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The trans-spectral manipulation of spatio-temporal structured light, characterized by dynamic inhomogeneous
trajectories and a unique nature in the space—time domain, opens myriad possibilities for high-dimensional op-
tical communication in the ultraviolet band. Here, we experimentally demonstrate the high-performance transfer
of the spatio-temporal optical Ferris wheel beam from near-infrared to blue-violet wavelengths. Owing to the
energy conservation and momentum conservation mechanism, the 420 nm output signal beam accurately retains
the spatio-temporal characteristics of the 776 nm input probe optical Ferris wheel beam, facilitated by the 780 nm
Gaussian pump beam. The identical multi-petal intensity profiles confirm the successful transfer of spatial char-
acteristics from the input probe to the output signal beams. The fully synchronized rotation velocities and di-
rections of the probe and signal beams demonstrate the precise transfer of temporal characteristics, achieving
approximately 98% conversion accuracy. This work enables efficient information transfer across different wave-

length bands and offers a promising approach for achieving high-dimensional quantum communication.
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1. INTRODUCTION

Extending physical dimensions of the photons with frequency,
amplitude, phase, and polarization enables a diversity of light-
related applications [1-6]. The introduction of orbital angular
momentum (OAM) with infinite orthogonal modes in the spa-
tial domain extends beyond the transverse plane, enabling the
tailoring of light in three-dimensional fields [7]. Taking a step
further, combining OAM with time enables the sculpting of
spatio-temporal structured light beyond the spatial domain into
a four-dimensional field, paving the way for pioneering research
in high-dimensional quantum communication [8,9].
Spatio-temporal optical Ferris wheel (OFW) beams, charac-
terized by distinct spatial and temporal imprinting, are gener-
ated through the coordinated modulation of the spatial
distribution and temporal variation of two different OAM
modes. Conventional methods for generating and manipulat-
ing spatio-temporal OFW beams typically rely on the linear
optical elements, such as axially symmetric polarization ele-
ments, nested spiral-array plates, vortex phase plates, and spatial
light modulators [10—14]. However, the above optical elements
in the blue—violet wavelength range face several challenges, in-
cluding complex manufacturing processes, specialized material
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requirements, low damage thresholds, and high costs. Trans-
spectral manipulation of spatio-temporal OFW beams, shifting
from one input frequency to an entirely different frequency,
offers a promising solution. This approach can potentially es-
tablish a wavelength bridge, which is crucial for advancing
high-dimensional quantum information processing [15].
Nonlinear frequency conversion facilitates the transfer of
physical dimensions between different wavebands, eliminating
frequency gaps through processes such as harmonic generation,
sum-frequency generation, difference-frequency generation,
and multi-wave mixing [16-21]. Compared with the nonlinear
crystals, the atomic vapor offers unique advantages of flexible
controllability, easily saturated characteristic, and high power
handling capability, making it an increasingly promising can-
didate as a nonlinear medium [22-26]. The phase-matching
capability enabled by energy and momentum conservation en-
sures the successful transfer of phase information associated
with OAM modes in atomic vapor through nonlinear fre-
quency conversion [27-30]. These studies provide robust sup-
port for the transfer of the spatio-temporal OFW beams across
different wavelengths by nonlinear frequency conversion in
atomic vapor. To the best of our knowledge, the experimental
manipulation of spatio-temporal OFW beams via nonlinear
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frequency conversion in an atomic medium has not yet been
explored.

In this work, we experimentally and theoretically demon-
strate the high-performance transfer of spatio-temporal
OFW beams based on nonlinear frequency conversion. The
spatial and temporal characteristics of spatio-temporal OFW
beams are efficiently imprinted from near-infrared (776 nm)
to blue—violet (420 nm) wavelength in a diamond-type energy
level system of 85Rb atoms. The perfectly coincident multi-
petal intensity profiles, with varying topological charge
differences (A/) between the input and output spatio-temporal
OFW beams, confirm the flawless transfer of spatial character-
istics. The isochronous rotation velocities and directions of the
beams verify the precise transfer of temporal characteristics,
which are accurately controlled by the frequency difference
(Af) of the spatio-temporal OFW beams. Our scheme offers
a new possibility for building communication interfaces with
different wavebands in quantum science fields based on atomic
ensembles.

