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lab-based Faraday isolators and Faraday mirrors
or 10-kW average laser power

fim A. Khazanov

It is shown that the use of slabs instead of rods makes it possible to fabricate Faraday isolators and
Faraday mirrors operating at a multikilowatt power. Analytical dependences of thermally induced
depolarization in Faraday devices on radiation power and on slab aspect ratio have been obtained.
© 2004 Optical Society of America
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. Introduction

he light absorption in Faraday elements generates a
emperature distribution that is nonuniform over a
ransverse cross section. This leads to thermal lens-
ng, nonuniform distribution of the angle of rotation
f the polarization plane because of the temperature
ependence of the Verdet constant, and linear �eigen-
olarizations are linear� birefringence that is due to
he photoelastic effect. Aberrations induced by the
hermal lens �dn�dT contribution only� do not give
ise to polarization distortions and can be effectively
ompensated with a phase-conjugate mirror1 or
pherical optics.2–5 The self-induced depolarization
f high-power radiation in the magneto-optical rod
as first studied in Refs. 6–8, where it was shown

hat it is the photoelastic effect that makes the great-
st contribution to depolarization and that the effect
f the temperature dependence of the Verdet con-
tant may be neglected. In Refs. 9 and 10 this the-
retical prediction was confirmed experimentally.
In Ref. 8 two novel designs for Faraday isolators
ere suggested and theoretically investigated for the

od geometry �Figs. 1�b� and 1�c��. They comprise
wo Faraday elements, each of them rotating the po-
arization plane 22.5°, with a reciprocal optical ele-

ent placed between them. The polarization
istortions that a beam experiences while passing the
rst Faraday element are partially compensated in
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he second. Further experiments9,10 confirmed the
igh efficiency of the novel designs. In Refs. 4 and
1 the influence of laser beam shape and crystal ori-
ntation on all three designs of the Faraday isolator
as considered. Another method for compensating
epolarization in the Faraday isolator was imple-
ented in Ref. 12. It relies on the use of crystalline

uartz cut along the optical axis and placed inside a
elescope. From Refs. 4 and 8–12 it follows that the
ost efficient and convenient is a scheme with a re-

iprocal quartz rotator �Fig. 1�c��. The first Faraday
lement and the quartz rotator together rotate the
olarization 90° �22.5° � 67.5°�. Thus the angle be-
ween the polarization incident on the first and the
econd Faraday elements is exactly 90°, which makes
t possible to compensate for polarization distortions.

Unlike isolators, the Faraday mirror does not in-
lude any polarizers and is used not for optical isola-
ion but, as a rule, for compensation of birefringence
n active elements of high-power laser systems �Fig.
�d��. After reflection from the Faraday mirror and
repeated pass through a active element, the linear

olarization is restored. Such a method for compen-
ating for the birefringence in active elements was
rst suggested in Ref. 13 and since then has been
ffectively used in laser amplifiers,1,14 oscillators,2,3,15

egenerative amplifiers,15 and optical fibers.16 It is
lear that if the Faraday mirror itself inserts polar-
zation distortions �depolarization�, then the compen-
ation for birefringence in the active element will be
ncomplete.

Despite the great similarity between the Faraday
irror and the Faraday isolator, there are two pri-
ary differences between them that make it ineffec-

ive to use the novel isolator designs �Figs. 1�b� and
�c�� for the mirror. First, the isolation is governed
nly by the depolarization in the second pass through
20 March 2004 � Vol. 43, No. 9 � APPLIED OPTICS 1907
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he isolator, whereas with the mirror the polarization
istortions are accumulated during both passes.
econd, the radiation that is incident on the isolator

s always linearly polarized �we assume ideal polar-
zers� and also in a certain direction. Therefore for
ood isolation it is enough that only this linear po-
arization be a little distorted during the return pass.
n contrast, the radiation that is incident on the Fara-
ay mirror has already been depolarized in the active
lement. A detailed calculation17 shows that use of
he isolator designs presented in Figs. 1�b� and 1�c�
or the Faraday mirror can only insignificantly im-
rove its parameters in comparison with the tradi-
ional design.

In Ref. 17 a novel design for the Faraday mirror
Fig. 1�e�� was suggested; this design can partially
ompensate for the depolarization in magneto-optic
lements. It was shown that the design in Fig. 1�e�
s efficient in compensating for the birefringence in
he active element even with a considerable heat re-
ease in the magneto-optic elements. Further exper-
ments18 confirmed the efficiency of this technique.

