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In-vacuum Faraday isolators (FIs) are used in gravitational wave interferometers to prevent the disturbance caused by light reflected back to the input port from the interferometer itself. The efficiency of
the optical isolation is becoming more critical with the increase of laser input power. An in-vacuum
FI, used in a gravitational wave experiment (Virgo), has a 20 mm clear aperture and is illuminated
by an almost 20 W incoming beam, having a diameter of about 5 mm. When going in vacuum at
10−6 mbar, a degradation of the isolation exceeding 10 dB was observed. A remotely controlled system
using a motorized λ=2 waveplate inserted between the first polarizer and the Faraday rotator has proven
its capability to restore the optical isolation to a value close to the one set up in air. © 2010 Optical
Society of America
OCIS codes: 140.6810, 230.2240.

1. Introduction

In all currently operated gravitational wave (GW) interferometers [1–4], the stability of the beam entering into the interferometer is disturbed by the main
back reflection of all the interferometer optics toward
the interferometer input port. The light power coming back from the Virgo interferometer is a large fraction of the input light because this interferometer is
designed to work on their dark fringe. Faraday isolators (FIs) are therefore placed on the external (in air)
laser and optical benches to prevent the light reflected by the interferometer and injection optical
components from going back into the laser. In addition, the in-vacuum input mode cleaner cavity (IMC)
control loops can be disturbed by the light back reflected by the interferometer that is scattered inside
the IMC, and interferes with the forward travelling
beam. Therefore, an additional optical isolation is
achieved by placing an FI inside the vacuum vessel,
between the IMC and the interferometer, to prevent
the interferometer backreflected light to get into the
IMC. This FI is operating in a 10−6 mbar vacuum environment, and it has to accommodate a beam having
a several millimeter diameter size and several Watts
0003-6935/10/254780-11$15.00/0
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of power. Owing to the quite large light intensity in
the FI crystal, thermally induced effects in the FI
were expected and observed, as thermal lensing [5],
with consequent beam/interferometer mismatching,
and optical isolation degradation ([6–8]). Reference
[9] reports on the first observation of a further, formerly unexpected at this level, significant change
of the optical isolation of an FI, which, having been
tuned in air, once put in vacuum, experiences an isolation loss exceeding 10 dB. An explanation of this
effect in terms of different heating of the terbium gallium garnet (TGG) crystal by the incoming beam
when passing from air to vacuum, where the thermal
dissipation of the air convection is absent, matches
the observations [9]. The optical isolation degradation observed in Virgo, if not seriously affecting the
interferometer at the time of its observation, has
become more important after the Virgo þ upgrades,
where a larger amount of power is employed. The isolation loss depends also on the input power: because
the interferometer must operate with different input
powers, also depending on the interferometer locking
conditions, precompensation by tuning the FI in air,
in such a way that once in vacuum it will reach the
maximum isolation, is not the best solution. The
possibility to perform a fine tuning of the isolation
once the FI is in vacuum is rather preferred. For this

purpose, a dedicated remotely actuated system
has been implemented in Virgo and successfully
operated.
2. Verdet Constant Change Due to Laser Beam
Heating
A.

Faraday Isolator Isolation Degradation

Let us consider a FI as shown in Fig. 2(a): a Faraday
rotator crystal (typically made of TGG in a magnetic
field), rotating the input linear polarization by about
45°, is placed between two linear polarizers. The angle of the light impinging on the first polarizer
(θ0 ¼ 0°) is taken as a reference angle for the light
polarization. We define θFI ¼ 45° − ε as the rotation
angle induced by the Faraday rotator. If the second
polarizer axis is rotated by θP2 ¼ 45° þ α with respect
to the reference angle θ0 , only the θP2 polarization
component of the light coming out from the FI rotator
is transmitted by the second polarizer, any other
component being reflected away. Thus,
θBack ¼ θP2 þ θFI ¼ 45° þ α þ 45° − ε;

ð1Þ

where θBack is the polarization angle of the light coming back through the FI to the first input polarizer. If
α ¼ ε [Fig. 2(a)],
θBack ¼ 90°;

ð2Þ

and the light coming back, being cross polarized with
respect to the input polarizer, is rejected by the FI. It
must be observed that the second polarizer axis
makes the polarization direction coincident with the
one needed by the optical system downstream from
the FI system. The optical isolation optimization obtained using the second polarizer happens at the expense of some light loss at the level of the second
output polarizer, where the polarization of the impinging light differs by 2ε with respect to the second
polarizer axis. A component 2ε is therefore reflected
by the second polarizer. If the polarizer power reflection coefficient for the crossed polarization is Rð0°Þ ¼
1 − σ (and corresponding transmission Tð0°Þ ¼ σ), for
small σ, the polarizer extinction power is
Rð0°Þ ð1 − σÞ 1
¼
≈ :
Tð0°Þ
σ
σ

