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Simple, compact, high-performance permanent-magnet
Faraday isolator
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The design of a Faraday isolator that uses a short glass rotator rod and produces highly uniform rotation across its
clear aperture is presented. The rotator rod is 19.5 mm long, and at a wavelength of 633 nm the rotation angle is 45
deg and the isolation ratio is >45 dB.

Faraday isolators are important components of many
laser systems. In order to provide good isolation and
high transmission, it is necessary that the polarization
direction of the incident light be rotated by 45 deg in
passing through the rotator portion of the isolator.
Until recently, such a degree of rotation was possible
only for wavelengths1 greater than 5 gim or through the
use of cooled2 or pulsed 3 electromagnets. However,
the recent availability of paramagnetic glasses with
large Verdet constants4 and strong permanent mag-
nets5 has permitted the construction of permanent-
magnet Faraday rotators.6 The length of the glass
element of such a device should be as short as possible
in order to minimize absorption losses, to increase the
threshold for self-focusing, and to reduce the cost of
the magnets and glass. We present the design of a
permanent-magnet Faraday rotator that is both sim-
ple and compact. In particular, our design gives bet-
ter isolation and uses a shorter glass path length than
two recently published designs7' 8 and does not require
the use of compensator plates, 8 even though our design
utilizes magnets of similar strength and glass of simi-
lar Verdet constant.

The design that we consider is shown in Fig. 1(a).
The magnets are right-circular cylinders of diameter
2b with a concentric hole of diameter 2a and are as-
sumed to be uniformly magnetized with magnetiza-
tion M. The length Lr of the glass rotator rod is nearly
equal to the length L of the central magnet. An addi-
tional magnet of length L' is placed at each end of the
central magnet with its magnetization vector oriented
antiparallel to that of the central magnet. Previous
studies 7 have shown that the rotation of the device is
increased through use of these auxiliary magnets.

The rotation angle 0 introduced by a single pass
through the Faraday rotator is given by

o=VJ Hzdz, (1)
where V is the Verdet constant, Hz is the axial compo-
nent of the magnetic intensity vector, and the integra-
tion is to be performed over the length of the rotator
rod. Since the free current density is equal to zero in
our case, the magnetic field can be described in terms
of a scalar potential P defined through the relation H

= vi. Note that the rotation angle 0 given by Eq. (1)
can be represented as the product of the Verdet con-
stant and the difference in the scalar potential at the
two ends of the rotator rod. From the Maxwell equa-
tions V * B = 0 and v X H = 0 and the constitutive
relation B = H + 4-rM, it can be readily seen that

v2 . = 4irV M.
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Fig. 1. (a) Cross-sectional view of the permanent-magnet
Faraday isolator. The rotator rod of length Lr is located at
the center of a hole of diameter 2a in a magnetic stack. The
stack is composed of a central magnet of length L and two
auxiliary magnets of length L' whose magnetization is anti-
parallel to that of the central magnet. The coordinate sys-
tem is used in the calculation presented in the text. (b) The
axial component of the magnetic intensity produced by the
magnetic stack as a function of position along the symmetry
axis. The dashed curve shows the field in the absence of the
two auxiliary magnets.
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For a right-cylindrical permanent magnet with uni-
form magnetization along its axis, V - M vanishes
everywhere except on the pole faces. We solve Eq. (2)
using a spherical coordinate system whose origin is at
the center of the pole face and whose polar axis is
normal to the pole face, as shown in Fig. 1(a). The
potential due to each pole face obeys Laplace's equa-
tion v211 = 0 and hence can be represented as9

4(r, 0) = j [AArl + BrK(1)']P,(cos 0) (3)

everywhere except on the pole face. In this equation,
Pj(cos 0) is the Legendre polynomial of order 1. The
coefficients Al and BI are determined by requiring that
the solution (3) coincide with the potential on axis,
which is determined straightforwardly by using the
Green's function method to be of the form

0(r, ) = JO J 2 + r2)1/2 27rM[(r' + R - rl, (4)
fo0(r' +

where R is equal to the radius of the pole face. When r
is less than R, we expand Eq. (4) in a power series in
rIR and match the coefficients of terms with equal
powers of r in Eq. (3) to obtain the equation for the
potential:

4'(r, 0) = 27rR - r cos(0) + R-~~~~~~[1(+)
x E

1=0

P2 (1+,)(cos 0)(21)!(-1)

221+1l!(l + 1)!

Similarily, for R < r we expand
series in Rir and obtain

Eq. 2(4+1)

Equ. (4) i.

'(o, Z= 7rAr P21('cos 0)(21Y(F-l V R]2(1+1)
ct)(rfrz 2irMr3 221+11!(l + 1)! r

1=0

For comparison, we also show the on-axis field in the
absence of the auxiliary magnets. The auxiliary mag-
nets are seen to increase the field in the region of the
rotator rod, and hence to increase the rotation, by
approximately 40%. In the limit of infinitely long
auxiliary magnets, the rotation is enhanced by a factor
of 2, as can be seen from Eq. (7).

