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Tight focusing of axially symmetric polarized vortex beams™

Zhou Zhe-Hai( & ##3)?°)% Guo Yang-Kuan(¥FFH %%)??), and Zhu Lian-Qing(#ii% X))

a)Beijing Key Laboratory for Optoelectronic Measurement Technology, Beijing Information Science and Technology University, Beijing 100192, China

b)Beijing Engineering Research Center of Optoelectronic Information and Instruments, Beijing Information Science and Technology University,
Beijing 100192, China

(Received 3 April 2013; revised manuscript received 23 September 2013; published online 10 February 2014)

Tight focusing of axially symmetric polarized vortex beams is studied numerically based on vector diffraction theory.
The mathematical expressions for the focused fields are derived. Simulation results show that the focused fields and phase
distributions at focus are largely influenced by both the polarization order and topological charge of the incident beams.
Moreover, focal spots with flat-topped or tightly-focused patterns can be flexibly achieved by carefully choosing the polar-
ization order and the topological charge, which confirms the potential of such beams in wide applications, such as optical

tweezers, laser printing, lithography, and material processing.
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1. Introduction

Over the past decades, vortex beams have always drawn
much attention due to their unique properties and many po-

=121 The vortex beams possess a heli-

tential applications.!
cal phase structure of exp(il¢), where [ is the topological
charge and ¢ is the azimuthal angle in the cylindrical coor-
dinate system. Because of their dark central core and the abil-
ity to transfer angular momentum, vortex beams have been
taken into consideration for many applications, such as op-
tical tweezers,”~%! optical transformations,!'”! rotational fre-
quency shifting,['' and optical vortices.!'?! Generally, vortex
beams can be generated by computer-generated holograms, 2]
programmable liquid crystal displays,['3l and spiral phase
elements.['*] Recently, tight focusing of vortex beams with
space-variant polarization has attracted the interest of some
researchers. Rao er al.!l"! reported on the focus-shaping tech-
nique of cylindrically polarized vortex beams, and showed that
the total intensity distribution near focus is dependent not only
on the numerical aperture (NA) and the polarization initial an-
gle but also on the topological charge. Pu and Zhang!'®! and
Zhang et al.l'” analyzed the tight focusing of spirally polar-
ized vortex beams, and presented that the intensity distribution
and the corresponding orbital angular momentum (OAM) in
the focal plane could be moderately controlled, via a reason-
able choice of specific spirally polarized state for the incident
beams. We also reported on the theoretical and experimental
results on tightly focused vector vortex beams. 8] All these re-
ports suggested that the space-variant polarized vortex beams
may find wide applications in optical tweezers,">7~%! laser
printing, lithography, and material processing.!-?!
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Recently, a method to generate an arbitrary space-variant
vector beam with structured polarization and phase distribu-
tions has been presented based on a spatial light modulator
(SLM) in a 4 f system,!"®! which will help us to further explore
the physics and engineering of vector beams targeting specific
applications and to investigate new effects and phenomena of
the full vector optical field. To the best of our knowledge,
however, the tight focusing properties of such beams have not
yet been reported, which has hindered the further applications
of such beams. So in this paper, we study the tight focusing
properties of axially symmetric polarized vortex beams (AS-
PVBs), and derive the mathematical expressions for the fo-
cused field. Extensive numerical investigations on high-NA
focusing of such beams with higher polarization orders are
conducted, which indicate that the patterns of the intensity and
phase distribution of the focused fields are largely influenced
by the topological charge / and the polarization order of the
ASPVB.

2. Mathematical expressions

As described in Ref. [19], axially symmetric polarized
vortex beams can be expressed as

Ei, = A(r)exp(ilg) {cos[(P—1)¢ + ¢o] e,
+sin[(P—1)¢+¢oley }, (H

where A (r) is the axially symmetric amplitude distribution of
the incident beam, P is the polarization order, and [ is the topo-
logical charge. If I = 0, the resulting beam is in a purely ax-
ially symmetric-polarized beam mode without OAM, which
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has been discussed in detail in Ref. [20]. Especially if P =1, it
will be a cylindrically polarized vortex beam, which has been
analyzed by Rao et al.!'3)

In the present paper, the tight focusing of ASPVBs with
higher polarization orders is studied. The adopted notation
Then,
the focusing field of an ASPVB can be decomposed into three

and optical geometry is similar to that of Ref. [21].

components, and expressed as

Eou (ra ¢>Z) =Ee, +E¢e¢ +E.e;, ()

where e;, ey, and e; are the unit vectors in the radial, az-
imuthal, and longitudinal directors respectively, and E, Ep,
and E, are the amplitudes of the corresponding orthogonal
components. Following the theory of Richards and Wolf, !l
the three components at the observation point S(rs, ¢s, zs)
near focus can be expressed as

