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Abstract.14

A simple experiment taking into account media with natural optical activity15

and their characterization by means of Mueller polarimetry is proposed for16

undergraduate Optics and Photonics laboratories. The objectives are, first, to17

review how to characterize dielectric and homogeneous media with natural optical18

activity by means of a Mueller matrix, taking into account the variation of these19

characteristics with wavelength, and combining concepts such as polarimetry,20

natural optical activity, and rotatory dispersion. Secondly, a complete and21

simple experiment is proposed to characterize a chiral medium by means of its22

Mueller matrix for different wavelengths. This experiment can be performed by23

undergraduate students in a standard optics laboratory. As a particular example24

of a chiral medium, a quartz crystal is used. The experimental results are25

compared with those published for crystalline quartz to validate the experiment.26

Keywords: polarization, natural optical activity, polarimetry, rotatory dispersion27

1. Introduction28

Natural optical activity is a property of some materials and is generally defined as29

the ability of some substances to rotate the plane of polarization of incident light30

polarized linearly as it passes through it [1–5]. By measuring the rotation angle, some31

characteristics of the medium can be obtained, for example, the specific rotation of32

the material, that is, the rotation angle per unit of length or its circular birefringence,33

i.e., the difference in refractive indices of that substance for the left and right circular34

components of light [2].35

‡ Corresponding author
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Circular birefringence is usually measured in undergraduate optics laboratories36

with a very simple experimental setup in which only one linear polarizer is used at the37

input and output faces, measuring only the angle rotated by polarized light. input38

light is always linearly polarized and the presence or lack of light can be observed39

with the naked eye or with a powermeter. This topic is very interesting for students40

because of its applicability in many branches of science and there are several didactic41

articles focused on theoretical models or classroom experiences [6–11]. In experiments42

with optically active media, performed in class or in an undergraduate laboratory, it43

is often not taken into account that, in addition to circular birefringence, there may44

also be circular dichroism; i.e., the sample may absorb differently right- or left-hand45

circularly polarized light components.46

On the other hand, Mueller polarimetry is a non-invasive technique for obtaining47

the optical properties of a sample and determining how it behaves for different48

polarization states [5, 12–17]. Furthermore, polarimetry is currently used in several49

scientific disciplines, such as Pharmacy, Biology or Medicine, in particular as a50

diagnostic method (see for example Ref. [18]). Once the Mueller matrix of a51

sample is obtained, it is then possible to know its behavior for any polarization52

state and detect its possible dichroism. Some research works consider different53

phenomena such as circular birefringence, circular dichroism, and its determination by54

polarimetry [19–22]. We want to present these phenomena in the classroom or in the55

laboratory using a simple experiment for undergraduate students. This experiment56

will also serve to familiarize students with polarimetry measurement equipment.57

In addition, due to the usual economic constraints for undergraduate laboratory58

infrastructure, in the past, measurements were performed for a single wavelength,59

usually with a He-Ne laser. For this reason, there are not many didactic works60

that consider optical rotatory dispersion [23–25]. Optical rotatory dispersion is61

the variation of the optical specific rotation with wavelength. Nowadays there is62

a multitude of semiconductor lasers of different wavelengths, very cheap and of63

sufficient quality for the experiments proposed here for undergraduate laboratories64

(see Section 4). Therefore, students can measure the Mueller matrix with several65

lasers and thus can study its dependence on wavelength, which allows them to obtain66

the optical rotatory dispersion of the sample.67

The aim of this work is to introduce undergraduate students of Optics and68

Photonics courses to the concepts of chiral media, optical rotatory dispersion, and69

Mueller polarimetry through a simple experiment. The Mueller matrix of samples70

with natural optical activity will be measured with an experimental setup using a71

commercial polarimeter and different lasers. In addition, the dependence of the72

circular birefringence on wavelength, i.e., the optical rotatory dispersion of the73

medium, will be obtained. It will be taken into account that, in general, the medium74

can exhibit circular birefringence and circular dichroism. Although the theoretical75

study is suitable for any optically active medium, the concrete experiment will be76

performed with crystalline quartz, usually available in undergraduate laboratories.77

