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ABSTRACT

Axially symmetric polarized beams have attracted great interest recently in the field of optics. There have
been several viable proposals concerning axially symmetric polarizers, also referred to as radial polarizers. In
contrast, proposals for axially symmetric wave plates have strong dependence on wavelength. Moreover, the
structure of the axially symmetric wave plates inherently introduces spatial dispersion. As a solution to these
problems, we propose an achromatic axially symmetric wave plate based on internal Fresnel reflection that
does not introduce spatial dispersion. It is possible to generate the achromatic axially symmetric polarized
beam. In this paper, we show the principle of the achromatic axially symmetric wave plate and the evaluation
results of the optical element using a Mueller matrix polarimeter.

Keywords: axially symmetrical polarized beam, Fresnel reflection

1. INTRODUCTION

In recent years, polarization vortices have attracted great interest similar to optical vortices in the field of optical
sciences [1, 2]. When the phase of the polarization vortex is nearly in-phase on the beam area, polarization states are
axially symmetric. Therefore, an optical beam producing a polarization vortex is called an axially symmetric polarized
beam, and its intensity distribution is also doughnut shaped. One interesting paper has proposed to generate a
longitudinal electric field by focusing the axially symmetric polarized beam through an objective lens with a high
numerical aperture creating a longitudinal component of the electric field. [3]. The resulting longitudinal electric field
should be able to accelerate electrons [4]. Other proposed applications include laser processing, super-resolution
microscopes, and laser trapping [5—7]. To generate the axially symmetric polarized beam, most published research has
proposed using liquid crystals, photonic crystals, nano-structures, and optical cavities [8—13]. Particularly, proposals
based on photonic crystals and nano-structures have been used to fabricate axially symmetrical wave plates. However,
conventional axially symmetric wave plates have technical problems, including spatial dispersion and wavelength-
dependence. To overcome these problems, we have developed axially symmetric wave plates based on internal Fresnel
reflections [14]. The advantage of our proposal is that our wave plate can perform achromatically. We have shown to
generate the axially symmetric polarized beam with higher order, fundamentally and experimentally [15]. In this
research, we fabricated the axially symmetric wave plate using SiO, as an optical material. In this paper, we show
specific data of the wave plate, and we evaluate the wave plate using a dual rotating Mueller matrix polarimeter. The
wave plate performance is in good agreement with the theoretical predictions of its Mueller matrix distribution.
Moreover, we discuss the polarization properties of the achromatic axially symmetric wave plate.
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Fig.1 Optical configuration of achromatic axially symmetric wave plate[14]

2.  PRINCIPLE OF ACHROMATIC AXIALLY SYMMETRIC WAVE PLATE

Figure 1 shows an optical configuration of an achromatic axially symmetric wave plate based on internal Fresnel
reflection. A light beam is transmitted through a polarizer set at 0° before incidence on the achromatic axially symmetric
wave plate. The wave plate has basically a concave conical surface similar to a Fresnel rhomb t rotated about an optical
axis, z . The reflected beam on the top of the concave conical surface becomes a cone beam. Moreover, the cone beam
reflects on the slope of the wave plate. The output beam becomes a ring beam because this reflection is omni-
directionally generated along the optical axis. Two internal Fresnel reflections can produce a phase difference of A in the
p-s orthogonal polarization states:

[12sin2 B —1
4= 4t~ VS AL 1) [15,16]

nsinftanf

where n and £ are the index of the achromatic axially symmetric wave plate material and the slope angle of the
achromatic axially symmetric wave plate, respectively. From this equation, we can easily understand how the phase
difference relates to refractive index n and slope angle f. Although refractive index n depends on the wavelength A, the
slope angle £ is independent of the wavelength. Therefore, we have to take into account the wavelength dependence of
the refractive index, written n(1). Additionally the azimuthal angle of the wave plate changes along the angle 6.

If the phase difference A equals 90°, the optical element acts as an achromatic axially symmetric quarter-wave plate.
The polarization states of the output beam vary around the ring and correspond to the polarization states of a rotating
quarter-wave plate. Using the phase difference A, the Mueller matrix of the axially symmetric wave plate can be
expressed in the x-y coordinate system as

1 0 0 0
0 cos’26+sin’20cosA  sin20cos20(1-cosA) —sin26sin A
M(x,y)= . . ) . 2 [14]
0 sm2900s20(l - cosA) sin“ 26+ cos” 20cosA  cos2@sin A
0 sin2@sin A —c0s26sin A sin A

where @ is the angle shown in Fig. 2, 6 = tan™'(y/x).
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Fig.2 Properties of phase difference of axially symmetric wave plate

3. NUMERICAL SIMULATION OF INTERNAL FRESNEL REFLECTION

We determined the slope angle S to obtain the achromatic phase difference in the visible wavelength. In this paper,
we simulated the phase difference of Fresnel reflection for the SiO,, using indices n = 1.46314 (A = 486 nm: blue line), n
=1.45847 (A = 587 nm: green line), and n = 1.45737 (A = 656nm: red line), and that for BK7, using indices n = 1.53024
(A =404 nm: blue line), n = 1.5168 (L = 587 nm: green line), and n = 1.51289 (A = 706 nm: red line).

