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We have analyzed a modulation photopolarimeter, in which the
active element is a ferrimagnetic crystal transparent in the infra-
red range. The Faraday effect is 3 to 4 times stronger than that for
applied earlier paramagnetic crystals. The method developed for
the registration of a polarization-plane rotation angle allows one to
work in the range of the optimum amplitudes of polarization-plane
angular vibrations, i.e. when the signal-to-noise ratio is maximal.
It has been shown that, in this case, the sensitivity of the pho-
topolarimeter decreases insignificantly, if the quality of the optical
channel gets worse sharply, i.e. if the passing light beam is strongly
depolarized.

1. Introduction

The modulation method for registering the rotation an-
gle of light-beam polarization plane was proposed for
the first time by V.I. Kudryavtsev in work [1]. After-
ward, V.I. Kudryavtsev and R.Ya. Keimakh described
a photopolarimeter, in which this registration technique
was implemented [2]. The device included an automatic
monitoring system, the sensitivity of which reached
0.01°. Then, the photopolarimeter layout underwent
various modifications; however, the principle applied to
the registration of the rotation angle of a light-beam
polarization plane remained invariant. For instance, in
work [3], a He—Ne laser was used as a source of radia-
tion, which allowed the measurement sensitivity to be
raised up to 0.0001°. In work [4], a computer-controlled
photopolarimeter with automatic feedback and with the
measurement accuracy amounting to 0.001° was pro-
posed. The authors of work [5] introduced a second
Faraday cell into the optical channel and suggested an
improved measurement technique, which allowed them
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to reach a sensitivity of 1076 deg. In spite of their high
sensitivity, the modulation photopolarimeters are char-
acterized by a lower absolute accuracy of measurement
of the polarization-plane rotation angle in comparison
with classical and optimized classical photopolarimeters
[6-8].

Paramagnetic crystals, which are used in modulation
polarimeters, have a small rotation angle of the polar-
ization plane (of about 1°) at applied magnetic fields of
about 80 x 10% A/m. The latter are created with the use
of powerful magnetically biased solenoids with a large
time constant. As a result, those photopolarimeters,
although having a high sensitivity, are inertial, power-
consuming, and big. Therefore, they can mainly be used
in laboratory-like environments. Moreover, their high
sensitivity is attained only in the optical channel with an
insignificant depolarization of the transmitting beam.

It is of interest to study the parameters of a mod-
ulation photopolarimeter with an optically transparent
ferrimagnet as an active element in the Faraday cell, for
which the rotation angle of the polarization plane reaches
100° at applied magnetic fields of about 80 A/m. Be-
ing implemented as a device, such a photopolarimeter
is space-saving, low-power, and characterized by a high
performance.

In works [9, 10], the results of earlier studies concern-
ing the characteristics of a modulation photopolarime-
ter with an optically transparent ferrimagnetic crystal
were reported. It was indicated that the large rotation
angle of the polarization plane provided by this crys-
tal allows working with poor-quality polarization prisms,
without substantially reducing the sensitivity of a pho-
topolarimeter, which is important at its use under in-
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Fig. 1. Block diagram of photopolarimeter: light source (1), po-
larizer (2), turbid active medium (3), Faraday cell (4 ), analyzer
(5), photodetector (6), amplifier (7), synchronous detector (8),
sound generator (9), microammeter (indicator) (10)
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dustrial and “actual-field” conditions. It this work, we
continue the researches dealing with the properties of
a photopolarimeter with an optically transparent ferri-
magnetic crystal. Here, we consider the influence of not
only polarization prisms, but also the examined turbid
medium and the Faraday cell, on the optical channel
quality.

2. Calculation of Polarimeter Parameters

The block diagram of a photopolarimeter (Fig. 1) is anal-
ogous to those described in works [9, 10]. The photopo-
larimeter was so tuned previously (without an active
specimen) that the output signal disappeared. The spec-
imen rotates the polarization plane, which gives rise to
the emergence of a signal, which is compensated by ad-
ditionally rotating the analyzer by a certain angle. The
angle, by which the specimen rotates the polarization
plane of the beam, is the desired angle .

