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A convenient and versatile scheme to generate continuously adjustable cylindrical vector (CV) and vor-
tex beams by multiplexing and cascading passive vortex half-wave plates (VHPs) is proposed. (—24)-24
order CV or vortex beams are generated only based on VHPs with m =1, 3, and 8. The coaxial and small-
angle interference are introduced to detect orders. For coaxial interference of /;-order and /,-order vortex
beams, the intensity distribution is spirally fan shaped. The partition number is N = |l,— /; ], and the spiral
direction can distinguish the sign of topological charge with higher value. Fork-shaped fringes appear in
the center for small-angle interference between vortex beams with incident angle 8; and S,. The forking
number between two fringes meets N = |l,— /|, and the forks face upward when (L,—[;)(8.— B1) <O,
and face downward when (l,— [,)(8,— B1) > 0. Particularly, when one of the beams is a Gaussian beam,
such as /; =0, the value and sign of the topological charge /, can be directly detected. And for the inter-
ference between CV and Gaussian plane beams, the partition number N is positively correlated with the
polarization order P, with N =|P| or N=2|P| for coaxial or small-angle interference, respectively, and
corresponding sign can be identified by the polarization azimuth distributions measured by Stokes param-
eters. It is experimentally demonstrated that the proposed scheme can effectively generate continuously
adjustable CV and vortex beams by programming limited VHPs, greatly expanding order numbers with
low cost, low energy consumption, and high utilization, and the coaxial and small-angle interference

method can conveniently detect the corresponding orders without borrowing redundant devices.
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I. INTRODUCTION

The cylindrical vector (CV) and vortex beams have
attracted widespread attention due to a donut intensity dis-
tributions and cylindrically symmetric polarization or heli-
cal phase wave-front properties [1-4]. Due to the orbital
angular momentum carried by the optical field around
them, they have found applications in fields such as par-
ticle trapping and manipulating [5—7], tight focusing and
beam shaping [8,9], laser materials processing [10,11],
superresolution techniques [12,13], optical communication
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[14-18], quantum information process [19-22], reverse
flow [23,24] and fiber and integrated optics [25-30], and
SO on.

Multiple methods and schemes are proposed to gen-
erate CV and vortex beams, including intracavity and
extracavity techniques. The intracavity methods have the
advantages of high quality and energy-conversion effi-
ciency but lack of flexibility due to limited space. The
extracavity methods are relatively more flexible and pop-
ular with conversion devices such as spiral phase plates
[31-35], anisotropic crystals [36—39], diffractive optical
elements and digital micromirror device (DMD) [40—43],
metasurfaces and g-plates [44-50], Sagnac and Mach-
Zehnder interferometers [51-54], photon sieves [55,56]
and the most used spatial light modulator (SLM) [57—60].

© 2022 American Physical Society
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But there are more or less problems of stability, complex-
ity, efficiency, cost performance, and so on. For example,
the most used SLM or DMD methods have low conversion
efficiency due to the diffraction effect and are not cost effec-
tive. In addition, they are active energy-consuming devices
and require additional power supply.

The detection techniques for vortex beam can be classi-
fied mainly into two categories: interference and diffrac-
tion. Interference techniques include mainly the Mach-
Zehnder interferometer (MZI) [61—63], Sagnac interfer-
ometer [64], Fizeau interferometer [65], multipoint inter-
ferometer [66], double-slit interferometer [67—69], Talbot
interferometer [70,71], and self-reference interferometer
[72,73], etc. Diffraction techniques usually use devices
such as a triangular aperture [74,75], annular aperture
[76,77], diamond-shaped aperture [78], single-slit [79],
multi-pinhole plate [80], gratings [81,82] and metasurfaces
[83,84], etc. Besides, there are other detection techniques
such as geometric coordinate transformation [85,86] and
deep learning [87—89], and so on. Among them, the most
basic and commonly used device is the MZI, where one
vortex beam interferes with another vortex beam or Gaus-
sian plane beam. However, the structure of MZI is still a
little complex, requiring two nonpolarized beam splitters
(NPBSs), and half the optical energy is wasted with low
utilization. And it still needs other unusual devices such
as right-angle prism and Dove prism [62,63]. In addition,
the in-line interference of conjugate vortex beams cannot
distinguish the sign of topological charge [62], and the
incident angle direction (positive or negative) about the
z axis or the relative incident angle (left or right) about
each other is not considered in the off-axis interference
between vortex beams, which will affect the forking fringe
orientation [63].

Recently, a double-pass configuration has been reported
to produce vortex beams [90], which is somewhat simi-
lar to our multiplexing technology. However, we finish our
work completely independently. Besides, the work of the
CV beam is added in our paper, and principles and details
are presented to make it clearer and more convincing. Of
note, our proposed system avoids multiple use of combi-
nation of BS, quarter-wave plate and mirror, which is too
redundant, uneconomical, and has large energy loss.

In this paper, continuously adjustable (—24) to 24 order
CV and vortex beams are generated by multiplexing the
vortex half-wave plates (VHPs) with order m=1, 3, and
8 combined with cascading skill. The VHP is a passive
device with a consistent delay 7 but the direction of the
fast axis changing continuously around the center, which
has high transmittance and no diffraction effect just like a
half-wave plate with high energy conversion. The polar-
ization azimuth (PA) distributions of generated CV beams
are investigated by measured Stokes parameters. Besides,
the coaxial interference and small-angle interference with
Gaussian plane beam are introduced to detect the order

of vortex and CV beams. There is only a NPBS in the
proposed scheme, which simplifies the system complex-
ity and improves the energy utilization. For the coaxial
interference of vortex beams, the interference intensity
distribution is spirally fan shaped, and the number N of
fan-shape regions equals the absolute value of topologi-
cal charge /, i.e., N =|l|, and positive or negative / has
counterclockwise or clockwise direction from the outer
tail to center head of fan-shape regions in the central
part. The initial phase o can be adjusted by rotating the
quarter-wave platel (QP1), which can be discovered by
the fan-shape orientation. For the small-angle interference
of vortex beams, fringes in the central region bifurcate,
and the forking number N between two fringes conforms
to N =|/|, and the fork faces upward or downward for
positive or negative /, respectively, in the experimental
condition that the incident angle o > 0 of Gaussian beam
and 8 =0 of vortex beam. And the forking fringes rotate
anticlockwise or clockwise from the outer to center at the
bifurcation near the center for positive or negative topo-
logical charge /. The initial phase o adjusted by QP1 can
affect the relative forking distribution. And for the interfer-
ence of CV beams, the partition number N of interference
intensity is positively correlated with the polarization order
P, with N =|P| for coaxial interference and N=2|P| for
small-angle interference, and the corresponding sign can
be identified by the polarization azimuth distributions mea-
sured by Stokes parameters. The initial polarization direc-
tion ¢ adjusted by QP1 will affect the relative interference
intensity distribution. It is experimentally demonstrated
that the proposed scheme can effectively generate con-
tinuously adjustable CV and vortex beam with limited
passive VHPs, which can greatly expand the order num-
bers with low cost, low energy consumption, and high
utilization, and the coaxial and small-angle interference
method can conveniently detect the corresponding order
without borrowing redundant devices.

