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ABSTRACT

Vector beams with a nonseparable polarization distribution are almost thoroughly studied from their generation to application in infrared
and visible regimes. Until now, the nonlinear generation of ultraviolet vector beams is only focused on the nonlinear optical processes of gas
molecules, which seriously impacts its further applications due to the unstable property. Here, we present a study on the generation of
ultraviolet vector beams assisted by the nonlinear frequency conversion processes in potassium dihydrogen phosphate crystals. The vectorial
properties of the generated ultraviolet waveband vector beams are characterized in both theoretical and experimental environments. The
proposed method paves the way for the generation of extreme ultraviolet vector beams with solid-state nonlinear crystal, which is a more
compact and stable way compared with the gas nonlinear method. This work also opens a route for photolithographic techniques and laser
processing based on ultraviolet waveband vector beams.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0053781

Vector beams with the space-variant polarization distribution in
the transverse plane provide powerful capabilities for applications in
diverse areas of science and technology, such as high-resolution
imaging1 and laser processing.2 From a historical perspective, research
on vector beams or rather the special category of cylindrically symmet-
ric vector beams could be traced back to the early 1960s, when Snitzer
put forward the concept of the vectorial optical field.3 Thereafter, Pohl
published the original experimental work that opened up the research
on vector beams.4 In recent years, as an important research topic,
numerous spatial-variant polarization vector beams, e.g., radial, azi-
muthal, and spiral polarization distributions, have been reported.5–16

Lights with radially and azimuthally polarized distributions are para-
digms of vector beams. On the one hand, the radially polarized beams
are particularly interesting for a strong nonvanishing longitudinal field
below the diffraction limit upon focusing by high-NA objectives.5–7

This property is of great significance in the fields of optical trap-
ping,8–12 laser micromachining,2,13 vector light microscopy,1,14 and so
on. Furthermore, the radially polarized beams have also been shown
to be relevant in the area of quantum communications to improve the

communication capacity.15 On the other hand, the azimuthally polar-
ized beams provide a higher image quality and show a better trapping
efficiency.17–19 Due to its unique properties of nonuniform polariza-
tion structures, vector beams also present promising applications in
the field of metrology.20–23 As prominent examples, such vector beams
can be applied as an advanced optical sensing tool to track fast moving
objects in two dimensions in real time21 as well as to perform single-
shot polarization-dependent measurements and experimental prepara-
tion of the samples with position-dependent spin at atomic scale.22,23

To date, several methods have been proposed to produce the vec-
tor beams in the infrared-visible regime in the linear optical field. By
using the intracavity axicon,24 birefringence of the gain media,4 conical
pump beams,25 or geometric phase control,26,27 laser cavities can be
customized to generate cylindrical vector beams. The external cavity
techniques to generate vector beams have been demonstrated by
means of an interference approach28 or by using p-cylindrical lens
mode converters,29 q-plates,11 spatial liquid modulators,12 photo-
patterned liquid crystals,30 digital micromirrors devices,31 and optical
fibers.32 However, the spectral limitation of those modulation devices
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mentioned above prevents the nonlinear generation of vector beams
in the ultraviolet regime, which is highly desired in fields of laser
machining and lithography in the nanometer resolution. Although the
high-order harmonic generation of gases can be applied to generate
the ultraviolet waveband vector beam, it always has a relatively low
conversion efficiency and signal-to-noise ratio.33 On the contrary, solid-
state crystals are more stable and have a relatively higher conversion effi-
ciency in nonlinear optical processes. Therefore, it is necessary for the
solid-state nonlinear crystal to have appropriate properties that can directly
generate the ultraviolet vector beams. In recent years, vector beams have
been successfully converted from the infrared to visible regime based on
two cascading crystals whose fast axes are arranged elaborately perpendic-
ular to each other34–36 or combined with a Sagnac loop.37,38

In this paper, we propose a method to achieve ultraviolet wave-
band vector beams by using solid-state crystals through nonlinear
optical processes. In our experiment, the ultraviolet vector beams can
be achieved by using sum-frequency generation (SFG) processes of
infrared vector beams and a frequency doubled Gaussian beam. First,
we experimentally verify the generation of vector beams in infrared
and ultraviolet regimes with a topological charge varying from 1 to 3.
Then, the polarization states of the generated ultraviolet vector beams
are measured in the experiment, which are in accordance with the the-
oretical ones. Furthermore, the relative mode weightage of the orthog-
onal components of the generated ultraviolet vector beams is
measured. Finally, we measure the conversion efficiency during the
nonlinear optical processes.