Quartz was selected because it has several advantages. Firstly, its crystalline nature78

and transparency allow measurements to be made over a wide range of wavelengths,79

particularly in the visible spectrum, where its absorption is negligible. Secondly, as80

an anisotropic medium, it can be observed that if its optical axis is not well aligned81

with the incident light beam, linear anisotropy may appear. This can be used to check82

the alignment of our optical system. Furthermore, there is extensive documentation83

in the literature about its characteristics, in particular its specific optical rotation84
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for different wavelengths, allowing easy comparison with tabulated data. In addition,85

given the high value of its specific optical rotation, with moderate thicknesses of the86

quartz crystal, the rotation can be greater than 180◦ and the problem of determining87

the number of complete turns the polarization plane rotates within the sample can be88

faced. This can help students deal with similar challenges that they may encounter89

in the future, as substances with high specific optical rotation are common. Cheaper90

chiral media can be used, such as corn syrup, limonene, penicillin dissolved in water,91

or the commonly available solution of sucrose in water. However, the specific optical92

rotation in these cases depends on the particular sample and the results are not as93

easily comparable with the literature data.94

The paper is structured as follows. This section constitutes the Introduction,95

in section 2 the formalism to be used is revised. The theoretical model of Mueller96

polarimetry of natural optical activity media is presented in section 3. The experiment97

and results are given in section 4 and finally in section 5 the main conclusions are98

summarized.99

2. Formalism100

This section will briefly review the most relevant concepts that students must handle101

to understand the work. In subsection 2.1 the formalisms to describe the polarization102

of light are reviewed. Circular birefringence and circular dichroism are introduced103

in 2.2. The dependence of these parameters on wavelength is presented in 2.3 and104

Mueller polarimetry is reviewed in subsection 2.4.105

2.1. Polarization of light106

Consider a monochromatic, totally, uniformly polarized electromagnetic plane wave107

propagating along the z axis, with an arbitrary state of polarization. The transverse108

components of the electric field of such plane wave can be arranged in a 2 × 1 Jones109

vector [2–5], i.e.,110

E =

(
E0x

E0y e
i δ

)
, (1)

where E0x and E0y are the amplitudes of the field along x and y axes, respectively,111

and δ the relative phase between them.112

The state of polarization of light can be described by means of the Stokes113

parameters. These parameters can be obtained from the field components as [3],114

S =


S0

S1

S2

S3

 =


|E0x|2 + |E0y|2
|E0x|2 − |E0y|2
2Re{E0xE

∗
0y}

2 Im{E0xE
∗
0y}

 , (2)

where Re{·} and Im{·} denote real and imaginary part, respectively. It is important to115

note that the Stokes parameters are real quantities and can be obtained by measuring116

the irradiance of the field after suitably oriented linear polarizers and wave-phase117

plates. In terms of irradiance measurements the Stokes parameters can be obtained118
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as [3–5]119

S0 = 1
3

(
I0 + Iπ/2 + Iπ/4 + I−π/4 + I ′π/4 + I ′−π/4

)
,

S1 = I0 − Iπ/2 ,
S2 = Iπ/4 − I−π/4 ,
S3 = I ′π/4 − I ′−π/4 ,

(3)120

where Iθ is the irradiance measured after a linear polarizer oriented at different angles121

θ and I ′θ is the irradiance after a quarter-wave phase plate followed by the linear122

polarizer at −π/4 and π/4.123

The first Stokes parameter, S0, represents the total irradiance of the field, S1124

represents the difference between the content of linearly polarized light along the125

x and y axes, S2 the difference between the content of linearly polarized light at126

45◦ and −45◦, and S3 the difference between the content of right- and left-handed127

circularly polarized light in the beam [3]. The normalized Stokes parameters are128

obtained dividing the last three Stokes parameters by S0, i.e,129

sn =
Sn

S0
, (n = 1, 2, 3) . (4)130

From the Stokes parameters, the degree of polarization can be calculated as [3]131

DOP =

√
S2
1 + S2

2 + S2
3

S2
0

=
√
s21 + s22 + s23 . (5)132

The DOP represents the proportion of totally polarized light relative to the total133

power and satisfies 0 ≤ DOP ≤ 1. DOP = 0 corresponds to unpolarized light and134

DOP = 1 to totally polarized light.135

The polarization state of the light can be represented graphically using the unit-136

radius Poincaré sphere [5], where the normalized Stokes parameters s1, s2 and s3 are137

plotted in three orthogonal directions, as shown in Fig. 1. Totally polarized states138

correspond to the points on the Poincaré sphere surface, while points inside the139

sphere represent partially polarized light, and the center of the sphere corresponds140

to unpolarized light. Any two diametrically opposite points on the Poincaré sphere141

represent two orthogonal polarization states. For example, the north (south) pole of142

the Poincaré sphere represents right-handed (left-handed) circularly polarized light,143

while the intersection of the positive (negative) branch of the s1-axis with the Poincaré144

