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Laser-dressed photoemission spectroscopy has established itself as the gold standard of attosecond
temporal metrology. In this technique, the attosecond structure of an extreme-ultraviolet pulse is retrieved
from the wave function of the electron wave packet released during photoionization. Here, we show that
this electron wave packet should rather be described using the density matrix formalism, thus allowing one
to account for all processes that can affect its coherence, from the attosecond pulse generation to the
photoemission and the measurement processes. Using this approach, we reconstruct experimentally a
partially coherent electron wave packet with a purity of 0.11 (1 for full coherence). Comparison with
theoretical models then allows us to identify the origins of this decoherence and to overcome several
limitations such as beam-line instabilities or spectrometer resolution. Furthermore, we show numerically
how this method gives access to the coherence and eigencomponents of complex photoelectron wave
packets. It thus goes beyond the current measurement of photoionization time delays and provides a general
framework for the analysis and understanding of complex photoemission processes.
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I. INTRODUCTION

Physical objects with a wavelike behavior (a classical
electric field, a quantum wave function, etc.) are often
represented mathematically as the combination of an
amplitude and a phase. From the observer’s point of view,
however, such a simple picture can sometimes fail to
describe reality, e.g., when the contrast of an interference
pattern remains inexplicably lower than expected. This
apparent inconsistency finds a solution when introducing
the notion of coherence, that is, when considering that the
measurement has built itself through the accumulation of
elementary waveforms with different amplitudes and
phases. The statistical mixture composed of all these
waveforms then becomes the relevant object of interest.
In quantum mechanics, this change of paradigm is operated
when replacing the wave function with the density matrix.
The diagonal elements of this matrix, called the popula-
tions, give the probability of finding the particles in some
state, whereas the off-diagonal elements, the coherences,
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provide the effectively observed interference terms between
the states, thus describing the ensemble of wave packets in
all its complexity.

This conceptual shift has not yet been introduced in
attosecond metrology. The conventional scenario underlying
present measurement techniques is fully coherent: in
reconstruction of attosecond beatings by interference of
two-photon transitions (RABBIT) [1], attosecond streaking
[2,3], frequency-resolved optical gating for complete
reconstruction of attosecond bursts (FROG CRAB) [4-6],
and phase retrieval by omega oscillation filtering (PROOF)
[7], and, in most other techniques [8,9], the recovered
information is the temporal (or, equivalently, spectral)
amplitude and phase of an attosecond extreme-ultraviolet
(XUV) waveform. Generally, the XUV pulse is first con-
verted into an electron wave packet (EWP) via photoioni-
zation in the presence of a laser pulse with a controlled
delay [10,11]. The attosecond electric field is then retrieved
from the changes observed in the photoelectron kinetic
energy spectrum when changing the laser delay. Beyond
the characterization of ultrashort pulses, attosecond metrol-
ogy has been used to probe photoionization dynamics in ever
more complex systems in recent years [12-20], still in the
fully coherent picture.

Nevertheless, from its birth to its detection, the EWP can
accumulate the influence of many incoherent phenomena.
Such decoherence can first arise due to a classical ensemble
averaging. For example, the XUV pulse properties can
vary during the measurement process due to space-time
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coupling or shot-to-shot fluctuations, photoelectrons can
undergo inelastic scattering on neighboring particles during
photoionization [21,22], the detector’s response may alter
the data by filtering out details in the spectrum, etc. In all
these cases, the obtained photoelectron spectrum can be
explained only if the EWP is described as a statistical
ensemble associated to a density matrix.

Moreover, decoherence can also arise for quantum-
mechanical reasons. If a physical phenomenon entangles
the observed photoelectron with unobserved degrees of
freedom of the system, the EWP appears in a mixed state.
In this case, one can build only a reduced density matrix
where, e.g., the degrees of freedom of the N — 1 bound
electrons and possibly molecular vibrational modes have
been traced over [23]. Therefore, ionization processes
involving electron-ion interactions [24], or electron-
electron interactions (shake-up processes [19], autoioniza-
tion [25], Auger processes [26], etc.), and more generally
multichannel ionization processes [24,27-29], should be
particularly prone to decoherence.

Interestingly, the question of coherence in attosecond
ionization has been mainly discussed in the case where the
observed subsystem was the remaining ion instead of the
photoelectron. An early study investigated the coherence of
a spin-orbit wave packet in an atomic ion produced through
strong-field ionization [28]. More recently, the coherence
of broad ionic wave packets produced in molecular
ionization has been studied in the context of attosecond
charge migration [16,30-34].

Here, we propose a complete reinterpretation of laser-
dressed photoionization to account for decoherence
processes in attosecond metrology. To do so, we build
upon a theoretical approach named Mixed FROG, initially
designed to reconstruct statistical ensembles of classical
ultrashort light pulses from FROG traces [35]. We show
that, in the context of laser-dressed photoionization, Mixed
FROG gives access to the full quantum state of the released
EWP, represented by its density matrix or by its Wigner
quasiprobability distribution. Reconstructing this quantum
state makes it possible to decipher the quantum phenomena
that unavoidably affect the EWP, such as state super-
positions and decoherence, which have been overlooked
until now in attosecond metrology. In many other domains,
including atom optics [36], quantum electrodynamics [37],
and quantum information [38,39], this approach is often
called quantum state tomography. We present the first
experimental demonstration of this technique in attophysics
and compare the obtained density matrix with theoretical
models in order to retrieve the origin of the observed
decoherence. Finally, we illustrate on a numerical example
how Mixed FROG could be used to probe the coherence in
the case of multiple ionization channels. This work deepens
our understanding of laser-dressed photoionization, opening
new prospects for attosecond photoemission spectroscopy.

II. RESULTS

A. Reconstructing mixtures of electron wave packets

When the XUV pulse interacts with atoms from a gas jet,
photoionization takes place; see Fig. 1(a). The emitted
EWP can be described by a density matrix p representing
the ensemble of released single-electron wave packets.
This quantum object inherits the statistical properties of the
classical XUV electric field and can additionally be affected
by decoherence effects from photoionization itself (unob-
served collisions, multiple ionization channels, electron-
electron correlations, etc.). Finally, after sufficient propaga-
tion, the single-electron wave packets spread in time, as their
different kinetic energy components do not travel at the same
velocity. Therefore, the time profile of the ensemble mea-
sured at a macroscopic distance from the source provides its
energy spectrum, a technique called time-of-flight (TOF)
spectroscopy. In this case, the limited TOF resolution of the
spectrometer affects the measured signal. The final photo-
electron spectrum denoted (S) is an average over the
unobserved degrees of freedom at the macroscopic and
atomic levels. We now explain how the density matrix p
can be obtained from measurements of (S).

