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S1 Materials and Methods

In all the experiments performed, the few-femtosecond extreme-ultraviolet (XUV) pulses are
generated by focusing 800-uJ infrared (IR) pulses with time duration of about 35-40fs and
central wavelength of 811 nm onto a static gas cell filled with Ar. The 234 harmonic (H23),
centered around 35 eV, is selected by a time-delay compensated monochromator (TDCM) (/)
while preserving its time duration (2). Another portion of the same IR beam (about 1 mlJ) is
sent to a fiber compression system (3), composed by a hollow-core fiber filled with Ne and a set

of broad-band chirp mirrors. After compression the IR beam passes through a \/2-waveplate



before being reflected by a wide-band polarizer. In this way the pulse duration can be adjusted
by changing the Ne pressure in the fiber, while its energy is set by controlling the orientation of
the \/2-waveplate and thus the fraction of the beam that is reflected by the wide-band polarizer.
Before recombining the IR and XUV beams with a drilled mirror, the IR pulses are sent to a
delay line controlled by a piezo stage which assures sub-fs precision. Both beams are indepen-
dently focused onto the target area of a time-of-flight (TOF) spectrometer used to collect the
photoelectrons which result by the two-color photoionization of Ne atoms. In the following we
address in detail the procedures and data analysis used with quasi-monochromatic pulses for

the static measurements, and with short pulses for the pump-probe experiments.

S1.1 Quasi-monochromatic IR pulses

Such pulses are obtained by applying an interferometric filter directly at the IR pulses generated
by the laser source, bypassing the fiber-compression setup. The filter has a bandwidth of 10 nm,
centered around a wavelength of 800 nm. Temporal characterization with a second-harmonic
FROG (4) revealed a time duration of about 150 fs (red curve in Fig. 1e of the main manuscript)
and negligible spectral chirp. To obtain the data of Fig. 2 of the main manuscript, we first per-
form a quick pump-probe experiment to find the zero delay between the quasi-monochromatic
IR and XUV pulses. Once the temporal overlap has been achieved, the IR pulse energy is var-
ied by changing the angle of the \/2-waveplate to control the pulse intensity in the focus. This
latter is estimated starting from the IR temporal intensity profile obtained with the FROG, mea-
suring the beam spatial profile at the focus and the power transmitted by the waveplate-polarizer
assembly with a powermeter.

Each set of data is acquired by varying the IR intensity in a random order to avoid a sys-
tematic error. At a fix intensity, after electrical background removal, the total count of electrons

in each SB (i.e. the SB signal) is obtained by integrating the photoelectron spectrum in a 1-eV
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Figure S1: (a) Raw SB normalized intensities as extracted from the photoelectron spectra ob-
tained with a quasi-monochromatic IR pulse. (b) Absolute electron counts calibration factor for
the two different sets of TOF voltages used in the experiment.

energy region around the corresponding SB peak. It is important to notice that since the photo-
electron spectra are acquired with a TOF spectrometer, the absolute value for the photoelectron
counts is not given. To circumvent this problem we normalized the SB signal by the total area of
the XUV-only photoelectron spectrum, /. The results reported in Fig. S1(a) show the expected
behaviour with I;, even if the absolute value of the SB normalized intensity is lower than what
predicted by the theory. This discrepancy originates from a non-flat energy transfer function of
the TOF spectrometer which usually depends on the actual voltages applied to its electrostatic
lenses and on the geometry of the interaction. To estimate the non-flat response of the TOF
we proceeded as follows. For a chosen SB order n, we considered separately the raw data in
Fig. S1(a) which have been taken under the same experimental conditions. Then, using a fitting
procedure, we calculated the parameter «,, which minimizes the rms distance between the raw

data and the theoretical prediction A% = J, (—pn%, _QUTPO> . The values of «,, as a function of
0

the SB order for the two sets of lenses used in the experiment are reported in Fig. S1(b). The

vertical error bars indicate the confidence interval associated with the estimation of «,,. We find



that the calibration factor «,, grows almost linearly with n between 0.5 and 4. Once the calibra-
tion factor has been evaluated, the experimental data can be normalized before being directly
compared to the theoretical curves (Fig. 2c of the main manuscript). For a given SB, the total
relative error associated to the estimation of «,,, represented by the shaded areas in Fig. 2¢ of
the main manuscript, is calculated by summing the squared confidence intervals of the two sets

reported in Fig. S1(b).

