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Design and numerical modeling of an optical birefringent quarter waveplate

A. BALMAKOU

B pabote npencTasieH cnocod NpOEeKTUPOBAHUS ONTHYECKOW YeTBEPTHBOIHOBOM IIACTHHKY JUI HHppa-
KpacHO# obnactu cnexrpa. [IpoBeeHO KOMIIBIOTEPHOE MOJETHNPOBAHHE OCHOBAHHOE HA MCIOJIB30BAHUHI
MeTOJ]a KOHEUHBIX 71eMeHTOB. OCylIecTBICHO U3MEPEHHE HHTEHCUBHOCTU IPOILIEAIIEr0 CBETOBOIO IO-
TOKa, a TAKXKE ero MOJSIPU3aIIOHHBIE XapaKTepPUCTHKU. VICTIONb3yI0 JaHHYI0 MOJIETb BO3MOXKHO TPOEK-
THPOBATh YETBEPTHBOIHOBYIO IUIACTUHKY (@ TaKXKe APYTHe BOJTHOBBIC IUNIACTUHKH) B IIMPOKOM YaCTOTHOM
JMana3oHe, He OTPaHNYCHHOM TOJIBKO ONTHYECKUMH 9acToTaMu. IIpeioskeHHbIN B paboTe mpuMep XOo-
POLIO COTJIacyeTcsl ¢ TEOPETHYECKHMH pacdyeTaMu. Pe3ynbraTel JaHHOTO MOJAEIMPOBAHUS MOTYT OBITH
UCIIONIb30BaHbI B KauecTBE 0a3uca MpHU MPOEKTHPOBAHUHM HEKOTOPBIX APYTUX KOMIUICKCHBIX ONTHYECKHX
YCTpOMCTB, METaMaTepranoB 1 (POTOHHBIX KPHUCTAIIIOB.

KnaioueBble cioBa: BOJNHOBas IUIACTHHKA, ABYIPEIOMIICHHE, MOJEIMPOBAHHUE, SJUTMITHYHOCTh, WHTCHCHB-
HOCTb.

In this article, a design of an optical quarter wave plate operating in an infrared part of the spectrum is
proposed. Computer modeling utilizing a finite-element electromagnetic algorithm is developed. It pro-
vides measurements of an intensity of the transmitted flux as well as its polarization characteristics. Using
this model, it is possible to design a quarter wave plates (as well as other wave plates) in a wide frequency
range not only limited by optical frequencies. The proposed example is in good agreement with theoreti-
cal calculations. Results of this modeling can be used as a basis for designing some other complex optical
devices, metamaterials, and photonic crystals.
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Introduction. A waveplate or retarder is an optical device that alters the polarization state of
a light wave travelling through it. Two common types of waveplates are the half-wave plate, which
shifts the polarization direction of linearly polarized light, and the quarter-wave plate (which con-
verts linearly polarized light into circularly polarized light and vice versa). A typical illustration of a
quarter waveplate is shown in Figure 1.

Waveplates are constructed out of a birefringent material (such as quartz or mica), for which
the index of refraction is different for different orientations of light passing through it. The behavior
of a waveplate (that is, whether it is a half-wave plate, a quarter-wave plate, etc.) depends on the
thickness of the crystal d, the wavelength of light 4, and the variation of the index of refraction n
between ordinary ‘ 0 > and extraordinary ‘€ > components of light:

(n, —n,)d = 1A@/ 27 1)
For a light wave normally incident upon the plate, polarization component along the ordinary axis
travels through the crystal with a speed v, =c/n,, while the polarization component along the ex-

traordinary axis travels with a speed v, =c/n,. This leads to the phase difference A¢ between the

two above mentioned components as they exit the crystal. By appropriate choice of the relationship
between these parameters, it is possible to introduce a controlled phase shift A¢ between the two

polarization components of an electromagnetic wave, thereby altering its polarization.
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Figure 1 — Quarter wavelength retardation plate (property of Olympus Inc.).
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Although the birefringence An may vary slightly due to dispersion, this is negligible com-
pared to the variation in phase difference initiated by the wave propagation path. Waveplates are
thus manufactured to work for a particular narrow range of wavelengths. The phase variation can be
minimized by stacking two waveplates that differ by a tiny amount in thickness back-to-back, with
the slow axis of one along the fast axis of the other [1]. With this configuration, the relative phase
imparted can be, for the case of a quarter-wave plate, one-fourth a wavelength rather than three-
fourths or one-fourth plus an integer. This is called a zero-order waveplate.

