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Concise and efficient direct-view generation of
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A concise, efficient, and practical direct-view scheme is presented to generate arbitrary cylindrical vector (CV)
beams, including CV beams, vortex beams, and cylindrical vector vortex (CVV) beams, by a vortex half-wave plate
(VHP). Six kinds of first-order and other high-order CV beams, such as azimuthally polarized (AP) beams, anti-
vortex radial polarization mode beams, and three-order AP beams, are formed by simply rotating a half-wave
plate. The Stokes parameters and double-slit interference of multitype CV beams are investigated in detail.
The polarization parameters, including degree of polarization, polarization azimuth, and ellipticity, are obtained,
which demonstrates the efficient generation of CV beams. In addition, the double-slit interference experiment is
introduced in the setup, and fringe misplacement and tilt appear for CVV beams, in which the misplacement
number M is 2P + 1 for P < 2 and 2P - 1 for P > 3, where P is the polarization order number, and the fringe tilt
offset is positively related to the topological charge number / of CVV beams. In addition, new types of VHPs can
be formed by cascading two or more VHPs when the types of available VHPs are limited, assisting in more flexible
generation of multitype CV beams. It is experimentally demonstrated that arbitrary CV beams with high quality
are effectively achieved by the proposed setup, and the double-slit interference method can be utilized to deter-
mine and analyze CV beams rapidly and concisely by practical performance, which shows the potential to be
implemented as a commercial device. ~© 2021 Chinese Laser Press
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1. INTRODUCTION

Various techniques and schemes have been developed to

With a cylindrically symmetric intensity profile and a variable
polarization endowed with a vortex phase about the beam axis,
cylindrical vector (CV) beams have attracted widespread atten-
tion [1,2]. As a typical representative of CV beams, the radially
polarized (RP) and azimuthally polarized (AP) beams have been
found to have important applications in the fields such as tight
focusing [3—5], beam shaping [6-9], particle accelerating and
trapping [10—14], laser materials processing [15—17], superre-
solution techniques [18—20], and optical metrology [21-23].
Recent studies have also demonstrated potential applications
of CV beams in optical communication [24-26], quantum in-
formation processing [27-29], spin and orbital angular mo-
mentum effects [30-34], inverse energy flux [35,36],
plasmonic nanostructures [37,38], and fiber and integrated
optics [39-42].
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generate CV beams. Generally, these methods can be catego-
rized into two classes: intracavity (active) and external conver-
sion (passive) [1]. The intracavity method is to generate CV
beams directly in the laser by putting in special optical ele-
ments; the internal structure of the laser needs to be adjusted
accordingly, including the use of crystal birefringence [43—45],
Brewster angle characteristics [46,47], cavity configuration de-
sign [48], and geometric phase control [49]. These methods
can generate vector beams with high quality and energy con-
version efficiency but lack flexibility due to limited space and
complex technology to reconstruct the existing laser. The ex-
ternal conversion method refers to transforming spatially uni-
form polarized beams into CV beams through certain phase
devices or decomposition and recombination outside the laser.
The commonly used external devices include segmented spiral
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varying retarders [50-52], special phase plates [53,54], aniso-
tropic crystals [55-58], diffractive optical elements [59,60],
subwavelength gratings [61-63], and metasurfaces [64—67].
However, these conversion methods have the problems of low
conversion efficiency and high design cost. Interferometric de-
vices have also been proposed to generate CV beams, such as
Sagnac interferometers [68—71], Mach—Zehnder interferome-
ters [72,73], and other interferometers [74—78]. But the inter-
ferometric methods often need high stability and precise
control, which reduces conversion efficiency and accuracy.
Nowadays, the spatial light modulator (SLM) is mostly used to
realize CV beams, including the double SLM method [79-82]
and split-screen method by a single SLM [83-88]. However,
the double SLM method is not cost-effective, and the split-
screen method has the drawback of low SLM area udility. In
addition, due to the diffraction effect, the SLM method has
low conversion efficiency and cannot withstand high-energy
laser beams because of the liquid crystal material.

Herein, we demonstrate a concise, efficient, and practical
direct-view method to generate arbitrary CV beams by vortex
half-wave plate (VHP) without beam reflection and deflection,
including realizing CV beams, vortex beams, and CVV beams.
The VHP is a special half-wave plate (HP) with a consistent
delay 7, but the direction of the fast axis changes continuously
around the circle center. It has high transmittance just like an
HP, so it has high energy utilization and can be made up to
2 inches, which can realize the conversion of high-energy beams
through beam expansion and recompression. In addition, new
types of VHPs can be formed by cascading two or more VHPs
when the types of available VHPs are limited, which helps in
more flexible generation of multitype CV beams.

In this paper, six kinds of first-order and other high-order
CV beams, such as the RP beam, AP beam, and three-order AP
beam, are formed by simply rotating an HP. The Stokes param-
eters and double-slit interference of multicype CV beams are
investigated in detail. The polarization parameters, including
degree of polarization (DOP), polarization azimuth, and ellip-
ticity, are obtained, which demonstrates the efficient generation
of the CV beams. Additionally, misplacement and tilt appear in
the double-slit interference fringes of CVV beams, in which the
misplacement number M is 2P + 1 for P < 2 and 2P - 1 for
P > 3, where P is the polarization order number, and the fringe
tilt offset is positively related to the topological charge number /
of the CVV beams. It is experimentally demonstrated that
arbitrary CV beams with high quality are effectively achieved
by the proposed setup, and the double-slit interference method
can be utilized to determine and analyze CV beams rapidly and
concisely through practical performance.

