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Abstract: Longer wavelength lasers will be needed for future gravitational wave detectors that
use cryogenic cooling of silicon based test-mass optics. Diode lasers with a 1550 nm wavelength
output are potential seed light sources for such a detector, however diode laser devices have a
different spectral profile and higher frequency noise than the solid state lasers used in current
detectors. We present a frequency stabilisation system for a 1550 nm external cavity diode laser
capable of reducing the laser frequency noise to a level of 0.1 % up to 1 kHz with a unity gain
frequency of 535 kHz using a hybrid analogue-digital servo with in-loop cancellation of resonant
features. In addition, a method of high speed digital filter optimisation and automated design is
demonstrated.
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1. Introduction

Highly stable low-noise laser systems are required in several areas of modern physics such
as optical clocks [1], gravitational wave detection [2,3] atom interferometry [4] and tests of
fundamental physics [5]. Solid-state non-planar ring-oscillator (NPRO) lasers [6] with an output
wavelength of 1064 nm are used as the gold-standard low-noise light source for many application
such as the current generation of ground-based gravitational wave detectors [7,8].

Designs for the next generation of ground-based gravitational wave detectors include many
improvements on the current instrumentation including cryogenic cooling of the core optics
to reduce thermal noise within the instrument, heavier test masses to reduce low-frequency
limiting quantum noise and suspension thermal noise, and subterranean operation to mitigate
seismic noise coupling. Operation at cryogenic temperatures requires a suitable cryogenic optical
material with some designs favouring silicon due to suitable optical and thermal properties and
the availability of sufficiently large substrates to realise the detector designs [9,10]. This requires
a corresponding change of laser system to one of a longer wavelength; either 1550 nm [11] or
2 um [12] due to the absorption spectrum of silicon.

Telecommunication systems typically use 1550 nm lasers with diode and fibre laser devices
of low noise and modulation capability widely available. However, such systems can exhibit
more noise than solid-state NPRO devices (which are not available at this wavelength) and the
practicalities of stabilising a diode laser for precision sensing applications are non-trivial as is
explored in this paper.

External cavity diode lasers (ECDL’s) are widely available options with low intrinsic intensity
noise and the external cavity design provides a level of reduced frequency noise of the output
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beam in comparison to other diode laser designs with access to internal actuators of the laser
output that can be used for stabilisation [13,14].

In this paper we present a stabilised 1550 nm ECDL system that was developed as the light
source for a series of cryogenic interferometry experiments in the Glasgow prototype facility for
future ground-based gravitational wave detectors using a scheme that combines high-performance
electronics and a novel application of high-speed digital filtering.

2. Frequency noise of diode lasers

Laser sources for high-sensitivity applications such as gravitational wave detectors, require
multi-stage active frequency stabilisation schemes to reduce the free-running frequency noise
of the laser to the levels required for precision interferometry [15]. The frequency range for
detecting gravitational waves with current ground-based detectors is between 10 Hz and 1 kHz,
with future detectors such as the Einstein Telescope aiming to push down to 1 Hz for earlier
detection of compact binary sources and detection of heavier systems [16]. The laser frequency
noise for such an application is required to be stabilised across this band and up to higher
frequencies in order to ensure stable operation of the multiple optical cavity locking control
schemes employed. The lower frequency limit for gravitational wave detection in ground-based
laser interferometers is primarily due to environmental coupling and technical noise limits,
meaning below this measurement frequency laser frequency noise is not a primary limitation to
the instrument although reduction of the laser free-running noise is required.

In switching to diode lasers, meeting these requirements will be even more demanding as
diode lasers typically exhibit higher frequency noise levels with a flatter spectral profile at high
measurement frequencies. A comparison of the typical free-running frequency noise in an NPRO
versus an ECDL is shown in Fig. 1. For this work demonstrating the first stage of laser frequency
stabilisation for future cryogenic interferometry experiments in our prototype facility the target
was to have the laser frequency noise reduced to 0.1 % between 100 Hz and 1 kHz.
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Fig. 1. Comparison of typical free-running frequency noise of a diode laser system (green)
[17] and a solid-state NPRO (red) [18]. The shape of the green trace is typical of the noise
profile of a diode laser, the noise level and inflection point varies between laser systems.

