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Molecular orbital imprint in laser-driven
electron recollision
Felix Schell,* Timm Bredtmann,*† Claus Peter Schulz, Serguei Patchkovskii,
Marc J. J. Vrakking, Jochen Mikosch†

Electrons released by strong-field ionization from atoms and molecules or in solids can be accelerated in the os-
cillating laser field and driven back to their ion core. The ensuing interaction, phase-locked to the optical cycle,
initiates the central processes underlying attosecond science. A common assumption assigns a single, well-
defined return direction to the recolliding electron. We study laser-induced electron rescattering associated with
twodifferent ionization continua in the same, spatially aligned, polyatomicmolecule.We showby experiment and
theory that the electron return probability is molecular frame–dependent and carries structural information on
the ionized orbital. The returning wave packet structure has to be accounted for in analyzing strong-field spec-
troscopy experiments that critically depend on the interaction of the laser-driven continuum electron, such as
laser-induced electron diffraction.
INTRODUCTION
The essence of attosecond strong-field spectroscopies and attosecond
pulse generation is captured by the well-known andwidely used three-
step model (1, 2). The three steps consist of laser-driven tunnel ion-
ization, propagation of the electron in the continuum, and interaction
with the ion core upon recollision, all of which occur consecutively
within a fraction of a laser cycle.While the first two steps are common
to all recollision processes, the interaction step can take the form of
radiative recombination in high harmonic generation (HHG) or of in-
elastic or elastic scattering, as is the case in nonsequential double ion-
ization (3–6) and laser-induced electron diffraction (LIED) (7–15).
While many experimental observations to date were attributed to
the molecular-frame angle dependence of the strong-field ionization
(SFI) and the electron-ion interaction steps, one of the central assump-
tions underlying attosecond strong-field spectroscopies is that the
propagation step is largely system-independent. The propagation is
usually assumed to “wash out” the phase structure of the initial state,
so that the returning wave packet has a well-defined direction of re-
turn [for an exception, see the studies of Lein (16) and Meckel et al.
(17)]. This assumption is implicitly enforced by the most commonly
used quantum-mechanical implementation of the three-step model—
the stationary-phase realization of the strong-field approximation
(SFA) (18, 19). It is also often assumed that recollision occurs for
the same fraction of ionization events, regardless of the molecular ori-
entation [see, however, the study of Morishita and Tolstikhin (20)].
Here, we examine this central proposition both experimentally and
theoretically.

We use laser-driven electron rescattering (9) associated with two
different SFI continuum channels (21, 22) in the same, spatially laser-
aligned 1,3-butadiene molecules. The two channels correspond to
different states of the cation formed by SFI and are separated by
means of a coincidence measurement. We determine the channel-
resolved yields of electrons in the rescattering tail of the photoelectron
kinetic energy spectrum in the partially reconstructed molecular
frame.We extract their dependence on the alignment of the laser field
relative to the molecule, exploring the polar angle q, while aver-
aging over the molecular azimuthal angle f. Both angles are defined
in the molecular coordinate system as illustrated in Fig. 1. Access to
molecular-frame information is experimentally enabled by de-
convolution of laboratory-frame observables that are measured for
aligned molecules with the independently determined distribution
of molecular alignment. The molecular-frame rescattering yield is
given by the product of the molecular-frame ionization probability
S(q) (23, 24) and the rescattering probability RQ(q), which is almost
generally assumed to factorize into the return probability R(q) and
the high-angle scattering probability Q(q), following the three-step
model. Moreover, in the analysis of strong-field spectroscopy experi-
ments, a common approach is to regard R(q) as a constant that does
not, hence, depend on q.Q(q) then contains the structural information
on the molecule. It captures the molecular-frame dependence of the
rescattering differential cross section (DCS), which is extracted in
LIED experiments (11, 13, 15, 25). Our approach contains a number
of features that are ideally suited for exploration of the returning
continuum electron wave packet: (i) The molecular-frame SFI prob-
ability S(q) is separately determined for the two channels bymeasuring
the yield of direct electrons in the same experiment (24). (ii) The
continuum electronwave packets originate from states associatedwith
a different, characteristic nodal structure. (iii) In the interaction step,
the channel-dependent returning electron wave packet scatters off the
total electron density of the respective cation. Because the electronic
structure of the cation differs by the contribution of only one valence
electron, Q(q) is expected to be nearly the same for the two channels.
We explicitly confirm this expectation by a numerical calculation (see
below). (iv) The alignment distribution of the sample is the same for
the two channels, as these occur in the same molecule.