The experimental setup is displayed in Fig. 1. A high-energy
diode-pumped all-solid-state Q-switched laser with the wavelength of
1064nm, the repetition frequency of 1 kHz, and the pulse duration of
10 ns is utilized as the light source. A Glan–Taylor prism is used to ini-
tialize the polarization direction of the fundamental frequency (FF)
light to the horizontal direction. To adjust the polarization states of the
FF wave, a half wave plate (HWP1) combined with a quarter wave
plate (QWP1) with its fast axis along –45� with respect to the horizon-
tal direction is employed. The first step is to separate the two

polarization components into two counterpropagating beams by using
a polarizing beam splitter (PBS). After passing through a Sagnac loop,
which is composed of three mirrors (M1, M2, and M3) and a spiral
phase plate (SPP), beams with an opposite topological charge in two
orthogonal polarization states are generated. Two orthogonal beams
are recombined by the PBS where the FF beam can be expressed the
cylindrical coordinate system (q;u; z) in the form of

E1 q;u; zð Þ ¼ A1
exp i luþ dþ 2cþ kzzð Þ½ �
i exp �i luþ 2cþ kzzð Þ½ �

 !
: (1)

Here, E1ðq;u; zÞ represents the FF beam with a wavelength of
1064nm. A1, l, and u describe the amplitude, topological charge, and
azimuthal angle, respectively. d is the phase difference of the Sagnac
loop, which is caused by the reflection of mirrors, c refers to the angle
between the fast axis of HWP1 and the horizontal direction, kz is the
wave vector along the propagation direction. Then, QWP2 with an
operating wavelength of 1064nm is used to convert the FF beam into
vector beams. After passing through these optical elements, the vector
beams corresponding to 1064nm are generated and recorded by a
charge coupled device (CCD). In another path, a nonlinear crystal S1
(5mol. % MgO:LiNbO3) is arranged to get the second harmonic (SH)
beams. S1 is cut for the type-I (oo-e) phase matching condition; thus,
the SH beams can be easily generated with a single FF beam. The angle
between the propagation direction and optical axis of the crystal is 75�

according to the Sellmeier equation.39 A dichroic mirror (DM1) is
used to reflect the SH beam and selectively pass FF beam. M4 and the
other dichroic mirror (DM2) are used to combine the FF and SH
beams together. We insert a half wave plate (HWP2) into the SH beam
arm with its fast axis orienting at 22.5� to rotate the vertical polariza-
tion to the 45� direction. Two cascading nonlinear crystals (S2 and S3)
with the thickness of 3mm are inserted between the DM2 and QWP2.
Both samples are potassium dihydrogen phosphate (KDP) crystals
whose fast axes are arranged perpendicular to each other. The optical
axis angle of the KDP crystal is fixed at 59.3� with respect to the propa-
gation direction to fulfill the type-II (eo-e) phase matching condition.
Thus, the horizontal and vertical components of FF beams separately
take part in the SFG, generating the 355nm beams with horizontal
and vertical components, respectively. Under the undepleted pump
and paraxial approximation, the coupled wave equation that describes
the generated SFG can be written as

dE3 q;u; zð Þ
dz

¼
2ix2

3deff
k3c2

E1 q;u; zð Þ � E2 q;u; zð Þ; (2)

where E3ðq;u; zÞ represents the sum-frequency (SF) beam with a
wavelength of 355nm. E2 denotes the SH beam, which can be

expressed as E2ðq;u; zÞ ¼ A2

� 1
1

�
, where A2 is the amplitude of the

SH beam. x3 and k3, respectively, refer to the angular frequency and
wave vector of the SF beam. deff describes the effective nonlinear coef-
ficient, and c is the light speed in vacuum. Using Eqs. (1) and (2), the
generated SF beam can be expressed as

