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The radially polarized vector beam has attracted much attention recently and was also used to
obtain a smaller focal spot. In this paper, highly focusing properties of radially polarized vector
beam are investigated by comparing them with those of linearly polarized beam. A condition was
found for tighter focusing of radially polarized vector beam. The focal spot of radially polarized
vector beam is not always smaller than that of linearly polarized beam. Even if only a longitudinal
field component is considered, in fact, the condition for tighter focusing of radially polarized vector
beam is very complicated. Therefore, more attention should be paid to the smaller focal spot
generation by means of radially polarized vector beam in practical use. In addition, the focal
depth of radially polarized beam decreases on increasing numerical aperture under condition of
small radius ratio, and increases on increasing radius ratio. The focal depth difference between
these two kinds of beams shrinks upon increasing radius ratio and numerical aperture.
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1. Introduction
As a kind of the cylindrical vector beam, radially polarized beam (RPB) has recently
gained much interest and attention due to its novel properties and wide applications,
such as particle-trapping, optical data storage, laser machining and lithography [1–7].
Especially, the focusing properties of RPB are investigated inventively [8–12].
KOZAWA and SATO investigated the strong focusing of higher transverse modes of
radially polarized beams [13], which illustrates that the strong longitudinal component
forms a sharper spot at the focal point under a high-NA focusing condition. In
addition, focusing properties of higher radial modes were also studied systemically by
RASHID et al. [14]. It was demonstrated both theoretically and experimentally that
the introduction of RPB illumination combined with an annular beam illumination
exhibits advantages in two aspects [9]. Firstly, it corrects the focus elongation and
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splitting in a focused evanescent field associated with a linearly polarized beam, and
secondly, it also improves significantly the lateral localization to approximately
a quarter of the illumination wavelength, which is less than half of the size that
is achievable under linearly polarized beam (LPB) illumination. The effect of
apodization on spot size under tight focusing conditions was also studied [15].

In this paper, highly focusing properties of RPB and LPB are studied to investigate
the smaller focal spot generation effect of the RPB beam in detail. It has been found
that the condition for tighter focusing of RPB is complicated in fact. On the other hand,
focal depth is also a very important parameter in many optical systems and can be used
to enhance the performance [16–20]. For example, in high-density optical data storage
system, large focal depth makes it easy for the servo system to track. It was found in
our investigation that the focal spot of RPB is not always smaller than that of LPB,
and the focal depth difference between these two kinds of beams shrinks on increasing
numerical aperture. Focusing principle is given in Section 2. Section 3 shows
the simulation results and discussion. In addition, comparisons under high-order radial
modes are given. The conclusions are summarized in Section 4. 

2. Focusing principle of RPB and LPB 
In the focusing system, we investigated the incident beam convergence through
an objective lens. The focusing principle of RPB has been analyzed recently, and
the electric field in the focal region in cylindrical coordinates can be written in
the form [12, 21],

(1)

where er and ez are the unit vectors in the radial and propagating directions,
respectively. ECR and ECZ are amplitudes of the two orthogonal components, which
can be expressed as 

(2)

(3)

where r and z are the radial and longitudinal coordinates of observation point in focal
region, respectively. Parameter A is a constant, and k is the wave number. Parameter
θj ( j = 1, 2) represents the polar angle corresponding to the optical aperture, namely,
θ2 = asin(NA), and θ1 = a tan[R tan(θ2)], R is the normalized inner radius of the optical
aperture by outer radius of the optical aperture, and if R = 0 the optical aperture is
a circle aperture, else it is an annular aperture. P(θ ) is the pupil function that describes
the amplitude of the field in the pupil of the lens which is assumed to be a function
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of θ only [12, 14]. The optical intensity of RPB in focal region can be obtained by
calculating the square modulus of Eq. (1). It can be seen that the focal pattern of RPB
is cylindrical symmetric. 

