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Optical vortices are widely explored in quantum optics and communication because of their quantized orbital
angular momentum, especially its applications in the frequency conversion process lay a foundation for
establishing frequency interfaces. However, limited by the spatial mode matching, constructing the frequency
interfaces with uniform conversion efficiency is still a challenge. Here, we propose and demonstrate a frequency
up-conversion of perfect vortex beams for accommodating arbitrary topological charges in a diamond atomic
system of 8°Rb. In this process, the 780 nm, 776 nm and internally generated 5233 nm light fields induce the
420 nm coherent blue light generation. The 776 nm perfect vortex beam with transverse structure-invariance
serves as the signal beam, which leads to the uniform conversion efficiency and is accompanied by orbital
angular momentum transfer of output 420 nm coherent blue light. In addition, in view of the tunable radius
and width, the perfect vortex beams with different transverse sizes are also successfully transferred, which

further increases the encoding flexibility.

1. Introduction

Structured lights [1] with distinct spatial or spatiotemporal prop-
erties [2] are continually advancing the general optics community,
such as optical sensing [3,4], optical micromanipulation [5], quan-
tum information processing [6,7], and light-matter interactions [8,9].
As a typical example, the vortex beams [10] carrying orbital angu-
lar momentum [11] (OAM) have grown into a significant tool in
optical tweezer technology [12,13], high-dimensional quantum entan-
glement [14-16], and super-resolution imaging [17,18]. On the one
hand, the vortex beams are proposed to improve system capacity owing
to theoretically infinite topological charges [19]. On the other hand,
the propagation stability of phase singularities enables them to develop
into robust information carriers, which paves the way for satisfying the
requirements of next-generation optical communication [20].

The transfer and manipulation of OAM via nonlinear frequency
conversion are widely studied for constructing frequency interfaces
of high-dimensional quantum communications [21]. Among various
nonlinear media, alkali atoms have become ideal platforms for imple-
menting OAM transfer, storage, and detection due to the high quantum
efficiency, abundant energy levels, and low light intensity require-
ment [22-24]. In previous researches, the phase structure associated

with OAM is successfully transferred from near-infrared to blue-violet
wavelength through four wave-mixing in Rb atomic vapor [24-27].
The Gouy phase matching and angular momentum conservation dictate
the selection rules of the angular mode number in this process, al-
lowing efficient conversion between radial and azimuthal modes [28].
Furthermore, they also have been applied in high-dimensional entan-
glement protocols and multiplexing, both for classical and quantum
communications [29]. However, the nonuniform conversion efficiency
remains a challenging task due to the significant dependence of spatial
modes, especially for traditional Laguerre-Gaussian beams and Bessel
beams [30]. Recently, the concept of perfect vortices, constraining by
the Dirac-function [31] and exhibiting transverse structure-invariance
for arbitrary topological charges [32], provides a possible solution to
overcome the obstacle of intrinsic spatial mode-dependence. Perfect
vortex beam (PVB) are typically generated by Fourier transforming
Bessel beams, laying the foundation for expanding the applications
of vortex beams [33]. This unique property makes them ideal for
capturing and manipulating microscopic particles. The spontaneous
parametric down-conversion based on PVB has also been experimen-
tally achieved to significantly improve the quality of high-dimensional
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Fig. 1. (a) Relevant energy levels of 3°Rb atoms. (b) The diagram of PVB cross-section. (c) Schematic diagram of the experimental setup. HWP: half-wave plate; PBS: polarization
beam splitter; M: high reflection mirror; SLM: spatial light modulator; L: Lens; BS: beam splitter; DM: dichroic mirror; F: interference filter; CCD: charge-coupled device.

OAM entangled sources. Therefore, the PVB with a topological charge-
independent transverse structure may be one of the best solutions
to realize spatial mode matching. Theoretically, after replacing the
traditional vortex beam with PVB in nonlinear frequency conversion,
the almost same conversion efficiency can be obtained for arbitrary
OAM states [34]. However, there is limited research available on this
specific process, and more in-depth exploration is still necessary [35].

In this work, we experimentally demonstrate the nonlinear fre-
quency up-conversion of PVB based on four wave-mixing (FWM) in
85Rb atoms [36]. The 776 nm signal beam, combining with 780 nm
Gaussian pump and internally generated 5233 nm mid-infrared beams,
induces the FWM process, which results in the 420 nm coherent blue
light(CBL) generation. Firstly, the transverse structures of incident PVB,
represented by radius and width of rings, are compared with con-
ventional Laguerre-Gaussian beam (LGB). The PVB exhibits excellent
transverse structure-invariance, and thus effectively overcome the de-
pendence of parametric process on spatial modes to realize the uniform
conversion efficiency of 420 nm CBL for arbitrary topological charges L.
Furthermore, in view of the flexible tunability of PVB, the frequency up-
conversion with different combinations of radius and width is studied
in detail. The results show that the conversion efficiency is still inde-
pendent of [, which paves the way for establishing continuously tunable
frequency interfaces.

