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Tightly focused properties of a partially coherent radially polarized
power-exponent-phase vortex beam
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A partially coherent beam called a radially polarized multi-Gaussian Schell-model power-exponent-phase vortex beam
is introduced. Both the analytical formula of the beam propagating through the high-numerical-aperture objective lens based
on the vectorial diffraction theory, and the cross-spectral density matrix of the beam in the focal region are derived. Then,
the tight focusing characteristics of the partially coherent radially polarized power-exponent-phase vortex beam are studied
numerically, and the intensity distribution, degree of polarization and coherence of the beams in the focusing region with
different topological charge, power order, beam index and coherence width are analyzed in detail. The results show that
the contour of the spot becomes clearer and smoother with the increase in the beam index, and the focal fields of different
structures that include the flattened beam can be obtained by changing the coherence width. In addition, by changing the
topological charge and power order, the intensity can gather to a point along the ring. These unique properties will have
potential applications in particle capture and manipulation, especially in the manipulation of irregular particles.
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1. Introduction

Vortex beams, characterized by the spiral phase factor
exp(il@), are the important members of structured beams, of
which each photon possesses a well-defined /A orbital angu-
lar momentum (OAM).!"2] Because of this special character-
istic, the focusing properties of vortex beams have been exten-
sively studied.>! The power-exponent-phase vortex (PEPV)
beam is a new kind of vortex beam that is characterized by
a power-exponent-phase exp[i2/7(¢/2x)"]. It was proposed
by Zhao et al. for the first time!® and the evolutions of the
intensity distribution of such a beam in free space and a fo-
cusing system were investigated in detail.!”l The PEPV beam
has an asymmetric intensity distribution and, during propaga-
tion, the intensity rotates and gathers along the ring.!”! There-
fore, PEPV beams have unique applications in particle cap-
ture and manipulation, which can not only capture two dif-
ferent types of particles at the same time,!8! but also auto-
matically transport particles along the curved path and avoid
obstacles.l”! In addition, the PEPV beam has stronger anti-
interference when propagating in ocean turbulence.!!*! There-
fore, further research on PEPV beams is of great significance.

In addition, with the development of cylindrical vec-
tor beams, ! radially polarized beams have attracted con-
siderable attention because they can produce very small fo-
cal spots, and generate longitudinal electric-field components
upon focalization.!'>!3] And the combination of a radially
polarized beam and a PEPV beam has been proven to have
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unique advantages in particle manipulation.[”-14]

On the other hand, besides intensity, polarization and
phase, the beam itself has another important controllable pa-
rameter called coherence. Results indicate that spatial coher-
ence of a partially coherent beam has important effects on the
tight focusing characteristics, especially the fact that the trans-
verse field distribution can be changed by changing the ini-
tial coherence width.!'>-!71 In previous work, we investigated
the propagation properties of a partially coherent PEPV beam

U8] Therefore, the combina-

and obtained interesting results.
tion of a radially polarized PEPV beam and a partially coher-
ent beam can combine their characteristics, which can make
the advantages of the PEPV beam in some applications more
obvious. However, to the best of our knowledge, research on
the tight focusing properties of partially coherent radially po-
larized PEPV beams has not been reported.

In this paper, a partially coherent beam called a radi-
ally polarized multi-Gaussian Schell-model power-exponent-
phase vortex (MGSM-PEPV) beam is proposed. Based on
the unified theory of coherence and polarization, a theoretical
model of partially coherent radially polarized PEPV beams is
established. Then, the tight focusing properties of the beam
passing through a high numerical aperture (NA) objective lens
was numerically studied, including the relationship between
the correlation function, power order, topological charge and
coherence width. This study will lay a theoretical foundation
for the application of radially polarized MGSM-PEPV beams
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in optical capture and other fields, which is of great importance
for promoting the theory and application of partially coherent
radially polarized PEPV beams.

2. Radially polarized multi-Gaussian Schell-
model power-exponent-phase vortex beam

In the spatial frequency domain, under the unified the-
ory of coherence and polarization, the cross-spectral density
(CSD) matrix is utilized to characterize the second-order sta-
tistical properties of partially coherent vector beams. In the

source plane, the elements of the CSD matrix are expressed
[19,20]
as

Wegp (11,12,0) = (Eg (r11;0) Eg (r2; @), (0, B =x,y), (1)

where 7 = (x1,y1) and 7, = (x2,y2) are the position vectors
at the source plane, and Eq(r) and Eg(r) denote two orthog-
onally stochastic electric field components along the x and y
axis, respectively. Here, “+” is the complex conjugate and “()”
indicates the ensemble average. For the sake of simplicity, this
article will omit the dependence of the CSD matrix and other
derived variables on .