2. PRINCIPLES

A. VHP

The VHP is a special HP that is made of liquid crystal polymer
with birefringence. It has a consistent delay 7, with the direc-
tion of the fast axis changing continuously around the circle
center. The distribution of the fast axis can be described as
the following:

9=%y/+6, (1)

where y is the VHP azimuth angle, 6 is the VHP fast axis di-
rection at a certain azimuth angle, 7 is the order number, and ¢
is the fast axis direction when y = 0. The VHP with 7 and ¢
will be expressed as VHP(m, o) for short in the following. The
fast axis distributions of several VHPs with 6 = 0 and m = 1,
2, 3, 4, respectively, are shown in Fig. 1.

The VHP Jones matrix /,, , with fast axis at the direction ¢
can be expressed as

Joo= cos 260 sin 260
"7 " | sin 20 - cos 260

_ [cos(ml// + 20)

sin(my + 20)
sin(my + 20) ] ’ @)

- cos(my + 20)

in which 0 varies with the azimuth angle v, so that the VHP
Jones matrix is spatially variable. For VHPs with the same order
number 7 but different o (except for m = 2), they can be con-
verted to each other by rotation. To convert the m-order VHP
with 6 = 0 to the same order VHP with 6 = ¢, the clockwise
rotation angle @ can be expressed as follows:

m _ _ 20
Zo-0=¢gs0=—". &)

When @ is a negative value, it represents an anti-clockwise
rotation, and a positive value denotes a clockwise rotation.
Taking the first-order and fourth-order VHPs as examples,
the VHP(1, 0) can be converted to VHP(1, 7/12) by rotating
30° anti-clockwise. Similarly, the VHP(4, 0) becomes VHP(4,
7/6) by rotating 30° clockwise. And the VHP(4, -7/6) (or
6 = 57r/6) will be obtained by rotating the VHP(4, 0) by
30° anti-clockwise.

B. Generation of CV Vector Beams

We will take the VHP with 7 = 1 to generate arbitrary first-
order CV beams, for example. When the incident beam is hori-
zontally polarized with the Jones vector £,, =[1 0]7, for
the VHP(1, 0), the Jones vector of the transmitted beam is
expressed as

. ) __|cosy  siny . 1| |cosy
Erwe=J10-Eyy = [sin W -cos y/} [0] - [sin y/]’
(4)
which is the RP beam. When the horizontally polarized beam

passes through the VHP(1, 7/4), the Jones vector of the trans-
mitted beam is expressed as

cos /2 -sin
Ep =]1,;r/4’E// = |:sing////::-_ﬂ;2§:| - [ cos l/l/ll], G

which is the AP beam, i.e., on the basis of radial polarization,
each polarization direction is rotated 90° anti-clockwise. Or,
with the vertically polarized beam input, with the Jones vector

y ! B \\‘ f/ Yy 4 I/ \ [N \
- /\ 7 A \ \ /,‘ \ f ”/;
S O A SO

Fig. 1. Fast axis distributions of several VHPs with ¢ = 0.
(a)—(d) are the distributions with m = 1, 2, 3, 4, respectively.
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E, =[0 1]7 for the VHP(1, 0), the Jones vector of the
transmitted beam is expressed as

. _ | siny | _ |cos(y -n/2)
Eypp=/10-EL= {—cos l//] B [Sin(l//—”/z)}

= Eiﬂ . EAP) (6)

which is still the AP beam, but each polarization direction is
rotated 90° clockwise on the basis of radial polarization.
Compared with the previous case, there is only a z-phase differ-
ence. If the horizontally polarized beam is input, for the VHP
(1, /8), the Jones vector of the transmitted beam is expressed
as

()

Eyy=T1as Eyp= [COS(W+”/4)]

sin(y + n/4)

It means that each polarization direction is rotated 45° anti-
clockwise on the basis of radial polarization, which is called the
first-order 7/4-CV  beam. The superscript 1 in E} /4
represents polarization order number P =1 of CV beams.
Also, E'_,, can be obtained by inputting a horizontally polar-
ized beam for the VHP(1, -z/8) or VHP(1, 37/8) as the

following:
cos(y - w/4)
Eln/4 =15 £y = { . ]
sin(y - 7 /4)

_ {cos(l[/ + 371/4)}
sin(y + 37 /4)

We can get multitype CV beams by directly rotating the
VHP with ¢ = 0 when the horizontally or vertically polarized
beam is input. But this method cannot obtain other second-
order CV beams except for the second-order RP beam, and
with the increase of order 7, the rotation angle of VHP be-
comes smaller, and the accuracy will be more difficult to con-
trol. Taking the high-order AP beam (requiring ¢ = £ /4) as
an example, according to Eq. (3), the rotation angle ® of VHP
with 6 = 0 is ® = *x/[2(m - 2)]. Obviously, the larger the
order 72 (for m > 3) is, the smaller the rotation angle ¢ of VHP
with ¢ = 0 becomes, and the higher rotation accuracy is
needed.