sphere corresponds to linearly polarized light at 0◦ (90◦), and the intersection of the145

positive (negative) branch of the s2-axis with the Poincaré sphere indicates linearly146

polarized light at 45◦ (−45◦). The equator of the sphere corresponds to all linearly147

polarized states of polarization. The points on the rest of the surface of the Poincaré148

sphere symbolize elliptically polarized light. A point on the surface of the Poincaré149

sphere is given by its angular coordinates, which are related to the azimuth ψ and the150

ellipticity χ angles. They can be obtained from the Stokes parameters as151

tan 2ψ =
S2

S1
, (6)152

and,153

tan 2χ =
S3√

S2
1 + S2

2

, (7)154

respectively [3]. All these quantities can be quickly and easily measured with155

commercial polarimeters, as in this work (see section 4).156
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Figure 1. Unit radius Poincaré sphere where some representative states of
polarization have been indicated.

2.2. Optical activity157

A medium that exhibits optical activity is called optically active, and one of its158

most important characteristics is its ability to rotate the plane of polarization of159

the light passing through it [1–5]. Depending on the sense of rotation, the medium160

will be dextrorotatory or levorotatory, if the rotation is clockwise or counterclockwise,161

respectively.162

The rotation of the plane of polarization is closely related to the structure of163

the material. This is explained by the well-known case of crystalline quartz, which164

is optically active. The crystalline quartz has two possible atomic structures with165

helical shape, one with right-handed rotation and the other with left-handed rotation,166

so that they differ only in that one is a mirror image of the other and, therefore, are167

not overlapping. All substances possessing such a structure are the so-called chiral168

media. There are numerous optically active substances that go beyond those in the169

solid state. Many substances in solution, such as glucose or fructose, also rotate the170

plane of polarization.171

Natural optical activity (OA) can be considered as the combined action of two172

phenomena. The first one is the circular birefringence, i.e., the difference in refractive173

indices of that substance for the left and right-handed circular components of light [2],174

which can be expressed as175

∆n = nR − nL, (8)176

where nR and nL are the refractive indices for right- and left-handed circular polarized177

light, respectively. The second one is the circular dichroism defined as,178

∆κ = κR − κL, (9)179

where κR and κL are the extintion coefficients for right- and left-handed circularly180

polarized field, respectively.181

However, optical activity is usually related only to circular birefringence,182

excluding the case of dichroism. In this paper, optical activity will be treated183

theoretically considering both effects.184

As mentioned above, optical activity is essentially notable for the rotation it185

produces on the azimuth of polarization of light. A simplified way to study the186

phenomenon is through the Fresnel phenomenological model [2, 26]. According to187
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this model, right- and left-handed circularly polarized light have different propagation188

velocities within the medium, associated with different refractive indices. This189

difference is the so-called circular birefringence given by Eq. (8).190

When linearly polarized light travels in these kinds of media, it can be decomposed191

into a linear combination of right- and left-handed circularly polarized light. These192

components travel with different velocities, and this translates into a change of the193

azimuth of the output light. The rotated angle, θ, is measured directly by means of194

two polarizers, placed at the input and output, respectively, and results195

θ = π∆nd/λ, (10)196

where λ is the wavelength and d the length of the sample. From Eq. (10), the specific197

optical rotation is given by the angle rotated per milimiter as,198

ρ = θ/d(mm). (11)199

With this method, it is possible to characterize only the circular birefringence of200

the sample for linear input polarization states, but it is not possible to know whether201

the sample shows absorption. For this reason, in subsection 2.4 Mueller polarimetry is202

introduced and both birefringence and circular dichroism will be taken into account.203

2.3. Optical rotatory dispersion204

The refractive indices for right- and left-handed circularly polarized light depend on205

the wavelength, so the specific optical rotation also changes giving rise to the optical206

rotatory dispersion, ρ(λ), defined as the variation of the specific optical rotation with207

the wavelength.208

Some works propose different dependencies of the specific optical rotation with209

wavelength [23–25]. The best known function uses the Lorentz model (see for210

example [27,28]),211

ρ(λ) = A+
B

λ2
+
C

λ4
. (12)212

By measuring the rotation of the polarization plane for various wavelengths and213

fitting the experimental values of the specific optical rotation to the function given in214

Eq. (12), the constant coefficients, A, B and C, can be obtained.215

On the other hand, circular dichroism also depends on the wavelength. Following216

the microscopic model of Lorentz, and for frequencies much lower than resonance217

frequencies, the dependence of the absorption coefficient can be approximated by [28]218