ð3Þ

The fractional loss at the second polarizer as a
function of the angle 2ε between the incident polarization and the polarizer axis is given by
Tð2εÞ ð1 − σÞcos2 ð2εÞ þ σsin2 ð2εÞ
¼
:
Rð2εÞ ð1 − σÞsin2 ð2εÞ þ σcos2 ð2εÞ

ð4Þ

In the ideal conditions of perfectly linearly polarized input light, the optical isolation of the FI is limited essentially by the polarizer extinction σ, the
maximum achievable optical isolation being given,
for high polarizer extinction, by Tð90°Þ=Rð90°Þ ≈ 1=σ.

What happens going from air to vacuum is shown
in Fig. 2(b): the additional polarization rotation
change η is introduced by the Faraday rotator, once
the FI is in vacuum as demonstrated in [9], so that
θFI ¼ 45° − ε − η. Additional losses are introduced at
the level of the output polarizer, where the light arrives with an additional polarization rotation angle η,
thus yielding
θP2 − θFI ¼ ð45° þ εÞ − ð45° − ε − ηÞ ¼ 2ε þ η;

ð5Þ

and the respective fractional loss, according to Eq. (4)
becomes
Tð2ε þ ηÞ ð1 − σÞcos2 ð2ε þ ηÞ þ σsin2 ð2ε þ ηÞ
: ð6Þ
¼
Rð2ε þ ηÞ ð1 − σÞsin2 ð2ε þ ηÞ þ σcos2 ð2ε þ ηÞ
But the worse effect is on the optical isolation
because
θBack ¼ θP2 þ θFI ¼ 45° þ ε þ 45° − ε − η;

ð7Þ

which yields
θBack ¼ 90° − η:

ð8Þ

This means that the light coming back through the
FI is no more cross polarized with respect to the
input polarizer, and the optical isolation is consequently spoiled. In Fig. 3, the effect of the additional
angle η on the optical isolation for several polarizer
extinction 1=σ is shown (in the ideal case of perfectly
linear light polarization).
B. Verdet Constant Change Estimation

As explained in [9], this loss of isolation is mainly induced by a Verdet constant change with temperature
and by absence of convection heat dissipation. In air,
in the presence of heat dissipation by convection, the
temperature increase of the TGG, with 34 W laser
total power (superposition of the back-and-forth traveling laser beams), is about 3:8 K [9]. Already with
a basic vacuum, the temperature increase is larger.
In high vacuum (10−6 mbar), neglecting contour effects caused by the Faraday housing, the power irradiated by the TGG crystal, P0 at equilibrium at
ambient temperature (T 0 ¼ 293 K), is well approximated by the Stefan–Boltzmann equation law for
radiation:
P0 ¼ AγσT 40 ;

ð9Þ

where A is the total irradiating surface (for a
cylindrical TGG crystal 18 mm long and 20 mm
in diameter, A ¼ 0:00176 m2 ) and σ the Stefan–
Boltzmann constant. The crystal emissivity γ can
be estimated to about 0.85 [9], taking into account
the fact that the TGG does not behave exactly like
a black body. Hence, if the crystal is illuminated
by a laser beam, and Pabs is the laser power absorbed
by the crystal, the temperature of the TGG at the
equilibrium will be
1 September 2010 / Vol. 49, No. 25 / APPLIED OPTICS
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TL ¼

Pabs þ P0
Aγσ

1=4

:

ð10Þ

With 34 W laser power and 1600 ppm=cm absorption, the temperature increase ΔT with respect to no
input laser power can be estimated as being about
11:5 K (some deviation from this behavior has to
be expected, principally due to the fact that the Faraday aluminum housing reflects back to the crystal
part of the irradiated energy by the TGG, thus
contributing to its heating). Given a rotation angle
induced θ ¼ VnLB (V ¼ TGG Verdet constant, n ¼
TGG refraction index, L ¼ TGG rod length, B ¼
magnetci field), the change of the Faraday rotation
angle is dominated by the Verdet constant variation
with temperature:
dθ dV
dV θ
¼
nLB ¼
:
dT dT
dT V