The parameters were calculated using the Stokes vec-
tor method and the Mueller matrices. For a light beam
that passed through a photopolarimeter, the Stokes vec-
tor is defined by the expression

(Ve)pa = [Pal[Prc][Prs][Pror](Vi), (1)

where (V;) = (Ip 0 0 0) is the Stokes vector of the
incident beam; I the light flux intensity at the system
input; and [Pal, [Prc|, [Prs], and [PpoL] are matrices
that describe the properties of analyzer [11], Faraday cell
[12], turbid specimen [8], and polarizer [11], respectively.

The magnetization direction for every domain in a fer-
rimagnet is oriented arbitrarily (Fig. 2,a). Therefore,
the polarization over a certain transverse cross-section
is constant only for a region, the dimensions of which
are comparable with the domain size. Actually, the po-
larization state changes at every point, because the light
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Fig. 2. Domain structures of the ferrimagnet crystal at magnetic
fields (@) much lower than the saturation one [14] and (b) compa-
rable with and exceeding the saturation field

beam passes through several domains in the ferrimagnet
crystal. If the light flux is summed up over the whole
cross-section at the ferrimagnet output, the beam be-
comes depolarized. However, the light is polarized at
every point of the transverse cross-section. The beam
scattering by domains can be neglected, because the vari-
ation of the refractive index, An, at their interfaces does
not exceed 107°, i.e. the geometrical shape of the beam
keeps unchanged [13].

If the external magnetic field increases, the size of do-
mains with the magnetization directed along the field
grows. When having achieved the saturation fields, the
domain structure disappears; however, the magnetiza-
tion of the crystal remains non-uniform (Fig. 2,b). Only
spherical and revolution-ellipsoidal crystals become uni-
formly magnetized in the saturation fields, so that the
beam depolarization for them will be minimal.

In order to study the influence of a domain structure
in the crystal on the transmitting light beam, let us in-
troduce — by analogy with the principal transmittances
of polarization prisms ki and ko [11] — the generalized
parameters, k} and kb, i.e. the largest and the lowest, re-
spectively, principal transmittances of the optical chan-
nel. The parameters k} and k) were measured, when the
analyzer was tuned for the maximum and minimum, re-
spectively, light transmittances. The expression for the
light polarization degree in the optical channel looks like
[11]
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where Gd' = kb /(k} + k) is the polarization defect of
the optical channel in a photopolarimeter (by analogy
with the same parameter for polarization prisms [11]).

In Fig. 3, the dependences of the polarization plane ro-
tation angle, ¢’, the largest, k7, and the lowest, kj, prin-
cipal transmittances, and the light polarization degree
in the optical channel, p’, on the controlling magnetic
field applied to an yttrium-gallium ferrite-garnet crys-
tal are depicted. While carrying out measurements, we
used high-quality polarization prisms, which enabled us
to estimate the depolarizing influence of the ferrimagnet
domain structure only.

From Fig. 3, one can see that, when the controlling
magnetic field grows, k] increases and k) decreases, be-
cause the magnetization in the ferrimagnet becomes uni-
form, and the depolarization of light in it diminishes.
The polarization degree p’ grows with increase of the
controlling magnetic field and equals 0.8 at fields close to
saturation ones. However, the value of 1 is not reached,
because the crystal magnetization is non-uniform over
the cross-section even in saturation fields.

By analogy with the matrix of an optically active scat-
tering medium, the matrix of a Faraday cell with an
optically transparent ferrimagnetic crystal as an active
element can be written down in the form [8]

[Pec] = (1— Ry)? e 7% x

1 0 0 0

« 0 pcos2(0— +6) —p sin2(0— +6) 0
0 p'sin2(6—+6) pcos2(0—+6) 0 |’
0 0 0 I

where R; and ~ are the coeflicients of light reflection
and absorption, respectively, by the Faraday cell; z is
the cell thickness; #— an additional rotation angle of
the light polarization plane associated with geometrical
defects and the residual magnetization in the ferrimag-
net; and 6 the polarization-plane rotation angle induced
by a modulator. The angle 6 has a periodic character,
0 = 6y®(t), where ®(t) is an arbitrary periodic function,
which changes in time with the frequency w.

