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a b s t r a c t

Thermo-optical and magneto-optical characteristics of a uniaxial CeF3 crystal have been investigated. Its
optical anisotropy parameter, magneto-optical figure of merit, and the ratio of the thermo-optical con-
stants P and Q have been measured. The found characteristics have been compared with the corre-
sponding values for the TGG crystal. Based on the obtained results it has been concluded that, despite its
anisotropy, the CeF3 crystal is promising material for the development of Faraday isolators for high-
power lasers.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

A permanent increase of the average power of pulse-periodic
and cw lasers makes improvement of different optical elements
increasingly more important. Suppression of the thermally induced
effects caused by radiation absorption becomes the main require-
ment to be met. One of the key elements of the majority of laser
systems is the optical isolator e the Faraday isolator (FI) that is also
sensitive to thermal self-action due to a relatively high absorption
in the magneto-optical elements (MOE). The temperature distri-
bution nonuniform over the MOE cross-section results, in partic-
ular, in appearance of phase distortions (thermal lens) and
mechanical stresses giving rise to linear birefringence (photo-
elastic effect). The isolation ratio is the most important FI charac-
teristic. It is determined mainly by thermally induced depolariza-
tion caused by the photo-elastic effect; therefore the isolation ratio
deteriorates with increasing radiation power. It is one of the most
important basic problems in high-power laser engineering. One of
the ways towards its solution is a search for magneto-active media
ironov), astarobor@mail.ru
ov), palashov@appl.sci-nnov.
ruse), tokita-s@ile.osaka-u.ac.
with good thermo-optical properties.
The most popular medium used as MOE in optical isolators for

high-power lasers nowadays is a terbium-gallium garnet (TGG)
crystal. However, thanks to the advances in production technolo-
gies of new optical crystals and ceramics a number of optical media
with better thermal and magneto-optical properties are already
known, for example, TSAG [1e3] and NTF [4] crystals, as well as TAG
[5] and Ce:TAG [6] ceramics.

Absolute majority of FIs are based on optically isotropic media,
such as cubic crystals, glasses, and ceramics as they are easy towork
with and the devices based on them are easier to adjust. However,
optical isolators can also be realized using of anisotropic media [7].
Some of anisotropic magneto-active crystals are attractive thanks
to their unique characteristics. One of such media is an uniaxial
CeF3 crystal. The value of the Verdet constant for this crystal is close
to that of the TGG crystal, but CeF3 has a lower absorption coeffi-
cient and a wider transmission band [8,9].

A significant advantage of this crystal over other new experi-
mental magneto-active media is a proven production technology so
far as this material has long been used in scintillation detectors
[10,11]. Another important advantage from the viewpoint of using
this material in high-power laser systems is a possibility of pro-
ducing from CeF3 large-aperture (up to ~10 cm) optical elements. In
this respect CeF3 surpasses most of the magneto-active crystal
media. For example, the largest aperture of a TGG single crystal
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Table 1
Magneto-optical properties of CeF3 and TGG crystals.

V(l), rad/(T m)

l, nm 405 450 532 633 810 980 1075 1310 1550

CeF3 300.5 191.8 124.5 68.6 45 36.6 21.7 13.8
TGG 466.5 209.1 135.8 75.9 37 20.7 8.9

Fig. 2. Experimentally measured dispersion of the Verdet constant of CeF3 crystal
(triangles), approximation of this dispersion (solid line) and the dispersion of the
Verdet constant of TGG crystal (dashed line).
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with quality fit for producing an FI is 40 mm [12].
These features make the CeF3 crystal attractive for using it in FIs

for high-power lasers. Therefore, its thermo-optical characteristics
need to be studied for assessing a possibility of using it in the field
of high-power laser engineering.

All investigations were carried out for optical elements cut along
the optical axis because only in this case the intrinsic birefringence
can be excluded from consideration and Faraday isolator can be
realized. Therefore all the presented results of the investigation of
thermo-optical and magneto-optical characteristics are suitable
only for this crystal orientation.