So, the method of changing the polarization direction of an
incident linearly polarized beam by rotating an HP to generate
CV beams is proposed without rotating the VHP. And the
polarization direction of the incident beam need not change
with the increase of the order 7 for generating the same kind
of other high-order CV beams. When the incident beam is a
linearly polarized one, with the polarization direction orien-
tated at a according to the horizontal direction (x axis) for
the VHP(m, 0), the Jones vector of the transmitted beam is
expressed as the following:

_— | cos(my)
Efa _]m,O Ea - [sin(ml//)

_ |:cos(ml// - Q) :| . 9)

=" './1,37:/8 'E//- (8)

sin(may) } ' {cos a}

- cos(my) sin a

sin(my - @)

This means that each polarization direction is rotated by -a
anti-clockwise on the basis of the radial polarization. The super-
script 72 in E™, represents polarization order number P = m of
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the CV beams. So, the Exp, Enps E) 4, E”, 4 can be obtained
when a = 0, -7/2, -n/4, and /4, respectively.

In addition, when the RP beam passes through an HP with
the fast axis in the horizontal (or vertical) direction, i.e., 0° HP
(or 90° HP) with the Jones matrix described as /, (or
Jaj2 = ¢ . J,), the Jones vector of the transmitted beam is

expressed as

Bw=toBe=[y 5] [2¥] =[]

(10)
That is, the polarization direction at the azimuth angle y is
-y, which is called anti-vortex radial polarization (ARP) [89] or
quasi-radial polarization (q-RP) [90] mode with the polariza-
tion order number P = -1. When the AP beam passes through
the 0° HP, or the RP beam passes through an HP with the fast
axis at 45° direction with the Jones matrix /, 4, the Jones vector
of the transmitted beam is expressed as

Epap = Jo - Ejp = J 4 - Exp = {(1) (1)} ’ [Zﬁj ;ﬂ
_ |siny | _ |cos(-y +x/2)
B Los l//] B Liﬂ(—ll/-i-”/z)]' .

The polarization direction is -y 4 /2 at the azimuth angle
y, which is called the anti-vortex azimuthal polarization (AAP)
or quasi-azimuth polarization (q-AP) mode. For instance, in the
direction of azimuth angle y = 0°, the polarization direction is
90°, at w = 45°, the polarization direction is 45°, and at
y = 135°, the polarization direction is -45°. In the same azi-
muth direction, the polarization direction of the AAP mode is
that of the ARP mode rotated 90° anti-clockwise.

The polarization distributions of all the above CV beams are
shown in Fig. 2. Figures 2(a)-2(f) represent the polarization
and intensity distributions of Egp, Eap, E,l[/4, E}”/4, Earp»
Espp, respectively.

The high-order CV beams will be obtained when a linearly
polarized beam passes through the VHP with m > 2.

C. Generation of Vortex Beams
The Jones matrix of a quarter-wave plate (QP) with fast axis in
0 direction relative to the horizontal direction (x axis) is
expressed as follows:
](,1/4) . Q 1-icos20  -isin 20 (12)
o 2 -isin20 14 icos 26|
When the horizontally polarized beam passes through the
QPs with fast axis in 45° and -45° direction, respectively,
right-handed and left-handed circularly polarized beams will
be obtained with the corresponding Jones vectors described

as Ep = v/2/2[1 -i]" and E, = V2/2[1 i]".

Fig. 2. Polarization distributions of various one-order CVP beams.
(a)—(f) correspond to the polarization distributions of Egp, Ep,

El i B i Exver Enno-
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The VHP(m, 6) can transform an incident circularly polar-
ized beam into a vortex wavefront. When the incident beam is
left-handed circularly polarized, the transmitted beam is a vor-
tex one with the topological charge number / = m, and the
polarization state becomes right-handed circularly polarized.
The corresponding Jones vector is as follows:

V2 [ cos 20 + 7 sin 20 V2 20
]m,a * EL =

2 |sin20-icos20 |~ 2 | 0-7/2)
2 . .
= % |:_11:| . el(ml//+20') — ER A ez(ml//+2¢7) — EARCV9
(13)

which is an anti-clockwise vortex beam with right-handed cir-
cular polarization, i.e., anti-clockwise right-handed circularly-
polarized vortex (ARCV) beam. 20 is only an initial fixed phase
and does not affect the relative phase distribution of the whole
vortex beam.

When the incident beam is a right-handed circularly polar-
ized beam, the exit beam is a vortex beam with topological
charge number / = -m, and the polarization state becomes
left-handed circularly polarized. The corresponding Jones vec-
tor is as follows:

ﬁ[cosze-isinze] Zﬁ[

]m,a'ERZT sin 26 + 7 cos 26 2

:ﬁ[l

i(-20)
i(-20+7/2)

:| . e—z‘(my/-&-Za) — EL X e—i(my/+2(r)
2 |1

= Ecrevs
(14)

which is the clockwise vortex beam with left-handed circular
polarization, i.e., clockwise left-handed circularly polarized vor-

tex (CLCV) beam.

