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ABSTRACT

Light absorption in optical elements of Faraday rotators results in a non-uniform
cross-sectional temperature distribution which leads to depolarization of laser radiation and,
consequently, limits the isolation ratio of optical Faraday isolators. We show
experimentally that the influence of the temperature dependence of the Verdet constant on
the isolation ratio is negligibly small when compared with the influence of the photoelastic
effect. We also present two novel methods of optical isolation which significantly reduce
the depolarization caused by the photoelastic effect and increase the isolation ratio by two
orders of magnitude in comparison with the conventional method. Our results confirm the
possibility of magneto-optical glass-based Faraday isolators with isolation ratios of 30 dB

for average laser powers of hundreds of watts.
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Over the past few years, the average power of continuous wave and repetitively pulsed
lasers has significantly increased due to advances in laser materials, pumping methods, and
thermal management [1,2]. Investigations of thermal effects caused by absorption of laser
radiation in optical elements is therefore becoming more important. A Faraday isolator is
one of the optical elements most influenced by parasitic thermal effects, since absorption
coefficients in magneto-optical media are relatively high, on the order of 10° cm™.
Absorption in optical elements of Faraday rotators results in a non-uniform cross-section
distribution of temperature, which influences propagating laser radiation in three ways.
First, transverse wavefront distortions are induced (thermal lensing) by the dependence of
the refractive index on temperature [3]. Second, a non-uniform distribution of the rotation
angle of the polarization plane is caused by the temperature dependence of Verdet constant
[4]. Finally, the simultaneous appearance of circular birefringence (Faraday effect) and
linear birefringence results from mechanical strains (photoelastic effect [5]) caused by
temperature gradient.

Thermal lensing has almost no effect on polarization if the focal length of the
thermal lens is much more than the length of the magneto-optical element (almost always so
in practice). The second and the third mechanisms alter the polarization of a laser beam
transmitted through a magneto-optical medium and, consequently, affect the isolation ratio
of Faraday isolators. The resulting decrease in average power was studied in Ref. [6] where
it was predicted that the influence of the temperature dependence of the Verdet constant can

be neglected in comparison with the influence of the photoelastic effect. In ref. [7] two

novel schemes of Faraday isolators were suggested and theoretically investigated, in which



the influence of the photoelastic effect on the depolarization ratio was significantly reduced.
The purpose of the present work is twofold. First, we experimentally confirm the
theoretical predictions in ref. [6], which show that the photoelastic effect limits the isolation
ratio in Faraday isolators operating at high average powers of laser radiation. Second, we
determine the efficiency of the novel configurations suggested in ref. [7] for compensating
the photoelastic induced depolarization.

The basic idea of compensating depolarization consists of using two 22.5° rotators
and a reciprocal optical element between them instead of one 45° Faraday rotator. In such a
configuration, polarization distortions which a beam experiences while passing the first
rotator, will be partially compensated in the second. Fig. 1 exhibits the traditional method of
Faraday isolation (Fig. 1a) and two novel configurations for compensation of polarization
distortions (Fig. 1b,c). In all of these methods, in the absence of thermal effects, a laser
beam remains horizontally polarized after propagation through the Faraday rotator (from
left to right) and passes through polarizer 4. When passing backward through the Faraday
rotator, the laser beam becomes vertically polarized and is reflected by polarizer 1. The
absorption-induced depolarization in the Faraday rotators leads to the horizontally polarized
radiation that passes through polarizer 1. In the geometry shown in Fig. 1b, a A/2 plate 6
whose optical axis is inclined counterclockwise at 22.5° is situated between two magneto-
optical rotators 5,7, rotating polarization in opposite directions. An additional advantage of
this method is alternating polarities of magnet field, which permits the maximation of
isolation ratio [8]. A similar technique has recently been reported for compensating

birefringence in Nd:YAG rods in double-pass design [9]. In the scheme shown in Fig. 1c,



between the magneto-optical rotators 5, rotating polarization in one direction, there is a
reciprocal quartz polarization rotator 8, that rotates polarization at an angle 67.5° in the
same direction (for the reverse pass) as the magneto-optical rotators. The depolarization
ratio y in all three geometries is given by