The SFI of 1,3-butadiene molecules under the conditions used in
this study is dominated by two channels accessing the electronic
ground (D0, 90% yield) and the first electronically excited (D1, 10%
yield) state of the 1,3-butadiene cation, as previously established for
similar experimental parameters (22, 24). These channels are tagged
by formation of the parent ion C4Hþ

6 (D0) and the fragment ions
C3Hþ

3 /C4Hþ
5 (D1), respectively, with the latter resulting from uni-

molecular dissociation of the excited cation. The D0 and D1 continua
correspond to ionization from the HOMO (highest occupied molec-
ular orbital) and HOMO-1. Different SFI continua are understood to
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be associated with Dyson orbitals
ffiffiffiffi
N

p
〈yI jyN 〉, whereyN andyI are the

N and N − 1 electron wave function of the neutral and the ion, respec-
tively. TheDyson orbitals are hence one-electronwave functions, which
are depleted in the SFI step. For the D0 and D1 SFI of 1,3-butadiene,
the associated Dyson orbitals are depicted in Fig. 1 (A and B). While
highly relevant for the structure of the continuum wave packet, the
channel-dependentDyson orbitals contribute only one hole to the over-
all otherwise-identical electron density distribution of the two states
of the 1,3-butadiene molecular ion, which contains a total of 29 elec-
trons. Figure 1 (A and B) also displays the continuum wave packets
accompanyingD0 andD1 SFI. Thesewave packets are strongly channel-
dependent.Wewill show in the followinghow the initial nodal structure,
which stems from the associated Dyson orbitals, is preserved during
propagation.
RESULTS
For the presented experiment, we extended the channel-resolved above-
threshold ionization technique (22) to laser-induced rescattering. We
used a reaction microscope (26), adjusted to a high photoelectron ki-
netic energy detection cutoff, tomeasure the three-dimensionalmomenta
of electrons originating from the SFI of 1,3-butadiene molecules in
coincidence with the ion mass. To drive SFI and recollision, linearly
polarized laser pulses (l = 1290 nmwavelength, 40 fs pulse duration)
were used. From the recorded tuples of electron momentum and ion
Schell et al., Sci. Adv. 2018;4 : eaap8148 4 May 2018
mass, photoelectron kinetic energy spectra coincident with the for-
mation ofC4Hþ

6 (D0),C3Hþ
3 (D1), andC4Hþ

5 (D1) were derived, such
as shown in Fig. 2A for a measurement with randomly aligned mol-
ecules. The depicted spectra are normalized to the same area. Al-
though the measured yield decreases exponentially with increasing
kinetic energy, all distributions contain two regions with different,
well-distinguishable slopes for ranges of approximately 0 to 10 eV
and above 20 eV. This is the expected behavior separating direct elec-
trons from the rescattering tail. The position of the inflection point
located at 16 eV is interpreted as the 2 Up cutoff for direct electrons
and allows us to derive the used intensity, which was I = (5.2 ± 1.3) ×
1013W/cm2 for the angle-dependent data (see below). The determined
intensity is in goodquantitative agreementwith the intensity calculated
from the laser parameters (see Materials and Methods and the Supple-
mentaryMaterials). The coincidence spectra in Fig. 2Adiffer significant-
ly in the relative contribution of the rescattering tail. The rescattering
yield is much larger for the electrons coincident with the ions tagging
the D1 as opposed to the ions tagging the D0 SFI channel. Reassuringly,
themeasured distributions are the same for the two signature fragments
marking D1, whose yield was combined in the analysis that follows to
improve statistics.