The electric field in the focal region of LPB is expressed in Cartesian coordinates,
and if the incident polarization is in x direction, the electric field is in the form [22, 23],

(4)

where x, y, and z are the unit vectors in the x, y, and z directions, respectively. E0 is
a constant. It is clear that the incident Gaussian beam is depolarized and has three
components (ELX , ELY  and ELZ ). Variables r, φ, and z are the cylindrical coordinates
of an observation point in focal region. Variables I0, I1, and I2 are [22, 23],

(5)

(6)

(7)

where k is also the wave number. J0(x), J1(x), J2(x) and are the zero-order, the first-
-order, and the second-order Bessel functions of the first kind, respectively. In order
to make a comparison simple, parameter θj ( j = 1, 2) represents the same polar
angle corresponding to the optical aperture, θ2 = asin(NA) and θ1 = a tan[R tan(θ2)].
P(θ ) in Eqs. (5)–(7) has the same meaning as that in Eqs. (2) and (3). Focusing prop-
erties of RPB and LPB can be obtained numerically by calculating Eqs. (1) and (4),
respectively.

3. Numerical results and discussion
3.1. Transverse focal size comparison between RPB and LPB

Here, the focusing property comparison between RPB and LPB is discussed. Without
loss of validity and generality, the pupil function is taken as P(θ ) = 1. It should be
noted that the size of focal spot is shown as the full width at half maximum (FWHM)
in the focal plane, and its unit is k–1, k is the wave number and equals 2π /λ, where
λ is the wavelength of incident beam. And all the distance units in the tables and
figures of this article are also k–1. Table 1 shows the transverse FWHM of focal spot
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of focusing LPB and RPB. ELY and ELX indicate the transverse FWHM in x and y
coordinate directions in focal region of LPB, respectively. EC and ECZ give the FWHM
of the total field and longitudinal field in focal region of RPB, respectively. It can be
seen that the focal spot symmetry of LPB is considerably better determined under
condition of higher numerical aperture and larger R. For instance, the FWHM ratio of
ELX to ELY is about 2.6 (= 5.30/2.02) for the case of NA = 0.99 and R = 0.4. The width
of the focal spot is smaller in the direction perpendicular to the initial direction of

T a b l e 1. Transverse FWHM of focal spot of focusing LPB and RPB.

NA 0.75 0.80 0.85 0.90 0.93 0.96 0.99

R = 0

ELY 4.16 3.88 3.62 3.38 3.24 3.10 2.96
ELX 4.96 4.78 4.66 4.60 4.58 4.60 4.68
EC 9.12 7.60 6.04 4.80 4.26 3.80 3.42
ECZ 3.86 3.60 3.38 3.18 3.06 2.96 2.84

R = 0.1

ELY 4.12 3.82 3.56 3.30 3.14 2.94 2.54
ELX 4.92 4.74 4.62 4.54 4.54 4.56 4.84
EC 9.10 7.54 5.98 4.74 4.16 3.68 3.00
ECZ 3.84 3.60 3.38 3.16 3.04 2.90 2.66

R = 0.2

ELY 3.98 3.68 3.38 3.10 2.90 2.66 2.22
ELX 4.82 4.64 4.52 4.48 4.50 4.66 5.24
EC 8.78 7.16 5.58 4.36 3.80 3.26 2.60
ECZ 3.82 3.56 3.32 3.08 2.94 2.76 2.46

R = 0.3

ELY 3.80 3.48 3.20 2.88 2.68 2.44 2.10
ELX 4.68 4.52 4.44 4.46 4.60 4.90 5.30
EC 8.16 6.44 4.96 3.90 3.40 2.92 2.44
ECZ 3.74 3.46 3.22 2.96 2.80 2.62 2.38

R = 0.4

ELY 3.62 3.30 3.02 2.72 2.52 2.32 2.02
ELX 4.56 4.44 4.40 4.54 4.76 5.10 5.30
EC 7.32 5.66 4.38 3.52 3.10 2.74 2.38
ECZ 3.62 3.36 3.10 2.84 2.70 2.52 2.34

R = 0.5

ELY 3.44 3.14 2.86 2.58 2.42 2.22 2.00
ELX 4.46 4.38 4.44 4.68 4.92 5.22 5.30
EC 6.46 4.98 3.98 3.24 2.90 2.62 2.34
ECZ 3.50 3.24 2.98 2.74 2.60 2.46 2.32

