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Perfect vector beams are a class of special vector beams with invariant radius and intensity profiles under changing
topological charges. However, with the limitation of current devices, the generation of these vector beams is
limited in the visible and infrared wavebands. Herein, we generate perfect vector beams in the ultraviolet region
assisted by nonlinear frequency conversion. Experimental and simulation results show that the radius of the

generated ultraviolet perfect vector beams remains invariant and is thus independent of the topological charge.
Furthermore, we measure the power of the generated ultraviolet perfect vector beams with the change of their
topological charges. This study provides an alternative approach to generating perfect vector beams for ultraviolet

wavebands and may promote their application to optical trapping and optical communication.
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Polarization, as a salient feature of light beams, is
of great importance in influencing the interaction of
light and matter. Homogeneously polarized beams,
such as linearly polarized beams, circularly polar-
ized beams, and elliptically polarized beams, have
been widely studied in various fields. In recent years,
beams with space-variant polarization distributions,
known as vector beams, have elicited widespread in-
terest because of their many specific features, such as
strong nonvanishing longitudinal field under diffrac-
tion limit,!") optical chain,? and optical cages!®*
when tightly focused. Conventionally, cylindrical
vector beams are a subclass of vector beams with
axially symmetric intensity and polarization profiles
across transverse sections. Such vector beams have
sparked considerable interest for applications rang-
ing from classical to quantum physics.[>%! The typical
paradigms include azimuthally, radially, and spiral po-
larized beams.["=9 Vector beams with a nonuniform
polarization state across their profiles can be repre-
sented by modified high-order Poincaré beams,!!0~12
which are widely used in areas such as imaging
encryption.[13:14]

To date, many methods have been devel-
oped to generate vector beams. Among them,
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beams
15,16]

cylindrical vector can be generated by
using metamaterials, | g-plate,l®  spatial light
modulator, "1 718 s-waveplates,['?) glass cone,??! and
geometric phasel?! or by the coherent superposition of
two orthogonally polarized beams.[??) On the contrary,
noncylindrical symmetric beams have been demon-
strated by employing biaxial crystals or the combina-
tion of cylindrical lens and half waveplates.[?3] These
techniques rely on the modulation of the wave front of
the optical field. Recently, the interaction of spin and
orbit angular momentum has also provided a flexible
way to generate vector beams. [24:25]

As a new type of vector beam, perfect vector (PV)
beams have been proposed and investigated over the
last decade, and they have been characterized as hav-
ing radii that are independent of topological charges.
Researchers have also experimentally demonstrated
the generation of individual and arrays of PV beams
with stable intensity profiles and polarization distri-
butions at certain propagation distances on the basis
of geometric phase and liquid crystal devices.!14:26=30]
An efficient method is femtosecond laser fabrication
that has been employed to generate perfect vortex
beams.[*!] Moreover, integer and fractional ellipse PV
beams and nonring-shaped PV beams have been ef-

*Corresponding authors. Email: rflu@njust.edu.cn; xfchen@sjtu.edu.cn

(© 2022 Chinese Physical Society and IOP Publishing Ltd

034201-1


http://cpl.iphy.ac.cn
http://www.cps-net.org.cn
http://www.iop.org

Chin. Phys. Lett.

39, 034201 (2022)

ficiently generated.l32=34 Unfortunately, the spectral
limitations of these devices and techniques restrict the
generation of PV beams in the ultraviolet wavelength
range, which would further expand the applications
of microscopy and spectroscopy down to the nanome-
ter scale. In addition, the generation of PV beams
in ultraviolet wavebands may promote applications of
optical communication with large topological charges
and the optical trapping of fixed trajectories in the
ultraviolet realm. As a promising approach, the com-
bination of nonlinear frequency conversion and vector
beams brings extremely interesting phenomena. In
previous research, the nonlinear generation of vector
beams is studied on the basis of second harmonic (SH)
generation and three-wave mixing.[3?—38]