In the scenario shown in Fig. 1, photoionization is
triggered by an XUV attosecond pulse train (APT) corre-
sponding to the superposition of three high-order harmonics,
which thus populates three levels of the continuum equi-
spaced in kinetic energy ¢ and denoted 1, 3, and 5 in
Figs. 1(b) and 1(c). Measuring the photoelectron spectrum
with a TOF detector gives the electron populations in each
energy level, that is, the diagonal elements of the density
matrix (S(€)) = p(e, €) (see the Appendix A). In order to
get the off-diagonal elements, i.e., the coherences, one
needs to interfere each populated state of the continuum
with all the others. This interference is achieved by adding
an external laser field with which the EWP interacts at the
time of ionization. Considering either the particlelike or
the wavelike behavior of the laser pulse leads to two
equivalent interpretations of this interaction, described in
Figs. 1(b) and 1(c).

Through the absorption or emission of several laser
photons, electrons originally occupying two distinct levels
with energies ¢ and € can follow various quantum paths
and end up on the same energy level. The resulting
quantum interferences encode in the spectrum the ampli-
tude and phase of the off-diagonal elements p(e, €’). More
specifically, the case where the EWP emits or absorbs one
laser photon only is the underlying process of the RABBIT
technique used to measure the phase difference between
two adjacent harmonics. In Mixed FROG, the key differ-
ence is that, by increasing gently the laser intensity, one
induces multi-laser-photon transitions, which gives access
to interference terms between nonconsecutive levels
(higher-order coherences) [40]. When the intensity is such
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Principle of a Mixed FROG measurement. (a) An XUV attosecond pulse train (purple curve) frees an electron wave packet

(gray filled line) through photoionization. During this step, a laser pulse (red curve) modifies the wave packet, the kinetic energy
spectrum of which is then measured with a time-of-flight spectrometer. (b) In the absence of a laser pulse, this spectrum gives the
populations (the diagonal elements in black) of the laser-free density matrix p. Adding the laser pulse gives access to the off-diagonal
elements of p (in red) through the emission or absorption of laser photons. (c) The state of the photoelectron wave packet can
equivalently be described by a Wigner distribution W in the energy or time phase space. Measuring the energy spectrum for various
XUV and laser delays provides a set of projections of W, which makes it possible to access the Wigner distribution by tomography.

that the populated states having the lowest and highest
energy can interfere, there is fundamentally enough infor-
mation at hand to reconstruct the full density matrix.

The same process can be pictured differently, this time
representing the EWP with the help of a Wigner function
W (e, ), a quasiprobability distribution in the kinetic energy
or time phase space which describes the mixture as
completely as p(e, €’) (see Appendix A). In this framework,
the photoelectron spectrum becomes the projection of W
along the € axis, (S(€)) « [ W(e, r)dt, whereas projecting
W on the time axis gives the EWP time profile in Fig. 1(c).
In the standard interpretation of laser-dressed photoioni-
zation, the laser field induces a temporal phase modulation
on the EWP, which modifies its kinetic energy distribution
[10,11]. The evolution of the photoelectron spectrum with
the laser or XUV delay 7 is called a spectrogram. In the
Wigner representation, the laser field modifies W (e, 1),
which changes its projection (S(e,7)). Therefore, the
photoelectron spectra composing the spectrogram can be
rethought as a large ensemble of projections. If the laser
field is intense enough, these projections encode the finest
features of the Wigner function, enabling its full tomo-
graphic reconstruction from the spectrogram.

In practice, the Mixed FROG technique consists in
processing a spectrogram recorded at sufficiently high
laser intensity with an advanced mixture-retrieval algorithm
[35]. As most techniques in attosecond metrology are
already based on the acquisition of spectrograms, this
approach implies minimal experimental modifications to
reach the required laser intensity and then mostly relies on
more advanced data processing.

B. Experimental demonstration

In order to validate these concepts, we implement Mixed
FROG on the Plateforme Laser Femtoseconde Accordable
attosecond beam line at CEA-LIDYL. The objective is to see
if the EWP deviates from full coherence in routine exper-
imental conditions [41], i.e., in the case of a single ionization
channel, without active IR-XUYV delay stabilization, and with
standard TOF electron spectrometer detection. With this
perspective in mind, an APT generated in neon is spectrally
filtered with a double aluminum or zirconium foil to isolate a
group of four odd harmonics (H39-H45) of the 800 nm
driving laser. The APT is then focused into a neon gas jet
where photoionization takes place. A dressing laser pulse
(50 fs FWHM, 800 nm) synchronized with the APT then
modulates the electron energy spectrum, which is finally
measured with a 2-m-long TOF electron spectrometer. A
retarding potential of 24 V is applied to select the photo-
electrons emitted from the 2p neon valence shell. By
observing the “outer” sidebands appearing in the photo-
electron spectrum when increasing the dressing intensity,
we could deduce the maximum number of laser photons
involved in continuum-continuum transitions at this inten-
sity; see Fig. 2(a). At 6 TW - cm™2, this number of photons
(approximately eight) is large enough to interfere the two
outermost energy levels, a necessary condition to access the
full density matrix. After measuring the spectrogram at this
intensity, the inversion procedure yields the density matrix
Pexp (€. €') and the Wigner distribution Wy, (e, 7) in Figs. 2(b)
and 2(c) (see Supplemental Material [42], parts I and II).

Looking at the projections of Wy, one retrieves the four
harmonics composing the photoelectron spectrum and the
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FIG. 2. Implementation of Mixed FROG for an attosecond pulse train generated in neon and photoionizing neon in the 2p valence
shell. (a) The left and right show the photoelectron spectra for laser intensities of 4.5 x 10'! and 6 x 10'> W - cm™2, respectively. The
central panel gives the evolution of the spectrum between these two intensities: The linear drift in energy of the peaks observed when the
intensity is increased corresponds to the laser-induced ponderomotive shift [43]. Increasing the dressing intensity enables the electron
wave packet to emit or absorb more laser photons, which is confirmed by the appearance of numerous “outer” sidebands in the
photoelectron spectrum [40,44]; see the right. When multi-laser-photon transitions allow the first and last populated levels to interfere,
the highest-order coherence becomes encoded into the spectrum, and the full density matrix can be obtained. (b) Retrieved density
matrix in the energy domain p,, (e, €’) (only the modulus shown) for a dressing laser intensity of 6 x 10> W - cm™2. The dark gray
shaded curve on the left gives the diagonal elements, that is, the laser-free photoelectron spectrum. (c) Reconstructed Wigner distribution
Wesp (e, 1). Its projections onto the temporal (upper) and energy axes (left), respectively, correspond to the average time profile of the

electron wave packet and the laser-free photoelectron spectrum.

temporal profile of the XUV APT that is imprinted onto the
EWP. One of the most striking features of the experimental
Wigner function is the presence of strong oscillations
showing both positive and negative values. The presence
of negative values in the Wigner function is usually
considered as a sign of the quantum nature of the state
[37,45]. In the present case, it shows that the EWP is indeed
in a coherent superposition of four distinct energy states of
the continuum. However, the density matrix elements
Pexp(€.€') tend to zero as one moves away from the
diagonal; see, for instance, p;5s and p;7. Such an off-
diagonal-element disappearance is often referred to as
decoherence and reveals the presence of a statistical
ensemble of nonidentical single-electron wave packets.
This result is confirmed by calculating the purity of the
reconstructed mixture, [/|pex, (€, €')|*dede’ = 0.11, instead
of 1 for full coherence. We now explain the origin of this
loss of coherence.

