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Abstract: High-order harmonics driven by phase- and polarization-structured femtosecond
pulses are unique sources of the extreme ultraviolet vortex and vector beams, which have various
applications. Here, we report the generation of intense high-order harmonics during propagation
of the polarization-structured vector beams (radially polarized beam, azimuthally polarized beam,
and their superposition) through the laser-induced plasmas (In, C, CdS, Zns, Ag2S). Low-order
harmonics became stronger with radially polarized and azimuthally polarized driving beams
compared with the linearly polarized beams, which is explained on the basis of phase matching
and specific properties of vector beams. Contrary to that, the resonance-enhanced harmonic
generated in the indium plasma in the case of radially polarized and azimuthally polarized beams
was twice weaker compared with the harmonic generated by the LP beam due to modification in
the resonant transition selection rules leading to a decrease of the oscillator strength of ionic
transitions. Harmonic cut-off and intensity in the case of superposition of the radially and
azimuthally polarized beams were lesser compared with the cases of the individual (radially
polarized and azimuthally polarized) beams.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Coherent extreme ultraviolet light sources are proven to be the useful tools for the investigation of
the structural and dynamical properties of matter [1–3]. The extreme ultraviolet sources based on
the high-order harmonics generation (HHG) have many attractive characteristics like ultrashort
pulse duration, exceptional coherence, tabletop sizes, broad bandwidth, and wide tunability as
compared with other sources like X-ray lasers, synchrotron, and free-electron lasers. Intense
harmonics are crucial for attosecond science. However, the efficiency of HHG is restricted by the
absorbance of harmonics in the generating media and the phase mismatch between the harmonics
and fundamental laser field. To overpass this obstacle, several methods like quasi-phase matching,
resonance-induced enhancement, and multiparticle media applications have been proposed to
generate intense harmonics with higher cut-off energy [4–15].
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In recent years, the attention has been increased to generate high-order harmonics having dif-
ferent ellipticities of polarization, especially harmonics with phase and polarization singularities,
which is expected to be useful for probing magnetic materials, extreme ultraviolet lithography,
ultrafast diffraction imaging, and controlling the orbital angular momentum dichroism of materials
etc. [16–19]. Usually, two methods are used for the generation and manipulation of polarization
properties of extreme ultraviolet beams: (i) X-ray optics is used to manipulate the generated
extreme ultraviolet radiation, and (ii) optical schemes are employed to modulate the emission and
obtain structured extreme ultraviolet beams. However, the first method is extremely inefficient,
since it requires high-quality X-ray optics and is limited to the narrow bandwidth.

HHG is a highly non-perbutative process. Hence, an efficient way to modify and/or control
the polarization of extreme ultraviolet beams generated via HHG is by using the driving pulses
of varying polarization (i.e. second method). However, the harmonic intensity decreases with
the growth of the ellipticity of driving pulses polarization, and its value almost entirely drops in
the case of circular polarized driving pulses due to the drastic decrease of the cross-section of
recombination of the accelerated electrons with its parent ion. This limitation is circumvented
for generating extreme ultraviolet beams with various polarization singularities by using bi-
chromatic counter-rotating circularly polarized fields, two color collinear orthogonally polarized,
non-collinear single color counter-rotating circularly polarized driving pulses, etc. [20–26].
These techniques use complicated experimental schemes. Alternatively, the high-order harmonics
with circular polarization are produced using spatially structured driving pulses by employing
liquid crystals [27]. This scheme produces intense and high-cut-off harmonics compared to the
time-structured driving pulses because of higher fraction of fundamental pulse energy is utilized
for HHG. Additionally, this approach allows maintaining the precise control over the spatial
properties of harmonics.

The effect of spatially- and polarization-variable driving pulses on the intensity and polarization
of generated high-order harmonics is reported in Refs. [28] and [29]. It was demonstrated that
the circularly polarized even and odd harmonics can be produced in the gas medium by varying
the beam waist of the tightly focused radially polarized (RP) driving beam. The tightly focused
RP beams generated intense harmonics compared to the azimuthally polarized (AP) and spiral
polarized beams. Moreover, harmonics with non-zero angular momentum (i.e., optical vortices)
are generated using the non-uniform spatial beams. Hence, the driving pulses with spatially
variable polarization (i.e., vector beams) can be useful to generate and control the harmonics of
varying polarization representing the elliptical, circular, vector, and vortex extreme ultraviolet
beams.