κ(λ) =
A′

λ
+
B′

λ3
. (13)219

2.4. Mueller polarimetry220

Within the Stokes formalism the changes produced by a sample on the polarization221

state are given by the so called Mueller matrix of the sample, M̂ , that relates the222

input, Sin, and the output, Sout, Stokes vectors as [5, 12–17],223

Sout = M̂ Sin . (14)224

The procedure for determining the Mueller matrix of a sample is known as Mueller225

polarimetry [5] and is a simple non-invasive way to optically characterize the sample.226
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The Mueller matrix is a 4×4 real matrix expressed as,227

M̂ =


m00 m01 m02 m03

m10 m11 m12 m13

m20 m21 m22 m23

m30 m31 m32 m33

 . (15)

In order to find M̂ it is necessary to use at least four linearly independent input228

Stokes vectors and measure the corresponding four output Stokes vectors.229

By arranging the four independent states of polarization, with i = 1, .., 4, in a230

matrix and doing the same with the corresponding output Stokes vectors, results231

Ŝout = (Sout
1 ,Sout

2 ,Sout
3 ,Sout

4 ) =


Sout
01 Sout

02 Sout
03 Sout

04

Sout
11 Sout

12 Sout
13 Sout

14

Sout
21 Sout

22 Sout
23 Sout

24

Sout
31 Sout

32 Sout
33 Sout

34

 ,

Ŝin = (Sin
1 ,S

in
2 ,S

in
3 ,S

in
4 ) =


Sin
01 Sin

02 Sout
03 Sin

04

Sin
11 Sin

12 Sin
13 Sin

14

Sin
21 Sin

22 Sin
23 Sin

24

Sin
31 Sin

32 Sin
33 Sin

34

 . (16)

By inverting the matrix Ŝin and substituting in Eq. (14), the Mueller matrix M̂ can232

be obtained as,233

M̂ = Sout (Sin)−1, (17)

where (Ŝ)−1 denotes the inverse of Ŝ matrix. The optimal choice of the four input234

polarization states corresponds to four Stokes vectors located at the vertices of a235

tetrahedron on the Poincaré sphere [12–16], but in our experiment we will choose four236

polarization states that are easy to generate experimentally.237

3. Mueller polarimetry and natural optical activity238

The Mueller matrix representing the action of an optically active medium on the239

polarization state of the input beam, M̂AO, can be found from the corresponding240

Jones matrix (see Appendix), and results [19–22],241

M̂AO = e−kd(κR+κL)
cosh 2θ′ 0 0 − sinh 2θ′

0 cos 2θ − sin 2θ 0
0 sin 2θ cos 2θ 0

− sinh 2θ′ 0 0 cosh 2θ′

 , (18)

where (see Eq. (10))242

2 θ = k∆n d, (19)243

and a second angle is introduce to deal with the circular dichroism in a similar way244

2 θ′ = k∆κ d , (20)245

being k = 2π/λ the wavenumber and cosh and sinh the hyperbolic cosine and sine,246

respectively.247

The Mueller matrix as a function of wavelength can be obtained using the248

relationships given in Eq. (12) and Eq. (13), resulting a more complete characterization249

of the sample.250
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For the particular example of crystalline quartz and for wavelengths in the visible251

region ∆κ = 0, and its theoretical Mueller matrix simplifies to,252

M̂AO(λ) =


1 0 0 0
0 cos [2dρ(λ)] − sin [2dρ(λ)] 0
0 sin [2dρ(λ)] cos [2dρ(λ)] 0
0 0 0 1

 . (21)

This matrix represents a rotation of the polarization plane for linearly polarized253

states, while the circularly polarized incident light remains as circularly polarized254

light at the sample output. Elliptically polarized light is transformed, in general, into255

another elliptically polarized light according to Eq. (14).256

To obtain the rotation angle it is necessary to obtain at least one of the four257

elements m11, m12, m21, or m22 from the measured Mueller matrix. However, a258

comparison between the symmetric elements of the matrix will give us an estimate of259

the error or inaccuracy of our experiment. The sign gives the direction of rotation,260

clockwise or counterclockwise, determining whether the medium is levorotatory or261

dextrorotatory.262

4. Experiment263

The experimental measurements carried out to obtain the Mueller matrix of a sample264

of crystalline quartz are presented in this section. The quartz crystal (from Crystran265