Broadly speaking, the ECDL frequency noise consists of two features; an approximately ‘white’
noise source at higher frequencies due to statistical spontaneous emission (higher light intensity
in the lasing medium reduces this effect as stimulated emission begins to dominate [19]) and a 1 /f
component at lower frequencies due to current leakage and strain in the semiconductor material
itself [20]. The latter effect was for many years poorly understood as it is slightly non-intuitive
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and has thus been investigated in great detail more recently [21]. A qualitative understanding is
that electrical carriers (leakage current) passing through a semiconductor will encounter ’trap’
points within the material due to defects and Brownian motion. The statistical time delay for
these carriers passing through the material will thus result in a 1/f fluctuation in the number of
carriers (current) in the material.

In semiconductor lasers the refractive index of the gain medium varies with carrier density, so
the optical path length (and thus laser cavity length) will vary accordingly. The result is a direct
coupling of current fluctuation to laser frequency fluctuations.

For NPRO laser stabilisation a great deal of success has been achieved by direct feedback to
the laser cavity optical length to stabilise the laser frequency to a rigid reference cavity [15]. In
such systems the main limitations are generally the stability of the reference and dynamic range
of the feedback elements, so in the case of an ECDL (even considering the higher initial noise
profile) one would expect similar limitations.

3. Frequency stabilisation of a 1550nm ECDL

The 1550 nm laser system consists of an ECDL from Pure Photonics [17] with an output power of
50mW and frequency and intensity actuators internal to the laser module, this is used to seed a
fibre amplifier to produce 5 W of laser power at 1550 nm. For the frequency stabilisation scheme
described in this section 8 mW of light is picked off from the main beam, with the remaining
optical power available as stabilised probe light for other experiments.

The resonant frequency of the ECDL lasing cavity can be controlled with a PZT length actuator
on the external cavity mirror and by temperature control of an intra-cavity etalon filter. The laser
frequency can be modulated by driving a voltage across the cavity PZT and the laser intensity
can be modulated by varying the current driven through the InP gain chip. It should be noted that
the current modulation strongly actuates both laser intensity and frequency [22] while the PZT
drive produces almost pure frequency modulation.

The module allows for modulation of the laser output by application of an external control
signal to either the laser cavity PZT or the diode current (the temperature actuator could be set to
control the output wavelength but could not be directly modulated). Using the PZT actuator for
frequency control and the current for intensity allows for actuation, and thereby stabilisation, of
two of the lasers output parameters.

3.1. Stabilisation scheme

The stabilisation scheme for the 1550 nm laser is shown in Fig. 2. The laser is locked to a 22 cm
long rigid reference cavity with a finesse of 330, that is held under vacuum on a passive seismic
isolation platform. The linear optical cavity is formed by two fused-silica mirrors bonded to a
Zerodur [23] spacer.

A Pound-Drever-Hall (PDH) locking scheme [24] is used to generate an error signal that is
subsequently shaped by an analogue servo and applied to two laser frequency actuators. For
frequencies from 10Hz to 10 kHz the laser cavity PZT provides the actuation, while above
10kHz a fibre coupled electro-optic modulator (EOM) external to the laser module is used for
actuation at these higher frequencies and to avoid feedback to the laser PZT at frequencies
close to mechanical modes of the laser module. The EOM is a phase modulator and therefore
produces a frequency actuation proportional to the modulation frequency. Thus it is suitable for
high frequency feedback but the reduced actuation strength in combination with the increased
frequency noise at lower frequencies meant it could not be used to stabilise the laser below
10kHz.