Recently, argon gas and fused silica were used for HHG experiments to generate RP and
AP extreme ultraviolet beams [30,31]. Meanwhile, the lower-order harmonic yields from
gases and solids are smaller compared to the high-order harmonics produced in laser-induced
plasmas. The conversion efficiencies of high-order harmonics and resonant harmonic produced
from laser-induced plasmas reached 10−5 and 10−4, respectively [9,32]. Many aforementioned
applications require the high intense structured extreme ultraviolet beams. Recently, intense
harmonics carrying orbital angular momentum (i.e., harmonic vortices) were produced from
laser-induced plasmas using the vortex fundamental beams [33]. Alternatively, one can assume
that laser-induced plasmas can serve as a medium to generate high flux extreme ultraviolet vector
beams via HHG driven by vector laser pulses, which allows the study of the effect of vector
driving pulses on the harmonic yield and cut-off.

In this paper, we utilize the vector beams to generate intense harmonics from laser-induced
plasmas produced on the surfaces of different targets (cadmium sulfide, carbon, and indium).
We study the variation of harmonic yield and cut-off by controlling the polarization of vector
beams (RP, AP, and their superposition), as well as evaluate these parameters with the driving
pulses having time-variant polarization. The efficiency of harmonic yield and cut-off from



Research Article Vol. 30, No. 10 / 9 May 2022 / Optics Express 17082

the aforementioned ablated materials is analyzed by modulating the ellipticity of the driving
pulses. These studies based on the application of vector driving pulses for HHG in laser-induced
plasmas demonstrate the path to achieve intense extreme ultraviolet vector beams for applications
in different fields like laser machining, particle acceleration, microscopy, and spectroscopy
[18,34–36].

2. Experimental schematic

The experimental layout of HHG in laser-induced plasmas is shown in Fig. 1(a). The femtosecond
(fs) pulses from Spitfire Ace laser (Spectra-Physics; 800 nm, 40 fs, 1 kHz) were used as heating
pulses and driving pulses in the experiment. The heating pulses were focused on the target
using a 300 mm spherical focal lens to create laser-induced plasmas. The driving pulses were
delayed with respect to heating pulse by 73 ns using the optical delay line, which is sufficient
to observe high-order harmonics from the laser-plasma. The driving pulses after delay line
propagate through the polarizer (not shown in Fig. 1(a)) to allow only a specific polarization, i.e.
p- polarized light.

Fig. 1. (a) Experimental setup for high-order harmonics generation. DP: driving pulses;
HP: heating pulses; L1,2: focusing lenses for HP and DP, respectively; TC: target chamber;
T: target; LP: laser plasma; S: slit; DPC: differential pump chamber; XUVS: extreme
ultraviolet spectrometer; CM: cylindrical gold-coated mirror; FFG: flat-field grating; MCP:
micro-channel plate; CCD: CCD camera; S-plate: S-wave plate; HWP: half-wave plate;
Delay: optical delay line. (b) Various states of light polarization using S-wave plate across
the beam cross section. (i) Radial polarization (RP), (iv) Azimuthal polarization (AP),
(ii) and (iii) The superposition’s of RP and AP. (c) CCD images of (i) linear polarized
(LP) Gaussian laser beam, (ii) RP, (iii) AP light at 800 nm, and (iv) AP light at 266 nm
(third harmonic of 800 nm radiation). (d) 2d color plots of harmonic spectra showing the
influence of the driving pulse polarization on the harmonic intensity and cut off obtained
from the carbon plasma (EP: elliptical polarization, RP(M/L)+AP(L/M): laser polarization
superposition’s having more radial and less azimuthal components and vice versa.

The different states of polarization were obtained by propagating the P-polarized light through
the combination of half-wave plate and S-waveplate (RPC-0800-06, Altechna) designed for the
800 nm wavelength. The S-waveplate converts linearly polarized (LP) light into RP and AP
when polarization is parallel and perpendicular to the optical axis of the plate, respectively. The
corresponding polarization states are shown in Figs. 1(b)[(i) and (iv)]. When light polarization
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direction has another angle with respect to the waveplate axis (i.e. 30° and 60°), it allows creating
a combination of RP+AP light as illustrated in Figs. 1(b)[(ii) and (iii)] [37]. The obtained state
of polarization shown in Fig. 1(b)[(ii)] has more radial components as compared to azimuthal
ones. The vice versa condition is shown in the case of Fig. 1(b)[(iii)]. Notice that the percentage
of minority components in each superposition is the same.

