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Vectorial beams have attracted great interest due to their broad applications in optical micromanipulation, optical
imaging, optical micromachining, and optical communication. Nonlinear frequency conversion is an effective
technique to expand the frequency range of the vectorial beams. However, the scheme of existing methods to
generate vector beams of the second harmonic (SH) lacks compactness in the experiment. Here, we introduce
a new way to realize the generation of vector beams of SH by using a nonlinear fork grating to solve such a
problem. We examine the properties of generated SH vector beams by using Stokes parameters, which agree
well with theoretical predictions. Then we demonstrate that linearly polarized vector beams with arbitrary topo-
logical charge can be achieved by adjusting the optical axis direction of the half-wave plate (HWP). Finally, we
measure the nonlinear conversion efficiency of such a method. The proposed method provides a new way to
generate vector beams of SH by using a microstructure of nonlinear crystal, which may also be applied in other

nonlinear processes and promote all-optical waveband applications of such vector beams.
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1. INTRODUCTION

Since the vectorial optical fields were first carried out by Snitzer
in 1961 [1], there has been an increasing attention in vector
beams due to their special spatially inhomogeneous polarization
states across the transverse section of the beams. The generation
of such vector beams can be classified into active and passive
methods. Grating mirrors or Brewster prisms [2,3] can be used
to select the desired polarization mode in intra-cavity, which is
the active method. The passive methods are based on the
polarization reconstruction of traditional laser with the aid
of spatial light modulators (SLMs) [4], q-plates [5], and meta-
surfaces [6]. The distinctive polarization distribution of vector
beams results in unique properties when they interact with mat-
ter and offers advantages in lots of fields. Radially polarized vec-
tor beams can be focused into a tighter spot than that of
spatially homogeneous polarization beams and form a strong
and localized longitudinal component [7], which can be widely
used in optical trapping [8,9], high-accuracy laser microma-
chining [10,11], and optical super-resolution imaging [12].
The special polarization of such vector beams can excite plas-
monic beams with special polarization [13]. The high dimen-
sionality of vector beams enhances channel capacity, which can
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be applied in classical and quantum communication. Vector
beams suffer less from turbulent atmosphere than Gaussian
beams [14], which are suitable for long-range optical commu-
nications in complex environments [15].

With the continued development of laser applications, there
has been a growing need for a diversity of laser wavelengths.
Nonlinear frequency conversion is an effective method to ex-
tend the range of obtainable wavelengths from existing laser
sources. Therefore, nonlinear frequency conversion of vector
beams has been proposed in recent years. Nonlinear frequency
conversion of vector beams by using two cascading orthogo-
nally placed nonlinear crystals in the three-wave mixing process
was demonstrated in 2018 [16]. Nonlinear generation of ultra-
fast and high-order vector vortex beams through a single-pass
second-harmonic generation (SHG) process has also been dem-
onstrated by using such a dual crystal scheme [17]. Then, SHG
[18] and third-harmonic generation (THG) [19] of vector
beams in a Sagnac loop have been demonstrated. In addition,
nonlinear generation of vector beams can also be achieved by
using a Mach—Zehnder interferometer [20]. Afterwards, a dual-
waveband generator is proposed to simultaneously generate
perfect vector beams in linear and nonlinear wavebands
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[21]. Nonlinear generation of ultraviolet vector beams [22] and
perfect vector beams [23] has also been studied. In addition,
some studies focus on the vectorial feature of Poincaré beams
during the SHG process from infrared waveband to visible full
Poincaré beams [24,25]. And a technique to control the cover-
age of full Poincaré beams through SHG has been discussed
[26]. In recent years, stimulated parametric down-conversion
[27], parametric up-conversion [28], and conformal frequency
conversion [29] processes of such vectorial structured light have
also been studied theoretically and experimentally. However, all
these methods are conducted in two steps to obtain vector
beams of SH: the first step is to generate the vectorial optical
fields by using the linear optical method, and the second step is
to perform nonlinear transformation processes. Therefore, sim-
plifying the experiment setup with microstructures is highly
desired for the generation of vector beams of the SH.