2. Magneto-optical properties

We chose for our studies a 7.5 mm long CeF3 crystal with a
diameter of 10 mm (Fig. 1) produced by Kinheng Crystal Material
ltd. We measured the dependence of the Verdet constant on
wavelength at room temperature in the 450e1550 nm range by
using lasers which have eight different wavelengths (405 nm,
450 nm, 532 nm, 633 nm 810 nm, 980 nm, 1075 nm, 1310 nm,
1550 nm). The dispersion dependence of Verdet constant had also
been measured in the earlier works [8,9], but not for the wave-
lengths over 800 nm, whereas the majority of the available high-
power lasers operate in this range.

The studied sample was placed in a permanent-magnet mag-
netic systemwith known field distribution. The maximum value of
the system's field was 2.45 T. The value of the Verdet constant was
determined by the measured angle of rotation of the polarization
plane from the known field distribution and crystal location in it.
Themeasurements weremade by the extinctionmethod [13]. Laser
diodes with output power of 10e20 mW were used as sources of
radiation. Such power level was enough to provide high contrast
during measurements that do not affect on measurement error.

The results of those experiments are presented in Table 1 and
are shown in graph in Fig. 2. Accuracy of measurements of the angle
of rotation of the polarization planewas limited by optical quality of
used sample and was not worse than 2% throughout all spectral
range. The magnetic field was measured by a Mayak-5 teslameter
(Saratov, Russia) with a relative uncertainty within 1%. Thus, the
measurement error of the Verde constant did not exceed 3%.

The measured values were used to find the dependence of the
Verdet constant of the CeF3 crystal on the radiation wavelength
V(l). In the approximation based on the assumption that the
rotation of the plane of polarization is determined only by one
transition, the V(l) dependence is represented in the form

V ¼ A

l2 � l20
(1)

This dependence was used for approximation of the experi-
mental data. The parameters А and l0 were found by the least
squares method to be l0 ¼ 246 nm and A ¼ 4.1*107 rad*nm2/(Т*m),
which coincides to a good accuracy with the analogous values
Fig. 1. Photographs of CeF3 single crystal.
calculated in Ref. [8]. The obtained V(l) dependence is plotted in
Fig. 2 from which it is clear that the experimental results are well
approximated by it throughout the studied wavelength range.
Deviations of experimental data from this dependence do not
exceed 3% measurement error.

The curve for the Verdet constant of the TGG crystal measured in
Ref. [2] is shown for comparison in Table 1 and in Fig. 2. It is clear
that the Verdet constants of TGG and CeF3 crystals almost coincide
at the wavelength of 1075 nm (the difference is less than mea-
surement error). At shorter wavelengths, this characteristic is
higher for TGG, and the CeF3 crystal has a larger Verdet constant in
a longer wavelength region. This is explained by the fact that V(l)
for the TGG crystal is not so well approximated by the dependence
of the form (1) at the wavelength is more than 1 mm [2].

Besides, the CeF3 crystal is transparent for radiation at the
wavelengths up to 2 mm [9], whereas the TGG crystal becomes
optically nontransparent starting from ~1.4 mm [14]. According to
formula (1) and the measured values of l0 and A, the value of the
Verdet constant for the radiation at thewavelength of 2 mm is about
8 ± 2 rad/(Т*m). Precision of this estimation is not high, because
this wavelength is far from investigated range and the uncertainty
of parameters A and l0 lead to high variation of the extrapolated
value. Moreover the estimation may differ from actual value
because the single transition model may be not very precise for
longer wavelengths, therefore further experimental investigation
of CeF3 magneto-optical properties in this spectral range is needed.
Nevertheless we can conclude that the CeF3 crystal is promising for
the development of FIs for powerful lasers with the wavelength of
~2 mm, which are currently of great interest for a wide scope of
research.
3. Investigation of thermally induced depolarization

There is an ambiguity in the literature on crystallography as to



Fig. 3. Propagation of laser radiation with linear polarization E through the optical
element. The direction k of radiation propagation coincides with the optical axis.
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what class of symmetry the CeF3 crystal belongs. In a number of
papers it is stated that it is a crystal of trigonal system of 3m
symmetry group [15,16], the authors of some other works insist
that it belongs to the hexagonal crystal system of 6/mm symmetry
group [17,18]. The symmetry group of the crystal, in particular,
determines the form of the piezo-optical tensor p and of the elastic
compliance tensor s which specify the structure and magnitude of
laser radiation polarization distortions arising as a result of its
thermal action on the optical element. In our case, however, this
ambiguity does not lead to the differences in the description of
thermally induced effects.