A broadband quarter waveplate provided by nature was discovered recently in Ref. [2]. The
eyes of stomatopod crustaceans operate as an achromatic quarter wave retarders in the visible wave-
length range due to their sophisticated internal composition. A wide band of operation can also be
achieved by using an array of micro helices arranged properly as it is shown in Ref. [3]. Meander-
line broadband quarter waveplates are well known too [4].

Polarization characteristics. An ellipticity, which is of the main interest in this paper, char-
acterizes the polarization type of the wave and it is introduced through the reciprocal axial ratio as
defined in general case:

y=A/B (2)
where
1 /2 ">
A= E(EX2 +E2—[E! + ! + 2E2E2 cos(2A9) | ) 3)
and
—1 /2 —1/2
B= E(EX2 +E2+[E! + Ef + 2E2E? cos(2Ap) | ) (4)

are the minor and the major semiaxes of the polarization ellipse, respectively [5].
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Figure 2 — An ellipse of polarization.

Here Ag is the time-phase difference between the two components E, and E, of the field. One

can find that 0 <& <1, where the zero value stands for a pure linear polarization, the unit value de-
notes a pure circular polarization. In fact, the ellipticity higher than 0.8 is often considered as circu-
lar. Sometimes it is merely preferable to use an alternative parameter for characterizing the polari-
zation state of wave which is polarization angle 7, introduced as tanz = A/B. It is clear that
7 = 45° corresponds for a circular polarization.

Quarter waveplate design results. Figure 3 illustrates a basic 3D model of a birefringent
quarter waveplate to be designed. The waveplate is composed of a solid homogeneous anisotropic
piece of transparent for infrared light material. Relative permittivities of the material are the follow-
ing: ¢, =18, ¢, =15, ¢, =1. The Z-thickness of the anisotropic material [d in Eq. (1)] is adjust-

ed to be 4.3um. Therefore, the theoretically calculated [using Eq. (1)] operation frequency of the
device is 150 THz. The transmitted wave is supposed to be circularly polarized at 150 THz.
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The wave vector K is directed towards the z-axis while the vector E, is directed at 45° above the x-

axis in the xy-plane. The transmitted flux is measured on the z-axis in a point which is located at
a distance from the nearest slab’s surface greater than the wavelength. The surfaces of the wave-
plate which are perpendicular to the x- and y-axes are covered with periodic boundary conditions.
The other two surfaces are covered with so-called radiation boundary conditions which assume
strong absorption of the radiation.
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Figure 3 — Model of a THz-range quarter wave plate. An anisotropic slab which represents

birefringent material is shown in the center with darker color. The slab is covered with
boundary periodic and absorption conditions. An incident infrared wave is linearly polarized.

The results of modeling are presented in Figure 4. The most important characteristics of the
designing device are the net transmittance and polarization type of the transmitted flux [ellipticity
(2)]. The resultant transmitted flux is shown in Figure 4 (a) by the red-color graph marked with di-
amonds. One can find that the transmittance is very high providing the device almost an ideal per-
formance. This property was achieved due to the low-thickness low-loss material used. In practice,
the experimental samples are much thicker and, therefore, they are not so perfect from the point of
view of transmittance. The blue graph in Figure 4 (a) corresponds to the right-hand scale and repre-
sents the ellipticity which is calculated using formulas (2-4). Actually the left-hand and right-hand
scales are identical in this case. The peak of the ellipticity which is near unity at around 150 THz is
the frequency at which the device provides its ultimate functionality. The frequency corresponds to
an infrared light having wavelength of 2 um. In Egs. (3) and (4) there are electric field components

E, and E, . Their magnitudes are responsible for the ellipticity, therefore Figure 4 (b) illustrates
them in arbitrary units. The magnitudes themselves cannot say definitely the resultant ellipticity be-
cause there is the phase difference A¢g in (3) and (4). Thus, it is necessary to provide information

about the phase difference [Figure 4 (c)]. It is noticeable, that using graphs of Figure 4 (b) and Fig-
ure (c) it is not obvious that the resultant polarization is circular near 150 THz, but mathematical
calculations and computer analysis confirm the results of the modeling.
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Figure 4 — (a) Transmittance and ellipticity of the radiation transmitted through the optical quarter
waveplate (note that the vertical scales are identical); (b) Magnitudes E, and Ey (in arbitrary units) of the

transmitted wave; (c) Phase difference Ag between E, and Ey components of the transmitted field.

Conclusion. In this paper, an example of modeling of a quarter waveplate is provided. The
model can be extended towards similar optical devices as well as non-uniform materials such as, for
example, spiral metal arrays [3], photonic crystals [6], and metamaterials. In turn, complex inhomo-
geneous arrays provide wider operation frequency range due to multiple resonances between an in-
dividual layers inside the whole array. Therefore, from this point of view, this example of modeling
is considered as a basic foundation for start-up of more sophisticated designs.
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