S1.2 Short IR pulses

To generate short IR pulses of controlled duration, the IR beam is sent to a hollow-core fiber
compression setup before passing through the broad-band \/2-waveplate and the polarizer.
Also in this case, the time duration of the IR pules is measured with the FROG technique
(Fig.le of the main manuscript) while the intensity is set to ~ 5 x 10*! W/cm? by adjusting the
transmitted power with the \/2-waveplate. We performed several pump-probe experiments by
collecting the photoelectron spectra while the XUV-IR delay was changed with a step of 3-4 fs
(smaller step were used with shorter IR pulses). The resulting spectrograms were mediated
to obtain the final spectrogram and reduce the experimental noise. A photoelectron spectrum
without the IR was measured each 5 delay steps by blocking the beam with a mechanical shutter
during the scan. This XUV-only spectrum is used both to normalize the SB signal as discussed
in the main text and to estimate: (i) the variation of the XUV photon flux during the measure-
ment, (ii) the electronic noise which produces a non-zero background below the SB peaks. The
raw delay-dependent SB signal was obtained by integrating the spectrogram in energy after the
effects (i) and (ii) had been corrected for. The SB intensity is then given by the maximum of the
delay-dependent signal which can be estimated, for example, with a Gaussian fit of the energy-
integrated delay-dependent SB profile. The raw results are reported in Fig. S2. While each

SB signal qualitatively follows the theoretical prediction of Eq. (4) of the main manuscript, we



notice some discrepancies which are related to the not perfect Gaussian shape of the pulses and
to the residual variations of the IR central wavelength and intensity from the nominal values.

This effects can be accounted for as described in the next session.
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Figure S2: (a) Raw SB normalized intensities as extracted from the photoelectron spectrograms
obtained with short IR pulses. (b) Theoretical prediction for perfect IR Gaussian pulses centered
around 800 nm and with I;z = 5 x 10! W/cm?.

S1.2.1 Pulse temporal reconstruction

From the shape of Eq. (4) of the main manuscript it appears to be clear that small variations of
the IR central wavelength and intensity can influence the value of A,. Therefore, it is crucial
to estimate the exact experimental parameters to be able to recast the results over a common
nominal IR intensity and wavelength. One possibility is to use ptychographic reconstruction
algorithms to extract both the IR and XUV characteristics directly from the experimental spec-
trogram (2, 5). Before applying the reconstruction algorithms one has to characterize the fi-
nite spectral resolution of the TOF spectrometer and acquisition system, which may artificially
broaden the photoelectron spectrum. To estimate the TOF response, we changed the XUV spec-
tral bandwidth between 200 and 400 meV (full width half maximum, FWHM) by varying the

aperture of the central slit of the TDCM, and measured the associated XUV-only photoelec-
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Figure S3: Photoelectron spectral width measured with the TOF spectrometer as a function of
the radiation spectral width measured with the XUV spectrometer (black full markers). The
solid line represent the expected behavior obtained by convoluting the radiation bandwidth with
the TOF energy resolution (reported in the legend).

tron spectra (black markers in Fig. S3). For an ideal spectrometer the two quantities should
correspond (black dashed line). In our case we observe that the photoelectron FWHM is gen-
erally bigger than the FWHM measured by the XUV spectrometer at the end of the beamline,
suggesting that the TOF response can be modeled by a Gaussian bell with a FWHM width of
250meV (yellow curve in Fig. S3). As the photoelectron spectrum significantly deviates from
the XUV spectrum for such harmonic pulses, the application of a standard reconstruction al-
gorithm, which assumes the two quantities to be identical, will strongly underestimate the time
duration of the XUV pulse and overestimate the duration of the IR pulse. To avoid this issue, we
developed a reconstruction procedure based on the SFA formulation of the photoelectron signal
(Eq. (S1)) and capable to account for the actual XUV spectrum and the TOF response function.
In brief, following a common approach used in the reconstruction of FROG-like measurements,
the photoelectron spectrum is described by the Fourier transform of the product between a pulse
(the XUV field) and a pure phase gate (the exponential which depends on the IR). Starting from

an educated guess of pulse and gate, the algorithm corrects these quantities while imposing the

6



amplitude of the simulated spectrogram to be identical to the experimental one. To improve
the accuracy, in the present case we forced the code to assume the IR temporal envelope to be
the one independently measured with a second-harmonic FROG, the TOF response function
to be Gaussian with a width of 250 meV, and the XUV spectral intensity to be identical to the
one measured by the XUV spectrometer (assumed to be more reliable as this spectrometer has
a resolution < 50 meV in this range). Moreover, to minimize the effect of the experimental
noise, the algorithm directly runs over the differential spectrogram (pump-probe trace minus
the XUV-only spectrum). An example of reconstruction is reported in Fig. S4 for the same

data of Fig. 3b of the main manuscript. The code provides the XUV spectral phase (Fig. 1b
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Figure S4: (a) Differential photoelectron spectrogram obtained with 45-fs IR pulses. (b) Dif-
ferential spectrogram reconstructed by the fitting procedure.

in the main manuscript), the IR intensity, time duration and wavelength. The parameters ex-
tracted for each data point displayed in Fig. 3c of the main manuscript are reported in Fig. S5.
As expected the IR wavelength, \;p (Fig. S5(a)), observes a non-negligible blue shift while
moving towards shorter pulses. The IR intensity on target (Fig. S5(b)) ranges between 4.6 and
10.6 x 10'? W/cm?, while the reconstructed XUV FWHM time duration, o, is constant across

the different measurements (o, = 12.3 = 0.4fs). In order to set the correct pulse energy, the



