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1 Introduction

The Laser Interferometric Gravitational-Wave Observatory (LIGO) is a large-scale detector
located at Hanford, Washington and Livingston, Louisiana, in the USA. LIGO measures
the small distortions in space-time caused by gravitational waves by using precise laser
interferometry. The detector consists of a Michelson interferometer with equal length arms
forming an L-shape. There are other collaborations around the world that share the same
objectives and these include - VIRGO (Italy), KAGRA (Japan) and the upcoming LIGO-
India.

The detection of gravitational waves is limited by various noise sources, out of which Quan-
tum noise is a prominent contributor as it affects and limits the sensitivity in a large range of
the total gravitational wave detection bandwidth. Quantum noise can be further classified
into Shot Noise and Radiation Pressure Noise, where the former arises due to the quantum
mechanical fluctuations in the photon number statistics, and the latter occurs due to the
back action at the mirrors which can also be attributed to the vacuum (zero-point) fluc-
tuations in the electromagnetic field entering the anti-symmetric port of the interferometer
[1]. Quantum noise is mitigated by replacing the standard vacuum with modified states -
called Squeezed states. These are states in which the noise of the electric field is less than
that of the vacuum at specific phases, as these states have unequal uncertainties in the two
quadratures [2]. Using squeezed states of light reduces the noise in one quadrature (either
phase or amplitude) at the expense of increasing the noise in the other quadrature. Squeezed
states are generated by various nonlinear optical processes.

When squeezing is performed on the phase quadrature, the amplitude quadrature gets ex-
panded and is said to be anti-squeezed. If this case is assigned a squeeze angle of 0°, then
the case where the amplitude is getting squeezed, and the phase is getting anti-squeezed will
have a squeeze angle of 90°. Squeezing can be achieved at any arbitrary squeezing angle.
Phase noises can alter the squeezing angle, resulting in the coupling of the anti-squeezed
quadrature, which will adversely affect the sensitivity. Hence, locking of the squeezing angle
is essential for maintaining the orientation of the squeezed ellipse in the phase space and for
maintaining the desired level of squeezing.

2 Objective

The major aim of this project is to understand and implement the Quantum Noise Locking
technique and use the same for locking the squeeze angle (phase angle) in a waveguide. The
essentiality of this technique arises for the phase locking of optical states with zero coherent
amplitude, such as the squeezed vacuum state, for which usual phase stabilizing techniques,
including RF modulation/demodulation and DC readout techniques, can not be used [3].
The attempt is to obtain the locking such that the change in squeeze angle due to noise
sources is reasonably small and to obtain a measure of how good the quantum noise locking
technique is.

Achieving this for the squeezed state in the experiment would involve two key aspects that
are to be precisely performed: the optics part and the electronics part. The detection of
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the squeezed state is done on a balanced homodyne detector. Hence, the optics part is
mainly concerned with performing the balanced homodyne detection on the squeezed state
using a Local Oscillator field (LO) which is a stable and strong source of light. In balanced
homodyne detection, the squeezed state and the Local Oscillator field are mixed by means
of a beam splitter and two outputs are obtained, which are subtracted to obtain the output
current of the detector. This output current would be independent of the LO noise, and the
quadrature of the signal can be determined by varying the phase of the LO and measuring
the subtracted output current [4]. The aim for obtaining this would be to understand the
noise budget and determine all the sources of noise that can affect the readout path. In the
electronic part, an error signal from the output obtained from the homodyne detector has
to be procured using proper electronic circuit design, which is then fed into the feedback
loop so as to lock the squeezing angle. As a part of this, it would also be useful to perform
the mathematical analysis of deriving the error signal and to mathematically obtain the
expression for the phase fluctuations which can be used as a measure of locking stability.

The stability of the lock, when it is applied to the waveguide is also to be determined. The
stability is theoretically found to increase weakly with increasing detection bandwidth, and
it also increases with an increase in the level of squeezing [3]. Once quantum noise locking is
achieved, a promising objective is to obtain the locking in the audio frequency range (up to
a few kHz) by performing the necessary circuit noise analysis and setting up readout optics
and electronics pertaining to lower frequencies. The successful outcome of the project would
be obtaining the locking of the squeezing angle in a waveguide with stability having the
change of the squeeze angle (phase fluctuation) less than 1 milliradian which is the level of
locking required for Advanced LIGO.

3 Approach

The schematic of the quantum noise locking for a squeezed state is shown below:

Figure 1: Schematic of the noise locking experiment [3]
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In the optics section of the experiment, Nd:YAG laser of 1064nm is used, which acts as
the local oscillator for balanced homodyne detection and the pump (532nm) to generate a
squeezed vacuum state. To obtain the output from the homodyne detection and squeezing
arcs in MHz frequency, noise budgeting is to be done, which includes selecting an optimal
measurement band from the Photodetector dark noise spectrum. It should be noted that
the Nd:YAG laser will show relaxation oscillations that can cause high-intensity noise at the
MHz range, which poses one of the problems to be tackled. The various losses that can arise
in the readout path have to be estimated, and the interface loss and propagation loss can be
determined.

In the electronic section of the experiment, an error signal is to be generated that is subse-
quently fed onto the feedback loop. In this process, the output obtained from the homodyne
detection is passed onto a band pass filter. The filtered output is sent to an envelope detector
and further demodulated and low-pass filtered in order to generate the error signal. It is
essential to understand the feedback control as the generated error signal enters a feedback
loop. In this process, a mirror attached to a Piezoelectric Transducer (PZT) acts as the
actuator, enabling adjustments within the control loop. The stability of the locking is to be
analysed to understand if it is under the expected limit.

On experimentally obtaining the noise locking, the same procedures are to be employed for
frequency in the audio range. For this separate circuit noise analysis, readout optics and
electronics have to be performed. It is also necessary to figure out the presence of additional
noises that can arise when moving to low frequencies. From the results that would be
obtained, it could be checked if the quantum noise locking technique is sufficient or whether
we should resort to other phase control techniques like coherent locking which has already
allowed stabilisation of squeezed states at audio frequencies [5].

4 Timeline

1. The initial step would be to achieve squeezing in a waveguide and observe the squeezing
arcs in the MHz frequency range. Balanced Homodyne detection is to be employed to
detect the squeezed quadrature.

2. In order to obtain a measurable amount of squeezing, noise budgeting and loss analysis
have to be done where it is necessary to deduce the sources of loss in the readout path
and determine the interface and propagation losses.

3. Mathematical understanding of the generation of the error signal and calculation of
the stability of noise locking is to be made robust. The transfer function of the PZT is
to be measured. The subsequent objective would be to achieve quantum noise locking
at the MHz range.

4. Once the noise locking is achieved, it is necessary to get a measure of how good this
technique is. To acquire this measure, error analysis and stability analysis have to
be performed on the noise locking technique. The amount of phase noise that can be
tolerated by this technique is to be determined. The next step would be to attain noise
locking at the audio frequency range.
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5. The circuit noise analysis and readout optics/electronics have to be implemented to
bring the noise locking to the lower frequency regime. This would also involve deter-
mining additional noise sources that arise while going to the low-frequency region. It is
also necessary to see if this technique would be sufficient and advantageous or whether
coherent control techniques have to be implemented.
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