies enables the creation of bound electronwave packets byM- versusN-photon
excitation [47]which are probed by a third color. Such excitations are, in general, sensitive to the absolute phase
(CEP) of the bichromatic pumppulse andmay be used as spectroscopic tool to extract atomic andmolecular
properties. A specific application is the design of Rydbergwave packets composed of neutral states with different
parity, e.g. by choosingN=M+1, and track the ensuing angular and radial dynamics in real time.
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Appendix. Theoretical background

In this appendix, we provide a rigorousmathematical description of the spatiotemporal electron dynamics in the
potassium p4 fine-structure states excited by a resonant polarization-shaped laser pulse, building on the
treatment in [11, 24, 25, 33, 35].We develop an analytical 3Dmodel of the spatial SOWPdynamics
(appendix A.1)which is subsequently applied to SOWPs launched by a circularly (appendix A.2) and a linearly
polarized (appendix A.3) pumppulse, as used in the experiment.

A.1. Spin–orbit wave packet dynamics
We start with the derivation of an analytical expression for the SOWPwave function and its time evolution after
the interactionwith the polarization-shaped pumppulse  w˜ ( )b , as depicted infigure 1(b). To account for the
electron spin, wewrite the time-dependent excited state wave function as a two component spinor
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which describes the probability offinding the bound electron at time t in the excited p4 -state irrespective of its
spin [48]. SO coupling is incorporated by describing the atomic system in the coupled basis [16]
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. The quantumnumbersℓ, s and j describe the orbital angular
momentum, the spin and the total angularmomentumof the electron, respectively. The corresponding
magnetic quantumnumbers aremℓ,ms andmj. Since s=1/2, wewill use the shorthand notation

ñ = ñℓ ℓ∣ ∣m s j m, , ; ,j j j . In the following, we focus on the spin-down sub-systemwith ground state - ñ∣ s4 , 1 21 2

(see also discussion in section 2.1). However, the treatment of the spin-up sub-systemwith ground state
ñ∣ s4 , 1 21 2 is fully analogous. Due to the dipole selection rulesΔℓ=±1,Δ j=0,±1 andΔmj=±1 (see

equation (A.5)), the polarization-shaped pump pulse  w( )b (see equation (1)) couples state - ñ∣ s4 , 1 21 2 to
states ñ∣ p4 , 1 21 2 and ñ∣ p4 , 1 23 2 by the LCPfield component  w˜ ( )L and to state - ñ∣ p4 , 3 23 2 by the RCP

field  w˜ ( )R , as depicted infigure 1(b). In theweak-field limit, the excited system state at time t after the excitation,
i.e. Dt t , is described by time-dependent perturbation theory as
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By replacing the spectralfield components  w˜ ( )q s , with q=L,R and s=1/2, 3/2, by the transient spectra
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ti s , equation (A.4) is also applicable during the interactionwith the pump, i.e. for

t<Δ t. For bandwidth-limited resonant and perturbative excitationmuch shorter than the SOWPperiodT, as
discussed in this paper, the difference is not significant. Therefore, we employed equation (A.4) also for the
discussion at t=0 below. The dipole couplingsμn1 in equation (A.4) are given by [49]

m µ - +
D -

-

⎧
⎨
⎪⎪

⎩
⎪⎪

⎫
⎬
⎪⎪

⎭
⎪⎪

⎛

⎝
⎜⎜

⎞

⎠
⎟⎟( ) ( )j

j j

m m m
1 2 1

1
1

2
1

2
0 1

1

2
1

A.5n
m

n

n
n

j j n j n

1

,1 , ,

j n
1
2 ,

withmj,1=−1/2 for the spin-down sub-system andΔmj,n=mj,n−mj,1. The index n=2, 3, 4 labels the three
excited states ñ∣ p m4 ,j j n,

n
. The expressions in parentheses and curly brackets are theWigner j3 - and j6 -symbols,

respectively. To obtain the two spinor components y( )r t,p in equation (A.1), the state vector y ñ∣ ( )tp is
transformed to the uncoupled basis and decomposed into a spin-down and a spin-up component

y y yñ = ñÄ  ñ + ñÄ  ñ- +∣ ( ) ∣ ( ) ∣ ∣ ( ) ∣ ( )t t t . A.6p p p

To this end, we insert equation (A.3) into equation (A.4) and sort the different terms by spin orientation.Making
use of equation (A.5) to evaluate the dipole couplings, we find for the spin-down component
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and for the spin-up component
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In both expressions, a global factor of -( )3 6 1was suppressed for better readability. Analogously, we obtain for
the spinor components of the spin-up subsystem the expressions
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In the following, equations (A.7)–(A.10) are analyzed for two prototypical pumppulse polarization states. First,
we discuss the SOWPdynamics induced by a circularly polarized pumppulse. Subsequently, we discuss the
linearly polarized case.