ð11Þ

The term dV=ðVdTÞ is estimated in [10] to about
3:5 × 10−3 =K, the derivative of V with respect to
temperature being inversely proportional to temperature. Therefore, A variation of temperature
ΔT induces a rotation angle variation η equal to
η¼

dθ
ΔT ¼ 3:5 × 10−3 θΔT:
dT

ð12Þ

In our case, the Faraday rotation angle induced by
the temperature variation is about 1:8°.
3. Faraday Optical Isolation Remote Tuning: Principle

The reduced level of isolation significantly affects the
interferometer performance, the disturbance becoming larger with the detector upgrade to an increased
input power. For this reason, a possibility of remotely
tuning the FI optical isolation has become necessary.
A system able to perform remotely in vacuum the operations that are normally performed in air by an operator would require the motorization of many
components of the optical isolator. A less-invasive
system implies the introduction of additional optics
(a half-waveplate) and the remote actuation of only
one degree of freedom. This system introduces some
additional loss at the level of the second polarizer but
has the advantage of being quite simple. As shown in
Fig. 4, if an additional half-waveplate is placed between the first polarizer and the rotator, and if this
waveplate axis is rotated by an angle ξ, the light polarization is rotated by the waveplate by θλ=2 ¼ 2ξ.
The polarization angle of the light coming back
through the FI onto the input polarizer is

(input) polarizer axis and will be correctly reflected
away [it could be observed that the same result
would be obtained by placing the half-waveplate between the rotator and the second (output) polarizer].
Because the second half-waveplate can be mounted
on a vacuum-compatible motorized mount, its rotation angle can be tuned accurately, until a minimum
in the backreflected light is attained. This result is
obtained at the expense of an increase of the light
power rejected by the second polarizer, which had
been initially tuned for a different (expected) polarization coming out from the Faraday rotator.
4. Faraday Optical Isolation Remote Tuning:
Implementation and Measurements

In the Virgo interferometer, the in-vacuum FI is
placed between the 144 m long IMC and the interferometer on an in-vacuum suspended bench (Fig. 1).
The FI is a commercial Electro-Optics Technology
vacuum-compatible FI, with a 2 cm diameter ×
1:8 cm long TGG crystal rod, placed in a magnetic
field of about 1 T. The beam passing through it having a diameter of 5:3 mm, the clear aperture of the FI
is 20 mm to avoid losses and diffraction problems.
After the recent Virgo to Virgo þ upgrades, the incoming power is of the order of 17 W. About the same
amount of power (95%) is reflected back by the interferometer when the recycling mirror is aligned, and
about 60% when the interferometer is locked and in
science mode. The rotation power of the Faraday rotator is about 43:5°, i.e., the rotation defect angle ε is
equal to 1:5°. Many tuning optimization operations
are necessary to achieve the maximum isolation,
which requires a good alignment, fine positioning
and rotation of polarizers and waveplates, beam
dumps positioning, etc. All these operations are performed by an operator, with the FI in air. As described in [9], after having tuned the FI in air, with
the correct amount of power, once the FI is placed in
vacuum, the isolation level drops by an amount exceeding 10 dB.
The setup of Fig. 4 has been first tested in laboratory and then installed in the Virgo interferometer,

θBack ¼ θP2 þ θFI − θλ=2 ¼ ð45° þ εÞ þ 45° − ε − η − θλ=2
¼ 90° − η − θλ=2 :

ð13Þ

If ξ is chosen such that θλ=2 þ η ¼ 0, the light coming back after a complete round trip will have a polarization rotated by 90° with respect to the first
4782
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Fig. 1. Position of the in-vacuum FI in Virgo: the Faraday isolator
(FI) is placed on the in-vacuum suspended injection bench (SIB),
between the interferometer input (power recycling mirror, PR) and
the input mode cleaner (IMC). The beam diameter at the level of
the FI is about 5 mm, and the FI input power about 18 W.

Fig. 2. (a) Realistic scheme of a FI setup, taking into account a
Faraday rotator action of 45° − ε on the light polarization. The
dashed line represents the coming back of the light after a round
trip. (b) Faraday isolation is spoiled when going from air to
vacuum. After being placed in vacuum, the rotation power of
the Faraday rotator changes by an amount −η. The losses at the
level of the second polarizer increase, and the polarization, after
a round trip, is no more cross polarized with respect to the first
polarizer: part of the light goes through the first polarizer toward
the input. The FI optical isolation is spoiled.