The elastic compliance tensor and the piezo-optical tensor of
trigonal and hexagonal crystals meet the following relations be-
tween their components [19]:

s66 ¼ 1
2
ðs11 � s12Þ (2)

p66 ¼ p11 � p12; (3)

where sij and pij are the components of the elastic compliance
tensor and of the piezo-optical tensor in the two-index notation.

The same relations for these tensor components s and p are
typical for mediawith isotropic elastic and piezo-optical properties,
for example, glasses. These relations indicate that the elastic and
piezo-optical properties of trigonal and hexagonal crystals are
isotropic in the plane perpendicular to the optical axis. Thus, the
thermally induced distortions in these crystals cut along the optical
axis may be described by the same formulas as in isotropic media.
The expression for the degree of depolarization g defined as the
ratio of the power of the depolarization radiation component Pd to
its total power P0:

g ¼ Pd
P0

(4)

for the case when the optical element is a cylinder with length L
much greater than radius R0 may be written as in Ref. [20]:

g ¼ A
8

�
L
l

aQ
k
P0

�2

; (5)

where a is the absorption coefficient and A is the numerical coef-
ficient determined by the laser beam profile and equal to 0.137 for
the Gaussian intensity distribution [21]. Please note the difference
from the isotropic case. First, here k is understood as thermal
conductivity in the direction perpendicular to the optical axis.
Second, the quantity Q called a thermo-optical constant is defined
by the expression different from that of the isotropic case. In
particular, it is defined by the elastic stresses arising in the optical
element under the action of heating radiation. The expressions for
stresses in trigonal and hexagonal crystals differ from the isotropic
case only by the factor determined by the components of the elastic
compliance and thermal expansion tensors [22]. Thus, the expres-
sion for Q for the case of trigonal and hexagonal crystals cut along
the optical axis may be written in the form

Q ¼ n30
4

aT11s33 � aT33s13
s11s33 � s213

ðp11 � p12Þ (6)

where n0 in the unperturbed index of refraction and aTij are the
components of the thermal expansion tensor. In the isotropic case
described by a smaller number of independent nonzero compo-
nents of the elastic compliance and thermal expansion tensors
s11 ¼ s33 ¼ 1
E
; s13 ¼ �n

E
(7)

aT11 ¼ aT33 ¼ aT (8)

the expression (6) takes on the known form

Q ¼ n30
4

aTE
1� n

ðp11 � p12Þ (9)

where E is the Young's modulus and n is the Poisson's ratio.
The isotropy of the piezo-optical properties of hexagonal and

trigonal crystals cut along the optical axis expresses, in particular, in
absence of dependence of the depolarization degree g on the angle
q between the polarization plane and the crystallographic axis lying
in the cross-section of the element (see Fig. 3). In the case of
anisotropic piezo-optical properties, such dependence arises, for
instance, in cubic crystals [24] and in tetragonal crystals cut along
the optical axis [25]). It may be characterized by a special material
constant e optical anisotropy parameter x that may be expressed
through the components of the piezo-optic tensor

x ¼ p66

p11 � p12
(10)

In our case, like in glasses, the equality (3) is fulfilled; therefore
x¼ 1 and the polarization distortions do not depend on angle q. The
pattern of distribution of depolarized component of radiation in
this case is a Maltese cross whose orientation is determined only by
the position of the polarization plane and does not change when
the element is rotated around its axis. In cubic and tetragonal
crystals, the Maltese cross may oscillate or rotate [24,25].

For measuring thermo-optical characteristic of the CeF3 crystal
we performed a series of experiments on determining thermally
induced depolarization in the studied sample. Although the shape
of element was not rod (length L is 7.5 mm and the radius R0 is
5 mm), obtained results could be described by formula (5) derived
for this geometry. This approximation can be used because the
diameter of the laser beam was ~1 mm that is much smaller than
the length of element, so the distribution of thermal stresses
causing photo-elastic effect was similar to the case of a rod.