These polarization states of driving pulses were used to generate high-order harmonics by
propagating through different laser-induced plasmas. Heating pulse created laser-induced plasmas
while driving pulses generated high-order harmonics by focusing inside the laser plasma from
the orthogonal direction using a 500 mm focal length spherical lens. The target position was
varied with respect to the optical axis of driving pulses to achieve the maximal harmonic yield.
We narrowed our driving pulses down to the diameter of S-waveplate (6 mm), which allowed
enhancing the harmonic yield [38].

The harmonics were analyzed in the extreme ultraviolet spectrometer, which consisted of
a gold-coated cylindrical mirror, a 1200 lines/mm flat field grating with variable line spacing
(Hitachi), a microchannel plate (Hamamatsu), and a CCD camera. The signal present on
the microchannel plate phosphor screen was imaged by a CCD camera (Thorlabs) to acquire
information on the harmonic intensity and spectral distribution along the extreme ultraviolet
region.

Cadmium sulfide (CdS), zinc sulfide (ZnS), silver sulfide (Ag2S), carbon (C), and indium (In)
(all Sigma-Aldrich) were used as the targets for laser-induced plasmas formation and generation
of high-order harmonics. We analyzed the effect of state of polarization, as well as the influence
of driving pulses ellipticity, on the harmonic intensity and cut-off order using a quarter-wave
plate (not shown in Fig. 1(a)). Figures 1(c) (i), (ii), and (iii) show the images of LP, RP, and
AP laser beams at λ=800 nm obtained using S-waveplate, while (iv) shows the image of the
third harmonic (λ=266 nm) produced in air by AP 800 nm pulses detected using CCD camera.
The two-dimensional color plots of high-order harmonics generated from C as the functions of
laser polarization are presented in Fig. 1(d). The analysis of these extreme ultraviolet spectra is
described in the next section.

3. Results and discussion

3.1. HHG using vector beams

In the HHG process, the electron leaves the parent atom by gaining the energy from the driving
pulses. Subsequently, it accelerates and recombines with the parent ion, while converting the
gained energy into high-order harmonics. The emitted harmonic intensity and cut-off are strongly
affected by the fundamental pulse polarization. The generated intense harmonics having various
polarizations like spatially inhomogeneous polarization are a useful source for imaging and
spectroscopic studies. The light beams with spatially inhomogeneous polarization are called
vector beams. At each point of beam cross-section, the electric field polarization is linear and its
vector has spatial dependence (i.e. oriented in different directions) as in Fig. 1(b). RP, AP, and
their combinations represent different polarization states of vector beams.

As it was mentioned, RP and AP beams have applications in different fields [18,34–36]. These
vector beams can generate intense second, third, and higher-order harmonics due to their peculiar
electromagnetic properties [28–30,39–41]. One can anticipate the generation of higher-order
harmonics from laser-induced plasmas using such beams. This assumption motivated us to
perform the HHG experiments to generate intense coherent extreme ultraviolet radiation driven
with AP and RP beams, as well as their superposition, in the case when C, CdS, and In are used
as the target materials for laser-induced plasmas formation. We applied the In and C plasmas
to study the effect of heterogeneous polarization on the resonant harmonic and overall set of
high-order harmonics, respectively. We also studied the CdS plasma to reveal the impact of
different vector beams on harmonic generation. In semiconductors, HHG spectroscopy unveils
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the effect of resonance phenomenon on some harmonic orders and the clusters influence on
harmonic yield [41]. Here we study CdS plasma to reveal the impact of vector beams on harmonic
generation. Notice that this is the first report on high-order harmonics emission from the CdS
laser-induced plasmas produced on the bulk target.

In our HHG experiments, the heating pulse and driving pulses intensities in the focal planes
were 1×1015 W/cm2 and 4.7×1014 W/cm2, respectively. The heating pulse was defocused with
respect to the target surfaces to decrease the probability of craters formation. The threshold
intensity of laser required to ionize the electron from the nucleus is determined as barrier
suppression intensity and defined as 3.8×109 IP

4/Z2, where IP is the ionization potential and Z is
the ionic atomic number. The IP of neutral atoms (and singly-charged ions) of C, CdS and In
are 11.25 eV (24.38 eV), 7.26 eV (15.62 eV for Cd+) and 5.79 eV (18.86 eV), respectively. C has
the highest IP among the selected targets and the calculated barrier suppression intensities for
C and C+ are determined to be ∼6×1013 W/cm2 and ∼3.5×1014 W/cm2, which are lower than
the employed laser intensities during HHG experiments. Therefore, the used driving pulses are
sufficient to produce harmonics from the neutrals and ions contained in laser-induced plasmas.