To obtain molecular-frame information, we used nonadiabatic
laser alignment (27) for one-dimensional field-free spatial alignment
of the supersonically cooled molecules. 1,3-Butadiene molecules can
be reasonably well described by a symmetric top approximation. Our
experiment averages over the azimuthal molecular-frame angle f. A
revival trace indicating themeasured parent ion yield as a function of
Dt, the time delay of the SFI probe pulse with respect to the preceding
copolarized alignment laser pulse, is depicted in Fig. 2B. The yield
maximizes at Dt = 58 ps, in line with the expectation for the rotational
half-revival. To quantify the degree of alignment, we used a previously
established self-consistent procedure inwhichmeasured experimental
data act as a maximum likelihood predictor for numerical alignment
simulations (28). The most probable axis distribution of the aligned
molecules is determined together with a confidence interval, which
allows the determination of molecular frame–dependent parameters
fromadeconvolution of laboratory-frameobservables that aremeasured
for the aligned molecules. At the delay leading to the maximum SFI
yield (Dt = 58 ps), the peak alignment is reached, characterized by
〈cos2(q)〉 = 0:70þ0:04

�0:07 (see the Supplementary Materials for further de-
tails). Measurements of the coincidence photoelectron spectrum as a
function of a′, the angle between the linear polarizations of the align-
ment and SFI pulses, were performed at peak alignment. a′ is labeled
with a prime to distinguish this laboratory-frame angle from the un-
primed molecular-frame angles.

Using thedescribedprocedure, the laboratory-frameangle-dependent
yield of direct [MD(a′), 0 to 16 eV] and rescattered [MR(a′), 25 to 55 eV]
photoelectrons was determined for the D0 and D1 channels, respec-
tively, and is presented in Fig. 2C. Error bars reflect the statistical con-
fidence limits.Molecular-frame (that is, q-dependent) parameters were
determined from the laboratory-frame (that is,a′-dependent) observa-
bles by fitting the latter with a series of low-order Legendre polynomials
(see solid lines) incorporating the previously determined alignment
distribution. The fit of MR(a′) results in the determination of S(q) ×
R(q) ×Q(q), the product of themolecular-frame polar angle–dependent
ionization, return, and high-angle scattering probabilities. S(q) is ob-
tained directly from the deconvolution of MD(a′), the yield of direct
electrons. The extracted S(q) distributions (see Fig. 3A) resemble the
ones reported previously (24), where small quantitative differences are
A B

–

D   channel0 D   channel1

t = 0.7 fs

t = 0.7 fs

E

Fig. 1. Channel-specific continuum wave packets in 1,3-butadiene. (A) The
upper part shows the D0 Dyson orbital. The lower part displays a snapshot of the
simulated electron density isosurface of value 1:6� 10�9 a�3

0 (where a0 is the Bohr
radius) for the D0 channel 0.7 fs after the peak electric field and was obtained for
perpendicular laser polarization (q = 90°, f = 90°). The polar angle q is defined with
respect to the principal axis with the lowest moment of inertia, and f is the azimuthal
angle (see the coordinate system on top). The color visualizes the phase of the
continuum wave function. (B) The same as (A) but for the D1 channel.
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attributed to the different SFI wavelengths used [l = 1290 nm versus
l = 800 nm in the work ofMikosch et al. (24)]. Use of this S(q) permits
the determination of theR(q) ×Q(q) distributions fromMR(a′). These
distributions are plotted in Fig. 3C for the two SFI channels. The solid
lines represent the most likely distribution resulting from the experi-
ment, whereas the shaded areas reflect the confidence intervals that
arise from the alignment deconvolution and from the propagation
of the statistical errors (see the Supplementary Materials).

