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The concept of using photoelectron interferometry in short laser fields to probe electron dynamics and
target structures was introduced more than two decades ago. However, the quality of experimental data has
remained insufficient for quantitative analysis, largely due to the instability of few-cycle Ti:sapphire laser
pulses—the current workhorse of short pulses. Here, we report the first systematic strong-field ionization
experiments performed with industrial-grade, carrier-envelope-phase stabilized, near-single-cycle Yb
lasers. By measuring photoelectron momentum distributions in the direct-ionization regime, we show that
single-cycle cosine-shaped pulses can separate and enhance both spider-leg and fishbone holographic
structures. The spider-leg structure enables extraction of the electron scattering phase from the Ar atomic
potential—information typically accessible through attosecond metrology—while the fishbone structure
reveals the orbital-parity contrast between Ar atoms and nitrogen molecules. Our measurements are
quantitatively reproduced by both semiclassical Herman-Kluk-propagator and ab initio simulations, paving
the way for precision studies of electron-molecule scattering with widely accessible industrial-grade lasers.
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Strong-field tunneling ionization plays a central role in
both strong-field physics and attosecond science [1]. The
photoelectron momentum distribution (PMD) generated
through tunneling ionization encodes rich information
about laser-driven electron dynamics [2–7] as well as the
structure of the parent atoms or molecules [8–10]. In the
direct-ionization regime, however, the coexistence of
multiple interference and diffraction patterns makes this
information difficult to extract. For instance, intercycle
[11,12] and intracycle [13–15] interferences give rise
to above-threshold ionization (ATI) rings and temporal
double-slit fringes, respectively. Moreover, interference
between direct and rescattered electrons generates holo-
graphic features [16,17], including spider-leg-like [18] and
fishbonelike [19] patterns. Over the past two decades, it has
become widely recognized that employing extremely short
laser pulses—approaching the single-cycle limit—can limit
rescattering to a single event, thereby greatly simplifying
the PMD. Several pioneering experiments [13,20,21] have
pursued this strategy. Nonetheless, none have succeeded in
quantitatively extracting the electron scattering phase
to compare to theory. This phase is a fundamental quantity
characterizing the photoemission dynamics, and its
energy derivative is directly related to the Wigner time

delay [22–26]. The inability of strong-field ionization to
provide such quantitative access is largely due to poor data
quality, stemming from the notorious instability of few-
cycle Ti:sapphire laser pulses.
In recent years, industrial-grade Yb-based lasers have

attracted considerable attention for their robustness, high
repetition rates, and high average power. However, their
native pulse durations—typically longer than 100 fs—
render them unsuitable for strong-field ionization. This
limitation can be overcome through postcompression
techniques [27–31], which shorten the pulses into the
few-cycle or even single-cycle regime. In this Letter, we
present the first strong-field ionization experiments per-
formed with carrier-envelope-phase (CEP)-stabilized, sub-
4-fs Yb lasers operating at a 10 kHz repetition rate. Using a
velocity map imaging (VMI) spectrometer, we measured
the PMDs of Ar atoms and nitrogen molecules—two
targets with comparable ionization potentials—at different
CEPs. We observe that direct-ionization electrons exhibit a
pronounced streaking effect in momentum space, with
the total ionization yield maximized for cosine-shaped
pulses. Crucially, the high quality of our data allows us
to extract the electron scattering phase from spider-leg
structures and to identify the orbital-parity effect in fish-
bone structures, both in quantitative agreement with ab ini-
tio simulations. This Letter further benchmarks a recently
developed semiclassical strong-field Herman-Kluk (SFHK)
method [32]. Unless otherwise specified, “sine-shaped”
and “cosine-shaped” refer to the electric field waveform.
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It is well established that the CEP of a short laser pulse
influences the asymmetry of PMDs in the rescattering-
dominated regime (E > 2Up) [33–35], where E is the
photoelectron kinetic energy and Up is the ponderomotive
energy of the laser field. In contrast, photoelectron inter-
ferometric structures typically arise in the direct-electron
regime (E < 2Up), where CEP effects are less explored and
more difficult to observe. In Fig. 1, we first establish the
requirements for observing CEP dependence in this regime.
Using time-dependent Schrödinger equation (TDSE) sim-
ulations with a single-active-electron potential [36], we