EY
E(rs,¢s,25) = Eq(,s)
EY
—1A 21
= d@/ exp (il¢) 1y (6)VcosOsinO

X exp{lk[zscose —rgsin® cos (¢ — ¢s)]}

x {cos[(P—1)¢ + ¢o] cos B cos (¢ — ¢s)
—sin[(P—1) ¢ + ¢o]sin (¢ — @)

cos [(P—1) ¢ + ¢o] cos O sin (¢ — ¢y)

+ sin[(P—1) ¢ + ¢o] cos (¢ — ¢y)
X[(P—1)¢ + ¢p]sin0}do, 3)

where S (ry, §s,75) is an observation point near focus, E,, Ey,
and E, are the amplitudes of the radial, azimuthal, and lon-
gitudinal components respectively, A is a constant, Iy (0) is
the pupil apodization function which denotes the relative am-
plitude and phase of the incident beam, k is the wavelength
number, and 6 denotes the focusing angle (the angle between
the optical axis and the propagation vector). So the relation-
ship between the maximum of 6 and NA of the objective lens
is given by a = sin~! (NA/n), where n is the refractive index
of the surrounding medium.

The above field expression can be further simplified using
Euler’s formula and the identity

/27r exp[im@+itcos (¢ —y)]do = 2xi" exp (imy) I (2), (4)
0

where m is an integer and J,, (¢) is the Bessel function of the
first kind of the order m. Finally, the three orthogonal compo-
nents of the focusing field can be written respectively as

EI(S) (rsa ¢Sazs‘)
—iA

a
= lo(0)sin6+v/ cos O exp (ikzscos 6)
Jo

x{i”“exp[i(mz—1)¢s+i¢o]JPH(X)(cose+1)
Pexpli(l—P+1)¢;—ido]T;_p(X)(cos®+1)

+1I+P 2exp[i (I +P—1) s +1i0]J14p_2(X)(cosO—1),

+i7 P 2 exp[i (I — P+ 1) ¢ — ido]

xJi—p+2(X) (cos® —1)}d6, (52)

E( (rs, 95,25)

—A
= 7/ lo (0)sin v/ cos B exp (ikzscos )
0

x {iPHexp [i (P+l— 1) @5 +i0]Jp+1 (X) (cos O +1)

“Pexpli(l—P+1)¢s—igo]Ji—p(X) (cos 6 +1)
+iltP= zexp[l(l—l—P—l)(])s +igo]Jsp_2(X) (1 —cosB)
iP 2 expi(I— P4 1) ¢y — igy)
xJ;_pi2(X)(1—cos6)}do, (5b)
E.(r.¢,2)

o
= —iA/ Ip (8)sin® 0v/cos B exp (ikz, cos 6)

X{11+P Dexpli(I+P—1)ds+igo]Jisp_1 (X)
+il P expli (1= P+ 1) g — igo] I_py (X)}dB, (50)

where X = —krysin 0. Based on Egs. 5(a)-5(c), we can sepa-
rately calculate the intensity distributions corresponding to the
three orthogonal components as well as the total field near fo-
cus which equals the sum of three orthogonal components.

By analyzing the Bessel functions J;_p, J;_pii, and
J;_pyp in Egs. 5(a)-5(c), we find that the transverse compo-
nents of focused fields are not zero on the optical axis on con-
dition that P = [ and P = [ + 2, and the longitudinal compo-
nent also gives rise to a nonzero optical intensity on the opti-
cal axis under the condition of P =+ 1. So the total focused
field shows nonzero optical intensity when P=1[,P =141, or
P=1+2.

3. Numerical results

In principle, we can choose any prescribed pupil apodiza-
tion function [y (0) by using an appropriate pupil filter. Con-
sidering that the higher order vector beam can be generated
by an interferometric combination of high order Laguerre—
Gaussian (LG) beams, an LG beam is used as the pupil
apodization function,

10(6) = exp [_[52(222)2] (\@ﬁ;izz>p

)
xLf (2/325.“‘ 9>, ©)

sin? o

where LY (x) denotes an associated Laguerre polynomial with
radial order [ and azimuthal order P. J is the lens filling fac-
tor which is the ratio of the pupil radius to the beam waist. In
the next simulations, we assume that =1, ¢p =0, A = 1, and
n =1, and all length measurements are in units of wavelength.
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3.1. Intensity distributions

First, the intensity distributions at focus (x—y plane) and
through focus (z—x plane) on condition that P = 5 and NA =
sin(80°) = 0.985 are shown in Fig. 1. It can be seen that for the
focused beams for [ = 3, the focused fields each show a wheel
pattern, but when [ =4 and [ = 5, the focusing fields each
present a tightly focused spot. These phenomena conform to
the analysis mentioned above. Moreover, the focal spot size

is smallest when [ = 5, whose full width at half maximum
(FWHM) is about 0.55A, close to the size of the diffraction-
limited spot (0.524 at NA = 0.985). Meanwhile, a flat-topped
intensity distribution at focus is obtained for / = 4, and the fo-
cal spot size is about 0.80A4 (FWHM). Such a flat-topped focus
may find some applications in material processing. Also, it is
possible to adjust the focus shape using more complex pupil
apodization functions.