C. The origin of decoherence

For this analysis, it is more convenient to Fourier
transform p,(e,€’) and study the density matrix in the
time domain pe(t,7') = (¢y(t)y*(¢)) [46], where y(t)
corresponds to the time-dependent wave function of each
single-electron wave packet composing the mixture; see
Fig. 3(a). As in the energy domain, the diagonal elements of

p(t,1") give the average time profile of the wave packets.
Off diagonal, the density matrix takes the form of a grid
where each peak gives the interference term of the mixture
at time ¢ with itself at another time 7, i.e., the coherence
between different attosecond pulses in the train. Strikingly,
this grid vanishes when |7 — 7| Z 10 fs [see the red dashed
lines in Fig. 3(a)], indicating that no interference can be
observed if two events are separated in time by more than a
few femtoseconds. The disappearance of the off-diagonal
elements is also visible at the attosecond timescale. Indeed,
the oval shape of the attosecond peaks indicates that the
front of a peak cannot interfere with its tail; see the red
dashed lines in the inset in Fig. 3(a).

In the conditions of the experiment, we estimate that
such decoherence can result from a limited number of
phenomena, namely, (i) fluctuations of the synchronization
between the XUV and dressing pulses, e.g., due to beam-
line instabilities, (ii) variations of the XUV attosecond chirp
which could originate from fluctuations of the APT
generation conditions [47-49], and (iii) the limited time-
of-flight resolution of the spectrometer [50]. In research
fields where the density matrix and Wigner formalisms are
used, it is common to compare experimental mixtures to
analytical models in order to identify the physical origin of
decoherence [46,51,52] or simply to remove its influence
from a state of interest [45]. We follow the same approach
here and model analytically the phenomena mentioned
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FIG. 3. Comparison to decoherence models. (a) Fourier transforming pexp(e, ¢') provides the experimental density matrix in the time
domain pey, (2, 1'); only the modulus is shown. Inset: Enlargement of the area delimited by the black square in the main panel. Its
diagonal elements (upper) give the time structure of the electron wave packet. Off-diagonal-element disappearance, also called
decoherence, can be observed at the femtosecond and attosecond timescales as emphasized by the red dashed lines. (b) To identify the
physical origin of decoherence, several density matrix models p,oqe are fitted onto pe,. The best agreement (shown here) is obtained
with model 5: The femtosecond decoherence comes from the limited spectrometer resolution, while the attosecond decoherence arises
from fluctuations of the synchronization between the laser and XUV pulses in the spectrometer. (c) Evolution of the least-squares error
f/ ‘pexp — Pmodel|2dtd?’ with the number of iterations of the fitting algorithm for various decoherence models.

above. In the fully coherent case, the ensemble contains
identical single-electron wave packets y(¢) which factorize
out of the averaging () in the density matrix expression,
giving proder (2, 1) & yo(t)x5 (7). If the arrival time of the
XUV pulse fluctuates with respect to the laser pulse, the
mixture is composed of identical wave packets y,(t — T)
that can be randomly delayed with a probability density
P(T), leading to a more complex density matrix model
Pmodel (X0 P). Equivalently, models can be derived to
account for variations of the XUV attosecond chirp and
for the spectrometer response function, with respective
probability densities denoted C and R, giving rise to density
matrices with the general form p4(xo, P, C, R); see
Appendix B. For each decoherence scenario, ppoqe 18
fitted onto p., using an iterative algorithm detailed in
Supplemental Material [42], part III. The problem being
highly constrained, the algorithm rapidly converges
toward the functions y,, P, C, and R that minimize
Err = [[|pexp — Pmodel|7dtdt’. In the end, the decoherence
model giving the lowest residual error Err is the one that
best reproduces the observed mixture. The detailed results
of this analysis are shown in Appendix C, and the least-
squares errors are reported in Fig. 3(c).

In models 1 and 2, decoherence is respectively assumed
to arise from fluctuations of the synchronization between
the laser and XUV pulses or from fluctuations of the XUV
attosecond chirp. These phenomena affect the coherence at
the attosecond timescale, i.e., the shape of the attosecond
peaks in pey,(2,7'), but cannot explain the observed femto-
second decoherence, so that the fitting process leads to
rather large residual errors. Model 3 considers the spec-
trometer’s resolution as the sole source of decoherence.
Doing so, one immediately reproduces the femtosecond
decoherence, which reduces the error. Indeed, in this
model, the limited resolution prevents one from resolving
the spectral interferences that would originate from two
ultrashort events with a time separation |z — ¢'| larger than
approximately 10 fs. This result gives a simple physical
explanation to the disappearance of high-order coherences in
Pexp(t. 1'). Finally, models 4 and 5 combine several of the
previous sources of decoherence. The best fit is obtained
when both the spectrometer’s response and fluctuations of the
synchronization between the laser and XUV pulses are
accounted for. The modeled density matrix, shown in
Fig. 3(b), shows very good agreement with the experimental
one, and so does the purity of the modeled mixture (0.12).
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FIG. 4. Parameters of the most probable decoherence scenario.
(a) Spectrum (blue shaded curve) and spectral phase (segmented
blue line) of the coherent electron wave packet y, free from
arrival-time variations and from the spectrometer’s influence. The
gray shaded curve shows the experimental spectrum also shown
in Figs. 2(b) and 2(c). The red dots (connected by a dashed line)
stand for the spectral phase obtained with a RABBIT measure-
ment in the same experimental conditions except for the dressing
laser intensity fixed at 4.5 x 10'"" W-cm™2. (b) Time profile
lxo()]? of the coherent electron wave packet. (c) Envelope P of
the fluctuations of the synchronization between the laser and
XUV pulses (gray shaded curve) compared with an attosecond
pulse composing the coherent electron wave packet y, (blue
shaded curve) and the average pulse in the train retrieved with
RABBIT (red shaded curve). (d) Response function R of the
time-of-flight spectrometer. All widths indicated in the figure
correspond to full widths at half maximum.