In the present study, we theoretically and exper-
imentally demonstrate the generation of PV beams
in ultraviolet wavebands. The generation process is
driven by an infrared Bessel vortex beam and a green
Gaussian beam that is generated through SH gener-
ation. In the experiment, the ultraviolet PV beams
with topological charges [ = 1, 2, 3 are generated, and
their vector properties are measured. The results show
that the radii of the generated ultraviolet PV beams
remain invariant and are independent of the topolog-
ical charges. We also measure the power variation
trend of the generated ultraviolet PV beams with the
increase of the topological charges.
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Fig. 1. Schematic of experimental setup. GT prism:
Glan—Taylor prism; S1: 5 mol% MgO:LiNbO3; DM; and
DMs: dichroic mirror; HWP; and HWP5: half waveplates
operating at 1064 and 532 nm, respectively; QWP and
QWP3: quarter waveplates with operating wavelengths of
1064 and 355 nm, respectively; PBS: polarized beam split-
ter; M1, Mg, M3, and My: mirrors; SPP: spiral phase
plate; Sa2, S3z: potassium dihydrogen phosphate (KDP)
crystals; F: filter; S: screen. V and H in the lower left
corner denote the vertical and horizontal directions, re-
spectively.

The experimental setup is displayed in Fig.1. A
high-energy diode-pumped all-solid-state Q-switched
laser delivers linearly polarized 10 ns pulses at a wave-

length of 1064nm and at a 1kHz repetition rate. A
Glan—Tylor (GT) prism is used to adjust the polar-
ization direction and intensity of the fundamental fre-
quency (FF) beam. A half waveplate (HWP;) com-
bined with a quarter waveplate (QWP;) allows us
to rotate the polarization direction of the FF beam.
Then, the two orthogonally polarized components of
the FF beams pass through a Sagnac interferometer
consisting of three mirrors (My, M3, and My), a po-
larized beam splitter (PBS), and a spiral phase plate
(SPP). As a result, the electric field of the FF beam
can be written as the superposition of two counter-
propagating beams:

Err(p, ¢) = Ar{expli(lp + B + 27)]éx

+iexp[—i(lp + 27)]éy}, (1)

where Frp(p,$) denotes the FF beams with a wave-
length of 1064 nm in the cylindrical coordinate system;
Aj is the amplitude transverse profile of the FF beam;
[ and ¢ represent the topological charge of the SPP
and the azimuthal angle of the beam cross section, re-
spectively; B describes the phase difference between
two orthogonal components caused by the Sagnac in-
terferometer; v is the angle of the fast axis of HWP,
with respect to the horizontal direction; and é, and
é, refer to the Cartesian unit vectors corresponding to
the horizontal and vertical polarizations, respectively.
An axicon with a base angle of 2° is used to convert
the FF beams to the Bessel beams on the basis of the
following expression:

Err(p, ¢) = Ar{expli(lp + B + 27)]és
+iexp[—i(l¢ + 2v)]é, }i(kep), (2)

where J; denotes the first kind of Bessel beam and
k. is the wave vector along the radial direction. To
achieve the ultraviolet beams, a homogenous 5mol%
MgO:LiNbO3 crystal (S;) is inserted between the GT
prism and the dichroic mirror (DMy). S; is cut for
the type-I phase matching (0o-e) condition. As a re-
sult, the generated SH beams can be expressed as
Esu(p, ¢) = As[éy + €], where Ay is the amplitude of
the SH beams and has a Gaussian profile. A reflector
M; and DM; are used to combine the generated SH
and FF beams. HWP5 is added to adjust the polar-
ization direction of the SH beams. The up-conversion
source is formed by two potassium dihydrogen phos-
phate (KDP) crystals (Sa, S3). The cut angle between
the optical axis of the KDP crystals (So and S3) and
the propagation is fixed at 57.3° to fulfill the type-II
(eo-e) phase matching condition. So and S3 are placed
in two orthogonal directions. S, is pumped with the
horizontal components of the FF beams and the ver-
tical components of the SH beams, thus generating
ultraviolet beams with a horizontal polarization dis-
tribution. On the contrary, Ss takes part in the up-
conversion process with the vertical components of the
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FF beams and the horizontal components of the SH
beams and emits ultraviolet beams with a vertical po-
larization distribution. Under the undepleted pump
and paraxial approximation, the generated ultraviolet
beams can be written as

