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Dynamic interference (DI) is an elusive strong-field effect where photoelectrons from intense laser
pulses interfere in time, forming rich kinetic energy patterns. Here, we present the first experimental
demonstration of isolated DI using a novel two-color scheme—chirped laser-assisted dynamic inter-
ference (cLADI). Isolation was achieved with a crossed-polarization setup combining an extreme
ultraviolet harmonic field and an infrared pulse with tailored spectro-temporal properties. Beyond
prior works, our approach enables precise control over interfering trajectories, yielding holographic

interference patterns and advancing our understanding of strong-field phenomena.

Attosecond science [1, 2] has revolutionized our under-
standing of photoemission, demonstrating that two-color
schemes and time-resolved interferometric techniques [3—
5] can reveal details hidden in the phase of the outgo-
ing electrons [6-8]. In the photoelectric effect, a photon
of energy o (atomic units are used through this work)
liberates an electron from an atom with ionization po-
tential I, giving it a kinetic energy ¢ = Qg — I,. Re-
cent theoretical works suggest that timing information
from the photoemission process can be directly imprinted
on the photoelectron spectrum via dynamic interference
(DI) [9-11]. While an intense low-frequency (Q < I,,)
laser pulse increases the effective ionization energy by the
ponderomotive potential IS (¢) ~ I, + Uy (t) [12, 13], su-
perintense high-frequency (€ > I,) laser pulses instead
decrease the effective binding potential, IS (t) < I, [14].
In both cases, electrons emitted at different times (dur-
ing the pulse rising and falling edges) may interfere to
produce characteristic energy patterns.

Achieving DI requires a delicate balance: the laser field
must be strong enough to induce a significant energy
shift, while not completely depleting the atomic popu-
lation [10, 11]. Although the original prediction of DI
[9] has been dismissed (see Ref. [11]), its general idea
has attracted much further theoretical attention. DI
is possible only in the elusive superintense stabilization
regime (~ 1018 W/cm? at Q) ~ 50eV) for the hydro-
gen ground state (1s) [11], in intense near-resonant fields
(1015 W/cm? at 12eV) from the hydrogen excited state
(2p) [10], and in near-resonant multiphoton processes of
alkali atoms [15]. However, DI in resonant photoion-

ization processes, where two atomic states are strongly
coupled [16, 17], has been disputed [18, 19] and instead
attributed to the manifestation of Rabi dynamics [20-22]
— in a coherent photoelectron phenomenon predicted by
Rogus and Lewenstein in 1986 [23].

More recently, M. Bertolino et al. [24] proposed that
laser-assisted dynamic interference (LADI) could relax
the stringent laser requirements of DI. In this two-color
approach, a weak extreme-ultraviolet (XUV) pulse of
central photon energy €y ionizes the sample while an
intense infrared (IR) pulse of central photon energy w <
I, < Qg dynamically increases the binding potential. De-
spite its promise, unambiguous experimental observation
of LADI has remained challenging mainly due to compet-
ing multiphoton (MP) processes obscuring the LADI sig-
nature [25]. In this Letter, we introduce a new regime —
chirped laser-assisted dynamic interference (cLADI) —
achieved with chirped XUV pulses. Our combined exper-
imental and theoretical study demonstrates that cLADI
enables robust detection of isolated DI at moderate IR in-
tensities (~ 2 TW /cm?) under standard laboratory con-
ditions. Moreover, controlling the chirp of the XUV
pulses adds an extra degree of freedom, allowing us to
tune the number of the interfering quantum trajectories,
providing new avenues in ultrafast spectroscopy [2] and
deepen our understanding of fundamental light—matter
interactions.

