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Gravitational Waves

e Predicted by Einstein’s theory
of general relativity

e Produced by a changing
gravitational field

e Theorized to travel at the
speed of light

Possible sources include:

e Binary pulsars
e Stars falling into black holes
e Black hole mergers

e Residual background from the
Big Bang
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Gravitational waves stretch and shrink spacetime
(graphic not quite to scale)
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Laser Interferometer Space Array (LISA)

e Joint collaboration between the
European Space Agency and
Spacecralt 3 Spacecraft #2 NASA.
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e Three very large Michelson-
Morely interferometers

e Arm length of 5 million km

e Sensitive to 20-pm variations
at frequencies down to 0.1
mHz

e Maximum acceleration noise ~
1 x 1016 g / Hz1/2




What kinds of small forces?

Patch effect:
e A voltage can appear across two metals if the work functions of the

Others include:
e QOutgassing, gravitational

two surfaces differ

e Arises from differences in the W, -W,
electrochemical potentials V2 _Vl -

Can be caused by the metal
surfaces being mosaics of
patches exposing differing
crystal planes or differences in
alloy concentration

Effect depends on the
cleanliness and purity of the
metals, alloy distribution, and
surface structure

e

coupling, etc.




The Eot-Wash group small force measurement for LISA

Experimental setup
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Infrared laser position sensor
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The real deal
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Laser position sensor calibration, 8/5/03
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Attractor plate feedback-controlled positioning system

apparatus schematic
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oil bellows




The whole 9 x 10-4 yards




The PID feedback loop

. d
Voutput _ CPe(t) + C| je(t) + CD dt e(t)

e P term is proportional to the error (difference between the current
and target outputs)

e Pushes the output to the target with exponentially decreasing
power

e I term is the integral of the error over time

e Builds up over time to force output to the target
e D term is the derivative of the error

e Inhibits rapid change



My PI(D) feedback loop

Vo = Co (L= g(et))e(t) + C, [g(e(t)e(t)

g(x) =™

P term acts as a restoring force pushing against deviations from the
target

I term follows target closely for small errors
D term doesn’t work due to phase delays
Gaussian and notch functions limit range of P and I terms

Additional software tricks attempt to limit noise and systematic
errors

e e.g. voltage bursts, acceleration limits
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Feedback-controlled attractor plate motion, 8/18/03
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residual from spline (microns)
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2 o from spline {micrans)

Two-o bounds of averaged data
(motion is within these bounds 95% of the time)
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Fourier transform of attractor plate motion
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Summary

o Attractor plate follows oscillatory path with micron precision
e Position sensor is sensitive to at least 100 nm

e Deviations in the plate’s motion can be measured and
accounted for in analysis

e For the future:

e Use a peristaltic pump to eliminate hysteresis and
nonlinearities
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