IR intensity is estimated in real time before performing the pump-probe scan by measuring the
IR temporal and spatial profiles. While the temporal measurement is sufficiently accurate, the
FROG setup has been calibrate and tested against the results obtained on target, the measure-
ment of the spatial profile is affected by a considerable background due to the limitations of the
detection system. As a results, the IR intensity that is estimated in real time in the lab suffers
by a poor accuracy. Furthermore, the effective IR intensity felt by the Ne atoms depends on the
degree of spatial overlap at the target position. For these reasons the reconstruction procedure
allows us to obtain a more accurate estimation of the effective I;p and correctly calibrate the
results. It is important to stress that while both the reconstruction procedure and our model
start from the SFA description of the photoelectron spectrogram, they are not based on the same
approximations. For example, the reconstruction algorithm applies a global CMA (p — p.) in-
stead of considering the SB momenta p,,. The approximations introduced in the reconstruction
algorithm have been tested and proved to hold under the experimental conditions used in this

work, thus justifying its employment.
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Figure S5: (a) Central wavelength of the IR pulses used in the experiment. (b) Estimated IR
intensity for each spectrogram performed. (c¢) Reconstructed IR (red dots) and XUV (violet
diamonds) FWHM pulse durations.

Once the actual pulse parameters are known, it is possible to account for the effect of their

deviation from the nominal values, i.e. I;p = 5 x 102 W/cm?, \;z = 800nm and perfect
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Gaussian envelope. To do so, we compared the values of the SB normalized amplitudes,
A2, calculated for the actual pulses reconstructed by the fitting procedure (open triangles in
Fig. S6(a)), with the values predicted by Eq. (4) of the main manuscript when evaluated for
the same time duration of the pulses, but at the nominal values of the other parameters (solid

lines in Fig. S6(a)). In this way it is possible to correct the experimental data of Fig. S2(a) (full
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Figure S6: (a) SB normalized amplitude A2 calculated with the analytical model of Eq. (4) of
the main manuscript for ideal Gaussian pulses, A\;z = 800nm and ;5 = 5 x 102 W/cm?, solid
curves, or calculated using the actual pulses reconstructed from the experimental spectrograms
and described by the parameters in Fig. S5, open triangles. (b) Experimental SB normalized
amplitudes as extracted from the spectrograms, open circles (same as in Fig. S2(a)), or corrected
for the theoretical deviations due to the not nominal IR and XUV parameters, full circles.

circles in Fig. S6(b)) for the theoretical deviation due to the difference between the actual and
reference experimental pulse parameters. The result for the positive SBs is displayed by the full
circles in Fig. S6(b) and shows an improved agreement with the model of Eq. (4) of the main
manuscript. Finally, before comparing the experimental data with the theoretical prediction in
Fig. 3b of the main manuscript, the TOF calibration factor «, is calculated as described for
the quasi-monochromatic results (Sec. S1.1) and the associated uncertainty is recast over the

theoretical curves (shaded ares in Fig. 3b of the main manuscript).



S2 Theoretical methods

In this section we describe in details the numerical models used for the calculations and simu-

lations. Atomic units are used throughout the document.

S2.1 SFA model

Within the strong-field approximation (SFA), the collection of photoelectron spectra obtained
by ionizing an atom of ionization energy [, with an XUV field £,(¢) and an IR field E;g(t) =

dAfR ) is (6):

S(w,T) = '/OO d(p+ Arr(t))E.(t — T)e”'ftoo 2 (AR Al cilyt gy 2 : (S1)
where we assumed the IR and XUV fields to be linearly polarized with parallel polarization and
we considered only the photoelectrons emitted along the polarization direction. We note that in
atomic units w = p?/2.

If we assume the dipole to be constant in the momentum range under consideration, by exploit-
ing the relation [~ dt' = [7_dt'— f dt' and given that the integral of [~ £ (p + Ajr(t'))%dt’
results in a constant phase term which does not affect that final spectrogram of Eq. (S1), we can

write:
2

S(w, ) '/ L(t—T)e i /o [pA®) ) et l<1p ) dt| (S2)
All the simulations performed in this work are obtained by numerical evaluation of Eq. (S1) and

assuming the IR and XUV pulses to be Gaussians of the form:
Err(t) = Ey(t) sin(wgt) = Ege 7 sin(wot) (S3)
Ex(t) = Eyo(t)(e™™ + cc.) = Eye 7 (e + cc.), (S4)
where the complex quantities 7, = 2 (%) — i and v, = 2 (%)2 — i2> depend on the

group-delay dispersion (GDD) coefficients /3, and f3,, and the XUV and IR intensity FWHM

10



time durations, 0, = ¢y/21log(2) and o, = a+/2log(2).