The high-order harmonics spectra from the aforementioned LIPs are depicted in Fig. 2. The
harmonic cut-offs from In, CdS, and C laser-induced plasmas are extended up to 33H (51.1 eV),
25H (38.7 eV) and 25H (38.7 eV) respectively with LP driving pulses. The observed plateau
regions of harmonics for CdS, In, and C laser-induced plasmas were 11H-17H, 17H-23H, and
13H-17H, respectively. The generated harmonic cut-offs from laser-induced plasmas of C and
In are consistent with previously reported results [33,42]. The harmonic cut-off from CdS is
similar to C whereas its harmonic yield is larger with regard to C and In laser-induced plasmas
except resonant harmonic in the latter case. Therefore, CdS semiconductor can be considered as
a promising material for intense harmonic generation, which might be due to the influence of
nonlinear optical properties of sulfide ion present in CdS [43].

Fig. 2. Harmonics generation from different plasmas using different polarization states
of the driving pulses. (a) C plasma. (b) CdS plasma. (c) In plasma. ε corresponds
to the laser ellipticity. LP: linear polarization, AP: azimuthal polarization, RP: radial
polarization, RP(M/L)+AP(L/M): superposition of laser polarizations having more radial
and less azimuthal components and vice versa

Figures 2(a) and 2(b) show the harmonic spectra from C and CdS plasmas at different state of
polarizations of driving pulses. As it was mentioned, the 2D color plots of harmonic spectra
from C are depicted in Fig. 1(d) for better viewing of the divergence and respective intensities of
high-order harmonics for different state of polarizations. The generated low-order harmonics
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(9H-13H) using vector beams (RP and AP) are stronger compared to those produced by LP
driving pulses. Below we analyze this effect in the frames of the phase-matching conditions.

Phase matching is one of the factors responsible for harmonic enhancement. Macroscopically,
the harmonic efficiency depends on the interference of harmonics emitted from every atomic
and ionic source. The constructive or destructive interference of harmonics depends on the
harmonic phase. Quantitatively, the phase-matching depends on the length along which the
emitted harmonics phases are identical, which will interfere constructively leading to harmonic
enhancement. The phase matching can occur among the harmonics emitted from the atoms
positioned in parallel and perpendicular polarizations with respect to the driving pulses propagation
axis. The lengths along which harmonic phases are identical in perpendicular and parallel
directions to the field axis are called transverse (Lr

⊥) and longitudinal (Lr
II) coherence lengths of

harmonic r, which give rise to transverse and longitudinal phase-matching, respectively. They
are defined as [38]

Lr
⊥ = π/∆kr

⊥ (1)

Lr
| | = π/∆kr

| | (2)

∆kr
| | ≈

rω
c
[η(rω) − η(ω)] +

∂ξ(z)
∂z
+ αr
∂I
∂z

(3)

∆kr
⊥ ≈

rω
c
[−η(ω)]

ρ

R(z)
+ αr

∂I
∂ρ

(4)

Here r is the harmonic order and R(z) is the radius of curvature of the laser beam. The ∆kr
⊥ or | | are the transverse or longitudinal phase mismatches, which depend on the Gouy phase (ξ),
refractive index (η), the absorption coefficient of the medium at the specific harmonic order (αr),
intensity (I), and frequency (ω) of driving pulses. ρ and z represent the directions parallel and
perpendicular to the driving pulses propagation axis, respectively. If considering the same laser
parameters in vector and LP beams, longitudinal phase mismatch depends only on the Gouy
phaseξ. The latter parameter is negligible for pure vector beams and selected laser parameters
for LP beam [38,44].

Our laser parameters did not coincide with the properties of the fundamental beam specified in
those studies. As a result, the effect of ξ is considerable in the case of the harmonics driven by
LP Gaussian beams, which leads to phase mismatch. On one hand, in low density gases, the
refractive index effects in HHG can be neglected. On other hand, the plasma densities from
solids are considered high compared to gases, hence the refractive index can play important role
in HHG. The heating pulse intensities utilized in our experiments are identical at the various
polarization states of the driving pulses. Therefore, the effect of the refractive index on HHG is
similar in our comparative studies using different polarization states. Overall, the negligible ξ in
RP and AP beams leads to better longitudinal phase matching resulting in enhanced harmonic
yields in the case of those beams compared with LP beam.