In this paper, we mainly study the power-exponent-phase

vortex beam©!

1
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The multi-Gaussian Schell-model beam CSD function can be

obtained from[?!-22]
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Here,

m=1
is the normalized factor, M is the number of Gaussian func-
tions, and 5aﬁ is the feature source correlations. Meanwhile,
Ag is the amplitude in the o direction and B is the single-
point correlation coefficient. For the convenience of calcula-
tion, we let Ay equal to 1.

Meanwhile, the conditions that the radially polarized
source must satisfy are Byg = 1 and 8, = &.%* Then, by
combining Eqgs. (2) and (3), we can obtain the CSD matrix
elements of the radially polarized MGSM—-PEPV beam

5 I
W (ri,r2,0) = i ( rm)

- 2 2
C()WO

o
2 2 n_ n
X exp (— T';Tz) exp [izzn"’én)‘f‘ ]
0

x f" (M>(_1n)1mlexp [—(”—”)2], @)

m=1 m 2m60

where & represents the spatial coherence width.

3. Tight focusing properties of a radially po-
larized multi-Gaussian Schell-model power-
exponent-phase vortex beam

Figure 1 shows the scheme of the radially polarized
MGSM-PEPV beam passing through a high NA objective
lens. Based on the Richards—Wolf vectorial diffraction in-
tegral, in the cylindrical coordinate system, when the beam
passes through the high NA objective lens, the vector electric

field in the focal region can be written as!>34!

— //\/cosesineexp[ikzcoseJrikrsinGcos((pf(P)]
00

A (0,9)[cos 0 +sin* ¢ (1 —cos0)] +A, (6,9)[cos @sing (cos O — 1)]

X | Ac(8,9)cos@sing (cos® —1)+A,(60,9)[cosO +cos? @ (1 —cos0)]

dode, 4)

—A,(0,9)cospsin® — A, (0,¢)sindsin O

where (r, ¢, z) are the cylindrical coordinates, ¢ is the az-
imuthal angle of the incident beam, 0 is the NA angle, « is
the maximal NA angle given by the formula o = arcsin(NA),
k=2m/A is the wave number with A being the wavelength
of the incident beam, A(6,¢) and A,(0,¢) are the pupil
apodization functions at the aperture surface, and f is the focal
length of the high-NA objective lens.

The conversion between rectangular coordinates and

cylindrical coordinates can be calculated using the following

relationship: [

Xi=ricos@;, y;=r;sing;, ri=fsin6;, (i=1,2). (6)

The statistical characteristics of the radially polarized
MGSM-PEPV beam on the focal area can be represented by a

3 x 3 CSD matrix, and the elements can be written as

mj(rla(Plera(PzaZ) = <El* (rla¢laZ)Ej(r2a¢2aZ)>' 7

Then, since only the average intensity distribution of the radi-
ally polarized MGSM-PEPV beam near the focal zone needs
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Fig. 1. A scheme showing the tight focusing of a light beam focused by a
high-NA objective lens.

to be considered, we thus only show the expression of the di-
agonal elements of the CSD matrix in the focal plane, i.e.,
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By setting ry =r, =r and ¢; = ¢ =

1)

¢, we can obtain the
transverse, longitudinal and total component of the focal in-

tensity in the focal area

I(V,¢,Z) = IX(V>¢7Z)+Iy(r7¢aZ)+[z(r7¢7z)
= Wxx(ra¢az)+Wyy (r,¢,Z)+sz(r7¢,Z)
= Itra+lz- (12)

4. Numerical calculation and analysis
4.1. Intensity analysis

Next, based on MATLAB R2020b software, the related
calculation programs are written to numerically study the
tight focusing characteristics of the radially polarized MGSM—
PEPV beam. The Parallel Computing Toolbox, combined with
GPU, is applied to accelerate the calculation. The comparison
results show that the calculation using the Parallel Computing
Toolbox is nearly 7 times faster than the direct numerical cal-
culation. Our method greatly improves the calculation speed.
In the following numerical examples, we set A = 632.8 nm,
wo = 1 mm, f =3 mm, and NA = (0.95.