If the XUV central energy €y is high enough, the
two-color photoelectron spectrum in a LADI scheme
can be described within the strong-field approximation
(SFA) [26-28] as the Fourier transform of the electron



wavepacket, whose phase is modulated by the IR field
[29] (see Supplementary Sec. S2.1). Within the slowly-
varying envelope approximation (SVEA), and for a flat
continuum, the total phase term can be written as:
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where O(t) is the temporal phase of the XUV field,
p is the final electron momentum in the continuum
(e = p?/2), A, is the IR vector potential. The term
p- A, describes MP absorption processes responsible for
the creation of sidebands separated by w [30, 31]. If one
considers only electrons emitted perpendicularly to the
IR field, this term vanishes and the main contribution to
the photoelectron spectrum is given by the time instants
t; for which d¢/dt = 0 (stationary-phase approximation,
SPA) [32]. For a given final electron energy, ¢, the cycle-
averaged condition is satisfied when:
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where and U), is the IR ponderomotive energy, related to
the field amplitude E,, o by Up(t) = E2 ((t)/4w?. If the
XUV pulse is shorter than the IR pulse, Up(t;) =~ Up.o,
resulting in a redshift of the photoelectron spectrum by
the peak ponderomotive energy. In contrast, for an XUV
pulse longer than the IR [e.g., as in Fig. 1(a)], Eq. (2)
shows that U, dynamically changes the kinetic energy of
the photoelectron during ionization, inducing an inter-
ference pattern that cannot be explained by inter- and
intra-cycle mechanisms [33-35].

For a transform-limited (TL) XUV pulse with a linear
phase, ©(t) = Qot, the energy content remains constant
throughout its duration [Fig. 1(b)]. In this case, (t)
follows the IR pulse intensity envelope E2 ((t) [Fig. 1(c)],
spanning an energy range equal to Up,o. Within this
range, two families of XUV ionization events, occurring
at the rising (green) and falling (orange) edges of the IR
pulse, satisfy Eq. (2). Since these trajectories lead to the
same final electron energy, they interfere, giving rise to a
LADI pattern in the photoelectron spectrum (blue curve,
right panel).

For a chirped XUV pulse with a quadratic phase
O(t) = Qot + cqt? and chirp rate cq, the energy content
changes linearly over time [Fig. 1(d)]. e(¢) exhibits an ad-
ditional linear term [Fig. 1(e)], resulting in a third family
of stationary solutions (chirp solutions, red markers) that
contribute to the interference, modifying both the energy
region with stationary solutions, Ae, and the pattern ob-
served in the photoelectron spectrum (blue curve in the
right panel).

Figure 2 compares the IR-intensity dependence of the
photoelectron spectra generated in Ne for TL [Fig. 2(a)]
and chirped [Fig. 2(b)] XUV pulses, computed using
the SFA formula [Figs. 2(c)-(d)] and the SPA approach
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FIG. 1. (a) XUV (violet) and IR (red) intensity temporal pro-
files, corresponding to a full-width half-maximum (FWHM)
duration of 32.9fs and ~ 15fs, respectively. The IR pulse is
centered around 1.166eV while Qo = 42.23eV. (b) Wigner
transform for a transform-limited (TL) XUV pulse with tem-
poral profile as in (a) and power spectrum displayed in the
right panel (black curve). (c) Energy shift ¢(t) felt by the
electron wavepacket for an IR intensity Irr ~ 5TW/cm?,
when Ne is ionized by the XUV pulse in (b). IR and XUV
have crossed polarization. For each final energy o, two possi-
ble paths (highlighted in green and orange colors) give rise to
an interference pattern in the photoelectron spectrum (blue
curve, right panel). (d), (e), Same as in (c) and (d) but for a
chirped XUV pulse with group-delay-dispersion (GDD) equal
to -60 fs? (ca = 8.1 x 1073 fs72) and a TL duration of 5.2fs
[actual FWHM duration of about 33 fs as in (a)]. In this case
a third family of stationary solution (red) participates to the
interference process, producing a modified pattern in the pho-
toelectron spectrum (blue curve, right panel). In all panels
indicates the photon energy while € the electron kinetic en-

ergy.



[Figs. 2(e)-(f), see Supplementary Sec. S2.5]. The tem-
poral profiles used in these calculations match those in
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FIG. 2. Spectrum of an XUV pulse corresponding to a
FWHM time duration of about 33fs: (a), TL, (b) chirped
(co = 81 x 1073 fs_2). The ionization potential of Ne
(Ip, = 21.5646 V) has been subtracted to the photon energy
Q) for a direct comparison with the other panels presenting the
electron kinetic energy . Photoelectron spectra of Ne calcu-
lated with the SFA while changing the IR peak intensity Irr
[same temporal profile as in Fig. 1(a)], for the TL, (c), and
chirped, (d), XUV pulse. (e), (f), Same quantity calculated
within the SPA. The red contour lines mark the regions with
a diverse number of stationary solutions, indicated by the
nearby numbers. Only solutions for which Eqo(t;) > 107%,
are considered. Inset: width of the energy region with sta-
tionary solutions, Ae, as a function of I and cq.

