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In this Letter, we explore the intersection of chirality and recently discovered toroidal spatiotemporal

optical vortices (STOVs). We introduce “photonic conchs” theoretically as a new type of toroidal-like state

exhibiting geometrical chirality, and experimentally observe these wave packets with controllable
topological charges. Unlike toroidal STOVs, photonic conchs exhibit unique chirality-related dynamical
evolution in free space and possess an orbital angular momentum correlated with all the dimensions of

space-time. This research deepens our understanding of toroidal light states and potentially advances
various fields by unveiling similar wave phenomena in a broader scope of physics systems, including

acoustics and electronics.

DOI: 10.1103/PhysRevLett.132.153801

Introduction.—Chirality is widespread in nature and
science [1-7], representing broken symmetry where an
object cannot superimpose onto its mirror image via simple
translation or rotation. Chirality has also been observed in
various toroidal systems [8—11], wherein toroidal vortices
emerge as particularly fascinating symmetrical structures
[8-14]. Recently, two optical toroidal vortices have
attracted considerable attention [15,16]. One is the toroidal
light pulse (TLP) [17], visualized as a torus of electric (or
magnetic) field lines [Fig. 1(a)]; however, realizing single-
cycle TLPs in the optical domain remains challenging [15].
Another comes from a spatiotemporal optical vortex
(STOV) [18-27] with its transverse orbital angular momen-
tum (OAM) vector bent into a ring [16] [Fig. 1(b)]. This
ringlike structure—exhibiting a twisting helical phase
around the closed circle—can be quantified by a topologi-
cal charge [16].

However, although toroidal STOVs can be theoretically
derived under anomalous dispersion, their behavior in
vacuum and normal dispersion remains mysterious [16].
Experimentally observing higher-order toroidal STOVs
also poses difficulties. Furthermore, the angle-invariant
distribution of toroidal STOVs suggests no additional
exploitable dimension compared to conventional STOVs,
restricting their applications. Here, we investigate chiral
symmetry breaking in toroidal STOVs. Using inverse
spiral transformation [28] to solve the forward Maxwell
equation (FME) [29,30], we obtain toroidal-like solutions
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possessing geometrical chirality determined by the signs
of their characteristic spiral parameters and topological
charges. These “photonic conchs” with adjustable topo-
logical charges can be generated experimentally and exhibit
chirality-related dynamical evolution. We attribute such
dynamics to quantifiable azimuthal intrinsic dispersion and
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FIG. 1. (a) TLP. (b) Toroidal STOV. (c) Photonic conch. Insets
in (b),(c) show the local field phase (observed by three “observ-
ers”) in three radial-temporal planes marked by black circular
arrows on the left. (d) Symmetry analysis for toroidal STOV and
photonic conch.

© 2024 American Physical Society


https://orcid.org/0000-0002-9419-148X
https://orcid.org/0000-0001-6151-8557
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevLett.132.153801&domain=pdf&date_stamp=2024-04-12
https://doi.org/10.1103/PhysRevLett.132.153801
https://doi.org/10.1103/PhysRevLett.132.153801
https://doi.org/10.1103/PhysRevLett.132.153801
https://doi.org/10.1103/PhysRevLett.132.153801

PHYSICAL REVIEW LETTERS 132, 153801 (2024)

confirm the resulting space-time varying OAM, indicating
that chirality provides a new dimension for tailoring
toroidal states.

Theoretical photonic conch.—We first briefly review the
toroidal STOV investigated by Wan et al. [16], who ob-
tained a spatiotemporal Laguerre -Gauss wave H)acket (one
type of STOV) (7, ¢, & = 0) = (V27 /i) /LY (272 /3)
exp|—(??/W3)] exp(—i¢ ) satisfying the d1mens10nless
wave equation in anomalous dispersion [31] 0*yr/07?
(1/7) (0 /07) + (1/72) (0% /0@?) + 2idjr/0E = 0.  Here,
L|,f| is the Laguerre polynomial, m and £ the radial and
angular mode numbers, # = v%*> + 2 and § = atan(%/%)
the polar coordinates in the ¥ — 7 plane, £ the normalized
propagation distance, and W, the beam waist. Note that “"”
means dimensionless coordinates defined by % = x/x;
and % =t/t,, where x;, and 7, are the spatiotemporal
widths of the wave packet [16]. Then, by adopting log-
polar-to-Cartesian transformation [32] that satisfies &t =
7o exp(—x/b) cos(9/b) and b = Fyexp(—/b)sin(3/bh)
(parameter b translates a 27b length line to a closed circle;
7o is independent of b and determines the circle’s radius),
they obtained a toroidal solution in the & — © plane [16]

