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Polarization engineering and characterization of coherent high-frequency radiation are essential to investigate and
control the symmetry properties of light–matter interaction phenomena at their most fundamental scales. This
work demonstrates that polarization control and characterization of high-harmonic generation provides an excel-
lent ellipsometry tool that can fully retrieve both the amplitude and phase of a strong-field-driven dipole response. The
polarization control of high-harmonic generation is realized by a transient nonlinear dipole grating coherently induced
by two noncollinear counterrotating laser fields. By adjusting the ellipticity of the two driving pulses simultaneously, the
polarization state of every high-harmonic order can be tuned from linear to highly elliptical, and it is fully characterized
through an energy-resolved extreme ultraviolet polarimeter. From the analysis of the polarization state, the ellipsom-
etry indicated that both the amplitude and phase of the high-harmonic dipole scale rapidly with the driving laser field
for higher-order harmonics, and, especially, for gases with a small ionization potential. Our experimental results were
corroborated by theoretical simulations. Our findings revealed a novel high-harmonic ellipsometry technique that can
be used for the next generation of high-harmonic spectroscopy and attosecond metrology studies because of its ability
to provide single-digit attosecond accuracy. Our work also paves the way to precisely quantify the strong-field dynamics
of fundamental processes associated with the transfer of energy and angular momentum between electron/spin systems
and the symmetry-dependent properties of molecules and materials. © 2021 Optical Society of America under the terms of

theOSAOpen Access Publishing Agreement

https://doi.org/10.1364/OPTICA.413531

1. INTRODUCTION

High-order harmonic generation (HHG), first observed in 1987
[1], describes a frequency upconversion technique in which an
intense driving laser is focused into an atomic, molecular, or
solid target. As a result of the laser–matter interaction, harmonic
frequencies of the driving laser are emitted at the attosecond time
scale. HHG in atomic gases can be intuitively understood as a
sequence of three steps [2,3]: (i) tunnel ionization of the target,
creating an electronic wave packet in the continuum; (ii) acceler-
ation of the electronic wave packet by the strong laser field; and
(iii) recombination of the electronic wave packet with the parent
ion, with the emission of an attosecond burst of extreme ultravi-
olet (EUV) coherent light. At the core of the HHG process is the
coherent nature of the electronic wave-packet dynamics driven by
the intense laser field [4], able to produce a highly coherent beam
of high-frequency harmonics of the fundamental field. HHG thus

provides a tabletop ultrashort source of EUV/x-ray radiation emit-
ted at the attosecond time scale, which has enabled a wide range
of applications, such as for studying ultrafast molecular dissocia-
tion [5], for characterizing nanoscale heat flow [6], for following
element-specific dynamics in magnetic materials [7,8], and for
high-resolution coherent imaging [9,10]. Moreover, HHG can
also be driven in molecular or solid targets, in which the emitted
EUV radiation encodes unique information about the electronic
and geometric arrangements of the radiating molecules or solid
systems. This gives rise to self-probing schemes that allow the
performance of molecular tomography [11,12], chirality assign-
ment [13–15], and retrieval of the electronic band structure in
solids [16].

Remarkably, the quantum wave-packet dynamics leave a
unique signature in the phase of the emitted HHG radiation,
the so-called dipole phase [17], which influences the wavefront
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[18,19], spectrum [20], and pulse duration of the emitted attosec-
ond radiation [21]. Intriguingly, the dipole phase is sensitive to the
laser field, enabling applications of direct E -field reconstruction
[22,23] and light-assisted phase-matching of HHG [24,25]. As
a consequence, precise measurements can extract quantitative
information about the absolute dipole response—both amplitude
and phase—that is essential to explain the quantum dynamics of
the HHG process and to advance attosecond science.

