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Focus shaping of Bessel-Gauss beam
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Focusing properties of Bessel-Gauss beam with radial varying polarization are investigated
based on vector diffraction theory in this article. The polarization angle formed by polarization
direction and radial coordinate is the function of the radial distance in pupil plane, and one
polarization parameter indicates the speed of change of polarization angle. It was found that
the intensity distribution in focal region can be altered considerably by the beam parameter and
polarization parameter. For a small beam parameter, the focal spot broadens transversely,
distortsinto ring focus, and then evolves back into focal spot onincreasing polarization parameter.
When beam parameter gets higher, focal pattern becomes complicated and the focus evolution
principle with increasing beam parameter also changes significantly. Some novel focal patterns
may appear, including multiple intensity rings, dark hollow focus, cylindrical crust focus.
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1. Introduction

Intensity distribution in focal region plays an important role in many optical systems
[1-6]. For instance, in optical trapping system, it is usually deemed that the forces
exerted onthe particleinlight field aretwofold, oneisthe optical gradient force, which
plays a crucial role in constructing optical trap and its intensity is proportional to
the optical intensity gradient; the other is scattering force, which usually has complex
forms because this kind of force is related to the properties of the trapped particles,
and whose intensity is proportional to the optical intensity [7]. Therefore, tunable
optical intensity distribution in focal region means that the controllable optical trap
may occur. Dark focal spot refers to those focuses whose optical intensity is weaker
than that around it and is stable optical trap for those particles whose refractive index
is smaller than that of surrounding media, and this condition is very common,
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especialy in life science [8]. Dark focal spot may be stable trap for those particles
whose refractive index is smaller than that of surrounding media. Therefore,
construction of dark focal spot is very important and attracts interest of many
researchers [9-11].

On the other hand, laser beams with cylindrical symmetry in polarization have
recently attracted attention of many researchers for their interesting properties and
applications[12-17]. Y ouneworTH and Brown cal cul ated cylindrical-vector fields[14]
and showed that, in the particular case of atightly focused radialy polarized beam,
the polarization reveals large inhomogeneities in the focal region, while the azi-
muthally polarized beam is purely transverse. Therefore, the polarization distribution
affectsfocus shape very considerably. In addition, it isknown that Bessel-Gauss (BG)
beams provide valid solutions to Helmholtz equation, and have attracted a lot of
attention [18-25] for their non-diffracting property. BG beams represent a class of
so-called diffraction free solutions to the Helmholtz equation, and have been studied
extensively since 1980s [18], and these beams are easily generated by illuminating
an axicon with a Gaussian beam [25]. Recently, BG beam with radial varying
polarization wasintroduced, and its application in optical tweezerswas also discussed
briefly [26]. In this article, focusing properties of BG beam with radial varying
polarization areinvestigated in detail. In Section 2, the principle of thefocusing system
is given. Simulation results and discussion are shown in Section 3. Conclusions are
given in Section 4.

2. Focusing BG beam with radial varying polarization

The incident beam we investigated here is BG beam with radial varying polarization,
and using the same analysis method as that in references [12-14], the electric field in
focal region can be written in the form of [12—14],

E(r,9,2) = Eie +E e, +Ee, (1)
where &, &,, and e, are the unit vectors in the radial, azimuthal, and propagating

directions, respectively; E;, E,, and E, are amplitudes of the three orthogonal
components and can be expressed as

E(r,2) = Acos(¢)fcosl/2(9)P(9)sin(29)Jl(krsin(ﬁ)) exp[ikzcos(@)}d&
0 ()

E(/,(r, Z) = 2Acos(¢)jcosl/2(9)P(9)sin(29)Jl(krsin(Q)) exp[ikzcos(é?)}dﬁ
0 (©)
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E,(r,2) = 2iAcos(¢)jcosl/2(9)P(9)§n2(9)Jo(krsin(ﬁ)) exp[ikzcos(ﬁ)}d&
0 (4)

wherer and z are the radial and propagating coordinates of observation point in focal
region, respectively; kisthewave number, P(€) isthe pupil apodization function[27],

. . 2
P(§) = 31( Zﬂll\sl':(g) jexp[—[ ﬂzS'Nr";H) j ] 5)

and o = asin(NA), which practically indicates the radius corresponding to each section
zone of the cylindrical vector beam. It should be noted that the parameters 4, and £,
are defined as ratios of pupil diameter to the beam radius [27]. Parameters 4, and £,
indicate the effect of the Bessel and Gaussian function in Eg. (5) on the am-plitude
distribution, respectively; ¢ isthe polarization rotation angle from radial direction, in
thisarticle, ¢ is the function of convergence angle 6, and is written as [26],

_ sin(8)
2= CGn " ©)

where C is polarization parameter that indicates the speed of change of polarization
angle. Therefore, the electric field can be rewritten as,

E(r,p,2) = X+Y+Z @)

where
X = A_Ofcosl/z(e)sin(ze)cos CMn X

] sin(o)

23,5in(6) B,sin(@) Y . .