calculate PMDs from Ar atoms for pulse durations of 2, 3,
4, and 5 fs, shown in Figs. 1(a)–1(d). The pulse duration is
defined as the full width at half maximum (FWHM) of a
Gaussian-shaped intensity envelope. The laser intensity is
2 × 1014 W=cm2, with a center wavelength of 900 nm
(corresponding to an optical period of 3 fs), matching our
experimental conditions. The light field is linearly polar-
ized along the vertical axis. The calculated distributions
in Figs. 1(a)–1(d) primarily represent direct-ionization
electrons. A pronounced up-down asymmetry appears
for 2–4 fs pulses, but diminishes markedly at 5 fs (i.e.,
1.7 optical cycles). Figure 1(e) shows the momentum
distribution along the polarization axis for a 3-fs pulse
(1 optical cycle): the widely spaced fringes correspond to
intracycle interference, while the denser fringes reflect
intercycle interference.
Figure 1(f) presents the CEP-resolved total ionization

yield after integrating over full emission angle and full
energy range. In addition to the TDSE results, we perform a
simple calculation based on the ADK rate [37], accounting
only for direct electrons. Both calculations show that a
cosine-shaped pulse (CEP ¼ 0) results in greater ionization
than a sine-shaped pulse. The total yield exhibits a π
periodicity in its CEP dependence, in contrast to the 2π
periodicity in the spatial asymmetry of the high-energy
rescattering electrons [34,35]. When the pulse duration is
longer than 4 fs, the CEP dependence of the total yield
significantly diminishes. Recently, we observed CEP
dependence in laser-induced acoustic waves and air
fluorescence [38,39]. These novel CEP-dependent phe-
nomena can be explained by the modulation of total
ionization yield by the laser CEP. This provides an
additional degree of freedom for controlling strong-field
phenomena—beyond directional control—by linking the
total ionization yield to the laser CEP.
Beyond the up-down asymmetry and total yield modu-

lation, the holographic interference structures are also
influenced by the laser CEP, as showed in the
Supplemental Material videos [40]. The most common
form of photoelectron holography is the so-called spider-
leg structure [16,18], which arises from the interference
between two electron pathways originating within the same
quarter of the optical cycle. As illustrated in Fig. 1(g), one
pathway corresponds to the direct electron (red arrow),
while the other represents the forward-scattered electron
(black arrow). The spider-leg holography structure has been
utilized to probe molecular structures and investigate
nonadiabatic subcycle electron dynamics [46–52]. In con-
trast, another type of holography arises from the interfer-
ence between direct electrons and backward-scattered
electrons, as illustrated in Fig. 1(h), forming a fishbonelike
structure [17]. This interference structure commonly
appears in theoretical calculations [53] but has been
challenging to observe experimentally [19]. Our theoretical
and experimental results both illustrate that the two types of
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FIG. 1. (a)–(d) Calculated PMDs from Ar by solving the TDSE
for a cosine-shaped (CEP ¼ 0) few-cycle pulse with durations of
2, 3, 4, and 5 fs, respectively. The results indicate that the up-
down asymmetry, i.e., the streaking effect on direct ionization
electrons, becomes significantly weaker when the pulse duration
exceeds 5 fs. (e) Lineouts from (b), showing photoelectron
momentum distributions along the light polarization direction
(vertical axis). (f) Calculated total ionization yield for a 3-fs
pulse. The CEP of zero corresponds to a cosine-shaped pulse,
which maximizes the ionization yield. The total ionization yield
exhibits a π periodicity with respect to CEP, meaning that cosine-
shaped and -cosine-shaped pulses produce the same total ioniza-
tion. Note that the CEP dependence of the total ionization yield
rapidly diminishes as the pulse duration increases. (g),(h) Sche-
matics of two types of photoelectron holography, which can be
separated in momentum space and are enhanced with cosine-
shaped (CEP ¼ 0) single-cycle pulses.
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interference structures can be separated in momentum
space and therefore enhanced with a cosine-shaped
single-cycle pulse.
Experimentally, we performed measurements using

