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1.   Control of topological wavefronts of light via 
high-harmonic generation

The ability to control key parameters of laser light, 
such as wavelength (frequency), intensity, phase, 
polarization, and wavefront shape, has led to applica-
tions across diverse fields, including optical commu-
nications, science, industry, and medicine. Recent 
advances in the study of light-matter interactions 
under intense laser irradiation have contributed to 
technologies such as laser processing and wavelength 
conversion. Wavelength conversion is essential for 
generating laser light at desired wavelengths, and at 
NTT Basic Research Laboratories (NTT BRL), we 
are investigating high-harmonic generation (HHG) as 
a type of wavelength conversion.

HHG occurs when an intense femtosecond laser 
pulse*1 is irradiated onto a medium, producing not 
only commonly used second- and third-harmonic 
generation but also much higher-order harmonics 
(integer multiples of the frequency). This phenome-
non underlies the generation of attosecond optical 
pulses, a breakthrough that won the 2023 Nobel Prize 
in Physics [1].

Despite its significance, HHG-related technologies 
are still in their early stages of development. At NTT 

BRL, we have been studying HHG for many years, 
achieving control over fundamental optical parame-
ters such as frequency, intensity, and phase through 
pulse shortening, wavelength extension, and power 
enhancement. Our current goal is to further control 
the remaining key parameters—polarization and 
wavefront—to enable complete manipulation of all 
optical properties of HHG.

At NTT BRL, we focus on circular polarization and 
optical vortices as key properties for characterizing 
laser light’s polarization and wavefront (Fig. 1). Cir-
cular polarization has two helicities (s = −1 or +1), 
representing the fundamental degree of freedom in 
polarization control. The topological charge of light 
describes its spatial mode and is associated with 
orbital angular momentum. While conventional laser 
beams exhibit a Gaussian beam*2 wavefront, it is also 
possible to generate beams with a helical wavefront, 
known as topological light. The topological charge  
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*1	 Intense femtosecond laser pulses: A femtosecond laser pulse is a 
type of laser light that is not continuous but emitted in pulses, 
with each pulse lasting on the order of femtoseconds (one qua-
drillionth of a second, or 10-15 s). The invention of chirped pulse 
amplification, which won the 2018 Nobel Prize in Physics, has 
made it possible to achieve the peak laser intensity required for 
HHG—approximately 1014 W/cm2—using tabletop lasers.
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(l = … −2, −1, 0, 1, 2, …) determines the number and 
direction of wavefront rotations. Optical vortices in 
the visible, infrared, and radio-wave regions have 
been applied to optical multiplexing, microscopic 
spectroscopy, optical tweezers, and laser processing 
[2–5].

If similar wavefront control can be achieved in 
HHG, it would enable wavelength conversion into 
the vacuum and extreme ultraviolet (XUV) regions—
wavelengths that are difficult to produce directly with 
lasers. This could lead to novel applications such as 
nanometer-scale spectroscopy and lithography for 
ultrafine measurement and processing. However, 
controlling light in the XUV range is challenging 
because of the difficulty in fabricating optical compo-
nents for such short wavelengths. Instead of modify-
ing the harmonics after generation, an alternative 
approach is to control the polarization and wavefront 
of the laser before HHG. However, a unified under-
standing of how these properties transform during 
HHG has been lacking due to the complex physics 
involved.

To address this challenge, we successfully demon-
strated simultaneous control of polarization and 
wavefront shape in HHG by leveraging the symme-
try*3 of solid-state crystals (Fig. 2) [6]. We found that 
the conversion rules governing these properties are 
fundamentally dictated by crystal symmetry. This 
discovery establishes a universal principle for pre-
dicting the polarization and wavefront characteristics 
of harmonics generated through solid-state materials, 
marking a significant advancement in fundamental 
optical technology.

2.   Solid-state HHG using symmetry

When controlling the polarization and wavefront 
shape of light generated through wavelength conver-

sion, symmetry provides an effective approach. Sym-
metry refers to the property of a physical system that 
remains unchanged under specific transformations. 
By focusing on dynamical symmetry*4, which char-
acterizes the spatiotemporal structure of both electro-
magnetic waves and solid-state crystals, we can 
achieve HHG while preserving the regularity of 

Fig. 1.   Wavefront of the optical vortex and intensity distribution of the beam cross-section when it hits the screen.
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Fig. 2.   �The generation of high-harmonic light in an optical 
vortex state when circularly polarized light is 
irradiated onto a solid crystal.