Figure 2(a) shows properties of the slope angle dependence. The blue, green, and red lines indicate the phase
differences for the indices at 486 nm, 587 nm, and 656 nm, respectively. We obtained that when the achromatic slope
angle = 44.4°, the phase difference is almost 90°. Figure 2(b) shows properties of the wavelength dependence of phase
difference of different materials such as SiO,, BK7 and quartz. In the case of quartz, the phase difference is due to the
wavelength dependence on the birefringence. In our calculation, the BK7 gave good performance for the visible
spectrum. The variation in the phase difference of BK7 is within £1.7° in visible wavelength range. If we use materials
with less index dispersion, this variation becomes smaller. On the other hand, the phase difference for SiO, is larger than
the BK7 and smaller than the quartz. However, SiO,is suitable to use as the optical material if the achromatic axially
symmetric quarter wave plate is designed for coaxial optics.
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4. EXPERIMENTAL RESULTS

Figure 3(a) shows a pair of achromatic axially symmetric quarter wave plates. SiO, (Shinetsu Sekiei Co. Ltd.) is
employed as an optical material. They are 30 mm in diameter and 20 mm long. The achromatic axially symmetric
quarter wave plate is manufactured using a glass lathe and the polishing was processed by Natsume Optical Corp.,
precisely and carefully. Figure 3(b) shows the intensity distribution under the crossed Nicole polarizers. According to
this figure, we easily found that the generated beam has a doughnut-shaped intensity distribution and the azimuthal angle
is changing axial-symmetrically. By rotating the analyzer in this evaluation system, we investigate whether the output
beam is axially symmetric. The intensity distribution changed as a function of the rotation angle of the analyzer. From
these results, it is clear that the wave plate can generate an axially symmetric polarized beam. The dark area indicates a
linearly polarized beam and the bright area represents an elliptical polarized beam. The change of polarization states
along the angle & of the wave plate correspond to polarization states obtained by rotating a quarter wave plate in the time
domain.

For the present study, we employed a He-Ne laser, a beam expander (x10), two Glan—Thompson polarizers, two
rotating quarter wave plates and a CCD camera. Figure 4 shows the evaluation system of Mueller matrix of the
achromatic axially symmetric wave plate using a dual rotating Mueller matrix polarimeter. The first and second quarter
wave plates are rotating at the ratio 1:5, respectively. In this experiment, we captured 60 frames of the intensity
distribution by the CCD camera. The CCD camera has 640 X 480 pixels with 8 bits gray scale.

Figure 5 shows Mueller matrices distribution from my to ms; of the achromatic axially symmetric quarter wave plate.
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Fig.5  Mueller matrix distribution of axially symmetric quarter wave plate
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Fig.6  Birefringence properties of achromatic axially symmetric quarter wave plate

The color level is represented the magnitude of Mueller matrix from -1 to 1. The Mueller matrices distribution in Fig.
5 is normalized by mgy and mgerepresents the intensity distribution. In these results, the magnitude of Mueller matrix
components mgy, Mgy, M3, Mo, Mag, M3 and ms; are almost zero. In addition, the Mueller matrix is symmetric. The
Mueller matrix components m; and m,, are also same in magnitude, and the Mueller matrices components m;,, m;3, and
my; are almost equal in magnitude of the components m,;, m3;, and ms, but opposite in sign, respectively. These results
are in good agreement with theoretical values as shown in Eq. 2 when the A equals 90°. Distributions of the phase
retardation and the azimuthal angle are determined from Mueller matrix components such as m,3, my;, and ms;. Figure 6
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shows the distribution of the phase retardation and the azimuthal angle, respectively. The phase retardation equals 90°
and the azimuthal angle changes axial-symmetrically. From the histogram of the phase retardation, the center of the
histogram is 92° and the dispersion in the histogram is £9°, approximately. The center of the histogram is corresponding
with theoretical result since the theoretical result is 89.7°. When the slope angle is 44.5°, the phase retardation becomes
93°. According to this consideration, the wave plate works according to our calculations. Moreover, we investigated the
reason for the dispersion in the histogram. It was clear that the concave conical surface has errors in the slope angle S
from -0.2° to 0.2°. If we can polish more precisely, the dispersion in the histogram will likely be smaller.

7. CONCLUSIONS

In this paper, we have demonstrated an achromatic axially symmetric wave plate based on Fresnel reflections. In
experiments, we fabricated the wave plate using SiO, with a glass lathe and polishing. The wave plate is generates the
state of polarization of an axially symmetric polarized beam. In addition, we have experimentally evaluated the wave
plate using a dual rotating Mueller matrix polarimeter. The distributions of phase retardation and azimuthal angle are in
good agreement with the theoretical values. Moreover, we investigated the phase retardation distribution of the wave
plate. As this result, we found that the slope angle has slightl errors from -0.2° to 0.2° on the concave conical surfaces.
The achromatic axially symmetric wave plate will be improved by introducing more precise polishing.
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