Ltd.) has the shape of an orthohedron (10mm×10mm×20mm) with its optic axis266

parallel to the direction of light propagation, so it will not exhibit linear anisotropy267

but only natural optical activity. The length of the quartz, along which the incident268

beam propagates, is d = 20 mm. Note that the crystal must be carefully aligned,269

trying to make the beam travel along the optic axis, so that linear birefringence does270

not appear.271

The experimental setup is shown in Fig. 2. A laser beam impinges on the quartz272

crystal. To measure the sixteen elements of the Mueller matrix of the sample, four273

independent polarization states of the light are selected at the entrance of the crystal274

using a simple polarization state generator (PSG). For didactic purposes, we select275

four polarization states that are easy to generate. These are linear polarization at 0◦,276

90◦ and 45◦ and elliptical polarization close to left-handed circularly polarized light.277

The PSG consists of a linear dichroic polarizer, P , and a wave phase plate, Lλ/4.278

We have chosen a wave phase plate that produces a phase retardance of π/2 for279

λ = 633 nm. It should be noted that the phase that produces this element depends280

on the wavelength as [3–5]281

ϕ =
2π

λ
∆nl d, (22)282

where ∆nl is the linear birefringence of the phase plate and d its thickness. Neglecting283

the dependence of ∆nl on the frequency, the phase variation for the wavelengths used284

in the experiment is in the range (1.56−0.94)π/2. This does not affect the experiment285

in which four input independent polarization states are needed, linear at 0◦, 90◦ and286

45◦ and circular or elliptically polarized. In our case, it is circular for λ = 633 nm and287

elliptically polarized for the rest of wavelengths.288

The polarization state of the input and output light is quickly and easily measured289

for these four configurations of the PSG with a commercial polarimeter (Thorlabs290

PAX5710) used as a polarization state analyzer (PSA). It should be noted that291
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He-Ne Laser Polarizer L plate Quartz Polarimeter 

Figure 2. Schematic setup for measuring the Stokes parameters.
P: polarizer, Lλ/4: wave phase plate.

in optics laboratories where a commercial polarimeter is not available, the Stokes292

parameters can be measured using a polarizer with its transmission axis at different293

angles and a quarter-wave phase plate [5] and applying Eq. (3), as described in294

subsection 2.1.295

A flow diagram of the procedure of measurement is presented in Fig. 3. Once the296

transmission axis of the polarizer, P , was determined, the three linear polarization297

states and the elliptical one were generated and their Stokes parameters were measured298

at the input and output of the quartz crystal. To set the orientation of the wave phase299

plate we used the He-Ne laser (633 nm). The wave phase plate was inserted, aligned300

correctly, and rotated until the polarimeter showed a circular polarization, which301

was left-handed. For each measurement series the data were saved as a function of302

time for approximately 15 seconds. The figure 3 shows the information provided303

by the polarimeter in two different configurations for a particular case. In the first304

configuration, the Poincaré sphere and polarization state are shown, along with the305

numerical values of azimuth, ellipticity, degree of polarization and power in dBm. In306

the second one, the normalized Stokes parameters s1, s2 and s3 [see Eq. (4)], as a307

function of time (providing a value every 30 ms) are plotted. In the latter mode, it is308

possible to save the collected data in a file with .csv extension, which would be used309

for further analysis.310

This procedure is repeated for several laser beams, with different wavelengths311

(listed in Table 1 together with their characteristics). For each laser, after the input

Table 1. List of lasers.

Laser λ(nm)

Roithner: RLDD405-1-3. 1 mW 405
Roithner: CW450-01. 1 mW 450
Roithner: CW532-001. ≤ 1 mW 532
JDS Uniphase Yellow He-Ne. 4 mW 594
Spectra-Physics 117A. 4.5 mW, Red He-Ne 633
Beam Light Laser Pointer: 1mW, Class IIIa 650
Laser Diode: ≤ 500 mW, Class IIIb 670
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Measurement procedure

Measurement of Stokes parametes for input and output beam (time)

Averaged Stokes parametes

1 2 3 4
ˆ , , ,in in in in in

S S S SS and 1 2 3 4
ˆ , , ,out out out out out

S S S SS

Experimental setup (for each laser)

1ˆ ˆˆ ( )out in
M S SMueller matrix of the sample:

Input beam

Four states of

polarization

Linear 0º

Linear 90º
Linear 45º

Elliptical or circular. /4, 45º

P

Laser

Sample

Figure 3. Flow diagram of the measurement procedure. The experimental
scheme is included at the top where P is a polarizer and λ/4 a phase plate.
The light, after passing through the sample, impinges on the polarimeter head.
The polarimeter software shows the measured azimuth, ellipticity, degree of
polarization and power and two graphs, the first is the polarization ellipse and
the second is the polarization state as a red point on the Poincaré sphere (in
this example, light is linearly polarized with azimuth ∼ 31◦). For each input
polarization state, the Stokes parameters are measured (lower graph for the same
particular case above) as a function of time. By repeating the process for 4 input
polarization states and processing the measurements, the Mueller matrix of the
sample is obtained.

and output Stokes parameters were measured, the following procedure was performed312
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(see Fig. 3). First, it was necessary to calculate an average value of the Stokes313

parameters for each of the seven series of measurements, i.e., for each Stokes vector314

measured. Since the acquisition system took values every 30 ms, recording time315

intervals of approximately 15 s, slightly different amounts of data were obtained. For316

averaging, the smallest number of measured values, which was 480, was selected for317

all cases. After averaging, the normalized parameters of the resulting Stokes vectors318

are calculated and by applying the procedure described in section 3, in particular319

Eq. (17), the Mueller matrix characterizing the quartz crystal was obtained for each320

wavelength.321

For the particular case of an input He-Ne laser beam with wavelength λ = 633 nm,322

the following matrix resulted,323

M̂AO(λ = 633nm) =


1 0 0 0
−0.002 0.810 0.580 −0.006
−0.002 −0.587 0.818 0.006
0.0003 0.003 −0.010 1.000

 . (23)

The uncertainties of the Mueller matrix were also calculated from the324

uncertainties of the Stokes parameters. For the output Stokes parameters (directly325

recorded with the polarimeter), the uncertainties were taken as standard deviation.326

However, the input Stokes vectors were recorded before the quartz crystal was inserted327

and then generated again by repositioning the polarizer. Therefore, the uncertainty328

in the position of the polarizer transmission axis (1◦) must be taken into account329

to calculate the uncertainties of the input Stokes parameters. Consequently, the330

uncertainty for each Mueller matrix element was evaluated considering its dependence331

on the 16 input Stokes parameters and on the 16 output Stokes parameters. In the332

case of the Mueller matrix for a wavelength of 633 nm, they result in:333

∆M̂OA =


0.0017 0.0017 0.035 0.0022
0.011 0.011 0.030 0.011
0.015 0.015 0.026 0.016
0.018 0.018 0.019 0.018

 . (24)

These Mueller matrix uncertainties are shown in Fig. 4(a). We can also compare334

experimental [Eq. (23)] and theoretical Mueller [Eq. (21)] matrices. Figure 4(b) shows335

the absolute values of the differences between the elements of all the Mueller elements336

measured and the tabulated ones for λ = 633nm. As can be seen in this figure, the337

uncertainties of the elements of the experimental Mueller matrices (a) are larger than338

the differences of these elements with respect to the tabulated values (b).339

The same procedure was followed for the rest of the lasers used, obtaining different340

values of the Mueller matrices but uncertainties similar to those of Eq. (24) in all cases.341

As can be seen from Eq. (23) elements m30 and m03 and elements m00 and m33342

are very close to zero and to one, respectively. This means that quartz does not exhibit343

circular dichroism for the wavelengths we used. Some elements of the Mueller matrix344

theoretically should be null, yet they are slightly different from zero. This could be345

due to fluctuations in the laser power over time, small misalignment of the optical346

elements, polarimeter inaccuracy, etc. On the other hand, from the m11, m22, m12,347

m21 elements of the matrix we can obtain the rotation angle of the light, θ, when the348
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Figure 4. (a) Mueller matrix uncertainties and (b) absolute values of the
differences between the elements of the measured Mueller matrix and tabulated
ones for λ = 633 nm. mij , i, j = 0, 1, 2, 3.

propagation distance is d as349

θ = ± 1
2 arccos(m11)± qπ,

θ = 1
2 arcsin(−m12)± qπ,

θ = 1
2 arcsin(m21)± qπ,

θ = ± 1
2 arccos(m22)± qπ,

(25)

where q is an integer and the principal value of the trigonometric function is taken.350

We used the mean of these four values and their uncertainty (approximately 1◦) was351

calculated from the corresponding uncertainties of the Mueller matrix elements. The352

mean of the principal values in Eq. (25) are summarized in Table 2 as θpv. It can be353

seen that these values do not depend on 1/λ, as could be expected from Eq. (10). It354

is important to note that these angles do not necessarily represent the actual angle of355

rotation. This is due to the high circular birefringence of the quartz, so for a distance356

d, the polarization plane can rotate at an angle greater than 180◦. To obtain the357

integer q for each wavelength, we measured the rotation of the polarization plane for358

a thinner quartz crystal (5 mm long) for several wavelengths, and these angles were359

compared with those obtained from Mueller polarimetry in the 20 mm long crystal.360

Table 2. Experimental values of θpv and real values θ for 20 mm long quartz
crystal.

