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1 ABSTRACT
We tested a sample ISC electrooptic shutter module (used to protect sensors on the LIGO ISC

tables) for tolerance to angular misalignment and for time and temperature drift in preset attenua-
tion. We find the “OFF”-state (zero bias voltage) extinction ratio of about 6 parts in 104 is
degraded to 1 part in 103 if the beam is misaligned by 2 milliradians (about 0.1 degree) and to 2
parts in 103 at 3.5 milliradians. With bias voltage set to give either 2% or 50% net transmission
(about 350 V and 1850 V bias for the sample crystal, respectively), we find the transmitted power
varied by less than 1.5% fractionally per degree Kelvin of ambient temperature change. We con-
clude that from the standpoint of thermal and angular stability, the EO shutters should perform
adequately as controllable attenuators for dynamic range enhancement during interferometer lock
acquisition. 

Keywords: LSC, ISC, EOS, electrooptic, shutter, lock acquisition

2 MOTIVATION
During lock acquisition on the Hanford 2km interferometer, transient RF photocurrent signals

were observed to exceed the dynamic reserve of the LSC photodectors, causing unanticipated
nonlinear behavior and preventing acquisition. This was temporarily cured by attenuating the
beam, but to recover adequate SNR once lock has been achieved it will eventually be necessary to
bring the full quiescent power to the operational detector(s). Running a parallel detector chain
which receives a small sample of the beam, and digitally handing off from this to the main detec-
tor chain after acquisition, would solve this problem. However this strategy is costly in hardware
and uses precious front-end acquisition channels. As an alternative we have proposed using the
EO shutters in a continuous-attenuator mode; since the shutters are already required for protec-
tion, the incremental cost is lower, and the continuously variable attenuation afforded is poten-
tially more flexible. 

This approach could be complicated if the selected attenuation is not stable. While in principle
there is enough information available to actively correct for modest variations in the shutter’s
transmission by adjusting the actuation voltage, this would further complicate an already complex
algorithm. As a result it is useful to establish exactly how variable the shutter transmission is
under two of the typical perturbations known to affect electrooptic devices, beam-crystal align-
ment and ambient temperature. 

3 EO SHUTTER DESCRIPTION
ISC electrooptic shutters are provided to protect sensor assemblies on the LIGO interferometer

sensing tables (IOT1, ISCT1, etc.) from overpowering and resultant damage during optical tran-
sients. In normal operation they are set to be as transmissive as possible (greater than 90% trans-
mission) by applying a DC bias of approximately 3-4 kV. However, on loss of interferometer lock
and while waiting to reacquire they may be commanded electrically to very low transmission, typ-
ically as low as 10-3, by removing the field. Optionally, the shutters may also be set to intermedi-
ate transmission values by continuous adjustment of the bias voltage. 

Each shutter comprises a commercial LaserMetrics model 3903-1064 lithium niobate
(LiNb03) Q-switch module, followed by a Brewster-cut calcite polarizer. The module’s clear aper-
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ture is 8 mm in diameter. Protective windows supplied on the commercial Q-switch are removed
before installation to improve optical efficiency and to reduce opportunities for spurious interfer-
ence and backscattering1. 

A transverse electric field applied to the crystal rotates the polarization plane of laser light
passing through the crystal. In our application, we introduce a linear polarization orthogonal to
the transmissive plane of the output polarizer, such that the beam is attenuated if the EO crystal is
electrically unbiased. Applying a positive or negative bias voltage rotates the polarization until it
is transmitted by the output polarizer; as a result the transmission varies sinusoidally with applied
voltage. The so-called “half-wave voltage” is the voltage required for full transmission.

To achieve good extinction in the “off” state and repeatable “on” state transmission, the beam
must not only pass through the end apertures of the crystal housing but must also travel parallel to
the crystal’s optic axis. Errors in optical path/crystal axis angular alignment cause contamination
of the polarization state, leading to a second-order degradation of the transmissive extinction
ratio. The proper crystal axis direction may not correspond to perfect centering in both the exit
and entrance apertures, due to mounting tolerances. A simple procedure is provided by the manu-
facturer for aligning to the crystal axis, using scattered light from a diffuser placed at the entrance
aperture. This procedure should be followed whenever a crystal is moved or the beam alignment
changes significantly; we reproduce it in the Appendix for reference2. Note that the IR beam
itself, attenuated to low power, can be used for alignment in lieu of the separate collinear HeNe
probe beam, so long as a reasonably IR-sensitive CCD camera (Watec 902-HS or equivalent), fast
lens and video monitor are available for viewing the scattered transmission pattern. 