Currently, the characterization of the high-harmonic dipole
response has followed two main approaches: spectroscopy and
interferometry. Spectroscopic methods are based on the spectral
modulation of HHG as a function of the driving laser intensity,
attributed to the interference between short- and long-quantum
paths [26–28]. However, a strong quantum path dependence
of the spectrum and wavefront might affect the fringe visibility
[29,30]. Thus, the spectral phase information is not fully retrieved
from the measured HHG spectra. Interferometric techniques
make use of two separate HHG sources interfering with each other,
but this approach is also challenging because undesirable mechani-
cal vibrations strongly influence the stability of the fringes [31].
Furthermore, one must devote extreme attention to avoid non-
linear effects in the transmission elements (e.g., the beam splitter,
polarizer, wave plate, and vacuum window) when designing the
interferometer because any laser-induced change of the refraction
index can unbalance two interferometric arms, resulting in a fringe
shift [32]. For instance, when two driving fields pass through the
same fused-silica window (of thickness 1 mm), a 1µJ energy differ-
ence between them is enough to induce an effective path difference
of 2 nm (corresponding to a temporal shift of ≈6.6 as in time)
because of the self-phase-modulation effect (assuming a beam size
of diameter 1 mm and a pulse duration of 30 fs). Additionally,
in HHG experiments, one must account for the macroscopic
phase-matching picture, in which the radiation emitted from
many—trillions of—single emitters at the target are coherently
combined. The differences in the properties of emission radiated
at each single atom, which depend strongly on the driving beam
mode, might hinder the investigation of the quantum wave-packet
dynamics. Thus, extracting accurate information about the dipole
response taking place in each emitter remains challenging.

Very recently, we found that the high-order harmonic (HH)
dipole phase is a key element that enables the polarization control
of attosecond pulses in noncollinear HHG geometry [33]. These
results, which provide a unique control rule over the ellipticity of
EUV radiation, also establish a strong link between the HH dipole
phase and HH polarization, motivating the use of ellipsometry
as a novel technique to characterize the HH dipole response. In
the late 19th century, Drude first used the phase shift induced
between mutually perpendicular components of polarized light
to measure the film thickness, which could be considered the
birth of ellipsometry. Currently, ellipsometry is one of the most
precise and accurate measurement tools and has been widely used
in diverse applications such as thin-film characterization, surface
molecular imaging, ion-sensing engineering, and integrated circuit
technology [34,35]. However, its application in the EUV regime is
challenging because of absorption limitations.

In this work, we introduce HH ellipsometry to unveil the
complicated dipole dynamics of HHG through the polarization
properties of EUV harmonics. Our findings reveal that the single-
atom response in HHG, dominated by the short-quantum path,
is the primary mechanism behind polarization control when the

driving field is arranged in a noncollinear geometry. This allows us
to circumvent the macroscopic picture and to use HH ellipsom-
etry to quantify both the amplitude and phase of the HH dipole,
tailored by the fundamental driving field. By adding a diffraction
element into our EUV polarimeter [see Fig. 1(a) and Supplement
1, Section 1], we can fully resolve the polarization state (the helic-
ity, ellipticity, tilt angle, and degree of polarization) for every
high-harmonic order simultaneously. To the best of our knowl-
edge, this is the first all-optical energy-resolved EUV polarimeter
in the EUV field, differing from previously published EUV polar-
imeter and polarizer work—in which only monochromatic light
was measured [33,35,36] or only an upper bound of the ellipticity
was provided without knowing the helicity [37,38], and molecular
polarimetry [39,40]—which requires a detailed knowledge of the
light–molecule interaction.

We show that the polarization control scaling rule found in
[33] (εEUV ∝ ε

σ
IR, where εEUV and εIR are the ellipticity of the

EUV high-harmonics and infrared (IR) driving field, respectively,
and σ is the ellipticity scaling coefficient) depends on not only
the harmonic order but also the gaseous species. The ellipticity
scaling coefficient σ becomes much larger for higher-order har-
monics, especially in atoms of a large atomic number (Z) with a
small ionization potential. Ellipsometry retrieval quantitatively
shows that the polarization control scaling depends on the effec-
tive order of nonlinearity of the high-order harmonics (qeff) and
on the intensity-dependent dipole phase coefficient (α), which
varies substantially with harmonic order and atomic elements.
Remarkably, this study also shows that the power scaling of HHG
is highly influenced by the dipole phase. The variation of the dipole
phase induced by any inhomogeneity in the driving laser consid-
erably limits the attainable EUV flux and harmonic order. The
homogeneity of the driving field becomes essential to achieve high
HHG brightness and to extend harmonic energies toward higher
frequencies.