2. EXPERIMENTAL SCHEME

The trans-spectral transfer principle of the spatio-temporal
OFW beam by nonlinear wave mixing is shown in Fig. 1(a).
The 780 nm Gaussian pump and 776 nm spatio-temporal
OFW probe beams are focused by the lens and interact with
8Rb atoms in a co-propagating configuration to excite the
atoms from 5S;,, ground state to 5Ds, excited state by
two-photon absorption. Then, a substantial population inver-
sion on the 5Ds/, - 63, transition is established, leading to
the directional mid-infrared light field at 5233 nm via amplified
spontaneous emission. Finally, the 420 nm signal blue—violet
OFW beam with spatio-temporal characteristic is effectively

generated at the exit end of the Rb vapor in the four-wave mix-
ing (FWM) process. Thus, the transfer of the spatio-temporal
OFW beam is completely achieved from input probe to output
signal beams. The relevant diamond-type energy level system of
8Rb atoms is shown in the inset of Fig. 1(a).

The relevant experimental setup is divided into two parts:
the pulse-to-pulse interferometer and the spatio-temporal
OFW beam transfer, which are demonstrated in Figs. 1(b)
and 1(c), respectively. The laser source is provided by an optical
frequency comb (OFC) system with the comb mode of f, =
nf 1ep T [ ceor Where the repetition frequency £, is 250 MHz,
and the offset frequency f ', is 20 MHz. The Gaussian profile
of OFC system is split into two beams by a half-wave plate
(HWP) and a polarization beam splitter (PBS1). The transmit-
ted beam with horizontal linear polarization is employed as the
reference with f .| = feo- The reflected beam passes through
an acousto-optic modulator (AOM) (AA, MT250-A0.5-800)
with shifted frequency f'yyp which is driven by a signal source
(Rohde & Schwarz, SMB100A) with the frequency accuracy of
1072 and the switching rate of 10 ns. The zeroth-order beam
from AOM is obscured by a beam block (BB), and the first-
order beam is employed with [, = f.., + Af as vertically
linear polarization. The adjustable Af = fyop - f e, With a
wide range from 1072 to 10° Hz is the offset frequency differ-
ence of reflected and transmitted beams, providing precise tem-
poral controllability. The time delayer, composed of a hollow
roof mirror (HRM) and a linear electric translation stage
(Thorlabs, LTS300), allows us to finely tune the optical path
difference and thus leads to a pulse-to-pulse interference be-
tween the reflected and transmitted beams. Finally, the effective
dual-comb beam with Af" is produced by single-mode fiber,
which is exhibited in Fig. 1(b).
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Fig. 1. (a) Principle of the spatio-temporal OFW beam transfer by nonlinear wave mixing. Experimental setup of (b) pulse-to-pulse interferometer
and (c) spatio-temporal OFW beam transfer. OFC, optical frequency comb; M, high-reflection mirror; HWP, half-wave plate; PBS, polarization
beam splitter; AOM, acousto-optic modulator; BB, beam block; HRM, hollow roof mirror; BS, beam splitter; QWP, quarter-wave plate; VWP,

vortex wave plate; L, lens; F, filter; CCD, charge coupled device.
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Figure 1(c) depicts the spatio-temporal OFW beam transfer
process. The effective dual-comb beam with two overlapped
Gaussian profiles is switched to opposite left and right circular

polarizations (6; = -1 and 6, = +1) using a quarter-wave
plate (QWP), respectively. The beams with left and right cir-
cular polarization (/; =0, o, =-1, [, =0, 6, = +1) are

converted into the vortex beams with right and left circular
polarization (/; = -/, 6y = +1, /[, = +/, 6, = -1) by a vor-
tex wave plate (VWP) with topological charge /. The spatio-
temporal OFW beam with periodic rotating point-symmetry
multi-petaled bright spot is generated through the interference
between two vortex beams with the identical intensity and the
opposite / (/; = -/,) at PBS2. The spatial characteristics of the
spatio-temporal OFW beam, with a switching rate of 100 ms,
are determined by the number of bright spots, which corre-
sponds to the topological charge difference A/ = |/, - /5| of
two vortex comb beams. The temporal characteristics are de-
termined by the rotation period of 7 = A//Af. The rotating
angular velocities of the generated spatio-temporal OFW
beams can be achieved in a wide range from 107 to
10° rad/s by adjusting the A/ and Af in our experiment.

Furthermore, the generated probe spatio-temporal OFW
beam with 776 nm and another 780 nm Gaussian pump beam
(TA pro, Toptica) enter a 10 mm x 10 mm x 10 mm thermal
vapor cell through the co-propagating configuration to induce
the FWM process. The vapor is heated to 130°C with the cor-
responding atomic density of approximately 3.47 x 10'* m™
for realizing the optimal frequency conversion efficiency.
The waist of the pump beam inside the vapor cell is approx-
imately 250 pm, while the waist of the probe beam varies from
88 to 117 pm for different A/. The minimum Rayleigh length
exceeds the thickness of the vapor cell, allowing the Gouy phase
matching to be neglected in this FWM process [31]. At the exit
end of the vapor cell, the transmitted pump and probe beams
are blocked with a filter (center wavelength 420 nm, 10 nm
pass band). Finally, a charge coupled device (CCD) is employed
to record the generated 420 nm signal spatio-temporal OFW
beam in the FWM process.