as one of the upgrades included in the Virgoþ
program. The same in-vacuum FI of Virgo is illuminated in a vacuum tank at the Virgo input power
(17 W). The FI was tuned initially in air and then
put in a vacuum. The rotated half-waveplate is a CVI
QWPO-1064-10-2-R15, Nd:YAG, zero-order, highpower-vacuum compatible, antireflective coated (R <
0:25%). The remotely commanded rotation stage
selected for the λ=2 waveplate is a compact highvacuum-compatible, Micos stepping motor rotation
stage RS-40 SM, that is 20 mm thick and 650 g in
weight. Typical resolution is 0:005° and unidirectional (bidirectional) repeatability is 0:005° (0:04°).
It is able to accommodate a 1 in: diameter waveplate,
larger than the 20 mm Faraday rotator aperture
(and TGG crystal diameter). In Virgo, owing to space
constraints, it is not possible to place the waveplate
rotator far from the Faraday magnet without severely affecting the very critical alignment of the
suspended injection bench (SIB). Even when the
waveplate rotator stepping motor movement is well
calibrated and reproducible, if the mount is close to
the FI magnet housing, the intense magnetic field of
the Faraday magnet (of the order of 1 T) interacts
with the motor, thus distorting the reading of the real

motor rotation. In the first laboratory tests, the
waveplate-motorized mount has been placed far from
the Faraday magnet. In this case, going from air to a
primary vacuum (residual pressure >10−2 mbar), the
isolation decreased from 41 dB (in air low-power tuning) down to 32:8 dB (with 39 W laser power). The
isolation could be partially recovered by rotating
the half-waveplate by 0:7°. The isolation reached
was 36:5 dB. The discrepancy between the low-power
maximum isolation and the maximum isolation we
can get after having adjusted the half-waveplate at
39 W is due to thermal depolarization [7]. Taking
into account a maximum achievable isolation of the
FI of about 40 dB (even for low power and in air, the
maximum isolation achieved has been less than
41 dB), the improvement in the isolation is in good
agreement with Fig. 3, where a rotation angle of
0:7° of the waveplate corresponds to a compensation
angle η of about 1:4° for polarizer losses σ ¼ 0:0001.
In Virgo configuration, the vacuum level is much better, and in this case it is sure that heat evacuation
from magneto-optic crystals is only made by radiation. In the past [9], we have measured an isolation
of the order of 30 dB for 20 W that we have estimated
to be around 28 dB at 34 W. This corresponds to a
polarization rotation angle η of about 2°, according
to Fig. 3. This estimation is also in agreement with
the prediction of Eq. (12), which would yield a variation η of the Faraday rotation angle of about 1:8°
(assuming a TGG rotation angle of 43:5° and a temperature increase of the crystal, due to about 34 W
laser illumination, of about 11:5 K). Tests with the
waveplate closer to the Faraday magnet (up to
3 mm, as in the Virgo setup) give the same result
in the optical isolation improvement, but the apparent rotation reading changes to several degrees. The
comparison between the measurements far from and
close to the magnet allows one to calibrate the motor
rotation in the proximity of the FI magnetic field.

Fig. 3. Change of the optical isolation of the FI for different
polarizer extinction values 1=σ, as a function of the additional
in-vacuum angle η (for perfectly linearly polarized light).
1 September 2010 / Vol. 49, No. 25 / APPLIED OPTICS
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Fig. 4. Compensation of the in-vacuum reduced isolation level
after additional half-waveplate. If a second half-waveplate is
placed between the first polarizer and the Faraday rotator, the
polarization of the light coming back after a round trip can be cross
polarized with respect to the first polarizer if the waveplate is
rotated by an angle ξ=2 ¼ −η=2. The rotation of the waveplate
can be finely tuned until the backreflection toward the input is
minimized.

This effect, which was not expected in advance, has
to be taken into account in future optical setups,
namely in advanced interferometer upgrades in
which the increase in the laser power will require
more effective optical isolation and, consequently,
larger FIs and likely larger magnetic fields. In Fig. 5,
the complete Virgo setup is shown. As observed
above, the additional half-waveplate could be placed

Fig. 5. Setup of the FI system on the Virgo SIB, with the additional waveplate: the remotely rotated half-waveplate is placed between the housing of the first (input) polarizer and the Faraday
rotator. The light coming back from the interferometer is reflected
away by the first polarizer toward a horizontal mirror and then
picked up and sent outside the vacuum vessel by another mirror.

either immediately before (upstream) or after (downstream) the Faraday rotator magnet housing. Owing
to Virgo þ space constraints, the best position was
upstream of the Faraday rotator body, close to the
FI magnet housing. The results obtained with the
implementation of the Faraday isolation remote tuning are shown in Fig. 6. When the waveplate is rotated, the power reflected from the FI toward the
external monitor (Monitor in Fig. 1) decreases. The
optical isolation is computed accordingly, taking
into account the known IMC transmitted power
and the interferometer reflectivity. According to