Zzwg degg L
k 2
expli(ie + B+ 27)
' (zeXp[—Z(l¢ +2y+17)] > - ®

Here, Esr(p, ¢) represents the electric field of the gen-
erated ultraviolet beams; ws and ks are the angular
frequency and wave vector of the generated SH beams,
degr refers to the effective nonlinear coefficient, L is
the length of the nonlinear crystals (Sz and S3) along
the propagation direction; 77 denotes the phase dif-
ference caused by the two independent up-conversion
processes. A lens (L) with a focus length of f is em-
ployed to perform the Fourier transformation. As a
result, the ultraviolet perfect vortex beams are pro-
duced at the Fourier plane of L and can be written
as

Esp(p, ¢) = A Az Ji(kep)

22w3 degL
k 2

A expli(ip + B 4 27)]
<Zexr>[ (l¢+2v+n)}>’ @)

where r. = k. f/k and k is the wave vector of the
ultraviolet beam. QWP5, with its fast axis having a
polarization angle of 45° with respect to the horizontal
direction, is applied to convert the ultraviolet perfect
vortex beams into two left and right circular beams
with opposite topological charges. The ultraviolet PV
beams can be obtained by the superposition of the two
beams, and the generated ultraviolet PV beam can be
expressed as

Esr(p,¢) = Ay Agd(r — )

42w3 degL
ksc?
— (cos(kb +27+8/2+ n/?)) 5)
sin(lg +2v+B/2+1n/2) )

A shortpass optical filter is used to obstruct the SH
and FF beams. The generated ultraviolet PV beams
are imaged on a screen (S). S is located at several cen-
timeters away from the Fourier plane of L to avoid
mechanical constraint.

The experimental results are shown in Fig. 2. The
first row describes the polarization distributions of
the generated ultraviolet PV beams with topological
charges [ = 1, 2, 3. The polarization state of the PV
beams is related to the topological charge [. With
the increase of [, the variation period of the polariza-
tion state is shortened. As a result, the polarization
distribution becomes increasingly complicated. The
second row shows the simulation results according to

Esr(p, ¢) = A1 Asd(r —1p)eP/?

Eq.(5). In this way, the diameter of the generated
PV beams can be expressed as r = k. f/k. As k;, f,
and k are constants, the radii of the PV beams remain
consistent and show no relationship with the topolog-
ical charges. The corresponding experimental results
are displayed in the bottom row. The experimental
results show a good agreement with the simulation
ones. With respect to the experimental results of the
PV beam profile, we observe that the intensity is not
well-distributed possibly because of the nonuniformity
of the FF beams and the diffraction effect.
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Fig. 2. Intensity and polarization distribution of gener-
ated ultraviolet PV beams with topological charges | =1,
2, 3. The first row describes the polarization distribution.

The second and third rows denote the simulation and ex-
perimental results, respectively.
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To characterize the vectorial properties of the
generated ultraviolet PV beams, we insert a GT
prism between the filter F and the screen S.
For simplicity, we set the initial phase 2v +
B/2 + n/2 = 0; thus, the generated ultravio-
let PV beams can be simplified to Esr(p,¢) =
diwddeg L/ (k3c?)- Ay Agd(r — 1) et (B/2=1/2) (Z:Elli))) In
this case, the first and third rows of Fig. 3 respectively
describe the simulated intensity pattern of the gener-
ated ultraviolet PV beams with topological charges
!l =1, 2 when the GT prism has different polariza-
tion angles (30°, 60°, 90°, 120°, 150°) with respect to
the horizontal direction. As the topological charge [
determines the polarization period per rotation, the
number of lobes is equal to 2I. As shown in the sec-
ond and forth rows of Fig.3, the PV beams experi-
mentally split into two and four lobes, which match
well with the cases of [ = 1, 2, respectively. The two
lobes are always recognizable with the extinction di-
rection orthogonal to the polarization direction of the
GT prism while the topological charge [ = 1, as shown
in Figs.3(al)-3(a5) and 3(b1)-3(b5). By contrast,
for the topological charge | = 2, the intensity pat-
terns behind the GT prism are distinguishable because
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of two orthogonal extinction directions, as shown in
Figs. 3(c1)-3(c5) and 3(d1)-3(d5). The extinction di-
rection rotates anticlockwise as the polarization angle
of the GT prism increases. The experimental results