3. THEORY

The optical vortex with helical phase factor exp(i/f) carries
OAM of /i per photon, where / is the topological charge,
and 7 is the reduced Planck constant [32]. The electric field
of optical vortex with zero radial mode number is expressed
as [33]

2

E,(r,0,z) = Aj exp {z’ [/e (z - ZVR) -wt + (p/} } exp(-ig,),
(1)

where 7, 6, and z are the polar coordinates parameters,
A; = VI\/2]7l\(N2r]w)! exp(-r2 /@) is the dimensionless
radial amplitude variation multiplied by the square root of a
beam intensity parameter I, @ = wyy/1 + (z/zz)* is the
beam waist, zp = 7w}/A is the Rayleigh range, R =
2[1 + (2/2zx)?] is the radius of curvature, ® is the angular fre-

quency, @; = (/ + 1) arctan(z/zz) is the Gouy phase, and
@, = 10 is the spatial phase of optical vortex.
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The OFC system is presented as a pulse train with period
T =1/f,, in the time domain, where f ., is the repetition
frequency of the OFC. Due to the medium dispersion effect,
the carrier and envelope of the single pulse have phase deviation
with the time 7 accumulation, which is expressed as carrier
envelope temporal phase ¢ (¢) = 2xf . t, where [ is the
offset frequency. When superimposing the optical vortex on
the OFC, the electric field intensity of vortex comb is
expressed as

2

E.(r,0,2) = A; exp {z’ [k (z - %) -wt + q)l]} exp(-igpy.),

2
where ¢, = 2xf .t + [0 is the spatio-temporal phase. The
high controllability of /.., and / ensures the precise and arbi-
trary manipulation of the spatio-temporal phase.

The interference occurs between two vortex comb beams
with a certain offset frequency difference Af and opposite
topological charges /; = |/,|. As a result, a spatio-temporal
OFW beam with multi-dimensional controllability is gener-
ated, and the beam intensity is determined as

I = 2A43[1 4 cos(2rnA ft + AlD)], (3)

where A/ = |/; - /| is topological charge difference. The spa-
tial characteristic of the beam is determined by the angular dis-
tribution intensity pattern because of the spatial phase
difference (Ag, = A/6). The temporal characteristic of the
beam is characterized by the continuous rotation because of
the temporal phase difference (Ap, = 27A fr).

The spatio-temporal OFW beam transfer essentially in-
volves the frequency conversion of OAM components of
two vortex comb beams:

XD Eg0E776E%y 55 — Esn, (4)

where ¥ is the nonlinear susceptibility and E represents the
involved light fields. Under the restrictions of the OAM
conservation and phase-matching condition, the four light
fields satisfy /750 + [776 = 5233 + ligo and frg0 + f776 =
fs233 + fao-

When a 780 nm pump Gaussian beam (Alsgy =0,
Afg, = 0) and a 776 nm probe spatio-temporal OFW beam
are used to excite the ®Rb 5S1/2 = 5P3/, - 5Ds 5 two-photon
transition, the 420 nm output signal blue—violet field £y, is
generated in the FWM process under collinear beam geometry.
The generation of £ 4, satisfies the conservation of angular mo-
mentum Wlth Al780 + A[776 = Al5233 + Al420 and thC con-
servation of energy with A f5g0 + Af ¢ = Afsyz5 + Af 40-
The Alsys3 =0 and Af',55 = 0 are expected because the
5233 nm mid-infrared field is mainly generated by amplified
spontaneous emission [34]. The obtained A/l ) = Al774 and
Af 40 = Af7 ensure the high-performance consistency of
the spatio-temporal OFW beam transfer from near-infrared
to blue—violet wavelength. Additionally, the generated
420 nm spatio-temporal OFW beams offer advantages such
as spatial resolution on the order of hundreds of nanometers,
temporal accuracy on the order of milliseconds, and a tunable
power dynamic range from microwatts to milliwatts.

Figure 2(a) depicts the theoretical simulated spatial intensity
and phase of the generated 420 nm blue—violet beam when the
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Fig. 2. Theoretical simulation results of generated blue-violet beam by the FWM process. (a) Spatial intensity and phase distribution of blue—

violet beam with A/ = 4, 6, 8, 12, and 18, respectively. (b) Temporal evolution of blue—violet beam azimuthal profile with A/ =

respectively.