Figure 4 shows the optimal parameters obtained for
this model after 20 iterations of the fitting algorithm: the
coherent EWP y, in Figs. 4(a) and 4(b), the arrival-time
probability density P in Fig. 4(c), and the spectrometer’s
response function R in Fig. 4(d). From these results, we
trace back the origin of decoherence during the experiment.
A 26 fs XUV pulse train composed on average of 370 as
pulses experiences arrival-time fluctuations of 820 as with
respect to the laser dressing pulse. After photoionization,
the EWP is detected by a spectrometer with a time-of-flight
resolution of approximately 5 ns, which is consistent with
the expected resolution [50]. Importantly, it is notoriously

difficult for current techniques to reconstruct a long APT
[6], the limited resolution usually masking the fine details
in the spectrum. By decoupling the spectrometer’s response
from the coherent wave packet, the present approach
reveals the femtosecond structure of the train, which
constitutes a dramatic improvement. For instance, the
spectral phases within each harmonic [segmented blue line
in Fig. 4(a)] show unexpected behaviors that deserve
further investigation in the light of recent results [19,25].

These results highlight the significant role of incoherent
physical phenomena in attosecond experiments, even in
routine conditions, and therefore raise the question of the
relevance of historical techniques such as RABBIT.
Compared to Mixed FROG, RABBIT evolves in a simplified
picture where the EWP is considered as fully coherent and
where only the averaged attosecond pulse in the train is
reconstructed. For the sake of comparison, we perform a
conventional RABBIT reconstruction at low dressing
intensity (4.5 x 10" W.cm™); see Figs. 4(a)—4(c).
Interestingly, the attosecond pulse profile obtained with
RABBIT appears to be very close to the central attosecond
pulse in the coherent EWP y retrieved earlier. Indeed,
RABBIT measures only the phase difference between
consecutive levels, corresponding to the phase of the terms
shaded in red in Fig. 2(b), e.g., arg(p3) or arg(pss). As it
assumes full coherence, concatenating these phase terms
provides the phase difference between nonconsecutive
levels, arg(ps) = arg(p;3) + arg(p;s). However, it never
effectively probes the higher-order coherences, which may
instead be equal to zero due to decoherence, as is the case
here for p;s. Therefore, in the present situation, we can
consider that the coherent EWP obtained with RABBIT
is reconstructed independently of external incoherent
phenomena, explaining its close resemblance to the central
peak of y.

D. Probing complex ionization processes

Until now, we consider photoionization mostly as an
intermediate step to access the XUV pulse coherence
properties. But once the beam-line decoherence has been
diagnosed, minimized, and calibrated through a simple
photoionization process as in the present case, the XUV
pulse becomes a highly coherent well-characterized refer-
ence. By reversing the previous logic, Mixed FROG can
then be exploited to probe decoherence in more complex
ionization processes that are triggered by this reference. In
the following, we propose to illustrate such a situation with
a numerical example.

An emblematic case is that of the photoionization of the
2s and 2p subshells of neon. In a breakthrough experiment
in 2010, Schultze et al. used an isolated XUV attosecond
pulse to ionize neon atoms and measured with FROG
CRAB the photoionization delay between the released 2p
and 2s EWPs [13]. The obtained delay appeared to be much
larger than expected, which marked the beginning of a long
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debate in the community. A convincing explanation was
proposed in 2017 when the experiment was repeated with
an APT [19]. Using narrow high harmonics instead of a
broadband continuous spectrum, it was revealed that the 2s
contribution was quasioverlapping with a weak “shake-up”
(SU) channel. As opposed to direct ionization, a SU process
shares the energy of the incident photon between two
electrons (from the 2p subshell here), one being promoted
to an upper bound state (3p in the present case) and the
second being released in the continuum with the remaining
energy. It turned out that the unresolved SU channel was
probably perturbing the original measurement.

This result demonstrates the crucial importance of
identifying multichannel contributions in a spectrogram
in order to extract meaningful information on the ionization
dynamics. In the following, we show that Mixed FROG
provides exactly this as well as the coherence between the
different channels. We simulate a Mixed FROG measure-
ment in the experimental conditions of Ref. [19], and we
focus in particular on the interchannel coherence between
the overlapping 2s and SU EWPs. In this specific case, the
different symmetries [53], combined with the angularly
integrated measurement and the energetic distinguishabil-
ity, prevent interchannel coherence. In the general case,
however, coherent scenarios could emerge depending on
the properties of the system, the radiation, and the detector.
We thus consider two extreme scenarios: one with full
coherence between the 2s and SU channels and one with
full decoherence. Hereafter, we refer to these two cases,
respectively, as the “coherent” and “incoherent” scenarios;
see Supplemental Material [42], part IV.

In this simulation, an APT ionizes neon atoms through
three possible pathways: direct ionization from the 2s and
2p subshells and the SU process mentioned above. As the
chosen APT is composed of four harmonics (H59-H65),
each channel populates four energy levels of the con-
tinuum, denoted 1, 3, 5, and 7. The resulting photoelectron
spectrum exhibits three replicas of the high-harmonics
photon spectrum shifted in energy owing to the distinct
ionization potential of each channel; see Fig. 5(a).

We now focus on the 2s and SU channels. Adding a
dressing laser pulse (intensity 1.5 TW-cm™2, 27 fs
FWHM, 800 nm) during the ionization and varying the
laser and XUV delay yields the spectrograms in Fig. 5(b)
in the coherent and incoherent cases. The partial spectral
overlap between the two channels induced by the IR
transitions discreetly reveals the nature of the released
EWP. In the incoherent case, this overlap simply reduces
the contrast of the observed oscillations, whereas, in the
coherent scenario, the superposition changes the structure
of the beatings.