From Eq. (1), we can determine the intensity of a light
beam (the first component of the Stokes vector), which
has passed through the system,

I
I= Z0(1 — Ry)%e 77 x

x[(k1 + k2)? — (k1 — k2)?pp’ cos2(B — ¢ + 0+ 6-)], (2)
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where p is the degree of light polarization in the exam-
ined substance, k1 and ko are the principal transmittance
values of polarization prisms, and 3 is the azimuth of the
plane of maximum transmittance of the analyzer.

At measurements, the plane of maximum transmit-
tance of the analyzer and the polarization plane of inci-
dent light that passed through the investigated specimen
were mutually perpendicular to within the accuracy of
the experimental sensitivity A [9,10],

ﬂ—<p+o==g+A[9,m].

Then expression 2 reads

I
I = Zo(l — Rl)Qeivz(kl + kg)ZX

x[1 — (1 = 2Gd)?*pp’ cos 20 + 2A(1 — 2Gd)?pp’ sin 26,

where Gd = ky/ (k1 +k2) is the polarization defect of the
prisms [8]. The obtained expression for the intensity at
the photopolarimeter output coincides with that derived
in work [9], provided that the Faraday cell has no domain
structure, its magnetization is uniform, and the exam-
ined specimen does not depolarize light, i.e. p=p' = 1.

Let us determine the polarization degree, P, of light
that passed through the optical system [6],

Irr—1,

= = (1-2Gd)*pp/, 3
I, 11, ( )°pp (3)
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Fig. 4. Dependence
and 0.5 (4)

where I and I, are the intensities of light that passed
through a pair of polarizers at their mutually parallel
and perpendicular, respectively, polarization directions.
According to formula (3), the parameter P depends in
our case on the properties of polarizers (the parameter
Gd), the Faraday cell (the degree of light polarization in
an optically transparent ferrimagnetic crystal, p’), and
a turbid medium (the degree of light polarization in the
examined substance, p), i.e. on the properties of the
optical system in whole. It should be noted that formula
(3) is valid only for partially linearly polarized radiation.

Now, let us calculate the signal-to-noise ratio for the
system concerned by analogy with work [9]. We sup-
pose that the modulation signals that are supplied to
the Faraday cell have a rectangular shape. In this case,
p’ is maximal within the modulation period, and

S__U§  _
N U2+UZ;

O ALAPNY (B + k) (1 — 2Gd)*p?p ? sin® 26,
U2+ As A (ky + k2)2 [1— (1 —2Gd)?pp’ cos 290]’
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where Us, Usg, and Ur are the voltages created by
the signal and the shot and thermal noises, respec-
tively; Ay = N2R?u; Ay = 2/AfNER%, A =
%’/7 (1—Ry)? e"*z{f; N is the amplification coefficient
of a photomultiplier; R the output load resistance; y the
coeflicient of signal depression between the photocathode
and the first dynode; ¢/ = 1.6 x 107!° C is the elemen-
tary charge; Af the frequency interval; k£ an additional
multiplier dependent on random oscillations of the cur-
rent at the dynodes (k = 2.5); ) the quantum yield; and
hv the photon energy [9,15]. After transformations, we
have

% — A'A? (k1 + k) X

4(1 — 2Gd)*p?p % sin? 26,

U2 , s
oAtz T 1= (1= 2Gd)pp’ cos 20,

X

(4)

where A’ = %A. Substituting expression (3) for P into
the signal-to-noise ratio (4), we obtain

S
e A/AQ 2
N (k/’1 +/{32>

4P? sin? 26,
+1— Pcos26 .

(5)

Az A(k1+ks2)?