2. EXPERIMENTAL RESULTS OF HIGH-HARMONIC
ELLIPSOMETRY

We performed HHG in Ar, Kr, and Xe using 35 fs Ti:Sapphire
laser pulses arranged in a noncollinear geometry (see Methods and
Supplement 1, Section 2). To control the polarization of the HH
pulses, two elliptically polarized fundamental beams of the same
ellipticity, but opposite helicity, were noncollinearly focused into a
gas jet, as shown in Fig. 1(a).

We optimized the HHG in the same spectral range in Ar, Kr,
and Xe to directly compare their HH dipole response; Supplement
1 Fig. S3 shows their harmonic spectra. Figure 2 and Supplement
1 Fig. S4 show the HH ellipsometry experimental measurements,
including the helicity, ellipticity (εEUV), tilt angle (τ ), and degree
of polarization of the EUV harmonics driven by fundamental fields
with varied ellipticities (εIR). Our results showed the two counter-
rotating HH beams to be mirror symmetrically tilted with respect
to the major axis of the fundamental beams (y direction), in agree-
ment with the rotational symmetry property of noble gas atoms.
Both τ and εEUV of each harmonic order were scaled disparately,
depending on the gaseous species. The complete harmonic-order-
dependent ellipticity scaling could be approximated as power
relations, as shown in Table 1. When εIR decreased, εEUV decreased
more rapidly for higher-order harmonics, especially in high-Z
atoms. Higher-order harmonics exhibited a larger tilt-angle τ in
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Fig. 1. HH ellipsometry technique is based on interferometry between EEUV·p and EEUV·s . One can obtain the ratio of intensities and phase shift
between EEUV·p and EEUV·s from the tilt-angle τ and ellipticity εEUV of the resultant HHG polarization. (a) Two elliptically polarized fundamental beams
of the same ellipticity (E IR·p/E IR·s = εIR) but opposite helicity are focused into a gas jet noncollinearly. The major axis (brown dashed line) points toward
the y (or s ) direction. In the focal plane, two fundamentals interferingly form local E -field vectors, rotating across direction x . Each location with linearly
oscillating polarization acts as a HH local dipole oscillation (green vectors), which, when superposed, constitute a pair of elliptically polarized EUV beams
in the far field. An energy-resolved polarimeter is developed to measure the ellipticity εEUV and tilt angle τ with respect to direction y (or s ) of the harmonic
emissions. (b) Microscopically, high harmonics are generated through ionization, acceleration, and recombination. Both the amplitude and phase of HHG
on the focal plane are coherently scaled and spatially imprinted by the driving IR vectors. We highlight only two positions—marked in magenta—in which
the dipole is driven by peaks of two perpendicular fundamentals, E IR·p and E IR·s (red lines). EEUV·p/s (blue lines) and θEUV·p/s present the amplitude and
phase response of the dipole driven by E IR·p/s ; θ̃EUV·p/s presents the phase shift in the far field from the coherent sum of all HH vectors projected to the
p and s polarizations, respectively.

Table 1. Ellipticity Relation between εEUV and εIR,
Extracted from Fig. 2(b)

Gas
23.3 eV 26.4 eV 29.5 eV 32.6 eV
ε15th ε17th ε19th ε21st

Ar ∝ ε2.2
IR ∝ ε2.8

IR ∝ ε4.0
IR ∝ ε5.8

IR

Kr ∝ ε2.5
IR ∝ ε4.0

IR ∝ ε5.3
IR ∝ ε8.3

IR

Xe ∝ ε5.3
IR ∝ ε10.2

IR ∝ ε13.5
IR

Ar and Kr than in Xe, the reason being that there was a much more
rapid amplitude decrease in the x direction in Xe. All these phe-
nomena are associated with the harmonic dipole response—that
is, the amplitude and phase of the high-order harmonics scale with
the laser field—as explained in detail in the discussion section.