Fig. 6. Left: Evaluation of the optical isolation of the combined system FI and IMC. Right: Decrease of the power reflected back by the
interferometer when rotating the waveplate; solid line, measured power; dash–Fdot line, waveplate rotation angle.
4784
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the measurements of Fig. 6, the final optical isolation
of the FI would be almost 48 dB. This number is
clearly overestimated. An exact measurement of
the optical isolation in Virgo is complicated by the
fact that the light coming back from the interferometer through the FI is measured by an external
monitor (see Fig. 1). This light is coming back not
only through the FI, but also through the IMC, so
that the global isolation factor is given by the combination of the FI back transmission and the coupling
with the IMC. The beam transmitted forward
through the FI to the interferometer is not perfectly
matched with the interferometer itself (mismatch
being of the order of some percent), and the light coming back from the interferometer and transmitted toward the IMC by the FI is not perfectly matched with
the IMC itself. Part of this light is a defocussed
TEM00 , the defocussing being mainly due to thermal
effects taking place in the FI (TGG þ polarizers).
This light component is dominant when the isolation
of the FI is not optimized. The defocussing in the input polarizer is due to thermal effects in the BK7
polarizer substrate: even if the used polarizers (dielectric thin film Brewster polarizers) were tested
as having a polarization extinction of better than
40 dB, the thin-film coating deposition process involves exposure to UV radiation. This exposure process is probably responsible for an increase in the
absorption rate of the BK7, thus making thermal effects at high laser power in BK7 more significant
[11]. This effect should be reduced once the BK7 polarizers are replaced by fused silica ones. Another
part of the FI backtransmitted light is the residual
light produced by thermally induced depolarization
inside the FI TGG crystal, which has a non-TEM00
shape, as shown in Fig. 7. This component is the
dominant one when the FI isolation is optimized,
but it does not resonate inside the IMC cavity. The
power measured by the monitor in Fig. 1 is, therefore, less than the effective one backtransmitted by
the FI at the optimized isolation point, which can
be assumed as being close to the 36:5 dB value measured in the laboratory setup. Depolarization in the

Fig. 7. Spatial profile of the depolarization light generated in the
FI TGG crystal.

Fig. 8. Improvement in the interferometer signals: (left) The interferometer reflected power (a) after and (b) before FI optimization. (right) The IMC transmission (the light going into the
interometer) (c) after and (d) before FI optimization. For the sake
of clarity, an offset has been introduced between the two curves.

TGG becomes a limiting effect from 10 W laser
power. It will limit the maximum optical isolation
achievable by the FI. Even if it is difficult to obtain
a precise measurement of the actual optical isolation
achieved, the benefit for the interferometer behavior
is clearly visible. Figure 8 shows the improvement in
the IMC transmitted light and in the interferometer
reflection. In both cases, the stability of the power
delivered to the interferometer and of the reflected
signal is improved. This stability improvement contributes to the global robustness of the Virgo interferometer and to the growth of the data-taking duty
cycle, which is a crucial figure of the gravitational
wave detector.
5. Conclusion

Thermal effects in FIs exposed to high input power,
in particular when placed in vacuum, have only been
intensively studied for a relatively short time. Some
in-vacuum thermal effects have been recently observed in gravitational wave interferometers, including a degradation of the optical isolation when
passing from air to vacuum. With the improvement
of the interferometers sensitivity and the increase of
the laser input power, the requirements on the optical isolation from backreflected light toward the injection system are becoming more demanding. The
possibility to correct or compensate these thermal effects is, therefore, acquiring more relevance. In this
paper, we have described a system able to compensate at least the drop in optical isolation consequent
to the passage from air to vacuum of an in-air-tuned
FI. It implies the introduction of an additional halfwaveplate, whose rotation is finely controlled
remotely. After the implementation in the Virgo
gravitational wave interferometer, by a rotation of
less than 1° of the half-waveplate, an optimization
of the optical isolation of the optical isolation of
the FI of several dB can be achieved. Besides the possibility to obtain fine tuning, the remote rotation of
1 September 2010 / Vol. 49, No. 25 / APPLIED OPTICS
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the half-waveplate offers the advantage of adapting
the system to the different power levels of the
interferometer operation steps and allows one to operate with different input powers. The system is simple in principle and implementation and has proven
to be effective, yielding significant advantage in the
present higher level of input power operation of the
Virgo interferometer.
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