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Abstract: This paper presents the achromatization of Savart Polariscope to
decrease the lateral-shear dispersion in the lateral displacement. The
achromatic Savart Polariscope can be made from two different birefringent
crystal materials. The achromatic model for the choices of material is
presented. The achievements and performances of different achromatic
Savart Polariscopes are demonstrated with numerical simulations and ray
tracing program. The chromatic variation in lateral displacement can be
reduced by an order of magnitude across the spectral range 0.4um to 0.9um.
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1. Introduction

Polarizing beam splitters, Savart polariscope (SP) and Wollaston prism (WP), are proving to
be very popular in a number of occasions of being used such as spectrometry [1-6],
polarimetry [7-9], spectropolarimetry [10—13], and interferometry [14—16], etc.. Since SP and
WP are usually made of birefringent uniaxial crystal whose refractive indices of ordinary and
extraordinary rays vary with wavelength, there are chromatic variations in the lateral
displacement produced by SP and the splitting angle offered by WP. In most cases, it is
desired that the lateral displacement and the splitting angle are independent of wavelength,
especially for beam-splitting and beam-steering applications. For example, the dispersion in
birefringence would lead to image blurring in spectral imager [6] and polarization imager [7—
9]. The lateral shear and optical path difference ever were assumed to be a constant to realize
interferometry [15, 16]. To get real-time spectral images from massive two-dimensional
interference data, sometimes the achromatic optical path difference produced by the SP or
WP in birefringent Fourier transform imaging spectrometers are also welcomed [2—5,10-13],
instead of accumulating simple or complex rescaling algorithms into the traditional Fourier
transformation for the accurate reconstruction of spectral image [1,3, 17-20].

Recently, many efforts were made to overcome the above drawbacks in the aspect of
hardware. For instance, achromatic WPs were proposed with the combination of two different
crystal materials [21, 22]. This achromatization principle is similar to the design of
achromatic wave-plate [23, 24] and doublet lens, and has potential benefits at all wavelengths
that achromatic WPs are used, from extreme UV to multispectral and polarization imaging at
infrared. Similarly, SP can also be achromatized with the same method, whereas the choices
of the materials and thickness ratio are critical. As far as we know, there are no related
literatures about the design of achromatic SP so far.

In this paper, the principle for the achromatization of SP is described and several
achromatic SPs (ASPs) are formed and simulated. We describe the achromatic model of ASPs
in section 2. The simulations for choosing suitable materials and thicknesses to achieve ASPs
are implemented in section 3, and the ASPs’ performances are demonstrated with ray tracing
in section 4. Section 5 is conclusion.

2. Theoretical model
2.1 Simple Savart polariscope

A simple SP and its splitting principle is depicted in Fig. 1. It is a combination of two
identical parallel-plane crystal plates. The plates’ optic axes make an angle of 45° to their
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edge, and their principal sections perpendicular to each other. Referring to literature [25], the
o and e rays emerge from the SP parallel to each other and with a lateral displacement d for a
given wavelength A. In the general case, d is a somewhat complicated function of the angle
between the incident plane and the principal section of the first plate. However, considering
the important case in which the incident plane coincides with the principal section, the lateral
displacement for oblique incidence is given by the relation [26]:

Optic axis

&

Optical axis

Lateral shear

Fig. 1. Optical layout of a simple Savart polariscope.

d(t,i,A)=t-B(A)+t-C(A)sini+ terms in sin’ i, etc., (D)
where
By =3 ED=ID oo A V2
n, (A)+n; () (2D +n2 (D) 1D

i is the angle of incidence, n, and n, are the ordinary and extraordinary rays’ principal
refractive indices of the uniaxial crystal respectively, ¢ is the thickness of a single plate.
Usually the terms in sin’i is ignored for paraxial approximation. As can be seen, the lateral
displacement d may be positive or negative which depends on the birefringent sign of
material. For the convenience of comparison between the positive and negative crystals, the
chromatic variation in the lateral displacement (CVLD) over a spectral range (Amin, Amax) 18
defined as

Ad(t,i,A) = |d(t,i,A)|~|d(t,i,4)), )

where g = (Anax T Amin) / 2 1s the nominal center wavelength.
2.2 Achromatization of Savart polariscope