To disentangle the microscopic and macroscopic nature of
the HH ellipsometry results, we performed two additional exper-
iments. First, we measured the HH yield as a function of the
backing pressure, as shown in Supplement 1, Section 4 and Fig. S6.
The results clearly show that the yield of every order of HHG in
Ar, Kr, and Xe exhibited a quadratic dependence on pressure,
indicating that plasma effects did not influence the propagation of
the driving fields. Second, we showed that the polarization state of
the high-order harmonics did not depend on the backing pressure
of the gas jet (Supplement 1 Fig. S7). Accordingly, we concluded
that the polarization control in the noncollinear geometry was
not related to the propagation of the IR effect in the generating
medium; the single-atom response itself was thus responsible for
shaping the polarization properties of the high-order harmonics.
In the following section, we reveal the relationship between the
polarization scaling of HHG and its complex dipole response.

3. RETRIEVAL OF HIGH-HARMONIC DIPOLE
RESPONSE FROM ELLIPSOMETRY

Straightforwardly, ellipsometry can determine the sign of the HH
phase change using the tilt direction. In Fig. 2(a), all orientations of
the right-handed circularly polarized harmonics tilt counterclock-
wise with respect to the major axis of the fundamental beams (y
direction), whereas the left-handed circularly polarized harmonics
tilt clockwise. This effect can be explained in terms of the weight
of the s and p components of the local E -field at the focal plane,
as depicted in Fig. 1(b). If E IR·s is stronger than E IR·p , the induced
dipole phase advance (negative sign) of θEUV·s − θEUV·p on the
focal plane makes ϕEUV = π/2− |θ̃EUV·s − θ̃EUV·p |<π/2,
resulting in a positive tilt angle τ in the far field, as defined and
marked in Fig. 1(a).

To retrieve quantitative information of the atomic dipole
response from an HH ellipsometry measurement, we applied the
thin-slab model (TSM), based on strong-field assumptions about
the nature of the produced harmonics, which are known to provide
satisfactorily qualitative results for HHG in a thin gas-jet configu-
ration [18,19,41–43] (also described in Supplement 1, Sections
6–7). The local q order HH emission in the x and y directions at
time t can be described by

EEUV·x (x , y , 0, t)∝ IIR(x , y , t)
qeff

2 e i[qωIRt−IIR(x ,y ,t)α]

×
E IR·x (x , y , 0, t)
√

IIR(x , y , t)
x̂ , (1)
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EEUV·y (x , y , 0, t)∝ IIR(x , y , t)
qeff

2 e i[qωIRt−IIR(x ,y ,t)α]

×
E IR·y (x , y , 0, t)
√

IIR(x , y , t)
ŷ , (2)

where ωIR is the IR angular frequency, E IR·x (x , y , 0, t)
and E IR·y (x , y , 0, t) represent structured IR in the focal
plane toward the x and y directions, respectively, and
IIR(x , y , t) ∝ |E IR·x (x , y , 0, t)|2 + |E IR·y (x , y , 0, t)|2 rep-
resents the local intensity (details are presented in the Methods
section). Equations (1) and (2) are based on the dipole response
of the q -order harmonic as a function of the laser field having
the form EEUV(IIR)∝ Aq (IIR)exp[iθq (IIR)], which can be

well approximated as EEUV(IIR)∝ I qeff/2
IR exp[−i IIRα], where

Aq (IIR)∼= I qeff/2
IR is the amplitude of the q -order harmonic, qeff

is an effective order of nonlinearity, and θq (IIR)∼=−IIRα is the
phase of the q -order harmonic. The phase shift is approximately
proportional to the local intensity and has been theoretically and
experimentally validated [17,23,31]. The leading negative sign
indicates that an increased driving intensity advances the HHG
phase, which agrees with the tilt angle direction observed in Fig. 2.
The coefficient α depends strongly on the quantum path followed
by the electronic wave packet during the HHG process—that
is, the type (short or long), peak intensity and frequency of the
driving field, harmonic order, and gaseous species. We noted that
the HHG emission was dominated by the short-quantum path
contribution in this study of polarization control, as discussed in
Supplement 1, Section 7.