(&=0):

. [ (FL—70)* + %2] ” { (FL = 7o) + %2}
v = = eXpl| =52
20 2Z0
) z
X exp [—zfatan(A = ﬂ (1)
rp—rp
Here, 7, = Vii> + 12, %, is a constant, and 7, is the radius

of the toroidal STOV [Fig. 1(b)].

Next, we turn to the photonic conch, beginning with the
FME written in the form of envelope equations without
nonlinear terms [29,30] dy/dz = —(if3,/2)(d*w/07?) +
(i/2By)(0*/0x* + 0% /dy* )y, where y is the complex
envelope of electric field, 7 =1—z/ v, the local time
in a pulse frame (v, is the group velocity), S, =
d"k(®)/do"|,_,, the medium dispersion [k(w) and @,
are the wave number and central angular frequency]. Note
that x, y, and 7 are dimensional coordinates. Spatiotemporal
Bessel (STB) vortex tubes (another type of STOV) along
the y axis represent a solution to FME under anomalous
dispersion (f, < 0):

2
‘i, l\/Zaﬂm |32 —ﬁ}

)

X exp [ifsatan exp(iaz), (2)

where a is a constant, and J_the £-order Bessel function
of the first kind (see detail in Supplemental Material [33]).

We concentrate on STB vortices, given their experimental
synthesizability with higher topological charges £ [27].
Conversely, the spatiotemporal Laguerre-Gauss vortices
generated in recent experiments were limited to lower
topological charges, e.g., £ =1 and 2 [20-23].
Photonic conchs can be obtained by introducing inverse
spiral transformation [28] to STB tubes. Such transforma-
tion maps a line to a spiral with u = ryexp(ay/b + x/b)
cos(y/b—ax/b) and v = ryexp(ay/b+ x/b)sin(y/b
—ax/b). Here, b translates a 2zb length line to a spiral
that exactly wraps around 27, r determines the azimuthal
radius of the spiral, and a is the characteristic spiral
parameter, whose sign determines the direction of the
spiral curve (see detail in Supplemental Material [33]).
The azimuthal angle ¢ in the remapped u — v plane reads

¢ = o+ 2mx

¢ = atan (5) €[-n,7)

m= % In [’;—gexp<—a¢o>H, ()

where r; = Vu? + v%, and the operator | | denotes the
integer part. The photonic conch can be approximately
expressed as (z = 0):

2
‘, = PJLo [\/2(1ﬂ0\/ VJ_ —S¢ ﬂ0ﬂ2‘|

= _S"’T)@ } (4)

Here, S, = ryexp(a¢) is the previously mentioned azimu-
thal radius, and #, is the topological charge, whose sign
depends on the local field phase in each radial-temporal
plane (r, — S, 7) observed clockwise in the u — v plane
[see three “observers” in Fig. 1(c)]. For a =0, Eq. (4)
reduces to a form similar to the toroidal STOV; otherwise,
the field appears conchlike.

Although introducing the u — v —7 space facilitates
understanding the conformal mapping, photonic conchs
represent three-dimensional wave packets existing in real
space, inherently introducing temporal modulation com-
pared to conventional structured lights [41]. To verify the
geometrical chirality, we apply a parity operation P
(u,v,7 —» —u, —v, —7) to the photonic conch [Fig. 1(d)].
Since 7 presents the pulse local time within a pulse frame,
the relative velocity of the photonic conch to the 7 axis
during the 7 — —7 operation is always zero. Combining
with Eq. (3), the first term in Eq. (4) describing the field
amplitude remains (rotated by x), while the second repre-
senting the phase gradient reverses.