Figure 3C shows unambiguously that the experimental channel-
specific product of the return probability R(q) and the high-angle
scattering probability Q(q) differs significantly between D0 and D1,
both in shape and in amplitude. Note that the probability R(q) × Q(q)
is plotted on an absolute scale. Depending on the molecular-frame
polar angle along which the laser is polarized, between 0.75 and 1.30%
of the continuum electrons rescatter in the D0 SFI channel. The rescat-
tering probability is significantly higher in the D1 SFI channel, namely,
between 1.85 and 3.05%. In both channels, R(q) × Q(q) displays a
pronounced minimum for polarization of the strong laser field along
the long axis of the molecule (q = 0°). In this direction, the respective
ionization probabilities (see Fig. 3A) are both maximal. However, for
the D0 SFI channel, the rescattering probability distribution peaks at
q ≈ 60°/120°, whereas for the D1 channel, we find R(q) × Q(q) to be
maximal for orthogonal polarization (q = 90°), where the D0 channel
displays a shallow minimum.
Schell et al., Sci. Adv. 2018;4 : eaap8148 4 May 2018
To independently corroborate our experimental results, we per-
formed numerical calculations using the time-dependent resolution-in-
ionic-states (TD-RIS) theory method (29). Perfectly one-dimensionally
aligned molecules were used in the model while averaging over the
azimuthal angle f. Because of the very substantial computational cost,
the simulations had to be conducted for dedicatedhalf-cycle (ionization)
and few-cycle (recollision) laser pulses at l = 800 nm (see the Supple-
mentary Materials). The derived angle- and channel-resolved ioniza-
tion [S(q)] and the derived rescattering [R(q) × Q(q)] probabilities are
plotted in Fig. 3 (B and D, respectively) and can be compared with their
experimental counterparts in Fig. 3, A and C. There is good qualitative
agreement between the experimentally and computationally obtained
ionization probabilities S(q) for both SFI channels, in accordance with
the earlier SFI study at l = 800 nm (24). The calculations confirm the
observation from experiment that the R(q) × Q(q) distributions for D0

and D1 display clear differences. Although the calculated distributions,
plotted in Fig. 3D, are outside the confidence intervals of the experi-
ment plotted in Fig. 3C, there is good qualitative agreement, especially
keeping in mind the limitations of the theoretical model in considering
the laser pulse (see the Supplementary Materials). The theory results for
R(q) × Q(q) reproduce all key features found in the experiment: the
pronounced minimum in the distribution for q = 0° in both the D0

and the D1 channel, the maxima at q ≈ 60°/120° in the D0 channel and
at q = 90° in the D1 channel, and the dip at q = 90° in the D0 channel.
A

B

C

Fig. 2. Experimental data. (A) Electron kinetic energy distributions acquired in coincidence with different ion species, allowing one to distinguish between the D0 and
D1 ionization channels. The distributions are normalized to the same total yield for better comparison. The green and orange areas indicate integration limits for the
determination of the yields of direct (MD) and rescattered (MR) electrons, respectively, in the angle-dependent data in (C). (B) Delay scan of the nonadiabatic alignment,
showing the 1,3-butadiene parent ion yield around the rotational half-revival. The error bars are given by counting statistics. Shown as a red solid line and shaded area
are the best fits and confidence intervals from the extraction procedure of the alignment distribution, which uses a symmetric-top approximation. The experimental
data shown in (C) were acquired at the delay ta corresponding to peak alignment. (C) Channel-resolved yield of direct (MD0

D ,MD1
D ) and rescattered (MD0

R ,MD1
R ) electrons as a

function of the angle a′ between the polarizations of the alignment and SFI laser fields, using the integration limits shown in (A). Solid lines denote best fits from the
deconvolution of the molecular-frame ionization and rescattering probabilities using the known alignment distribution. Error bars, given by counting statistics, are
smaller than the symbols used for MD0