XUV pulses (left column), LADI produces fringes that
increase in number and shift towards lower electron ener-
gies with increasing IR intensity, following U, o [dashed
violet curve in Fig. 2(c)]. This pattern can be repro-
duced by SPA, showing that it originates from the in-
terference of only two quantum trajectories [Fig. 2(e)].
Chirped XUV pulses lead to a modified spectral map
[Fig. 2(d)] that can still be explained within the SPA
[Fig. 2(f)]. While the exact shape of the interference pat-
tern depends on the used laser parameters [see Supple-
mentary Secs. S2.4, S2.5], the width of the energy region
with stationary solutions can be evaluated by computing
Ae = e(tp) — €(tm), where tar ., are the times corre-
sponding to the local maximum and minimum of &(t)
[see Fig. 1(e) and Supplementary Sec. S2.6]. For a given
XUV spectrum, Ae scales mostly linear with IR inten-

sity and increases with decreasing cq [inset of Fig. 2(f)],
suggesting that a smaller chirp will allow for the obser-
vation of cLADI on a broader energy range. Neverthe-
less, the smaller the chirp the shorter the XUV pulse,
ultimately leading to no cLADI if the pulse duration be-
comes shorter than the IR one. Thus, optimizing this
effect requires balancing the XUV duration and the ex-
tent of Ae.

Within Ae three stationary solutions exist for each
final electron energy. Two correspond to the standard
LADI solutions which temporally lay within the IR en-
velope [orange and green in Fig. 1(e)], while the chirp
solution [red in Fig. 1(e)] exists when U,(t;) ~ 0. Fol-
lowing Eq. (2), the related ionization times are given by:
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and increase linearly with the electron energy e [black-
dotted lines in Fig. 1(e)]. If |t.| is large compared to
the XUV duration, its contribution to the photoelec-
tron spectrum becomes negligible (see Supplementary
Sec. 52.5) and only the two standard families of station-
ary solutions contribute to the photoelectron spectrum
[upper-left corner in Fig. 2(f)]. This explains why cLADI
and LADI produce qualitatively similar spectral maps at
high IR intensities and low electron energies. However,
near )y [where three solutions exist in Fig. 2(f)], the
contribution of ¢, becomes significant, introducing a finer
fringe pattern that does not scale with Up, g. This new in-
terference pattern extends at high energies into the pulse
spectrum, where only one real stationary solution exists,
offering a unique opportunity to study quantum tran-
sitions between different numbers of “trajectories” (sta-
tionary solutions) and a novel platform for applications
of catastrophe optics [36]. Moreover, since Eq. (3) shows
that t. does not depend on the IR parameters, cLADI
may enable holographic reconstruction techniques. In-
deed, while only the phase difference between the inter-
fering stationary points is encoded in the LADI spectrum,
if the XUV parameters have been properly characterized,
t. and ¢(t.) can be computed, allowing for the extrac-
tion of the absolute phases ¢(t1) and ¢(t2), and enabling
the reconstruction of the electronic wavepacket from the
measured interference pattern.