I1. PRINCIPLES
A. Vortex half-wave plate

The VHP is a passive device with a constant retardance
7, but its fast axis rotates continuously around the cen-
ter. The distribution of the fast axis can be described as
0 =m@/2 + ¢, in which, ¢ is the azimuth angle; 0 is the
VHP fast-axis direction at a certain azimuth angle; m is
the integer order number; and ¢, is the initial fast-axis
direction when ¢ =0. The VHP with m and ¢, can be
expresses as VHP(m, ¢¢) or VHP(0) for short. Particu-
larly when m = 0, the VHP becomes an ordinary half-wave
plate (HP) with the fast axis orientated at ¢, also called
@, HP, i.e., VHP(0, ¢¢) or HP(¢(). The VHP Jones matrix
Jvup(0) with fast axis orientated at the direction 6 can be
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expressed as

cos 20

sin 26
Jvip(0) = Jp g = [sinZ@ i|

—cos 20

__ | cos(me + 2¢0)

B [sin(mw + 2¢0)

sin(me + 2¢o) (1)
—cos(mo + 2¢y) |’

where 6 varies with the azimuth angle ¢, so the VHP Jones
matrix is spatially variable.

B. Continuously adjustable cylindrical vector beams

The Jones vector of a mirror (M) and the 0 HP can be
expressed as

Ju = |:_01 ﬂ , Jup(0) = |:(1)

Since the whole fixed phase difference will not affect the
polarization state, it can be considered that Jy; = Jyp(0).
When a beam passes through a VHP or quarter-wave
plate (QP) from the front, its Jones matrix can be expressed
as Jypup(0) or Jqp(6), in which 6 is the fast-axis direction.
And when the beam passes through the same device from
the back, its fast-axis direction changes to 7—¢ from 6,
thus, the corresponding Jones matrix becomes Jyyp(7—0)
or Jqp(r—0). So, the Jones matrix of VHP and QP in the
opposite direction are expressed as the following:

_01} =" xJy. (2)

Jyup(w — 6)
=[Sl 28 St ) =
Jop(T — 0)
V2 [1 —icos2(w —§)  —isin2(x —6) ]
) —isin2(wr — 0) 1+icos2(m —6)
= Jop(—0). (3)

For better distinction, Q is used to represent the fast-axis
direction of a QP. So, when a beam passes through a QP
and is vertically reflected by a M, then passes through the
same QP from the back again, the corresponding Jones
matrix can be expressed as

Jop(—=0) x Ju x Jop(0)
1 [1—icos2(—0Q)
T 2| —isin2(=0Q)

« -1 0 o« 1 —icos20
0 1 —isin2Q

—isin2(—Q)

1 +icos2(—0Q)
—isin2Q

1 +icos2Q

_ 1 [ 2icos2Q 2isin2Q
T 2 |—2isin2Q 2icos2Q

_ in)2 cos2Q  sin2Q _ in)2 /
=¢ ><|:—sin2Q cos20 =" x R(20).

“4)

Ignoring the whole 7/2 phase, the combined Jones matrix
R’ is a counter-rotation matrix. When a linearly polarized
(LP) beam with the polarization direction orientated at ®
according to the horizontal direction (x axis), expresses as
the & LP beam for short, passes through the combined
device above, the counter-rotation beam can be obtained
with the Jones vector expressed as follows:

/ 2
Eo 20 =R(2Q) X Ep = |:_C(;1Sn ZQQ

% cos ®
sin ®

_ [ cos2Q cos ® + sin2Q sin d ]

sin2Q
cos 20

—sin2Q cos ® + cos2Qsin

| cos(® —20)
o [sin(dD — ZQJ ’ ©)

That is to say, the original polarization direction & is
rotated by 20 clockwise. The counter rotation means the
opposite direction of azimuth angle ¢, i.e., clockwise
direction.

While when a beam passes through a VHP(6,) and a
QP(Q) successively and is vertically reflected by a M, then
passes through the same QP and VHP from the back again,
the corresponding Jones matrix can be expressed as

Jvup(—=01) X Jop(=Q) X Jy x Jop(Q) X Jyup(61)
= Jyup(—61) x R'(2Q) x Jyup(61)

| cos20;  —sin26, o | cos 20  sin2Q

T | —sin20; —cos26, —sin2Q cos20
cos 26, sin 26,
sin26; — cos26;

| cos(46; —20)  sin(40; — 20)

T | —sin(40; — 2Q) cos(40; — 2Q)

= R'(46, — 20). (©)

This is still a counter-rotation matrix R'(46,—2Q), in
which 6, and Q are the fast-axis direction of the VHP and
QP, and 6, =m¢/2+ @o1, where ¢ is the initial fast
axis direction of VHP(6,) when ¢ =0. So, when the ®
LP beam passes through the combined device above, the
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corresponding Jones vector can be expressed as follows:

E = R'(46, — 20) x Eq

_ [ cos(46, — 20) sin(46, —20) cos ®
| — sin(460; — 2Q) cos(460; — 20) sin ®

[cos(® + 20 — 2m 19 — 4¢0,1)
| sin(® + 20 — 2myp — 4¢,1)

[cos(—2m ¢ + lﬂ’o,l)]

 sin(—2m1g + 'y, ™

This is an antivortex cylindrical vector (ACV) beam [91]
with the polarization order P = —2m and initial polariza-
tion direction ¥'p =P +20 —4¢o; at ¢ =0. So, ¥,
can be adjusted just by changing O, i.e., rotating the
QP(Q).