Y=Pd(P¢+P)) 1)
where Py, are the powers of laser beams transmitted and reflected by polarizer 1 (Fig. 1). In
ref. [7] it was demonstrated that for glass elements the depolarization ratio in each

arrangement is determined only by parameter p
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where Q is the thermo-optical constant [10] given by
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where L is glass length, v is the Poison’s ratio, p;; are the photoelastic coefficients, « is the
thermal conductivity, n, is the refraction index, Py, is the power released as heat in optical
elements, and A is a wavelength in vacuum. Here we assume that the beam is Gaussian and
the absorption is independent on polarization state of the beam. It is important that the
parameter p be equal for the both magneto-optical elements for optimal performance of the
methods shown in Fig. 1b and 1c.

In case of small depolarization (p<<1) the depolarization ratios vy, ¢, for schemes in

Fig.1la,b,c can be derived analytically [7] and are given by
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In order to check these theoretical predictions, we performed the following
experiments. The second harmonic (A=532nm) of a continuous wave Nd:YAG laser with
power up to 5.5 W was used as the laser source. The Gaussian beam at the 1/e? intensity
was measured to be 2 mm in diameter (although our results are independent of beam waist).
A laser beam was transmitted through the Faraday isolator only in one direction - from right
to left (Fig. 1). To allow for direct comparisons, we used the same two magneto-optical
elements in each isolation experiment. The magnetic field was chosen such that the total
angle of rotation was equal to 45°. The optical elements were made from magneto-optical
glass 17 mm in diameter. Absorption at 532 nm was measured to be 0.05 cm™ taking into
account reflective losses. In addition, we used relatively weak magnetic fields and long
optical elements (52 mm and 68 mm, respectively) to obtain large values of the parameter p
at low laser powers. The first element in the optical path of the laser beam was chosen to be
shorter than the other, thus allowing us to have approximately equal values of absorbed

power Py and, consequently, of the parameter p in the both elements.



In order to define the value of parameter p in the experiment, it was necessary to
measure the ratio Q/k for the magneto-optical glass. The laser beam was transmitted
through the magneto-optical element placed between a pair of crossed polarizers without
any magnetic field. The depolarization ratio y(H=0) was measured as a function of p. The

measured dependence was in good agreement with the theoretical formula [6,7].
RO :
y(H =0)=0.017 | = 0.017p (6)

The value of P, was measured experimentally while the ratio Q/x was used as a fitting
parameter. The best fit gave a value of Q/x=1.2x10°m/W. We performed these
measurements for both rotators used in our experiments. In principle, they should give the
same results because of parameter Q/x characterizes the magneto-optical medium itself and
does not depend on the length of the optical element. Indeed, the difference between these
two measurements was 2%. To check the accuracy of this measurement technique, the
parameter Q/k was measured for some optical glasses for which the ratio was known from
literature. The disagreement with the known from literature data was no more than 15%.
Figure 2 shows the dependencies of y(p) for each isolation method. The solid lines
indicate the results of theoretical analysis [7] made for the photoelastic effect neglecting
temperature dependence of Verde constant. The disagreement between the theoretical
predictions and experimental data at low power is due to the residual, power independent
depolarization in magneto-optical elements. This depolarization is due to linear
birefringence induced by intrinsic stresses in the optical elements. In general, these stresses

have random nature and are different in the two elements and is not included in our model.



However, there is some correlation between them due to the shape dependence of the stress
resulting from mechanical surface processing. However, the nature of the linear
birefringence does not matter for depolarization compensation. If the optical elements have
the same birefringence, the depolarization is compensated using the methods shown in
Figlb,c. It is also true that if the optical elements have similar (but not the same)
birefringence the depolarization is only compensated partially. The more correlated the
birefringence in the optical elements are, the more efficient the compensation will be. Thus
at low powers, the residual depolarization seen in curves b,c of Fig.2 is greater than the
theoretical prediction. Nevertheless, each modified geometry produces an isolation ratio
better than the traditional method shown in curve a of Figure 2.