E3 q;uð Þ ¼ A1A2
2ix2

3deff L

k3c2
exp i luþ dþ nþ 2cð Þ½ �

i exp �i luþ 2cð Þ½ �

 !
: (3)

Here, n is the phase difference between two orthogonal components of
the generated 355nm beams. L is the thickness of the nonlinear crystal

FIG. 1. Schematic of the experimental setup. GT prism, Glan–Taylor prism; HWP1
and HWP2, half wave plates operate at 1064 and 532 nm, respectively; DM1 and
DM2, dichroic mirror; QWP1, QWP2, and QWP3, quarter wave plates with the oper-
ating wavelength of 1064, 1064, and 355 nm, respectively; PBS, polarized beam
splitter; M1, M2, M3, and M4, mirrors; SPP, spiral phase plate; S1, 5 mol. %
MgO:LiNbO3; S2 and S3, potassium dihydrogen phosphate crystals; F, filter; S,
screen.
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along the propagation direction. As QWP2 only operates as k=4 plate
at 1064nm, it is replaced with the other quarter wave plate (QWP3),
which is operated at 355nm, and its fast axis has a polarization angle
of 45� with respect to the horizontal direction to convert the SF beam
into vector beam. The generated ultraviolet vector beam can be
expressed as

E3 q;uð Þ ¼ A3
cos luþ d=2þ n=2þ 2cð Þ
sin luþ d=2þ n=2þ 2cð Þ

 !
; (4)

where A3 describes the amplitude of the E3. A filter (F) is used to
obstruct FF and SH beams. Limited by the wavelength and lower
detection efficiency of the CCD in an ultraviolet waveband, the gener-
ated ultraviolet vector beams are recorded on a screen (S).

To confirm the working mechanism of SFG processes, we study
the polarization and intensity distribution of the infrared and ultravio-
let beams with a topological charge varying from 1 to 3. The experi-
mental results are shown in Fig. 2. We initially set
d=2þ n=2þ 2c ¼ 0 by rotating the polarization angle of HWP1 (c);
hence, the equation describing FF vector beams is simplified as

E1 ¼ A01
� cos ðluÞ
sin ðluÞ

�
. A01 refers to the amplitude of the FF vector

beams. The corresponding generated ultraviolet vector beams can be

expressed as E3ðq;uÞ ¼ A3

� cos ðluÞ
sin ðluÞ

�
. In this case, the first row in

Fig. 2 describes the polarization distribution of the generated vector
beams. Figures 2(a)–2(c), respectively, display the FF vector beams
with a topological charge l ¼ 1; 2; 3, and the corresponding SF vector
beams are presented in Figs. 2(d)–2(f). In the experiment, all of the
vector beams have a polarization singularity at the center of the optical

field. The radius of the hollow spots of the vector beams has a relation-
ship with the topological charge, which can be expressed as r /

ffiffi
l
p

.40

As shown in Fig. 2, we can clearly observe that the radius of the hollow
spots increases as the topological charge increases.

To examine the spatial polarization distribution of the generated
ultraviolet vector beams, a GT prism is inserted between the filter and
the screen. The simulated results of topological charge l ¼ 1; 2; 3 with
different transmission direction (0�, 30�, 60�, 90�, 120�) of GT prism
are displayed in the odd rows in Fig. 3. The arrows at the lower right
corner of each figure indicate the polarization direction of the GT
prism. As shown in the first row of Fig. 3, we observe two clear lobes
and the orientation of them is parallel to the transmission direction of
the GT prism, confirming that the generated ultraviolet beam is a radi-
ally polarized vector beam.With the increase in the topological charge,
the vector beams split into 2l lobes. The extinction directions rotate
anticlockwise as the orientation angle of the optical axis of GT prism
gradually changes from 0� to 120� in a 30� interval, as shown in Figs.
3(a1)–3(a5), 3(c1)–3(c5), and 3(e1)–3(e5). The corresponding experi-
mental results are displayed in Figs. 3(b1)–3(b5), 3(d1)–3(d5), and
3(f1)–3(f5), respectively. Experimental results are almost consistent

