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Abstract.  We report the results of measuring Mueller matrices for 
three groups of leaf samples of common barley (Hordeum vulgare): 
Chlorina mutant, Chlorina etiolated mutant and Cesaer varieties. 
The repeatability of the measurement results of Mueller matrices 
of such a complex and highly depolarising object as a plant leaf is 
demonstrated. It is shown that the barley leaves of these three gro­
ups can be reliably identified both at forward scattering and back­
ward scattering modes; the best results are obtained in the case of 
forward scattering. In both cases, the most informative matrix ele­
ments are identified. It is also shown that at backward scattering 
mode linear dichroism comes out, the magnitude of which increases 
with decreasing observation angle.

Keywords: Mueller matrix polarimetry, barley leaf, Mueller matrix, 
Stokes vector, degree of polarisation, dichroism.

1. Introduction

Plant leaves are photosynthetic chemical ‘factories’ used by 
plants to produce energy substances (carbohydrates) that 
they need to survive. The fundamental chemical compound 
in this sense is chlorophyll molecules, which are contained 
within leaves in specialised structures called chloroplasts. 
Despite the fact that the chemistry of photosynthesis has been 
well known for a long time [1], the features of the passage of 
light through the surface and thickness of a leaf due to the 
complexity of the latter have been scarcely studied and are of 
increasing interest today. Mueller matrix polarimetry, which 
is characterised by high information content and an extremely 
small effect on the studied object, is a very attractive tech­
nique for studying the processes of interaction of light with 
leaves of various plants [2, 3].

The purpose of this work is:
(i) to measure Mueller matrices of leaves of three groups 

of barley (Hordeum vulgare) samples: group (a), Chlorina 
mutant, which was grown under ordinary lighting conditions; 
group (b), Chlorina mutant, whose plants were etiolated (left 
in the dark) during growth; and group (c), Cesaer varieties;

(ii) to demonstrate the reproducibility of the measured 
Mueller matrices;

(iii) to demonstrate the possibility of identifying the above 
groups of barley leaves based on their Mueller matrices; and

(iv) to determine the most informative (sensitive) matrix 
elements in the context of the problem in question.

2. Mueller matrix polarimetry and features  
of the experiment

The description of light that is convenient for practical appli­
cations (especially in the cases of presence of depolarisation), 
is its representation in the form of a 4 ́  1 vector with real ele­
ments, i. e. the Stokes vector S = [S1 S2 S3 S4] T (the super­
script T means transposition) [4, 5]:

S1 = áE 2xñ + áE 2yñ = I,

S2 = áE 2xñ – áE 2yñ = IP cos(2q) cos(2e),

S3 = 2áExEy cos cñ = IP sin(2q) cos(2e),	
(1)

S4 = 2áExEy sin cñ = IP sin(2e),

where I is the intensity of light; Ex and Ey are the Cartesian 
orthogonal components of the electric vector Е of a plane ele­
ctromagnetic wave propagating along the z axis; c is the phase 
shift between the components Ex and Ey; á ñ stands for time 
averaging; q and e are the azimuth and ellipticity of the light 
polarisation ellipse, respectively; and Р is the degree of polar­
isation of light, defined as

P = 
S

S S S
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2
2

3
2

4
2

+ +
.	 (2)

In our experiment, the probe light beam is completely pol­
arised (P = 1). After interacting with the objects under study, 
the degree of polarisation of the output (scattered) light is a 
function of the azimuth q inp and the ellipticity einp of the pol­
arisation ellipse of the probe light. As follows from (1), the 
first Stokes parameter S1 has the physical meaning of the total 
light intensity. The remaining three Stokes parameters desc­
ribe the prevalence of linear (vertical/horizontal) polarisations 
oriented at angles of ± 45° and circular (right, left) polarisa­
tions, respectively.

The transformation of the Stokes vector of the input light 
during its linear interaction with the object under study is 
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described by a 4 ́  4 matrix with real elements, i. e. the Mueller 
matrix [4, 5]

Sout = MS inp,   where M = 
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The Mueller matrix fully characterises anisotropic and depo­
larising properties of the object in question at a given wave­
length of the probe light and for given directions of probing 
and observation. Below in the text, all matrix elements (except 
for M11) are given in the normalised form: Mij /M11.

