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The Laser Interferometer Gravitational Wave Observatory (LIGO) aims to experimentally verify for the first time ever the existence of gravitational waves predicted by Einstein’s General Theory of Relativity. This requires equipment capable of measuring strains as tiny as 10-21 and in order to achieve the necessary sensitivity every conceivable source of noise has to be eliminated as much as current experimental techniques possibly allow. In this context it is of paramount importance not only to keep the length of the optical cavities constant and in resonance, but also the angular degrees of freedom of the optics must be accurately controlled.

To this end one obviously requires a sensing scheme sensitive enough to detect misalignment of the order of a fraction of a microradian. This can be achieved by using a heterodyne detection method based on a similar principle as the Pound-Drever-Hall reflection locking technique [3] employed for length sensing and control. [image: image1.png]] ETMpp
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Figure 1: Control scheme for a dual-recycled interferometer (adapted from LIGO-T010115-00-R)

The dual recycled Advanced LIGO interferometers are envisioned to work with two pairs of sidebands applied by phase-modulating Pockels cells, one of which is resonant in the power as well as the signal-recycling cavity, while the other one is resonant in the power recycling cavity only. Quadrant detector photodiodes are placed at the bright port, the dark port and at a pickoff in the power-recycling cavity. By observing beats between the TEM10 mode of the carrier, which is excited by angular misalignments, and the TEM00 mode of a sideband for example, one obtains a useful linear and zero-crossing error signal. By choosing the RF and Guoy phases (the latter being the mode-dependent extra phase shift accrued by a Hermite-Gaussian beam as compared to a plane wave) of the demodulation appropriately, one can isolate signals arising from the misalignment of a certain mirror, or equivalently signals corresponding to the different angular misalignment modes of the system. This method is usually referred to as wavefront sensing.

During the past weeks I’ve been using a Mathematica package called Modal Model (developed by D. Sigg) to extract the expected signal amplitudes and phases from a set of physical parameter describing the interferometer in question. I could reproduce earlier published results for the LIGO I (single-recycling) configuration, but unfortunately it turned out that the program failed to reproduce results know to be correct for dual-recycled interferometers and hence the output of the program for those cases cannot be deemed reliable. Therefore some other way of obtaining the wavefront-sensing matrix for LIGO II, which relates misalignments in various angular degrees of freedom to signal levels at different output ports and demodulation frequencies, had to be found.

To this end I devised a simple analytical model of the interferometer, which calculates the steady state fields of the TEM00 mode everywhere, the coupling of the TEM00 mode into TEM10 at any misaligned optical components, propagates both modes to the various output port and carries out the demodulation to obtain an error signal. Currently I’m testing my model against other simulations of the interferometer and the preliminary results are very promising. Once I’m confident to have eliminated any remaining conceptual or programming flaws I will construct the required wavefront-sensing matrix to finish this part of my project.

The experimental part of my work is aimed at characterizing the input mode cleaner, a triangular cavity composed of two flat and one curved mirror, which filters the input laser beam in transverse profile, rejects beam jitter and further improves on its frequency stabilization.

Currently I’m working with the academic staff of the 40m laboratory on making the mode cleaner achieve lock (i.e. find a resonance of the TEM00 mode and keep its mirrors fixed in that position with the help of its length control feedback loops). As soon as the mode cleaner locks for appreciable periods of time, I will start a series of experiments aimed at characterizing the properties of the mode cleaner. This will include scans of the beam profile to quantify the degree of rejection of higher order modes, measurements of the intensity and frequency noise at the output, as well as the amplitude of the position/pointing noise of the output beam. Further experiments might include accurate finesse measurements and determination of the exact length of the mode cleaner.

For the coming weeks I plan to focus more on those experimental aspect of my project, while on the other hand I will also spend some time on considerations of quantum non-demolition in dual-recycled interferometers.

The disturbance of the momentum of the suspended test masses by the measuring process itself imposes constraints on the achievable sensitivity (Standard Quantum Limit). In the extreme case of instruments as sensitive as the LIGO interferometers, where all other noise sources like thermal noise, residual gas pressure noise, technical noise etc. are pushed down to the limit, this fundamental “noise floor” can be exposed and hence it’s a worthwhile question to ask whether there are ways to overcome this barrier.

In an interferometer the quantum limit is basically set by the interplay of radiation pressure noise disturbing the momenta of the test masses and the shot noise causing fluctuations in the photon count at the output, which in a proper quantum description are really different facets of the same thing. The standard quantum limit is based on the assumption that the two are uncorrelated, which is true for ordinary interferometers, but not for the dual-recycled Advanced LIGO configuration, where the signal recycling mirror does effect precisely such correlations. Buonanno and Chen [8] [9] have demonstrated that as a result of this, resonance peaks occur in the noise spectrum, which in principle would allow us to beat the SQL by a factor of two in a limited frequency range of our choice.
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Figure 2: Quantum noise level of an idealized lossless dual-recycled interferometer (adapted from Buonanno and Chen) against normalized frequency.  The dashed pink curve represents the noise spectrum obtained by assuming uncorrelated radiation pressure and shot noise, while the dashed green and blacked curves show the resonant dips in the noise spectrum caused by the signal recycling mirror for the two quadratures of the output field. The blue line gives the standard quantum limit. 
Those calculations however, are based on somewhat simplifying assumptions and apply to an ideal, lossless interferometer, while in practice losses are unavoidable and tend to destroy quantum correlations. I will attempt to repeat Buonanno’s derivation for a more general case, using realistic system parameters, and in particular obtain noise spectra as well as the value of the required input laser power for optimal performance.
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