X J1£1I\I—Aj exp[—(zN—Aj ] Jl(kr sm(e)) exp[l kzcos(e)} dge,

Y = 2iATcosl/2(6)sin2(9)cos C Sn(6) T| X
5 sin(o)

> . . 2
x J 1[%} exp [_ [%j ] Jo(kr sin(&)) exp [i kzcos(e)J dde,
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_ T a1 . . sin(9)
Z = 2A(J;cos (6?)sn(6)sn[c—sin(a) n}x

2,5n(6) Bosin(®) Y . |
XJl[T exp| — TNA Jl(krsm(e)) exp[l kzcos(él)]dﬁe(p

The optical intensity in focal region is proportional to the modulus square of
Eq. (7). Based on this equation, the focus shape can be investigated numerically.

3. Numerical results and discussion

Without losing generality and validity, it issupposed that A unit one. It should be noted
that the distance unit in all the figuresis the wavelength of incident beam in vacuum.
Firstly, theintensity distributionsinfocal region under condition of NA = 0.95, 4, = 1,
1 = 0.5, and different C were calculated and shown in Fig. 1. Theeffect of parameters
By, and B3, on focal shape will be investigated, with £, =1 and £; = 0.5 being only
chosen as one case, then their values will be changed to get insight into their effect.
We can see from this figure that there is only one intensity peak for small C. On
increasing C, the focal spot extends in transverse direction, and then one intensity
spot changes into one ring shape, namely, one ring focus comes into being. When
the parameter C increases continuously, the radius of the ring focus increases firstly,
and then decreases remarkably. For higher C, the ring focus shrinks back into one
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Fig. 1. Intensity distributions in focal region for NA =0.95, #,=1, ;, =0.5; C=0.0 (a), C=0.2 (b),
C=0.4(c),C=0.6(d),C=0.8(e),and C= 1.0 (f).
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intensity peak, namely, there is again one focus spot though it is a distorted spheroid,
asshownin Fig. 1f.

In order to show the intensity more clearly, the corresponding transverse intensity
distribution curvesare also givenin Fig. 2. If one focal spot isregarded as one special
case of the ring focus, namely, the radius of ring focus is zero, we can investigate
the dependence of the radius on the increasing C. Figure 3 illustrates the dependence
of the radius of ring focus on increasing C. The radius is zero for small C. And on
increasing C, the radius increases firstly, and then maintains higher value for
certain C range. When C increases continuously, the radius decreases sharply, and
finally fallsto zero, as shownin Fig. 3.

Now, the parameter £, is chosen as 1.5, the intensity distributions in focal region
for NA =0.95, B, =1, ;= 1.5, and different C are calculated and shown in Fig. 4.
It can be seen from this figure that there is only one intensity peak for small C.
On increasing C, the center focal spot extends transversely, and focus changes into
one ring focal shape. When C increases continuously, the radius of the ring focus
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Fig. 3. Dependence of the radius of ring focus on increasing C.
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Fig. 4. Intensity distributionsin focal regionfor NA = 0.95, 5, =1, #; =1.5,andC = 0.0 (a), C = 0.2 (b),
C=04(c),C=0.6(d),C=0.8(e),and C=1.0 (f).

increases, and then decreases on increasing C. Though the whole focal pattern
evolution principle shown in Fig. 4 isvery similar to that under condition of 3, = 0.5,
by comparing Fig. 4 with Fig. 1, we can see that the focal spot extends transversely
under condition of higher f,. Therefore, f, affects focal pattern considerably.
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Fig. 5. Intensity distributionsin focal regionfor NA = 0.95, 5, =1, #; =2.5,andC = 0.0 (a), C = 0.2 (b),
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When the parameter 3, increasesto 2.5, thefocal pattern changesvery remarkably,
as shown in Fig. 5. We can see from this figure that there occurs one quasi-spherical
crust intensity distribution for small C. And its two intensity maximum peaks are
located on optical axis. Dark focal spot comes into being in this case, which may be
used to construct stable trap for those particles whose refractive index is smaller than
that of surrounding media. On increasing C, the two intensity peaks extend
transversely, as shown in Fig. 5b. And when the parameter C increases continuously,
these two peaks change into two ring intensity distributions, at the same time,
the intensity distribution in geometrical focal plane also becomes local maximum
ring shape. These three overlapping ring intensity distributionslead to the whole focal
pattern evolution from the quasi-spherical crust focal pattern to the cylindrical crust
focal pattern, and the center dark focal spot also disappears on increasing C. Finally,
the three intensity rings combine into one smooth cylindrical crust intensity
distribution, as shown in Fig. 5f. From the above focal pattern evolution it can be seen
that the parameter S, affectsfocal pattern considerably, and some novel focal patterns
occur, which may be used in optical tweezers technology.