In this paper, we demonstrate a new and compact method to
generate nonlinear vectorial beams by using a microstructure,
which etches a nonlinear fork grating on the surface of lithium
niobate (LN) crystal. First of all, we verify the generation of SH
vector beams with different topological charges theoretically
and experimentally. Then we measure the polarization proper-
ties of the generated SH vector beams by using Stokes param-
eters, which are in accordance with the theoretical results. And
we demonstrate the flexibility of this approach by rotating the
axis direction of the half-wave plate (HWP) to change the
polarization distributions of generated SH vector beams.
Furthermore, we measure the nonlinear frequency conversion
efficiency during this nonlinear process.

2. EXPERIMENT SETUP

The experimental setup is illustrated in Fig. 1. A high-energy
diode-pumped all-solid-state Q-switched linearly polarized la-
ser with the wavelength of 1064 nm, the repetition frequency
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of 1 kHz, and the pulse duration of 10 ns is used as the light
source. A half-wave plate (HWP)) is used to adjust the polari-
zation of the laser, and a Glan—Taylor (GT) prism is used to
control the polarization states to obtain horizontally polarized

light (é) And we can control the intensity of beams by ad-

justing the angle of the HWP;. After that, HWP, is used to
control the polarization states of generated SH vector beams
and a -45° quarter-wave plate (QWP,) is used to make the
beams propagating clockwise and anticlockwise in a Sagnac
loop have the same intensity, which can be calculated as

£ = i@ o ) =5 (Lo ).

where E(w) represents the electric field of the fundamental

frequency (FF) wave. H(a) = (COS 2a  sin 2a ) and

sin 2a - cos 2a

Q(-45°) = % ( 1 i ) denote the Jones matrices of the
HWP, and QWP;, respectively. a is the angle between the fast
axis of the HWP, and horizontal direction. Three mirrors (M,
M,;, and M;) and the PBS compose a Sagnac loop. The FF
beam is split into two parts with orthogonal polarization direc-
tions by using a PBS. In the Sagnac loop, the two separated
counterpropagating FF beams propagate through the nonlinear
fork grating, respectively. To ensure the spatial propagation and
evolution of the two counterpropagating beams are the same,
we place the nonlinear fork grating at the center of the Sagnac
loop. Such a nonlinear fork grating is made by the ultraviolet
photolithography assisted inductively coupled plasma (ICP)
etching method on 0.5 mm thick LN crystal [30]. The cutting
angle between the propagation direction and optical axis of the
LN crystal is 75° to satisfy the Type I (0o + 0 — e) phase-
matching condition in our experiment. The size of the nonlin-
ear fork grating is 1 mm x 1 mm, and the period is 50 pm. The
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Fig. 1.

Schematic of the experimental setup. GT prism, Glan—Taylor prism; HWP,, HWP,, and HWP;, half-wave plates; QWP;, QWP,, and

QWP;, quarter-wave plates; PBS, polarized beam splitter; NFG, nonlinear fork grating; M, M,, and M3, mirrors; CCD, charge-coupled device.
Inset shows the microscope image of fork grating etched on the LN surface.
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structure of such a nonlinear fork grating with topological
charge £ =2 is shown in the inset of Fig. 1. A dichroic
HWP; is placed in the Sagnac loop to convert polarization di-
rections. After the PBS, the o-polarized FF beam propagating
clockwise satisfies the 0 + 0 — e phase-matching condition in
the nonlinear frequency conversion process to generate an e-po-
larized SH beam, which is transformed into an o-polarized SH
beam after the HWP;. Another e-polarized FF beam in the
Sagnac loop propagating anticlockwise is transformed into an
o-polarized FF beam through the HWP; to achieve 0 + 0 — ¢
nonlinear process. As a consequence, two SH beams with
orthogonal polarizations can be recombined at the PBS. The
nonlinear fork-shaped grating can produce nonlinear vortex
beams with different topological charges along different diffrac-
tion directions. Specifically, the beam propagating clockwise
first passes through the fork grating, and then through the non-
linear crystal. The topological charge of the generated SH vor-
tex beams gy = uf, where u is the diffraction order of the
generated SH vortex beam and ¢ is the topological charge
of the nonlinear fork grating [31]. In our experiment, we used
the positive first-order diffracted vortex beams. The evolution
of the SH vortex beam can be expressed as