All the above theoretical and experimental results
ave been obtained for the rod geometry of the
agneto-optical elements and for Gaussian �or

uper-Gaussian� beams. Summarizing these re-
ults, one can conclude that it is quite possible to

ig. 1. �a�, �d�, Traditional and �b�, �c�, �e� novel designs of �a�, �b�,
c� Faraday isolator and �d�, �e� Faraday mirror. 1, 4, polarizers;
, 	�2 plates; 3, 45° Faraday rotator; 5, 22.5° clockwise Faraday
otator; 6, 22.5° counterclockwise Faraday rotator; 7, 67.5° recip-
ocal polarization rotator; 8, laser active element; 9, 30° Faraday
otator; 10, 90° reciprocal polarization rotator; 11, 15° Faraday
otator.
908 APPLIED OPTICS � Vol. 43, No. 9 � 20 March 2004
onstruct reliable Faraday devices for radiation with
verage power up to 1 kW. Advancing further to the
ultikilowatt range requires new approaches related

o the use of either several thin discs cooled through
n optical surface or slabs and rectangular �elliptical�
eams. It is evident that the depolarization in the
ew designs �Figs. 1�b�, 1�c�, and 1�e�� will be signif-

cantly lower than in the traditional ones �Figs. 1�a�
nd 1�d�� in any geometry. In this paper the aim is
o determine the maximum power that the Faraday
evices �both novel and traditional� can withstand
hen slabs are used. I focus on two main issues:
ow the depolarization depends on the geometry of
lab, and what maximum power the novel designs
rovide in comparison with the traditional devices.

. Depolarization Ratio of Faraday Devices Based on
labs

n this section I derive expressions for the depolar-
zation ratio for the rectangular geometry of

agneto-optic elements �Fig. 2�. The depolarization
atio �slab for all designs in Fig. 1 was determined as
ratio of radiation power transmitted �from right to

eft� through polarizer 1 to the radiation power inci-
ent upon the polarizer:

�slab �

�
�0.5ts

0.5ts

�
0

ws

�E1 � x0�2dxdy

�
�0.5ts

0.5ts

�
0

ws

�E1�2dxdy

. (1)

ere E1 is the field incident on polarizer 1. The
solation ratio is the inverse of the depolarization
atio.

The analytical calculation of the temperature dis-
ributions and stress tensor in the slab was made
nder the following assumptions. The input laser

Fig. 2. Use of slabs in Faraday devices.
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eam has a uniform intensity distribution and linear
olarization along the x axis, and the beam size
trictly coincides with the size of the slab. Radiation
ower absorbed over the entire length of the slab is
uch less than the incident power. Heat was re-
oved only through horizontal surfaces �see Fig. 2�.
he thickness ts of the slab is much less than its
idth ws. Under these conditions eigenpolariza-

ions of the birefringence induced by the photoelastic
ffect are oriented along the x and y axes for both
001� and �111� orientations. The phase difference
etween them, 
1 � 
x � 
y, is given by the expres-
ions19


l � �
p
Rs

�1
6

�
2y2

ts
2 � for �001�, (2)


l � �
p
Rs

�1 � 2


3 ��1
6

�
2y2

ts
2 � for �111�, (3)

here

Rs � ws�ts (4)

s the aspect ratio of the slab and

p �
L
	

Q�P0

�
, (5)

Q � �1
L

dL
dT� n0

3

4
1 � �

1 � �
� p11 � p12�, (6)


 �
2p44

p11 � p12
,

nd �, �, �, �1�L��dL�dt�, n0, pi, j, and L are the Poi-
on’s ratio, thermal conductivity, absorption coeffi-
ient, thermal expansion coefficient, refraction index,
hotoelastic coefficients, and the length of the
agneto-optical medium, respectively; P0 and 	 are

he power and the wavelength of the laser radiation
eating the slab. Parameter p has the sense of laser
ower normalized to constants of the magneto-optical
edium. The laser power P0 � 1 kW corresponds to

arameter �p� � 1 for the best terbium gallium garnet
TGG� sample ��Q � �3.2 � 10�7 K�1 m�1� studied
n Ref. 11 and �p� � 2 for the average TGG sample
rom Ref. 11 �we took into account � � 7.4 W�Km,
�	 � 24,000�. Parameter �Q for TGG crystal from
ifferent sources may be found in Ref. 11.
It is obvious from Eqs. �2� and �3� that the �001�

rientation is better than �111� because induced bi-
efringence for the �001� is smaller �for a TGG crystal,

magneto-optic crystal most widely used in the
avelength range of 1 �m, parameters 
 � 2.25 �
.2�. Further, it is assumed that the crystal has a
001� orientation, but all results for a �111� orienta-
ion may be obtained by replacing parameter p with
�1 � 2
��3.
The output radiation in all designs shown in Fig. 1
as calculated by the Jones matrix technique. Tak-

ng into account the induced thermal birefringence
ith eigenpolarizations along x and y axes, the ma-

rix of the Faraday element has the form20,21

F�
c, 
l� � sin



2 �cot�


2� � i

l



�


c




c



cot�


2� � i

l



� , (7)

here


2 � 
1
2 � 
c

2;

c is the phase difference for purely circular �in the
bsence of linear� birefringence. Note that the rota-
ion angle of polarization plane is 
c�2. The direc-
ion of the rotation is determined by the sign of 
c.

hen 
c is positive, the rotation is anticlockwise. As
n Ref. 7, I calculated the influence of the temperature
ependence of the Verdet constant. The analysis
hows that this effect is negligibly small in compari-
on with the photoelastic effect discussed here �as in
he rod geometry7�. Thus, let us further assume
hat 
c does not depend on temperature.

The matrices for a half-wave plate with axis angle
L and a reciprocal rotator on angle �R are well
nown:

L2��L� � �cos 2�L sin 2�L

sin 2�L �cos 2�L
� ,

R��R� � � cos �R sin �R

�sin �R cos �R
� . (8)

nowing the matrices �7�, �8� and input field Ein �

0x0, one can easily find the field incident on polar-
zer 1, E1, for all five design in Figs. 1�a�–1�e�:

E1 � F�
c � ��2, 
1�L2�3��8�Ein, (9a)

E1 � L2���4�F�
c � ���4, 
1�2�

� L2���8�F�
c � ��4, 
1�2�Ein, (9b)

E1 � L2���16�F�
c � ��4, 
1�2�

� R�3��8�F�
c � ��4, 
1�2�Ein, (9c)

E1 � F�
c � ��2, 
1�F�
c � ��2, 
1�Ein, (9d)

E1 � F�
c � 2��3, 2
1�3�R����2�

� F�
c � ��6, 
1�3�F�
c � ��6, 
1�3�

� R���2�F�
 � ��3, 2
 �3�E . (9e)
c 1 in

20 March 2004 � Vol. 43, No. 9 � APPLIED OPTICS 1909
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ubstituting Eqs. �9� into Eq. �1�, one can find the
epolarization ratio �slab:

�slab �
1

45
Rs

�2p2 	 2.22 � 10�3� p
Rs
�2

for Fig. 1�a�, (10a)

�slab �
�� � 4
2 � 2�2

3780
Rs

�4p4 	 7.02 � 10�5� p
Rs
�4

for Fig. 1�b�, (10b)

�slab �
�� � 2
2�2

3780
Rs

�4p4 	 2.60 � 10�5� p
Rs
�4

for Fig. 1�c�, (10c)

�slab �
4

45
Rs

�2p2 	 8.89 � 10�2� p
Rs
�2

for Fig. 1�d�, (10d)

�slab �
�� � 2
3�2

945
Rs

�4p4 	 1.10 � 10�4� p
Rs
�4

for Fig. 1�e�. (10e)

Here it is assumed that 
1 �� 1 and active elements
n Figs. 1�d� and 1�e� do not introduce any depolar-
zation; i.e., the values of � given characterize depo-
arization introduced by the Faraday mirror itself.
or comparison I include here formulas obtained in
efs. 4, 8, 17, and 22 for the rod geometry for a crystal
ith the �001� orientation:

rod �
A1

�2 p2 	 0.0139p2

for Fig. 1�a�, (11a)

rod � p4 8A2

�4 
2�b2 � a2�

	 6.89 � 10�5
2p4 if 
 � 1.315
for Fig. 1�b�, (11b)

rod � p4 8A2

�4 �b2 � 2a2�

	 8.48 � 10�5p4 if 
 � 1
for Fig. 1�b�, (11c)