D. Generation of CVV Beams

When the circularly polarized vortex beam passes through a QP
with the fast axis in 45° or -45° direction, it can be converted
into a linearly-polarized vortex (LV) beam. The conversion pro-
cess of the Jones vector is as follows:

= Epvivs
-1

]L/I//f) Expey = |: 0:| . Amp+20) — E,- ol my+20-1/2)

1
A/4 i(m (7
]_,,//4) “Eprcy = [0] T2 = 20 = Eyy

(15)

An anti-clockwise vertically linearly polarized vortex (AVLV)
beam is obtained when the ARCV beam passes through the QP

cos

]2 ']1 =]m2,172 ']ml,al = |:

sin a,

_ [COS[(mz -m)y + 2(0, - 01)]
sin[(m, - m)y + 2(0, - 01)]

sin a, } {cos a

- cos ay

with the fast axis at 45°, and an anti-clockwise horizontally lin-
early polarized vortex (AHLV) beam is obtained when the
ARCYV beam passes through the QP with the fast axis at -45°.

Similarly, when the CLCV beam passes through the QP
with the fast axis at 45°, a clockwise horizontally linearly po-
larized vortex (CHLV) beam is obtained. And a clockwise ver-
tically linearly polarized vortex (CVLV) beam is obtained when
the CLCV beam passes through the QP with the fast axis at

-45°. The conversion process of Jones vector is as follows:

1
/4 —i(maqp — —i(m =
]L//4)'ECLCV_ {0] L 20 = F o 20 = Eopy

0
2/4 » B y L
]Eﬂ//4)'ECch= L] L imh20) — | L prilmpt20-n/2) — B

(16)

Combined with Section 2.B, it is easy to find that a CVV
beam can be obtained when a generated LV beam passes
through another VHP. The corresponding Jones vector is
depicted as follows:

cos(myy +20,) £
Ry Vi >

my ¥ omy

— j +201) —
]mz,o'z 'EAHLV_ |: :| 'el(mll,/ o) =

Siﬂ(mzl//+262)
sin(myy +20,)

1 +20,-7/2) —
:|_€z(m1y/ o,-7/ )_EAmZle'

Py -E sy
Sy By [—COS(W2W+202)
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The mj-order radially polarized vortex (RPV) beam with
topological charge number / = m, is generated when the
AHLYV beam with / = m; passes through the second 72,-order
VHP with ¢ = 0. Similarly, an m,-order azimuthally polarized
vortex (APV) beam with / = m, is generated when the CVLV
beam with / = m, passes through the second ,-order VHP
with 6 = 0. The conversion process of Jones vector is as
follows:
cos(myy+20,)

:|-€i(m‘W+26‘)=E;3 -
iy Vo

. E =
] 2,0, = CHLY |:Sin(m21//+20'2)

I Eepy= |: sin(myy +20,) :| omimy+20,-1/2) _
2>02

my ¥ omy

(18)

~cos(myy~+20,)

E. Increasing Types of VHP

New types of VHPs can be formed by cascading two or more
VHPs when the types of available VHPs are limited. The cas-
cading of two and three VHPs is described, respectively, in de-
tail. The combined Jones matrix of two VHPs can be
expressed as

sin (¢4} :|

sin @ - cos o

~sin[(m, ~ m))y + 2(0; - 01)1} (19)

cos[(my - my)y + 2(0, - 61)]
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in which @ = my + 20. It can be found from the expression
that the combined Jones matrix is a rotation matrix, and the
polarization direction of a linearly polarized beam through the
device can rotate at an angle of (2, - m, )y + 2(0, - 6,) anti-
clockwise. The cascaded device can be transformed into a VHP
by the 0° HP with the Jones matrix /, i.e., VHP(0, 0). The
Jones matrix of the transformation process can be
expressed as

_ |cos(ay -ay) -sin(a, - ap)
VarJ)Jo= [sin((xj - all) cos(azz— all) ]
) [cos 0 sin0 ]

sin 0 -cos 0

_ [cos(az -a; +0)

sin(a2 - + 0)
sin(a2 - + 0) ’

-cos(a, —a; + 0)
(20)

Taking the combination of the first-order and third-order
VHPs with 6 = 0, for example, when passing through the
0° HP, first-order and third-order VHPs successively, the com-
bination result is equivalent to the VHP(2, 0). And when pass-
ing through the 0° HP, third-order and first-order VHPs in
turn, the cascaded one corresponds to the VHP(-2, 0). The
negative sign indicates that the fast axis of the VHP changes
continuously clockwise. In particular, when 0° HP is placed
between the two VHPs, the VHP(4, 0) is formed. The com-
bined Jones matrix of three VHPs can be expressed as

sin(az - @, + ;)
-cos(az —a, +ay) |’
(1)

It can be found from the expression that the cascaded device
forms the new VHP with m = mj3 - m, + m;. Taking the
0 =0 VHPs with m = 2, 3, and 7, for example, the VHPs
with m = %1, -2, -3, £4, £5, 6, -7, 8, 9, and 10 can be
generated by cascading two or three of the VHPs, in which
0° HP can be placed when necessary. Similarly, the combination
of five VHPs can form the new VHP with m = ms - my+
ms — my + my. By analogy, more types of VHPs can be
generated.