The state of polarization of high-order harmonics in the far
field was obtained through the coherent sum of Eqs. (1) and
(2) for s and p polarizations at the focal plane, based on the
Huygens–Fresnel principle [41,42,44,45], which results in two
main diffraction EUV beams. The polarization characteristics
of the helicity, ellipticity εEUV, and tilt angle τ are determined by
how the EUV vector [sum of Eqs. (1) and (2)] rotates as a function
of time t . Consequently, the microscopic parameters qeff and α
can be directly extracted through the measured EUV ellipticity
εEUV and tilt angle τ . Using two-dimensional range queries for the
minimum deviations (see Supplement 1 Section 5, Figs. S9 and
S10), the effective scaling parameters in amplitude and phase, qeff

andα, were obtained by fitting all observations of εEUV and τ from
Fig. 2. The statistics of all retrieved qeff andα are shown in Fig. 3. It
should be emphasized that all polarization measurements of HHG
were extracted to have a similar characterization response in qeff

and α in the same HH target, validating our TSM-based retrieval
model.

4. DISCUSSION

Our polarization control scheme differs significantly from those in
the literature, in which interferometry of two-color counterrotat-
ing beams [40,47] or two attosecond pulses [48,49] were applied.
The resulting polarization provided by these two approaches—
characterized by εEUV and τ—can be extremely sensitive to a delay
between the two arms of the interferometer. The degree p of the
HHG polarization can also deteriorate due to the instability of
the interferometer. Compared to the two-color counterrotating

(a) (b) (c)

Fig. 2. Polarization scaling of HHG in Ar, Kr, and Xe. (a) The experimentally observed polarization states of HHG EUV (green lines for Ar, blue lines for
Kr, and red lines for Xe) when driven by εIR = 0.9 IR (yellow area with blask dashes) are depicted in the polar plots. Outputs (b) εEUV and (c) τ versus varied
εIR. The color gradient shows varied harmonic order q . The uncertainties (standard deviation) are derived from five individual measurements.
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(a) (b)

Fig. 3. Dipole response information extracted from HH ellipsometry. (a) Power scaling, qeff versus harmonic order q , extracted from Ar (green), Kr
(blue), and Xe (red). Green stars represent the calculated qeff in Ar obtained from quantum strong-field approximation (SFA) theory, as described in [42]
and Supplement 1, Section 6. This calculation uses a peak intensity, 1.2× 1014 W/cm2, less than the 2.8× 1014 W/cm2 applied in HH ellipsometry.
(b) Phase-intensity slope α versus harmonic order q . Light strips mark α calculated from the semiclassical model (as indicated in [46]), using intensities
70% and 80% of their average peak intensities. The use of a reduced intensity in our simulations is attributed to nonuniformities at the experimental focus,
and to remain in the tunneling regime.

scheme [40], in which p ranges from 0.4 to 0.85, and τ is unstable,
we observed a high degree of polarization p in a range between
0.8 and 1 (see Supplement 1 Fig. S4). With no locking system
for active stabilization of the path between two IR beams, the
uncertainty of τ was only≈1.5◦, as shown in Fig. 2(c), indicating
that the timing jitter between EEUV·s and EEUV·p was≈3 as. Such
excellent stability arises because our scheme is based on a transient
polarization grating induced by two driving fields. Calculations
show that the phase fluctuation between the two arms could easily
alter the IR interference on the focal plane, but barely alter εEUV

and τ of the EUV beams in the far field. Hence, our interferometry
performs as an inline interferometer [32], in which the instability
between two arms is negligible. The observed fluctuation is likely
attributed to the power instability≈1% of the driving laser as both
the amplitude and phase of the HHG are coupled with the IR
intensity.

Further insight was obtained by comparison with a semiclassical
calculation [46,50]. The electronic dynamics in the three-step
model can be approximated by integrating the classical equations
of motion given by Newton’s law. In the tunneling regime, one can
assume that the ionization depends on only the instantaneous value
of the electromagnetic field; immediately after ionization, the elec-
tron is located at the coordinate origin with zero velocity. Another
assumption of this model is that the dynamics subsequent to ion-
ization correspond to a classical free electron in the electromagnetic
field, thus neglecting the influence of the Coulomb potential.
Figure 4 shows the recollision kinetic energy of the electrons as a
function of ionization time ti (brown curves) and recollision time
tr (black curves). The phase of the harmonic emission depends not
only on the phase of the fundamental field, but also on the par-
ticular quantum path followed by the electron. Our calculations
reveal that HHG phase θEUV exhibits a piecewise-linear depend-
ence on the electron excursion time tr − ti ; the phase difference
|θEUV·p − θEUV·s | is approximately linearly proportional to the

intensity difference, 1IIR = IIR·s − IIR·p , in agreement with our
ellipsometry observations in Supplement 1 Fig. S11.