The counter-rotation matrix R'(46;— 2Q) can be con-
verted to the function of a VHP when followed by a M
or a 0 HP with the corresponding Jones matrix expressed
as

Ju x ©(40; —20) = €™ x Jyp(20; — Q). (8)

This means an alternative VHP is formed with order num-
ber m =2m; and initial fast-axis direction ¢¢=2¢¢,;— Q.
When it is passed through by the ® LP beam, a CV beam
with the polarization order P = 2m, and initial polarization
direction Yo 1= —v'01 =491 —20 — ® is obtained. So,
the polarization order is doubled and multitype CV beams
can be obtained just by rotating the QP(Q) or changing the
initial polarization direction ® of incident LP beam.

Besides, as it has been reported that the cas-
cading of odd number 2n—1 VHPs for n>1 can
form an alternative VHP with the order number
m=my,_1—May_2+... —my+m; [92]. Combined with
the above-mentioned combination of Egs. (6) and (8),
multiple even-order CV beams can be obtained by multi-
plexing VHPs. When the combination of a HP and 1-order
VHP is added after the last M, the odd- (2m £ 1) order
CV beams can be generated, including ACV beams when
m < 0 adjusted by the position of cascaded odd VHPs.
Thus, continuously adjustable CV beams can be obtained
conveniently.

It is found that the cascading of even-number 2n VHPs
can form the rotation function with the Jones matrix
R(20,,) [92], where ®y,=02,— 02, 1+... +0,— 6 and
02, = M2u/2 4+ @0 2, in Which 65, and ¢, represent the
fast-axis and initial fast-axis direction of the 2n-th VHP,
respectively. Taking two VHPs for example, the combina-
tion of the VHP(0), VHP(6;), a QP, and a M has the Jones

matrix expressed as

Jyup(—=01) X Jyvap(—62) X Jop(—0) X Jyr X Jqp(Q)
x Jyup(02) X Jyup(61)
= R(=20) + 20,) x R'(20) x R(26, — 26y). 9

That is to say, the Jones matrix of cascaded VHP(6,) and
VHP(6,) in the opposite direction is still R(26,— 26,). By
analogy, the combination of cascaded even VHPs, a QP,
and a M can generate CV beams with the corresponding
Jones matrix expressed as follows:

R(20,,) x R'(20) x R(20,,)

_ | c0s20,, —sin20@y, o | cos 20 sin2Q

T |sin20,, c0s20,, —sin2Q cos20
c0s20,, —sin20,,
sin20®,, ¢c0s20,,

_ | cos(40,, —20) —sin(40,, —20)

T | sin(4@,, —20)  cos(40,, — 20)

= R(40,, — 20). (10)

This is a rotation matrix with counterclockwise direc-
tion. When the @ LP beam passes through the combi-
nation above, a CV beam with P =2(my,—my,_1 +...
+my—m;) and initial polarization direction Yoo, =4
(902n— Po2n—1F .. +@0o2—@o,1) —20 + ® is obtained.
If the combination is followed by a M or HP(0), a counter
VHP is formed with the corresponding Jones matrix
expressed as follows:

JM X R(4®2n — ZQ)

| —cos(40y, —20) sin(40,, — 20)
T | sin(4©,, —20)  cos(40,, —20)

= J'vip(202, — Q) = " Jypp(Q — 20,).  (11)

When the @ LP beam pass through the combination above,
an ACV beam with P = —2(my,— mo,_1+ ... +my—my)
and 1initial polarization direction Y¥'p2,=—V 02, =
—4(@0’2,,— ©0,2n—1 +...+ Yo2— (,00,1) + 2Q — @ is obtained.
Also, CV beams can be generated when P > 0 adjusted by
the position of cascaded even VHPs. And the odd- (P 1)
order CV beams can be captured when the combination of
a HP and 1-order VHP is added before a CCD. Thus, mul-
titype CV beams can be obtained either by rotating QP(Q)
or changing the polarization direction & of incident beam
by use of rotating a HP. Besides, the ACV and CV beam
can be converted to each other by a M or HP(0). There-
fore, continuously adjustable CV beams can be obtained
combined with multiplexing and cascading skills.
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C. Continuously adjustable vortex beams

When the 0 LP beam passes through the QP(sr/4) or
QP(—m/4), respectively, right-handed circularly polarized
(RCP) or left-handed circularly polarized (LCP) beam

will be obtained with the corresponding Jones vectors

described as Ex = v/2/2[1 —i]T or B = +/2/2[1 i]T.

The VHP can transform incident circularly polarized beam
into vortex wave front. When the RCP or LCP beam passes
through the VHP(m, ¢y), the exit beam becomes a clock-
wise left-handed circularly polarized vortex (CLCV) beam
or an anticlockwise right-handed circularly polarized vor-
tex (ARCV) beam with the corresponding Jones vectors
described as Ecpcy = E x e~ "+290) or Exrcy = Eg X
e/m¢+2¢0) [91], in which 2¢, is only an initial fixed phase
and does not affect the relative phase distribution of the
whole vortex beam.

According to Eq. (8), the alternative VHP(2m;,
2¢p1— P/2 — Q) can be formed with the combination
of a VHP(mi, ¢o1), a QP(Q), and two mirrors. So,
a circularly polarized (CP) vortex beam with doubled
topological charge number /==+2m; and initial phase
oo=2(4¢91— P — 20Q) can be obtained by the combina-
tion mentioned above. Further, even high-order CP vortex
beams can be generated by the combination of odd VHPs,
a QP, and two mirrors, and odd ones are obtained when the
combination of a HP and 1-order VHP is added after the
second M.

Besides, according to Eq. (11), the combination of even
VHPs, a QP, and two mirrors can form a counter VHP,
which can convert the RCP beam to an anticlockwise left-
handed circularly polarized vortex (ALCV) beam with the
corresponding Jones vector expressed as follows:

Jyup(Q —20,,) X Ep

_ [cos(2Q — 40,,) sin(2Q — 40,,) V2Tl
= | sin(20 — 40,,) —cos20 —40,,) | * 2 | —i

_ ei(4®2"_zg)g |:{| = ¢/nvtoo g, (12)

The generated ALCV beam has the topological charge
by=2(my,—myy_1+... +my—m;) and initial phase
0020 =HPo2n— Po2n—17F ... +@o2— @o,1) —20. And the
initial phase 02, can be modulated by rotating QP(Q).
Also, the combination above can convert a LCP beam
to a clockwise right-handed circularly polarized vor-
tex (CRCV) beam with the corresponding Jones vec-
tor Jypp(Q — 20,,) x E; = e ¢ +o02) Ep - So, positive
topological charge / can be converted to a negative one
by changing the sequence of VHPs or the polarization
state of the incident beam. And odd vortex beams can
be obtained with the combination of a HP and 1-order
VHP added. Thus, continuously adjustable vortex beams

can be obtained combined with multiplexing and cascading
VHPs.