COS(a3 -0 + al)
Siﬂ(a3 - + al)

]3‘(/2']1) =

3. EXPERIMENTAL SETUP

Figure 3 shows the direct-view experimental setup for concise
and efficient generation of arbitrary CV beams by a VHP with-
out beam reflection and deflection. The incident beam from a
linearly polarized He—Ne laser is expanded six times by two
well-aligned lenses. The combination of HP1 and Gran
Taylor prism (GTP) can modulate the incident beam intensity
and make sure the incident beam is horizontally linearly

-~ GTP

O —» e N7 il
GG | i
% 4 L g
HeNelaser = N
Lenst Lens2

Fig. 3. Direct-view experimental setup for the generation and dou-
ble-slit interference of CV beams. Lenses 1 and 2 constitute a beam
expander; HP, half-wave plate; GTP, Gran Taylor prism; QP, quarter-
wave plate; VHP, vortex half-wave plate.
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polarized, and the HP2 is used to change the linearly polarized
direction. The QP1 in the green dashed line can be used to
convert the linearly polarized beam into a circularly polarized
beam when necessary. The HP3 in the red dashed line can be
used to convert the RP or AP beam into the ARP or AAP mode
polarized. And the QP2 can convert the circularly polarized
beam into linearly polarized; combined with VHP2 in the blue
dashed line, it helps to generate CVV beams.

The components in the dashed lines can be arranged or not
according to the beams needed, and the HPs and QPs can be
rotated accordingly. Multiple types of first-order or higher-
order CV beams, such as the RP, AP, and 7/4-CV beams,
can be generated by rotating the HP2 when there are no com-
ponents in the dashed lines. When only the HP3 in the red
dashed line is added to the experimental setup, the ARP and
AAP beams can be generated by rotating the HP3. When only
the QP1 in the green dashed line is added to the experimental
setup, the linearly polarized beam is converted into a circularly
polarized beam, and after passing through the VHP1, a vortex
beam with circular polarization is obtained. Meanwhile, if QP2
and VHP2 in the blue dashed line are added to the experimen-
tal setup, the CVV beam can be generated.

The intensity distribution of the generated beam is
captured by the CCD camera, which is a Manta G-033B modal
8-bit product of AVT Company with the resolution of
656 pixels x 492 pixels and a pixel pitch of 9.9 pm x
9.9 pm. A double slit with the slic width of 99 pm and slit
spacing of 1 mm in the black dashed line can be placed in front
of the camera to help detect the generated CV beams.

In the experimental setup, the VHP is supplied by LBTEK
(Changsha Lubang Photonics Technology Co., Ltd.), which is
a liquid crystal polymer wave plate with a fast axis rotating con-
tinuously along an azimuthal coordinate, whose function re-
sembles the general g-plate [91-94] and S-wave plate [95-97].
The general g-plate is essentially a thin (nematic) liquid crystal
film sandwiched between two coated plane glasses, which needs
extra electric or temperature control. And the S-wave plate, a
kind of metasurface, is a nanosubwavelength periodic structure
applied in the visible region, usually written inside a glass plate
by femtosecond laser, behaving as a uniaxial crystal with the
optical axes parallel and perpendicular to the subwavelength
grooves. These devices are characterized by singular optic axis
distributions with topological charge g and are commonly

called by the joint name g-plates [98,99].

4. RESULTS AND DISCUSSION

The first-order CV beams corresponding to the Jones vector of
ERrp, Eap, E}[M, and Ein/4 are obtained when the HP2 with the
fast axis is orientated at 0°, —-90°, -22.5°, and 22.5° direction,
respectively, and the VHP1(1, 0) is placed in the experimental
setup without components in the dashed lines. The corre-
sponding experimental results captured by the CCD are de-
picted in Figs. 4(a)—4(d). The firsc-order ARP and AAP mode
polarized beams can be obtained when the HP3 in the red
dashed line with the fast axis orientated at 0° and 22.5°, respec-
tively, passed by the RP beam is placed in the setup. The cor-
responding experimental results are depicted in Figs. 4(e) and

4(f). Figures 4(al)—4(f3) are the intensity distributions after
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Fig. 4. Intensity distributions of generated first-order CV beams.
(@)—(f) Egrp, Eaps E}T/4, E1”/4, Erp> Eapp- Arrow  heads represent
the transmission direction of the polarizers.

passing through a linear polarizer with the polarization direc-
tion orientated at 0°, 45°, and -45°, respectively, and the arrow
heads indicate the transmission direction of the polarizers.

In order to get the spatial polarization distributions of
generated beams, Stokes parameters S, Sy, S5, and S5 are mea-
sured by the combination of a polarizer and a QP in the fol-
lowing equation:

So=1Li+ 1, =1ys+ 1 ys=1r+1; =1
Sl =[x_[_y:SO_2[}I:2[X_SO
Sy =151 375 =S0-21 315 =21,/5-Sy"’
53=[R_[L:SO_2[L=2[R_SO

(22)

where /; is the total transverse intensity of the beam. /7, 7,
T4, and I_; 4 are the transmission intensity after a polarizer
with polarization direction orientated at 0°, 90°, 45°, and -45°,
respectively. /, means the right-handed circularly polarized
component, which is the transmission intensity after a QP with
the fast axis orientated at 0° (or 45°) and a polarizer with polari-
zation direction orientated at 45° (or 90°) successively.
Accordingly, /; means the left-handed circular component.
It is the transmission intensity after a 0° (or 45°) QP and a
-45° (or 0°) polarizer successively. According to Eq. (22),
Stokes parameters can be obtained only by measuring four
intensities of 7o, 1., I,/4, and 1.