A.2. Circularly polarized pump
We start with the discussion of theCRCP scenario in the spin-down sub-system.Without loss of generality, we
consider an LCPpump, i.e.  w º˜ ( ) 0R and  w w=˜ ( ) ˜ ( )eb L 1. Since the spectral bandwidth of the pulse ismuch
larger than thefine structure splitting, we assume that  w w»˜ ( ) ˜ ( )L L1 2 3 2 . In this case, equations (A.7) and
(A.8) simplify to

y ñ µ - + ñ- - eD∣ ( ) ( )∣ ( )t p2 e 4 , 1 , A.11p
ti

y ñ µ - ñ+ - eD∣ ( ) ( )∣ ( )t p2 1 e 4 , 0 . A.12p
ti

According to equation (A.12), the spin-up component has ñ∣ p4 , 0 -character. The relatedwave function is
y y q f= á ñ µ+ +( ) ∣ ( ) ( ) ( )r rt t R r Y, ,p p p4 1,0 , where ( )R rp4 denotes the radial part and the spherical harmonic
Y1,0(θ,f) describes the angular part. The corresponding probability density is a dumbbell-shaped orbital aligned
along the laser propagation direction (k , z-axis)which is displayed in the inset (ii) (top row) tofigure 1(b). Atfirst
glance, the emergence of this contribution is unexpected for two reasons. First, excitation of the y ñ+∣ ( )tp state
from the spin-down ground state corresponds to an apparent spin-flip, whichwould not be induced optically by
interactionwith the laser electric field. Second, the excited statewave function resulting from laser excitation is
generally aligned in the laser polarization plane (x–y-plane) rather than in propagation direction. Indeed,
inspection of equation (A.12) shows that at t=0 the amplitude of state y ñ+∣ ( )tp vanishes due to destructive
interference of the two spin-up contributions associatedwith the excited states ñ∣ p4 , 1 21 2 and ñ∣ p4 , 1 23 2 (see
figure 1(b)), confirming the above reasoning.

The spin-down component in equation (A.11) is characterized by the ñ∣ p4 , 1 state. The related spinor
component y y q f= á ñ µ- -( ) ∣ ( ) ( ) ( )r rt t R r Y, ,p p p4 1,1 corresponds to a torus aligned in the laser polarization
plane, as displayed in the inset (ii) (bottom row) tofigure 1(b). In accordancewith LCP excitation of the s p4 4
transition, this torus-shaped orbital determines the initial shape of the 3D-WP  =( )r t, 0sd in the spin-down
sub-system completely (seefigure A1(a), top row,first frame).

The above findings hold for t=0 aswell as for any integermultiple of the SOWPoscillation period
τn=nT=nh/Δε. Intermediately, the system evolves under SO interactionwhich, in a semi-classical picture,
induces a precession of the spin and orbital angularmomentum about the total angularmomentum [25]. In a
quantummechanical framework, this precession is expressed by the time-dependent amplitude variation of
both spin components in equations (A.11) and (A.12). In particular, the two spin-up contributions in
equation (A.12) gradually shift in-phase due to their eigenenergy difference ofΔε. Constructive interference of
both contributions occurs at half period τ1/2=T/2, where the exponential function in equation (A.12) is