According to the splitting principle of the simple SP [26], an ASP can be formed by
combining two SPs that are made of two birefringent materials with opposite sign or same
sign of birefringence, as illustrated in Fig. 2. For a ray transmitted through the two SPs in
sequence, the total lateral displacement are thus expressed as

d(t,,t,,i,A)=d(t,i,A) £ d(t,,i,A) =(t,B, £t,B, ) +(t,C, £1,C, )sini, (3)

where the plus sign means that the two materials have the opposite sign of birefringence,
otherwise reverse. Subscripts 1 and 2 denote two different materials. Then the CVLD for the
ASP can be written as

Ad(t,, 1,0, ) =|d(t,, 1,0, )| = |d (4, 1,1, 4)- 4)

Achromatization involves a weighted minimization of CVLD across the spectral range A,y to
Amin @s a function of combinations of thicknesses #, and #, that yield a nominal lateral
displacement d(t,, t,, Ao).
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Fig. 2. Illustration of achromatization principle. SP1 and SP2 are made of birefringent
materials with (a) the opposite sign and (b) the same sign of birefringence, respectively.

An achromatization around a nominal central wavelength 1o can be achieved by taking the
derivative of two terms in Eq. (3) with respect to wavelength 4, respectively,

dB, dB, ~
H(Z@)tl * JA (20)5 =0, (5a)
dc, dc, ~

E(ﬂl))tl * dA (ﬂo)tz =0. (Sb)

Where plus is for the two materials with opposite sign of birefringence and the crystal axes of
the two SPs should be aligned in parallel as shown in Fig. 2(a). Minus is for the two
birefringent materials with same sign of birefringence and the crystal axes of the two SPs
should be aligned in orthogonal as shown in Fig. 2(b). Correspondingly, two thickness ratios
are derived from Egs. (5):

dB
p Tj(ﬂo)
pg(ﬂo)=t—‘=¢—d3 , (6a)
ﬁ(%)
dC
p d/f(/lo)
pc(ﬂﬂ)=t—‘=:u—dc , (6b)
ﬁ(ﬂo)

where the minus sign means that the two materials have the opposite sign of birefringence,
otherwise reverse. Generally a pair of # and #, cannot satisfy Eqs. (6) simultaneously,
therefore the dominate terms in Egs. (1), (3), and (6) should be determined firstly.

For general materials and an angle of incidence of 10°, the magnitude of the sini terms in
Egs. (1) and (3) does not exceed 5 percent of the constant terms. Therefore, in most practical
cases of interest, the terms in sini (and thus their achromatic variation) can be neglected in
comparison to the constant term, and the thickness ratio in Eq. (6a) should be employed to
determine the chromatic compensation of the lateral displacement. Correspondingly, the total
lateral displacement and CVLD for the ASP can be approximated as, respectively,

d(t,t,,A)=tB tt,B,, (7
and

Ad(ty,1,, A) =|d(t,,1,, D) ~|d (4,,1,, 4)- ®)
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3. Simulations and discussions

Based on the above theoretical model, following procedures can be referred to design an ASP.
Firstly, choose available materials. Secondly, determinate the thickness ratio at the nominal
center wavelength using Eq. (6a) over a considered spectral range. Next, calculate the
thicknesses of the two SPs according to the needed lateral displacement at the nominal center
wavelength. Finally, assess the ASP’s performance across the spectral range by the maximum
CVLD, that is the absolute value of the maximum difference between the lateral
displacements of any wavelength and that of nominal central wavelength Z,,

Max|Ad| = Max |d(t,.t,, )| ~|d(t,.t,,4)- )

Usually, the available materials for the manufacture of SP are YVO,, CaCO; (Calcite), a-
BaB,04 (0-BBO) and LiNbO;. However, the suitable pairing materials should be determined
based on cost, availability, and birefringence. Following dispersion Egs. (10) are employed
for simulations [27], and the unit of wavelength is um. The spectral range used here is from
0.4 um to 0.9 pum, then nominal central wavelength is 0.65 um.