To measure the matrix elements, we used a Mueller polar­
imeter, whose schematic is shown in Fig. 1. The polarimeter 
includes two main parts: a probing channel, or a generator of 
states of polarisation of light, and a receiving channel, or an 
analyser of states of polarization of light. In this case, the pro­
bing channel consists of a light source ( 1 ) with isotropic pol­
arisation (circular polarisation or unpolarised light), an ideal 
polariser ( 2 ), a phase plate ( 3 ) with controlled azimuths of 
orientation, and an expander of the probe light beam ( 4 ); ele­
ment ( 5 ) is the object under study. The receiving channel is a 
Stokes polarimeter and consists of a phase plate ( 6 ) and an 
ideal polariser ( 7 ) with controlled azimuths of orientation, as 
well as a photodetector ( 8 ). The distinctive features of cali­
bration and measurements using this polarimeter are consid­
ered in detail in [6].

The probe wavelength was 0.632 mm. The probe beam was 
broadened to 20 mm. This was done to eliminate the influence 
of local individual characteristics of barley leaves on the mea­
surement results, as well as possible thermal effects on the sam­
ples in question. The latter is confirmed by calculated esti­
mates of illumination and experimentally (see Section 4). The 
probing of the samples during the measurement of Mueller 
matrices was performed normally on the axial surface of the 
leaf, with the leaf being oriented as shown in Fig. 1.

The error in determining the matrix elements was estima­
ted experimentally during the polarimeter calibration. To this 
end, we compared the measured elements of the Mueller mat­
rices with their tabular values in the so-called objectless mea­
surement mode. This is due to the fact that the Mueller mat­
rix, measured in this mode, is a single diagonal matrix, known 
with the greatest possible accuracy. In addition, we measured 
other objects whose matrices are known with high accuracy: 
industrially manufactured prism polarisers and wave plates 
[4, 5]. The measurement error of the Mueller matrix dM was 
estimated by the formula:

dM = 
M

M Mexp

theor

theor-
,	 (4)

where Mtheor and Mexp are the exactly known and measured 
(normalised to M11) Mueller matrices of the object in ques­
tion; and the metric norm [7] is

M  = M
,

/

ij
i j

2
4 1 2

e o/ .	 (5)

Errors in our experiment did not exceed 2 %.

3. Objects of study and their preparation  
for the experiment

The illumination conditions for etiolating the plants of mut­
ant barley (Hordeum vulgare) corresponded to those desc­
ribed in [8]. The plants were grown for 14 days at 25 °C with a 
photosynthetic photon flux density of 200 mmol m–2 s–1 and a 
photoperiod of 16 hours. Etiolated seedlings of Hordeum vul-
gare were grown at 25 °C in the dark for 7 days, after which 
they were subjected to intermittent illumination for 36 cycles 
(2 min of illumination at a flow of 40 mmol m–2 s–1 and 118 
min of darkness).

These illumination conditions limit the formation of starch 
molecules in the leaf and produce large arrays of photosyn­
thetic stacks of thylakoids. Additional light treatment using 
tungsten halogen lamps (1000 mmol m–2 s–1) was performed 
on separate leaf samples placed on wet filter paper. The leaves 
were protected from IR radiation by a layer of water.

4. Results and discussion

Figure 2 presents the results of measuring the Mueller matri­
ces for the leaves of three groups of barley in the forward scat­
tering mode in the range of observation angles from 0 to 70°. 
Figure 3 shows the results of measurements of the Mueller 
matrices in the backward scattering mode in the angle range 
of 100° – 170°. For observation angles in the range from 70° to 
100°, the intensity of the scattered light is close to zero. Each 
point in Figs 2 and 3 corresponds to two averaging processes: 
over 300 single measurements for one sample and over 10 
samples of the same group. The exposure time when measur­
ing one sample is 20 min.

It follows from Fig. 2 that the Mueller matrices for all 
three groups of barley in the forward scattering mode have 
the form
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Note that for barley samples of groups (b) and (c), the form of 
matrix (6) is characteristic in the entire range of observation 
angles from 0 to 70°, while for samples of group (a) the matrix 
elements M34 and M43 are nonzero only in the range of angles 
from 45° to 70°.