Mixed FROG is then used to process both spectrograms.
Using the same inversion procedure as before, one rapidly
obtains the density matrices in Fig. 5(c) in the basis of
continuum energy states p(e,¢’). Both density matrices
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FIG. 5. Simulation of a multichannel photoelectron wave
packet reconstructed with Mixed FROG. (a) Electron energy
spectrum obtained after ionization of neon by high-order har-
monics. The spectrum shows three ionization pathways: direct
ionization from the 2p and 2s subshells and SU ionization; see
the main text for details. (b) Simulated spectrograms in the
30-60 eV spectral region with and without interchannel coher-
ences between the 2s and SU wave packets (respectively labeled
as the coherent and incoherent cases). The dressing laser pulse
has an intensity of 1.5 x 10'> W - cm™ and a duration of 27 fs.
Inset: Enlargement of the area delimited by the black square in the
main panel. (c) Density matrices in the coherent and incoherent
scenarios (only the modulus shown). In both cases, the left side
corresponds to the original density matrix used to simulate the
spectrogram in (b), and the right side shows the density matrix
retrieved with Mixed FROG.

show intrachannel coherences, that is, coherences between
continuum states populated through the same channel;
see, for example, pY or p3s. Indeed, we consider in this
simulation that the photoionization process through the 2s
or SU channels maintains the coherence initially present
between the XUV harmonics, as observed experimentally
in Fig. 2 for the 2p pathway. In the coherent scenario,
interchannel coherences appear. This result indicates that
states populated through distinct ionization pathways, e.g.,
level 1 from the SU channel and level 7 from the 2s
channel, can interfere. Moreover, Fig. 5(c) shows that these
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FIG. 6. Eigenstate decomposition of the multichannel density matrix in the coherent and incoherent cases. (a),(b) Eigenvalues 4; of
p(e, €') sorted in decreasing order (left) and modulus of the associated eigenstates |y;(¢)| (right). When 4, is negligible, the eigenstate is
shaded in gray. (c),(d) After Fourier transforming the dominant eigenstates, one obtains the time-domain wave packets |y;(¢)|?> (shaded
curves); the black dashed lines show the time profile of the exact wave packets used to perform the simulation. (e) The photoionization
time delays can easily be recovered from the retrieved density matrices (dots connected by dashed lines); see the main text for details.
The original delays are taken from Ref. [19]. The high-harmonic photon spectrum is also shown (gray shaded curve).

retrieved density matrices are in very good agreement with
the original ones.

To push further the analysis, we apply the spectral
theorem and decompose the retrieved density matrices into
orthogonal coherent eigenstates. The results are shown in
Figs. 6(a) and 6(b). In the incoherent case, two states y;(€)
with non-negligible eigenvalues 4; emerge. It is straightfor-
ward to associate them to the 2s and SU channels,
indicating that the density matrix can be written as

(1)

Through this process, it becomes explicit that the wave
packets from each ionization pathway belong to distinct
dimensions of the multichannel EWP’s Hilbert space.
Conversely, in the coherent scenario, p can be described
using a single eigenstate which carries the contributions of
both channels; see Fig. 6(b).

To recover the corresponding ionization dynamics, we
Fourier transform the eigenstates obtained above, which
provides time-domain wave packets y;(z); see Figs. 6(c)

ple.€) = Aos - xas(€)x55(€") + Asu - xsul€)xsu(€).

and 6(d). In the incoherent case, as each channel launches
in the continuum an electronic replica of the XUV APT,
the time-domain eigenstates correspond to two orthogonal
trains of attosecond electron pulses. The influence of the
photoionization time delays then appears as a shift of a few
tens of attoseconds between the two waveforms; see the
inset in Fig. 6(c). In the coherent case, the time-domain
eigenstate takes the form of a complex train of attosecond
pulses. The coherent superposition of the EWPs emerging
from the two channels with different energies and phases
creates a temporal beating in the probability density [28]
that modulates the train structure. The dashed lines in
Figs. 6(c) and 6(d) indicate the time profile of the original
EWPs used as a starting point for this simulation. The
excellent agreement with the retrieved time profiles con-
firms that Mixed FROG, coupled with an eigenstate
decomposition of p, provides a powerful method to
separate contributions from distinct channels.

More importantly, it gives access to the real ionization
dynamics that may be much more intricate than the simple
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time delays 7, — gy may infer. Indeed, the latter just
correspond to the difference in group delays between the
two channels [23]; these group delays, as measured by
RABBIT, are directly related to the intrachannel first-
order coherences shaded in red in Fig. 5(c) by, e.g., 775 =
arg(p?3)/(2wr) with o the laser angular frequency. Yet
these intrachannel coherences give no information on the
relative coherence between the two channels. Indeed,
comparing the group delays from Ref. [19] with those
extracted from these coherences on the retrieved density
matrices, one obtains identical photoionization delays in
the coherent and incoherent cases. This result highlights
that the quantum behavior of a multichannel EWP cannot,
in general, be summarized to a group delay and should
instead be considered through its density matrix.

III. CONCLUSION

Mixed FROG constitutes a powerful diagnostic for
attosecond metrology. The technique that we demonstrate
experimentally in the case of an attosecond pulse train can,
in principle, reconstruct any waveform structure. When
combined with decoherence modeling, it enables the
reconstructed EWP to become, up to a certain extent,
independent of the detector resolution and of inaccuracies
in the synchronization between the laser and XUV pulses.
Therefore, this technique could open the way to super-
resolution photoelectron spectroscopy and jitter-free
experiments with ultrashort XUV sources. Moreover, by
enabling the analysis of complete attosecond pulse trains, it
could contribute to refine our understanding of the high-
harmonic generation process. Mixed FROG could also
benefit the rapidly growing field of attosecond electron
microscopy [54] by enabling the complete phase-space
characterization of ultrashort relativistic electron bunches.
This characterization would allow one to probe samples
with attosecond and sub-Angstrom resolutions.

This approach is also full of promise for the study of
decoherence originating from photoionization itself.
Reconstructing the full quantum state of photoelectron
wave packets would give access to a physics much more
subtle than photoionization time delay measurements, as
illustrated here in the case of multichannel ionization.
Moreover, with the current trend to decrease the duration
of attosecond sources and, thus, to broaden the XUV
spectrum, attosecond photoionization experiments will
naturally involve more and more electronic shells, making
routine the creation of multichannel EWPs. In this context,
an important improvement will be to adapt Mixed FROG
to account for the exact influence of the laser field on
broadband EWPs as has been done in the fully coherent
case [8,9].

For the past 60 years, photoemission spectroscopy has
been one of the flagship techniques for studying the
electronic structure of matter. Recent measurements of
photoionization coherent dynamics have lifted the veil on

the chronology of the photoelectric effect at the femto-
second and attosecond timescales [25,55]. By quantifying
decoherence in photoemission, Mixed FROG will extend
the scope of attosecond spectroscopy to a broad range of
partially coherent quantum processes [24,26].
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APPENDIX A: REPRESENTATION
OF THE ELECTRON WAVE
PACKET’S QUANTUM STATE

1. Single-electron wave packet

To describe photoionization at the scale of a single-
electron wave packet, we build upon the theoretical
framework derived in Ref. [11]. The single-photon ioniza-
tion of an atom by the XUV field frees a single-electron
wave packet (SEWP) in a state |y) in the continuum.
Within the first-order perturbation theory and with the
dipole and rotating-wave approximations, the energy-
domain wave packet at a distance x from the atom is
defined as