basically coincide with the simulated ones. The defect
may be attributed to the small deviation between the
two FF beams.

Fig. 3. (al)—(ab) and (c1)—(c5) respectively represent the simulated intensity profiles of the ultraviolet PV beams
with topological charges I = 1, 2 when the GT prism has different polarization angles (30°, 60°, 90°, 120°, 150°)
with respect to the horizontal direction. The corresponding experimental results are shown in (b1)—(b5) and (d1)-
(d5). The arrows in the lower right corner of the figures show the polarization angles of the GT prism with respect

to the horizontal direction.
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Fig. 4. Variation of the power of the generated ultraviolet
PV beams with topological charge .

Finally, we measure the intensity variation of the
generated ultraviolet PV vector beams with the topo-
logical charges [ = 1, 2, 3, 4. The power of the gen-
erated PV beams, as evident in Fig. 4, decreases from
40uW for I = 1 to 15.5uW for [ = 4. Such a de-
crease in the power of the generated ultraviolet PV
vector beams is due to the increase of the dark spot
size of the Bessel vortex beam with different topolog-
ical charges.[*®!

The demand for many applications to shift the fre-
quency into the target one has increased recently. Un-

like the linear method, nonlinear frequency conversion
provides a fascinating and significant way to manip-
ulate the polarization distribution of PV beams at a
new frequency. It also allows us to transfer vectorial
properties to another wavelength that is inaccessible,
thereby opening up many interesting potential appli-
cations in microscopy imaging and optical communi-
cation.

In conclusion, we experimentally and theoretically
demonstrate the generation of PV beams in the ultra-
violet regime driven by the nonlinear frequency con-
version process. The results verify the properties of
PV beams for invariant intensity and space-variant po-
larization distribution. Moreover, the relationship be-
tween topological charges and the power of PV beams
is considered. We expect that the proposed method
provides a simple way to generate PV beams in deep
ultraviolet wavebands and shows potential applica-
tions to optical manipulation.

Acknowledgments. ~ This work was supported
by the National Key Research and Development
Program of China (Grant Nos. 2017YFA0303700
and 2018YFA0306301), the National Natural Sci-
ence Foundation of China (Grant Nos. 11734011,
12004245, and 62105154), the Foundation for Shang-