The transversal phase mismatch depends on the transversal phase (first term in Eq. (4)) and
intrinsic phase (∼αrI). The intrinsic phase depends on the laser parameters, which were identical
in HHG studies with various polarized driving pulses. Transversal phase polarity (i.e. sign)
depends on R, which is approximately the same for vector and LP beams. However, transversal
phase mismatch contribution is negligible in the case of the vector beams having electric field
vectors at the same/constant phase across the beam cross-section. The quantum numerical
simulations of HHG driven by vector beams resulting in 5 times enhanced harmonic efficiency
compared to LP beams, which was attributed to the transverse phase matching, are presented
in Ref. [30]. They concluded that the effective source volume available with vector beams is
greater than in the case of the Gaussian mode. Thus, the stronger harmonic generation with AP
and RP beams as compared to LP beams can be attributed to greater longitudinal and transverse



Research Article Vol. 30, No. 10 / 9 May 2022 / Optics Express 17086

phase matching due to the negligible Gouy phase variations, minimal transverse mismatch, and
greater effective source volume.

Harmonic cut-offs from In, CdS, and C laser-induced plasmas in the case of the AP and RP
beams are extended to 21H (32.5 eV), 19H (29.45 eV) and 17H (26.3 eV), respectively. Thus, the
cut-off energies are reduced in the case of radial and azimuthal polarization of laser radiation as
compared to LP beams. According to the cut-off law, the maximum harmonic cut-off energy
Ec = Ip+ 3.17 Up where Ip is the ionization potential of generating medium and Up is the
ponderomotive potential defined as Up = 9.33×10−14 Iλ2 [W cm−2 µm−2]. Correspondingly,
harmonic cut-off depends on laser intensity (I) at focus and wavelength (λ) of driving pulses.
Hence, identical intensities must be used for comparative studies. Notice that the vector beams
need 2.7 times larger energy compared with the LP Gaussian beam to have the same peak intensity
[30].

The used AR-coated S-waveplate, in accordance with the specification of the manufacturer,
has very large (>99%) transmission at 800 nm. So the experiments with and without S-waveplate
were carried out at approximately similar energies of the laser beams interacting with the
laser-induced plasmas. There could be the difference in the intensities of the focused Gaussian
and doughnut-like beams used in the case of waveplate-free experiments and application of
waveplate, respectively. It is hard to distinguish a difference in the intensities of the focused
radiation of different intensity distribution. By any means the intensity of the focused beam
after propagation of the S-waveplate was not larger than the one of the focused Gaussian beam.
Even at these, to some extent, less favorable conditions, the harmonic yield in the former case
was larger compared with the latter case. This assumption confirms the advanced properties
of the used vector beams. The reduced cut-offs with AP and RP beams might be attributed to
the difference in the effective focused driving pulses intensities compared to LP light and the
explanation given above [30].

Although the observed lower-order (9H) harmonic intensity with AP and RP beams is
approximately 1.5- 2 times larger compared to LP beams (Fig. 3(a)), the observed intensity rate
is less compared to the numerical estimates reported in [30]. The difference in numerical [30]
and our experimental results might be related to the different intensities of focused LP, AP, and
RP beams.

Fig. 3. Dependence of the 9H yield on the driving pulse polarization for different
materials. (a) LP: linear polarization, AP: azimuthal polarization, RP: radial polarization.
(b) RP(M/L)+AP(L/M): superposition of laser polarizations having more (M) radial and
less (L) azimuthal components and vice versa.

Notice that the harmonic bandwidth is larger with RP and AP driving pulses compared with
LP beams (Figs. 1(d) and 2). Overall, the AP and RP beams produced intense coherent extreme
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ultraviolet beams with a wider bandwidth. The latter feature can lead to the smaller pulse width
of generated harmonics.

The bar diagrams in Fig. 3(a) represent the 9H yield produced from C, CdS, ZnS, Ag2S, and
In plasmas by irradiating with AP, RP, and LP driving pulses. Table 1 comprises the harmonic
intensity ratios of AP/LP and RP/LP driving pulses in the case of different laser-induced plasmas.