lwdepf

EQw) = - —= A2 Lyby exp[zkzt 7

- i2nf (7, ) exp(it ), 2

where o is the angular frequency of FF light, d ¢ is the effective
nonlinear coefficient, ¢ is the light speed in vacuum, 7,,, is the
refractive index of the SH beam, A; is the amplitude of the FF

wave after separating by the PBS, &, = X"=1C,,C, is the

P ilcos(mm)-1
Lt G,y = el () ),

Fourier coefficient, Cy =

k,, is the transverse wave vector, 7 = xx + yy, ¢ is the azimu-
thal angle, £(7, ) = [7| cos(¢) /A is the spiral structure func-
tion, A is the period parameter of the nonlinear fork grating,
and L, is the length of the nonlinear crystal along the propa-
gation direction. For the beam propagating anticlockwise, it
first undergoes a nonlinear frequency conversion, and then
the SH beam propagates through the linear fork grating.
Accordingly, the generated negative first-order diffracted SH
vortex beam can be written as

, iowd,
EyQw) =L AL,

2w

C_1 CXp[l.kzt . 7
+ 21 f (7, ) exp(-it ). ®)

Therefore, after passing through the fork-shaped grating, the
Jones matrices of beams propagating in opposite directions can
be expressed as

0
E'Qw) =M ) R
1 (20) 1( ez(f¢+2a)>
1 0
EyQo) =M\ - vpinin ) )
where M| = \l/w—f;“ A3Lyb, exp[z/ezt 7-2nf (7, ¢)), M, =
_ fods AL C exp[z'/eZt -7+ 22nf(7,¢)]. The exponential

V2eny,

terms satisfy the relation exp[izzt-;— 2zf (7 ¢) =1 in

M and explik,, - 7 + i2x f (7, $)] = 1 in M, when we choose
a particular diffraction order. A represents the phase difference
in the Sagnac loop which is caused by the birefringence of the
PBS and nonlinear crystal [5% (molar fraction) MgO:
LiNbOj;], and the optical path difference. Consequently, the
two optical fields after the Sagnac loop can be written, respec-

tively, in the form of
ez’(f{/)+2a)
Ml 5
0

0
M, < i iCP+A +20) ) )

0 . .
| ) represents the Jones matrix of mir-

Ei”(za)) = H(45°)EreﬂEreﬂEi,(2w) =

Eé”(za)) = EreﬂEreﬂEér (20)) =
-1
0
rors. We would like to point out that the intensities of the gen-
erated SH beams propagating clockwise and anticlockwise are
slightly different. We can adjust the axis direction of the QWP
to compensate the difference to make M| = M, = M’ . The
two SH beams with orthogonal polarizations are recombined at

the PBS. Therefore, the total optical field can be described
p ez’(f p+2a)

( o b +A+2a) ) :
After passing through the aperture diaphragm, two overlapping
diffracted beams with opposite orders and topological charges
are picked out. Then, the QWP, with a fast axis along 45° is
employed to convert the two linearly polarized beams into vec-
tor beams. The Jones matrix of the generated SH vector beams
can be derived as

EQw) = Q(45)ET 2w)
) cos (/¢+2a+%—§)

where E.q = (

as ETQw) = E" Qo) + EY'Qw) = M

= Vam (5 ©)

sin (/¢+2a+%—%)

Therefore, we can generate vector beams of SH with arbi-
trary topological charge. And we can generate vector beams
with arbitrary polarization states by controlling the microstruc-
ture and the angle of the HWP, in theory. We would like to
point out that we assume the angle of the QWP is -45° when
the angle of HWP, (a) is 0° in our theoretical analysis. In fact,
when rotating the angle of the HWP,, the angle of QWP is
changed accordingly to make the beams propagating clockwise
and anticlockwise in the Sagnac loop have the same intensity in
the experiment. Finally, our generated vector beams of SH are
recorded by a charge-coupled device (CCD) shown in Fig. 1. A
QWP; and a polarizer are used to analyze the polarization dis-
tributions of generated vector beams of SH.

3. EXPERIMENTAL RESULTS AND DISCUSSION

We rotate the angle a of the HWP, to set 2a + % -5=0;

thus, Eq. (6) can be EQw) =
T i x)(COS(Z¢)) L .