When the power is increased, the self-induced depolarization competes with residual
depolarization and, at high powers, the depolarization ratio is mainly determined by self-
induced effects, where experimental data are in good agreement with theoretical predictions
for all three geometries (see Fig.2). For the traditional geometry, the power at which
residual depolarization may be neglected is relatively small (logp=-0.3). In on the method
used for Fig.1b, this power is much greater (logp=0.5) due to suppression of self-induced
depolarization. In the method displayed in Fig.1c, the self-induced depolarization is
compensated even more efficiently and the power where self-induced effects dominate is
approximately logp=0.8. Such high power was not available in our experiments. This
explains the disagreement between theory and experiment for the geometry shown in
Fig.1c. Even at maximum laser power, the theoretical value of v is less than 0.002, which is

comparable with the residual depolarization.



It is clear that the depolarization induced by the temperature dependence of the
Verdet constant in the given schemes is not compensated and is equal for all three schemes.
The good agreement of the experiment with theoretical analysis, which assumes only
photoelastic-induced depolarization, shows that influence of temperature dependence of
Verdet constant on depolarization ratio may be neglected. It confirms the theoretical
prediction that the photoelastic effect limits the isolation ratio for Faraday isolators at high
average power.

Analysis of the transverse structure of the depolarized radiation also confirms our
predictions. For traditional isolation methods, the depolarized laser beam has a "dark cross”
spatial profile, inclined relative to the polarization of the input field at an angle 22.5°
(shown in Fig. 3a). This fully corresponds to the theoretical predictions in ref [6,7]. The
dependence of the local depolarization ratio on the polar angle had a period of 90°, and the
ratio of maximum to minimum is very large. It is evident that the temperature dependence
of the Verdet constant should have led to a uniform over the polar angle distribution of the
depolarization field. Our analysis [7] predicts a 45° period of the dependence of the local
depolarization ratio for the polar angle in the geometry shown in Fig. 1b, and a uniform
angular distribution in the configuration shown in Fig. 1c. Both these facts qualitatively
agree with the experimental results as shown in Fig. 3b,c.

Using these results, we can estimate the maximum power of laser radiation at which
the best Faraday isolation method (Fig. 1c) ensures a high depolarization ratio. For Faraday
isolators at a wavelength of 1 um, the characteristic length of optical elements is 4 cm and

the absorption coefficient is 2x10° cm™. Although the value Q/x=1.2x10°m/W was



measured at a wavelength 532 nm and only for one type of magneto-optical glass, we use it
here as a reasonable estimate for 1.064 um. Then, from eq. (2), p is approximately equal to
1 at a laser power of 100 W. Using these values, it is evident from Fig. 2 that the optimal
configuration (Fig. 1c) allows for the construction of a Faraday isolator with depolarization
ratio 25-30 dB at laser power of 300-400 W. In contrast, the isolation ratio using the
traditional method is less than 10 dB.

Our experimental investigation allows us to draw the following general conclusions.
First, the isolation ratio of Faraday isolators at high average power is determined by the
photoelastic effect rather than by the temperature dependence of the Verdet constant. In
addition, the depolarization ratio in the dual-glass-based isolation methods demonstrated
here is significantly lower than in the traditional method. The geometry shown in Fig. 1c is
most optimal, reducing the depolarization ratio by two orders of magnitude with respect to
the single isolator method. These experimental results confirm the possibility of designing a
Faraday isolator based on glass magneto-optical elements with isolation of 30 dB at average
laser power of hundreds of watts. Such isolators will be useful in applications such as
gravitational wave interferometry [11-14] which require both high power lasers and high
isolation ratios.
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Figure captions

Fig. 1. (a) Traditional method for Faraday isolation and novel [7] geometries (b) with a A/2
plate and (c) with a reciprocal rotator. 1,4 - polarizers; 2,6 - A/2 plates; 3 - 45°
Faraday rotator; 5 - 22.5 ° clockwise Faraday rotator; 7 - 22.5 ° counterclockwise
Faraday rotator; 8 - 67.5° reciprocal polarization rotator.

Fig.2. Power dependence of y(p) for the geometries shown in Fig.1a (a, circles), Fig.1b (b,
triangles) Fig.1c (c, squares). The depolarization is suppressed almost two orders of
magnitude at high powers when using the Faraday isolator geometries shown in Fig.
1b,c.

Fig.3 Images of the spatial profiles of the depolarized beams after transmission through the

isolators for each geometry shown in Fig.1a (a), Fig.1b (b) Fig.1c (c).
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