In the case of backward scattering in the range of angles 
from 100° to 170°, the Mueller matrices for barley samples of 
groups (a) and (b) (see Fig. 3) have the form
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Figure 1.  Schematic of a Mueller polarimeter used in the experiment.
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For the samples of group (c), the values of the matrix ele­
ments M23 and M32 in this case are close to zero in the entire 
range of observation angles.

Taking into account that the wavelength of the probe light 
was chosen based on the spectral features of light absorption 
by chlorophyll molecules [groups (a) and (b)] [9], comparison 
of Figs 2 and 3 points to the fact that the matrix elements M12 
and M21 for forward scattering are close to zero, and for 
backward scattering they are nonzero in the entire range of 
observation angles. The fact is that it is customary to associ­
ate nonzero values of these elements with the presence of 
anisotropic absorption both in the framework of the appro­
ximation of continuous [4, 5] and discrete [10, 11] media. It 
can be seen that in the backward scattering mode, the degree 
of linear polarisation under probing with unpolarised light 
substantially depends on the observation angle [10 – 12]; the 
effect is maximum for samples of groups (a) and (c), while for 
samples of group (b) it is relatively small.

At the same time, the equality of the elements M12 and 
M21 to zero in the forward scattering mode cannot apparen­
tly be unambiguously associated with the absence of anisotro­

pic absorption. A more realistic interpretation is that in the 
forward scattering mode the absorption anisotropy is small 
and its presence is ‘masked’ by a high degree of depolarisation 
of the scattered light. The observed high degree of scattered 
light depolarisation and its increase with increasing observa­
tion angle are explained, obviously, by an increase in the mul­
tiplicity of light scattering [13 – 15]. This is confirmed by the 
character of the dependence of the element M22 on the obser­
vation angle, the difference of which from unity is interpreted 
as the degree of depolarisation of the input linearly polarised 
light [10, 11]. Note that in the forward scattering mode, the 
value of the matrix element M22 substantially depends on the 
observation angle, while in the backward scattering mode the 
dependence is virtually absent. Moreover, the matrix element 
M22 is the most sensitive for the identification of the studied 
groups of barley leaf samples in the direct scattering mode. In 
the backward scattering mode, the sensitivity of M22 is notice­
ably lower, and the distinction of all three groups of samples 
is possible only in the range of observation angles from 130° 
to 170°.

The nonzero values of the matrix elements M34, M43, M23 
and M32 apparently suggest that there is a noticeable change 
in the phase between the components of the electric vector Е 
of electromagnetic radiation as a function of the length of the 
optical path travelled in the leaf volume. This is observed in 
samples of group (c). Samples of group (b) also demonstrate 
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Figure 2.  Matrix elements Mij for leaves of three groups of barley as functions of the observation angles in the forward scattering mode [ , group 
( a ); , group ( b ); and , group ( c )].
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this property, but to a lesser extent. This allows us to conclude 
that the state of polarisation of light plays a significant role in 
the interaction of light with a leaf.

Taking into account the value of 1 – M22, which is a mea­
sure of the nonsphericity of scattering particles [10, 11], and 
the difference between the matrix element M33 and M44 for 
transmitted light, the results shown in Fig. 2 allow us to con­
clude [12] that in the case of forward scattering the nonspher­
ical (elongated) particles or structures in the leaf play a deci­
sive role. For the backscattering angles (see Fig. 3), the values 
of the elements M33 and M44 are approximately the same, 
which indicates the prevailing influence of spherical particles 
on the character of backward scattering of light.

One of the goals of this study was to determine the repro­
ducibility of the obtained experimental results. To this end, 
we measured the elements of the Mueller matrix for ten sam­
ples of barley leaves of group (c) with the orientation of the 
samples shown in Fig. 1. The measurements were performed 
for an observation angle of 0°. Then, the matrix elements were 
measured for the same samples at different orientations with 
respect to the z axis in the range of angles from 0° to 180° with 
a step of 10°. After that, the Mueller matrices for the initial 
orientation of all samples were numerically rotated to 180° 
with a step of 10° [7]. The results obtained for matrix elements 
for all rotation steps, averaged by the two above methods, are 
presented in Fig. 4.