Polarization parameters, including DOP, polarization azi-
muth (PA), and polarization ellipticity (PE), can be obtained
by the following:

_ NS4S

So
=3 arctan(S,/S;) (23)

1
2
1 S5
2
ST +S]

where p is the DOP, y is the PA, and y is the ellipsoidal polari-
zation angle, i.e., PE. Tan(y) represents the ratio of short axis
to long axis of elliptically polarized beam. y = 0° means the
linearly polarized beam, and y = #+45° means the right-
handed and left-handed circularly  polarized  beam,
respectively.

The PA distributions of generated first-order CV beams are
depicted in Fig. 5. It is easy to find that the experimental results
are well consistent with the theoretical ones described in Fig. 2.

X €

arcsin
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RP w4 ARP

Fig. 5. Polarization azimuth distributions of generated first-order
CV beams. (a)—(f) ERP;EAP)E}[/4,E1”/4,EARP;EAAP. Arrow heads
represent the polarization direction.

The high-order CV beams can be obtained when the VHP1
with 7 > 2 is placed in the experimental setup. The second-
order and third-order RP beams are obtained for the VHP1(2,
0) and VHP1(3, 0) when the fast axis of HP2 is orientated at
0°. And the second-order and third-order AP beams are ob-
tained for the VHP1(2, 0) and VHP1(3, 0) when the fast axis
of HP2 is orientated at -45°. The corresponding measured
Stokes and polarization parameters of generated second-order
and third-order CV beams are depicted in Fig. 6. It is found
that the DOP is basically equal to 1 in space as it is linearly
polarized, which is demonstrated by nearly 0 of PE, and the
PA is in good agreement with the theory. The experimental

2-order RP 3-order RP 2-order AP 3-order AP

S() ! 100
@) . ®) © - @ 0
= : 100
$1 f‘.‘.t*f., i ...'f..! w1,
% T L% S
(al) = (b1) (c1) = (d1) -100

(a6)

Fig. 6. Stokes parameters and polarization parameters of generated
second-order and third-order CV beams. (a), (b) Second-order and
third-order RP beams; (c), (d) second-order and third-order AP beams.
1-6: Sy, S,, S3, DOP, PA, PE.
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results show that the high-order CV beams with high quality
are well generated.

Vortex beams can be obtained when the QP1 in the green
dashed line is added to the setup. CLCV beams are obtained
when the fast axis of QP1 is orientated at 45°. The CLCV
beams with topological charge number / = 1,2, 3 (i.c., first-or-
der to third-order CLCV) are obtained for the VHP1 with
my = 1,2, 3, respectively. And anti-clockwise right-handed cir-
cularly-polarized vortex (ARCV) beams are obtained for the
QP1 with the fast axis at -45°. The corresponding experimental
results of first-order and third-order ARCV and CLCV beams
are depicted in Fig. 7. In terms of intensity, vortex beams are
hollow beams just like CV beams, but according to the PE, the
polarization state is the same in the whole space, either right-
handed or left-handed circular polarization. As shown in Figs. 7
(al)-7(d1), the PA distribution is relatively random because of
circular polarization.

However, from the intensity and polarization information it
is hard to get the topological charge number / of vortex beams,
which can be measured by the double-slit interference experi-
ment. The experimental results of double-slit interference of
first-order to third-order ARCV and CLCV beams are shown
in Fig. 8. Itis found that the interference fringe tilt appears, and
fringes for anti-clockwise vortex beams (i.e., positive topologi-
cal charge number) curve to the right, while those for clockwise
ones (i.e., negative topological charge number) curve to the left.
And the tilt offset increases with the increase of the topological
charge number /.

The specific tilt offsets are measured by pixel positions
21 - P with equal transverse fringes. There are 10 fringes be-
tween p, and p; because of relatively little offset for / = 1,2
shown in Figs. 8(a), 8(b), 8(d), and 8(e), and 8 fringes for / = 3
shown in Figs. 8(c) and 8(f). To ensure the relative accuracy of
measurement, p, to p; are selected at the same ordinate y = 50.
And p to py, selected at the same ordinate y = 450, are on the
same stripe as p; to p;, respectively. The measured values are
shown in Table 1. The fringe spacing dy is obtained by
dy = (p3-p1 + ps - 24)/(2N), in which N is the fringe
number between p; (or p,) and p; (or p;). The fringe offset
d is obtained by 4 = (p; - p; + ps - p, + ps - p3)/3 and
the relative offset coefficient R is defined as the ratio of 4 to
dy, ie, Ry =d;[dy(i=-2,-1,0,1,2...).