4 EXTINCTION & ANGULAR TOLERANCE
Approximately 100 mW from a Lightwave 126-1064-700 Nd:YAG nonplanar ring oscillator

(NPRO) laser at 1064 nm wavelength was collimated to about 2 mm beam diameter at the device
position. A calcite polarizer was inserted to ensure a clean horizontal input polarization, and a sec-
ond calcite polarizer (the “analyzer”) arranged vertically downstream of the EOS under test. With
the second polarizer temporarily removed, the power was reduced and the crystal (serial number
2806-4) was installed and rough-aligned to bring the beam through its apertures centrally. The
“isogyre” alignment procedure (Appendix 7) was then used to fine-align the crystal axis to the
beam direction. A piece of white paper was used as an output screen and was imaged by a Watec
902-HS CCD video camera with 48 mm f/1.4 lens to show the scattering pattern. A short exten-
sion ring was placed between the camera and lens to allow close focusing.   After fine alignment
and reinstallation of the output analyzer, the net transmission of the assembly was about 6 parts in
104. This was measured with an Ophir Nova power meter equipped with a PDA-300-3W silicon
photodiode head and calibrated attenuator. 

1. This leaves the crystal faces unprotected. While LiNbo3 is not particularly hygroscopic, the high electric 
field across the cell tends to attract and concentrate dust on the crystal faces. Maintaining strict cleanroom 
protocol and sealing of the table enclosure is therefore essential to avoid contamination and damage.

2. For a minor misalignment, it may be sufficient to slightly tilt and yaw the crystal to minimize transmis-
sion at zero bias voltage, without starting the procedure from scratch. However it is possible to fall into a 
false minimum, so correct operation should be verified by electrically biasing the crystal through its full 
transmission range.
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Rotating the fine adjustment screws on the modulator mounting stage (New Focus model
9071), and calibrating the resulting stage motions against a dial caliper, allowed us to misalign the
crystal from this optimum by known increments1. The resulting degradation is depicted in Figure
1. Note that the extinction was much less sensitive to pitch (rotation about a horizontal axis) than
it was to yaw (rotation about a vertical axis). Presumably this asymmetry arises from the selection
of input polarization (in our case, the incident electric field was horizontal).

Restoring best alignment, we applied DC bias from a high-voltage supply (HP 6525A) across
the cell to measure its half-wave voltage. Voltage was monitored with a Fluke 77 DVM through a
precision 10 MΩ/101 kΩ resistive attenuator. The result, shown in Figure 2, gives a best fit to the
measured transmission with a peak transmission of 86.5% and a half-wave voltage of 3.33 kV.
Note that this transmission includes the polarizers, which were taken from lab stock and not espe-
cially transmissive (nonetheless, their mutual extinction ratio did check out at less than a part in
105). 

Figure 1: Degradation of EO shutter extinction ratio with angular beam misalignment.

1. Contrary to the published specifications, we found the 9071 stage’s vertical (pitch and elevation) adjust-
ment screws provide about half as much motion per turn as do the horizontal (yaw and lateral translation) 
adjustment screws. This makes sense if you look at how the stage is designed.

Extinction @ 0 VDC vs. transverse beam alignment
LaserMetrics 3903-1064, s/n 2806-4 
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Figure 2: Transmission vs. voltage at optimum alignment. 