2. Experimental setup

Fig. 1(a) shows the relevant energy levels of $°Rb atoms, consisting
of 58,5, 5P3,, 5Ds), and 6P/, states. The 780 nm and 776 nm
light fields excite ®*Rb atoms from the 55, ground state to the 5D;
excited state, inducing the 5233 nm light generation by amplified
spontaneous emission. Finally, the 420 nm CBL is generated when the
phase matching conditions are met [37,38]. The 780 nm Gaussian beam
and 776 nm PVB serve as the pump and signal beam, respectively.
Notice, The 5233 nm light field is mainly created by amplified spon-
taneous emission then /5533 = 0 is mainly expected. In addition, since
the difference in wavelength between the 5233 nm and 420 nm light
fields, /5,33 = 0 is the most favorable case to get Rayleigh ranges of the
same order of magnitude. Thus, the phase information of 776 nm signal

light field is completely transferred to 420 nm output light field. The
complex amplitude of a perfect vortex beam E is simplified as [39]:

E(r, ) x exp[—(r — ro)z/d2] * exp (—ilp) (@D)]

where (r, ¢)s is the polar coordinate, [ is the topological charge. The
width d is its full width at half maximum, and the radius r is defined as
the interval between the propagation axis and the maximum intensity
position, as shown in Fig. 1(b).

The schematic diagram of experimental setup is shown in Fig. 1(c).
The 780 nm and 776 nm lasers are provided by two tapered amplifier
diode lasers (DLC TA pro, Toptica). In order to eliminate the nonlinear
lens effect of atomic medium, the frequency detuning is set as 4,4, =
—A7;6 = 1.6 GHz [40,41] corresponded to 5S;,(F = 3)-5P;,,(F' =
4)-5D5,(F " = 5) transitions. The spatial mode of 776 nm signal beam
is modulated by complex amplitude modulation technology using a
spatial light modulator (SLM, Hamamatsu). In this experiment, the
phase hologram generated by complex amplitude modulation (CAM)
technique, which simultaneously encodes the amplitude and phase
information. The signal light is reflected at a small angle (<15°) and
the 1-order diffraction is chosen to obtain PVB described by Eq. (1),
while the 780 nm pump beam maintains Gaussian mode. The sig-
nal and pump beams with co-propagating configuration enter into a
2 cm long Rb vapor cell, which is housed in a u-metal to shield
stray magnetic field [42]. The temperature is precisely keeping at
130 °C by a self-feedback system, corresponding atomic density is about
3.56 x 10'3cm=3. The powers of pump and signal beams are 60 mW
and 10 mW respectively. The generated 420 nm CBL is separated from
the background light using a dichroic mirror and an interference filter
(center wavelength 420 nm, 10 nm pass band). The charge coupled
device (CCD) is employed to record the intensity profiles of the output
420 nm CBL, and the titling lens method [43] is used to detect the
topological charge based on astigmatic transformation of vortex beam.

3. Results and discussions

The spatial mode matching [44] is a decisive factor for nonlinear
frequency up-conversion, which directly determines the conversion
efficiency of output light field. Considering the weak gain regime, the
amplitude of output 420 nm CBL /T is proportional to Z+/T;74 1750,
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Fig. 2. Comparison of (a) intensity profiles, width and radius for (b) LGB and (c) PVB varying [ from 1 to 8. The initial spot radius is almost identical of the incident PVB and

LGB, while the widths corresponds to about 120 pm and 260 pm respectively.
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Fig. 3. (a) Intensity profiles of the output 420 nm CBL under the case of incident PVB and LGB respectively. (b) Normalized power, radius, and width of 420 nm CBL for incident

PVB. The error represents the standard deviation of three measurements.

where I, I75, represent the intensities of incident fields respectively,
and Z is the cell length. Consequently, the conversion efficiency of
420 nm output light field is known to be proportional to the overlap
integral of 776 nm signal light field and 780 nm pump light field, which
is written as [27]:

K, = /) L176(r) 1750 (r)2mrdr 2)

Obviously, the 776 nm signal light field is constrained by the Dirac
function, resulting in [-independent the overlap integral. The uniform
conversion efficiency is achieved utilizing PVB to accommodate arbi-
trary OAM states. Firstly, the transverse structure of 776 nm PVB is
compared with the case of traditional LGB in detail, which is charac-
tered by the width d;¢ and radius rq;¢ of rings. Fig. 2(a) shows the
intensity profile of PVB and LGB with different L It can be intuitively
seen that the transverse size of PVB remains almost constant, while LGB
changes with increasing I. The topological charge [ of the signal beam
is detected using a tilted lens and displayed on the right side of the
intensity profile. The number of the dark stripes is equal to the number

of topological charges. To analyze the difference quantitatively, the
corresponding d;;¢ and r;;, of LGB and PVB are measured by taking
the average intensity profile along the azimuthal angle, as shown in
Fig. 2(b) and (c). It can be seen that the width and radius of PVB are
almost stable at ~120 and ~550 pum respectively when the topological
charge is changed from [ = 1 to 8. Conversely, although the width of
LGB remains 240 pm, the radius increases about from 500 pm for [
=1 to 1070 pm for [ = 8. Therefore, in compared to the LGB, the
PVB exhibits greater compatibility for arbitrary topological charges in
nonlinear frequency up-conversion.