034201-4


http://cpl.iphy.ac.cn

Chin. Phys. Lett. 39, 034201 (2022)
hai Municipal Science and Technology Major Project 2021 Appl. Phys. Lett. 119 021105
(Grant No. 2019SHZDZX01-ZX06), the Shandong  [18] o s e Yo Cheng Wand Zhan Q 2013 Opt. Frpress
Quand{eng Scholarship (Grant No. 002_42019024)’ [19] Hernéndez-Garcia C, Turpin A, Romén J S, Picén A,
the China Postdoctoral Science Foundation (Grant Drevinskas R, Cerkauskaite A, Kazansky P G, Durfee C
No. 2021M691601), and the Natural Science Founda- G and Sola Iiigo J 2017 Optica 4 520
tion of Jiangsu Province (Grant No. BK20210324). [20] Radwell N, Hawley R D, Gotte J B and Franke-Arnold S
2016 Nat. Commun. 7 10564
[21] Sakakura M, Lei Y, Wang L, Yu Y H and Kazansky P G
2020 Light Sci. Appl. 9 15
References [22] Maurer C, Jesacher A, Fiirhapter S, Bernet S and Ritsch-
Marte M 2007 New J. Phys. 9 78
[1] Hnatovsky C, Shvedov V, Krolikowski W and Rode A 2011 [23] Chen P, Ge S J, Duan W, Wei B'Y, Cui G X, Hu W and
Phys. Rev. Lett. 106 123901 LuY Q 2017 ACS Photon. 4 1333
[2] Zhao Y, Zhan Q, Zhang Y and Li Y P 2005 Opt. Lett. 30  [24] Cohen E, Larocque H, Bouchard F, Nejadsattari F, Gefen
848 Y and Karimi E 2019 Nat. Rev. Phys. 1 437
[3] Chen Y and Cai Y 2014 Opt. Lett. 39 2549 [25] Zhang Y H, Chen P, Ge S J, Wei T, Tang J, Hu W and Lu
[4] Weng X, Du L, Shi P and Yuan X 2017 Opt. Ezpress 25 Y Q 2020 Appl. Phys. Lett. 117 081101
9039 [26] Li P, Zhang Y, Liu S, Ma C, Han L, Cheng H and Zhao J
[5] Ndagano B, Nape I, Cox M A, Rosales-Guzman C and 2016 Opt. Lett. 41 2205
Forbes A 2018 J. Light Technol. 36 292 [27] Fu S, Gao C, Wang T, Zhang S and Zhai Y 2016 Opt. Lett.
[6] Parigi V, D’Ambrosio V, Arnold C, Marrucci L, Sciarrino 41 5454
F and Laurat J 2015 Nat. Commun. 6 7706 [28] Li D, Feng S, Nie S, Chang C, Ma J and Yuan C 2019 J.
[7] Ren Z C, Lou Y C, Cheng Z M, Fan L, Ding J, Wang X L Appl. Phys. 125 073105
and Wang H T 2021 Opt. Lett. 46 2300 [29] LiuY, Ke Y, Zhou J, Liu Y, Luo H, Wen S and Fan D 2017
[8] Chen P, Ji W, Wei B Y, Hu W, Chigrinov V and Lu Y Q Sci. Rep. 7 44096
2015 Appl. Phys. Lett. 107 241102 [30] Li H, Liu H and Chen X 2019 Photon. Res. 7 1340
[9] Zhu X, Yu J, Wang F, Chen Y, Cai Y and Korotkova O [31] Liu D, Liu S, Mazur L, Wang B, Lu P, Krolikowski W and
2021 Opt. Lett. 46 2996 Sheng Y 2020 Appl. Phys. Lett. 116 051104
[10] Lou S, Zhou Y, Yuan Y, Lin T, Fan F, Wang X, Huang H [32] Liu M, Huo P, Zhu W, Zhang C, Zhang S, Song M, Zhang
and Wen S 2019 Opt. Ezpress 27 8596 S, Zhou Q, Chen L, Lezec H J, Agrawal A, Lu Y and Xu T
[11] Wang D, Pan Y, Li J Q,LiP P, Liu G G, CaiM Q, Li Y, 2021 Nat. Commun. 12 2230
Tu C and Wang H T 2018 J. Opt. Soc. Am. B 35 2373 [33] Li L, Chang C, Yuan C, Feng S, Nie S, Ren Z C, Wang H
[12] Xu R, Chen P, Tang J, Duan W, Ge S J, Ma L L, Wu R, T and Ding J 2018 Photon. Res. 6 1116
Hu W and Lu Y Q 2018 Phys. Rev. Appl. 10 034061 [34] Li D, Chang C, Nie S, Feng S, Ma J and Yuan C 2018 Appl.
[13] Zhao R, Huang L, Tang C, Li J, Li X, Wang Y and Zentgraf Phys. Lett. 113 121101
T 2018 Adv. Opt. Mater. 6 1800490 [35] Wu H J, Zhao B, Rosales-Guzman C, Gao W, Shi B S and
[14] Tang Y, Intaravanne Y, Deng J, Li K F, Chen X and Li G Zhu Z 7 2020 Phys. Rev. Appl. 13 064041
2019 Phys. Rev. Appl. 12 024028 [36] Liu H, Li H, Zheng Y and Chen X 2018 Opt. Lett. 43 5981
[15] Yue F, Wen D, Xin J, Gerardot B D, Li J and Chen X 2016  [37] Li H, Liu H, Yang Y, Lu R and Chen X 2021 Appl. Phys.
ACS Photon. 3 1558 Lett. 119 011104
[16] Zhang Y, Yang X and Gao J 2019 Phys. Rev. Appl. 11 [38] Saripalli R K, Ghosh A, Chaitanya N A and Samanta G K
064059 2019 Appl. Phys. Lett. 115 051101
[17] Liu X, Monfared Y E, Pan R, Ma P, Cai Y and Liang C