D. Coaxial and small-angle interference

It is assumed that both Gaussian plane wave and vortex
beam are horizontally polarized. At the same time, assum-
ing that all beams propagate in the x-z plane and the angles
between the propagation direction of Gaussian plane wave,
vortex beam, and CV beam and z axis are «, 8, and y
changing from —m/2 to /2, respectively, in which coun-
terclockwise angles traced from the incident ray to z axis
have positive sign, and clockwise angles have negative
sign. The complex amplitudes of Gaussian plane wave,
vortex beam, and CV beam at z = 0 observation plane can
be expressed as

U = A(r)e™sne,

Uy = A(r)ei(1¢+00)eikx sinﬁ,
Ucv » = A(r) cos(Pg + 2¢p)e™sn7
Ucv_y = A(r) sin(Po + 2¢9)e sy

(13)

where A(r) = Aoe_’2 /4 represents the amplitude distribu-
tion of Gaussian beam, in which A4, is a constant, 7 is
a variable representing the beam radius, and wq is the
beam waist radius. &k is the wave vector with k=2m/A,
[ and o are the topological charge number and initial
phase of vortex beam, respectively. Ucy, and Ucy, are the
horizontal-polarization and vertical-polarization complex
amplitude of CV beam, respectively. P and 2¢, are the
polarization order number and initial polarization direction
of CV beam.

The interference intensity distribution between Gaussian
plane wave and vortex beam can be expressed as

I y = (Ug + Uy)(Ug + Up)*
=A2(r)(eik’csinot +ei(l§0+(70)eikxsinﬁ)

% (e—zkxsma + e—t(l<p+00)e—zkx51nﬁ)

= A*("{2 + 2 cos[kx(sina — sin B) — (lp + 0¢)]}.
(14)

When /=0, it means the interference of two Gaus-
sian plane beams. The interference intensity distribu-
tion is vertical fringes, and the fringe spacing is Ad =
27 /(k|sina@ — sin B]) = A/|sina — sin B|. The smaller the
angle between o and B, the greater the fringe spacing
Ad. When the incident angle o = 8, the interference inten-
sity distribution is fan shaped. The number of fan-shape
regions is positively correlated with the absolute value
of topological charge /, and the fan-shaped orientation is
related to initial phase o . For the general case of /£ 0 and
o # B, it is discussed in Sec. IV.
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The interference intensity distribution of two vortex
beams can be expressed as

Iy o = (U + Up)(Upy + Upp)*
— A2 (r) (ei(ll (p+001)eiloc sin B + ei(lz(p-l—aoz)eikx sin ﬂz)
% (efi(11(p+(701)efikx sin B 4 e*i(lz(p+(702)efikx sinﬂz)
= A2 ({2 + 2 cos[(l — b)¢ + (001 — 002)
+ kx(sino — sin §)}. (15)
It has a similar law with the interference between Gaussian
plane wave and vortex beams, where / and o are replaced
by /1— I, and ¢ — 0y, respectively.

The interference intensity between Gaussian plane wave
and CV beams can be expressed as

I6_cv = (Ug + Ucv_)(Ug + Ucv )" + Ucv , Uy

J

= A*(r) (€™M 4 cos(Py + 2¢p)e™ N7
X (e~ | co5(Pg + 2g)ekrsinyy
+ 4 (r)sin® (Py + 2¢0)
= A2("N{2 42 cos(Pg + 2¢)
x cos[kx(sina — siny)]}. (16)

When P =0, it means the interference of 0 LP and 2¢
LP Gaussian beams. The interference intensity distribu-
tion is still vertical fringes with the fringe spacing Ad =
A/|sina — sin y| but with an overall beam intensity base
24%(r)(1 — cos 2¢yp), which is the intensity at the darkest
fringes. When the incident angle @ = y, fan-shaped inten-
sity distribution appears with partition number N = |P|. For
the general case of P#0 and o #y, it is discussed in
Sec. IV.

However, without considering propagation distance L and diffraction effect, the above conclusions can only point out the
approximate and partial interference laws. More accurate complex amplitudes at z observation distance need to consider
the Fresnel diffraction under paraxial approximation with the expressions as follows:

Aoeikz
Uslx,y,z) = —
Az
Aoeikz
Uy(x,y,z) =

iAz

iAz

2
// ef(x/ery/z)/w%e(ik/Zz)[(xfx’)2+(yfy’)] dx'dy’ x gikrsine.

/:/ e*(x/zJFyQ)/w%ei(lxatan%+GO)e(ik/zz)[(xfx/)zJF(V*y,)]zdx/dy/ % eikxsinﬁ’

/

A eikz 2, 72 2 . "2 2 . .
Ucv x(x,y,2) = 0 // eI cos [ P x atan)i, + 2 | ePNEHOOT g/ gy’ eFrsiny
X

AO eikz
ilz

Ucv y(x,y,2) =

Thus, more detailed interference laws at z = L observation
plane can be obtained.

1. EXPERIMENTAL SETUP

A concise and versatile experimental setup for doubling
the order of CV beam and vortex beam by multiplexing
VHP is shown in Fig. 1 when there are no components
in the black dashed line. The incident beam from a LP
He-Ne laser is expanded 6 times by a beam expander (BE).
The combination of a HP and a horizontal polarizer can
both modulate the incident beam intensity and ensure the
incident beam is horizontally linearly polarized. A NPBS
divides a beam into two beams equally, one of which is
the transmitted beam and the other is the reflected beam.
In the setup, the NPBS is used twice, the first time it is
transparent for the transmitted beam, and mirror 1 (M1) is
used to reflect the transmitted beam back vertically. And

/
// e*(x/2+y/2)/w3 sin <P % atan)i/ + 2¢0) e(ik/22)[(x7x/)2+(yfy/)]2dx/dy/ % gifrsiny (17)
X

(

the second time the NPBS corresponds to the function of
a mirror. The reflected beam is captured by a CCD camera

P

FIG. 1. Experimental setup for doubling and detecting the
order of CV and vortex beam. BE, beam expander; HP, half-wave
plate; P, polarizer; NPBS, nonpolarized beam splitter; VHP,
vortex half-wave plate; QP, quarter-wave plate; M, mirror.
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with the resolution of 1024 x 1024 pixels and pixel pitch
5.5 x 5.5 ym.