�rod � p4 2a2A2

�4 �3
4 � 2
2 � 3�

	 1.32 � 10�6�3
4 � 2
2 � 3� p4

for Fig. 1�c�, (11d)

rod �
2 A1

�2 p2 	 0.0278p2 for Fig. 1�d�, (11e)

rod �
�2
3 � ��2p4

2�4 �3
4 � 2
2 � 3� A2

	 2.24 � 10�5�3
4 � 2
2 � 3� p4

for Fig. 1�e�, (11f)
910 APPLIED OPTICS � Vol. 43, No. 9 � 20 March 2004
here

a �
� � 2
2

8
, b �

2 � 
2
4

,

A1 � �
0

� �1
y

�
exp��y�

y
� 1�2 dy

exp� y�
	 0.137,

A2 � �
0

� �1
y

�
exp��y�

y
� 1�4 dy

exp� y�
	 0.0421.

Formulas �10� were derived under two important
ssumptions: Rs �� 1 and 
1 �� 1. Let us consider
hat happens if these assumptions are violated.
irst, the numerical calculations made for an arbi-
rary aspect ratio Rs show that formulas �10� are in a
ood agreement with numerical results at Rs � 3 �see
ig. 3�. A typical beam in slab-based lasers has an
spect ration greater than 3, so formulas �10� are
seful in most cases even though they were derived
ith the assumption Rs �� 1.
Second, Fig. 4 presents dependences expressed by

qs. �10� and �11� �dashed lines� and the results of
umerical integration of Eq. �1� for arbitrary 
1 �solid
urves� for all five designs shown in Fig. 1, for both
ods and slabs. The dependences are plotted for a
GG crystal with �001� orientation. As is seen from
ig. 4, at low laser power formulas �10� and �11� give
ood accuracy. Faraday isolators and Faraday mir-
ors are usually expected to provide a depolarization
atio of � � 10�4 . . . 10�2, so formulas �10� and �11�
re useful in practice �see Fig. 4�. If the accuracy of
qs. �10� and �11� is not high enough, the exact value

ig. 3. Analytical �curves� and numerical �points� dependences of
epolarization ratio on aspect ratio. For Faraday isolator �thin
urves� designs: for Fig. 1�a�, crosses; Fig. 1�b�, pluses; Fig. 1�c�,
quares for Faraday mirror �thick lines�: Fig. 1�d�, diamonds; Fig.
�e�, circles.
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f the depolarization ratio may be found from Figs. 3
nd 4 at any Rs and 
1.
Figure 4 clearly shows the great advantage of slabs

ver rods for any optical design as well as the great
dvantage of new designs �Figs. 1�b�, 1�c�, and 1�e��
ver the traditional ones �Figs. 1�a� and 1�d�� for both
eometries.
To conclude this section it would be reasonable to
ake some comments on thermal-lens and thermal-

tress-induced fracture. For uniform heat release
nd one-dimensional heat conduction �Fig. 2� the slab
s a cylindrical lens, which focuses radiation into a
ine parallel to the long side of the slab. Since the
emperature distribution in this geometry is para-

ig. 4. Analytical �dashed curves� and numerical �solid lines�
ependences of depolarization ratio on normalized power p for
araday isolator designs presented in Figs. 1�a�–1�c� �A� and for
araday mirror designs presented in Fig. 1�d�–1�e� �B�: rod ge-
metry �thick lines� and slab geometry with aspect ratio Rs � 4
thin lines�. We assume TGG crystal with the �001� orientation.
he laser power P0 � 1 kW corresponds to parameter �p� � 1 for the
est TGG sample studied in Ref. 11 and �p� � 2 for an average TGG
ample from Ref. 11.
olic, the thermal lens is almost nonaberrated �I ne-
lect a small near-edge area here�. For estimation of
he thermal-lens focus it is quite possible to use a
alue averaged over two polarizations for a crystal
ith the �001� orientation without a magnetic field23:

F �
ts ws�

P0 L � �0

dn
dT

� �1
L

dL
dT� �T

n0
3

4
1 � �

1 � �
� p11 � p12�� .