2
<> (b)
P 0.8
1
0.6
0
0.4
-1 = 0.2
2
T 9 -1 0 1 2
2(N)

2
(d)
0.8
1
. 0.6
x O
8
0.4
-1
0.2
-2
-2 —1 0 1 2
z(A)
2
()
1 |
X <O
8
-1
-2
—2 -1 0 1 2
(N

z

z(A)

Fig. 1. (color online) Intensity distributions at focus (the left column) and through focus (the right column). (a)—(b) for I = 3, (c)—(d)

for [ =4, (e)—(f) for [ = 5 respectively.

To further verify our analysis and compare with the re-
sults shown in Fig. 1, we also demonstrate the intensity distri-
butions of focused beams for [ = 2 and [ = 6, still on condi-
tion that P = 5 and NA = 0.985, which are shown in Fig. 2.
Obviously, each of all the focused fields presents a dark-core

pattern. For the incident beam with / = 2, the focusing field
has multiple focusing spots, and the number of spots is related
to the polarization order P by 2x (P — 1), for example, eight
focusing spots for P = 5. However, for [ = 6, the focusing field

demonstrates a circular dark-core structure near focus.
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For the above shown results, it is safe to say that the spe-  ence of the incident beam, which is naturally influenced by the
cific distribution pattern originates from the spatial interfer-  polarization state and phase distribution of the incident beam.

z(X)

0.8

0.6

z(A)

0.4

0.2

—2 -1 0 1 2
z(\) z(A)

Fig. 2. (color online) Intensity distributions at focus (the left column) and through focus (the right column), and (a)—(b) for [ = 2,
(c)—(d) for [ = 6, respectively.
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Fig. 3. (color online) Phase contours of the component polarized in the radial direction in the case of P = 5: for l = 1 (a), 2 (b), 3 (¢),
4 (d), 5 (e), and 6 (f). The parameters for calculation are the same as those in Fig. 1.
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3.2. Phase distribution at focus

We also calculated the phase distribution of focused field
near focus so as to further study the influences of the polariza-
tion order and the topological charge on focused fields. The
phase contours of the component polarized in the radial direc-
tion for different topological charges are given as an example
in Fig. 3, and the parameters for calculation are the same as
those in Fig. 1. There exists one singularity in the center when
I=1,1=2,1=6, and [ =4, because of zero axial intensity.
The phases near the center for / = 3 and / = 5 are continuous,
which also conforms to the nonzero axial intensity distribu-
tion. Moreover, the phase distribution is symmetric with re-
spect to the y axis, and there are multiple singularities around
the center. As mentioned above, the complicated phase distri-
bution is related to the intensity distribution, which is domi-
nated by the polarization order and topological charge of the
incident beam.

4. Conclusions and discussion

In this paper, we derived the mathematical expressions
for the focused field of axially symmetric-polarized beams in
a high-NA focusing system. The simulation results show that
the focusing intensity distribution is influenced by both polar-
ization orders and topological charges of beams. The beams
with P=1, P=1+1, and P = [+ 2 can give rise to nonzero in-
tensity distributions on the optical axis. The focused fields of
beams with P = /41 generally present a flat-top pattern, and
the intensity distribution near focus for P = [ gives rise to the
smallest focused spot. The intensity distribution for P =1+2
is hollow. Moreover, the phase distributions of different field
components are related to their intensity distributions, and a
phase singular point occurs at the position where the intensity
is zero.

All these irregular phenomena are related to the interfer-
ence of beams in the high-NA focusing system, and the fo-
cused field distribution is dominated by the intricate interplay

between phase structure and polarization distribution in space.
The longitudinal component of the focused field in the high-
NA system plays an important role in the field distribution.
We can manipulate their focusing field distribution of vortex
beams by imposing different polarization distributions, which
provides a new way to utilize such beams in practice.

Finally, we should note that the focusing field can be
tuned more flexibly if we further change the other parame-
ters, such as NA of the objective lens, the initial azimuthal
angle @g, and the amplitude distribution of incident beams.
ASPVBs may find wide applications such as optical tweezers,
laser printing, micro-lithography, and material processing.
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