The thermally induced depolarization was measured using the
standard scheme with crossed polarizers [1,24]. The Yb-fiber laser
(l ¼ 1075 nm) with maximum output power of 1.5 kWwas used as
a source of heating and probe radiation simultaneously.

First, we studied the behavior of the radiation depolarization
component as a function of the relative position of the polarization



Fig. 5. Results of measurements of depolarization degree of the radiation passing
through the studied CeF3 sample as a function of its power (triangles) and analogous
theoretical dependence for the TGG crystal sample with the same length and ab-
sorption coefficient a ¼ 1.5*10�3 cm�1 (straight line).
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plane and the crystallographic axes. The CeF3 sample was rotated
around its axis when the radiation with a power of 850 W was
transmitted through it. The distribution patterns of depolarized
radiation are shown in Fig. 4 for several values of angle q. As was
expected, the Maltese cross did not change its orientation. Only
intensity fluctuations were observed due to nonideal optical quality
of the crystal. Thereby, it was confirmed experimentally that the
optical anisotropy parameter of the CeF3 crystal is equal to 1.

The dependence of the degree of the integral thermally induced
depolarization on the power of the radiation passing through the
sample was also measured. The results of those measurements are
presented in Fig. 5.

It is clear from the plot that the so-called “cold” depolarization
of the radiation passing through the sample is rather large. This is
explained by a low optical quality of the crystal. That is why the
radiation depolarization is almost power independent up to
~200W. However, when the radiation power approaches 1 kW, this
dependence becomes quadratic. From these data ajQj/k may be
found as a fitting parameter that corresponds to the analogous
parameter for the TGG crystal with absorption coefficient
a ¼ 1.5*10�3cm�1 and is equal to 5.7 � 10�8 W�1. The power
dependence of the depolarization degree in such a TGG crystal
having the same length as the studied sample (7.5 mm) is plotted in
Fig. 5. The parameter ajQj/k was found from the quadratic-
dependent part of parabolic approximation of experimental
dependence of depolarization degree on laser power. Accuracy of
the determination of this parameter depends on number of
experimental values and their scattering. It was about 7% in this
particular case.

As the Verdet constant measurements have been presented in
Sec.2, we can now determine the magnitude of the magneto-
optical figure of merit of the studied crystal that is the most
important characteristic of the magneto-optical medium [20]:

m ¼ Vk
Qa

(11)
Fig. 4. Radiation depolarization component distribution in CeF3 sample at power
P0 ¼ 850 W for different values of the angle q between the polarization plane and the
crystallographic axis lying in the optical element cross-section.
This characteristic determines the magnitude of thermally
induced depolarization in the FI at high-power radiation. After the
substitution of the corresponding values, we obtain the value of the
magneto-optical figure of merit of the CeF3 crystal at the wave-
length of 1075 nm: mCeF3 ¼ 6.5 � 108 rad W�1/(T m). It corresponds
to the magneto-optical figure of merit of a high-quality TGG crystal.
4. Thermal lens measurement

We assume that the magnitude of thermal lens in an optical
element is determined only by changes in the index of refraction
caused by its dependence on temperature and photo-elastic effect
(variations of the element geometry as a result of heating are
neglected). The changes in the index of refraction caused by the
photo-elastic effect in hexagonal and trigonal crystals cut along the
optical axis are not qualitatively different from the corresponding
changes inmediawith isotropic elastic and piezo-optical properties
(glasses, for example). As a consequence, the depolarization radi-
ation component has an analogous qualitative behavior. A similar
situation is typical for thermal lens.