HHG

*2	 Gaussian beam: A Gaussian beam is a laser beam with a planar 
wavefront (i.e., non-vortex light), where the intensity gradually 
decreases from the center outward according to a Gaussian func-
tion. This is the typical beam structure of most laser systems.

*3	 Symmetry: Symmetry refers to the property of a physical or 
mathematical system that remains unchanged under specific 
transformations. It plays a crucial role in natural laws and physi-
cal phenomena. For example, if a shape appears identical after 
being rotated by 60°, 90°, 120°, or 180°, it is said to possess rota-
tional symmetry.

*4	 Dynamical symmetry: Dynamical symmetry is a concept useful 
when intense laser light interacts with matter. Under strong laser 
irradiation, the material undergoes significant changes, forming a 
coupled state between light and matter. In this regime, the peri-
odic nature of the laser’s electromagnetic field acts as a time-pe-
riodic external force on the material. The resulting symmetry, 
which combines the temporal periodicity of the laser and spatial 
symmetry of both light and matter, determines the material’s op-
tical response.
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polarization and wavefront shape before and after 
wavelength conversion. While this does not allow for 
complete arbitrary control, it enables the selective 
generation of well-defined optical states such as cir-
cularly polarized light and optical vortices.

Traditionally, gases have been the primary medium 
for generating high-harmonic orders beyond the sec-
ond and third harmonics. However, in gases, indi-
vidual atoms are randomly distributed in space, mak-
ing it impossible to systematically control the polar-
ization or wavefront of the generated harmonics by 
simply changing the gas type. In this study, we used 
solid-state crystals, leveraging their intrinsic symme-
try arising from the regular atomic arrangement to 
control light properties (Fig. 3). The categorized 
symmetry of different solids allows for the selective 
generation of well-defined optical states on the basis 
of simple rules.

The application of crystal symmetry in HHG was 
previously limited to controlling polarization. For 
example, when circularly polarized fundamental light 
is irradiated onto a solid crystal with discrete rota-
tional symmetry, high harmonics of different orders 
(second, third, fourth, etc.) are selectively emitted 
with either left- or right-handed circular polarization, 
determined by the crystal’s rotational symmetry [7]. 
In our study, we extended this principle beyond polar-
ization to include wavefront, demonstrating a new 
degree of control over HHG.

3.   Generation of topological light via circular 
polarization conversion

We devised an optical experimental system that 
enables the simultaneous control of not only circular 
polarization, which is relatively easy to manipulate in 
solid-state HHG, but also optical vortex states. By 
tightly focusing a circularly polarized Gaussian beam 
using a short-focal-length lens onto a thick uniaxial 
crystal*5, we observed the generation of optical vor-
tex components. This process creates a spatially 
structured polarization distribution within the mate-
rial, enabling the formation of unique polarization 
states inside the crystal (Fig. 4). 

The generation of these optical vortex components 
occurs due to birefringence induced by tight focus-
ing. When the beam is tightly focused, certain com-
ponents enter the crystal at an oblique angle relative 
to its thickness, causing them to undergo birefrin-
gence*6. This mechanism allows for the simple gen-
eration of optical vortices without requiring special-
ized optical elements while simultaneously enabling 
HHG within the same solid-state crystal.

A crucial aspect of this process is that the resulting 
electromagnetic field profile exhibits well-defined 
symmetry. Specifically, the combined symmetry of 
polarization, wavefront, and the solid-state crystal 
ensures the simultaneous control of both the polariza-
tion and wavefront of the generated harmonics. This, 
in turn, enables the derivation of a simple conversion 
rule (equation) that defines the relationship between 
polarization, wavefront shape, and harmonic order.

4.   Topological HHG and optical conversion laws

We experimentally demonstrated the control of 
topological HHG using the symmetry of solid-state 
crystals and, for the first time, verified the optical 
conversion rules governing this process. Our obser-
vations confirmed that various wavelengths of light 
generated through HHG exhibit controlled circular 

Fig. 3.   Differences in media for HHG.
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*5	 Uniaxial crystal: A uniaxial crystal is a type of crystal that has a 
unique optical axis along which the refractive index differs from 
that in other directions.