S2.2 Floquet (Volkov) states

Let’s consider a free electron described by the following plane wave:

o(r,t) = (273)3/2 exp {z {p T — %p%] } (S5)

In the presence of an additional monochromatic IR field,
E
Arr(t) = it cos(wyt) (S6)

the wave function of the free electron is described by the Volkov wave (7):

Yy (r,t) = (273)3/2 exp {Z {P T — /Ot dt/% (p+ AIR(t/))2:| } (S7)

where p is the electron momentum and r is the position vector. Following what reported by
Madsen (8), and assume that we collect electrons whose momentum p is parallel to the polar-

ization of the IR pulse and XUV pulses, the Volkov wave can be rewritten as:
1 ipr = - EO U —i(p? —nw
ot = Goae™ 2 (—p_g’ —_p> i)t (S8)

where .J,, indicates the generalized Bessel function defined as the following sum of products of

ordinary Bessel functions:

Tn(@,y) = Y Tusaj(2) (). (S9)

j=—o0

If we neglect the spatial dependence, the time-dependent part of the Volkov state can be rewrit-

ten in the form:

Y(t) = e Y At (S10)

n=—0oo

11



where

2
e=p/2+U,
. (S11)
{An = Jn( p_27_2UTpO> .

Using the dipole approximation, the photoelectron spectrum resulting from the ionization of an
atomic state |0) = e*r!¢y(r) with a field E,(t) into a Volkov state 1y (r, t) is then given by (8):

2

[ aovioia ) pl0y| ' [ vonBaameral . o)

If the Fourier transform of the spatial part of the initial atomic state ¢o(r) does not vary signifi-

plgo(r)) =1, we

cantly in the energy region of interest, i.e. if the atomic dipole d,, = ( 2:’;/2

get:

~

o0 2
o 5 0 (o )]
2&)0

] [ atwvia .o
B (S13)

which yields the same result of the SFA formula, as we will discuss in the next Section.

S2.3 Link between the two models

Starting from Eq. (S2) and assuming a monochromatic IR field of the form of Eq. (S6), we can
developed integral in the phase term into two contributions of the form:
t EO t EO
z/ pArr(t)dt' = ip— cos(wot)dt" = ip—; sin(wpt), (S14)

and

[ Ly t’zdt’—'Eg " cos? VAt = iU+ -0 sin (2t S15
i 7005 1r(t) = zm - cos”(wpt')dt’ = iU, +22—w0 sin(2wot), (S15)
where we introduced the ponderomotive energy U, = EZ/(4w?). We can thus rewrite Eq. (S2)

as:
2

12



Using the Jacobi-Anger expansion, e®*51? = S ] (2)e™? for the two sinusoidal phase

n=—oo

terms in the above integral we get (8):

glasinotysin) _ 3 7 y)eind (517)

where jn(x, y) indicates the generalized Bessel function of order n defined by Eq. (S9). It is

now possible to rewrite Eq. (S16) as:

- ‘/OO Z i (p 2 2[0]: ) ei"‘“‘)tei(U’jHﬁé)tdt
—00 0

Since — sin(#) = sin(—#), starting from the definition of Eq. (S17), it is easy to show that

2

(S18)

o (—a,~y) = J_u (2,). (S19)

Therefore, if we substitute k = —n, Eq. (S18) becomes

2
E U i Up+Ip
‘/ 0>, ( P —_p> o (TSNl sy
= wgi 2wo
which proves that the SFA approach and Eq. (S13) yield the same result:
- 2
— ‘/ Z A p7 Eq, wo —inwot z(z—:JrIp tdt : (S21)

with A, (p, Fo,wp) defined by Eq. (S11).

S2.4 Photoelectron SB signal

If we concentrate on the positive part of the spectrum, use the XUV field definition of Eq. (S4)

and consider that in atomic units p*/2 = w, we can rewrite Eq. (S21) as:

2

= ‘/ Z ESCO pa EOa(JJO) ’ w_wn)tdt ) (822)

n=—oo

where we have introduced the SB energy w,, = w, +nwy— U, — I,,. If the XUV pulse bandwidth

is narrow enough, the square modulus of the sum in the above equation corresponds to the sum

13



of the square moduli. Furthermore, within each SB the momentum dependence of A,, can be
neglected by substituting p — p, = +/2w,. Therefore, the photoelectron spectrum is given
by S(w) = >.° __ SB,(w) where the quantity SB,(w) is the modulus square of the Fourier

transform of the XUV field envelope, multiplied by the Floquet ladder amplitude evaluated at

the SB central momentum:
SBy(w) = |An(pn, Bo,wo) F { Exo(t)e |7 (S23)

This quantity represents the n-th SB signal which depends, for monochromatic IR fields, only
on the final photoelectron energy w.

