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1 – Abstract 

The LIGO project aims to build the world’s first large (km) scale detectors of gravitational waves.  The 40m lab is designed 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.  The transfer functions of the control loop were measured.  The spectrum of the residual frequency noise in the laser beam (with respect to the mode cleaner resonance) was measured and compared with the design requirement (which is 10-4 Hz per root Hz at 100Hz, decreasing with frequency – see Figure 4).  The finesse of the cavity was determined to be 1630 ± 49 from the storage time of light in the cavity in a measurement of the cavity ringdown.  <<<MORE MEASUREMENTS>>>
2 – Introduction

2.1 – Motivation for LIGO

General relativity predicts that massive accelerating objects will cause oscillating distortions of space-time, which propagate as waves from the source.  LIGO – the Laser Interferometer Gravitational-Wave Observatory, aims to detect such waves
,
.   

The motivation for LIGO is the information that will be gained by studying the gravitational waves from expected (and hopefully unexpected) sources.  Predicted sources include black hole and neutron star binary inspirals, asymmetric supernovae and pulsars, and possibly signatures from the beginnings of the universe as early as 10-34 seconds after the big bang.  
2.2 – Detecting Gravitational Waves

As a gravitational wave propagates, it causes objects that it passes through to be stretched and compressed in perpendicular directions.  LIGO aims to detect this by measuring the difference in strain in two perpendicular arms of a laser interferometer.  Each arm is a Fabry-Perot cavity 4 km in length.  (Using Fabry-Perot cavity arms effectively increases the path length by a factor of about 50, and thus increases the strain sensitivity.)

2.3 – Advanced LIGO and the Caltech 40-meter lab

As currently built, (Initial) LIGO will only be capable of detecting events that are either very close by or extremely violent.  The second-generation detector, Advanced LIGO, aims to increase the sensitivity of LIGO by a factor of 10, enabling sources to be detected in a volume of space 103 times as large.  

The optical configuration and control systems for Advanced LIGO (*********Figure 1) are to be tested at the 40-meter prototype laboratory at Caltech.  The current focus of work is the input optics system, whose purpose is to deliver a laser beam of sufficiently stability (in frequency, intensity, position and angle) into the interferometer.  The main components of this system are a pre-stabilized laser (PSL), a 13-meter mode cleaner (MC) and the control systems associated with these (described in more detail below).  There are also mode-matching telescopes to ensure that the transverse mode defined by each cavity is matched to the mode of the next cavity.  

2.4 – The mode cleaner

The mode cleaner is a triangular Fabry-Perot cavity, 13.5 meters in half-length (half the round-trip optical path), whose purpose is to further stabilize the beam from the PSL.  The mode cleaner mirrors (denoted MC1, MC2 and MC3 as shown in *********Figure 2) are suspended on loops of wire in a vacuum to isolate them from high frequency noise as far as possible (the suspension points are themselves on passive seismic isolation stacks consisting of a series of large masses and damped springs).  This is so that the mode cleaner’s resonant frequency is more stable than the laser frequency to high frequency fluctuations.  

The mode cleaner is designed to have a finesse of 1550, meaning that a resonant beam makes an average of 1550 round trips before being transmitted.  As a result it will act as an optical low-pass filter, with a pole at around 3.5 kHz, referred to as the ‘cavity pole’.  This filter should passively attenuate high frequency fluctuations in frequency and intensity.  

The curvature of MC2, in conjunction with the overall cavity length, also defines the TEM00 (Gaussian) mode that resonates in the cavity.  For the cavity length and finesse chosen, the transmissions of the first 20 higher order modes are expected to be less than 10-4 that of the TEM00 mode
.  

The deviation of the mode-cleaner from optical resonance 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 mode-cleaner cavity is close to perfect resonance, termed ‘in lock’, 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 filtered by the mode cleaner servo, with its high frequency components used to correct the laser frequency while the low frequency ones are used to stabilize the mode cleaner length (which is less stable than the laser at low frequencies) by driving “OSEM” magnetic actuators (which sense position using an LED and photodiode).   

The PSL is itself locked, by a similar method, to a temperature-controlled reference cavity, 20 cm in length (see *********Figure 3).  In both cases, the frequency feedback signal to the laser is proportional to the fluctuation in phase difference, , between the laser and the resonance of the cavity, with

 
[image: image1.wmf]f

c

L

L

c

f

c

Lf

d

p

d

p

p

d

df

4

4

4

+

=

÷

ø

ö

ç

è

æ

=








[1]

where f is the laser frequency fluctuation, L is the fluctuation in the length of the cavity and c is the speed of light.  The frequency noise suppression can only be effective when the second term in the above expansion of  dominates, i.e. when 
[image: image2.wmf]L

f

f

L

d

d

>

.  This implies that the smallest laser frequency fluctuation that can be compensated for is given by


[image: image3.wmf]f

L

L

f

d

d

»

min

.









[2]

Since the mode cleaner is around 100 times longer than the PSL reference cavity, with mirror suspensions that should be about 10 times more stable, we expect the mode cleaner to deliver a laser beam around 1000 times more stable than the PSL, meeting the design requirement
 shown in ***********Figure 4.  