D , MD1
D , and MD0

R .
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To assist in the interpretation of our results, we performed another
TD-RIS calculation: We simulated laser-induced electron scattering
where, at the outer turning point of the laser-driven continuum elec-
tron motion, the actual channel-dependent continuum wave packet
was substituted by the same artificial Gaussian continuumwave packet
for both SFI channels. This Gaussian wave packet is then driven back
toward the cation where scattering occurs. Figure 4A shows an iso-
surface of the Gaussian electron wave packet as created at the outer
turning point and shortly after the electron-ion scattering event, for a
molecule aligned perpendicular to the laser polarization axis. The
phase of the wave packet is depicted as a color scale, so that a color
gradient indicates a moving wave packet. The transverse and longi-
tudinal width of the initial Gaussian wave packet was set to 6.3 a0,
similar to the spatial separation of the outermost carbon atoms in the
1,3-butadienemolecule. This choice ensures that (i) most of the wave
packet recollides and that (ii) upon recollision, the wavefront is, to a
good approximation, planar, as can be seen from the parallel stripes
indicating the phase gradient. Our model is, hence, reminiscent of the
conventional diffraction of electron beams (30) but ensures that, under
the influence of the laser field, the colliding electrons feature a kinetic
energy distribution very similar to the one in the recollision experiment
presented below. Because the return probability R is independent of q
by design in this simulation, we can determine the high-angle scatter-
ing probabilityQ(q) as a function of themolecular-frame polar angle q
Schell et al., Sci. Adv. 2018;4 : eaap8148 4 May 2018
of the laser polarization, averaging over the azimuthal molecular-
frame angle f. Q(q) is plotted in Fig. 4B for the D0 (blue) and the
D1 (red) cation (see the Supplementary Materials for further details).
Although a characteristic distribution is observed, almost no differ-
ence is found between the two ionic states. This observation confirms
our expectation that Q(q) does not depend on the state of the 1,3-
butadiene cations (see Introduction).
DISCUSSION
Given the identical high-angle scattering probability distributionsQ(q)
for both channels, the channel dependence of the molecular-frame re-
scattering probability R(q) × Q(q), observed both experimentally and
in the TD-RIS calculations, is a remarkable result. Note that the com-
puted Q(q) in Fig. 4B features a rather different angular dependence
compared to both of the channel-dependentR(q) ×Q(q) distributions.
These findings imply that the molecular-frame return probability
distribution R(q) depends both on the ionization channel and on the
C D

A B

Alignment Statistical
Confidence

Alignment Statistical
Confidence

Fig. 3. Effectof theshapeof thecontinuumwavepacketon rescattering. (A and C)
Channel-resolvedmolecular-frame polar angle–dependent ionization probability S(q)
(A) and rescattering probability R(q) ×Q(q) (C), as obtained from the deconvolution of
the experimental data shown in Fig. 2C with the alignment distribution of the molec-
ular ensemble. The shaded areas delimit the confidence intervals arising from the
uncertainty of the alignment distribution (vertical shading) and from the statistical
error of the measurements in Fig. 2C (horizontal shading) (see the Supplementary
Materials). The latter error contributes significantly only to the D1 rescattering prob-
ability. (B and D) The same observables as in (A) and (C) obtained from the TD-RIS
calculation. Note that while the ionization probability of the D0 channel in (A) and (B)
has been scaled arbitrarily, the relative scale between D0 and D1 reflects their contri-
butions to ionization.
A

–

Gaussian continuum wave packet

t = 1.2 fs t = 1.9 fs

B

Fig. 4. Channel indepedence of the high-angle scattering probability. Simulated
strong laser field–driven scattering of a three-dimensional Gaussian continuum wave
packet (replacing the actual channel-dependent wave packet launched by SFI) off
theC4Hþ

6 1,3-butadiene ion in the electronic ground state (D0) and in the first excited
state (D1). (A) Snapshots of the electron density isosurfaces (of value 2:5� 10�5 a�3

0 ,
where a0 is the Bohr radius) at two instants in time during the 2.7-fs period laser field
(see the Supplementary Materials), for a laser polarization perpendicular to the plane
of the molecule (q = 90°, f = 90°) and the ion in the D0 ground state. For the def-
inition of q and f, see the coordinate system in Fig. 1. The maximum of the oscillatory
electric field defines zero time. The color scale describing the phase of the electron
wave function is the same as in Fig. 1. (B) Comparison of the computationally ob-
tained q-dependent, f-averaged scattering probability R(q) × Q(q) for a Gaussian
wave packet scattering off the C4Hþ