According to Eq. (6), the combination of a VHP, a QP1
and a mirror (M1) can form the function of counter rota-
tion matrix R'(46, — 2Q), in which 61 =m;¢/2 + ¢o; and
Q are the fast-axis direction of VHP and QP1, respec-
tively. The initial fast-axis direction of the VHP is mod-
ulated to ¢9;=0. As mentioned above, the second use
of NPBS is equivalent to a mirror. According to Eq. (8),
the R'(461 — 2Q) is converted to the VHP(26,— Q) by the
NPBS. So, a 2m-order CV beam with the initial polariza-
tion direction o= —2Q can be generated by the setup for
the incident beam with horizontal linear polarization. By
simply rotating the QP1 to change Q, multitype CV beams
can be obtained, including high-order radially polarized
(RP) and azimuthally polarized (AP) beam. Besides, the
VHP in the green dashed line can be replaced by cas-
caded odd VHPs to generate adjustable doubled high-order
CV beams without changing other devices of the setup. In
addition, when the combination of a HP and 1-order VHP
is added before the CCD, the odd-order CV beams can be
generated. Thus, the continuously adjustable CV beams are
obtained. According to Egs. (10) and (11), when the VHP
is replaced by cascaded even VHPs, the CCD will capture
an ACV beam, and multiple type can be realized by rotat-
ing the QP1. Moreover, the ACV beam can be converted
to the CV beam when a 0 HP is placed between the NPBS
and CCD, or the 0 HP is added into the even VHPs to form
odd VHPs.

When the second QP (QP2) in the red dashed line with
the fast axis orientated at 45° or —45° is inserted in the
setup, a CLCV beam with doubled topological charge
number /= —2m; or an ARCV beam with /=2m; can
be obtained. Similarly, adjustable high-order vortex beams
can be generated by cascading odd VHPs instead of the
VHP in the setup. While for cascaded even VHPs, accord-
ing to Eq. (12), the RCP or LCP beam can be converted to
the anticlockwise left-handed circularly polarized vortex
(ALCV) beam with b, =2(my,— mp,_1+ ... + my—my)
or (—ly,)-order CRCV beam, respectively. Anyway, the
incident beam and the exit beam have completely com-
plementary polarization and cannot interfere with each
other.

In order to detect the order of CV or vortex beam con-
veniently, the elements in the black dashed line need to
be inserted. For the interference of Gaussian wave and
CV beam, only M2 needs to be added. The interference
angle can be adjusted by rotating M2. While for the vor-
tex beam, the QP2 in the red dashed line and QP3 with
the fast axis orientated at 45° or —45° in the blue dashed
line are also needed to be inserted in the same time. Taking
QP2(—m/4) and QP3(;r/4) for instance, the generated LCP
beam is divided into two parts by the NPBS. The transmit-
ted part passes through the VHP(m,, 0) and QP1(Q), then
is reflected by the M1. The CCD will capture the ARCV

beam with topological charge / =2m; and the initial phase
oo=—20Q. The reflected one passes through the QP3(rr/4)
and is reflected by the M2. According to Eq. (4), the LCP
beam is converted to RCP beam with corresponding Jones
vortex expressed as Jop(—m/4) x Jy x Jop(w/4) x Jyr %
E; = e /2 x Eg. Then, the RCP Gaussian beam and vor-
tex beam can interference with each other in the CCD. The
incident angle o of Gaussian beam can be modulated by
rotating M2. When rotating or reversing the QP2(—/4) to
QP2(w/4), the (—2m)-order CLCV beam will be obtained.
In order to simplify the experiment, the M1 is fixed and
ensures the beam is reflected vertically, i.e., the incident
angle B or y of vortex or CV beam are both 0. Thus, the
angle of two interference beams is adjusted only by M2,
i.e., adjusting «. For coaxial interference, « is adjust to be
0, and for small-angle interference, positive « is researched
experimentally, while the opposite laws will be obtained
when o < 0.

IV. RESULTS AND DISCUSSION

In the experiment, the VHPs with m=1, 3, and 8 are
used to generate —24 to 24-order CV and vortex beams
combined with doubling and cascading skills. Figure 2
shows the generated 16-order RP (16-RP for short), (—17)-
order AP (—17-AP for short), and 24-order CV (24-CV
for short) beam by multiplexing a VHP(8, 0), a single
VHP(1, 0) and multiplexing a VHP(8, 0), and multiplex-
ing the cascading of VHPs(m, 0) with m=1, 3, and 8,
respectively. Figures 2(al)}2(cl) are the whole intensity
distributions, respectively, i.e., /. It is clear that the bright
ring in Fig. 2(c1) is larger due to the higher order. And

16-RP

24-CV

1-80 -40 0 40 80

FIG. 2. Intensity and polarization azimuth distributions of
generated 16-RP, —17-AP and 24-CV beams. (a) 16-RP beam,;
(b) —17-AP beam; (c) 24-CV beam; (1-4): I, I, I,, and PA.
Two-way arrowheads indicate the transmission direction of a
polarizer.
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Figs. 2(a2)-2(c3) are the intensity distributions after pass-
ing through a linear polarizer with the polarization direc-
tion orientated at 0° and 45°, respectively, i.e., /; and /,. It
can be found that the number of intensity divisions are 32,
34, and 48, respectively, which are twice the order values.
All intensity distributions of /¢, I, and /,, are normalized.
RP or AP beam can be obtained by rotating QP1 in the
experimental setup. The corresponding PA distributions
are depicted in Figs. 2(a4)-2(c4) calculated by measured
Stokes parameters. For positive-order CV beams, the rota-
tion direction from red (90°) to adjacent blue (—90°) in PA
is counterclockwise, such as Figs. 2(a4) and 2(c4), while
for negative order ones, the rotation direction becomes
clockwise, as shown in Fig. 2(b4). Both the polarization
order and polarization direction can be identified from
the PA.