Table 1. 9th to 13th harmonic intensity ratios in the case of the AP, RP, and LP driving
pulses propagating through the laser-induced plasmas of various materials (AP:

azimuthal polarization, RP: radial polarization, LP: linear polarization)

Sample LP/LP Harmonic intensity RP/LP Harmonic intensity AP/LP Harmonic intensity

9th 11th 13th 9th 11th 13th 9th 11th 13th

Carbon 1 1 1 2.5 1.9 2.1 2.2 1.8 2.1

CdS 1 1 1 1.4 1.6 1.4 1.4 1.4 1.3

ZnS 1 1 1 1.4 2.1 1.4 1.1 2.0 1.3

Ag2S 1 1 1 2.2 1.2 0.9 2.0 1.3 0.7

In 1 1 1 2.0 0.8 0.5 1.2 0.7 0.5

3.2. Resonance harmonic generation using vector and LP beams

The generation of narrowband intense single extreme ultraviolet wavelength via HHG has
promising applications in the fields like imaging (i.e. with nanoscale resolutions) and spectroscopy.
The specific extreme ultraviolet harmonic filters/gratings are needed to isolate the individual
harmonics from the harmonic bunch generated by HHG. Alternatively, the resonant harmonic
generation from laser-induced plasmas during HHG bypasses, to some extent, the necessity in
filtering/separation. The resonant harmonic generation is well explained using the four-step
model, wherein ejected and subsequently accelerated electron is trapped into an autoionizing state
of ion and then decayed into the ground state while emitting the resonant harmonic. laser-induced
plasmas containing In II ion allows the generation of a resonant harmonic close to the 62.1 nm
(∼19.92 eV), which corresponds to the radiative transition (4d10 5s2 1S0 - 4d9 5s2 5p (2D) 1P1)
possessing large oscillator strength (gf = 1.11). Furthermore, resonant harmonic efficiency is
notably higher than the efficiency of other neighboring harmonics [6].

Higher harmonics are generated by an atomic dipole or atomic transitions in the presence of
intense laser field i.e. by electric field - atomic interactions. The harmonic generation is affected
by electric dipole interaction which depends on the orientation of electric field with respect to
atomic dipole, thus affecting the strengths and selection rules of transition. Therefore, spatially
or temporally varying light polarization modifies the atomic transitions, which affects the higher
harmonics.

In addition, it is well known that the vector beams have distinctive properties that alter the way
of interaction with matter compared to the spatially homogenous beams. Our aim was to study
the effect of vector beams on the resonant radiative transition by interacting with the indium
laser-induced plasmas allowing the emission of resonant harmonic. The spectra of harmonics
obtained from In plasma at various state of polarization of driving pulses are shown in Fig. 2(c).
The employed 800 nm driving laser wavelength generates an intense 13th harmonic at ∼ 61.5 nm,
i.e. close to the strong ionic transition of In II. The resonant harmonic generated with the LP
beam was ∼10 times stronger compared to the 9H and 17H. In addition, resonant harmonic
intensity with LP driving pulses was approximately two times higher compared with the case
when we used the AP and RP driving pulses. Thus our study showed that the application of
vector beams resulted in less intense resonant harmonic, which indicates that those beams affect
the spectroscopic properties of atoms and ions during laser-matter interaction.
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The interaction of AP and RP beams with matter results in an alternation of the selection
rules of transitions, which subsequently affects the electron movement in the atom leading
to the increase of the probability of the transitions between the forbidden states [45–49]. It
was clearly demonstrated in [47,49] that vector structured light excites the dipole forbidden
modes of nano-oligomers and gold nanoparticle dimers by optical transitions having particularly
modified transition selection rules. In addition, results of [46] also proved that RP and AP
light excitation results in different selection rules, which lead to spin-flip transitions like spin-
position entanglement and spin current injection in quantum dots. The monolayers of WSe2 2D
semiconductors generated the structured light from its spin-forbidden dark excitons [47].

Hence, the decreased resonance harmonic intensity can be attributed to the modification in the
selection rules affected by spatially variable polarization of vector beams, which may reduce the
gf of resonance transition from the autoionizing state to the ground state. HHG with vortex beams
carrying topological charge 1, which produced ∼50% reduced resonant harmonic intensity, was
reported in [33]. They also interpreted this effect as a result of reduction of the oscillator strength
of the transition responsible for the harmonic enhancement by modification in the selection rules
of transition. In contrast, RP and AP beams generated intense 9H harmonic from In plasma with
regard to the LP driving pulses, which was attributed to the enhanced phase matching, similarly
to the CdS and C laser-induced plasmas cases (Figs. 2(c) and 3(a)).