According to chirality’s definition, we further apply a
twofold rotation operation C, along the —v/—u/—7 axis

s
X exp { i¢patan
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(where “/” means “or”), and the resulting structure still
cannot overlap with the original [see the case of C, along
the —v axis in Fig. 1(d)]. The combination of P and C,
along the —v/—u/— 7 axis is equivalent to a mirror reflection
6,./6,./6,, vertical to the —v/—u/—7 axis, confirming the
geometrical chirality of photonic conchs. Notably, the
superposition of two beams—pre and postoperations
6,./06,. and 6,,—can be respectively realized by modify-
ing the signs of a and ¢, indicating individually flipping a
or £, reverses chirality while their joint inversion (equiv-
alent to a C,) cannot. More specially, photonic conchs with
a-¢,>0 and a-¢, <0 show opposite chiralities. The
photonic conch also possesses a chiral OAM vector related
to both intensity and phase distributions (see detail in
Supplemental Material [33]). Instead, toroidal STOVs with
a = 0 lack these properties.

Experimental generation of photonic conchs.—To exper-
imentally confirm photonic conchs, we apply a strategy
resembling toroidal STOV generation [Fig. 2(a)] [16]: first,
STB tubes with adjustable topological charges are pro-
duced from Gaussian-like pulses via a 4f pulse shaper
[27,42]; second, we perform inverse spiral transformation
to the STB tubes, using two phase elements according to
ray-optics transformation technology [28,38]. In the second
process, one element transforms STB tubes into spiral-like
beams via propagation of a distance of d, followed by
another that collimates the fields and completes the trans-
formation after additional d propagation.

Notably, the ideal STB vortex is experimentally
unfeasible due to its infinite range along x and z. Instead,
a spatiotemporal Bessel-Gauss (STBG) vortex could
be produced by introducing a Gaussian envelope

(a) Anticlockwise (b)
photonic conch OAM vector
— Vi
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STB vortex 7/ | gy OAM o | 31 gradient
tube ( fs) |y vector 0 24
Nege. oo _, u -, 000 1
x [y phase T $v I E 0
AL, I2000000 gradient 7 S
' 2
3

N €
STB vortex @0/ |5000 e
tube (&) @ >
I
ay <o

N |,
200000
/g

25025250252502525025-‘750

exp{—[x* + (t*/BoB>)]/Ww3} to restrict the beam range,
where w, is the beam waist. These STBG vortices
behave similarly to STB vortices [43,44]. We generate
STBG vortices with £, =35 and 15, using ~800 nm,
~35 fs pulses. Their spatiotemporal bandwidths are set to
Ak, = ~61.5 rad/mm and A1 = ~6 nm, respectively. The
parameters for coordinate transformation are ry, = 2 mm,
2ra = 1.4, 2z = 15.1 mm, and d = 50 mm (see detail in
Supplemental Material [33]).

The spiral-like structures (in the u — » plane) of photonic
conchs—confirmed by the time-integrated intensities in
Figs. 2(b) and 2(c)—are measured at ~50 mm distance
post-transformation (see additional evidence in confirming
the conch structure in Supplemental Material [33]). We
rebuild the three-dimensional profiles using Mach-Zehnder
scanning interferometry [45,46], with the STBG-vortex-
like local field distributions [lower panels in Figs. 2(b) and
2(c)] of the anticlockwise (clockwise) photonic conch
extracted at azimuthal angles ¢ = —80°, —25°,45°, and
105° (¢ = 110°,35°, —30° and —90°). In Fig. 2(a), the
transformation processes also reveal an important relation-
ship: £, = +¢, wherein the sign depends on the bending
direction of the original STB tube (see another example in
Supplemental Material [33]); therefore, the local phases in
Figs. 2(b) and 2(c) show opposite phase gradient directions.
Photonic conchs with a wider-angle range (>2x) could be
achieved via large-size phase devices [47].

Propagation dynamics of photonic conchs in free
space.—Interestingly, photonic conchs exhibit chirality-
related dynamical evolution in free space, evidenced by
their distinct ¢-related states in each local field, indicating
photonic conchs are solutions to FME only in anomalous
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FIG. 2.