(12)

et us estimate the focal length of the thermal lens in
he a made of the best TGG sample studied in Ref. 11
the value in the off shoot of Eq. �12� is 3.2 � 10�6 K�1

�1�. For ts � 4 mm, ws � 18 mm, L�	 � 24000
m, and laser power P0 � 10 kW, the thermal lens
ill have a focus of 70 cm. It is important to note

hat at such short focal lengths it is necessary not
nly to compensate for the thermal lens by using a
ylindrical lens or telescope but also to ensure the
ame beam size in two slabs and two passes for the
esigns in Figs. 1�b�, 1�c�, and 1�e�. Otherwise com-
ensation of the depolarization will be incomplete,
nd expressions �10� will become invalid.
To estimate the fracture limit, let us use the equa-

ion for maximum heat power Pmax in the slab,24

Pmax � 12 RT Rs L,

here RT is a thermal-shock parameter. We do not
now the value RT for TGG, but for estimation let us
se RT � 7 W�cm �average between RT for gadolin-

um scandium aluminum garnet and YAG24�. Max-
mum laser power P0max � Pmax���0L�. Assuming
0 � 3 � 10�3 cm�1 and Rs � 4, one can obtain
0max � 100 kW. So the depolarization is the main

imit for high-power applications of Faraday isolators
nd mirrors.

. TGG Ceramics—New Magneto-Optic Material

e predict that the use of Faraday isolators and
araday mirrors in lasers with high average power
ill expand considerably over the coming years be-

ause of the emergence of polycrystalline ceramics
ade from TGG. Currently polycrystalline ceram-

cs are used as active elements made of Nd:YAG25,26

nd other cubic crystals,27 as well as Q-switchers.28

he interest in ceramics is caused by its advantages
ver single crystals and glass. Specifically, ceramic
lements can have apertures of 10 cm and larger, and
heir thermal conductivity is close to that of a single
rystal. This advantage may be particularly impor-
ant for slab-based Faraday devices and for disc-
ased29 ones as well.
Modern technology makes it possible to create ce-

amic active elements with good optical quality and
arge apertures. The first samples of TGG ceramics
ave already been fabricated.30 Although their op-
ical quality was not high enough, there is no diffi-
ulty in principle in fabricating TGG ceramics with
igh optical quality.30

Many properties of ceramics are close to those of
20 March 2004 � Vol. 43, No. 9 � APPLIED OPTICS 1911
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ingle crystals; however, thermally induced depolar-
zation is somewhat different. The model of depo-
arization in ceramic active elements with no

agnetic field was discussed in Refs. 31 and 32.
his model can be generalized for the Faraday isola-

or and Faraday mirrors, considering the specific fea-
ures imposed by a magnetic field. The details of
his generalization are the subject of ongoing work.
n short, we may conclude that if 
1 �� 1, all the
esults obtained for a TGG single crystal with the
111� orientation �the influence of orientation of

agneto-optic crystal was studied in detail in Ref. 11�
re valid for TGG ceramics as well.

. Conclusion

ased on the analysis of formulas �10� and compari-
on with formulas �11� �see also Figs. 3 and 4�, the
ollowing results can be formulated.

1. For the slab geometry �as well as for the rod�
he influence of the temperature dependence of the
erdet constant on the depolarization ratio is negli-
ibly small in comparison with the photoelastic effect.
2. In all the schemes shown in Fig. 1 the depolar-

zation ratio is considerably lower when slabs are
sed in comparison with rods. The depolarization
atio is inversely proportional to the second power of
spect ratio Rs for the traditional designs of the Fara-
ay isolator �Fig. 1�a�� and Faraday mirror �Fig. 1�d��.
he depolarization ratio is inversely proportional to

he fourth power of aspect ratio Rs for novel designs
f the Faraday isolator �Figs. 1�b� and 1�c�� and the
araday mirror �Fig. 1�e��.
3. The depolarization ratio in all novel designs is

roportional to the fourth power of the laser power
nd is considerably lower than in traditional designs
here the depolarization ratio is proportional to the

quare of the power.
4. If a �001�-oriented slab with aspect ratio Rs � 4

s made of the best TGG crystal studied in Ref. 11, the
araday isolator presented in Fig. 1�c� provides an

solation ratio of 30 dB at laser a power of 10 kW,
hereas the Faraday mirror in Fig. 1�e� yields 24 dB
t the same laser power.
In summary, we can conclude that the use of the

lab geometry in combination with earlier suggested
chemes for depolarization compensation �Figs. 1�b�,
�c�, and 1�e�� will make it possible to create Faraday
solators and Faraday mirrors capable of operating at
owers up to 10 kW. The emergence of high-quality
GG ceramics will help advance this technology to
ven higher powers. Slab-based Faraday isolators
designs in Figs. 1�a� and 1�c�� were manufactured at
he Institute of Applied Physics. The results of this
esting are in preparation for publication.
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