For the parameter 3, increasing to 2.5, the focal patterns were also calculated and
shown in Fig. 6. We can see from this figure that there are two intensity peaks on
optical axis for small C. Simultaneously, one dark ring also appears in geometrical
focal plane, because the two on-axis intensity peaks overlap in axial direction and
there isonerelative weak intensity ring outside, as shown in Fig. 6a. Onincreasing C,
the two intensity peaks extend in transverse direction, and the intensity ring in
geometrical focal plane gets stronger at the sametime. Then, those two intensity peaks
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Fig. 6. Intensity distributionsin focal regionfor NA = 0.95, 5, =1, #; =3.5,andC = 0.0 (a), C = 0.2 (b),
C=0.4(c),C=0.6(d),C=0.8(e),and C=1.0(f).
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change into two intensity rings, so that there are three intensity rings in focal region,
and the dark ring in geometrical focal plane shrinks to one dark focal spot, as shown
in Fig. 6¢c. When parameter C continues to increase, the intensity on optical axis
decreases considerably, so that dark focal spot evolvesinto one dark line along optical
axis, as shown in Fig. 6d. On increasing C, the intensity at geometrical focal position
increases sharply, and other intensity rings get weaker and weaker. Finally, there
occurs one strong intensity peak embedded in the center of the whole focal pattern
under condition of C = 1.0. Focal pattern may be altered remarkably by /; and C.
Now, the effect of parameter 3, on focal patternisalso studied. Figure 7 illustrates
the intensity distributions in focal region under condition of NA =0.95, 3, =2,
B4 =0.5, and different C. It can be seen that there is also one intensity peak for
small C, and on increasing C, the center peak extends transversely, and changes into
one intensity ring. By comparing Fig. 7 with Fig. 1, we can see that the focal pattern
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Fig. 7. Intensity distributionsin focal regionfor NA = 0.95, 5, =2, 5, =0.5,and C = 0.0 (a), C = 0.2 (b),
C=0.4(c),C=0.6(d).
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Fig. 8. Intensity distributionsin focal regionfor NA = 0.95, 5, =2, #; =3.5,andC = 0.0 (a), C = 0.6 (b).



Focus shaping of Bessel-Gauss beam... 489

evolution principle also changesfor different 3,. Theintensity ring does not combines
back into one intensity peak for B, = 2, which is very different from that shown in
Fig. 1. In addition, the focal patterns for 3, =2, 3, = 3.5 were aso calculated and
shown in Fig. 8. Comparing Fig. 8 with Fig. 7, we can see one dark focal spot for
B, =3.5and C=0.0, while no dark focal spot occurs in Fig. 7. Under condition of
higher C, intensity ring comes into being for both these cases.

For the parameter S, being chosen as 3, the focal patterns are shown in Fig. 9.
From this figure we can see that there is one intensity ring even under condition of
small C, and on increasing C, the intensity at geometrical focus point decreases
continuously. Therefore, both parameters ; and A3, can be used to alter the focal
pattern.

The effect of numerical aperture on focal pattern was also studied. Figure 10
illustrates the focal pattern under condition of NA =0.65, f,=1, f;=3.5, and
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Fig. 9. Intensity distributionsin focal regionfor NA = 0.95, 5, =3, #; =0.5,and C = 0.0 (a), C = 0.6 (b).
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Fig. 10. Intensity distributions in focal region for NA = 0.65, 3, =1, #; = 3.5; C=0.0 (a), C= 0.4 (b),
C=0.8(c),C=10(d).
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different C. By comparing Fig. 10 with Fig. 6, it can be seen that there is considerable
focal patent difference induced by NA. For case of C = 0.0, the intensity maximum
turns on ring shape in geometrical focal plane under NA = 0.65, while there are two
intensity peaks on optical axisunder NA = 0.95. And on increasing C, the wholefocal
pattern also changes in different principle. For instance, for the case of C = 1.0, there
are multiple overlapping intensity rings under NA = 0.65, asshownin Fig. 10d, while
there is only one intensity peak under NA = 0.95, as shown in Fig. 6f. Therefore,
numerical aperture can affect focal pattern very remarkably.

4. Conclusions

We investigated the focusing properties of Bessel-Gauss beam with radial varying
polarization. It was found that the intensity distribution in focal region can be altered
considerably by the beam parameter and one polarization parameter that indicates
the polarization change speed along radial direction. Under condition of small beam
parameter, the focal spot broadens transversely, distorts into ring focus, and then
evolveshack intofocal spot onincreasing polarization angle. However, when the beam
parameter increasesto higher value, the wholefocal pattern becomes complicated and
the focus evolution principle with increasing beam parameter also changes signifi-
cantly. In the focal pattern evolution process, some novel focal patterns may appear,
including multiple intensity rings, dark hollow focus, cylindrical crust focus, which
may be used to construct optical traps.
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