 = -t- eD
e 1i 1 2 . At this instant, the amplitude of the spin-up component y t ñ+∣ ( )p 1 2 ismaximizedwhile the spin-

down component y t ñ-∣ ( )p 1 2 isminimized. As a result, the electron state has evolved from strictly spin-down
(t=0) into a coherent superposition of both spin species. The complete time-evolution of the 3D-WP  ( )r t,sd

in the spin-down sub-systemduring the first oscillation period is illustrated in the top rowoffigure A1(a). For
t=T/2we find the expression

 t q f q fµ +( ) ( )[∣ ( )∣ ∣ ( )∣ ] ( )r R r Y Y, , 8 , , A.13psd 1 2 4
2

1,1
2

1,0
2

implying that at half period the 3D-WP is even dominated by the spin-up contribution described by the
q f( )Y ,1,0 -term. Therefore, the shape of the SOWP is characterized by a dumbbell aligned along the laser

propagation direction, as shown in the upper row andmiddle frame offigure A1(a). The probability ratio of the
two spin orientations isP−(τ1/2):P+(τ1/2)=1:8, i.e. after circularly polarized excitation of the spin-down sub-
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system the probability offinding the excited electron at time τ1/2 with its spin flipped isP+(τ1/2)=88.9%
[24, 33].

The ultrafast spin dynamics is also captured by the expectation value (in units of ÿ/2)

y ys sá ñ = á ñ = - +- +( ) ( )∣ ∣ ( ) ( ) · ( ) ( ) · ( )t t t P t P t1 1, A.14z p z p

whereσz is the Paulimatrix related to the z-component of the electron spin. The expectation value sá ñ ( )tz sd for
the spin-down sub-system, shown as a dashed line infigure A1(b), evolves from its initial value sá ñ = -( )0 1z sd

to s t t tá ñ = - =+ -( ) ( ) ( )P P 7 9z sd 1 2 1 2 1 2 at half period, indicating the approximate spin-flip. The expectation
values of the x- and y-component vanish exactly, s sá ñ = á ñ º( ) ( )t t 0x ysd sd .

An analogous treatment of the spin-up sub-system reveals, that here the LCPpumppulse excites only the
ñ∣ p4 , 3 23 2 -state composed exclusively of the spin-up component:

y ñ =-∣ ( ) ( )t 0, A.15p

y ñ µ - ñ+ - eD∣ ( ) ∣ ( )t p3e 4 , 1 . A.16p
ti

Consequently, the corresponding 3D-WP is time-independent

 q fµ( ) ( )∣ ( )∣ ( )r t R r Y, 9 , , A.17psu 4
2

1,1
2

as illustrated in themiddle row offigure A1(a), and the expectation value for the z-component of the spin is
constant, sá ñ º( )t 1z su (dashed–dotted line infigure A1(b))Therefore, LCP excitation of an unpolarized
ensemble of atomswill result in a net spin-up polarization of 94.4% at half period, as expressed by the bold solid
line infigure A1(b). The time evolution of the total 3D-density   = +( ) ( ) ( )r r rt t t, , ,tot sd su is presented in
the bottom rowoffigure A1(a). Under SO interaction, the total 3D-WP evolves from a torus-type p-orbital
aligned in the polarization plane at =t 0 into a dumbbell-shaped distribution oriented along the laser
propagation direction at t=T/2 (middle frame) and back.

A.3. Linearly polarized pump
In theOLP scenario, we consider a horizontally (p) polarized pump, i.e.  w w=˜ ( ) ˜ ( )eb y y. In the spherical basis,
linear polarization along the y-direction is described by a superposition of the two circularly polarized fields

Figure A1. (a) Illustration of the spatiotemporal SOWPdynamics in the neutral system after excitationwith a left-handed circularly
polarized pumppulse. The two upper rows show the time evolution of the SOWP in the spin-down and spin-up sub-system,
respectively. Summation of both densities yields the total 3D electron density shown in the bottom row. (b)Time-dependent
expectation values sá ñ( )tz of the z-component of the electron spin in the spin-down (dashed line) and spin-up (dashed–dotted line)
sub-system, and the total polarization given by themean value (bold solid line).