034201-5


http://cpl.iphy.ac.cn
http://dx.doi.org/10.1103/PhysRevLett.106.123901
http://dx.doi.org/10.1103/PhysRevLett.106.123901
http://dx.doi.org/10.1364/OL.30.000848
http://dx.doi.org/10.1364/OL.30.000848
http://dx.doi.org/10.1364/OL.39.002549
http://dx.doi.org/10.1364/OE.25.009039
http://dx.doi.org/10.1364/OE.25.009039
http://dx.doi.org/10.1109/JLT.2017.2766760
http://dx.doi.org/10.1038/ncomms8706
http://dx.doi.org/10.1364/OL.419753
http://dx.doi.org/10.1063/1.4937592
http://dx.doi.org/10.1364/OL.428508
http://dx.doi.org/10.1364/OE.27.008596
http://dx.doi.org/10.1364/JOSAB.35.002373
http://dx.doi.org/10.1103/PhysRevApplied.10.034061
http://dx.doi.org/10.1002/adom.201800490
http://dx.doi.org/10.1103/PhysRevApplied.12.024028
http://dx.doi.org/10.1021/acsphotonics.6b00392
http://dx.doi.org/10.1021/acsphotonics.6b00392
http://dx.doi.org/10.1103/PhysRevApplied.11.064059
http://dx.doi.org/10.1103/PhysRevApplied.11.064059
http://dx.doi.org/10.1063/5.0048741
http://dx.doi.org/10.1364/OE.21.020692
http://dx.doi.org/10.1364/OE.21.020692
http://dx.doi.org/10.1364/OPTICA.4.000520
http://dx.doi.org/10.1038/ncomms10564
http://dx.doi.org/10.1038/s41377-020-0250-y
http://dx.doi.org/10.1088/1367-2630/9/3/078
http://dx.doi.org/10.1021/acsphotonics.7b00263
http://dx.doi.org/10.1038/s42254-019-0071-1
http://dx.doi.org/10.1063/5.0020398
http://dx.doi.org/10.1364/OL.41.002205
http://dx.doi.org/10.1364/OL.41.005454
http://dx.doi.org/10.1364/OL.41.005454
http://dx.doi.org/10.1063/1.5079850
http://dx.doi.org/10.1063/1.5079850
http://dx.doi.org/10.1038/srep44096
http://dx.doi.org/10.1038/srep44096
http://dx.doi.org/10.1364/PRJ.7.001340
http://dx.doi.org/10.1063/1.5141420
http://dx.doi.org/10.1038/s41467-021-22462-z
http://dx.doi.org/10.1364/PRJ.6.001116
http://dx.doi.org/10.1063/1.5048327
http://dx.doi.org/10.1063/1.5048327
http://dx.doi.org/10.1103/PhysRevApplied.13.064041
http://dx.doi.org/10.1364/OL.43.005981
http://dx.doi.org/10.1063/5.0053781
http://dx.doi.org/10.1063/5.0053781
http://dx.doi.org/10.1063/1.5111593