Figure 2 shows the total intensity Lo, transverse inten-
sity Iira, and longitudinal intensity I, of the tightly focused ra-
dially polarized MGSM-PEPV beam in the focal plane with
different values of beam index M. It can be seen that the dis-
tribution of the total intensity is similar to the longitudinal in-
tensity distribution, which indicates that the longitudinal com-
ponent is dominant in the total intensity. And it can be clearly
seen that as the beam index increases, the outer ring of the
spot gradually disappears, and the contour of the spot becomes
clearer and smoother, which is due to the influence of the spe-
cial correlation function (i.e., the multi-Gaussian Schell-model
correlation function).

Then, we mainly study the influences of the coherence
width &, the topological charge [ and power order n of the ra-
dially polarized MGSM-PEPV beam on the total intensity dis-
tribution in the focal region. Figure 3 shows the total intensity
distribution of a tightly focused radially polarized MGSM—
PEPV beam with different values of topological charge [ and
coherence width &. It clearly shows that the beam intensity
profile gradually degenerates into a Gaussian profile and a flat-
topped shaped focal field with the decrease of the coherence
width. This may be because the effect of topological charge
on the focal intensity distribution will be weakened with the
decrease of the coherence width. When the topological charge
[ is large (i.e., I = 8), an opening gradually appears in the light
spot with the increase in coherence length 8. Similarly, when
the coherence width is large (i.e., § = 5), the light spot grad-
ually increases and an opening appears with the increase in
the topological charge number. This non-uniform asymmet-
ric focal spot will help trap irregular particles or manipulate

absorbing particles. [?°]
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Fig. 2. Intensity distributions of the total intensity oy, transverse intensity iy, and longitudinal intensity I, of a tightly focused radially polarized
MGSM-PEPV beam with coherence width = 5 mm, topological charge / = 2 and power order n = 2 in the focal plane for different values of beam
index M.
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Fig. 3. The total intensity distribution of a tightly focused radially polarized MGSM-PEPV beam with the beam index M = 7 and power order n = 2
in the focal plane for different values of topological charge [ and coherence width §.
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Fig. 4. The total intensity distribution of a radially polarized MGSM-PEPV beam with the beam index M = 7 and the coherence width § = 5 in the

focal plane for different topological charges / and power order n.

Next, we show the total intensity distributions of the
tightly focused MGSM-PEPV beam with different values of
power order n and topological charge / in Fig. 4. It can be
seen that when the power order n is small (i.e., n = 2), with
the increase in the topological charge /, the light spot gradually
increases and an opening appears. At the same time, with the
increase in the power order n, the intensity gradually concen-
trates in the upper part and the lower part vanishes. It can be
seen from Eq. (2) that as n increases, the phase term is almost
constant, and the beam profile becomes Gaussian.!”] There-
fore, when n is large enough, the beam gradually evolves into
a Gaussian beam. In addition, the literature [12] performed nu-
merical simulations on the energy flow of the PEPV beam un-
der different parameters, and the results showed that the light
energy was shrinking around the ring. By combining the re-
sults of Fig. 4, it can be shown that the light spot gradually
concentrates on one point along the ring. This unique property
can automatically transport particles along a curved path, and

the existence of openings can help avoid obstacles.

4.2. Analysis of polarization and coherence

The degree of polarization and coherence are important
components of the vector partially coherent beam. In this sec-
tion, we mainly study the degree of polarization and coherence
of a tightly focused MGSM-PEPV beam with the topological
charge [ = 8 and power order n = 2 in the focal plane.