(a) Photonic conch generation. (b) Three-dimensional profiles of an anticlockwise photonic conch with #

3250 3.25 3250 3.25 3250 3253250 3.25°

T (ps) T (ps)

» = 5, wherein lower

panels present the local intensity and phase. White dashed boxes in the intensity indicate the regions corresponding to the phase plots.

(¢) Similar to (b) but for a clockwise photonic conch with £, =
radiuses of ry.

—15. Azimuthal angles ¢ = 0° in (b),(c) correspond to the points with
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dispersion. At a specific ¢, the local field behaves like an
STBG vortex, influenced by time diffraction arising from
different transmission phases across its various wavelength
components [18,24]. This effect can be described by a
group dispersion delay model that incorporates an intrinsic
dispersion factor [27] fin ~ y>c/w,, where c is the vacuum
speed of light, y = Ak, /Aw the spatiotemporal bandwidth
ratio (the spatial to temporal bandwidth proportion). By
solving FME, we further uncover a one-to-one correspon-
dence between the material dispersion and the spatio-
temporal bandwidth ratio of a time-diffraction-free STB
vortex, i.e., ¥ =+/—ffy (see detail in Supplemental
Material [33]). This provides a quantitative explanation
for the conventional wisdom that STOVs can exist stably
under anomalous dispersion [48,49].

The chirality-related evolution can be attributed to
azimuthal intrinsic dispersion. Re-examining the inverse
spiral transformation reveals a slight ¢-related change in
the photonic conchs’ spatial width [Fig. 3(a)], which
influences spatiotemporal bandwidth ratios due to the
invariance of the 7z axis during transformation. This also
stems from the pretransformation STBG tube having a
certain spatial width rather than being a widthless line. In
the first loop (¢ € [—=, 7)), the azimuthal intrinsic
dispersion reads (see detail in Supplemental Material [33]):

2
X0

rg 2exp(2aq) exp( a Xo) sinh? (x0>

7(¢) = 3 (5)

where i and 2x, are the intrinsic dispersion and spatial
width of the pretransformation STBG tube. Equation (5)
also indicates toroidal STOVs with a = 0 exhibit azimuth-
independent intrinsic dispersion. Notably, the chirality-
related dynamical evolution here differs from the “dynamic
chirality” describing the chiral light-matter interactions
in Ref. [6].

Because of geometrical chirality, the evolution of pho-
tonic conchs with +a satisfies mirror symmetry in the u — v

\ Theoretical — - — —

Processed 3 f,= 5
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plane; therefore, we investigate anticlockwise photonic
conchs with different topological charges. For the shift
between £, = 5 and —10, Eq. (5) reveals a slight influence
(<1.05%) on the ratio M (¢) /S that is proportional to the
evolution rate. Thus, we only present the results for £, = 5
in Fig. 3(b). Notably, Ain(¢)/n can be effectively modu-
lated by changing the spiral parameter. This control is
intriguing for arelatively small a (e.g., @ = 0.2ay), as fM(¢)
relates linearly to ¢; but for a larger a (e.g., a = 2a), the
control nearly invalids at a larger ¢. Moreover, photonic
conchs with azimuth-independent intrinsic dispersion can
be achieved from spatially customized spatiotemporal tubes
(see detail in Supplemental Material [33]).

As expected, the experiment shows the local fields at
¢ = —80°,0° and 105° exhibit diverse evolutions during
further propagation of 60 mm. For #, = 5 and ¢, = —80°,
the rebuilt profile shows the fastest evolution, with the field
evolving quickly from an STBG vortex to a field with £, + 1
lobes [Fig. 3(c)]. For ¢y =0° and 105°, the evolution
decelerates, corresponding to the decrease in (¢). Since
flipping #, is equivalent to reversing 7 axis, the results for
¢, = —10 are similar to the 7 mirror image of £, =5
[Fig. 3(d)]. However, all local fields maintain a vortexlike
distribution without lobes, indicating higher-order photonic
conchs are less sensitive to time diffraction. The difference
between theoretical and experimental photonic conchs—
reflected in the varying beam divergence angles [green dashed
lines in Figs. 3(c) and 3(d)] at different ¢p—stems from
additional diffraction introduced by ray-optics transformation
and amplified by propagation in the experiment. Never-
theless, the measured divergence angles enable us to estimate
() /B of the generated photonic conchs before propa-
gation, yielding an acceptable agreement with the theory
[Fig. 2(b), see detail in Supplemental Material [33] ]. This
difference might be circumvented by directly generating
photonic conchs using integrated metasurfaces [39,40].