n’ =3.77834+0.069736 / (1> —0.04724)—0.01081334°
YVO, —» , (10a)
n’ =4.59905+0.110534 /(1> —0.04813) - 0.01226764°
. n’ =2.69705+0.0192064/(1* —0.01820)—0.01516244°
Calcite —» 1 ) ,» (10b)
n; =2.18438+0.0087309 /(A" —0.01018)—0.00244114
n> =2.74710+0.01878 /(A* —0.01822)—0.01354.1°
a-BBO — ,  (10c)
n’ =2.37530+0.01224/(A* —0.01667)-0.015164
) n’ =4.90480+0.11768/(A* —0.04750)—0.0271694°
LiNbO, — . (10d)
’ n’ =4.58200+0.099169 / (4> —0.04443)—0.0219504

The birefringence An = (n, - n,) of the above materials vary with wavelength is depicted in
Fig. 3(a). As can be seen, while YVO, is suitable for using to design a thinner SP due to its
larger birefringence, a-BBO is suitable for a quasi-achromatic SP attribute to its weaker

dispersion. Herein, we assume the needed value of the lateral displacement is |d (20)| =1mm

at the nominal central wavelength 4y. For the simple SP that is made of a single birefringent
material, the CVLD across the spectral range is presented in Fig. 3(b). The needed thickness ¢
of the simple SP, and the maximum CVLD Max|Ad | , are summarized in Table 1. It is found

that the simple SP made of a-BBO still has a considerable CVLD of 0.0481 mm.
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Fig. 3. (a) The chromatic variation in the birefringence of YVO,, CaCOs, a-BaB,0,, and
LiNbO;, and (b) the chromatic variation in the lateral displacement (CVLD) for the simple SP
that is made of a single birefringent material.

Table 1. Thickness  and Maximum CVLD Max |Ad | for the Nominal Lateral

Displacement of 1 mm of the Simple SPs that are made from 4 Birefringent Crystals:
YVO,, Calcite, a-BBO, and LiNbO;.

Material t (mm) d (mm) Max | A dl (mm)
YVO, 6.55 -1 0.1354
Calcite 6.73 1 0.0735
a-BBO 9.44 1 0.0481
LiNbOs 19.09 1 0.2094

For the ASP that is made from pairing materials, the CVLD across the wavelength range
is depicted in Fig. 4. The parameters for six types of ASPs are derived in Table 2. As can be
seen, only two pairing materials, a-BBO/YVO, and a-BBO/LiNbO;, are suitable for
designing ASP when simultaneously consider the advantages of achromatization and size.
Coincidentally, the former are two materials with opposite sign of birefringence, and the latter
are two birefringent materials with same sign. The reductions in the CVLDs attribute to the
above two pairing materials are reduced by about an order of magnitude. The maximum

CVLD Max|Ad| of 0.0481 mm for the simple SP that is made of a-BBO is reduced to 0.0025

mm for the ASP that is made of a-BBO/YVO,. Since the total thickness of the ASP become
twice that of the simple SP, the trade-off between the aspect ratio and needed lateral
displacement should be considered carefully. According to the state-of-art of the crystal
growth technique, it is difficult to grow large YVO, currently. Therefore, a-BBO and LiNbO;
are the optimized pairing materials for the achievement of ASP with a larger clear aperture.
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Fig. 4. The spectral variation of the lateral displacement relative to the nominal value for the
ASPs that are made of pairing birefringent materials of (a) opposite sign and (b) same sign.
Table 2. Thickness ratio p, Individual Thickness #, Individual Lateral Displacement d,
and Maximum CVLD Max |Ad | for the Nominal Lateral Displacement of 1 mm of the
ASPs that are Made From Four Birefringent Crystals: YVO,, Calcite, a-BBO, and
LiNbO;.

Pairing Materials P t, / t, (mm) d, / d, (mm) Max | A d| (mm)
Calcite/YVO, 1.506 18.51/12.29 2.8254/-1.8254 0.0394
LiNbO3/YVO, 2.000 45.72/22.6 2.3956/-3.3956 0.0415
a-BBO/YVO, 4.070 14.39/3.54 1.5251/-0.5251 0.0025

a-BBO/LiNbO; 2.035 12.47/6.13 1.3213/0.3213 0.0033
a-BBO/Calcite 2.702 20.21/7.48 2.1423/1.1423 0.0193
LiNbOs/Calcite 1.328 15.99/12.04 0.8377/1.8377 0.0400

4. Ray tracing analysis

As a theoretical demonstration, the above-mentioned parameters of SPs and ASPs are inserted
into Zemax software [28] with a 5 mm diameter pupil. Since the dispersion equations of some
birefringent materials cited by Zemax software is not consist with Egs. (10), the modifications
of ZEMAX’s glass catalogs must be done firstly to match up well with the theoretical
calculation.