In Fig. 4, the dependences of the signal-to-noise ratio
on the amplitude 6y of polarization-plane angular vibra-
tions are plotted for various degrees of light polarization
in the optical channel. Here and below, the following val-
ues of relevant parameters were adopted: A =5 x 1073,
A = 2x 1018, Ay = 2 x107%, Iy = 20 mW, and
Ut = 0.2V [15]. Curve I was plotted for a perfect non-
depolarizing optical channel with P = 1. Curves 2 to
4 were calculated with regard for the influence of polar-
ization prisms and the turbid active medium; the calcu-
lation parameters were k1 = 0.7, ko = 0.01, and p’ = 1.
Curve 5 was calculated without regard for the influence
of polarization prisms and the turbid active medium,
with the polarization degree P at every point changing
with the variation of the amplitude of polarization-plane
angular vibrations and, accordingly, p’. Curve 6 was cal-
culated in view of the influence of all factors in the op-
tical channel for k1 = 0.7, ko = 0.01, and p = 0.9; with
the polarization degree P at every point changing with
the variation of the amplitude 6y of polarization-plane
angular vibrations and, accordingly, p’.

From Fig. 4, one can see that the dependence of the
signal-to-noise ratio on 6y has a maximum. The 6g-
values that correspond to the maximum of the S/N-
ratio are called optimum. Figure 4,b exhibits the de-
pendence of the signal-to-noise ratio on the amplitude
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of polarization-plane angular vibrations at P = 1 in the
interval of small fy’s. At P = 1, the curve of the S/N ()
dependence starts from the coordinate origin and passes
through a maximum, which has not been noticed in the
previous research [9]. This circumstance is connected
with the fact that, in this work, we consider the ther-
mal noise. The latter, although being small, affects the
value of the signal-to-noise ratio in the interval of small
fp-angles, whereas the shot noise almost vanishes, be-
cause the depolarization of a light beam is absent. From
Fig. 4,a, one can see that, when the parameter P dimin-
ishes, i.e. the quality of the optical channel worsens, the
optimum 6y-values increase, whereas the corresponding
maximum S/N-values decrease.

Figure 4,a also testifies that the Faraday cell based
on yttrium-gallium ferrite-garnet substantially depolar-
izes the light beam that passes through it. However,
the signal-to-noise ratio and, accordingly, the sensitiv-
ity decrease by a factor of only four in comparison with
the corresponding parameters for the completely non-
depolarizing optical system (curve 5).

Curves 2 and 5 in Fig. 4 have almost identical values
at the maximum of the dependence S/N(6y). However,
the optimum 6y in curve 5 is twice as large as that in
curve 2. This fact results from the influence of the do-
main structure in the optically transparent ferrimagnet.
This structure considerably depolarizes the transmitting
light beam at low magnetic fields. Hence, the influence
of the domain structure is similar to the light scattering
in the optical channel with P = 0.9.

2.1. Optimum amplitude of polarization-plane
angular vibrations

Let us determine the optimum 6y, GgopT, at which the
signal-to-noise ratio is maximum. For this purpose, we
take the derivative of expression (5) with respect to 6
and equate it to zero. We obtain

Ut

Tan o 1
cos 20popT = AQA(li;”) -
Uz 2
Az A(k1+k2)? +1 _1

P

Substituting fpopt into the expression for the signal-
to-noise ratio, we obtain the maximum S/N-value. In
Fig. 5,a, the dependence of the optimum amplitude
fpopT on the degree of light polarization in the opti-
cal channel is depicted. In our calculations, we took the
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following values of parameters: k; = 0.7 and k; = 0.01
(it is worth noting that, at P = 1, the equalities k; = 1
and ko = 0 are obeyed). The plot demonstrates that the
improvement of the optical channel quality gives rise to
a reduction of the optimum 6p-values, and, at P close
to 1, the Oyopr values drastically decrease. However,
foopT # 0 at P = 1 (Fig. 5,b), because, as was men-
tioned above, the influence of the thermal noise has to
be taken into account.