3.3. Application of superposition of AP and RP beams for HHG in laser-induced
plasmas

The illumination of materials with AP and RP superposition excites different modes simultaneously
because of having strong longitudinal components of the magnetic and electric fields, respectively.
The application of AP, RP, and their superposition’s influencing the harmonic intensity and
cut-off produced from C, CdS, and In laser-induced plasmas is shown in Figs. 2(a)–2(c). In the
legends to those figures, AP(M/L)+RP(L/M) represent the superposition having more azimuthal
and less radial components and vice versa respectively (i.e. M refers to more part of component
and L corresponds to less part of component). Harmonic intensities are slightly greater from the
RP beam compared to the AP beam while, as mentioned, harmonic cut-offs in these two cases
are approximately the same, i.e. 17H for C laser-induced plasmas, 19H for CdS laser-induced
plasmas, and 21H for In laser-induced plasmas. The slightly larger yield of harmonics in the case
of the former beam might be due to the presence of the longitudinal electric component in the RP
beam whereas it is zero in the case of the AP beam [50].

In recent reports, the enhanced second and third harmonics were generated using tightly
focused RP beam compared with AP beam, which was explained by the presence of the stronger
longitudinal electric field component in the former case [29,39]. However, in our case, the
harmonic intensity ratios of AP/LP and RP/LP were approximately the same as shown in Table 1.
Hence, one can assume that the AP and RP driving pulses produce bright extreme ultraviolet
beams with approximately equal intensity. Meanwhile, the superposition of vector beams
[AP(M/L)+ RP(L/M)] generates less intense and lower cut-off harmonics compared with LP, RP,
and AP driving pulses (Figs. 1(d), 2, and 3(b)).

The macroscopic description of HHG points out that the harmonic efficiency depends on
the interference of the phases of emitted harmonics from atoms and ions. RP and AP beams
have the radial and azimuthal electric vector directions with π/2 phase difference between them.
Hence, the reduced harmonic intensity with superposition is directly related to different harmonic
interferences having phases orthogonal to each other. However, the superposition having more
radial components generates higher cut-off and stronger extreme ultraviolet beams compared
with the beam polarization having more azimuthal components.

The cut-offs with more radial components are extended up to 11H from C laser-induced
plasmas and 17H from CdS laser-induced plasmas, whereas from more azimuthal components
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those are 9H and 11H from the corresponding laser-induced plasmas. On another hand, the
In laser-induced plasmas generated cut-off up to 13H with more radial components while with
more azimuthal components we observed only resonant harmonic. This result again confirms
that RP beams generate stronger harmonics compared with AP beams due to the presence of
the longitudinal electric field components. Figure 3(b) shows the effect of vector beams and
their superposition on 9H yield emitted from different laser-induced plasmas. The typical values
of various harmonics enhancement ratios (i.e. superposition/RP) from different materials are
presented in Table 2.

Table 2. Harmonic intensity ratios of [RP (M/L) +AP (L/M)]/RP measured in
different laser-induced plasmas

Sample RP/RP intensity Harmonic [RP(M)+AP(L)]/RP [RP(L)+AP(M)]/RP

Harmonic intensity Harmonic intensity

9th 11th 13th 9th 11th 13th 9th 11th 13th

Carbon 1 1 1 0.1 0.04 0 0.07 0.03 0

CdS 1 1 1 0.7 0.07 0.6 0.07 0.02 0

ZnS 1 1 1 0.6 0.5 0.4 0.04 0 0

Ag2S 1 1 1 0.8 0.7 0.4 0.12 0.04 0

In 1 1 1 0.2 0.3 0.6 0 0 0.1

3.4. Effect of driving pulse ellipticity on HHG

The impact of the polarization ellipticity (ε) of driving pulses on harmonic yield and the cut-off
are shown in Figs. 4(a) and 4(b). Generally, the electric field ratio of two mutually perpendicular
polarization components present in light is coined as ε. As depicted from the results shown in
Fig. 4, the harmonic intensity and cut-off decrease with increasing ε due to a decrease in density
of electrons recombining with their parent ions. Meanwhile, as it was mentioned, there is a need
in the generation of stronger harmonics having elliptical polarization. The generation of resonant
harmonic from laser-induced plasmas using the driving pulses with various ε can be considered
as one of the solutions.

The influence of the fundamental pulse ε on the resonant harmonic at 62.2 nm (13H) from In
II is shown in Fig. 4(c). Here we define the threshold ellipticity (εth) as the half-width at the half
maximum of Gaussian fit applied to the particular (i.e. 9H, 11H, etc.) harmonic yield obtained at
different DP ellipticities. It specifies the ε value where the harmonic yield is 50% of the yield
produced with the light having zero ε.