If the XUV bandwidth is narrow enough, from Eq. (S22) we get:

2

Sw)=1{Y_ Au(pn, Eo,wo) / Eyo(t)e@ enltqr] = (S24)
n—O;oo ,
= Z An(pna EU7WO)EmO(w - wn) (825)

where F,o(w — w,) = Eoa0(w — w,) is the Fourier transform of the XUV envelope shifted in
wy,. In this case the time evolution of the photoelectron wavepacket originating solely from the

IR dressing, s(t), can be estimated as:

s(t) = F~H{\/S(w)}/Eo(t) = (S26)
= Z An(pna E(), WO)F_l{ExO(W - wn)}/EOw(t) - (827)
— ei(wx—Up—]p)t Z An(pn,EO,WO)einwot, (828)
and therefore )
[s(t)]* o< | Y An(pn, Eo,wp)e™ ! (S29)

which represents the time evolution of the scattering amplitude without considering the XUV

temporal properties.

14



S2.5 Driving pulses of finite duration
In case of IR pulses of finite duration the vector potential is given by:
Arg(t) = Ap(t) cos(wpt), (S30)

and the associated electric field is:

dAo(t)
dt

Err(t) = Ap(t) wo sin(wot) — cos(wot) (S31)

If the slowly varying envelope approximation (SVEA) can be applied, i.e. if the pulse duration

is bigger than its oscillation period o5 > 27 /wy, and dAy(t)/dt ~ 0, then
E]R(t) >~ Ao(t) wWo Sin(th> = Eo(t> sin(wgt), (832)

where Fy(t) = Ao(t) wo
Referring to Eq. (S2), using the fact that the pulse is finite (Ao(—oc0) = 0) and under the SVEA

(dAo(t)/dt ~ 0), the integral in the IR phase term yields the following two contributions:

t
p/ A(t")dt' ~ pAo(®) sin(wpt) = pEOst) sin(wot), (S33)
—00 Wo Wy
and
t 241
/ At )dt’ ~ U, (t)t + () sin(2wot’), (S34)
—50 2 2(,00

where we have introduced an “instantaneous” ponderomotive energy of the form: U,(t) =

FEZ(t)/(4w?). The integral in Eq. (S2) can now be rewritten as:

pEQ(®) 2
S(w,7) ‘ / (= 7y e D et (GO gy (535)

If the pulse envelope Fy(t) evolves on a slower time scale than the carrier period 17z = 27 /wy,

following the two-time approach used in Ref. (9) (see Sec. S2.9), it is possible to show that:

iP o(t)

6 0 sin(wot) _ Z J (pEO( ))eik(wot)' (536)

W
k=—o00 0

15



If we extend this approach to the second complex exponential and use the generalized Bessel

functions, the spectrogram becomes:

2

, (837)

o0

S(w,7) = |/ CEG-7) Y <_pE0(t> _Up(t)) e (0 2neo) gy

2 )

which is identical to Eq. (S20) besides the time dependence in the argument of the generalized
Bessel functions. Focusing only on the positive spectrum and expressing the XUV field as:
E.(t) = Ey(t)e ™" we can write:

.. 2

So,7) = ' /°° Ealt—1) 3" i (_pEo§t)7_Up(t)>ez‘(w—wn)tdt

S38

n=—oo

where we omitted the pure phase term ¢™“=7 as it disappears with the | - |2. Also in this case, if
the XUV bandwidth is small when compared to the IR photon energy, the total spectrum can be

seen as the sum of spectrally separated contributions:

> falw,7)

n=—oo

2 o (e.¢]
~ > falw, D)= ) SBu(w,T). (S39)

n=—oo n=—oo

S(w, T) ~

After applying the central momentum approximation, the SB signal is hence given by:

SBu(w,7) = |F{ Euo(t = 7).J, <_an0<’5> -

2
w; W

t

: ) M (S40)
0
where the symbol F denotes the Fourier transform.

S2.6 Low-intensity limit

Let’s analyze the behavior of the generalized Bessel functions jn(q:, y), for both arguments that

tend towards zero. For a standard Bessel function of the first kind it holds:

lim J, (1) = % (g)'k' (S41)

16



where sg(z) donetes the sign of z. We can use the approximation of Eq. (S41) to obtain the

following limit for .J,, (x, y):

Jim J(z,y) = lim Z Tn—a() T (y) (S42)
Z (sg(n — 2k))"—2 (z)ln%l (sg(k))* (g)k S43)

B In — 2k|! 2 k[l \2
If the field amplitude and the electron final momentum are not too big, than Up(t) < ”E%z(t), and

0
for p]io(t) — 0 also U”( ) 4 0, leading to:
0
7, (20, G0 5 sl =2 sl
Wi 2wy Z |n — 2k|! k]!

