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Project title: Characterising the length sensing and control system of the mode cleaner in the LIGO 40m lab.  (Not an incredibly catchy title so if you can help make it sound better I’d be grateful.)  

Abstract

The LIGO project aims to build the world’s first detector of gravitational waves.  The 40m lab is to prototype a number of systems to be used in Advanced LIGO, the second generation of LIGO interferometers, and is being upgraded with a 13 meter mode cleaner cavity to produce a highly stable laser beam.  I have characterised the components of the systems that control the length of the cavity and stabilise the laser frequency.  I hope to be able to choose gains to provide a stable feedback loop and confirm that the residual frequency noise in the laser is below the design requirement (which is 10-4 Hz per root Hz at 100Hz and decreases with frequency).  

Background

I am working on the length sensing and control (LSC) system of the 13 m mode cleaner at the LIGO 40m laboratory.  The mode cleaner is a triangular Fabry-Perot cavity, and my work focuses on the feedback mechanisms that adjust its length to keep the cavity in lock.  There are two main control paths – for fluctuations from lock at low frequencies (<2Hz) the cavity length is adjusted to maintain lock (the ‘slow path’); at high frequencies (>2Hz) the laser is tuned to follow the cavity (the ‘fast path’).  This is because the cavity is expected to be less noisy than the laser at high frequencies, so forcing the laser to follow the cavity at these frequencies should stabilise the laser wavelength.  

The laser already has a level of stabilisation provided by a smaller fixed length mode cleaner, called the pre-mode cleaner (PMC).  The laser, along with this primary stabilisation system, is referred to as the pre-stabilised laser or PSL.  To gain a full understanding of the mode cleaner LSC system I need to study its interactions with the PSL.  

The deviation of the mode-cleaner from lock is determined by Pound-Drever-Hall reflection locking.  Frequency sidebands are placed on the carrier light by a Pockels cell modulated at 29.486 MHz.  This frequency is chosen so that it is not transmitted through the mode cleaner when this is locked to the carrier, but is instead reflected to a radio frequency photodiode (RFPD).  The signal from the RFPD is demodulated at 29.486 MHz to produce an error signal proportional to the imaginary amplitude component of the carrier light reflected from the mode cleaner.  When the laser is close to perfect resonance with the mode-cleaner cavity, this error signal is linearly related to the deviation in frequency (of the laser) or length (of the mode-cleaner) and gives the amplitude and sign of the required correction.  

The error signal is fed into a circuit called the Mode Cleaner Servo, which amplifies the signal and, by using various filters, splits it into two – a high frequency signal for the fast path and a low frequency one for the slow path.  

The slow signal is fed into an ADC (analogue to digital converter) and thence to a computer.  The processing of the slow signal is mostly then in software – the computer determines how to adjust the outputs to the OSEM (optical sensor and electro-magnet) actuators, of which there are five attached to each mirror of the mode-cleaner.  

The fast signal is passed to a voltage-controlled oscillator (VCO), which shifts the frequency driving an acousto-optic modulator (AOM).  The AOM shifts the frequency of light going from the main laser to a thermostatic reference cavity.  The light is locked to this reference cavity, such that when it is shifted in frequency the mechanisms of the PSL system alter the frequency of the main laser to keep the reference cavity in lock.  Thus the frequency of the laser can be tuned using the input to the VCO.  

Work I have done over the past month

I have been able to measure transfer functions (TFs) of a number of components and compare them with the specifications of design documents, where these exist.  The paths I have investigated are:

i) From the input of the mode cleaner (MC) servo to the fast (VCO) and slow (MCA – mode cleaner actuator) outputs.

ii) From the MCA output on the MC servo to the upper left OSEM sensor, first on MC2 (which is the curved mirror in the mode-cleaner and the one that will be used to control the mode cleaner length) and then on MC1 (one of the two flat mirrors) for comparison. 

iii) From the VCO input to the PSL’s frequency stabilisation servo (FSS) fast path monitoring point.

iv) From the VCO input to the PSL’s FSS phase correcting Pockels cell monitoring point.

v) From the VCO input to the pre-mode cleaner PZT (piezo-electric transducer) monitor.

The form of (i) is very similar to the total open-loop gain for the mirror servo system, which was encouraging.  Changes in the satellite amplifiers, which determine the gain on the OSEM inputs and outputs, mean that I need to measure (ii) again.  

I have used (iii) and (iv) to confirm that the fast and Pockels’ cell paths for frequency stabilisation in the PSL have the required relative phase at their crossover point (which I measured as 30 Hz).  

I also characterised the VCO, confirming the linearity of its response over its required operating range and determining the frequency shift in its output to be 1.7 MHz per volt input, measured at d.c..  The double passage of light through the AOM means that this effects a frequency shift in the laser beam of 3.4 MHz / V.  

My calculations have required me to develop or debug Matlab routines for the manipulation of the transfer functions as produced by the HP spectral analyser.  I have learnt how to use Matlab to model transfer functions using pole-zero-gain inputs.  

As an aside to the main thrust of my project, I built a new screen in the EPICS software environment used to control the components of the interferometer.  This screen gives a graphical representation of the readout from four quad photodiodes (QPDs).   These are used to determine beam position and have been a useful diagnostic tool as part of optical levers.  

Further work

Over the next few weeks I hope to complete my measurements of the entire control system.  In particular I will be able to measure full closed-loop transfer functions once the mode-cleaner is pumped down and locked.  I should then be able to calculate the gains required in the servo electronics to provide stable feedback.  I will also need to measure noise spectra and confirm that the LSC system reduces length/frequency noise to acceptable levels.  
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