For a Gaussian beam, the focal length F of the thermal lens in
isotropic media is defined by Ref. [26]:

1
F
¼ 1

4pa2
aLP
k

P0; (12)

where a is the beam radius, and P is another thermo-optical con-
stant of the medium characterizing the wave aberration averaged
over two orthogonal polarizations. For the isotropic media, the
expression for P has the form [23,24]:

P ¼
�
dn
dT

�
s

þ n30
4

aTE
1� n

ðp11 þ 3p12Þ; (13)

where
�
dn
dT

�
s
is a derivative of index of refraction with respect to

the temperature T for zero stresses.
The changes in the index of refraction caused by the photo-

elastic effect in hexagonal and trigonal crystals are qualitatively
described by the same formulas as in media with isotropic elastic
and piezo-optical properties; therefore, part of the wave front



Fig. 6. Thermal lens strength versus laser radiation power for CeF3 and TGG crystals.
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distortions caused by the photo-elastic effect will look qualitatively
the same. The quantitative difference is the substitution of the
coefficient defined by the components of elastic compliance and
thermal expansion tensors similarly to formulas (9) and (6).

Thus, for describing thermal lens in hexagonal and trigonal
crystals we can use formula (12) with the substitution of the
expression for the constant P:

P ¼
�
dn
dT

�
s

þ n30
4

aT11s33 � aT33s13
s11s33 � s213

ðp11 þ 3p12Þ (14)

In this work we also measured the focal distance of the thermal
lens arising in the studied CeF3 crystal sample (having length
LCeF3 ¼ 7.5 mm). Measurements were based on the phase-shift
interferometry method proposed in Ref. [27]. Optical scheme was
the same as in Refs. [28] and [29]. Heating was performed by an Yb-
fiber laser (l¼ 1075 nm)withmaximumpower of 300W. Beam has
Gaussian intensity profile and radius of 0.17 mm. The results of the
experiment are presented in Fig. 6 (triangles) for the laser beam.

According to (12), from the F�1(P0) dependence we can find the
magnitude of aP/k as a fitting parameter: (aP/k)CeF3¼ 8.7*10�8W�1.
Accuracy of determination of this parameter depends on number of
measurements and was about 12% in our case.

The same plot shows for comparison the results of measure-
ments of thermal lens in the TGG crystal having length
LTGG ¼ 9.5 mm for the same value of laser beam radius (circles).
Taking into account that TGG sample length was 27% larger, from
the experimental data and formula (12) we can conclude that the
parameter (aP/k) in the CeF3 crystal is 6.5 times less than in the TGG
crystal. Thereby, the thermal lens induced in CeF3 has a 6.5 lower
optical strength for the same laser beam parameters.

Using the results of measurements of the parameter (aQ/k)
presented in section 3 we determined the magnitude of the P/Q
ratio for the CeF3 crystal to be 1.53.
5. Discussion of the results

In the present paper we have investigated the thermo-optical
and magneto-optical characteristics of the CeF3 crystal aiming at
assessing its potential applications in Faraday isolators for high-
power laser systems.

We have shown that the optical anisotropy parameter of the
CeF3 crystal is equal to unity. We have measured the magneto-
optical figure of merit of this material and the parameter aP/k.
According to the experimental data, the magneto-optical figure of
merit of the CeF3 crystal is equal to the magneto-optical figure of
merit of a high-quality TGG crystal and the parameter aP/k is 6.5
times less. It is worthy of notice that we have studied the experi-
mental sample of themedium that was not intended for application
in optics. We believe that with the advance of the element pro-
duction technology, taking into consideration the requirements for
optical quality, the reported characteristics will be still better. Thus,
from the point of view of thermally induced depolarization, the
characteristics of CeF3 are not inferior to those of TGG, and are
superior in terms of thermal lens.

The equality to unity of the optical anisotropy parameter x can
also be regarded to be the CeF3 advantage over the TGG crystal
whose x is 2.25, as in this case there is no need to align the MOE
with respect to the polar angle. Moreover, better compensation
may be achieved with the use in the FI of a scheme with
compensation of thermally induced depolarization by a 67.5-de-
gree rotator [30]. In addition, the optical anisotropy of CeF3 is small
[9], hence, the requirements to MOE alignment along the optical
axis during FI assembly will be not too stringent.

The mentioned advantages together with the feasibility of
producing large-aperture elements allow us to conclude that the
CeF3 crystal is promising for developing FIs for high-power laser
systems.

It is also worth noting that in contrast to TGG, the CeF3 crystal is
transparent to radiation at the wavelength of about 2 mm, which
makes it a potential candidate for creating high-power laser sys-
tems of this range that has been rapidly developing in the recent
years.
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