4and A/ =6,

topological charge difference A/ of the 776 nm spatio-temporal
OFW beam is 4, 6, 8, 12, and 18, respectively. The intensity
pattern of the 420 nm blue—violet beam carries no net angular
momentum and forms a ring-shaped structure, consisting of A/
point-symmetric petal-like bright spot along the azimuthal co-
ordinate. The number of bright spots is consistent with the
776 nm spatio-temporal OFW beam when the A/ is the same,
indicating that spatial characteristic transfer is achieved success-
fully from 776 nm near-infrared to 420 nm blue—violet wave-
lengths.

Additionally, the temporal characteristic transfer of the spa-
tio-temporal OFW beam is characterized by continuously ro-
tating modulation with the v = 27A f//A/ rotational angular
velocity. Figure 2(b) represents the azimuthal profiles of the
generated 420 nm blue—violet beam with different rotation
time. The rotation time of a beam bright spot from the initial
position to the next position is A//4A f and A//6A f when
the A/ is 4 and 6, respectively, indicating that the beam rotation
period is 7= A//Af. The rotation period of the 420 nm
beam is consistent well with that of the 776 nm beam.
Therefore, the temporal characteristic transfer of the spatio-
temporal OFW beam is effectively implemented from
776 nm near-infrared to 420 nm blue—violet beams in the
FWM process.

4. RESULTS AND DISCUSSION

The intensity profiles of left circularly polarized vortex comb
(LVC) beams with /; =1, 2, 3, 5, 7, and 9 are shown in

Fig. 3(a). These beams all exhibit the spatial ring profiles,
and the radius R, linearly increases with the increase of /
[35]. The right circularly polarized vortex comb (RVC) beams
with /, = -1, -2, -3, -5, -7, and -9 are described in Fig. 3(b).
There is the same profile of vortex comb beams when /; = |/,].
Furthermore, the 776 nm spatio-temporal OFW beams are ob-
tained experimentally by the interference of the above two vor-
tex comb beams with the same laser intensity and opposite
topological charge /; = |/,], which are shown in Fig. 3(c).
The intensity profile of the generated 776 nm spatio-temporal
OFW beams shows plentiful spatial distribution with better
point-symmetry multi-petaled bright spot. The bright spot
numbers m = 2, 4, 6, 10, 14, and 18 are determined by
the / of two vortex comb beams, which is denoted as
m= Al = |/, - ,|. The 780 nm pump Gaussian beam and
the 776 nm probe spatio-temporal OFW beam are used to ex-
cite the $Rb 5S1/2 = 5P3/, - 5Ds , two-photon transition ex-
perimentally. The generated 420 nm signal beams in FWM
process exhibit the same point-symmetry multi-petaled bright
spot and matching radius with 776 nm probe beams at the
same A/, indicating that the spatial characteristic of the spa-
tio-temporal OFW beam is effectively transferred from input
probe to output signal beams. The frequency conversion effi-
ciency of the 420 nm output signal beam is proportional to the
overlap integral of the 780 nm pump beam and the 776 nm
probe beam. Additionally, the spatial structure of the output
signal beam exhibits slight distortions compared to the input
probe beam. This is attributed to variations in phase matching
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Fig. 3. Experimental intensity profiles of the vortex comb beams with different topological charges (a) /;, = 1,2, 3,5,7,and 9 and (b) /, = -1,
-2, -3, -5, -7, and -9, respectively. Spatial distribution of (c) input 776 nm probe spatio-temporal OFW beams and (d) output 420 nm signal
beams with topological charge difference A/ = 2, 4, 6, 10, 14, and 18, respectively.

conditions, nonlinear effects during the FWM process, and ex-
perimental factors.

The temporal characteristic transfer of the spatio-temporal
OFW beam in the FWM process is displayed by the periodic
rotation of probe and signal beams at different A/ and Af.
Figure 4(a) depicts the temporal rotation evolutions of
776 nm probe beam and 420 nm signal beam with rotation
period of 3 s when the A/ = 6 and Af = 2 Hz. The white
arrows indicate the rotation position of a fixed beam bright spot
at different times. It can be found that the probe and signal

beams all preserve its six-petaled spatial pattern with clockwise
rotation synchronously. In addition, the azimuthal angle ¢,
for the beams’” maximum intensity is measured to extract the
rotation velocity with the time evolution. The ¢, of the
probe (red dots) and signal (blue dots) beams as a function
of the rotation time # is shown in Fig. 4(b) when A/ =6
and Af = 2 Hz. The dots represent experimental data, and
the lines are theoretical fitting results by the function of
Pmax = Po + vt, where ¢y is the inital azimuthal angle,
and v is the rotation velocity. The ¢,,,, of probe and signal