Wavelength (nm) 670 650 633 594 532 450 405

θ◦pv ± 1◦ 31 20 -18 -72 -5 -52 -88
θ◦ ± 1◦ 329 340 378 432 545 772 988

Figure 5(a) shows the experimental rotation angle of the plane of polarization361

by a 5 mm long quartz crystal for four different wavelengths. As the rotated362

angle is proportional to the distance, one or more half turns must be added to the363

angles θ directly derived from the Mueller matrix. Figure 5(b) shows the corrected364

experimental rotation angles considering the half turns inside the 20 mm long crystal365

for the same wavelengths. The corrected values are also shown in Table 2, where we366

have omitted a negative sign in the values of θ, indicating that the quartz rotates the367

plarization plane clockwise.368

From this we can obtain the specific rotation, (in ◦/mm), for each wavelength,369
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Figure 5. Real experimental angles (±1◦) rotated after the quartz crystal for
(a) d=5 mm and (b) d=20 mm, for different wavelengths

.

that is, the specific rotatory power, ρ(λ). For the He-Ne laser, the total rotated angle370

measured experimentally was θ = 378◦ ± 1◦ in clockwise sense.371

Furthermore, it is possible to compare the experimental results with data372

published in the literature [23, 24]. For example, the value of the specific rotatory373

power, i.e., the angle rotated per millimeter traveled in the medium for λ = 633 nm is374

18.71◦/mm [23]. Multiplying this value by the length of the quartz crystal (20 mm),375

theoretically yields a total rotated angle of approximately 374◦, which deviates a few376

degrees from the experimentally measured.377

From the measurements, the specific optical rotation has been obtained for the378

wavelengths of the seven lasers used (see Table 1). By fitting these values with Eq. (12),379

the optical rotatory dispersion has been calculated, which results380

ρexp(λ) = −0.68 +
7.40 · 106

[λ(nm)]2
+

1.29 · 1011

[λ(nm)]4
. (26)381

Figure 6 shows the experimental specific optical rotation for each wavelength382

(dots) together with the fit (blue line) given in Eq. (26). For comparison purposes, a383

fit to the published data in Ref. [23] is also shown (red line). Note that the error bars384

are not visible as they are too small compared to the values and the dots.385

An excellent agreement can be observed between our experimental results from386

the Mueller matrices and the expected one from the tabulated data.387

5. Conclusions388

An experiment is proposed to introduce natural optical activity as well as an389

optical system for its measurement to undergraduate students enrolled in Optics390

and Photonics courses. After basic concepts of polarization and polarimetry have391

been reviewed, a theoretical study has been conducted on how to characterize,392

using a Mueller matrix, media exhibiting natural optical activity, understood as the393

combination of circular birefringence and dichroism. Subsequently, a simple method394

has been introduced to measure this matrix. An experiment has been carried out395

in which this method has been applied to a quartz crystal with its optic axis in the396
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Figure 6. Experimental values of the specific optical rotation (dots) together the
fit given by Eq. (26) (blue line) and the fit to data in Ref. [23] (red line).

direction of propagation and without absorption in the visible range. Using this setup,397

the Mueller matrix has been measured for different wavelengths. The results of the398

experiment effectively exemplify the concepts introduced in the theoretical framework.399

Among the advantages of polarimetry as a characterization method, we can say that400

it is simple, precise, and provides a lot of information. In particular, it can be useful401

to understand how the sample behaves for polarization states other than linearly402

polarized or to verify absorption in the medium.403
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Appendix412

In this Appendix we derive Eq. (18). Let us assume a linearly polarized beam with413

any azimuth α as an input beam described by a Jones vector in the circular light414

vector basis as [20–22]415

E⃗in = E0

√
2

2

(
e−iαu⃗R + eiαu⃗L

)
, (27)416

where417

u⃗R =
1√
2

(
1
i

)
, u⃗L =

1√
2

(
1
−i

)
. (28)
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After passing through the medium, the resulting Jones vector will be:418