industrial-grade Yb-based laser pulses, postcompressed
to 3.7 fs using the CASCADE technique [31] and char-
acterized via the transient-grating FROG technique [38,39].
A pair of 2.8° fused silica wedges was used for fine CEP
tuning. The CEP stability was better than 200 mrad in 10 h
measured with a single-shot f-to-2f interferometer and
demonstrated in air lasing experiments [54,55]. See
Supplemental Material [40] for experimental details and
pulse characterization results. A VMI apparatus recorded
two-dimensional photoelectron momentum projections.
The exposure time of the VMI camera was set to 0.1 s
per frame. At each CEP position, 1000 frames were
averaged. The Abel inversion algorithm of BASEX [56]
was applied to extract the central momentum slice.
Figures 2(a)–2(d) display the Abel-inverted PMDs of Ar

at CEP values of 0π, 0.5π, 1.0π, and 1.5π. Videos in [40]
provide CEP-dependent PMDs for Ar and N2 molecules.
From Figs. 2(a)–2(d) and the videos, we identify at least
two key features. First, the intensity-weighted momentum
center shifts up and down, consistent with kf ¼ −Aðt0Þ,
where kf is the photoelectron momentum and Aðt0Þ is the
laser vector potential at the peak instant t0. Second, the
contrast of intercycle and intracycle interference fringes
differs between upward and downward electrons, both
exhibiting strong CEP dependence.
Figure 2(e) shows the PMD projected onto the laser

polarization axis as a function of CEP. Figure 2(g) extracts
several lineouts from Fig. 2(e) at CEP values of 0.5π, 1.0π,
and 1.5π. At CEP ¼ 1.0π, corresponding to a negative
cosine-shaped pulse, the intensity-weighted center of the
distribution lies close to zero; however, the intercycle fringe
contrast is markedly stronger in the downward direction
(kjj < 0) than in the upward direction, in excellent agree-
ment with our TDSE results in Fig. 1(e). At CEP ¼ 0.5π
(sine-shaped pulse), the intensity-weighted center of the
PMD shifts maximally downward, whereas at CEP ¼ 1.5π
(negative sine-shaped pulse) it shifts maximally upward.
This behavior arises because the vector potential of a sine-
shaped pulse is cosine shaped, leading to the strongest up-
down asymmetry, consistent with the streaking relation
kf ¼ −Aðt0Þ.
Figure 2(f) presents the photoelectron yields as a

function of CEP in both the half-momentum space
(i.e., kjj < 0) and the entire momentum space. The half-
momentum-space yield exhibits a CEP dependence with a
periodicity of 2π, where maxima (minima) correspond to
sine- (negative sine-) shaped pulses. In contrast, the total
yield follows a CEP dependence with π periodicity, reach-
ing its maximum at cosine-shaped and negative cosine-
shaped pulses. N2 shows very similar results as Ar. These
experimental results align well with the TDSE and ADK

model predictions in Fig. 1(f). Note that the slight non-
periodicity along the CEP axis is due to the pulse duration
stretching effect by varying the thickness of fused silica
inserted into the beam path.
Having established accurate experimental laser pulse