The degree of polarization of the tightly focused par-
tially coherent PEPV beam in the focal plane can be expressed

as 25271

P(r,¢,z) =

3 ) L(r9,2)* +1,(r,9,2)> + L(r,9,2)° 1
2 [Ix(r,¢,z)+1y(r,¢,z)+Iz(r,¢,z)]2 3
(13)

The degree of polarization can be used to describe the depolar-
ization characteristics of the tightly focused radially polarized
MGSM-PEPV beam in the focal plane. When P = 1, it indi-
cates that the tightly focused beam is a completely polarized
beam; when P = 0, it indicates that the tightly focused beam is

a completely unpolarized beam; when 0 < P < 1, it indicates
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that the tightly focused beam is a partially polarized beam.
The degree of coherence between any two orthogonal
field components of the tightly focused MGSM—-PEPV beam

in the focal plane can be expressed as!>*27]

) _ ‘/Vij(rad)az)
Hij(r.¢,2) = \/Wﬂ-(r,qﬁ,Z)Wjj(’"a ¢7Z)7

When 0 < |u;(r,¢,2)| < 1, the two components are partially

(i, j=xyz2). (14

coherent; when |;;(r, ¢,z)| = 1, the two components are com-
pletely coherent; and when |u;(r,¢,z)| = 0, the two compo-
nents are completely incoherent.

Figures 5 and 6 show the degree of polarization distribu-
tion of a radially polarized MGSM-PEPV beam in the focal
plane under different coherence lengths and beam indices, re-
spectively.

From Eq. (13), we can find that the degree of polariza-
tion of the radially polarized MGSM—-PEPV beam is uniform

6=10.85
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(b2) 1.0
0.6
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0.2
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on the source plane. It can be seen from Figs. 5 and 6 that
both the beam index and the coherence width have a cer-
tain effect on the degree of polarization of the tightly focused
beam. In Fig. 5, we can see that the degree of polarization of
the tightly focused radially polarized MGSM—-PEPV beam be-
comes nonuniform across the focal plane, and its value does
not equal 1 in most parts of the focal plane, which means the
tightly focused radially polarized MGSM-PEPV beam is de-
polarized in the focal plane, and the depolarization of the lower
half of the focal zone is more obvious. The properties of the
depolarization are closely determined by the initial coherence
of the radially polarized MGSM-PEPV beam. Moreover, one
finds from Fig. 6 that the distribution of the degree of polariza-
tion is also closely related to the beam index M. Therefore, we
can control the polarization properties of the tightly focused
radially polarized MGSM-PEPV beam by choosing suitable
values of the coherence width and beam index.

6=2

Fig. 5. The degree of polarization of partially coherent radially polarized PEPV beams with the beam index M = 7, topological charges / = 8, and power order

n = 2 for different coherence widths &.
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Fig. 6. The degree of polarization of partially coherent radially polarized PEPV beams with the coherence width 6 = 5, topological charges [ = 8, and power

order n = 2 for different beam indexes M.
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Fig. 7. The degree of coherence of partially coherent radially polarized PEPV beams with the beam index M = 7, topological charges / = 8, and power order
n = 2 for different coherence widths 6.
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Fig. 8. The degree of coherence of partially coherent radially polarized PEPV beams with the coherence width 6 = 5, topological charges [ = 8, and power
order n = 2 for different beam indexes M.
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Figures 7 and 8 show the degree of coherence between the
components of a partially coherent radially polarized MGSM-
PEPV beam with different coherence widths and beam indexes
in the focal plane, respectively. It can be seen from Figs. 7 and
8 that the coherence length has a great influence on the co-
herence distribution of the tightly focused partially coherent
radially polarized MGSM-PEPV beam and, as the coherence
width increases, the degree of coherence gradually weakens.
This indicates that the correlation between any two of the three
orthogonal electric field components is decreased by the tight
focusing. Moreover, the beam index has little influence on the
coherence. In addition, it can be clearly seen that the coher-
ence degree of the left half of the focal zone is relatively high.
By choosing appropriate values for the initial coherence width
and beam index, we can control the coherence of a partially
coherent radially polarized PEPV beam.

5. Conclusion

A partially coherent beam called a radially polarized
MGSM-PEPV beam in this paper is introduced. Then, the
focal intensity distribution of the radially polarized MGSM-
PEPV beam after passing through a high-NA objective lens
was numerically studied. The effects of beam index, topolog-
ical charge, power order and coherence width on the intensity
distribution of the focused spot were studied in detail. We
also analyzed the degree of polarization and coherence of the
beam in the focal plane. The results show that the beam qual-
ity improves with the increase in the beam index, and the focal
fields of different structures that include the flattened beam can
be obtained by changing the coherence width. In addition, by
changing the topological charge and power order, the intensity
can gather to a point along the ring. These unique properties
will have potential applications in particle capture and manip-
ulation, especially in the manipulation of irregular particles.
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