According to Sec. II D, the order numbers of vortex
and CV beams can be detected by the interference with
Gaussian plane beam. For the coaxial interference with the
incident angle o = 8 by adjusting M2, the simulated inter-
ference results are shown in Fig. 3. Figures 3(al)-3(a5)
are the intensity distributions of vortex beams with /=1,
2, 3, 4, and 6, and Figs. 3(b1)-3(b5) are for vortex beams
with /=—1, =2, —3, —4, and —6. It is found that the
interference intensity distribution is spirally fan shaped,
and the number N of fan-shape regions equals the abso-
lute value of topological charge /, i.e., N=|/|. Besides, the
fan-shaped orientation is decided by the initial phase oy,
which can be adjusted by changing the fast axis of QP1,
i.e., rotating QP1. In addition, the spiral direction from
the outer tail to center head of fan-shape regions in the
central part is related to the sign of /. For positive /, the
spiral direction is counterclockwise, and the negative one
has clockwise direction, which is caused by the different
divergence angles of vortex beams with different orders.

As it is known that the higher the order value of the vor-
tex beam, the larger the dark area in the center and the more
outward the bright ring at the same observation distance.
That is, the higher the order value, the greater the diver-
gence angle. Take the 1-order vortex beam for example

FIG. 3. Simulated interference intensity distributions between
vortex and Gaussian plane beams at o = . (al)+a5) Vortex
beams with /=1, 2, 3, 4, and 6; (b1)+(b5) vortex beams with
I=-1,-2,-3,—4, and —6.

e

FIG. 4. Sketch of vortex beam phase diffraction distribution
and simulated interference intensity distributions between vortex
beams at o = B. (al)+a2) Sketch of partial phase distribution of
1-order vortex beam at z =0 and z = L; (b1)~+(b4) interference of
conjugate vortex beams with /==+1, +2, +3, and 44, respec-
tively; (c1)—(c4) interference of 2- and 6-, —2- and —6-, —2- and
6-, and 2- and —6-order vortex beams, respectively.

as shown in Fig. 4. Figure 4(al) shows the partial initial
phase distribution at z = 0, in which the blue line represents
0 phase, green and red lines represent /2 and m phase,
respectively. Due to the influence of diffraction and diver-
gence angle, the farther away from the center, the greater
the propagation distance, and thus the more phase delay.
Therefore, on the observation plane perpendicular to the
propagation direction, the phase distribution of the same
azimuth is no longer consistent. The phase distribution
sketch at z = L is shown in Fig. 4(a2), where the 7 isophase
line is shown with the red curve, and the arrow direction is
from the outer tail to the central head, which is counter-
clockwise for positive order. However, for negative-order
vortex beams, the phase direction becomes clockwise, and
the isophase line changes accordingly. The phase change of
the Gaussian beam relative to the high-order vortex beam
is small. When the two interfere with each other, it can be
approximated that the phase of the Gaussian beam does not
change and the whole is in phase. Therefore, the distribu-
tion of the interference intensity will be consistent with the
isophase line distribution of the vortex beam. Thus, the rea-
son for the spiral fan-shaped intensity distribution in Fig. 3
and the relationship with the order sign of the vortex beam
are qualitatively explained.

Since the conjugate vortex beams with the same order
value |/ and opposite sign have the same divergence angle,
the phase distribution at the same propagation distance is
relatively unchanged. Therefore, when they interfere with
each other coaxially, the spiral intensity distribution will
not appear, and the partition number is N = 2|/|, as shown
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in Fig. 4(b). Figures 4(b1)-4(b4) are the interference inten-
sity distributions of conjugate vortex beams with /==+£1,
42, £3 and £4, respectively. Furthermore, for the coaxial
interference between [;-order and /,-order vortex beams,
the intensity spiral distribution will be consistent with
the isophase line direction of vortex beam with higher
value, and the partition number is N = |/,—[;|. The coax-
ial interference between 42- and £6-order vortex beams
are shown in Fig. 4(c). Figure 4(c1) is for the interference
of 2- and 6-order vortex beams, and Figs. 4(c2)—4(c4) are
for —2- and —6-, —2- and 6-, and 2- and —6-order vortex
beams, respectively. It can be found that the spiral direction
of the interference intensity is determined by the isophase
line of the (£6)-order vortex beam, and partition number N
equals 4 or 8, which is the absolute value of the order dif-
ference. The quantitative simulation results are completely
consistent with the qualitative analysis.

Figure 5 shows the experimental coaxial interference
between Gaussian plane beam and generated 2-order, 4-
order, and 6-order vortex beams with the VHP(1,0) and
VHP (3,0). Figures 5(al)-5(a3) are the intensity distribu-
tions of vortex beams with /=2, 4, and 6. The intensity
spiral direction from the outer tail to center head is coun-
terclockwise for positive order, and the partition number
is N =/ And Figs. 5(b1)-5(b3) are for vortex beams
with /=—2, —4, and —6. The intensity spiral direction
is clockwise with partition number N = —/= |/|. Compar-
ing Figs. 5(al) and 5(b1), Figs. 5(a4) and 5(b4) are other
2-order and (—2)-order vortex beams with different ini-
tial phase o adjusted by rotating QP1. It can be found
that the experimental results are greatly consistent with the
theoretical simulation ones.

When the incident angle o > 0 by adjusting M2, the
simulated interference results with 8 =0 are shown in
Fig. 6. Figures 6(al)—6(a5) are the interference fringe dis-
tributions of vortex beams with /=1, 2, 3, 4, and 6, and
Figs. 6(b1)—6(b5) are for /=—1, —2, —3, —4, and —6. The

FIG. 5. interference

Experimental
between vortex and Gaussian plane beams at o =pg=0.
(al)~(a3) Vortex beams with /=2, 4, and 6; (b1)+(b3) vor-
tex beams with /=—2, —4, and —6; (a4){(b4) 2-order and
(—2)-order vortex beam with different initial phase o .

intensity  distributions

FIG. 6. Simulated interference fringe distributions between
vortex and Gaussian plane beams at & > 0 and 8 =0. (al)Ha5)
Vortex beams with /=1, 2, 3, 4, and 6; (b1)+b5) vortex beams
with/=—1, =2, —3, —4, and —6.

fringe spacing can be adjusted by changing the angle value
between o and 8. It is found that the fringes are no longer
vertical and bifurcate in the central region, and the forking
number N between two fringes equals the value of /, i.e.,
N=|l|, such as Figs. 6(al), 6(a4), and 6(a5), or the fork-
ing number from a single fringe is equal to |/| 4 1, such as
Figs. 6(a2) and 6(a3). In actual fact, both have the same
connotation. When an adjacent fringe is merged into the
latter, it becomes the former. For the sake of unification,
we choose the expression of the former.