Figure 2 shows how the integrated on-axis magnetic
intensity, and hence the rotation, scales with our free
design parameters L, L', and b while holding the inner
radius a constant at 2.8 mm. We have also assumed
that the length L of the central magnet is equal to the
length L4 of the rotator rod, because L is approximate-
ly equal to L4 in an optimized design and because the
rotation depends rather insensitively on L for L - 4,
as can be seen from Fig. 3. This figure also shows how
the nonuniformity of the rotator depends on the
length L of the central magnet. The nonuniformity is
defined to be the fractional difference in rotation on
axis and at a radial distance of 2.5 mm. We have
determined that the fractional difference scales nearly
quadratically with the radial distance. Note that the
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For points on the symmetry axis, the potential for the
entire magnet stack is obtained by superposing the
potential due to each pole face as given by Eq. (4) to
obtain

4'(z, 0) = 2wMt2(z,2 + a2)1/2 - 2(z2 + b2)112

+ 2(Z22 + a2)1'2 2(Z22 + b2 )1"2 + (Z32 + b2)1/2

- (Z32 + 02)1/2 + (242 + a2)1/2 _ (Z42 + b2 )1/2 ], (7)

where z2 z - L/2, z2 = z + L/2, Z3 = z - L/2 - L', and
=4 z z + L/2 + L' and where the origin is now located at

the center of the central magnet.
Our design of a simple and compact Faraday rotator

is shown in Fig. 1(a) with a = 2.8 mm, b = 16.5 mm, L =
22.8 mm, L, = 19.5 mm, and L' = 7.6 mm. The mag-
nets10 are Sm2Co17 permanent magnets with residual
magnetic induction of 104 G. The rotator glass" con-
tains the paramagnetic ion terbium and has a Verdet
constant of -4.12 deg/kOe cm at a wavelength of 633
nm. The Verdet constant scales approximately as X-2
for other wavelengths. The value of the magnetic
field on axis is obtained through differentiation of Eq.
(7) and is shown plotted as a function of z in Fig. 1 (b).

E
U
a)
0
_.

N
-a
I
C~2
.4-0L.

I_ __ I- - - U-__ - - - I
Lr = 50

10

I I I I I I

0 5 10 15

L' (mm)

20 25

5 20

b (mm)

Fig. 2. Integrated on-axis magnetic intensity (proportional
to the rotation) (a) as a function of the length L' of the
auxiliary magnet for b = 16.5 mm and (b) as a function of the
radius b of the magnets for L' = 7.6 mm, for various values of
the rod length Lr, which is held equal to the length L of the
central magnet. In both cases, the radius of the hole is a =
2.8 mm and the residual inductance is 104 G.
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Fig. 3. Integrated on-axis magnetic intensity and fractional
difference in the rotation angle between the axis and at a
distance of 2.5 mm from the axis as a function of the length L

of the central magnet. The length of the rotator rod is held
fixed at 19.5 mm, and a = 2.8 mm, b = 16.5 mm, L' = 7.6 mm,
and the residual inductance is equal to 104 G.

10'

Fig. 4.
placem
various
the rot,
id lines
value 0.

nonun
does ti
greate
unifor
find tl
to beli
magne
its vat

Thn
perfori
As an'
tion au
diamel
isolatih
beam (
corresI

5% over the 5-mm clear aperture. For the Verdet
constant of our glass, an integrated magnetic intensity
of 10.8 kOe cm is necessary to meet the rotation re-
quirement. It can be seen from Figs. 2 and 3 that our
design meets these criteria.

We have built the Faraday rotator described above
and find that its performance characteristics are well
described by our theoretical model. Figure 4 shows
how the rotation angle varies as the rotator rod is
displaced from the center of the magnet stack for sev-
eral different wavelengths. The solid lines are theo-
retical predictions, using the tabulated values of the
Verdet constant11 that are presented in the legend to
the figure. Note that a rotation of 45 deg can be
obtained for wavelengths shorter than 633 nm by such
a displacement of the rotator rod. We have calculated
the nonuniformity in rotation across the clear aperture
for a displaced rod and find that it is less than 5% for
all positions that are shown in Fig. 4. The measured
value for the change in rotation across the aperture is
found to be within a few percent of the theoretically
predicted value. At a wavelength of 515 nm, the radi-
al nonuniformity at the position of the rotator that
gives 45-deg rotation is calculated and measured to be
less than 2%. At this wavelength, the isolation ratio is
found to be 47 dB when the Faraday rotator is placed
between two high-quality calcite polarizers.'2 The
insertion loss at 515 nm is 0.8 dB, of which 0.63 dB is
due to reflection losses from the uncoated surfaces of
the rotator rod.

633 -4.12 In conclusion, we have presented the design of a
Faraday isolator that is simple and compact and that
produces extremely good isolation using a glass path
length shorter than that of previous designs.
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