6 ion in the D0 and the D1 state. Because the
return probability R(q) is channel- and angle-independent by design in this calcula-
tion [that is, R(q) = R], the calculation proves that the high-angle scattering probabil-
ity Q(q) is near-independent of the electronic state of the 1,3-butadiene molecular
cation, as expected.
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angle of the laser polarization with respect to the molecular frame. In
other words, contrary to the expectations of the simple SFA theories,
R(q) is a distribution that is strongly system-dependent.

The molecular-frame and channel dependence of R(q) is under-
stood in terms of theDysonorbitals associatedwith the two continuum
channels (Fig. 1, A and B). The nodal planes of the Dyson orbitals are
much more strongly reflected in the channel-specific rescattering
probability distributions (Fig. 3, C and D) than in the ionization prob-
ability distributions (Fig. 3, A and B).We argue that this is the result of
the continuum propagation, during which the structure of the respec-
tive Dyson orbital is preserved and expanded. To strong-field ionize a
molecule with a field directed along the nodal plane of a Dyson orbital,
the outgoing photoelectron must acquire nonzero transverse momen-
tum (16, 31). The momentum increases when the spacing between the
lobes separated by the nodal plane decreases. The transverse spread of
the wave packet strongly decreases the probability of recollision, par-
ticularly that of recollision leading to high-angle scattering, for which
small impact parameters are required.

In 1,3-butadiene, the pronounced minimum of the rescattering
probability found for both D0 and D1 for molecular alignment along
the laser polarization axis (q = 0°) (see Fig. 3, C andD) coincides with a
node in the plane of the molecule for both Dyson orbitals. In contrast,
the molecular-frame ionization probabilities feature maxima for a la-
ser field pointing in this direction (see Fig. 3, A and B). For parallel
alignment, the continuumwave packets are expected to appear as nar-
row bimodal distributions for both D0 and D1, due to the structure of
the Dyson orbitals. Because of their high transverse velocity, these
wave packets will largelymiss themolecule after propagation. For per-
pendicular polarization of the strong laser field (q = 90°), on the other
hand, the two SFI channels feature a rather different Dyson orbital
structure. There is a nodal plane for the D0 Dyson orbital for all azi-
muthal angles f (see Fig. 1A). During laser-driven propagation, the
two lobes associated with maximal electron density (shown in Fig. 1A
for a laser polarization perpendicular to the plane of the molecule)
broaden and evolve away from the molecule. Hence, we expect a local
minimum in the rescattering probability, in agreement with the obser-
vation (see Fig. 3, C and D). Because the separation between the lobes
in the D0 Dyson orbital is larger for q = 90° than for q = 0°, the trans-
verse velocity of the continuum wave packet is smaller for perpendic-
ular than for parallel polarization. Consequently, a somewhat higher
fraction of the wave packet returns to the core for perpendicular po-
larization, and the minimum in the rescattering probability at q = 90°
is less pronounced than the minimum at q = 0°, in line with the ex-
perimental finding. In contrast, for the D1 Dyson orbital, maxima are
found in the f-dependent wave function amplitude when the laser is
polarized perpendicular to the plane of the molecule, and nodes are
found when the laser is polarized in the plane of the molecule (see
Fig. 1B). The f-averaged, q-dependent integrated amplitude therefore
features a maximum for perpendicular polarization, and the recolli-
sion probability peaks for q = 90° (see Fig. 3, C and D). We note that
different continuum propagation time intervals are encoded in the
electron momentum maps originating from rescattering (32), which
will be exploited in future work.