1
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Fig. 4. Temporal characteristic transfer of spatio-temporal OFW beam with A/ = 6 when Af = 2 Hz and A f = -2 Hz, respectively. (a) and
(c) show the rotating patterns imaged of 776 nm probe and 420 nm signal beams. (b) and (d) show the azimuthal angle for the beam maximum

intensity . as a function of the rotation time.
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Fig. 5. Rotation velocities of (a) input probe v, and (b) output signal v, beams as a function of A f" with A/ = 2, 4, 6, 10, and 18, respectively.
The dots represent the experimental results, and the lines refer to the theoretical fitting results.

beams increases linearly with the increasing ¢, corresponding to
the v, = 2.09 rad/s of the probe beam and v, = 2.07 rad/s of
the signal beam, respectively.

Furthermore, the temporal characteristic transfer of the spa-
tio-temporal OFW beam is described by the rotation direction
of probe and signal beams. When the A f is positive, the probe
and signal beams are rotated synchronously in the clockwise
direction, which is shown in Fig. 4(a). On the contrary, the
rotating direction of the two beams is counterclockwise with
the negative value of A f [Fig. 4(b)]. Meanwhile, the rotation
velocity of input probe and output signal beams is v, =
-2.08 rad/s and v, =-2.11rad/s with A/ =06 and
A f = -2 Hz, respectively, as shown in Fig. 4(d). The rotating
videos of these two kinds of beams are shown in Visualization 1
and Visualization 2, respectively. These results indicate that the
temporal characteristics of the spatio-temporal OFW beam are
effectively transferred from the input probe to the output signal
beams. Meanwhile, the switching rate of the input probe beam
to the output signal beam, on the order of hundreds of nano-
meters, is primarily determined by the lifetime of Rb atomic
energy levels and phase matching conditions. This rate is theo-
retically limited by natural linewidth of the energy levels and
the interaction time between the laser and the atoms.

The temporal characteristics transfer of the spatio-temporal
OFW beam in the FWM process is quantitatively characterized
by measuring the rotation velocity of probe and signal beams
with different A f and A/. Figure 5(a) shows the rotation veloc-
ity v, of the 776 nm probe spatio-temporal OFW beam as a
function of the Af for A/ = 2, 4, 6, 10, and 18, respectively.
The beam rotates in a counterclockwise direction (v, < 0) with
the negative A f while the beam has a clockwise rotation direc-
tion (yp > 0) when the A f is positive. The absolute value of v,
increases with increasing A f under the constant A/. The ab-
solute value of v, decreases with the increase of A/ when the
A f remains constant. The experimental results and linear fit-
ting results are in good agreement. Additionally, the 420 nm
signal beam variation trend of v, versus A f and A/ is consistent
well with that for the case of a 776 nm probe beam, as shown in
Fig. 5(b). Meanwhile, the temporal characteristic conversion
accuracy of the spatio-temporal OFW beams is kept ~98%

for different A/, which is defined as D =1 —%, where
)

b = UAL;) is the azimuthal angle of signal and probe beams,
vy(p) is the rotation velocity of signal and probe beams, and A
is the offset frequency difference. The conversion accuracy is
compromised when the rotation velocity of the 776 nm probe
beam exceeds the response capacity of the Rb atoms. To sum
up, the spatio-temporal OFW beam transfer from near-infrared
(776 nm) wavelength to blue-violet (420 nm) wavelength in
the FWM process is effectively characterized by the beam spa-
tial profile, rotation velocity, and rotation direction of input
probe and output signal beams.

5. CONCLUSION

In summary, we realize the high-performance trans-spectral
transfer of the spatio-temporal OFW beam with bright
petal-like patterns based on nonlinear wave mixing in a
8Rb atomic medium. The spatial and temporal characteristics
of spatio-temporal OFW beams are successfully converted from
near-infrared wavelength (776 nm) to another completely dif-
ferent wavelength (420 nm). The high-efficiency transfer of
spatial characteristics is demonstrated by the identical multi-
petal intensity profiles of input and output beams when the
Alis 2, 4, 6, 10, 14, and 18, respectively. The high-precision
transfer of temporal characteristics is proved by the synchro-
nous rotation period and direction of input and output beams
with approximately 98% conversion accuracy at different A f°
and A/. The transfer of spatio-temporal OFW beams at differ-
ent wavelengths holds the potential to drive significant ad-
vancements across optical microscopy and imaging, optical
trapping and manipulation, as well as medical and biological
applications.
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