R = 0.6

ELY 3.28 3.00 2.74 2.48 2.34 2.16 1.96
ELX 4.40 4.38 4.50 4.80 5.06 5.26 5.30
EC 5.70 4.46 3.64 3.06 2.78 2.54 2.32
ECZ 3.38 3.12 2.88 2.68 2.54 2.42 2.30

R = 0.7

ELY 3.14 2.88 2.64 2.42 2.28 2.14 1.96
ELX 4.36 4.40 4.58 4.92 5.14 5.28 5.30
EC 5.10 4.08 3.40 2.92 2.70 2.50 2.32
ECZ 3.26 3.02 2.80 2.60 2.50 2.40 2.30
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polarization than that in x direction. And the transverse FWHM in y direction de-
creases more sharply on increasing NA. The FWHM in x direction decreases more
slowly, and then increases back on increasing NA under condition of smaller R. How-
ever, for larger R, the FWHM in x direction increases continually on increasing NA.
The focal spot of RPB has cylindrical symmetry. And under condition of small R,
the dependence of FWHM difference between EC and ECZ on R is not linear, in addition,
the dependence of this FWHM difference on NA is also not linea. This article pays
more attention to tighter focal spot generation of RPB by comparison with LPB. From
Table 1, we can see that the focal spot of RPB is not always smaller than that of LPB,
even if only a longitudinal field component ECZ is considered. And for certain case,
the FWHM of LPB in y direction may be smaller than that of ECZ even for higher
numerical aperture.

For the purpose of presenting the information in a more friendly manner, some
important parts of this data table are given graphically. Figure 1a illustrates the trans-
verse FWHMs of fields ELY , ELX , EC , and ECZ for NA = 0.75. It can be seen that
the FWHMs of fields ELX and EC are relatively big, and are smaller for fields ELY
and ECZ. When considering the total optical focal spot, in fact, the focusing of RPB
does not give a smaller focal spot than LPB, namely, tighter focusing does not appear
as usual. Even if only the FWHM of ELY and ECZ is considered, sharper focusing for
RPB does not always occur. For small R, FWHM of ECZ is smaller than that of ELY .
When R approaches a big value, the FWHM of ECZ is bigger than that of ELY .
The FWHMs of fields ELY , ELX , EC, and ECZ for NA = 0.80 are also given according
to Tab. 1. We can see that the condition for sharper focusing of RPB is very
complicated even if only ELY and ECZ are considered, because the FWHM ratio of
ELY to ECZ fluctuates near 1 on increasing R, and there are three cross points for
ELY to ECZ FWHM curves. The FWHM curve of EC also crosses with that of ELY .

The FWHMs of fields ELY , ELX , EC, and ECZ under condition of NA = 0.90 are also
illustrated in Fig. 2a. From this figure, we can see that the FWHM curve cross point
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Fig. 1. Transverse FWHM of fields ELY , ELX , EC , and ECZ under condition of NA = 0.75 (a), and
NA = 0.80 (b).
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of ELY and ECZ shifts towards smaller R, comparing Fig. 2a and Fig. 1a, which
means that for larger R, the focal spot of ECZ is actually bigger than that of ELY .
Therefore, under condition of higher NA, this critical R value decreases. The range of
possibilities of generating smaller focal spot using RPB shrinks if only considering
ELY and ECZ . Figure 2b shows focusing properties for NA = 0.99. From this figure,
we can see that the focal pattern of LPB becomes very asymmetric, and the FWHM
difference between ELY and ELX is very significant. The FWHM of ELY is usually
smaller than that of EC and ECZ , and the FWHM difference of EC and ECZ is not very
remarkable.

In order to understand the effect of NA on FWHM, the curves representing
the FWHM values upon increasing NA are illustrated in Figs. 3 and 4. We can see
from Fig. 3 that the FWHM of ELY is always smaller than that of ECZ under condition
of R = 0. And for case of R = 0.1, two FWHM curves of ELY and ECZ cross each other
for certain value of NA, which indicates that the focal size of longitudinal field
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Fig. 2. Transverse FWHM of fields ELY , ELX , EC , and ECZ under condition of NA = 0.90 (a), and
NA = 0.99 (b).
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component RPB is not always smaller than that of y-axis component of LPB. And for
smaller NA, the FWHM of EC is bigger than that of ELX . However, because the decrease
speed of FWHM of EC is very sharp, the FWHM of EC becomes smaller than that of
ELX for higher NA. 