To demonstrate the feasibility of cLADI, we performed
two-color photoemission experiments at the ELI ALPS
HR Condensed beamline [37]. The setup employed 15-fs
IR pulses centered at 1030 nm to generate XUV radia-
tion via high-harmonic generation (HHG) at a 100-kHz
repetition rate. A time-delay-compensated monochro-
mator (TDCM) selected the 35" harmonic at about
42.2eV [38, 39]. While the femtosecond chirp of the
harmonic radiation can be controlled by adjusting the
driving laser properties [40, 41], in a TDCM it can
also be tuned by introducing an imbalance between the
two stages [42, 43]. A portion of the IR beam, with
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FIG. 3. Experimental (black) and calculated (light blue) photoelectron spectrum for crossed XUV and IR polarizations, with
Irr =0 (a), and 1.9 TW/cm?, (b). The shaded light-blue area in (b) shows the deviation of the calculated spectra in a delay
range of £3fs between the two pulses. The dotted-blue curve represent the photoelectron spectrum obtained with a TL XUV
pulse of identical spectral bandwidth. (c), (d), Experimental and calculated Ne spectra as a function of the IR intensity, I;r,
and electron kinetic energy . (e), Energy position of the local maxima in the photoelectron spectra as extracted form the
measurements (full dots) and from the calculations (full curves and shaded areas). (f), Photoelectron spectra calculated only
along the XUV polarization axis and for ideal detection. The red dashed and orange dotted lines indicate the regions with 3
or 1 stationary solutions. The black dash-dotted curve marks Up 0. (g), Top panel, XUV and IR intensity envelopes retrieved
with STRIPE and used in the calculations. Bottom panel, energy shift felt by the electron wavepacket, £(t), (left) and number

of stationary solutions (right), calculated for Irgr = 1.9 TW /cm?.

a controlled delay, was collinearly recombined with the
XUV and focused onto a Ne gas target. Photoelectrons
were collected using a time-of-flight (TOF) spectrometer
aligned with the XUV polarization axis (following the
scheme in Ref. [30]). The photoelectron count per shot
was optimized to ~ 1 to enhance the signal-to-noise ra-
tio. Full temporal characterization of the pulses using
STRIPE (simplified trace reconstruction in the pertur-
bative regime) [44] confirmed that the XUV pulses were
chirped, with cq = 8.9 x 1073 fs~2 (FWHM duration of
33 fs, TL duration of 5.2 fs), while the IR pulses remained
nearly TL with a 15-fs FWHM [see intensity envelopes
in Fig. 3(g)], closely matching the conditions of Fig. 2.

Figure 3(a) presents the experimental (black curve)
and theoretical (light-blue curve) photoelectron spectra
for Ne ionization without the dressing IR pulse. Sim-
ulations based on the SFA model (see Supplementary
Sec. S2.1), incorporating the Ne 2p spin-orbit splitting
and instrumental response function (responsible for the
asymmetric low-energy tail), show no evident interfer-
ence. Introducing an intense (1.9 TW/cm?) IR pulse at
zero delay with crossed polarization significantly alters
the spectrum [Fig. 3(b)], shifting the main peak and split-
ting it into two maxima. This splitting vanishes in sim-

ulations using TL XUV pulses (blue dotted curve), indi-
cating its origin in cLADI. A secondary peak at 21.75eV
corresponds to the creation of a sideband (SB) arising
from the MP term p - A, which affects those electrons
that are not emitted perpendicularly to the IR field but
fall within the finite collection angle of the spectrometer
(about 14° of total angle). This effect is reproduced in
simulations incorporating the Ne photoionization cross-
section and angular distribution [45] (see Supplementary
Sec. S2.1). For the chirped pulses, the light-blue shaded
area displays the deviation of the calculated spectra in
a delay range of +3fs around 7 = 0fs. The double-
peaked structure survives, underlying the robustness of
the cLADI pattern against zero delay uncertainty. To
further investigate the origin of the main spectral split-
ting, we recorded the photoelectron kinetic-energy dis-
tribution while varying the IR intensity between 0.6 and
1.9TW /cm? [Fig. 3(c), experiment; Fig. 3(d), SFA pre-
dictions]. We observed that the local maxima in the pho-
toelectron spectra [white dashed lines in Fig. 3(c), full
dots in Fig. 3(e)] shift with IR intensity in a way not sim-
ply captured by U, o [dot-dashed black curve in Fig. 3(e)]
but accurately reproduced by SFA calculations [white
dashed lines in Fig.3(d), solid curves in Fig. 3(e)]. A sim-
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FIG. 4. (a), Portion of the experimental Ne spectrogram
obtained with parallel IR and XUV polarizations, showing
the electron counts vs. kinetic energy, ¢, and delay 7. The
IR and XUV pulses used are the same as in Fig. 3, while
Irr=1.9 TW/ch. Spectrograms simulated by using the ex-
perimental pulses and the total SFA formula, (b), considering
only the MP term, (c), or the cLADI term (d). Comparison
of the energy position of the local maxima, (e), and spectral
area, (f), extracted from panels (a)-(d). Open circles mark
the experimental data while the SFA, MP and LADI calcu-
lations are represented with open diamonds, full circles and
open squares, respectively.