As discussed above, YVO, and a-BBO are two materials that are suitable for the designs
of simple SP. After inserting the parameters that strictly copied from Table 1, the on-axis ray
tracing configurations of the two simple SPs that made from YVO, and a-BBO are shown in
Figs. 5(a) and 5(b) respectively. Correspondingly, the on-axis ray shearing diagrams at the
last surface of the SPs are shown in Figs. 6(a) and 6(b) respectively. As can be seen, the
lateral displacements reduce with the increases of wavelength, that is there are considerable
CVLDs in the two simple SPs, although the CVLD of a-BBO is less than that of YVO,.
These phenomena consist with the above theoretical analysis.
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Fig. 5. The on-axis ray tracing configurations of two simple SPs and two ASPs with Zemax
software (light passing from left to right).
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(¢) a-BBO/YVO, (d) a-BBO/LiNbO;

Fig. 6. The on-axis ray shearing diagrams at the last surface of two simple SPs and two ASPs.
For visual purposes, one incident ray is shown. The symbols of red rectangle, green reticle and
blue cross are used to illustrate the dispersion of different wavelengths.

Similarly, a-BBO/YVO, and a-BBO/LiNbO; are two pairing materials that are suitable
for the designs of ASP. After inserting the parameters that strictly copied from Tab. 2, the on-
axis ray tracing configurations of two ASPs that made from them are shown in Figs. 5(c) and
5(d) respectively. Figures 6(c) and 6(d) show the corresponding on-axis ray shearing
diagrams at the last surface of the ASPs respectively. The CVLDs in the two ASPs almost
reduce to zero and the emergent rays of different wavelengths overlap each other, although
the thicknesses of the ASPs are considerably larger than that of the simple SPs. As can be
seen, the ray tracing software simulation confirmed the developed theoretical model.

However, as described in section 2.1, the determination of the achromatic condition in Eq.
(6a) is based on the neglect of the sini terms in Egs. (1) and (3). For practical system,
especially imaging system, the sini terms and higher order terms are inevitable. Figure 7
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shows the off-axis ray shearing diagrams for the angle of incidence of 10°. As can be seen,
the lateral displacements for different wavelengths still approach constant one, there are
almost no residual CVLDs. That is the achromatization is also valid for non-normal incidence
at paraxial angle. However, the emergent rays of different wavelengths do not overlap each
other, and the shorter-wavelength rays shift away from the central-wavelength ray obviously.
This issue has no any influence on the fringe pattern formed by the interferometric system
that based on the ASPs, such as Fourier transform imaging spectrometry [2,4,5] and
spectropolarimetry [11-13] and interferometry [14—16]. However, the issue should be treated
carefully in the dual-beam imaging polarimeter [7], because the off-axis object point in the
obtained polarization images for different wavelengths will not overlap each other. A band-
pass or cut-off filter can be employed to deal with this problem.

oeoe oeoe

eoeo i eoeo
]

I
(a) 0-BBO/YVO, (b) -BBO/LIiNbO;

Fig. 7. The off-axis ray shearing diagrams at the last surface of ASPs. For visual purposes, one
incident ray is shown. The symbols of red rectangle, green reticle and blue cross are used to
illustrate the dispersion of different wavelengths.

5. Summary

In conclusion, this paper describes the achromatization principle of SP and proposes an
effective procedure for the design of ASP. The ASP can be achieved by combining two SPs
that are made of two materials with opposite sign or same sign of birefringence. The material
selection depends on the advantages of birefringence, achromatization, size, cost, and
availability. The theoretical simulation and ray tracing results show that two pairing materials,
a-BBO/YVO, and a-BBO/LiNbOs, are suitable to the achievement of achromatization among
four suggested birefringent materials: YVOy,, Calcite, a-BBO and LiNbOj;. The reduction in
the chromatic variation of lateral displacement can be reduced by an order of magnitude
across the specified spectral range 0.4 pum to 0.9 um. The thicknesses of the two SPs are
determined by the nominal center wavelength of 0.65 um. The principle of achromatization
has potential benefits at all wavelengths where SP may be used, and the price to pay is the
increase of size.
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