While 1,3-butadiene allows us to separate different SFI channels in a
convenient fashion, we believe that there is nothing special about the
molecule used regarding its recollision dynamics. 1,3-Butadiene can
be regarded as a model system representative for molecules featuring
nodal planes.We hence anticipate that our findings ofmolecular orbital
imprint in laser-driven electron recollision are of general nature. Our
Schell et al., Sci. Adv. 2018;4 : eaap8148 4 May 2018
results caution that the relative contribution of different SFI channels
to HHG and LIED probes of molecular dynamics (25, 33–35) is not
simply reflected by the SFI yield and by the interaction cross sections
associated with these channels. Moreover, our findings are highly rel-
evant for the interpretation of both LIED andHHG experiments within
the SFA, including the quantitative rescattering theory (36). For in-
stance, in LIED, the momentum distribution of electrons undergoing
a single rescattering event along the long trajectory is given in the mo-
lecular frame by Dðp→; qÞ ¼ Wðpr; qÞsðpr; ϑr; qÞ. Here, pr denotes the
momentum upon return, ϑr indicates the scattering angle, W denotes
the amplitude of the returning wave packet, and s indicates the desired
DCS containing the structural information of the molecule (11). The
final momentum of the electron p

→
differs from the electronmomentum

after scattering (defined by pr and ϑr) by the vector potential at the
instant of recollision. Thus far, a separation ansatz W(pr, q) = S(q) ×
W′(pr) is usually made when analyzing LIED photoelectron momen-
tum distributions measured for unaligned and aligned molecular
samples (11, 13, 15). This ansatz separates the amplitude of the return-
ing wave packet into the angular-dependent ionization probability
S(q) and an angle-independent return probabilityW′(pr) that depends
exclusively on the return momentum. S(q) is determined by a calcula-
tion (11, 13). Our findings show that the return probability is both mo-
lecular frame– and SFI channel–dependent. An approximation that is
presently made in the interpretation of LIED and HHG experiments is
not universally valid andhas to be complemented by an experimental or
theoretical analysis of the continuum propagation as presented here.
Note that, from the perspective of formal theory (see section S7), the
factorization ansatz S(q) × R(q) × Q(q) itself can come under scrutiny
near nodal planes owing to the wave packet coherence preserved in the
propagation and interaction.

The fact that the return probability is molecular frame– and SFI
channel–dependent, as established here, is inherent to continuumprop-
agation and hence expected to be universal. We anticipate that the ob-
served effect increases in importance for mid-infrared laser fields (37),
where subcycle excursion times are longer than those for laser fields in
the near-infrared, allowing more time for continuum evolution.
MATERIALS AND METHODS
Experimental details
In the experiment, we used a home-built reactionmicroscope (REMI)
(26) to measure the photoelectron momentum from the SFI of 1,3-
butadiene molecules in coincidence with the ion mass. The applied
electric and magnetic field strengths were E = 30 V/cm and B = 17 G,
respectively. We limited the detected ionization rate to ≤0.2 events per
shot to minimize the occurrence of false coincidences. In addition, we
implemented further measures to filter out uncorrelated events in the
acquired data (see the Supplementary Materials). In this way, we en-
sured that the overwhelming majority of electrons and ions detected
in coincidence originated from the same ionization event. Linearly po-
larized laser pulses with a central wavelength of l = 1290 nm, a pulse
duration of 40 fs, an energy per pulse of 23 mJ, and a repetition rate of
10 kHz were used. These were derived by frequency conversion of
pulses from an amplified Ti:Sa laser system (Amplitude Technologies)
in a commercial optical parametric amplifier (TOPAS, Light Conver-
sion). For one-dimensional field-free spatial alignment of the super-
sonically cooled molecules, a nonadiabatic scheme was used (38).
Fundamental pulses of the 800-nmwavelengthTi:Sa laser systemwere
temporally stretched to a pulse duration of 0.55 ps and applied 58 ps
5 of 7
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before the 1290-nm pulses, such that the recollision experiment took
place at the rotational half-revival. No ionization yield resulted from
the alignment pulses alone. A motorized waveplate in the alignment
laser arm was used to vary a′, the laboratory-frame angle between the
linear polarizations of the alignment and SFI pulses. To obtain enough
statistics in the weak rescattering tail for both SFI channels, data were
acquired at just five different a′ angles. The data were accumulated in
random order over many short measuring intervals for the different
angles to minimize the effects of potential small variations of the laser
parameters. In total, each photoelectron spectrum contains the events
of 3.8 × 108 laser shots (10.5 hours of data acquisition at the 10-kHz
repetition rate of the laser). Further experimental details can be found
in the Supplementary Materials.