Figure 3 shows that α increases as a function of the harmonic
order q . This is understandable because the quantum path that
requires a greater kinetic energy would ionize earlier at ti and
recombine later at tr , as shown in Fig. 4. In such a case, a greater
value of the quantum phase accumulates in the process of ioniza-
tion, acceleration, and recombination. Moreover, for the same

Fig. 4. Comparison of quantum paths of HHG in s and p polariza-
tions. Output HH energy q~ωIR is the sum of ionization potential Ip

and kinetic energy (KE) gained from the driving IR field (red lines). KE
just before recombination is depicted as a function of time of ionization ti

(brown curves) and recombination tr (black curves) with a semiclassical
calculation. The driving IR field is normalized to the field amplitude in
s -polarization E IR.s . Since E IR.p (light red line) is weak with less pon-
dermotive energy (U p), to keep the same output energy q~ωIR—i.e., to
obtain the same KE—an electron takes a longer excursion time in the
continuum with an earlier ti and a later tr . As a result, there is a phase lag
in EEUV·p (light blue line) with respect to EEUV·s (blue line) because more
quantum phase is accumulated through the interference (green lines)
between the external and internal quantum paths (QP).
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harmonic order q , a larger α is also observed in a noble gas of large
Z—the reason being that output energy q~ωIR is the sum of ion-
ization energy Ip overcome by the laser pulse and the kinetic energy
gained from the electric force of the following field. Because Ip is
smaller in a noble gas of large Z, more kinetic energy is required to
maintain the same output energy q~ωIR. Electrons thus undergo
a longer excursion period in the continuum, resulting in a larger
HHG phase. The HHG phase dependent on Ip has also been
observed in other findings in a mixed gas [51], and in 2-as pulse
interference [52].

The semiclassical three-step model can also obtain α through
an action integral over the electron trajectory [46], but such a
calculation is based on a single-atom picture. For HHG driven
with a Gaussian focus, many single emitters are excited with varied
intensities. The interference effect should be considered when
performing a coherent sum over all emitters. Two α curves using
70% and 80% of the average peak intensities are calculated and
shown in Fig. 3(b) (their average peak intensities, (IIR·s + IIR·p)/2,
are listed in Supplement 1, Table S1). In Ar, α extracted from ellip-
sometry measurements shows quantitatively good agreement with
that obtained from a semiclassical calculation, which indicates that
the experimental α could be accurately estimated using 80% of
the average peak intensity. Interestingly, in Kr and Xe, the slope
of α obtained from ellipsometry measurements was flatter than
that derived from a semiclassical calculation. Such a discrepancy
between the theory and experimental results can be understood
to be due to a strong variation in the beam size of HHG versus
harmonic order in gases with a small ionization potential, as qeff

varies significantly [see Fig. 3(a)]. When HHG is driven with a
Gaussian beam, higher-order harmonics with a larger qeff tend to
be generated nearer the center of the focus, at which the intensity
is greater on average. Consequently, α should become smaller, as
discussed in the preceding paragraph.

Moreover, Fig. 3(a) clearly shows that qeff becomes larger in a
large-Z gas. This phenomenon could be due to the tunnel ioniza-
tion yield, as the single-atom yield of HHG is proportional to the
ionization probability. A comparison of the ionization fraction of
Ar, Kr, and Xe using the Ammosov–Delone–Krainov ionization
model can be found as a function of time for a 35 fs duration pulse
[53]. In a gas with a smaller ionization potential, there is a more
rapid change in the fraction of ionization due to the variation
of fundamental pulses—which implies that atoms with a small
ionization potential have a large effective order of nonlinearity
qeff. Generally, a large quantum phase shift between the s and p
polarization tends to enlarge the tilt angle τ , but in Xe, a much
more rapid amplitude drop in p polarization leads to a small tilt-
angle τ in higher-order harmonics, contrary to the τ behavior in
Ar and Kr, as shown in Fig. 2. In short, qeff also influences the tilt
angle τ . HH ellipsometry can thus decouple and quantify the scal-
ing of amplitude and phase with an accuracy of a few attoseconds,
which differs markedly from other HH spectroscopic techniques
[15,26–28,31,53]–55.