Most of my project has been devoted to understanding and characterizing the way that the error signal is processed and delivered to feedback mechanisms on the laser and the mode cleaner.  The path of the laser control signal is shown in Figure 3 – after being filtered and amplified by the mode cleaner servo the signal is sent to the VCO, a voltage-controlled oscillator, which sends an 80MHz signal, shifted by an amount proportional to its input voltage, to a double-pass acousto-optic modulator (AOM).  The AOM causes the laser frequency to be shifted by twice the frequency it is driven at.  After passing through the AOM the light is sent to the reference cavity, which is kept in lock by the frequency stabilization servo (FSS).  The FSS sends signals to three actuators to change the laser frequency: the slow actuator (not shown) changes the temperature of the laser, the fast actuator is a PZT on the end of the laser cavity that changes its length, and phase corrections are applied using a Pockels cell.  

The length control signal path is very different, with most of the signal processing performed digitally.  ************Figure 5 shows a block diagram of the signal’s path through the various electronic modules.  The Pentium CPU is responsible for adding the length control signal to a damping signal that aims to critically damp the optics.  The positions and orientations of the optics are monitored by the OSEM shadow sensors (see ***********Figure 6
), and controlled using the OSEMs’ magnetic coils.  

3 – Characterization: Methods and Results 

3.1 – Transfer functions

Transfer functions of components of the system were measured using an HP3563 network analyzer.  This device can measure the response of any linear system (with electronic inputs and outputs) by recording the gain and phase delay of a sine wave which it supplies to the system, while sweeping the frequency of the sine wave.  

**********Figure 7 shows a block diagram of the control system, with the expected response of each block in terms of the poles and zeroes of its transfer function:  

· Epaf is the preliminary amplification and filtering of the error signal on the MC servo card.  

· El is the further filtering of the signal sent to correct the laser frequency, where the first three pole-zero pairs are filters on the MC servo and the last pair (pole at 1.6 Hz, zero at 40 Hz) is a filter in the VCO box.  

· Hl includes the transfer functions of the VCO and the AOM (which convert the voltage applied into a frequency shift of the laser) as well as the filtering of the light due to the pre-mode cleaner.  

· Em represents the transfer function of the additional electronics in the mirror actuation path, including the MC servo card, the dewhitening board (elliptic filter), the software filters in the Pentium and the pole-zero module.  The coil drivers each also have a pole at 1 Hz and a zero at 40 Hz, but this is compensated for and cancelled out in software filters.  

· Hm is the transfer function of the mirror treated as a damped pendulum (although the damping is in practice carried out actively).  The value of 1.4 microns per Volt is taken from the design document
 – Ilya Berdnikov (a fellow SURF student), measured the response of the coils of MC2 (the optic which is actuated on to control the mode cleaner length) to range from 3.28 to 3.77 microns per Volt at DC
.  

· Xmc is the conversion factor from the length fluctuations of the mode cleaner to a frequency fluctuation, equal to the ratio of the laser frequency to the mode cleaner length.  

· Cmc is the optical filtering due to the mode cleaner’s cavity pole

· Dmc represents the conversion of the frequency difference between the laser and the mode cleaner resonance into a voltage, and includes the photodiode transfer function, the depth of the RF modulation, etc.  

· Lmc, Fpsl and Vs represent the MC length noise, the PSL frequency noise and the photodetector sensor noise respectively.

· G is an amplifier that I added simply to separate Vin and Vout for the purpose of taking a closed loop transfer function as described below.  Its gain was set to unity when the measurement was attempted.  

Considering the signal at Vout, 
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Rearranging, 
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Thus, if 
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then it is a good approximation to say that:
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which is the closed loop transfer function.  

Condition [5] just means that to take the closed loop transfer function using the spectrum analyzer it is necessary to ensure that the input signal Vin is bigger than the input referred noise.  

3.2 – VCO measurements (?)

3.3 – Residual frequency noise in the laser beam

3.4 – Finesse of mode cleaner

The finesse, F, of a cavity is related to the storage time, , of light in the cavity by the relation
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where c is the speed of light and L is the length of the cavity (or half the round-trip length for cavities with more than two mirrors).  The storage time of light in the mode cleaner was measured by watching the ringdown, where first the cavity is locked, then the lock is destroyed causing the amplitude of the stored light to fall exponentially.  

****** Figure xx shows a plot of the ringdown produced when the lock was interrupted.  This was done by pressing the reset button on the SR560 preamplifier that was being used in place of the MC servo to filter the error signal (see section 4).  

3.5 – Intensity stability

3.6 – Position and angle stability

3.7 – Transverse beam profile

3.8 – Length (using 33.207 MHz)

3.9 – Visibility

4 – Problems met and additional tasks performed

4.1 – Locking the mode cleaner

4.2 – The mode cleaner servo

4.3 – QPD readouts to EPICS

4.4 – Pole-zero module controller (EPICS)

5 – Conclusions and Further Work Required
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