Space-time varying OAM.—Notably, the photonic conch
exhibits space-time varying OAM density due to its

z=0mm z=30mm z=60mm
$=-80° > i 2 1
o JIt { \

) )

¢ =0° i L - 0l
L) { )
)
-5 0 5-5 0 5-5 0 5
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rrs‘, mm)
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o

(a) Principle of the azimuthal intrinsic dispersion. (b) Ratios /j"“‘( P) //}‘m calculated from Eq. (5) and the processed

experimental data. (¢) Local field evolution for the #, = 5 photonic conch. (d) Similar to (c) but for #,, = —10. The green dashed lines in
(c),(d) mark the beam divergence angles at different ¢. Exp.: Experiment.
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t = z/c. (b) Similar to (a) but for 7, = —10.

(b)

a>0,¢=-10

a=0,£4=-10

(0) 60 120 180

(a) Calculated integral OAM value of anticlockwise photonic conch and toroidal STOV with £}, = 5 as a function of ¢ and

changing integral OAM value during evolution. We extend the group dispersion delay model [27] to include the azimuthal
intrinsic dispersion for describing the local field at various ¢ and z:

+00 +o00 i1 aint .
Epocal(rL — 5. 7.2, ¢) = / d(w — ) / Ep (ki 0 — oy, p)edls (@) +h2)(@—w0)2 pilky (ri=sp)~(@0=w0)T] g |

—0o0 [Se]

where k| and w are the spatiotemporal frequencies of local
fields at different ¢, and Efp the corresponding spatio-
temporal spectrum. To characterize the phase gradient, we
calculate the canonical momentum density [50], i.e., (L)
1/eqwo [ x pdV/([ EjcaErocadV), where Ej,, can be
calculated by Eq. (6), &, is the dielectric constant, r is the
position vector, and p is the linear momentum density
related to the phase gradient. We employ the same param-
eters of the pretransformation STBG tubes and coordinate
transformation as those used in the experiment (see
corresponding local field evolutions in Supplemental
Material [33]). As shown in Fig. 4, the OAM evolutions
of photonic conchs with £, = 5 and -10 map to two distinct
hypersurfaces characterized by considerable local OAM
gradients, varying with azimuth angle and global time
t = z/c. Conversely, the toroidal STOVs correspond to
two planes, each with relatively lower and steady OAM
gradients.

Conclusion.—In summary, we demonstrate chiral-
symmetry-broken toroidal wave packets, synthesize such
photonic conchs with controllable topological charges, and
enable the observation of previously neglected toroidal
state dynamics. This also lays the framework for extending
toroidal STOVs via other conformal transformations [51].
Using photonic conchs (or STOVs) for chiral light-matter
interactions remains an exciting and open question. The
Hamiltonian governing STOV-matter interactions might
connect to the topological charge through the electric
quadrupole couplings, similar to longitudinal OAM

(6)

|

beams [52,53]. Additional complexity may arise from
the inherent spin-orbital interaction within STOVs [24],
while the geometrical chirality observed here could offer
extra control. Encoding information into photonic conchs
and selectively coupling with spiral-type antennas may
enhance optical communication capacity [13,54]. Although
transient, photonic conchs may transmit data over set
distances and be reconstructed for long-range communi-
cation using appropriate systems [24,27]. Superposing
them with longitudinal OAM might further improve com-
munication [55]. Regulating their geometrical chirality
could also facilitate the manipulation of microparticles
[56]. As unique wave packets with space-time varying
OAM, photonic conchs have deepened our understanding
of optical OAM, likely driving progress in acoustics,
electronics, and general physics.
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