E⃗out = E0

√
2

2

(
e−iαu⃗Re

−ikdñR + eiαu⃗Le
−ikdñL

)
, (29)419

where ñi = ni − iκi, with i = R,L, are the complex refractive indices for circular420

polarization.421

Thus, in the basis of circular light vectors, it is possible to define a Jones matrix422

satisfying E⃗out = ĴcE⃗in, which will describe the optical activity of the medium as423

Ĵc =

(
e−ikdñR 0
0 e−ikdñL

)
=

=

(
e−ikdnRe−kdκR 0
0 e−ikdnL e−kdκL

)
, (30)

This matrix is separable into two commuting matrices. One of them, with the424

real part of the refractive index, n, represents circular birefringence, while the other,425

with the imaginary part, κ, represents circular dichroism,426

Ĵc =

(
e−ikdnR 0
0 e−ikdnL

)(
e−kdκR 0
0 e−kdκL

)
(31)

427

It is convenient to make a change of the reference system to express the Jones matrix428

in Cartesian. For this purpose, the following change of basis matrix is used,429

P̂cir→xyz =
1√
2

(
1 1
i −i

)
. (32)

This matrix is unitary, so it satisfies430

P̂−1
cir→xyz = (P̂ ∗

cir→xyz)
T = P̂xyz→cir. (33)431

Applying, then, the change of Eq.(32),432

Ĵ = P̂cir→xyz Ĵc P̂xyz→cir, (34)433

and working on the resulting expression we arrive to the following Jones matrix in434

Cartesian coordinates,435

Ĵ = e−i kd
2 (nR+nL)e−

kd
2 (κR+κL)

×
(

cos (θ − iθ′) − sin (θ − iθ′)
sin (θ − iθ′) cos (θ − iθ′)

)
, (35)

where θ y θ′ have been defined in Eqs. (10) and (20), respectively.436

Again, the matrix Ĵ can be expressed as a product of two matrices, where the one437

associated with dichroism will present hyperbolic functions and the one associated with438

birefringence, trigonometric functions. The latter is identified as a rotation matrix,439

which demonstrates the rotation of the polarization plane by an angle θ as it passes440

through the optically active medium,441

Ĵ = e−i kd
2 (nR+nL)e−

kd
2 (κR+κL)

×
(

cosh θ′ i sinh θ′

−i sinh θ′ cosh θ′

)(
cos θ − sin θ
sin θ cos θ

)
. (36)

Once the Jones matrix has been found that describes the optical activity of the442

medium, it is transformed to a Mueller matrix using the expressions in [17, 20]. The443
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resulting matrix, M̂AO, is as follows444

M̂AO = e−kd(κR+κL)
cosh 2θ′ 0 0 − sinh 2θ′

0 cos 2θ − sin 2θ 0
0 sin 2θ cos 2θ 0
− sinh 2θ′ 0 0 cosh 2θ′

 . (37)
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[4] Hecht E 2000 Óptica, 3ª ed. (Addisson-Wesley Iberoamericana, Madrid).451

[5] Chipman R A, Young G, Lam W 2018 Polarized light and optical systems, (CRCPress).452

[6] Healy W P and Power E A 1974 Dispersion Relations for Optically Active Media Am. J.Physics453

42 1070.454

[7] Silverman M P and Sohn R B 1986 Effects of circular birefringence on light propagation and455

reflection Am. J.Physics 54 69.456

[8] Vekstein G E 1996 On the natural optical activity in an isotropic medium: An exactly solvable457

model Am. J.Physics 64, 607.458

[9] Gonzalo I, Porras M A and Luis A 2015 Zeno inhibition of polarization rotation in an optically459

active medium Eur. J. Phys. 36 045001.460

[10] Nixon M and Hughes I G 2017 A visual understanding of optical rotation using corn syrup Eur.461

J. Phys. 38, 045302.462

[11] Anderson J, Gillen C, Wright J, et al. 2020 Optical rotation of white light Am. J. of Physics463

88, 247.464

[12] Azzam R M A 1986 Mueller-matrix measurement using the four-detector photopolarimeter Opt.465

Lett. 11 270.466

[13] Azzam R M A, Elminyawi I M, El-Saba A M 1988 General analysis and optimization of the467

four-detector photopolarimeter, J. Opt. Soc. Am. A 5 681.468

[14] Twietmeyer K M, Azzam R M A 2008 Optimization of Mueller matrix polarimeters in the469

presence of error sources Opt. Express 16 11589.470

[15] Layden D., Wood MFG, Vitkin IA 2012 Optimum selection of input polarization states in471

determining the sample Mueller matrix: a dual photoelastic polarimeter approachOpt Express472

20 20466.473
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