For larger R, the FWHM curves of fields ELY , ELX , EC , and ECZ on increasing NA
are also given in Fig. 4. We can see that the cross point position of FWHM curves of
ELX and EC shifts continuously in decreasing NA direction. And the cross point position
of FWHM curves of ELX and ECZ also shifts in decreasing NA direction. When R value
ranges from 0.5 to 0.7, the focal spot size of ECZ is actually bigger than that of ELY
for the case of changing NA from 0.75 to 0.99, as shown in Figs. 4b and 4c. Therefore,
the effect of NA on the focal size difference between RPB and LPB is very remarkable.
The focal spot of RPB is not always smaller than that of LPB. Even if only longitudinal
field component is considered, in fact, the condition for tighter focusing of RPB is
very complicated.

Some intensity distributions of the polarization components of the focused beams
were added. Figure 4 illustrates the intensity distributions of LPB under condition of
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R = 0.2 and NA = 0.75. And Ex , Ey , and Ez indicate the three polarization components
in x, y, z direction, respectively. It can be seen that the total intensity distribution is
very similar to that of polarization component of Ex . On increasing NA, the intensity
of polarization component of Ez increases considerably, which leads to the extension
of the total intensity distribution in x direction, as shown in Fig. 5. Therefore, for
certain small R, the circle focal spot extends in x direction for higher NA, which results
in the big FWHM of ELX , so the FWHM of ELX decreases, and then increases on
increasing NA for small R, and when R becomes big, the FWHM of ELX increases
continuously on increasing NA. 

Some intensity distributions of the polarization components under condition of
larger R are given. It can be seen that the intensity of polarization component of Ez
increases considerably on increasing R, comparing Figs. 7 and 8 with Figs. 5 and 6,
respectively. And for larger R, the total intensity distribution extends in x direction
very remarkably under condition of higher NA, which leads to the focal splits in
x direction, as shown in Fig. 8a. 

All three mutually orthogonal field components occur in the focal region of
focusing LPB. Because the intensity distribution shapes the evolution of ELX , on
increasing NA, the cross point position of FWHM curves of ELX and EC shifts
continuously in decreasing NA direction. The intensity distribution of the longitu-
dinally polarized component in an axis direction is not rotationally symmetric, which
causes the asymmetric deformation of the focal spot. And when annular aperture is

Fig. 5. Intensity distributions of LPB for E (a), Ex (b), Ey (c), and Ez (d) under condition of R = 0.2
and NA = 0.75.
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Fig. 6. Intensity distributions of LPB for E (a), Ex (b), Ey (c), and Ez (d) under condition of R = 0.2
and NA = 0.99.

Fig. 7. Intensity distributions of LPB for E (a), Ex (b), Ey (c), and Ez (d) under condition of R = 0.7
and NA = 0.75.
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Fig. 8. Intensity distributions of LPB for E (a), Ex (b), Ey (c), and Ez (d) under condition of R = 0.7
and NA = 0.99.

Fig. 9. Intensity distributions of RPB for E (a), Er (b), and Ez (c) under condition of R = 0.2 and NA = 0.75.
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used, the relative contribution of the longitudinal component is increased and the asym-
metry becomes more considerable. The focal spot splits in transverse direction under
condition of larger R. When focal splitting occurs, there are two intensity peaks in
focal plane, as shown in Fig. 8. In order to avoid the effect of focal splitting on FWHM
of the whole intensity distribution, the maximum value of R is chosen as 0.7. 

The intensity distributions of the polarization components of RPB under condition
of R = 0.2 and NA = 0.75 are also illustrated in Fig. 9. We can see that the transverse
size of Ez is smaller than that of the total optical intensity, which leads to the smaller
FWHM of field ECZ . And we also know that, in fact, the RPB is often used to obtain
smaller focal spot by means of its polarization components in z direction. On increasing
NA and R, the polarization component of field ECZ becomes stronger and stronger,
which accelerates the focal size decrease of total intensity of RPB. 