One can see from Fig. 4 that for some rotation angles, the 
deviations of the results slightly exceed 2 %. This can be exp­
lained by the fact that in practice there are additional errors in 
the orientation of the samples, which, obviously, are absent in 
the numerical calculation. Nevertheless, there is a fairly good 
agreement between numerical and experimental data.

Note that during measurements the leaf samples were rot­
ated for 2 hours. This was done to experimentally confirm 
that the thermal effect on the leaf is absent during the mea­
surements. Otherwise, during the experiment, we would obvi­
ously observe an increase in the difference between the exper­
imental and numerical results.

5. Conclusions

We have presented the results of measuring Mueller matrices 
for three different groups of barley leaves and demonstrated 
the repeatability of the measurement results. The barley gro­
ups selected for the study differ in the internal structure of the 
leaf, which is achieved either due to mutation or by illumina­
tion during the growth. These differences determine the obs­
erved features of the polarisation characteristics of the stud­
ied samples, shown in Figs 2 and 3. In this regard, of particu­
lar interest is the question of whether barley leaf groups can 
be identified on the basis of their Mueller matrices. An analy­
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Figure 3.  Matrix elements Mij for leaves of three groups of barley as functions of the observation angles in the backward scattering mode [ , group 
( a ); , group ( b ); and , group ( c )].
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sis of the results obtained in this paper gives, in our opinion, 
an unambiguously positive answer to this question.

Moreover, the three studied groups of barley leaves can be 
identified in two experimental geometries, i. e. in forward or 
backward scattering modes. At the same time, as follows from 
a comparison of the results, forward scattering is the best opt­
ion. The matrix elements M22, M34 and M43 are the most inf­
ormative in this context, while the matrix elements M33 and 
M44 are somewhat less sensitive. In the backward scattering 
mode, the diagonal elements M22, M33, M44 and the elements 
M12 and M21 are the most informative. Nonzero values of the 
elements M12 and M21 indicate that at backward scattering 
mode linear dichroism comes out, the magnitude of which inc­
reases with decreasing observation angle.

Thus, the nature of the change in the elements of the 
Mueller matrices on the observation angle (see Figs 2 and 3) 
demonstrates the dependence of the absorption and scatter­
ing of light by barley leaves on the polarisation state of the 
probe light. This is important for understanding the process 
of penetration of light into the leaf and the evolutionary ada­
ptation of the internal structures of the leaf to the absorption 
of light.

It must be emphasised that the interpretation of the 
Mueller matrices in our experiment was carried out in the 
context of the so-called direct polarimetry problem. In other 
words, we talked about the parameters of some effective obj­
ect model within the framework of the discrete medium app­
roximation, which is described by Mueller matrices similar to 
(6) and (7) for forward and backward scattering modes. For a 

quantitative subject analysis of information about the depo­
larising and anisotropic properties of the studied barley leaf 
samples, we plan to analyse the experimental Mueller matri­
ces presented in this paper based on existing methods for dec­
omposing Mueller matrices [16 – 18] and depolarization met­
rics [19 – 21]. In addition, to clarify issues related to the mech­
anisms of depolarisation of the probe light, including the 
contribution of chlorophyll fluorescence to the observed dep­
olarisation of the probe light, it may be necessary to conduct 
additional experiments to measure Mueller matrices at other 
wavelengths and/or using polychromatic (nonpolarised) probe 
light.

It is interesting to note that Mueller matrices (6) and (7) 
differ from the Mueller matrices for oak leaves depending on 
the moisture content (see (10) and (11) in [22]) and wheat lea­
ves for different growth conditions and infection levels (see 
Figs 5 and 6 in [23]) measured in the same experimental geom­
etry. This fact and the results of the analysis of the Mueller 
matrices presented in this work allow us to state that various 
types and conditions of plants can also be reliably distingu­
ished using Mueller matrix polarimetry. The latter, in turn, can 
be used to solve a number of important practical problems, 
for example, to assess the quality of the crop under certain 
weather conditions or to diagnose plant diseases.
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