5 TRANSMISSION STABILITY
The transmission stability and temperature sensitivity of the EOS assembly were also mea-

sured by monitoring the input and transmitted power over time. A wedged uncoated piece of glass
was placed before the input polarizer and the picked-off beam was directed into a ThorLabs
PDA150 photodiode to monitor the input laser power. The transmitted beam through the EOS
assembly was fed into a second PDA150 photodiode. An Analog Devices AD590 IC temperature
transducer was placed in thermal contact with the EOS metal casing. The input light monitor, the
transmitted light monitor, the temperature sensor, and the shutter voltage power supply monitor
signals were fed into a National Instruments data acquisition board connected to a PC. These four
channels were sampled at 1 sample per minute. The signal from the input light monitor was also
used to stabilize the laser power. A fixed DC offset was subtracted and the difference was inverted
and fed back into the laser’s power control input. This was implemented because the laser’s output
power drifted significantly with temperature, complicating interpretation of the EOS transmission. 

To determine thermal stability of the EOS assembly, the transmission was monitored while the
ambient room temperature was varied. First, the setup was optimized for the desired transmission
setting. Two different transmission settings were tested: 2% transmission (requiring an applied
voltage to the EOS of ~350 V), and 50% transmission (requiring ~1850 V on the EOS). After data
were taken for a while to achieve a baseline measurement, the ambient room temperature was
increased or decreased by turning the room’s thermostat to its maximum or minimum settings

Transmission (incl. polarizers) vs. voltage
LaserMetrics model 3903-1064, s/n 2806-4

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 1000 2000 3000 4000 5000

DC across cell (V)

T
ra

n
s

m
is

s
io

n

measured

sin^2 model (86.5%, 3.33 kV)

mez 4/4/01
page 5 of 10



 

LIGO-T010061-00

   
LI
G

O
-D

RA
FT

respectively. The thermostat was turned to the opposite extreme a few hours later, and then back to
its nominal setting after another few hours. The voltage measured across the EOS did not vary sig-
nificantly with room temperature.

The data from these measurements are presented in Figures 3 and 4 which show, for the 2%
and 50% nominal transmission settings respectively, the transmission of the EOS assembly and
temperature of the EOS housing as a function of time. The quantity plotted is the quotient formed
by the transmitted photodetector voltage divided by the input monitor photodetector voltage,
taken after subtracting off the measured dark offset of each detector (it has not been normalized to
the absolute optical transmission in each case, but is proportional to it). In both instances the
transmitted power changed by less than 1.5% fractionally per Kelvin, although in the 2% trans-
mission case the correlation is not as strong.    

Figure 3: EOS transmission and case temperature vs. time, 2% nominal setting (350 V bias)
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Figure 4: Transmission vs. time and temperature, 50% nominal setting (1850 V bias)

6 CONCLUSIONS
In the absence of major disturbances and “interventions”, arm cavity alignments in the Hanford

2k and Livingston 4k interferometers are generally observed to vary by less than 20 microradians
(about 8 cm spot displacement in 4 km) over periods of weeks to months. Depending on the origin
of the drift, compensating adjustments could at worst be expected to change the output beam
angle at the EOS position by about 20 times this amount, or 400 microradians, due to the demag-
nification of the beam diameter (and corresponding magnification of angle) at this location with
respect to the arm cavities. Judging by Figure 1, this level of alignment drift would not be
expected to degrade the EOS extinction to exceed a part in 103, and so should be negligible. Of
course, at the current stage of commissioning there are typically a few radical interventions in the
ISC table alignment each week, so the EOS will probably still need frequent attention until the
configuration stabilizes. 
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We anticipate the LSC lock acquisition protocol should be relatively insensitive to 10%-scale
variations in the relative calibrations of the sensing photodetectors. From Figure 3, we conserva-
tively surmise a temperature variation of ±2K in the LVEA will cause less than ±6% fractional
variation in effective transmission when the EOS voltage has been fixed to provide 50:1 nominal
attenuation. We therefore expect the EOS attenuator can be employed for lock acquisition by sim-
ply programming a preset bias, without need for active monitoring or correction of the resulting
transmission. 
page 8 of 10
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7 APPENDIX: EO CRYSTAL ALIGNMENT
The following procedure is excerpted from User’s Guide for KD*P and Lithium Niobate Q-

Switches and Modulators for Q-Switching, Chopping and Pulse Extraction, rev. 26 January 1998
by LaserMetrics Division of Fastpulse Technology Inc. (www.lasermetrics.com). 
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