Deconvolution of molecular-frame properties from
laboratory-frame observables
Laboratory-frame experimental observablesmeasured for alignedmo-
lecules derived from a convolution of the molecular-frame molecular
properties with the probability distribution of molecular axis align-
ment angles. We used primed (unprimed) characters for laboratory-
frame (molecular-frame) parameters. Assuming azimuthal symmetry,
the equation

MXða′Þ ¼ 1=ð8p2Þ � ∫
2p

0 df′∫
p

0dq′X½qðq′; f′;a′Þ�
� Aðq′Þsin q′ ð1Þ

cos q ¼ cos a′cos q′� sin a′sin q′sin f′ ð2Þ

was used to deconvolve the molecular-frame property X(q) by fitting
the experimental observableMX(a′), using themost probable alignment
distributionA(q′) (see section S6). q′ and f′ are the polar and azimuthal
laboratory-frame angles, respectively;q is the polarmolecular-frame an-
gle; and a′ is the relative laboratory-frame angle between the polariza-
tions of the alignment and the SFI laser pulses. X(q) was parameterized
by a sum of even Legendre polynomials (even, because we used aligned,
not oriented molecules) according to

XðqÞ ¼ ∑
kmax

k¼0
b2kP2kðcos qÞ ð3Þ

where the b2k are fit parameters. For the laboratory-frameobservables in
this study (see Fig. 2C), the polynomialwas terminated at kmax = 2 to not
overparameterize the fits to the limited number of experimental data
points. For the determination of the confidence intervals shown in
Fig. 2, see the Supplementary Materials.

Coupled channels rescattering simulations
The strong field–driven recollision dynamics were simulated using the
TD-RISmethod (29). Here, we present the first application of TD-RIS
to the simulation of three-dimensional photoelectron spectra includ-
ing recollision.

TD-RIS combines ab initio quantumchemistry for the computation
of multielectron wave functions with single-particle time-dependent
numerical grid solutions. The field-free n-electron neutral state (|N〉)
and the lowest few (n− 1)-electron singly ionized states (|Im〉)were used
as the basis. Thewave function of thenth continuumelectron associated
with each ionic state was represented on a three-dimensional Cartesian
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numerical grid. The coupling to the laser field was treated in the dipole
approximation and length gauge.

In TD-RIS, the ansatz for the n-electron wave function is

jYðtÞ〉 ¼ bðtÞj~N 〉þ∑
m

amðtÞj~fSm〉jIm〉þ jcmðtÞ〉jIm〉
h i

ð4Þ

where |cm(t)〉 is the one-electron continuum wave packet associated
with ionic state m and j~fSm〉 is the normalized source orbital, which
is related to the Dyson orbital jyD

m〉 by

j~fSm〉 ¼
jyD

m〉ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
〈yD

my
D
m〉

p

with jyD
m〉 ¼

ffiffiffi
n

p
〈ImjN〉. Finally, |Ñ〉 is the normalized component of

the neutral ground state |N〉 orthogonal to the set of source ion
states j~fSm〉jIm〉. Inserting the ansatz (Eq. 4) into the time-dependent
Schrödinger equation leads to (after some manipulations) coupled
equations for the amplitudes b(t), am(t), and the respective one-
electron continuum wave packets |cm(t)〉, which were represented on
three-dimensional Cartesian grids. For further details, see the study
of Spanner and Patchkovskii (29). The coupled equations are solved
numerically using the leap-frog algorithm. For computational details,
the reader is referred to the Supplementary Materials.
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