It is found that the fork faces upward or downward for
positive or negative /, respectively, and the different rel-
ative forking distributions are caused by the initial phase
o of vortex beam, or relative position of Gaussian plane
and vortex beams. Taking the (£1)-order vortex beam as
an example, Fig. 7 depicts the causes clearly. Figure 7(a)
displays the isophase line distribution when a Gaussian
beam is incident on the observation plane at o > 0. It could
be found that the phase increases continuously along the
direction of the arrow. Select one of the phases as the origin
0 to establish the phase coordinates of the Gaussian beam,
expressed in x. Figure 7(b) depicts the small-angle inter-
ference intensity distribution between Gaussian plan beam
and 1-order vortex beam with o y=0. The green vertical
dashed line represents the isophase line x of the Gaussian
beam, and the blue dashed line depicts the isophase line
of the vortex beam, expressed in 6 (27 > 6 >0). The red
curves show the interference fringe distribution when the
center of vortex beam coincides with the coordinate origin
0 of Gaussian beam, where the Gaussian and vortex beam
have the same phase, that is,

O =x+2nr (n=0,%1,£2..)), (18)

which is in consideration of the periodicity of the phase.
Taking the coordinates (6, x) of the four points marked on
the red curves as an example, the coordinates of (1-4) are
(m/4, 7/4), Br/4, —57/4), (S7/4, —197/4), and (T7/4,
157/4), respectively. The red curves depict the forking
orientation, the relative forking distribution and forking
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FIG. 7. Sketch of isophase line distribution of Gaussian plane
beam and small-angle interference intensity distribution of Gaus-
sian plane and (Z1)-order vortex beam with different . (a)
Isophase line distribution of Gaussian beam at « > 0; (b),(c)
interference fringe distribution between Gaussian plane and 1-
order vortex beam with 0o = 0 and /2, respectively; (d) interfer-
ence fringe distribution between Gaussian plane and (—1)-order
vortex beam with oy =37/2.

number , i.e., the fork faces upward and the forking num-
ber between two fringes satisfies N=|1 — 0| =1, which
is the value of the order difference between Gaussian and
vortex beams.

Similarly, the red curves in Fig. 7(c) show the interfer-
ence results for 1-order vortex beam with o¢g=m/2. The
coordinates of (1-4) from the red curves meeting Eq. (18)
are 3w/4,3n/4), 3n/2, —n/2), (Tn/4, —97/4), and (77 /4,
157 /4), respectively. It is clear that the forking orienta-
tion does not change, but the relative forking distribution
becomes a single fringe bifurcating and forking number
N=|1—-0]+ 1=2. When an adjacent fringe is included, it
could be considered that the forking number between two
fringes still meets N =|1 — 0] =1. Therefore, the initial
phase o of vortex beam could affect the relative forking
distribution. Furthermore, the change of relative position
of Gaussian plane and vortex beams also affects the rel-
ative forking distribution. When the center of 1-order
vortex beam with o= /2 coincides with the coordinate
/2 of Gaussian beam, the interference fringe distribution
will be consistent with the red curves in Fig. 7(b). Also,
the fringe distribution will change into the red curves in
Fig. 7(c) when the center of 1-order vortex beam with
09=0 coincides with the coordinate —m/2 of Gaussian
beam. Figure 7(d) depicts the interference fringe distri-
bution for (—1)-order vortex beam with og=3r/2. (1-4)

points out of red curves satisfying Eq. (18) are (57/4,
S5n/4), Br/4, —131/4), (w/4, —T7/4), and (77 /4, 157/4),
respectively. Clearly, the fork faces downward for nega-
tive /, and the law of the relative forking distribution and
forking number does not change. Significantly, when the
Gaussian plane beam incidences at & < 0, the phase coordi-
nates will change to decrease continuously along the arrow
direction. Thus, the forking orientation change to be down-
ward or upward for positive or negative /, respectively,
and the forking number between two fringes still satisfies
N=|l-0]=].

More generally, for the small-angle interference of /;-
order and /-order vortex beams with incident angle B,
and B,, respectively, the forks face upward when /; </, &
B1 > B (I;-order vortex beam lies the left of /,-order one),
or [y >1l, & B < B, (l;-order vortex beam lies the right
of ly-order one), i.e., ([, — 1) X (B2 — B1) < 0, and the
forks face downward when /; > 1, and 8, > 85, or l; </
& B1 < Ba,ie., (I, —1}) x (B2 — B1) > 0. And the forking
number between two fringes always meets N = |L— 1],
and the greater the value of the relative included angle
|B> — Bil, the narrower the fringe spacing. Besides, con-
sidering beam diffraction and divergence angle, the inten-
sity fringes rotate clockwise or anticlockwise from the
outer to center at the bifurcation near the center, which
is determined by the sign of the higher absolute value
of /. The interference fringe distributions between vor-
tex beams with different / and 8 are shown in Fig. 8.
Figures 8(al) and 8(a3) are the results of conjugate vortex
beams with /= %1 roughly interchanging relative incident
angle. The forks face upward for ([, — 1) x (8 — B1) <
0, and face downward for (/; — ;) x (B, — B1) > 0. The
forking number N = |l,— /1| =2, and the fringe spacing in
Fig. 8(a3) is narrower than the one in Fig. 8(al) due to
the greater |8, — B1|. Due to |/;| =|l;|, there is no fringe

L=-1L=1&B,>0,p,=0 1[,=3L,=3&p <0.4,=0 I =1,5=-1&p>0,,<0 [=-31L=3&p<0.4>0

L=-201,=6&p,>0,f,=0 1[,=6,1,=2&p,<0.,=0 },=-21L=-6&p,>0,B,<0 I,=-61,=2&f,<0,,>0

FIG. 8. Simulated interference fringe distributions between
vortex beams with different / and 8. (a) Interference of conju-
gate vortex beams with /= =1, 3 in different relative included
angle (82— B1); (b) interference of nonconjugate vortex beams
with /=42, +6 in different relative included angle (8,— 81).
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rotation at the bifurcation near the center. The similar pat-
terns show in Figs. 8(a2) and 8(a4) with N =|L—1;|=6
for conjugate (%3)-order vortex beams. Figures 8(bl)
and 8(b2) display the results between £2- and 6-order vor-
tex beams and forks face upward due to ([, — ;) x (8, —
B1) <0,and N is |6 —2| =4 and |6 — (—2)| =8, respec-
tively. Besides, it is found that the forking fringes rotate
anticlockwise from the outer to center at the bifurcation
near the center because of positive 6 as the higher-order
value. Figures 8(b3) and 8(b4) are results with narrower
fringe spacing for F2- and —6-order vortex beams in
greater |8, — B1|, and forks face downward due to (/, —
l1) x (B — B1) > 0 and N between two adjacent fringes
is |[—6 — (—2)| =4 and |—6 — 2| = 8§, respectively. And the
forking fringes rotate clockwise because of negative 6 as
the higher-order value.