V2MTe sin(lp) ) For simplicity and without loss

of generality, we generate SH vector optical fields with topo-

logical charges ¢ =1, 2, 3. The polarization distribution

described  as
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can be characterized via measuring the Stokes parameters. To
illustrate the Stokes parameters, we insert a QWP; and a polar-
izer before the CCD. The theoretical simulation and experi-
mental results of Stokes parameters Sy, S, S,, and S5 of
the generated SH vector beams are shown in Fig. 2.
Figures 2(al)-2(a4), 2(c1)-2(c4), and 2(e1)-2(e4) are theoreti-
cal simulations, and Figs. 2(b1)-2(b4), 2(d1)-2(d4), and
2(f1)-2(f4) show the corresponding experiment results. The
first row of Fig. 2 refers to Sy of the Stokes parameters, which
represents the total intensity of SH vector beams. There is a
polarization singularity at the center of the nonlinear vector
beam. In addition, we can obviously see that the radius of
the hollow spots increases with the topological charge increas-
ing. As we know, positive S}, S,, and S3 represent the compo-
nents of linearly polarized beams polarized along the horizontal
direction, linearly polarized beams along +45° with respect to
the positive horizontal direction, and right-handed circularly
polarized beams. Negative values of Stokes parameters describe
the orthogonal polarization components. As shown in the sec-
ond and third rows in Fig. 2, the beams are split into 42 lobes.
For the SH vector beams of ¢ = 1, the positive and negative
polarization directions of S distribute along the horizontal and
vertical directions, which can be seen in Figs. 2(a2) and 2(b2).
In addition, the positive and negative polarization directions of
S, are along +45° and -45° from the positive horizontal direc-
tion, which can be seen in Figs. 2(a3) and 2(b3). As for the
situation ¢ = 2 and 3, from Figs. 2(c2), 2(d2), 2(e2), and
2(f2), we find that the positive polarization directions of S,
distribute along 0°, +90° and 0°, +60°, +120° with respect
to the positive horizontal direction. And we see that negative
polarization directions of §; appear when the positive polari-
zation directions of §; rotate 45° and 30° with £ = 2 and 3.

..
(c2) (d2) (62) (f2)
. . .- | o
(a3) (b3) (c3) GR)) ‘ {
2 » “ al\

® e ("%

The components polarized along the positive polarization di-
rection of S, are distributed at an angle of 45°, 22.5°, 15° rel-
ative to the positive polarization direction of S, for = 1, 2, 3.
From the fourth row of Fig. 2, we observe that the generated
SH vector beams almost do not have circularly polarized com-
ponents. Thus, experimental results are consistent with theo-
retical ones, and the Stokes parameters distributions reveal the
vectorial property of the generated SH vector beams.

To verify the flexibility of the proposed method in generat-
ing vector beams of SH with different polarization states, we
demonstrate two situations by rotating the axis direction of

the HWP, () to set 2a+ 5 -£ =% and 2a + 5 -2 =1,

And the corresponding generated SH vector beams can be

described as E'(2w) = ~2M T""'(ATI'%)(Z?;%E;) and
3

T
E"Qw)=~2MTe -i(3L-x (Eﬁ:ggi_ é)) ) , respectively. Figures 3
and 4, respectively, show the theoretical and experimental re-
sults of the intensity and polarization distributions. To check
the polarization distribution, we placed a polarizer to perform
projection measurements for SH vector beams. Polarization di-
rections of the polarizer are, respectively, along 0°, 30°, 60°, 90°,
120°, and 150° with respect to the positive horizontal direction.
The arrows represent the polarization direction of the polarizer.
And the components polarized in the same direction as that of
the polarizer can be recorded, while the orthogonal polarization
is extinguished. From Figs. 3 and 4, the vector beams are
split into 2¢ fan-shaped patterns after passing through a polar-
izer. It is clear that the fan-shaped patterns are completely
different when the axis direction of the HWP, varies. For

the situation 2a + 3 St-%=7% with £ =1, the azimuthally

=

=

progll
=

=

-l

Fig. 2. Stokes parameters of SH vectorial light field. (al)—(a4), (c1)—(c4), and (e1)—(e4), respectively, represent the simulated Stokes parameters
So> S15 S, and S5 with the topological charge of £ = 1, 2, 3. The corresponding experimental results are shown in (b1)—(b4), (d1)-(d4), and