2.2. Imbalance angle

The minimum of the imbalance angle is determined from
the condition S/N = 1, and, according to expression (5)
(by analogy with work [10]), it equals

U2
1 7A2A(kf+k2)2 +1— Pcos26

A (ky + k) 4P2? sin® 26,

The theoretical curves in Fig. 6 illustrate the depen-
dence of the imbalance angle — in other words, the sen-
sitivity of the system — on the degree of light polariza-
tion in the optical channel, P, at various amplitudes of
polarization-plane angular vibrations, including the op-
timum ones. The following parameters were adopted at
calculations: ki = 0.7 and ke = 0.01 (it is worth not-
ing that, at P = 1, the equalities k; = 1 and ks = 0

997



A.V. SKRYPETS, V.D. TRONKO, M.M. ASANOV

A, ang. s.
o011

0.0081

0.00347

00027

0 03 1
Fig. 6. Dependence of the system sensitivity A(P)

hold true). It is evident that, at low P, the sensitivity
of the system drastically depends on the parameter 6.
A reduction of 6y worsens the system sensitivity, and
its maximum shifts toward larger P-values. At the opti-
mum 0y, the sensitivity of a photopolarimeter is maximal
for the given P. The optimum value of the amplitude of
polarization-plane angular vibrations is specific for every
value of the parameter P.

3. Conclusions

1) The application of a transparent ferrimagnetic crys-
tal in the modulation photopolarimeter, owing to a large
amplitude of polarization-plane angular vibrations, al-
lows a high value of signal-to-noise ratio and, respec-
tively, the sensitivity to be preserved even at a high il-
lumination of a photodetector, which arises due to the
depolarization and the scattering of a light beam in the
examined turbid medium, the domain structure of fer-
rite, and so on.

2) The Faraday cell with a transparent ferrimagnet
should be modulated with rectangular signals in order
to minimize the influence of the illumination associated
with the light beam depolarization by the domain struc-
ture, because, in this case, the degree of crystal polar-
ization is maximum within the modulation period.

3) We have generalized the concept of light beam polar-
ization degree in the optical channel. We hope for that
the application of this concept in calculations will allow
a complete analysis of the photopolarimeter functioning
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and the results obtained to be carried out, because the
introduced parameter depends on the properties of the
optical channel as a whole.

4) The described procedure for the registration of a
polarization-plane rotation angle can be used to mea-
sure the concentration of optically active substances in
solutions [16], change the azimuthal direction [17], de-
termine the parameters of polarized radiation [18|, and
so forth.
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CIIOCIB PEECTPAIIIl KYTA

OBEPTAHHS IIJIOIINHU TTOJIAPUIALIIL

CBITJIOBOI'O I[TPOMEHSA 3 BUKOPUCTAHHAM
OIITUYHO ITPO30PUX ®EPUMATHITHNX KPUCTAJIIB

A.B. Cxpuneuw, B./]. Tponvxo, M.M. Acanos
Peszmowme

Jlana pobora NpuUCBSYEHA AHAMI3Y MOLYJIAMIHHOIO (POTOMOJISIPU-
MeTpa, B fIKOMY B POJIi aKTHBHOroO ejieMenTta Komipku Papajes
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BUKODPHUCTOBYETHCS IPO30pUii B iH(ppadepBoHOMY Jiana3oHi depu-
MarHiTHUM KpucTas, KUl Mae Ha 3-4 mopsiaku Oinbiimit edexT
Dapages, Hik 3acTOCOBaH] panimnie napamaruiTai kpucraau. Onu-
caHHMil MeTOoJ peecTpallil KyTa obepTaHHs IJIONUHHU IIOJISIPU3AI]
IO3BOJISIE MPAIIOBATH B 00JIACTI ONTUMAJIBHUX KYTiB PO3roiiyBa-
HHsI, TOOTO IPU MAaKCUMAaJILHOMY BiJHOIIIEHHI curHaa—1iryM. [loka-
3aHO, 10 IIPU ONTUMAJIBHOMY KYTi PO3TOilyBaHHS 9y TJIUBICTE o~
TOIOJIIPUMETPA 3MEHIIIYETHCS HE3HAYHO y BUIIAJKY, KOJIM SIKICTh
ONTHUYHOI'O KAaHAJIy PI3KO MOTIPIIYeThCs, TOOTO MPU CUJIBHIN JIermo-
Jsipu3aliil CBITJIOBOrO IIPOMEHH.
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