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Diffraction-free vectorial elliptic hollow beams (VEHBs) are generated by an optical system composed of a short
elliptic hollow fiber (EHF) and an axicon. Each beam has a closed elliptic annular intensity profile and space-varying
polarization states in its diffraction-free distance of more than 1 m. The generated beams have a counter-clockwise or
clockwise periodically-rotated inhomogeneous polarization. And the spin angular momentum (SAM) of the VEHBs is 17
or —17 which is consistent with the type of dual-mode in the EHF and the periodic polarization rotations of the vVEHBs.
The vEHBs have potential applications in optically trapping and micromanipulating the micro- or nano-particles, quantum

information transmission, and Bose—Einstein condensates, etc.

Keywords: elliptic hollow beam, vectorial beam, polarization rotation

PACS: 42.81.-1,42.15-

1. Introduction

Vectorial beams have potential applications in optically
trapping and micromanipulating the micro- or nano-particles
(including cold atoms or molecules),!'! quantum informa-
tion processing and transmission, contrast enhancement in
light microscopy, etc.!* In optical communication, the proper-
ties of a light beam, such as its intensity, wavelength, polariza-
tion, and orbital angular momentum, can be used to increase
the channel capacity to efficiently transmit the information.!
And new dynamical characteristics will emerge in the ellip-
tic symmetric electromagnetic field.! Although radially and
azimuthally polarized diffraction-free fields!”! and diffraction-
free Bessel beams with space-varying polarizations have
been generated,!®! vectorial elliptic hollow beams with space-
varying polarizations are difficult to produce, which has lim-
ited possibilities for experimental studies.

We will present a practical scheme to produce a series
of vectorial diffraction-free elliptic hollow beams with space-
varying polarizations in this paper. We have reported that
the dual-mode composed of .HE;; mode and (HE;; mode
in the elliptic hollow fiber (EHF) can be used to generate a
self-focusing vectorial elliptic hollow beam (VEHB), which fi-
nally becomes a vectorial Mathieu-like hollow beam by pass-
ing through an axicon optical system.!! In fact, when a fo-
cused Gaussian beam is coupled into the core of an EHF, vari-
ant modes can be selectively excited with variant suitable in-
cident angles, and another dual-mode waveguide (composed
of ¢HE,, mode and ,HE|, mode, n > 1) can be formed in the

DOI: 10.1088/1674-1056/abe3e9

EHF. According to our earlier research, the intensity profiles
of cHE|, modes (n =1, 2, 3, 4, 5, 6) are closed elliptic rings
as shown in Fig. 1, and the ,HE,, mode has a similar elliptic
annular intensity profile to the corresponding .HE{,, mode.!!"]
Figure 1 also shows that the .HE;, mode and ,HE;, mode
with odd # have their maximum intensities in the y direction,
and the .HE;,, mode and (HE, mode with even n have their
maximum intensities in the x direction. Therefore, we can se-
lectively excite another dual-mode (composed of HE, mode
and (HE,, mode, with n > 1) and guide this dual-mode in the
EHF, let it output from the EHF and pass through the axicon
optical system to obtain a VEHB. The vEHBs generated by
other dual-modes may have some different properties.

Fig. 1. Transverse intensity profiles of (a) ¢HE;;, (b) cHEj2, (¢) ¢HE3,
(d) ¢HE4, (e) ¢HEis, and (f) ¢HEjc modes, with each panel being

30 umx30 pm in size. !

In this paper, we will present some different properties of
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the vVEHBs generated by other dual-modes. The rest of this pa-
per is organized as follows. In Section 2, we give the scheme
to produce the vEHBs by using an optical system composed
of a short dual-mode EHF and an axicon. In Section 3, we de-
scribe the longitudinal and transverse propagation properties
of the vVEHBs, and obtain the diffraction-free region of each
vEHB. And in Section 4, we obtain the polarization states and
spin angular momentum (SAM) of the diffraction-free vVEHBs
generated by different dual-modes in the EHF and its propaga-
tion evolutions. In Section 5, we draw some conclusions from
our present study.

2. Scheme to generate vectorial elliptic hollow
beams

The optical system composed of an EHF and an axicon to
produce some VEHBs is shown in Fig. 2. The EHF has three
layers: the hollow region, the core, and the cladding. In our
scheme, a focused Gaussian beam is coupled into the core of
the EHF with a suitable incident angle to selectively excite an-
other dual-mode (.HE;, mode and (HE;, mode, with n > 1).
The excited dual-mode is diffracted by the outlet of the EHF,
and output as an elliptic hollow beam (EHB), which has a
weak first-order and a few weaker high-order diffraction rings
around the zero-order diffraction ring. We use an aperture to
filter the diffracted beam to obtain the zero-order diffraction
ring, and two positive lenses with different focal lengths to ex-
pand and reshape the zero-order diffractive EHB. Finally, we
let the resulting EHB illuminate the axicon to generate an ap-
proximate diffraction-free vVEHB in the darker shaded region

in Fig. 2.
L L:
(@) [ «: L2
aperture L2 axicon
Yy
(b) ’
45
= 30°
=15°
7= 180° =0
0] T

n=270°

Fig. 2. (a) Generation scheme of vEHBs,°! and (b) elliptic coordinate sys-
tem.