Finally, our HH ellipsometry results were validated using an
alternative HHG experiment driven by a linearly polarized IR
beam. Figure 5 shows a comparison of the HHG yield as a func-
tion of the driving laser intensity in Ar, Kr, and Xe. In Ar, the flux
of all harmonics grew exponentially under a small IR intensity,
whereas it saturated at a large intensity because of the depletion of
neutral atoms, limiting the amplitude of single-atom emission. In
Kr, the flux scaling of the low-order harmonics behaved similarly
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Fig. 5. Comparison of HHG yield as a function of driving laser inten-
sity in (a) Ar, (b) Kr, and (c) Xe. The harmonic with a large phase-intensity
slope α, observed in Fig. 3, also behaves more weakly and grows almost
linearly with IR intensity because of the strong EUV phase variation
induced by the transverse and longitudinal inhomogeneity of the IR
beam. Dotted lines indicate the minimum peak intensity to generate the
q -order harmonic. Dashed lines mark the peak intensity of 3.6× 1014,
2.35× 1014, and 1.4× 1014 W/cm2 for Ar, Kr, and Xe, respectively,
that produces 50% ionization after a 35-fs IR laser field based on the
Ammosov–Delone–Krainov ionization model [53].

to that in Ar, whereas the growth of the higher-order harmonics
decreased gradually, becoming linearly proportional to the driving
laser intensity in harmonic order 23. Such linear growth behavior
occurred more significantly in Xe, for which—by comparison to
the same harmonic order—the power scaling became more linear
in large Z atoms in every order. It should be noted that all observed
power scalings in these three gases exhibited no dependence on the
backing pressure, indicating no propagation effect of IR that might
have influenced the HH yield. Remarkably, these results agreed
well with α, observed from the HH ellipsometry. The harmonic
with a large phase-intensity slope α, as shown in Fig. 3(b), behaved
much more weakly, growing almost linearly with the IR intensity.
The power scaling of HHG became limited by a strong EUV phase
variation induced by the intensity inhomogeneity of the driving
IR in higher-order harmonics and in a gas with a small ionization
potential, especially when α > 10 deg./(1013 W/cm2). It should
also be emphasized that the power scaling of the single-atom
response (qeff) cannot be directly extracted from this yield-growth
measurement, since it cannot correctly retrieve the single-atom
response of HHG. Lastly, it is also interesting to note that, despite
the phase of each HHG emitter varying widely in Xe, we still
observed a large degree of polarization, p ∼= 0.9, based on the
polarimeter measurement, indicating that the wavefront of HHG
was still stable and coherent.

https://doi.org/10.6084/m9.figshare.13955801
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5. CONCLUSIONS

We demonstrated that polarization control and characterization
of HHG in a noncollinear geometry provides an excellent ellip-
sometry tool able to unveil the quantum dynamics of HH samples
under intense laser fields. Our polarization control scheme was
based on a transient polarization grating induced by two funda-
mental fields, being insensitive to the path fluctuation between
the two arms of the driving fields and demonstrating excellent
stability and single-digit attosecond accuracy. HH ellipsometry
can measure two parameters—the ratio of intensities and phase
difference information—compared with the single parameter
of regular HH spectroscopic techniques, that is, only intensity
without phase. Both the amplitude and phase of the HH dipole
were precisely characterized using HH ellipsometry, carrying
detailed information about the evolution of an ionized electronic
wave packet. This study also clearly demonstrated how the ampli-
tude and phase of the nonperturbative HH dipole influenced the
power scaling of HHG and the achievable HH energy. Prospective
future applications of HH ellipsometry should allow us to pre-
cisely quantify quantum dynamics, ultrafast chirality changes, and
circular dichroism in HHG samples, as well as to enable critical
comparisons with theory. This work also motivates future work
to drive HH ellipsometry with structured light having tailored
angular momentum and chiral properties [43,56], in which the
most rapid transfer of energy and angular momentum in atoms,
chiral molecules, 2D, and magnetic materials can be quantitatively
resolved.