(f1)-(4).
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Fig. 3. First, third, fifth rows and second, fourth, sixth rows, respectively, show the results of the SH vector beams with the topological charge
¢ =1,2,3 when 2a + % -%=7%and 20 + % -4 = 3. Results from the second to seventh columns are intensity profiles of the generated vector

2

beams when the polarizer has different polarization angles (0°, 30°, 60°, 90°, 120°, 150°) with respect to the positive horizontal direction. The
corresponding simulated polarization distributions are displayed in (a)—(f). The arrows indicate the polarization direction of the polarizer.

polarized nonlinear vector beam is displayed, as shown in
Fig. 3(b). The direction of the fan-shaped patterns rotates along
the perpendicular direction with the orientation of the polar-
izer, as illustrated in Figs. 3(b1)-3(b6) and Figs. 4(b1)—4(b6).
In the case of 2a + % - % = % with ¢ = 2, when the polarizer
has a polarization direction along the horizontal direction, the
maximum intensity distributes at an angle of +60°, +150°
from the positive horizontal direction, which can be apparently
seen in Figs. 3(c1) and 4(c1). And when the polarizer rotates
from 0° to 90°, the four fan-shaped patterns gradually rotate
45° as shown in Figs. 3(c1)-3(c4) and Figs. 4(c1)-4(c4).
Also, the fan-shaped patterns as well rotate to the direction
perpendicular to the original polarization distribution as the
angle of the polarizer increases to 180°, as shown in Figs. 3
(c4)-3(c6) and Figs. 4(c4)-4(c6). From Figs. 3(el)-
3(e6) and Figs. 4(el)-4(e6), we ecasily know that when

2a + % -%=7%and £ = 3, the horizontal polarization lobes

distribute at an angle of +40°, +100°, +160° with positive
horizontal direction, and the six fan-shaped patterns rotate anti-
clockwise by 60° as the polarizer gradually rotates from 0° to
180°. However, for the situation of 2a + % -7

shaped patterns almost appear at +30°, +15°, +10° relative to

= %, the fan-

. . . . . A .
the polarization distributions of 2a + S-5=3 with # =1,

2, 3. From Fig. 4, we can see that after passing through the
polarizer, the polarization and intensity distributions of exper-
imental results are in good agreement with the theoretical sim-
ulations. As shown in the first column of Fig. 4, the generated
SH vector beams are not perfect doughnut intensity profiles,
which may be caused by design precision and fabrication errors
of the microstructures. The defects of the cross section of the
structure affect the diffraction quality of the grating, and then
affect the quality of generating SH vector beams. The vectorial
properties of the generated SH vector beams are changed by
simply rotating the axis direction of the HWP,, and we can
achieve vector beams of SH with arbitrary polarization in
this way.

Moreover, we also measure the nonlinear frequency conver-
sion efficiency of our method of generating SH vector beams.
Figure 5 indicates the generated SH vector beams power ()
varies as the incident FF beams power (P;) increases before the
Sagnac loop. In the experiment, powers of two FF beams sep-

arated by the PBS are % = %n,‘,sodz‘ll |28 5. 72, and 7, are the
refractive indices of the FF beams and SH beams, ¢, is the vac-
uum permittivity, ¢ is the speed of light in vacuum, and S is
the effective interaction area. After nonlinear processes, the
powers of the two SH vortex beams propagating in opposite

directions in the Sagnac loop are P} = %n2w€0€|MT|255ff.
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Fig. 4. Experimental results corresponding to the cases of Fig. 3. The arrows indicate the polarization direction of the polarizer.