parameters, we now proceed to answer our main question:
what target structure information can we retrieve from the
holographic patterns in the measured PMD? It has been
demonstrated theoretically [8,57,58] and experimentally
[9,10] in laser-induced electron diffraction (LIED) that the
high-energy region of the PMD, originating from rescat-
tered electrons, can be used to extract laser-free electron-
target ion elastic scattering differential cross section (DCS)
at large scattering angles. The DCS can then be used to
retrieve time-resolved molecular structure information
such as bond lengths and bond angles of the target at
the moment of rescattering, with a subfemtosecond tem-
poral resolution [8–10]. The main drawback of the LIED
technique is that the signals at the high-energy region are
very weak—significantly weaker than in the holographic
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FIG. 2. (a)–(d) Measured photoelectron momentum distribu-
tions of Ar at CEP values of 0π, 0.5π, 1.0π, and 1.5π,
respectively. (e) Py- and CEP-resolved photoelectron distribution
of Ar, where Px is integrated from 0 to 0.25 a.u. (f) CEP-resolved
photoelectron yields from (e), obtained by integrating Py over the
range from −2 to 0 a.u., as well as over the entire range.
(g) Lineouts from (e) at CEP values of 0.5π, 1.0π, and 1.5π. At
the CEP value of 1.0π (red curve), the ATI contrast has the largest
discrepancy between the up and down electrons, in agreement
with the simulation in Fig. 1(e).
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region. It has been therefore anticipated since the pioneer-
ing work by Huimans et al. [18] that this strong-field
holographic electron imaging technique can provide
an alternative tool for dynamic imaging of molecular
structure. In fact, significant progress has been reported
[16,21,46–53,59–68]. An important step forward was the
theoretical method proposed by Zhou et al. [46], which
showed that the phase of the scattering amplitude can, in
principle, be extracted from holographic photoelectron
spectra. Here we propose a modified approach and dem-
onstrate that an accurate laser-free scattering amplitude
phase can be retrieved from experimentally measured PMD.
In Fig. 3(a), we compare simulated PMD with the

experimental measurement for Ar at CEP ¼ 0. Our
TDSE simulation nicely reproduces all the holographic
features of the experiment, including the spider-leg and the
fishbone structures, mostly visible in the upper half and the
lower half of the PMD, respectively. To get such a good
agreement with the experiment, averaging over the focal
volume intensity variation was carried out for the peak
intensity of 2.8 × 1014 W=cm2 (see Supplemental Material
[40] Sec. II.B). In the following, we will analyze the upper
half of the PMD, in which the spider-leg structure resulting
from the interference between near-forward rescattered
electron and direct electron emitted in the same subcycle
at the peak of the cosine-shaped pulse dominates, see
Fig. 1(g). To have a better feeling on the level of agreement
between theory and experiment, we show the zoom-in part
of the measured PMD together with the local minimum
positions of the yields from both experiment and simu-
lation, see Fig. 3(b). To extract the near-forward scattering
phase from these interference patterns, we first analyze

the yields at a slice at a constant kk ¼ 0.9 a:u. After
subtracting a smooth monotonically decreasing back-
ground, the decaying experimental signal vs k⊥ is obtained
and fitted to a smooth oscillating function, see Fig. 3(c).
Dividing this signal by a smooth envelope, we then get an
oscillating function bounded in the range between −1 and
þ1, shown in Fig. 3(d) together with the TDSE result.
The above procedure has been proposed by Zhou

et al. [46] (see more details in the Supplemental Material
[40]), together with their mapping method, to extract the
scattering amplitude phase for short-range potentials (with-
out a Coulomb tail). Furthermore, their method was applied
to the case of a single laser intensity, in which, for any given
point ðk⊥; kkÞ, the ionization and rescattering times can be
calculated uniquely for each subcycle. To proceed further
with real experimental data, we therefore propose the
following modifications. First, we use a reference atomic
target (taken to be hydrogen) so that only the phase
difference between our target and hydrogen needs to be
retrieved. It is expected that the corrections due to the
influence of the Coulomb tail will largely be canceled out in
the retrieval, as the same Coulomb tail affects both targets.
Second, we define the “effective” laser intensity to be the
median intensity in the differential intensity contribution to
the theoretical PMD. This effective intensity is used for our
mapping (see Supplemental Material [40] for more details).
Because of the lack of experimental data for the reference