- (S44)

) Im—2kl+E pln2k )
(—1) Eo(t)|” 2k|+2|k|

—2k|+4lk|  2[n—2k[+3]k
2ln \+I\w0\ |+3[K|

The weight of the terms in the above equation decreases rapidly with |k|, and the terms which
give the major contributions are the ones for which 0 < k < n/2 forn > 0 and with n/2 <
k < 0forn < 0. If n # 0, the time evolution of those major terms follows F(t)"~2+2IkH —
Ey(t)"l = E(|)n| g(t)I", where we have expressed the pulse envelope E(t) as the product of

a normalized function g(t) and an amplitude Ey. In view of this limit, we can rewrite .J,, as

follows:

o gl 3 (58— 2R R (SR

Z In — 2k|! IK|! 9ln—2k[+4]k] 2|n 2k[+3]k]| (545)
~ E U,
=gt (22, - T2 ) (546)
0

where U, = E3/(4w?). In this limit the temporal evolution of the n-th generalized Bessel
follows the n-th power of the pulse normalized envelope times the amplitude of the n-th state
of the Floquet ladder (Eq. (S11)) for a monochromatic pulse of amplitude Ey = FEy(t = 0)

(corresponding to the pulse maximum amplitude).
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Figure S7: (a) Square of the first order generalized Bessel function calculated with the different
approximations discussed in the text for a field average intensity of 1 x 10° W/cm?. (b) Differ-
ence between the approximated formulas used in (a) and the exact computation. (c), (d), same
as (a) and (b) but for an average intensity of 5 x 10! W/cm?. (e), (f) and (g), (h), refer instead
to a field average intensity of 1 x 10" W/cm? and 2 x 10'2 W/cm?, respectively.

For n = 0 the generalized Bessel can instead be approximated with:

Jo~1— (1 —Jy (—p—%’, —&D g(t)? = Aj(t) (S47)

While Eq. (S45) has been derived for pFy(t)/wi — 0, we found Eq. (S46) to be a good
approximation on a broader range, i.e. until the Bessel functions in Eq. (S42) are monotoni-
cally increasing in their arguments. Figure S7 shows the square of the first order generalized

~ 2
Bessel function J; (—%@), —Up—(t)> , calculated for ionization of Neon with H23, an 800-nm
0

2wo
IR field with 5-fs FWHM pulse duration, and different field intensities I,z = %500E§. As itis
possible to notice, Eq. (S44) and Eq. (S45) give almost identical results which nicely predict
the temporal behavior of .J; at low intensities (below 10'° W/cm?, Figs. S7(a), (b)). The error
introduced by the approximation of Eq. (S46) is comparable or smaller. This latter approxima-

tion is reasonable up to I;p = 1 x 102 W/cm? (Figs. S7(c)-(f)). Above, the Bessels composing

J are not all monotonic with their arguments and the function maximum is no longer at ¢ = 0.
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Therefore the approximation gets worse (Figs. S7(g), (h)).

It is important to underline that if the approximation holds for Ji, all the more reasons it will
hold for the other orders. Indeed, with increasing order the maximum of the generalized Bessel
function is reached later in intensity (Fig. S8(a)). For n = —1, instead, the central SB mo-
mentum p—1 is lower (corresponding to the 22"¢ harmonic instead of the 24™*). Figures S8(b),
(c) show the square of J, as a function of time I;p, calculated for the same pulse as in Fig S7
with the exact formula (Fig. S8b) and with the approximated expression of Eq. (S46) (Fig. S8c).
Figure S8(d) displays their difference. As it is possible to notice, up to a field average intensity

of 1 x 102 W/cm? the approximation of Eq. (S46) is reasonable.
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Figure S8: (a) Square of the generalized Bessel function calculated for different orders. The
electron momentum p is properly adjusted to the Bessel order in the calculations. (b) j12 cal-
culated with the exact formula or, (c), with the approximation of Eq. (S46). (d) Point-by-point
difference between (b) and (c).

In the range where the approximation is valid, Eq. (S38) thus becomes:

0o ©. E, U .
S(w,T) o~ / E.o(t — 7')[ Z I <—%, —2—(50) g(t)mleilwmwn)t
—00 n——00 0
n#0 , (S48)
T pEO Up 2 i(w—wo)t
1—(1-— —_—, - 0
+ ( Jo ( h 2w0>) g(t)“e ]dt ,

If the XUV bandwidth is small compared to the IR photon energy then the SB signal (n # 0) of
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Eq. (S40) is now given by:

SBy(w,T) = |J, 5

Wy 2wy

> F{Ewolt — 7)g(t)™} 2 , (S49)

. <_ano U,

which is the same as Eq. (3) of the main manuscript.
In this limit, the time evolution of the scattering amplitude without considering the XUV tem-

poral properties goes as:
2

()% o< | > Aw(pn, Eo,wo)g(t)"e™" + Af(t) (S50)

n#0
where A{(t) is given by Eq. (S47). Figure S9(a) shows the behavior of |s(¢)|? calculated for a

Floquet state (light grey, Eq. (S29)) and for driving pulses of different duration oz (Eq. (S50)):
146 fs, dashed-blue, 43.3 s ciano, 21.1fs green and 9.2 fs red. The IR intensity used is 5 x
10'* W/cm?. Hence the curves coincide with the second inset of Fig. 2c, grey curve, and the
four insets of Fig. 3c, coloured curves. Figure S9(b) shows the difference between |s(t)|? of
a Floquet state and the that induced of a pulsed driving (same color coding as in Fig. S9(a)),

visually representing how Eq. (S50) deviates from the Floquet behaviour of Eq. (S29).