£(e=1) = ) ==iD(pE@= 1), (A1)

where p denotes the asymptotic momentum of the
SEWP in the observation direction, € the corresponding
kinetic energy, and E(w) the complex XUV electric field
in the angular frequency domain. @ and e are related
through the equation @ = ¢ + I, in atomic units, with [,
the ionization potential of the atom. D(p) represents the
dipole transition matrix element of the ionized atomic
species. x is assumed to be sufficiently large so that the
SEWP no longer feels the ionic potential and can be
considered as propagating in free space. We also refer to
its Fourier counterpart y,(¢) as the time-domain wave
packet at position x:

n0 =g [ Trloe e (@)

—00

To describe the SEWP in phase space, the most natural
set of quadratures is the famous [x, p] inherited from the
harmonic oscillator. However, as free-space propagation
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couples longitudinal position x and time ¢, these two
quantities can be equivalently chosen to form a set of
quadratures in combination with p or e. With the [e, 7] set of
quadratures, the Wigner distribution reads

Wi(e.t) = : / x| € AP € ¢ it de/ (A3)
€,1)=— |e—= +—Je .
x\€s o Xx ) Xx D)

According to the well-known properties of the Wigner
distribution, the marginal distribution [ W, (e, 1)dr gives
the energy spectrum |7, (€)|?, i.e., the density of the energy
states occupied by the SEWP in the continuum. Similarly,
L (0)]* = [ W, (e, t)de corresponds to the time profile of
the SEWP, that is, the probability of observing the electron
at position x and time .

As it propagates in free space, the SEWP stretches in
time. Experimentally, the detector can observe the evolu-
tion of the wave packet only at macroscopic times and
distances. We denote S(¢) the time profile of the wave
packet at the distance x = L from the interaction region:

S(1) = e ()

1 [+ ) . 2
N N R

| (A4)

When this distance is large enough, the stretching of the
SEWP becomes so important that the time profile S maps
the energy profile. Indeed, applying the stationary phase
approximation in Eq. (A4), it comes that for large
phase terms, that is, for |L\/Z — et| > 2, the integral is
zero except for the times of flight 7, such that

d(L\2e —ety)/de =0

S(ty) o (1) - [Zcole(tp)], (A5)

where t; and e are related through the formula e(t;) =
1/2 - (L/t;)?. This regime is used in TOF spectrometry. The
term j,—o(€) corresponds to the energy-domain wave packet
defined in Eq. (A1) backpropagated in free space to its point
of origin in x = 0. However, it does not physically represent
the wave packet that effectively exists near the atom at the
ionization time and which instead propagates in the ionic
potential. y,_, thus describes a hybrid SEWP which pos-
sesses its asymptotic momentum distribution but does not
exhibit temporal stretching due to free-space propagation.
It is this wave packet that is actually characterized in the
following; therefore, we now discard the subscript x = 0 in
the notation for clarity.

2. Macroscopic electron wave packet
and mixed-state formalism

The quantity measured by the electron spectrometer is
the averaged TOF distribution (S(z;)). The averaging
accounts for all the degrees of freedom that remain

unresolved in the experiment. Some of these phenomena
are exemplified in Appendix B. The macroscopic electron
wave packet (MEWP) that is built from all the detected
electrons needs to be described as a statistical mixture of
SEWPs through the density matrix formalism. In this
representation, the averaging () of the macroscopic quan-
tities is rewritten as a weighted sum over a discrete number
of states which are mutually incoherent. Consider the
density matrix p = 37, pilyi) (wil, where {|y;)}, forms
an orthonormal basis of states composing the mixture and
pr is the probability of observing each state with
>« pr=1. In the energy domain, the density matrix
elements read

ple.€) = (elple’)

—Zpk Zpk (e (€),

(A6)

elwi) (wile')

where j;(€) denotes the energy-domain wave packets
composing the mixture. Rewriting Eq. (AS5) in the mixed
state formalism gives

(S(t)) x €Y piliale)]? = € (A7)

2 plese).

Measuring the TOF distribution of the MEWP provides
the diagonal elements of the density matrix in energy
representation, that is, the energy state populations. The
off-diagonal elements p(e, €’) with ¢ # €/, the coherences,
could be deduced from the hypothetical interfe-
rence between two energy states at energy ¢ and ¢
Sk Pec | (elwi) + (€ lwi) P =ple.€) +p(€.€) +2lp(e.e")[x
cosfarg{p(e,€')}], where arg(z) denotes the argument of
the complex number z. Equivalently, we define the time-
domain density matrix elements as

p(t, 1) = ple, e =) dede’

= e aOxi(t)
k

The diagonal elements now correspond to the average
time profile of the SEWPs in the mixture p(z,t) =
S Prlri(t)|?, whereas the off-diagonal elements give
the interference term between the MEWP at time ¢ and
itself at time #. The overall coherence of the statistical
ensemble of SEWPs can be quantified by estimating the
purity v defined as

(A8)

v="Tr(p?) = / lp(e, €)|>dede

= (2n)? // lp(1,7)|2drdr

with Tr the trace operator. The purity equals one if all the
SEWPs are in the same state; otherwise, the MEWP is in a
mixed state and v < 1.

(A9)
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To complete this new formalism, the definition of the
Wigner distribution can be updated in the case of mixed
states and related to the density matrix by the formula

€)= ZPka(e’ 1)

/
_—/ ( 5) e_ie/tde/
t /
= .t el gy
fole=5 +2)

The density matrix, in any basis, and the Wigner distribu-
tion are related by bijective relationships and, therefore,
equivalently describe the quantum state of the MEWP. It is
this quantity that one wants to reconstruct.

(A10)

3. Influence of the laser field

When no external coherent laser field is present, the
photoelectron kinetic energy spectrum can be expressed in

various forms:
Z o / st g|”
= Zl’k| (elwe)?
k
— (elple).

Consider that a laser pulse with a vector potential A(z) is
synchronized at a delay 7 with the XUV pulse that triggers
photoionization. The XUV and laser pulses are linearly
polarized with collinear polarization axes, and the MEWP
is observed along this axis. In the frame of the first-order
perturbation theory with the single active electron approxi-
mation, one can extend to the case of state mixtures the
well-established formula giving the photoelectron spectrum
in the presence of the laser pulse:

9= n| 1166 -Dea]
k
= Zpk|<€|é‘[|w1€>|2’
k

(A11)

(A12)

where G(t) = ¢ and where ¢(t) = — [** [pA(¢")+
A%(¢")/2]dt" is the phase modulator [11]. In the FROG
framework, the momentum p is often approximated by p,
the central momentum of the MEWP, y,(¢) is referred to as
the pulse and G as the gate, and Eq. (A12) represents an
incoherent sum of spectrograms. The influence of the gate
can also be described as an operator G, acting on the
electron wave packet.