Therefore, the focal spot evolution of RPB and LPB is different. For the case of
focusing of LPB, the focal shape change due to polarization component of ELX is very
considerable, even results in focal splitting. While, for the case of focusing of RPB,
the field ECZ plays an important role in focusing properties, especially in higher NA
and R focusing systems. 

3.2. Focal depth comparison between RPB and LPB

Now, we investigate the focal depth of RPB by comparing it with LPB. It should be
noted that focal depth is defined as the distance between the two axial points between
which the intensity is not smaller than 50% of the intensity peak maximum on optical
axis. And by calculating on-axis intensity distributions of RPB and LPB numerically,

T a b l e 2. Focal depth comparison of RPB and LPB under condition of different NA and R.

NA 0.75 0.80 0.85 0.90 0.93 0.96 0.99

R = 0
EL 16.40 13.94 11.84 10.02 9.02 8.06 7.02
EC 17.88 15.12 12.76 10.70 9.54 8.42 7.16

R = 0.1
EL 16.72 14.24 12.16 10.38 9.46 8.66 8.72
EC 18.00 15.22 12.88 10.86 9.76 8.76 8.54

R = 0.2
EL 17.68 15.20 13.16 11.52 10.78 10.48 13.14
EC 18.58 15.84 13.58 11.72 10.86 10.40 12.90

R = 0.3
EL 19.42 16.90 14.92 13.52 13.10 13.54 19.68
EC 20.00 17.10 15.14 13.58 13.08 13.42 19.48

R = 0.4
EL 22.20 19.64 17.74 16.64 16.66 18.12 28.82
EC 22.56 19.86 17.82 16.62 16.60 18.00 28.66

R = 0.5
EL 26.52 23.86 20.04 21.38 22.02 24.88 41.86
EC 26.74 23.98 20.08 21.34 21.96 24.76 41.74

R = 0.6
EL 33.40 30.56 28.86 28.82 30.36 35.26 61.58
EC 33.52 30.64 28.86 28.76 30.30 35.18 61.48

R = 0.7
EL 45.30 40.14 40.58 41.52 44.54 52.84 94.62
EC 45.36 40.16 40.58 41.50 44.50 52.78 94.56
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the focal depth values under condition of different R and NA are shown in Tab. 2.
And EC and EL mark RPB and LPB in this table, respectively. The foal depth unit
is k–1, where k is the wave number of incident beam. 

From this table, it can be seen that the focal depth of RPB also decreases on
increasing NA as that of LPB under condition of small R. And focal depth of RPB
increases on increasing R, which is also similar to that of LPB. In practice, it is well
known that this focal evolution principle is common to LPB, now it is also applicable
to focusing RPB. In addition, the focal depth difference between these two kinds of
beams also shrinks on increasing NA, and larger R can also result in smaller focal
depth difference. 

In order to understand the information contained in Tab. 2 more clearly and deeply,
the focal depth curves of RPB and LPB on increasing R under condition of different
typical NA are illustrated in Fig. 10. We can see from this figure that on increasing R,
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the focal depth increases, while the focal depth difference decreases under condition
of NA being the same. And for higher NA, the focal depth difference becomes very
slight. 

Figure 11 shows focal depth curves of RPB and LPB on increasing NA under
condition of two different R. The focal depth decreases on increasing NA for
smaller R. However, when R increases, the focal depth decreases firstly for small NA,
and then increases sharply when NA is bigger than 0.93. The whole focal evolution
process of RPB is similar that of LPB. Here is one sharp increase of focal depth for
higher NA and larger R. 

Figure 12 illustrates the intensity distributions in focal region of the focusing RPB,
which shows that the transverse size of longitudinal component is smaller than that of
transverse component, while the axial size of longitudinal component is bigger than
that of transverse component. Therefore, when the contribution of longitudinal
component becomes considerable under condition of larger R and higher NA, the focal
depth also increases simultaneously. 