The εth values are decreasing with harmonic order, according to the rules of electron re-collision
in classical mechanics. However, the εth value of resonant harmonic from In laser-induced
plasmas is deviating from the general trend. It shows less rapid decay of harmonic intensity
compared to the rest of the harmonics. Microscopically, the electron recombination during HHG
in the case of the driving pulses having different ellipticities depends on the electron trajectory
and spatial extent of the recombination process. The less rapid decay of resonant harmonic might
be due to the availability of some autoionizing states having larger wave function, which leads
to a higher recombination probability between the returning electron and that state [51]. This
means that the resonant harmonic intensity is decreasing slowly with the increase of driving pulse
ellipticity as compared to the non-resonant harmonic intensity. Thus, the resonant harmonic
intensity becomes higher compared to the non-resonant harmonics with increasing of the driving
pulse ellipticity.

One of the ways to modify or control the polarization of extreme ultraviolet beams generated
via HHG is by using the driving pulses of varying polarization. Particularly, laser ellipticity



Research Article Vol. 30, No. 10 / 9 May 2022 / Optics Express 17090

Fig. 4. (a) Harmonic cut-off and (b) harmonic intensity at different ellipticities (ε) of the
polarization of the driving pulses. (c) Threshold ellipticity (εth) as a function of the harmonic
order generated in different laser-induced plasmas.

allows generating the harmonics with elliptical polarization. However, the change in the ellipticity
of fundamental beam from linear to elliptical or circular polarization drastically affects the
harmonic yield becoming close to zero for the circular polarization due to a significant decrease
of the recombination cross-section of the accelerated electrons with the parent ion. Therefore, the
generating resonant harmonic at various ellipticity values of driving pulses becomes relatively
stronger compared to the non-resonant harmonic.

Recently, the analytical model to reveal the mechanism responsible for the anomalous behavior
of resonant harmonic with ellipticity was reported [52]. This model suggests that the electron
recombining with parent ion after ionization by driving pulses of varying ellipticity is trapped
into the autoionizing at higher probability in the case of the conditions of the resonance harmonic
compared to the non-resonant case and then combines into the ground state. In addition, their
results disclose that the resonant harmonics have polarization of higher ellipticity, which leads to
the generation of the intense elliptically polarized harmonics.

As we underlined, our study provides the way to generate intense 13th resonant harmonic
compared to the non-resonant harmonics while having different ellipticity by shaping the driving
pulse polarization. Thus, modification of ε allows the formation of almost a single (resonant)
harmonic yield during HHG, when other harmonics entirely disappear without the additional
filtering of the coherent XUV output.

4. Conclusions

We generated the intense coherent extreme ultraviolet beams from the laser-induced plasmas
containing CdS, ZnS, Ag2S, C, and In by using the spatially structured polarization of the DPs and
investigated the characteristics of high-order harmonics by modulating the polarization properties
of driving pulses. The RP and AP beams generated ∼ 1.5 to 2 times stronger coherent extreme
ultraviolet emission compared to the LP beams. The harmonic enhancement was attributed to
the increase in transversal and longitudinal phase matching of generating high-order harmonics
with RP and AP beams due to negligible Gouy phase, greater effective source volume, and
minimal transverse mismatch. On the other hand, the resonant harmonic generating in indium
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plasma using RP and AP beams was twice weaker than the one produced by LP light. The
vector beams modify the selection rules of transitions, which reduce the oscillator strength of
resonance transition and lead to reduced resonant harmonic intensity. Further, the AP+RP
superposition’s generated less intense harmonics with regard to AP and RP beams due to the
destructive interference of harmonics having π/2 phase difference. RP beams and superposition
with more radial components produced stronger harmonics compared to their counterparts
(AP beams and superposition with more azimuthal components) due to the presence of the
longitudinal electric field in the former case. Finally, we also demonstrated the effect of DP
ellipticity on harmonic intensity and cut-off. CdS laser-induced plasmas allowed the generation
of stronger harmonics compared with C and In laser-induced plasmas, with the exception of
resonant harmonic in the latter case. The resonant harmonic intensity has less rapid decay
with the growth of ellipticity compared to other harmonics due to the larger wave function of
autoionizing state leading to better recombination with an accelerated electron during HHG.
This experimental work provides a way to use different types of spatially structured laser beam
polarization for HHG in different plasmas, which can find applications in spectroscopy, imaging,
material science, etc.
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