ilar behavior is found when considering only perfect emis-
sion along the XUV polarization axis (i.e. p-A, = 0),
neglecting instrumental response function and spin-orbit
splitting [Fig. 3(f)]. Analyzing the number of active sta-
tionary points in this case (contour lines) further con-
firms that the observed spectral splitting originates from
three-path interference, i.e., cLADI [Fig. 3(g)]. Notably,
in the standard LADI regime, simulations either yield
a simple U o-shift when using TL XUV pulses with the
same bandwidth (FWHM ~ 5 fs) or produce a finer inter-
ference pattern when maintaining the 33-fs duration. In
the latter case, the experimental instrumental response
function limits clear detection.

A vanishing MP term is essential for the observation of
LADI and cLADI. To test this, we repeated the experi-
ment at the highest available IR intensity with parallel IR

and XUV polarizations. The spectral components asso-
ciated with direct XUV ionization (main band, MB) as a
function of delay 7 are shown in Fig. 4(a). Here a positive
delay corresponds to the IR pulse arriving earlier. At zero
delay, the initial single peak [same as in Fig. 3(a)] splits
into two local maxima [white dashed curves in Fig. 4(a)].
This behavior is well reproduced by SFA calculations that
include both MP and ¢cLADI contributions [Fig. 4(b)] or
consider only the MP term [Fig. 4(c)]. However, pure
cLADI [Fig. 4(d), equivalent to crossed IR and XUV po-
larizations] fails to reproduce the precise position of the
local maxima [Fig. 4(e)] and the main-band depletion
[Fig. 4(f)]. Thus, our analysis shows that with parallel
polarizations, the photoelectron spectrum is dominated
by MP-induced sidebands (see Supplementary Sec. S1.5),
which obscure the LADI pattern.

Summarizing, we have introduced a new regime of
laser-assisted dynamic interference driven by chirped
XUV pulses (cLADI), extending the control of pho-
toelectron dynamics beyond conventional approaches.
Through theoretical modeling and stationary-phase anal-
ysis, we demonstrated that cLADI provides a powerful
mean to manipulate the temporal trajectories of pho-
toemitted electronic wavepackets in the continuum. Our
analysis reveals that observation of LADI in standard
parallel-polarization schemes [25] is complicated by the
concurrent interplay of MP phenomena. Conversely, our
two-color experiment with crossed polarizations confirms
that cLADI remains detectable even at relatively low IR
intensities.

Our finding reveals that by precisely tailoring the tem-
poral profiles of XUV and IR fields, it is possible to
imprint complex energy-time structures onto electronic
wavepackets immediately after photoionization, enabling
fine control over photoelectron trajectories. Notably, in
cLADI, the number of interfering pathways depends di-
rectly on the XUV intensity profile, offering a unique
opportunity to explore transitions between ionization
regimes characterized by different numbers of station-
ary solutions. Such transitions are of fundamental inter-
est in strong-field physics, where quasi-classical trajecto-
ries are essential to interpret quantum dynamics of high-
harmonic generation [46] and above-threshold ionization
[47]. Furthermore, the emergence of a new family of sta-
tionary solutions, absent in the unchirped case and inde-
pendent of the IR intensity, suggests that cLADI could
be combined with holographic techniques for a complete
reconstruction of interfering wavepackets.

While demonstrated here for a quadratic chirp, cLADI
can be extended to more complex phase profiles, en-
abling control over additional interference pathways and
expanding the toolbox for ultrafast quantum control. By
establishing cLADI as a distinct form of multi-path quan-
tum interference, our results lay the foundation for its
application in ultrafast spectroscopy, free from spectral
overlap and multiphoton constraints. This work opens



new avenues for the precision control of electron dynam-
ics and enhances our ability to probe and manipulate
ultrafast processes in complex systems.
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