Therefore, the total power of the generated SH vector beam can
*d* 126?
be expressed as P, = %712“)80C|\/§MT|ZSCHI = szf&tc* 2
From Fig. 5, we can see that the intensity of the generated SH
vector beams increases with the FF beams as a quadratic func-
tion. As shown in Fig. 5, when P; = 350 mW, the generated
SH vector beams powers are 15.6 pW, 13.7 pW, and 12.2 pW,
respectively, with topological charges £ = 1, 2, and 3. That is
because the divergence angle of the vortex beams relative to the
center position becomes larger with the topological charge
increasing, which leads to phase mismatching in the nonlinear
frequency conversion process. Therefore, the intensity of
the generated SH vector beams will decrease slightly. As for

the efficiency of generating SH vector beams, we consider
¢ = 1 as an example, and we measure P; and P, corresponding
to 350 mW and 15.6 pW, respectively. The normalized con-

version efficiency of our method can be expressed as
P, . odgh

n=pm= 5. As a result, the conversion efficiency
170

28 112,130y €0 €
is about 5.09% W' cm™2. The theoretical nonlinear efficiency
of generating SH vector beams is 23.9% W-' cm™. Because
the first-order vortex beam diffracted by the fork grating has
a small angle deflection relative to the incident FF beam,
the phase-matching condition is not fully satisfied in the
nonlinear frequency conversion process, resulting in a decrease
of the efficiency of the nonlinear frequency conversion. To

20 20 20
(a) o Experimental results (b) o Experimental results (C) o Experimental results
16 —Curve fitting 16 —Curve fitting 16 —Curve fitting
= 12 ~ 12 = 12
: : %
a8 a8 a8
4 4 4
0 = 0 0
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350 0 S0 100 150 200 250 300 350
P (mW) P (mW) P (mW)

Fig. 5. Variation of generated SH vector beams power (P,) as the incident FF beams power (P;) increases before Sagnac loop. (a) £ =1,

b)) =20 7¢=3.
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generate vector beams with good quality, we make beams
propagating clockwise and anticlockwise have the same inten-
sity by changing the angle of the QWP,, so that not all FF
beams perform nonlinear frequency conversion, thus resulting
in a decrease in nonlinear efficiency. The above two reasons are
important factors that affect the nonlinear efficiency of gener-
ating SH vector beams. Furthermore, the inaccuracy of the
temperature in the phase-matching process and cutting angle
of the crystal in the experiment also result in the decrease of
nonlinear conversion efficiency.

We propose a new way to generate vector beams of SH,
which is more compact compared to the previous methods.
In our experiments, only partial results are displayed, and
we can obtain arbitrary linearly polarized vector beams by ro-
tating the axis direction of the HWP, and changing the topo-
logical charge of the nonlinear fork grating. However, we find
that with the increase of the topological charge, the intensity of
generated SH vector beams decreases, as shown in Fig. 5.
Therefore, the phase-matching angle bandwidth will be the
limit or challenge to generate vector beams with large topologi-
cal charge. In addition, we can generate more complex nonlin-
ear vector optical fields such as multi-ring structures by
designing microstructures purposefully. We employ LN crystal
instead of an SLM, and thus our method can be used for high-
power lasers. Also, for some frequency ranges that the SLM
cannot modulate such as the ultraviolet waveband, it is an ef-
fective way to use microstructures of nonlinear crystal for phase
modulation. In our experiment, the nonlinear conversion effi-
ciency of generating vector beams of SH is much lower than the
theoretical calculation, and we can achieve phase matching bet-
ter by optimizing the crystal cutting angle and adjusting the
temperature condition. Furthermore, our approach has poten-
tial use of vectorial fields in other nonlinear processes such as
sum-frequency generation, difference-frequency generation,
and optical parametric amplification. By choosing proper non-
linear crystals, it is possible to obtain vector beams with arbi-
trary wavelengths using such a nonlinear frequency conversion
process, such as ultraviolet light and terahertz wave.

4. CONCLUSION

In conclusion, we have successfully realized the generation of
nonlinear vectorial optical fields by using a compact nonlinear
fork grating, which opens up new possibilities for all-optical
switching and manipulation of vector beams. In our experi-
ment, SH vector beams of different topological charges
¢ =1, 2, 3 are generated, and we analyze the vectorial proper-
ties by Stokes parameters theoretically and experimentally.
Furthermore, arbitrary SH vector beams can be obtained by
changing the axis direction of the HWP and the topological
charge. Our approach may access vector beams at new wave-
lengths and find potential applications in optical micromanipu-
lation, optical imaging, optical micromachining, classical and
quantum optical communication, and so on.
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