hydrogen atom, in our retrieval procedure we will use the
simulated TDSE result of hydrogen with the same laser
parameters as for our target. The phase retrieved from
experimental data for Ar relative to that of hydrogen is
shown in Fig. 3(e). The same procedure was also applied to
the simulated data. For comparison,we also show in Fig. 3(e)
the phase difference calculated with standard quantum
scattering theory. This successful retrieval of the phase of
scattering amplitude can be seen for other cuts at different kk.
The phase difference is quite small at k⊥ ≲ 0.3, reflecting the
fact that small-angle scattering is dominated by the long-
range Coulomb potential. It increases with k⊥ ≳ 0.3, indi-
cating more influence of the short-range potential, as the
electron penetrates closer to the core. We remark that the use
of an ultrashort pulsewith awell-controlled CEP helps better
separation of the spider-leg structures from the fishbonelike
structures that simplifies our procedure and improves the
quality of our retrieved phase.
Finally, we remark that the parity of atomic and

molecular orbitals of the targets can be detected by
analyzing the holographic patterns. This has been demon-
strated in fine structures in the direction perpendicular to
the light polarization by Kang et al. [51]. With our
ultrashort, CEP-controlled pulses, the influence of parity
can be seen even more clearly. Our experimental PMDs
from Ar and N2 at the same intensity for CEP ¼ 0 are
compared side by side in Fig. 4(a). The signals from N2

show clear out-of-phase patterns as compared to those from

FIG. 3. (a) Side-by-side comparison of PMDs from TDSE and
experiment for Ar at CEP ¼ 0. The central parts are removed due
to the artifacts from VMI Abel inversion. (b) Enlarged exper-
imental results with the extracted minimum positions from TDSE
and experiments. (c) Signals vs k⊥ after a smooth background is
subtracted at kk ¼ 0.9. (d) Same as (c), but after further division
by a smooth envelope. (e) Retrieved phase of the laser-free
scattering amplitude from Ar relative to that of hydrogen atom.
Result from standard quantum scattering theory is also shown.
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Ar. These striking out-of-phase features are reproduced in
our simulations based on the SFHK method [32], see
Fig. 4(b). Note that all these patterns survive from focal
volume intensity averaging, but they become less pro-
nounced. The out-of-phase character of these two targets
can be traced back to the different parities of the atomic or
molecular orbital of the active electron, which is odd for
Arð3pÞ and even for N2ðσgÞ. For example, we have
checked that if an s orbital is used in our simulation for
Arð3pÞ, an in-phase pattern with N2 would be seen. In
Fig. 4(b) for N2, the laser polarization is assumed to be
parallel to the molecular axis. We found that the out-of-
phase patterns do not change in the perpendicular case—
see Fig. S4 in [40]. We remark that recently Khurelbaatar
et al. [21] used the fishbonelike structures to retrieve N2

bond length with a shorter wavelength (723 nm) Ti:
sapphire laser.
In summary, we have demonstrated strong-field inter-

ferometry with CEP-stabilized, near-single-cycle Yb lasers,
achieving high-resolution measurements of photoelectron
momentum distributions from atoms and molecules. The
use of industrial-grade Yb sources, combined with post-
compression and excellent CEP stability, enabled us to
overcome long-standing limitations of few-cycle Ti:sap-
phire lasers and to observe CEP-dependent holographic
structures with unprecedented clarity. We showed that
cosine-shaped pulses separate and enhance both spider-
leg and fishbone holography, allowing direct access to
the electron scattering phase and to orbital parity signa-
tures in atomic and molecular targets. The retrieved
scattering phase agrees quantitatively with ab initio theory
and validates the recently developed SFHK method,

establishing holographic interferometry as a practical route
to precision measurements of electron-molecule scattering
in the strong-field regime. Our results open the way toward
dynamic molecular imaging with low-energy electrons,
using compact and robust laser technology.
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