The EHF is placed along the z direction, and the long axis
of the elliptic cross section is in the x direction. The refrac-

tive indices of its three layers are ng = 1, n; = 1.4530, and
ny = 1.4502, respectively. We utilize the orthogonal elliptic
coordinate system (&,1,z) [see Fig. 2(b)] to solve Maxwell’s
equations to obtain the dual-mode guided in the EHF.°! And
in the elliptic coordinate system, the inner boundary of the
core of the EHF is located at &’ = 1.40 with eccentricity
T = 0.46, the outer boundary of the core is at £’ = 2.40, and
the outer diameter of the cladding can be taken to be infi-
nite.The half focal distance of the boundaries, A, is 3.25 pum.
And the elliptic coordinates are defined in terms of Cartesian
system by x = hcosh& cosn, y = hsinh € sinn, and z = z. We
assume that the laser power coupled into the EHF is 0.5 W,
and the constituents of the dual-mode in the EHF, :HE,,, mode
and ,HE|, mode, have the same power, so each mode obtains
the power of 0.25 W. The longitudinal and transverse electro-
magnetic fields of the dual-mode, H, E, Hé, Eg, Hy, and
Ey, can be derived by a vectorial model based on Maxwell’s
equations, and their intensities can be calculated by the lon-
gitudinal component of the time-averaged Poynting vector
S:=(1/2)Re(E¢Hy — EqH, 5*), which indicates a closed ellip-
tic hollow ring.!1*!

We set z = 0 at the outlet of the EHF, and the light beam
diffracted from the EHF propagates along the z axis. At the
propagation distance z1, the electromagnetic field distribution
in free space can be calculated by the vectorial Rayleigh—
Sommerfeld diffraction integral. The electric (magnetic) field
components in the EHF and the fields at z; are denoted as

E;(&,1m,0) and E; (&1,Mm1,21) respectively. Here j = &,n or

The electromagnetic-field distribution of the output EHB

passing through the axicon optical system can be calculated

and analyzed by using the Collins formula!!'!!

~'(527772,11+Z3)

_ 2”/

X exp [ikZ3 +

‘51,111721

ik
—(A(F+)7)

2B —2(x1x2+y1y2)

+0(3+3))]

X exp [k(x (n— 1) hy/sinh? &, +coszn1}

x h? (cosh2 & —cos’ m)d&drlh (1)

where z3 = Li + L, + 22, and E; (&, M2,21 +23) is the elec-
tric (magnetic) field component at z; plane after the axi-
con, and x; = hcosh& cosny, y; = hsinh&;sinng, xp =
The A, B, C, and

D are the elements of the following transfer matrix:

hcosh&; cosny, and y, = hsinh&;sinns.
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and f; and f; are the focal lengths of the two lenses (L1, L2)
respectively, L is the distance between the two positive lenses,
and L, is the distance between the second lens and the axicon.
The refractive index of the axicon is n = 1.51, the wedge angle
of the axicon is o = 0.1°, which can be fabricated by electron-
beam lithography.['?] We first focus on the dual-modes of
n =2, 3,5, respectively. We selectively excite a dual-mode
composed of HE|» mode and ,HE |, mode in the core of the
EHF, and assume that fj =0.5cm, f, =20cm, L; = 19.3 cm,
L, = 0.5 cm, and z; = 1 cm. When a dual-mode composed
of .HE|3 mode and ,HE;3 mode is selectively excited, we
have fj = 05 cm, f,b, =30 cm, Ly =29 cm, L, = 0.5 cm,
and z; = 1 cm. When the dual-mode excited in the core of
the EHF is composed of .HE;s mode and ,HE;s mode, we
have fi =0.5 cm, f, =50 cm, Ly =50 cm, L, = 0.5 cm,
and z; = 1 cm. We can obtain the light field distribution in
the dark region after the axicon by carrying out some numer-
ical calculations on the transformation of this ABCD optical
system and the longitudinal component of the time-averaged
Poynting vector.