4. Influence on the density matrix

In order to introduce the density operator in the above
equation, we now assume that G is a fully coherent phase

modulator, that is, that each SEWP experiences the same
laser vector potential. This assumption enables the follow-
ing factorization:

(S(e.7)) =D _palelGelwi) (wilGlle)
k

— (GpGle), (A13)
where G! denotes the Hermitian conjugate of G,. In
the presence of a dressing laser field, the kinetic energy
spectrum corresponds to the diagonal elements of a
modified density matrix p’ = CA}TpCA}j [37]. By this process,
the off-diagonal elements of p become encoded into the
populations of p’, which thus gives access to the full laser-
free density matrix p.

5. Influence on the Wigner distribution

In the absence of an external laser field, the measured
spectrum corresponds to the projection of the Wigner
distribution of the MEWP along the kinetic energy axis:

se) = p / Wile, f)dt = / Wie dt. (Al4)

The Wigner distribution cannot be deduced from this sole
projection. The role of the laser field is therefore to operate
a transformation on W(e, t) before projecting it onto the
energy axis, thus giving access to extra information on W.
If the laser field is present, (S(e, 7)) reads as an incoherent
sum of pure spectrograms [see Eq. (A12)], and each of
them can be expressed as the convolution between the
Wigner distribution of the pure wave packet W/(e, t) and
that of the gate W (e, 1) [56]:

Zpk

= Zpk / Wi (e, t)Wg(e — e, t — 7)dtdde,
k

/;(k NG(t—1)e ’e’dt

(A15)

with Wg(e t) = [G(t—1/2)G*(t+1/2)e"df. As in
the case of Eq. (A13), if the gate is a coherent phase
modulator, W factorizes out, which enables the emer-
gence of the Wigner distribution of the MEWP:

(S(e,7)) = / W (e, t)Wg (e — e, t — 7)dtdde

- / W (e, 1)dt

W' (e, t) corresponds to the new Wigner distribution of
the MEWP after it has been modified by the gate. In the
presence of the laser field, the kinetic energy spectrum thus

(A16)
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represents the projection of W'(e, 1) onto the energy axis.
As the influence of the gate changes with 7, the final
spectrogram can be thought of as a series of projections of
W' (e, ). The process of quantum state tomography consists
in reconstructing W(e, t) from these projections.

APPENDIX B: IDENTIFYING THE
EXPERIMENTAL SOURCES OF DECOHERENCE

To understand the origin of the observed decoherence,
we carry out the following study. First, we identify the
potential sources of decoherence in the conditions of the
experiment and model their impact mathematically. Then,
we fit these modeled density matrices in the least-squares
sense onto the experimental one to find the model that best
describes the data.

By combining Egs. (A1) and (A6), the role of the XUV
electric field E in the density matrix in the energy domain
appears explicitly:

ple.€) = pe-zile)7il€)
k
=Y "pi-D(V2e)Ey(w—1,)- D*(V2¢ ) Ej(af ~1,)

=rale.€)c(e.€), (B1)
where c¢(w,@') =) pr- Ex(w)Ej (') is the two-
frequency correlation function of the XUV pulse ensemble.
We here consider that the transition dipole matrix element
D is identical for all the wave packets of the mixture and
define the atomic function y, (e, ¢') = D(v/2¢)D*(V/2¢).
In that case, Eq. (B1) states that the coherence state of
the XUV pulse ensemble described by c(w, @) directly
influences the EWP quantum state. Moreover, in the
present experimental study, the released wave packet lies
in the structureless area of neon continuum, so that y,; can
be considered as independent of ¢ and ¢’ in practice.

1. XUV partial coherence

Partial coherence of the XUV pulse ensemble can arise
from any variation of the XUV electric field in unresolved
degrees of freedom, such as the transverse spatial structure
and the shot-to-shot structure of the pulses. We estimate
that one of the most relevant sources of decoherence for the
XUV pulse ensemble corresponds to arrival-time varia-
tions. If the XUV beam is slightly out of focus in the gas jet,
or, more generally, if it suffers from optical aberrations, the
pulse ensemble takes the form of a group of a priori
identical XUV pulses with different arrival times.
Importantly, this arrival time is meaningful only when
compared to that of the IR-dressing pulse. Therefore,
mechanical instabilities in the laser dressing beam path
could lead to a similar XUV pulse ensemble.

Its impact on the density matrix can be modeled in the
following way. The ensemble of XUV pulses is composed

of attosecond pulse trains Ey(w)e!®~®)T of central fre-
quency wy arriving at different times 7, the range of arrival
times being determined by the probability density P(7T).
Rewriting Eq. (B1) in this scenario gives

=Y / EO(6)ei(e—(uo)TEB(el)e—i(e’—mo)TP(T)dT

— 7o(©7(€) / P(T)el=ar, (B2)

with 7o(€) = —iD(v/2€)Ey(e). Introducing P(w), the
Fourier transform of P(z), Eq. (B2) becomes

~% /

pmodel(€7 €/) :)?0(6) ')(0(6 ) ' P(é‘ - €,>‘ (BB)

The high-harmonic generation mechanism can lead to a
transverse variation of the attochirp across the XUV beam
[47]. In this case, the XUV pulse ensemble is composed of
waveforms Eo(a))ei<“"“’0)2" experiencing variable group
delay dispersion 2a. If denoting C(a) the associated
probability density and C its Fourier transform, a calcu-
lation similar to Eqs. (B2) and (B3) gives

Prmoder(€-€) = Fo(€) - 75(€') - Cl(e = €9)* = (€ = &9)’]
(B4)

with ¢) = wy — I ,. In both cases, the mixed state can thus
be modeled as a pure density matrix 7 (e) - 7 (¢’) multi-
plied with an extra decoherence term depending on P or C.
We illustrate the impact of these sources of decoherence
in Fig. 7. A statistical ensemble of attosecond pulse trains
composed of five odd harmonics of a laser at 800 nm
ionizes Ne atoms, which populates five states of the
continuum. In Fig. 7(a), the XUV pulses composing the
ensemble are identical, the resulting density matrix is pure,
and no alteration of its off-diagonal elements is observed. In
Fig. 7(b), we account for arrival-time variations. The XUV
pulses can experience random delays 7" within an envelope
P(T) that is Gaussian with a full width at half maximum
(FWHM) of 450 as. One can notice the disappearance of
some off-diagonal elements, the highest-order coherences
being the most affected. Finally, in Fig. 7(c), the attosecond
pulses are perfectly synchronized, but their group delay
dispersion can vary within a Gaussian envelope centered in
a =0 as’/rad with a FWHM of 8 x 10° as?/rad. The
coherences are this time attenuated in a different way.