*6	 Birefringence: Birefringence occurs when a material exhibits dif-
ferent refractive indices along two perpendicular directions. This 
causes light traveling through the material to split into two com-
ponents with different polarization states, each propagating at a 
different speed and direction. In our experiment, the optical axis 
of the crystal was aligned along its thickness, resulting in bire-
fringence between the thickness direction and the plane perpen-
dicular to it.
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polarization and optical vortex states. In our experi-
ment, we generated a circularly polarized Gaussian 
beam using an intense infrared femtosecond laser 
with a wavelength of 2500 nm. The beam was tightly 
focused onto a 2-mm-thick uniaxial gallium selenide 
(GaSe) crystal using a 6-mm focal length lens to 
induce HHG (Fig. 5). The emitted harmonics, span-
ning red, orange, and blue wavelengths, were sepa-
rated according to their polarization components. By 
capturing the resulting beams with a camera, we 
analyzed their spatial profiles. The results revealed 
that harmonics of various wavelengths, including red, 
orange, and blue, were generated, and their beam 
shapes depended on both wavelength and polariza-
tion (Fig. 6).

A comparison between tight focusing and loose 

focusing showed significant differences in the spatial 
distribution of infrared polarization within the solid 
crystal, leading to markedly different harmonic beam 
profiles. Under loose focusing, the generated har-
monics followed conventional rules governing har-
monic order and polarization, producing only Gauss-
ian beam profiles. In contrast, tight focusing resulted 
in distinct donut-shaped and windmill-shaped beam 
profiles. The donut shape, observed in the third har-
monic, corresponds to a single optical vortex state, 
whereas the windmill shape, seen in the fourth har-
monic, indicates the simultaneous generation of mul-
tiple optical vortices. These results confirm that tight 
focusing facilitates the transformation of circular 
polarization into optical vortex components, generat-
ing multiple harmonic components with nonzero 

Fig. 4.   The polarization state of light tightly focused onto a solid crystal using a short-focal-length lens.
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Fig. 5.   Optical experimental system for HHG.
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topological charge.
By considering symmetry in our experimental 

setup, we derived a simple equation governing the 
transformation of optical angular momentum in 
HHG:

Jm = mJ1 + nQ,

where m represents the harmonic order, n is the rota-
tional symmetry index of the crystal, Q is an integer, 
and Jm = sm + lm denotes the total angular momentum, 
with sm representing helicity and lm representing 
topological charge. This equation, which can be 
regarded as a conservation rule for total optical angu-
lar momentum, indicates that the angular momen-
tum*7 of light remains conserved before and after 
wavelength conversion.

We used right-handed circularly polarized light (s1 
= 1) with a Gaussian beam profile (l1 = 0) as the inci-
dent beam, and the GaSe crystal exhibited threefold 
rotational symmetry in the beam cross-section (n = 3). 
Under these conditions, the total angular momentum 
Jm for each harmonic order was determined within 
the integer range of Q, enabling us to predict the 
polarization state (sm) and topological charge (lm) of 
the harmonics. The experimentally observed spatial 
profiles matched these theoretical predictions exact-
ly, demonstrating successful simultaneous control of 
circular polarization and optical vortex states.

While GaSe was used in this experiment, the 
approach is universally applicable to other solid-state 
crystals. By selecting different crystals or modifying 
the incident beam’s wavefront shape, it is possible to 

adjust n and J1 in the equation, thus precisely control-
ling the polarization direction and topological charge 
of the generated harmonics. This optical conversion 
rule provides a fundamental principle for controlling 
the polarization and wavefront shape of high harmon-
ics, serving as a key theoretical framework for future 
advancements in HHG-based optical manipulation.

5.   Conclusion and future outlook

This study introduced an approach to generating 
topological optical waves through HHG and pre-
sented the world’s first experimental demonstration 
of the fundamental rules governing this process. The 
conversion rule derived from symmetry has broad 
applicability and, under the right conditions, repre-
sents a universal principle that nonlinear optical phe-
nomena should obey. Just as the rule of energy con-
servation, which also arises from symmetry, is a 
fundamental principle governing our physical world, 
the rule we discovered provides a general framework 
for understanding light-conversion processes induced 
by intense laser fields. Applying this principle to the 
control of spatial modes in high-harmonic UV light 
could pave the way for advancements in ultrafast 
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Fig. 6.   �Captured spatial-beam profiles of high-harmonics (showing only the harmonics of one circular polarization 
component) and the conversion rule.

*7	 Angular momentum: In physics, angular momentum quantifies 
the rotational motion of an object or particle. For light, the rota-
tion direction of circular polarization corresponds to spin angular 
momentum (analogous to a particle’s intrinsic spin), while the 
twist of an optical vortex corresponds to orbital angular momen-
tum (analogous to a particle’s orbital motion). The sum of these 
two components is referred to as total angular momentum.
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spectroscopy, lithography, and other cutting-edge 
measurement technologies in the UV regime.

This research was partially supported by the Japan Soci-
ety for the Promotion of Science (JSPS) KAKENHI 
Grant Number 20H05670.
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