13

New J. Phys. 21 (2019) 033001 TBayer et al



  w w w= =˜ ( ) ˜ ( ) ˜ ( ) 2L R y with the same shape and amplitude. Assuming that  w w»˜ ( ) ˜ ( )y y1 2 3 2 ,
equations (A.7) and (A.8) reduce to

 y ñ µ - + ñ - - ñ- - -e eD D∣ ( ) ( )∣ ∣ ( )t p p2 e 4 , 1 3e 4 , 1 A.18p
t ti i

y ñ µ - ñ+ - eD∣ ( ) ( )∣ ( )t p2 1 e 4 , 0 . A.19p
ti

The spin-up component in equation (A.19) is identical to theCRCP case (see equation (A.12)), because the spin-
up contributions are addressed exclusively by the LCPfield.Hence, y+( )r t,p vanishes initially (t=0) due to
destructive interference of the two spin-up contributions. The spin-down component in equation (A.18)
exhibits an additional termproportional to state - ñ∣ p4 , 1 excited by the RCPfield. Therefore, the related spinor
component y-( )r, 0p is a coherent superposition of two counterrotating torus-shapedwave functions, both of
which are aligned in the laser polarization plane. For t=0 the spin-downwave function reads
y q f q fµ --

-( ) ( )[ ( ) ( )]r R r Y Y, 0 , ,p p4 1,1 1, 1 , which corresponds to a dumbbell-shaped orbital aligned along the
laser polarization direction (y-axis; see figure A2(a), top row,first frame). In accordancewith p-polarized
excitation of the s p4 4 transition, this orbital solely determines the initial shape of the 3D-WP  ( )r, 0sd in the
spin-down sub-system.

The complete time evolution of  ( )r t,sd is illustrated in the top rowof figure A2(a). Under SO interaction,
the 3D-WP starts to rotate in positivef-direction and simultaneouslymorphs into a torus-shaped orbital
aligned parallel to the x–z-plane (middle frame) at half period. The corresponding density reads

 t q f q f q fµ + +-( ) ( )[∣ ( ) ( )∣ ∣ ( )∣ ] ( )r R r Y Y Y, , 3 , 8 , , A.20psd 1 2 4
2

1,1 1, 1
2

1,0
2

which describes a superposition of spin-down and spin-upwith a probability ratio ofP−(τ1/2):P+(τ1/2)=5:4.
In this case, the probability offinding the excited electron at time τ1/2 with its spin flipped is only
P+(τ1/2)=44.4%. Accordingly, the corresponding expectation value sá ñ ( )tz sd displayed infigure A2(b)
(dashed line) reaches amaximumof s tá ñ = -( ) 1 9z sd 1 2 .

Similar dynamics are obtained in the spin-up sub-system.Here the two spinor components are given by

y ñ µ - ñ- - eD∣ ( ) ( )∣ ( )t p2 1 e 4 , 0 , A.21p
ti

 y ñ µ - + - ñ - ñ+ - -e eD D∣ ( ) ( )∣ ∣ ( )t p p2 e 4 , 1 3e 4 , 1 . A.22p
t ti i

Apparently, states ñ∣ p4 , 1 and - ñ∣ p4 , 1 exchange their roles in comparison to the spin-down sub-system (see
equations (A.18) and (A.19)). As a consequence, the 3D-WP  ( )r t,su undergoes the same time evolution only
with reversed angular (f) dynamics. This is illustrated in themiddle row offigure A2(a). At half period, the 3D-
WPhas evolved into the same torus-shaped orbital aligned in the x–z-planewhich, in this case, takes the form

 t q f q f q fµ + +-( ) ( )[∣ ( ) ( )∣ ∣ ( )∣ ] ( )r R r Y Y Y, , 3 , 8 , . A.23psu 1 2 4
2

1, 1 1,1
2

1,0
2

Figure A2. Same asfigure A1 for a p-polarized pumppulse.
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The equivalence between this expression and equation (A.20) is revealed by invoking the symmetry relation
*q f q f= -- ( ) ( ) ( )Y Y, 1 ,l m

m
l m, , . The corresponding spin precession, described by the expectation value sá ñ ( )tz su

infigure A2(b) (dashed–dotted line), is also inverted compared to the spin-down sub-system. Starting from
sá ñ =( )0 1z su , the expectation value reaches aminimumof s tá ñ =( ) 1 9z su 1 2 at half period. Due to thismirror
symmetry of the spin dynamics in both sub-systems, no net polarization is induced in an isotropic ensemble of
atoms by linearly polarized excitation (bold solid line infigure A2(b)). The total 3D-density  ( )r t,tot , presented
in the bottom rowoffigure A2(a), evolves from a p-type dumbbell oriented in laser polarization direction at
t=0 into a torus aligned orthogonal to the polarization at the turning point t=T/2 and back.
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