Extension of the focal depth on increasing R may also be explained if
the interference of the outermost and innermost rays of the beam axis in the region
around the focal point is considered [24]. As KITAMURA and coworkers have shown in
reference [24], when the original radially polarized beam is focused, the incident angles

Fig. 12. Intensity distributions of RPB for R = 0.3 under condition of NA = 0.75 (a), NA = 0.90 (b),
and NA = 0.99 (c).
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of the two rays are significantly different. Constructive interference takes place only
at the focal plane on the beam axis because the two rays are in phase only at this point.
Therefore, strong intensity appears only in close vicinity to the focal plane. 

However, the two corresponding rays for the narrow annular incident beam
interfere constructively on the beam axis even away from the focal plane, because
the phases of the rays match well due to almost identical incident angles. So, the nar-
rower annular incident beam possesses longer focal depth, which is the same cause of
focal depth extension for incident LPB and RPB, as shown in Fig. 10. When R is very
small or approaches zero, the effect of NA on focal depth is more remarkable than that
of annular aperture, so the focal depth decreases on increasing NA, as is well known
that the focal depth decreases on increasing NA for clear aperture, for instance, WANG
and GAN show that the focal depth is proportional to 1/NA2 [25]. However, when R
gets larger, the effect of annular aperture becomes more considerable than that of NA,
so the focal depth extends sharply on increasing NA, as shown in Fig. 11.

3.3. Comparison under high-order radial modes

In the case of a single radially polarized doughnut beam, a Bessel–Gaussian beam may
be employed, while it was found that the higher-order radially polarized beams are
represented by Laguerre–Gaussian distribution [12, 14, 26–28]. In this section, in
order to investigate the effect of high-order radial modes on results of Section 3.1, we
also choose Laguerre–Gaussian distribution as the amplitude shape of higher-order
beams; the distribution can be written as [14, 29],

(8)

where C is constant, r is radial coordinate, and ω0 is the waist radius.  represents
an associated Laguerre polynomial, and l is the topological charge, q is the radial
index. By a similar viable transformation method presented in references [30, 31],
the amplitude distribution can be rewritten in the form

(9)

where w is the radius ratio of waist radius to the radius of optical aperture. NA is
the numerical aperture. By substituting Eq. (9) into the Eqs. (2), (3) and Eqs. (5)–(7),
the effect of radial variation amplitude on the results presented in Section 3.1 can be
investigated numerically. 

Figure 13 illustrates the transverse intensity distributions under condition of
NA = 0.75, w = 1, l = 1, and q = 4. The horizontal dashed line indicates the half value
of the maximum intensity. It can be seen from this figure that the transverse focus size
increases on decreasing R. And when the value of R approaches zero, the transverse
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focal intensity difference becomes very considerable. There is a more pronounced
effect of radial variation amplitude for larger apertures (namely, under condition of
smaller R). Therefore, we should pay attention to the radial variation amplitude
distribution when results in this paper will be used in practical applications. 

4. Conclusions
We have investigated tightened focusing of radially polarized beam by comparing it
with linearly polarized beam. Numerical results show that the focal spot of radially
polarized beam is not always smaller than that of linearly polarized beam. Even it only
a longitudinal field component is considered, the condition for tighter focusing of
radially polarized vector beam is very complicated. Therefore, more attention should
be paid to use of radially polarized beam in practice use for sharper focus according
to numerical aperture and the beam shape. The focal depth of focusing annular
radially polarized beam is also investigated by comparison with linearly polarized
beam. The focal depth of radially polarized beam decreases on increasing numerical
aperture like that of linearly polarized beam under condition of small radius ratio, and

Fig. 13. Transverse intensity distributions under condition of NA = 0.75, w = 1, l = 1, q = 4 and
R = 0.7 (a), R = 0.3 (b), and R = 0.2 (c).
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increases on increasing radius ratio. Focal depth difference between these two kinds
of beams shrinks on increasing numerical aperture. And the larger the radius ratio,
the lower the focal depth difference. The above results let us get a deeper insight into
the focusing properties of radially polarized beam, and Tabs. 1 and 2 may serve as
reference in practice for choosing parameters when radially polarized beam is used in
focusing optical systems.
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