FIG. 2. Experimental results of the polarization and intensity distribution of the gen-
erated vector beams. The first row describes the polarization distribution; the middle
row is the FF vector beams with topological charge l ¼ 1; 2; 3. The corresponding
generated SF ultraviolet vector beams are displayed in the bottom row.

FIG. 3. (a1)–(a5), (c1)–(c5), (e1)–(e5), respectively, represent the simulated inten-
sity profiles of the ultraviolet vector beams with the topological charge of l ¼ 1; 2; 3
when the GT prism has different polarization angles (0�, 30�, 60�, 90�, 120�) with
respect to the horizontal direction. The corresponding experimental results are
shown in (b1)–(b5), (d1)–(d5), (f1)–(f5), respectively. Arrows in the lower right cor-
ner of the figures show the polarization angles of the GT prism with respect to the
horizontal direction.
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with theoretical ones, and the measured intensity distributions reveal
the cylindrical polarization property of the generated vector beams.

We further study the relative mode weightage of the generated SF
vector beams with the rotation of HWP1. The generated SF beams can
be expressed as E3 ¼ aH jEH

SFi þ aV jEV
SFi, where aH and aV are the rel-

ative mode weightage of the horizontal and vertical components. EH
SF

and EV
SF represent the horizontal and vertical components of the

generated SF beams with the topological charge l ¼ 1. Here,
b ¼ d=4þ n=4þ c� p=8. As shown in Fig. 4(a), the experimental
results are in close agreement with the simulated ones. By calculation,
the average polarization purity corresponding to the ratio of power is
approximately 96%. Moreover, we also study the power variation
trend of an ultraviolet beam with the increase in the FF power as the
topological charge is 1. In the experiment, we insert an attenuator
between QWP1 and PBS to adjust the intensity of the FF beams while
SH beams keeps invariable. The formula of conversion efficiency can
be expressed as g / CI3=I1, where I1 and I3 are the intensities of the
FF and SF vector beams, respectively, and C is a constant. As an evi-
dent from Fig. 4(b), the intensity of the generated ultraviolet vector
beam increases linearly to the intensity of the FF beam. The intensity
of the SH beam is 80.2 mW. Thus, the conversion efficiency from FF
and SH beams to current SF beams is about 0.65& W�1 in the case of
l ¼ 1. The conversion efficiency of the Gaussian beams in SFG process
is about 1.17& W�1.

We would like to point out that the vector beams could be pro-
duced in the ultraviolet region by combining solid-state nonlinear
crystals through nonlinear optical processes. In this way, the polariza-
tion distribution can be easily adjusted by rotating the axis of the
HWP1 or changing the topological charge of SPP. Most importantly,
this method opens a route to get an ultraviolet vector beam laser
source, which will promote the precision and efficiency of the laser
processing.

In conclusion, we have both experimentally and theatrically dem-
onstrated the generation of vector beams in the ultraviolet region by
utilizing solid-state crystals. In our experiment, ultraviolet vector
beams with the topological charge l ¼ 1; 2; 3 are generated and their
vectorial properties are demonstrated in both simulated and experi-
mental environments. The experimental results match well with the
theoretical ones. Then, the relative mode weightage of the orthogonal
components of the generated 355nm vector beams is measured.

Moreover, the relationship between the intensity of SF beam and the
FF beam is studied. The results show that the intensity of SF beams
varies linearly with the FF beams. The method proposed here may
provide a solid-state and compact way to produce vector beams with
much shorter wavelength. The generated cylindrical vector beams
with a donut-intensity profile and controllable polarization distribu-
tion, thus, offer advantages in photolithographic techniques, superfo-
cusing, optical metrology, etc.
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