S2.7 Gaussian pulses

If both pulses have a Gaussian envelope of the form of Egs. (S3) and (S4), the SB signal of

Eq. (S49) becomes:
2

T nE U o0 _(t_T)Q _i .
EoJ, (‘p—z()v—z—p)/ e E e nelmedar o (S5D)
UJO WO —

SBy(w,T) =

[e.e]

where 7., = 7,/+/|n|. The sideband signal in the experimental spectrogram is given by

|S(w, T),|? and it is thus related to the square modulus of the Fourier transform of the prod-

-2 _ 2
uct between the two Gaussian bells, G(t,7) = e % e =, Itis possible to show that G(¢, 7)

18 another Gaussian function of the form:

2
T _(7"—111:7‘)2

G(t7 7') — €_W$,n+v% e V2 = G/(t - Mar, T) (852)
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Figure S9: (a), time evolution of scattering amplitude related to the IR pump only, |s(t)|?,
calculated for an IR intensity of 5 x 10! W/cm?. The grey curve represents the monochromatic
case (Floquet state, Eq. (S29)), while the colored curves show the prediction of Eq. (S50) for
orr equal: 146fs, dashed-blue, 43.3 fs ciano, 21.1fs green and 9.2 fs red. These conditions
correspond to the experimental points in Figs. 2c and 3c of the main manuscript. (b), Deviations

of the pulsed case from the monochromatic scenario. Same color coding as in (a).

Y22
S /4 $53
=, (533

where

it ($54)
SRR
The Fourier transform in Eq. (S51) can now be solved to obtain (/0):
2 2 .2 22
SB(w.7) = a2, (~Prlo Do )" dede SETmweas’ (sss)
I wg 2(")0 '73,n + /yg

which integrated in energy yields:

o0 - W E U \%2 /2 . 2
SBun(7) = |  SBu(w,7)dw = 7E%J, (2250 — 22 e "Rt E (S56)
’ o *0 w3 2wy
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If we now evaluate its maximum (i.e. compute the value at 7 = (), and normalize the result by
the area of the XUV-only photoelectron spectrum,
o0 R 2
Iy = / |E(w)]Pdw = / B2 nvyle” Flomwn) gy = B2V 21y, (S57)

we find the expression of Eq. (4) of the main manuscript:

e SBon0) _ 5

(S58)

( anO N Up >2

This proves that it is possible to extract the Floquet ladder amplitude A, (Eq. (S11)) directly
from the measurements if we correct the normalized SB intensity for the XUV and IR time
durations. The higher the SB order, i.e. the higher n in Eq (S58), the stronger the amplitude
reduction. Therefore high-order ladder states are more affected by the finite time duration of

the IR pulse. As expected, at the long-pulse limit we get:

lim A2 = A2 (S59)

Ao,—00

and the ladder amplitudes coincide with the ones of Eq. (S11) for the monochromatic case.
Please notice that the same limit is reached with o, — 0, but in this case XUV spectral band-

width goes to infinity and Eq. (S39) is no longer valid.

S2.8 Comparison with SFA calculations

To test the result of Eq. (S58), we performed SFA calculations as described in Sec. S2.1 and
compare the value of A? predicted by the model with the one directly extracted from the sim-
ulated spectrogram. To mimic the experimental conditions we simulated the single harmonic
spectrogram (SHS) generated by harmonic 23 in Neon with an XUV time duration o, = 11fs
and an IR time duration, o,, that varies between 1z and 22775 with T7r = 2.6685fs (i.e. cor-

responding to a wavelength of 800 nm). We repeated the calculations for different IR intensities
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in the range between 10® and 10'2 W/cm?. An example of different SHSs at the experimental
IR intensity of 5 x 10" W/cm? and for transform limited (TL) IR and XUV pulses is reported in
Fig. S10. As expected, the numerical simulations confirm that the strength of the SBs depends

on the IR time duration. The quantity A? is extracted from the simulated spectrograms by inte-
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Figure S10: SHSs calculated for H23 in Neon with o, = 11 fs (TL). The IR average intensity
issetto I;p = 5 x 10" W/em? while o7 = 1175 (a), 2T7r (b), 4Tk (¢) and 227 (d).