1-ARCV 3-ARCT 1-CLCV 3-CLCT

Fig. 7. Intensity and polarization distributions of generated first-
order and third-order ARCV and CLCV beams. (a), (b) First-order
and third-order ARCV beams; (c), (d) first-order and third-order
CLCV beams; /,, intensity; y, PA; y, PE.
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Fig. 8. Experimental results of double-slit interference of first-order
to third-order ARCV and CLCV beams. (a)—(c) First-order to third-
order ARCV beams; (d)—(f) first-order to third-order CLCV beams;
21 - P3> horizontal pixel positions with equal transverse fringes at
y =505 p4 - pg> corresponding horizontal pixel positions with equal
transverse fringes at y = 450.

Theoretically, the relative offset coefficient R; should be an
integer equal to the topological charge /; if the double-slit spac-
ing is close to 0 and the beam size approaches infinity.
However, due to the existence of double slit spacing and limited
beam size, the two-slit phase difference of the top part of the
double slit is not 0, and the one of the bottom part of the dou-
ble slit is less than 2/z, in which / is the topological charge
number, so the phase difference of the top and bottom parts
of the double slit is less than 2/7, i.e., the offset of interference
fringes is less than / fringes. But, the ratio of R; of vortex beam
with / =i to Ry (or |R_{| for / < 0) is close to the topological
charge /, which could be expressed as follows:

{Z:R,»/Rl, [>0

I=RJIR,, <0 (24)

The topological charge / can be calculated based on
Eq. (24). The corresponding measurement results are listed
in Table 1. It is found that the measured results are in good
agreement with the theoretical values except for a litte
deviation, which can be improved by increasing the camera pix-
els and reducing the pixel size.

The double-slit interference experiment is applied to the
high-order CV (HCV) beams, and the corresponding experi-
mental results of first-order to third-order CV beams are de-
picted in Fig. 9. It is found that misplacements appear in
the double-slit interference fringes of the HCV beams, in which
the misplacement region number 7 in a fringe is 2P + 1 for
P <2and 2P -1 for P > 3, where P is the polarization order
number. And the intensity distributions of double-slit interfer-
ence fringes are the same for the same polarization order but
different types of CV beams because of the overall symmetrical
polarization distribution. For instance, Figs. 9(b) and 9(c) show
the interference fringe distributions of second-order 7/4 beam
and the third-order AP beam, respectively, which have the same
distribution as the second-order and third-order RP beams.
Besides, no tilt appears according to the red vertical line in
the Fig. 9.

In theory, the misplacement region number M should be
equal to 2P + 1 in the condition that the double-slit spacing
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Table 1. Measured Values of Pixel Positions and Topological Charge Number

Figure j 2 )2 25 2 s Ps N dy d R=d/d, /
8(a) 217 318 418 233 334 434 10 20.1 16 0.7960 1
8(b) 211 312 411 243 345 444 10 20.05 32.6667 1.6293 2.0467
8(c) 217 297 376 265 345 425 8 19.9375 48.3333 2.4242 3.0454
8(d) 240 340 440 224 325 424 10 20 -15.6667 -0.7833 -1
8(e) 246 346 445 213 314 413 10 19.95 -32.3333 -1.6207 -2.069
8(f) 275 354 433 227 306 386 8 19.8125 -47.6667 -2.4059 -3.0713

is rather small (approximately 0). However, with the increase of
the polarization number P, the polarization information of the
HCV beam at the top and bottom of the double slit is masked
because of non-zero double-slit spacing, and then misplace-
ment regions reduce two parts. In this experiment, the missing
appeared in the HCV beam with P > 3. If the double-slit spac-
ing becomes larger, the missing may happen in the
second-order CV beam. Similarly, if the spacing becomes
smaller, the missing will be delayed to a higher-order CV beam.
As shown in Fig. 9, although the fringe distributions of second-
order and third-order CV beams both have five layers, their
distribution density in the middle region is different. The
higher the polarization order is, the denser the layers are.
Further, the CV vortex (CVV) beams are generated when
the QP2 with the fast axis at 45° or -45° [QP2(45°) or
QP2(-45°) for short in the following] and VHP2 in the blue
dashed line are added to the experimental setup. According to
the Section 2.D, the QP2 converts the ARCV or CLCV beam
into an LV beam, and after passing through the VHP2 a CVV
beam is generated. The anti-clockwise radially polarized vortex
(A-RPV) beam with first-order polarization and third-order
topological charge number (A-R1V3 for short) is obtained
when QP1(-45°), VHP1(3,0), QP2(-45%), and VHP2(1,0)
are added in the setup. Accordingly, the A-R3V1 beam is gen-
erated for QP1(-45°), VHP1(1,0), QP2(-45°), and VHP2(3,0).
Also, the anti-clockwise azimuthally polarized vortex (A-APV)
beam with first-order polarization and third-order topological
charge number (A-A1V3 for short) is obtained when QP1
(-45°), VHP1(3,0), QP2(45°), and VHP2(1,0) are added in
the setup. And the A-A3V1 is generated for QP1(-45°),
VHP1(1,0), QP2(45°), and VHP2(3,0). The corresponding
experimental results captured by the CCD are depicted in
Figs. 10(a)-10(d). Figures 10(al)-10(d2) are the intensity dis-
tributions after passing through a 0° and 45° linear polarizer
respectively. Figures 10(a3)—10(d4) are the polarization param-
eters of PA and PE respectively. The experimental results dem-
onstrate that the anti-clockwise CVV (A-CVV) beams are well
generated. Compared with the CV beams in Figs. 46, there is

H
1

Fig. 9. Experimental results of double-slit interference of first-order
to third-order CV beams. (a)—(c) First-order RP beam; second-order
7/4 beam; third-order AP beam.

a sense of clockwise rotation in the central part, either for the
intensity distribution after a polarizer or for the PA distribu-
tion. However, it is hard to get the topological charge number
except the polarization information. Besides, from the PE in
Figs. 10(a4)-10(d4), it is found that the middle parts of the
generated CVV beams are right-handed circularly-polarized
beam, which comes from the ARCV beam.