The small-angle interference results between gener-
ated (£2)-order, (+4)-order, and (£6)-order vortex and
Gaussian plane beams at « >0 are shown in Fig. 9.
Figures 9(al)-9(a3) and 9(b1)-9(b3) are the interference
fringe distributions of vortex beams with /=2, 4, 6 and
[=-2, —4, —6, respectively. The forks face upward or
downward for / > 0 or / < 0, respectively. And the forking
number between two fringes satisfies N = |/|. Compared
with Figs. 9(al), 9(a3), 9(b1) and 9(b3), Figs. 9(a4)-9(b5)
are other /=2, 6 and [ = —2, —6 vortex beams with differ-
ent initial phase o adjusted by rotating QP1. The relative
forking distribution change into a single fringe bifurcat-
ing, and the forking number from a single fringe meets
N =|l| 4 1. Besides, the forking fringes rotate anticlock-
wise or clockwise from the outer to center at the bifurcation
near the center for positive or negative topological charge
1. So, it is not like they are upside down. And the higher the
order value, the more obvious the rotation. It is clear that
the experimental results are in very good agreement with
the theoretical simulation ones.

The simulated interference between Gaussian plane
beam and CV beams is shown in Fig. 10. Figures 10(al)—
10(a5) are the interference intensity distributions for CV

FIG. 9. Experimental interference fringe distributions between
vortex and Gaussian plane beams at « >0. (al)~+(b3) Vor-
tex beams with /=2, 4, 6 and /=-2, —4, —6, respectively;
(a4)~(b5) I=2-, 6- and /=—2-, —6-order vortex beams with
different initial phase o .

(ad)

(1A

FIG. 10. Simulated interference intensity distributions
between Gaussian plane beam and CV beams. (a),(b) a =1y,
aFy;(1-5):P=1,2,3,4,and 6.

beams with the polarization order P=1, 2, 3, 4, and 6
when « = y, in which fan-shaped partition is formed. And
Figs. 10(b1)-10(b5) are the corresponding results at o # y,
in which vertical fringes appear misplaced and partitioned.
It is found that the number N of interference intensity
partitions is equal to |P| and 2|P| for « =y and o # y,
respectively. And positive and negative P have the sim-
ilar interference results, which can be distinguished by
measured PA.

The corresponding experimental interference results of
CV beams are shown in Fig. 11. Figures 11(al)-11(a3)
and 11(b1)-11(b3) are the interference intensity distribu-
tions of CV beams with P=2, 4, and 6 for« =y =0 and
o # 0, respectively. The partition number N of coaxial and
small-angle interference intensity equals 2, 4, 6 and 4, 8,
12, respectively. Comparing Figs. 11(al), 11(a3), 11(b1)
and 11(b3), Figs. 11(a4)-11(b5) are the other P=2, 6 CV
beams with different initial phase ¢ adjusted by rotating
QP1, clearly the relative intensity distribution orientations
change. For small-angle interference, due to the small spot
size and limited interference area, the experimental inter-
ference phenomena for high-order CV beams are not very
clear, but it is still very consistent with the theoretical sim-
ulation results through careful identification. The issue can
be improved by expanding the spot with larger size. The
experimental results accord with the theoretical simulation
ones well. The advantage of this identification method is

(a2)

(b3) (b4)

FIG. 11. Experimental interference intensity distributions
between Gaussian plane beam and CV beams. (a),(b) o =0,
o #0; (1-3) CV beams with P=2, 4 and 6; (4-5): other CV
beams with P =2 and 6 with different initial phase .
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that the polarization order can be identified quickly without
the help of other optical devices, including polarizer.

In addition, comparing the coaxial interference and
small-angle interference, the latter has better stability and
operability. However, when the spot size is relatively small
or the order is a little high, coaxial interference will be
more practical. Further, the adjusting of initial phase o
of vortex beam just by rotating the QP1 is expected to be
applied in phase retrieval and measuring the surface topog-
raphy of objects by four-step phase shift. Generally, the
phase shift is realized by precise PZT, stepping motor, or
SLM. In comparison, the method of rotating a QP will be
a more economical and practical choice.

V. CONCLUSION

In summary, we demonstrate a convenient scheme to
double the order of CV and vortex beam by multiplex-
ing the passive VHP. The principle of doubling skill is
introduced in detail. Combined with cascading technology,
continuous (—24)- to 24-order CV and vortex beams are
generated by use of VHPs with order number m=1, 3,
and 8, and the PA distributions of generated CV beams are
investigated by measured Stokes parameters. Besides, the
coaxial interference and small-angle interference are intro-
duced to detect the order of vortex and CV beams. There
is only a NPBS in the proposed scheme, which simplifies
the system complexity and improves the energy utilization.
For vortex beams, both the value and sign of topological
charge / can be detected by the interference conveniently.
While, the interference between Gaussian plane beam and
CV beams can only detect the value of polarization order
P, but the sign can be identified by measured PA. The
advantage is that the polarization order can be identified
quickly without the help of other optical devices, includ-
ing polarizer. Further, the initial phase o of vortex beams
and multitype CV beams can be easily adjusted only by
rotating a quarter-wave plate. In particular, the adjusting
of initial phase o is expected to be applied in phase
retrieval and measuring the surface topography of objects
by four-step phase shift. It is experimentally demonstrated
that the proposed scheme can effectively generate continu-
ously adjustable CV and vortex beams with limited VHPs,
which can greatly expand the order numbers with low
cost, low energy consumption and high utilization, and the
coaxial and small-angle interference method can conve-
niently detect the corresponding order without borrowing
redundant devices.
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