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Abstract: The Laser Interferometer Gravitational-Wave Observatory (LIGO) has completed 
construction of an upgrade, called Advanced LIGO or aLIGO, which is expected to increase 
the sensitivity tenfold compared to the instruments which conducted searches for 
gravitational waves during 2002-2010. Commissioning of aLIGO is presently underway. 
Achieving the improved sensitivity requires extending the state of the art in all components 
of the detector. As examples, the development of electro-optic modulators and Faraday 
isolators capable of delivering high-quality beams at hundreds of Watts of average power are 
discussed and their performance in the input optics of aLIGO described.  
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Introduction 

This year is the 25th anniversary of the LIGO project, with the beginning marked by the 
1989 submission by Caltech and MIT of a proposal to the NSF[1]. The project began in earnest a 
couple of years later with  site selection and civil construction of the two observatories at 
Hanford, WA, and Livingston, LA, construction of the four 4-km long arms of the vacuum 
chambers, and design and acquisition of the optical components of the detector. The University 
of Florida (UF) joined the project in 1996, taking responsibility for the input optics (IO) of the 
detector. 

 The design of initial LIGO was kept as simple as possible[2,3]. The optical configuration 
was a power-recycled Michelson with Fabry-Perot arms. The light source was a single-mode 
10W laser at 1064 nm wavelength. Seismic isolation was provided by a passive stack of springs 
and masses, aided by a hydraulic external pre-isolator. The four 10-kg, 25 cm diameter test 
masses, the beam splitter, and the power-recycling mirror were hung in single-stage pendulum 
suspensions. The control system held the mirrors to ± 10-13 m.  

The Input Optics 

 The IO[3-5] comprises all the optics between the pre-stabilized laser (PSL) and the power 
recycling cavity; the latter marks the start of the core optics (COC). This is true both for initial 
and advanced LIGO. A schematic of the IO is in Fig. 1. The IO conditions the PSL laser light 
and delivers it to the interferometer. It provides RF phase modulation for length and alignment, 
control functions, power control, laser mode cleaning and frequency stabilization, isolation of the 
laser from interferometer reflected light, optical signal distribution to length, alignment, and  
intensity controls, and mode matching to recycling and arm cavities. 

Most of the IO components in initial LIGO were off-the-shelf commercial parts.  This 
included the electro optic modulators and the Faraday rotator. Mirror blanks were polished to
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proper radii of curvature and coated by a high-quality ion-beam coating technique. Some 
mechanical parts were commercial, others were made by the UF Physics Machine Shop. These 
were installed in the three initial LIGO interferometers during the late 1990s, with the process 
completed by the end of 2000. Fig. 2 shows view of the input optics in H2, the Hanford 2-km 
interferometer. The large suspended mirror near the center is MMT3 (mode-matching telescope mirror 3), 
which delivers the full-sized beam to the interferometer. Two of the three mirrors and their suspensions 
for the mode cleaner are on the left. Steering mirrors and the Faraday isolator are behind MMT3 

 

 
Fig. 1. Schematic diagram of the Input Optics. PSL = pre-stabilized laser; COC = core optical 

components; MC = input mode cleaner; ISC = interferometer sensing and control. 



Proceedings of the 2014 Eastern Forum of Science and Technology, edited by Sen Han 

Optical Instruments, 37, 159–164 (2015) 

3 

 

 

Fig 2 One of the IO chambers(HAM7) for the H2 interferometer 

 

Advanced LIGO 

Advanced LIGO (aLIGO) is designed for a 10x sensitivity improvement, including better low 
frequency response. Because the search volume scales as distance cubed, advanced LIGO will 
have more than 1000 times more sources within its reach. Predictions for event rates go from 1 
per 10 years to 1 per week[7]. 

 To achieve this improved sensitivity, essentially everything except for the vacuum system 
has been replaced. This includes the use of a 180 W laser, quadruple pendulum suspensions, 40 
kg test masses, active seismic platforms, a signal recycled interferometer, stable recycling 
cavities, an output mode cleaner, DC readout, and improved thermal compensation.  

IO for advanced LIGO 

The higher laser power presented challenges for the input optics[6,8-10]. Neither existing 
commercial phase modulators nor existing commercial Faraday isolators would tolerate 180 W. 
The former were subject to damage at powers much above 10 W and both devices suffer severe 
thermal lensing and depolarization when operated at high powers. The thermal lensing is power 
dependent and could reduce the mode coupling to the following cavities to a very small value. 
Thermal depolarization in the Faraday reduces the isolation ratio to unacceptably low values.  

 The Florida group consequently undertook research to improve the performance of these 
devices. Other steps taken included using lower absorption fused silica mirror blanks, very low-
loss mirror coatings, improved baffling of stray light, improved metrology, in-vacuum 
photodetectors, and many other things that also were being advanced by the core optics, 
instrument sensing and control, and other groups building aLIGO. 