Similarly, the clockwise radially polarized vortex (C-RPV)
beam with first-order polarization and third-order topological
charge number (C-R1V3 for short) is obtained when QP1
(45°), VHP1(3,0), QP2(-45°), and VHP2(1,0) are added in
the setup. Accordingly, the C-R3V1 beam is generated for
QP1(45°), VHP1(1,0), QP2(-45°), and VHP2(3,0). Also, the
clockwise azimuthally polarized vortex (C-APV) beam with
first-order polarization and third-order topological charge num-
ber (A-A1V3 for short) is obtained when QP1(45°), VHP1(3,0),
QP2(45°), and VHP2(1,0) are added in the setup. And the C-
A3V1 is generated for QP1(45°), VHP1(1,0), QP2(45°), and
VHP2(3,0). The corresponding Stokes and polarization param-
eters of generated clockwise CVV (C-CVV) beams are depicted
in Fig. 11. There is a sense of anti-clockwise rotation in the cen-
tral part, either for the intensity distribution after a polarizer or
for the PA distribution. And, from the PE in Figs. 11(a4)-
11(d4), the middle parts of the generated CVV beams are

O

H

-« | (b])

o
%
p

(a4) (b4) (c4) (d4) -45

Fig. 10. Experimental results of generated A-CVV beams. (a)—(d)
Intensities of A-R1V3, A-R3V1, A-A1V3, and A-A3V1 beams; 1, in-
tensity after a 0° polarizer; 2, intensity after a 45° polarizer; 3, PA; 4,
PE. Arrow heads indicate the transmission direction of the polarizers.
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Fig. 11. Stokes parameters and polarization parameters of generated
C-CVV beams. (a)-(d) C-R1V3, C-R3V1, C-A1V3, and C-A3V1
beams; 0-5: Sy, Sy, S,, S3, PA, PE.
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Fig. 12. Experimental results of double-slit interference of anti-

clockwise and clockwise CVV beams. (a)—(d) A-R1V3 beam, A-
A3V1 beam, C-A1V3 beam, and C-R3V1 beam.

left-handed circularly-polarized beam, which comes from the
CLCV beam. Also, it is hard to get the topological charge num-
ber except the polarization information.

The double-slit interference experiment is also introduced to
the CVV beams to help detection, and the corresponding ex-
perimental results of anti-clockwise and clockwise CVV beams
are depicted in Fig. 12. Both misplacement and tilt appear,
which have the same rules as CV beams in Fig. 9 and vortex
beams in Fig. 8, respectively. The misplacement region number
M is related to the polarization order number 2, and the fringe
tilt offset is related to the topological charge number /. The
fringe intensity distributions of the same P and / but different
types of CVV beams are the same. And A-CVV beams curve to
the right and C-CVV beams curve to the left.

The topological charge number / is calculated by measuring
the tilt offset. The specific measurement process is the same as
that of vortex beam. As shown in Fig. 12, the tilt offset between
two red vertical lines of A-R1V3 beam is three times of that
of A-A3V1 beam, and C-A1V3 beam has three times the offset
of C-R3VI, ie, [=3 for A-RIV3, and /=-3 for
C-R3V1 beam.

5. CONCLUSION

In summary, we have demonstrated a concise efficient and prac-
tical direct-view method to generate arbitrary CV beams by
VHP, including realizing CV beams, vortex beams and CVV
beams. The characteristics of VHP are analyzed in detail. New
types of VHPs can be formed by cascading two or more VHPs
when the types of available VHPs are limited, which helps to
generate multi-type CV beams more flexibly. Six kinds of first-
order and other high-order CV beams, such as the RP beam,

) O Vol. 9, No. 5 / May 2021 / Photonics Research 811

AP beam, and third-order AP beam, are formed by simply ro-
tating an HP. The Stokes parameters and double-slit interfer-
ence of multi-type CV beams are investigated in detail. The
polarization parameters, including DOP, polarization azimuth,
and ellipticity, are obtained, which demonstrates the efficient
generation of CV beams.

In addition, misplacement and tilt appear in the double-slit
interference fringes of the CVV beams, in which the misplace-
ment number M is 2P + 1 for P <2 and 2P -1 for P > 3,
where P is the polarization order number, and the fringe tilt
offset is positively related to the topological charge number /
of CVV beams. It is experimentally demonstrated that arbitrary
CV beams with high quality are effectively achieved by the pro-
posed setup, and the double-slit interference method can be
utilized to determine and analyze CV beams rapidly and con-
cisely by practical performance, which shows its potential to be
implemented as a commercial device.
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