In order to further explore the influence of PVB and LGB on fre-
quency up-conversion, Fig. 3(a) shows the intensity profiles of output
420 nm CBL under these two cases. The powers of the signal and pump
beams are set at 10 mW and 60 mW, respectively. In addition, we
choose the appropriate widths of the beams to improve the nonlinear
interaction [45]. As expected, the output 420 nm CBL under the case
of PVB has consistent conversion efficiency, perfectly inheriting the
characteristics of the incident PVB. However, when LGB is used as
signal beam, the spatial mode mismatching results in decreasing the
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Fig. 5. (a) Intensity profiles and (b) normalized power of the output 420 nm CBL with different d,,;. The radius is fixed at 550 pm, and the initial width from top to bottom

corresponds to 95 pm, 110 pm, 125 pm, and 140 pm respectively.

gain of the FWM process with increasing the I. Thus, the frequency
up-conversion of LGB of only [ = 1 to 4 can be achieved in the ex-
isting system. Furthermore, the normalized power, radius and width of
output 420 nm PVB are quantitatively analyzed, as shown in Fig. 3(b).
Obviously, the conversion efficiency remains stable as increasing [ from
1 to 8, which can be continually increased in theory. And the radius
and width of ring are maintained at about 524 pm and 113 pm
respectively. The above results indicate that the PVB can effectively
overcome the dependence of spatial modes to realize the uniform
conversion efficiency compared with the traditional LGB, which hold
tremendous prospect for establishing frequency interfaces with contin-
uously tunable topological charges. It is worth noting that this system
is also applicable for the case of negative topological charges.

In addition to the l-independent transverse structures, another ad-
vantage of the PVB is the precisely and flexibly tunable radius and
width. Furthermore, a detailed investigation is conducted on the impact
of radius and width on the conversion efficiency. Fig. 4(a) shows the
intensity profiles of output 420 nm CBL by setting the r,,, of about
400 pm, 475 pm, 550 pm, and 625 pm respectively, corresponding to
the first to fourth rows. Here, the width is fixed at 120 pm, and other
experimental parameters are consistent with the Fig. 3. The fitted
radius of output 420 nm CBL are about 389 pm, 461 pm, 524 pm,
605 pm. Although there are slight differences between the signal and
output beams, the conversion efficiency and lateral structure of CBL is
immune to topological charge I. Then, the output power normalized to
the case of r;74 = 400 pm and [ = 1 is shown in Fig. 4(b), which also
exhibits nearly consistent conversion efficiency for arbitrary topological
charges. However, the conversion efficiency reduces with the increased
radius, which is because that the signal beam is overlapped with the
lower intensity portion of Gaussian pump beam.

The output 420 nm CBL is determined by the mode overlap integral,
thus we speculate that the influence of the PVB width is similar to

radius, which also does not change as [ increases. Next, Fig. 5(a) and
(b) show the intensity profiles and normalized power of the output
420 nm CBL with the widths of about 95 pm, 110 pm, 125 pm, and
140 pm (first to forth rows) when the radius is fixed at about 550 pm.
Correspondingly, the widths of output 420 nm CBL are about 88 pm,
104 pm, 113 pm, and 125 pm, respectively, and the conversion efficiency
is nearly unchanged with topological charges. Above results confirm
that the stable frequency up-conversion is realized by utilizing the
PVB due to l-independent modal overlap integral under the fixed beam
sizes. The defect of conventional LGB not only loses the flexibility of
manipulation, but also limits the application of OAM, while the flexible
and precise tunability of PVB dramatically increase encoding potential
in frequency up-conversion and facilitatly realize a faithful transform
of different OAM states.

4. Conclusion

In summary, we demonstrate a frequency up-conversion with uni-
form conversion efficiency based on perfect vortex beams for accom-
modating arbitrary topological charges in a diamond atomic system of
85Rb. Firstly, the conventional LGB and PVB are intuitively compared
during the frequency up-conversion process. Different from LGBs, the
incident PVB with transverse structure-invariance efficiently overcome
the spatial amplitude dependence of the parametric interaction. The
output 420 nm CBL perfectly inherits the characteristics of the 776 nm
PVB, including spatial amplitude and wavefront phase. Particularly, in
view of the tunable radius and width, the PVB with different trans-
verse sizes are also successfully transferred. Our work has expanded
considerably the encoding flexibility of information, which is promising
for high-dimensional quantum information networks and long-distance
quantum communication.
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