3. Propagation and polarization properties of
the diffraction-free EHBs

Figure 3 illustrates the longitudinal intensity distributions
of the three diffraction-free EHBs generated by the three dual-
modes with n = 2, 3, 5. The central elliptic ring of the
diffraction-free EHB generated by the dual-mode of n = 2
(¢HE > mode and ,HE, mode), keeps unchanged within a dis-
tance of 1.9 m. And the diffraction-free distance of the EHBs
generated by the dual-mode of n = 3 (:HE3 mode and (HE3
mode) and the dual-mode of n = 5 (.HE;5 mode and (HE;5
mode), maintain 1.5 m and 2.5 m, respectively. In each panel
of Fig. 3, it can be seen that the maximum intensity in y-axis
direction varies with the propagation distance z;.

Figure 4 exhibits the transverse intensity distributions of
the diffraction-free EHBs (n = 2, 3, 5). Figures 4(a)-4(c) il-
lustrate the transverse intensities of the diffraction-free EHB
generated by the ;HE|> mode and (HE|, mode at zop = 2.0 m,
2.9 m, and 3.8 m. Figures 4(d)—4(f) illustrate the transverse in-
tensities of the beam generated by the .HE{3 mode and ,HE3
mode at z; = 2.8 m, 3.5 m, and 4.2 m. And the transverse in-
tensities of the beam generated by the .HE |5 mode and (HE 5
mode at z; = 5.7 m, 7.2 m, and 7.8 m are shown in Figs. 4(g)-
4(i). Each EHB has a propagation-unchanged elliptic ring in
the center with a relative intensity change in the diffraction-
free region, which can maintain several meters. Figure 4 also
shows that the diffraction-free EHB generated by .HE|, mode

AB\ [(1-Li/fi+{La+z)(Li—fi—fH)/fif
B —(fii+fa—-L)/fife

Ly+z+Li[1— (L2+Zz)/f2]> @

1-Li/f>

and ,HE ;> mode have two maximum intensities in the x direc-
tion in each zp-plane; and the diffraction-free EHB generated
by the .HE 3 mode and (HE;3 mode, and the diffraction-free
EHBs generated by the ;HE 5 mode and the ,HE 5 mode have
their maximum intensities in the y direction in each z;-plane.
The arrows in Fig. 4 indicate that the three diffraction-free
EHBs have inhomogeneous polarization states in their cross
sections, i.e., they are diffraction-free vVEHBs, and the po-
larization directions of the diffraction-free VEHBs vary with
propagation distance.

1o 1.00x10°
g [ 0-75X10°
é 0 —— I —————— 0.50x10°
> Y i 025<10
-1.0 0
2.0 2.4 2.8 3.2 3.6
1o 2.40X10°
z ——— 1.80x10°
E O ——— 1.20x10°
b= (b) 0.60X10°
-1.0 0
2.8 3.0 32 34 3.6 3.8 4.0 4.2
1.0 1.00x105
) 0.75X10°
E o0 I0.50><105
0.25X105
>
~1.0 ol |,
7.6

5.6 6.0 6.4 6.8 7.2

Fig. 3. Longitudinal intensity distributions of diffraction-free EHBs. z; is
the distance after the axicon. Light beams are generated by three dual-modes
with n =2 (a), 3 (b), and 5 (c), respectively.

Fig. 4. Transverse intensity distributions in diffraction-free region, with
bright area indicating relative intensity, arrow referring to polarization state
of beam, and each panel being 1 mmx 1 mm in size.

If a dual-mode composed of the ;HE;4 mode and the
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oHE14 mode is selectively excited in the EHF, we set f{ =  tion and inhomogeneous polarization states of the vVEHB gen-
0.5cm, f, =30cm,z; =1cm, L; =29.5cm, and L, =0.5 cm erated by the .HE;3 mode and the ,HE |3 mode at 7 = 3.5 m.
to obtain a diffraction-free EHB with an unchanged propa-  And figure 5(c) shows the counter-clockwise rotation and in-

gation distance of 1.5 m. If a dual-mode composed of the =~ homogeneous polarization states of the VEHBs generated by
HE ¢ mode and the \HE;¢ mode is selectively excited, we  the ;HE{s mode and the ;HE s mode at z; = 7.2 m. The re-
set f1=0.5cm, f, =32 cm, z; =1 cm, L; =31.6 cm, and sults of our calculation suggest that the diffraction-free VEHBs
L, = 0.5 cm to obtain a diffraction-free EHB with an un- of n =4 and 6 both have the similar clockwise rotations and
changed propagation distance of 2 m. Our study shows that the ~ inhomogeneous polarization states to the vEHBs generated by
diffraction-free EHBs generated by the six dual-modes (n =1,  the dual-mode composed of the (HE|> mode and the (HE >

2, 3, 4, 5, 6) are diffraction-free VEHBs, and they have inho- mode. To save the space, we do not present the intensity re-
mogeneous polarization states in their cross sections and their ~ sults or the polarization results of the diffraction-free VEHBs
polarization directions vary with propagation distance. of n=4and 6.