grating the n-th SB signal around its nominal energy position in a 1.1-eV energy window and
evaluating the maximum of the resulting delay-dependent curve. At low intensity, the maximum
is located at 7 = Ofs. As done for the experimental data, the extracted value is normalized by
the area of the XUV spectrum, following what defined in Eq. (S58). Figure S11 reports a com-

parison between the amplitudes A2 extracted from the SFA calculations and calculated with the
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Figure S11: Comparison between the normalized SB amplitude A% /A2 calculated with SFA
or with Eq. (S58) for 0, /0, between 0.5 and 5.33 and 10° < I;z < 10> W/cm?. In all the
calculations o, = 11 fs while the IR duration is scanned between 27} and 2277 . Each couple
of figures corresponds to a SB order. (a) and (b) are for n = —2, in (¢) and (d) » = —1, in (e)
and (f) n = 1 and (g) and (h) for n = 2. The first figure of each couple presents the Ai /Af1
obtained with Eq. (S58) (black surface) and with the SFA model (colored surface). The color
scale indicates the difference between the two curves, A,,, depicted also by the contour plot at
the bottom of the figure. The lines in the rear plane represent the A2 /A2 at selected intensities as
extracted from the SFA simulations. The second figure in the couple shows the corresponding
relative difference defined as (A2 — A2)/A2. The curves at the bottom show the contour lines
of the represented surface while the lines in the rear vertical panels show the projections at fix
intensities or durations. Both for the surface and for the lines in the right rear panel, false colors

represent log,o(I1r).
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analytical expression of Eq. (S58). In order to allow a direct comparison between the SB ampli-
tudes obtained at different intensities, we decided to plot the quantity A2 /A2 (Figs. S11(a), (c),
(e), (g)). As it is possible to notice the SFA calculations (colored surfaces and curves) nicely
agree with the theoretical model (black surface and curve) at the low intensity and long pulse
limit. For short IR pulse durations or for IR intensities higher than 10* W/cm? the SFA results
are generally higher than what predicted by the analytical model. The larger error between SFA
and theory is observed for the first SB (n = 1, Figs. S11(e) and (f)). Nevertheless, at the aver-
age IR intensity (5 x 10" W/cm?) and for the o, /o, range used in the experiment, the relative
error, (A2 — A2)/A2, stays below 8% (Fig. S11(f)). For the second SB (n = 2, Fig. S11(g))
the error stays below 5% (Fig. S11(h)). While all the above calculations have been performed
with transform-limited pulses, the validity of Eq. (S58) has been tested against a finite GDD of
both pulses. The degree of agreement found is comparable to what reported in Fig. S11 for TL
pulses. If the actual time duration of the pulse is considered, the model predicts the correct SB
strength behavior also for higher chirp orders, unless the spectral chirp is so severe to cause a

clear deviation of the pulse temporal envelope from a Gaussian shape.

S2.9 Two-time approach

We here show how the approach used in Ref. (9) can be used to justify Eq. (S36). Let’s start by

introducing the function

i2E() sin(wot+¢p)

V(t)=e “ : (S60)

If the pulse envelope evolves on a slower time scale than the sinusoidal part, then we can

introduce a second time ¢’ which defines a new quantity

;2o () sin(wot’'+¢)

Vt,t)=¢ . (S61)
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With this, we can write the Fourier expansion of V' (¢) where the amplitudes of the expansion

are calculated by considering the periodicity of V (¢,') in t'. We get:

= Va(t)e™!
Tog B ' )
Vin(t) = — /0 dt'V (t,t')e Mot

where indeed

zmw 1 Teo r/ —imuwot’ mw
= 2 Ty = Z(T_W | arvieoe ) ot

1 Teo . oot L
= — tVi(t,t el =
Two 0 ( ’ ) Z ¢ Tw

m

Using Eq. (S61) and Eq. (S63) we can now write
~ il PO gin(wot’ ) /
Fut) =2 [ a0 i,
m™Jo

from which, using the Jacoby-Anger expansion we get

Vm<t) - dt/ Z J <pEO ) 1”(W0tl+<,0)e—imw0t’ _
WO pEO wo 1 i(n—m)w t/
= I dt'e 0
or nZ_oo () e [

- /Two dt'V(t, )5t —t) = V().

(S62)

(S63)

(S64)

(S65)

(S66)

(S67)

(S68)

The last integral in the above equation differs from zero only if m = n where it equals the

period. Therefore we get

Vitt) = o (P20 ) e 2

Wi Wo

If now we insert this into Eq. (S62) we get:

= Z Vm (t)eimwot Z J <pE0 ) zmgoeimwot
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which says that in the SVEA we can approximate
pEo( )

I sinent ) Z I (pEo ) im(wot+) Z 7 ( pEo )emwotw)

- - (S71)

which is the dual of the Jacobi-Anger formula for monochromatic fields:

e EO sin wot+<p) Z J (pEO) im(wot+e) Z J ( pEo> fm(wotﬂp). (572)

m=—0Q n=—oo
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