2. Collisional decoherence

As the SEWPs propagate toward the detector
(0 < x <L), they can collide with atoms of neon from
the gas jet. The gas density in the jet is estimated to be
102 cm™ < n, <10 cm™, and the electron-neon
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FIG. 7. Simulated density matrices in various cases. (a) The

electron wave packet is pure, (b) the XUV pulses suffer from
arrival-time variations, or (c) attochirp variations. (d) The XUV
pulse ensemble is fully coherent, but the limited resolution of the
spectrometer is accounted for.

elastic scattering total cross section for electrons at 50 eV is
6 =23.1x10710 cm? [57]. In these conditions, the mean
free path 1/(o - ny) of the electrons is comprised between
22 cm and 22 m. This result is obviously orders of
magnitude larger than the size of the gas jet. Therefore,

we estimate that collisional decoherence should be
negligible.

3. Detection device

The last potential source of decoherence in our exper-
imental conditions is the limited temporal resolution of the
TOF spectrometer. This apparatus measures the arrival time
t7 of the electrons (in the nanosecond or microsecond range)
after traveling the distance L that separates the interaction
region from the detector. Without external laser modulation,
the TOF distribution can be related to the Wigner distribu-
tion of the EWP by (S(1y)) = 17° [W]t,e(t,)]dt, with
e(ty) = 1/2- (L/t;)*. Using Eq. (A16), an equivalent rela-
tion can be obtained when a laser pulse with a delay 7 is
present:

(S(ty,7)) = 17° // Wit e(t;) — 8€] - We(t — 7. 5e)drdSe.
(B5)

With an ideal detector, this equation provides the signal
that is effectively measured. And the algorithm described
above separates the contribution from the gate and from the
pulse mixture to retrieve W. However, in practice, the TOF
resolution of the spectrometer may be limited by a variety
of phenomena (the size of the interaction region, the various
trajectories of the collected electrons, the response time of
the microchannel plates, the bandwidth of the data acquis-
ition system, etc.). We model this influence through the
convolution of the detector-free TOF signal (S,) with R, a
probability density representing the TOF response of the
detector, such that (S(z;)) = [ R(6t7)(So(t; — btp))dét;.
Inserting this equation into Eq. (BS), one gets

(S(tr, 7)) = /détf “R(8t7) - (17— 6t5)73 // Wit e(ty — 6ty) — 6] - Wq(t — 7, 6€)dtdbe

=17’ / Waetectealt, €(t7) — €] - W (1 — 7, 8¢)dtde,

with Vvdetected(t7 6‘) = f[R(étf)/(l - 51‘]’/?}")3} ’ W{t’ e(tf -
8ty)]dét ;. This time, the algorithm reconstructs a new state
W gerectea affected by the detector’s response function. As
W getected T€ads as a weighted sum of Wigner distributions,
the detector’s influence appears as a loss of coherence of
the reconstructed state. Interestingly, this decoherence

(B6)

process is contained in the reconstructed state even though
the detection step technically occurs well after the laser
pulse probes the EWP. Finally, the density matrix model
associated to Wgeeceq 18 Obtained; for convenience, we use
center- and difference-energy variables ¢, = (¢ + €¢’)/2 and
Ae =¢ —e:

pmodel(ew A(:') = 2”/ Wdetected(t, ec)eiAmdA(:‘

_ R(5ty)
B / (1=dtp/t;) 'pdf{

Ae
€C(tf —(Stf) _7’€C(tf _5tf) +7 d5tf,

Ae (B7)
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where py; is the detector-free density matrix. Using
Eq. (B7), we simulate the effect of the detector’s response
on the density matrix; see Fig. 7(d). p4s is chosen to be pure,
ie., pgr(e, €) « fole) - 75(€), and the parameters for the
attosecond pulse train are the same as in Fig. 7(a). In this
simulation, the detector’s response R(dt;) is a Gaussian
probability density with a FWHM of 14 ns. In these
conditions, we notice that the coherences and populations
appear to be stretched along the e = ¢’ axis, and this
elongation effect increases with the central energy
(e 4 €')/2. This result makes sense, since the energy resolu-
tion of TOF spectrometers worsens as the energy increases.
Therefore, instead of reproducing the group of equally
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Purity = 0.65 30
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FIG. 8.

narrow XUV harmonics, the photoelectron spectrum (the
diagonal elements) is composed of peaks, the width of which
increases with energy due to this limited resolution.

APPENDIX C: RESULTS OF THE ANALYSIS

Using the algorithm described in Supplemental Material
[42], part III, we fit these density matrix models onto the
experimental one. The results are shown in Fig. 8.

1. Models with one source of decoherence

A large final error is obtained with the first two models
where decoherence arises from XUV pulse arrival time or

(b) Attochirp variations
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(d) Spectrometer's response and attochirp variations
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For each decoherence model (a)—(e), the density matrix pqqq is fitted onto the experimental density matrix pe, reported in (f).

In each case, the density matrix is depicted in the energy domain (left) and in the time domain (right); only the modulus is shown.
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attochirp fluctuations. They thus poorly describe the exper-
imental mixture, which can also be seen from the shape and
purity of the fitted density matrices in Figs. 8(a) and 8(b).
More precisely, the elongated aspect of the attosecond peaks
in peyp(, ') seems well reproduced but not the femtosecond
structure. Indeed, the fitting algorithm assumes that the XUV
partial coherence impacts only the broadband energy scale
or, equivalently, the attosecond timescale. Therefore, fitting
the density matrix with these two models implies that the
femtosecond structure is not reproduced.

The error is decreased with the model accounting for the
detector’s response, and the purity of the modeled mixture
goes down to 0.22 and comes closer to the experimental
one; see Fig. 8(c). This result indicates that the spectrom-
eter must be playing a more important role than XUV
partial coherence in the final mixture. Nevertheless, this fit
is not satisfactory, as high-order coherences in the energy
domain are overestimated. Indeed, the present model
considers that the detector’s response influences only the
narrow-band sub-eV aspect of the coherences. It is thus
unable to reproduce the attosecond structure in the time
domain.

2. Models with two sources of decoherence

The last two models combine XUV arrival-time fluctua-
tions or attochirp variations with the detector’s response.
These more complex models can reproduce experimental
data much more faithfully, and the obtained least-squares
error is unsurprisingly much lower than before. Interestingly,
the final error is twice smaller for the “XUV arrival time
fluctuations + detector’s response” model than with the
“attochirp variations + detector’s response” model. The
latter model overestimates high-order coherences in the
energy domain, whereas the first model attenuates them to
reproduce the experimental results. These different behaviors
can be understood from the simulations in Figs. 7(b) and 7(c),
where it can be seen that arrival-time variations tend to make
higher-order coherences disappear, when attochirp variations
maintain the intensity of some of them.
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