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The Speed-Meter Principle in Interferometry

Kilometre-scale gravitational wave detectors are now limited at their most sensitive frequencies by the so-called Standard Quantum Limit (SQL), a manifestation of
Heisenberg’s Uncertainty Principle. The SQL is comprised of the combination of sensing noise (photon shot noise) and back action noise (photon radiation
pressure noise) when repeatedly measuring the position of a test mass.

By measuring a different variable, the test mass velocity (speed-meter) instead of its position (position-meter), it is possible to evade back action noise. The
momentum of a free test mass can be measured continuously to arbitrary accuracy without being limited by the SQL, and so this offers the possibility of improved
sensitivity in future gravitational wave detectors.

The Glasgow Speed-Meter Experiment

A proof-of-principle speed-meter experiment is currently being assembled at the Institute for Gravitational Research
in Glasgow. It will consist of a two arm cavities with round trip length 2.83 m and finesse 10 000. Approximately
fourteen auxiliary optics will couple light into, between and out of the arm cavities, and the primary readout will
come from a balanced homodyne detector (BHD). The cavity mirrors in the interferometer must be held in
position such that the laser light inside each cavity is resonant. This involves the use of control systems to hold the
mirrors in place to pico-metre precision.

One caveat to the speed-meter is that its response, the amount of signal seen by a probe to differential cavity
mirror motion (the degree of freedom that gravitational waves actuate), vanishes at low frequencies. Below a
certain frequency, the interferometer’s cavity mirrors are uncontrollable due to technical noise in the control
system. To be able to control the interferometer mirrors across the interferometer’s bandwidth, it is necessary to
find a way to control the mirrors at low frequencies.

By picking off light between the arm cavities, it is possible to make a position measurement of the individual arm
cavities, via the Pound-Drever-Hall (PDH) technique, and so not run into the vanishing low frequency response of
the speed-meter.
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Cavity Mirror Position Measurement
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The response of the position measurement provided by the
Pound-Drever-Hall technique is flat at low frequencies, though the optical
gain (figure y-axis) at the most sensitive frequencies (up to 1 kHz) is much
smaller than that of the velocity measurement (see opposite column).

Cavity Mirror Velocity Measurement
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The response of the velocity measurement provided by the speed-meter’s
balanced homodyne detector vanishes towards low frequencies. At zero
frequency, the optical gain is zero (as expected from a velocity
measurement).
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Even though the optical gain of the position measurement is smaller than that of
the velocity measurement, it should be sufficient to control the interferometer’s
mirrors at low frequencies.

Using a combination of the position and velocity responses allows the
interferometer to be controlled across the full frequency range. The differential
arm cavity motion, which is the important degree of freedom for gravitational
wave detection, is represented in the diagram by DARM. This signal is sent to
two plants, H1 and H2. H1 is a low pass filter used for low frequency control
using the position information from the PDH signals, and H2 is a high pass filter
used for high frequency control using the velocity information from the BHD
signals. The cavities are kept on resonance by feedback signals with gains G1 and
G2. Noise is shown entering each control loop, and this noise ultimately
determines the crossover frequency used to combine the two control loops.

It is likely that the optimal crossover frequency will be different from
that predicted from the responses once loop noise is considered, so
further work will explore this area.

http://www.speed-meter.eu/
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