The aLIGO EOM 



Proceedings of the 2014 Eastern Forum of Science and Technology, edited by Sen Han 

Optical Instruments, 37, 159–164 (2015) 

4 

 

A review of electro-optics materials led to the selection of rubidium titanyl phosphate 
(RbTiOPO4 or RTP) as the most promising modulator material for aLIGO[6]. Laboratory 
experiments corroborated this choice. Fig. 3 shows a sketch of the RTP crystal, the electrodes, 
and the optical path as used in aLIGO. The three electrodes, permitting one crystal to provide phase 
modulation at three distinct frequencies. The wedge and refractions of the two polarizations are shown, 
with the angles greatly exaggerated. 

To avoid the unwanted generation of amplitude modulation by polarization modulation 
because of imperfect alignment of the incident light and also to avoid etalon interference effects 
we chose to wedge the faces of the RTP crystal. The birefringence of the RTP material separates 
the two polarizations and avoids polarization rotation that would lead to amplitude modulation. 

 
Fig. 3. Sketch of the RTP crystal the electrodes and the optical path 

Another very positive effect of this is that the two polarizations are of very high purity, better 
than 105:1. The crystal faces are antireflection coated, giving less than 0.1% remaining 
reflectivity. To reduce the number of optical surfaces, a single long crystal with three separate 
pairs of  electrodes is used to produce the three required modulation frequencies. A housing, 
including RF matching circuits was designed for the modulator. 

The modulator was tested at up to160 W incident power in a spot less than 1 mm 
diameter and showed no damage. There was a slightly anisotropic thermal lens at these powers, 
with focal length of 4000 mm or greater. This is in contrast to the standard material, LiNbO3, 
which had a slightly shorter focal length thermal lens with only 10 W incident. RTP modulators 
have been installed and operated at both LIGO sites for almost three years and perform 
satisfactorily. Typical phase modulation indices are up to 0.4, with residual amplitude 
modulation less than 3×10-4 W/rad. Figure 4 shows the output of the modulator as measured by 
an optical spectrum analyzer, showing sideband frequencies of 9.1, 24.1 and 45.5 MHz 
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Fig. 4. Phase modulation spectrum from a three-electrode RTP EOM. 

aLIGO Faraday isolator 

For the Faraday isolator (FI), we use a custom design with passive compensation of thermal 
lensing[11] and thermal depolarization[12]. Figure 5 shows a cartoon of the isolator, which was 
developed in collaboration with IAP, Nizny Novgorod. It uses two TGG crystals with a quartz 
rotator between. In high power operation, there is a non-uniform temperature profile in the TGG 
crystal. The temperature is highest at the center of the laser beam and falls off to ambient at the 
edges. This profile causes thermal depolarization because the Verdet constant V is temperature 
dependent. Ideally the polarization in a Faraday rotator is perfectly linear, and the plane of 
polarization rotates smoothly as the beam traverses the crystal, with the angle of rotation per unit 
length per unit magnetic field given by V.  With a non-uniform temperature in the crystal some 
parts of the beam rotate more than others, causing depolarization. The use of two crystals, the 
reciprocal quartz rotator, and a custom magnet design in the aLIGO FI causes the thermal 
depolarization induced by the first TGG crystal to be taken out by the second TGG crystal[12].   

 The Faraday also employs a similar trick to compensate for thermal lensing[11]. The 
refractive index of TGG depends on temperature, so that the velocity of light traveling in the 

 
Fig. 5. The aLIGO Faraday isolator. CWP = calcite wedge polarizer; HWP = half-wave plate; TGG = 

terbium gallium garnet; QR = quartz rotator; DKDP = deuterated KH2PO4   
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heated center of the crystal is slower than in the cooler outer part, leading to a graded-index lens 
effect which can be quite substantial. The isolator incorporates a negative dn/dT crystal 
(deuterated KH2PO4 or DKDP) whose thickness is chosen so that the positive lenses in the TGG 
crystals and the negative lens in the DKDP combine to have no net focusing effect. The FI also 
has an adjustable half wave plate to set the output polarization and calcite wedge polarizers (with 
up to 105 : 1 separation of the two polarizations) at input and output. 

 Figure 6 shows the performance of the two Faraday isolators of aLIGO as incident power 
is increased up to (in the LHO case) 140 W. The isolation ratio was reduced at high power 
settings. This is attributed to an overall warming of the crystals. (The Verdet constant is 
inversely proportional to temperature.) The half-wave plate was not adjusted during these 
measurements. The isolation ratio could be partially recovered by adjusting the waveplate, but 30 
dB meets the advanced LIGO requirements.    

 

Fig, 6. Isolation ratio of the aLIGO Faraday isolators as a function of the input power delivered. 

Installation in advanced LIGO 

Figure 7 shows a portion of the aLIGO HAM2. The Faraday isolator can be seen just above and 
to the right of picture center. The tower partially seen at the left is the triple-pendulum 
suspension for one mode cleaner mirror. Many other components are visible; indeed there is little 
uncommitted space here. The differences with the corresponding space for initial LIGO (Fig. 2) 
represent the additional complexity and sophistication of advanced LIGO. 
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Fig. 7. Part of the aLIGO input optics, located in the HAM2 of the H1 interferometer. 

Conclusions 

Advanced LIGO is poised to begin receiving gravitational-wave signals from sources up to 200 
megaparscs (6×108 light years) from Earth. One may expect exciting times ahead as the 
instruments reach their design sensitivity. 
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