6. METHODS

A. Polarization Control of HHG in a Noncollinear
Geometry

The pulse energies of the two IR arms were carefully tuned to be
identical—that is, 130, 120, and 100 µJ for the Ar, Kr, and Xe
gas jets, respectively. The average peak intensity of the crossing
beam on the focal plane, (IIR·s + IIR·p)/2, was estimated to be
2.82× 1014, 2.6× 1014, and 2.16× 1014 W/cm2, respectively
(details of driving IR fields are shown in Supplement 1, Table S1).
The tilt angle of the major axes of the driving pulses was carefully
aligned toward the y direction. Each driving electric field thus
consisted of two perpendicular components with an amplitude
ratio and ellipticity E IR·p/E IR·s = εIR, and phase shift ϕIR = π/2.
At the focal plane, the combination of the two noncollinear driving
fields resulted in local linearly polarized E -field vectors, of which
the direction rotated along the x axis. Each local linearly polarized
IR field produced linearly polarized HH emission in the near
field, which, upon propagation into the far field, led to a pair of
elliptically polarized EUV beams. The ellipticity εEUV of the HH
pulses—that is, the ratio of the minor axis with respect to the major
axis of elliptically polarized light, and tilt angle τ of the major
axis with respect to the y direction—were controlled with the
fundamental ellipticity εIR, while maintaining a good beam profile
(Supplement 1, Section S3), as well as an upconversion efficiency.

B. Structured IR Light on the Focal Plane

We consider two identical elliptically polarized IR driving beams
with equal ellipticity but opposite helicity [see Fig. 1(a)], given by

E IR·R (x , y , z, t)= E0
−iεIR p̂ + ŝ
√

1+ εIR
2

× exp [−ikz cos ξ + ikx sin ξ + iωIRt] ,
(3)

E IR·L (x , y , z, t)= E0
iεIR p̂ + ŝ
√

1+ εIR
2

× exp [−ikz cos ξ − ikx sin ξ + iωIRt] ,
(4)

where E IR·R (E IR·L ) represents the right-handed (left-handed)
elliptically polarized IR field, E0 is the field amplitude, k = 2π/λIR

is the fundamental wave vector,λIR is the wavelength of the driving
laser, ωIR is the IR angular frequency, and ξ is the half-crossing
angle between the two fundamental laser beams. As the non-
collinear angle is small in the experiment (ξ = 20.9 mrad), ŷ = ŝ
and x̂ = p̂ cos(ξ)∼= p̂ , considering a Gaussian intensity distri-
bution (with beam waist ω0), the electric field at the focal plane
(z= 0) can be written as

E focus(x , y , 0, t)∝ E IR·R(x , y , 0, t)+ E IR·L(x , y , 0, t)

= 2E0
e
−

(
x2
+y 2

ω2
o

)
+iωIRt√

(1+ εIR
2)

×
[
εIR sin(kx sin ξ)x̂ + cos(kx sin ξ) ŷ

]
= E IR·x (x , y , 0, t)x̂ + E IR·y (x , y , 0, t) ŷ ,

(5)

in which

E IR·x (x , y , 0, t)= 2E0
εIR sin(kx sin ξ)√(

1+ ε2
IR

) e
−

(
x2
+y 2

ω2
o

)
+iωIRt

, (6)

and

E IR·y (x , y , 0, t)= 2E0
cos(kx sin ξ)√
(1+ ε2

IR)

e
−

(
x2
+y 2

ω2
o

)
+iωIRt

. (7)

One calculated snapshot of the IR E -field vector distribution
is shown in Supplement 1 Fig. S8. For the retrieval, the IR laser
amplitude E0, focal beam waist ω0, half-crossing angle ξ , and
ellipticity εIR were calibrated experimentally, and then used as an
input for Eqs. (1) and (2).
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