Our calculation results also indicate that the polarization

4. Polarization states and spin angular momen- rotations of the diffraction-free vVEHBs are periodically around

tum of diffraction-free EHBs and their prop-
agation properties

the propagation axis, and they are counter-clockwise for the
dual-modes of odd n and clockwise for the dual-modes of
even n. All these vVEHBs have the same rotation period which

We further calculate in detail the polarization states of equals the laser wavelength A. As can be seen from Fig. 5,
these VEHBs in their diffraction-free regions. Figure 5(a)  the polarization directions of the light beam in the two adja-
shows the clockwise rotation and inhomogeneous polariza-  cent diffraction rings are almost opposite in each z,-plane, and
tion states of the VEHB generated by the dual-mode of the  the polarization patterns of the vEHBs generated by the dual-
<HE|» mode and the ,HE;, mode in the transverse plane at mode of even n (.HE|, and HE|> mode) are quite different

720 = 3.0 m. Figure 5(b) shows the counter-clockwise rota- from those of the vVEHBs of odd .
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Fig. 5. Distributions of polarization states for diffraction-free VEHBs (n = 2, 3, 5), with arrows showing polarization states of beam in each z-plane.

10,13]

The SAM can be calculated numerically from! tions in z, planes, and can be given by

—ih (E.E; — E,EY)

O0Jgp =0h= . (3) sinh& cosNEg —cosh& sinnE
B B+ B E, = : L@
\/sinh? & +sin’n
The E¢ and Ey are light field components in the elliptic coor- WE sinmE i £
dinate system, and can be numerically calculated from Eq. (1). = cosh¢ sinn g tsin §cosn n 5)

¥
The E, and E, are light field components in the x and y direc- \/sinh? & +sin’n
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The polarization states and the SAMs of the diffraction-free
vEHBs generated by six types of dual-modes are all exhibited
in Table 1. It can be found that although the six diffraction-free
vEHBs have inhomogeneous polarization states in their cross
sections, the SAM of the VEHBs generated by the dual-mode
of odd n is 17 and the SAM of the vVEHBs generated by the
dual-mode of even n is —17 which fit the counter-clockwise
rotation and clockwise rotation of the inhomogeneous polar-
ization states of the VEHBs very well, respectively.

Table 1. Polarization states and SAMs of diffraction-free vEHBs.

Dual-mode excited in Rotation direction of

L SAM

the EHF the polarization states

¢HE|; and (HE|; (n=1) counter-clockwise 1n
¢HE |7 and (HE |, (n = 2) clockwise —1h
¢HE 3 and (HE 3 (n = 3) counter-clockwise 1h
¢HE |4 and (HE 4 (n = 4) clockwise —1n
¢HE |5 and (HE 5 (n = 5) counter-clockwise 1n
<HE ¢ and (HE ¢ (n = 6) clockwise —1h

5. Conclusions

In this paper, we generate a series of diffraction-free vE-
HBs by an optical system composed of a short dual-mode EHF
and an axicon. Each of vVEHBs generated by a dual-mode com-
posed of ;HE,, mode and HE, mode (n =1, 2, 3, 4, 5, 6)
in the EHF, has a diffraction-free region of more than 1m, and
inhomogeneous and periodically-rotated polarization proper-
ties. The SAM for each of the diffraction-free VEHBs gener-
ated by the dual-mode with odd 7 is 1% and the SAM for each
of the VEHBs generated by the dual-mode with even n is —17
which are consistent with their counter-clockwise and clock-
wise periodically-rotated inhomogeneous polarization states,
respectively.

The SAM, as a quantum variable of the photon, offers a
degree of freedom that can be exploited in information pro-
cessing. Since the transfer of SAM always results in the
spinning of the particle about its own axis, a blue-detuned
diffraction-free vVEHB can be used to guide and study the in-

teractions of SAM with cold atoms or molecules, and be ap-
plied to nanobiotechnology and biomedicine.!'*!3] The cold
molecules guided in the VEHB will align in different direc-
tions and vary with the guiding distance due to the vEHB’s in-
homogeneous and space-varying polarization states.!'®! And
we can obtain a counter-clockwise or clockwise rotation di-
rection by selectively exciting the dual-mode with odd or even
subscript n. The mechanical behavior of an atomic system in-
teracting with the elliptic symmetric beams can be expected
to be interesting.[®) Moreover, in tight-focusing vectorial light
beams, the optical spin—orbit interaction may generate three-
dimensional spin states rotating around more directions which

may offer more degrees of freedom in optical manipulation,

spin-independent direction coupling, erc.!!7-1]
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