A high speed digital filter implemented on a field programmable gate array (FPGA) is used
in-line in the PZT feedback path to correct for these resonance features in a process that will be
discussed in Section 4. This was not actively in use for the results presented in this section.
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Fig. 2. Frequency stabilisation scheme for the 1550 nm laser system. The laser output
is phase modulated by a 12.08 MHz local oscillator (LO) signal applied to a resonant
electro-optic modulator (EOM). The beam is fibre coupled into the vacuum system and
aligned to a rigid reference cavity. The beam is directed by polarisation beamsplitter (PBS)
and quarter-waveplate (QWP) and detected with a broadband photodiode (PD), the AC
coupled output of which is amplified before being demodulated with the local oscillator
to produce the error signal that is filtered by an analogue servo (blue box) and fed back to
multiple frequency actuators. An additional digital filter stage (pink box) is implemented
on a field programmable gate array (FPGA) in the feedback to the laser PZT. For wide
bandwidth control, both an in-fibre EOM and an internal PZT actuator are used for laser
stabilisation, while feedback to the cavity length at low frequencies is used to hold the cavity
on resonance.

Due to slow drifts of the laser output frequency, that are greater than the range of the PZT
actuator, a scheme is used to improve the long-term stability of the system where a part of the
feedback signal is picked off and after additional low-pass filtering is applied to a PZT that
actuates the length of the reference cavity. This means that at low frequencies (<1 Hz) the length
of the cavity is locked to the frequency of the laser but above this the laser is stabilised to the
reference cavity with a separation between laser and cavity feedback of 30dB at 10 Hz and 70 dB
at 100 Hz.

3.2. Results

The results of the laser frequency stabilisation are shown in Fig. 3 as the in-loop noise spectrum
and in Fig. 4 as the open loop transfer function of the laser locking loop. The analogue servo
for frequency stabilisation contains an injection point at the input stage, a fixed gain, low-pass,
summing amplifier with a monitor point at its output. The noise measurements were made
as FFT’s of the monitor point signal converted to a error point frequency noise spectrum by
knowledge of the servo electronics and the slope of the error signal calibrated against the phase
modulated control side-bands. The transfer functions were measured by injecting a swept-sine
signal into the injection point and measuring the response at the monitor point with the loop
closed and converted to an open loop transfer function with knowledge of the electrical response.
The free-running noise was inferred from a previous measurement of the in-loop noise and the
loop response transfer function and found to be with a factor of two of the specification for the
laser (green traces in Fig. 3).
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Fig. 3. In-loop measurement of stabilised laser frequency noise amplitude spectral density
(ASD) (pink) with respect to the free-running laser frequency noise ASD as measured and
corrected for loop response (dark green) and as expected from the manufacturer specification
(light green). Two measurements of the stabilised noise are shown with different servo
configurations. The noise level was measured, with a spectrum analyser with maximum
range of 102 kHz, at the error point of the stabilisation loop locking the laser to the reference
cavity. The noise target (black dashed) is shown as determined by the stability required
for future cryogenic interferometry experiments within our prototype facility and is clearly
above the stability limit of the reference cavity, shown in the dot-dash lines and as discussed
in Section 3.2
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Fig. 4. Open loop transfer function of laser frequency stabilisation loop. The broadband
transfer function is shown in (a) and a zoomed in plot is shown in (b) to highlight the stability
around the unity gain frequency of 535 kHz with a phase margin of 36°.
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In Fig. 3 two traces of the in-loop stabilised noise spectrum are shown for different configurations
of the analogue servo to achieve different shaping of the crossovers between PZT and EOM
feedback around 10-20 kHz. In the solid pink trace the target (black dashed) noise level of 0.1 x}%

is met up from 100 Hz to 1kHz. The target is based on the future requirements of the laser
system as a seed for cryogenic interferometry experiments within our prototype facility and the
expected length noise stability of the reference cavity. The measured noise can be seen to bulge
above the target noise level between 8-30 kHz due to imperfect stability of the feedback crossover.
Spikes in the laser noise around 27 kHz and 30.3 kHz are due to mechanical resonances in the
laser module that are described in Section 4. At 100 Hz the free-running laser noise is reduced
by 80 dB as measured in-loop.

The stabilisation limit of such a scheme is limited by the absolute frequency stability of the
reference - in this case the 22 cm optical reference cavity. The stability of such an optical reference
is well understood [25] and the cavity used in this work will be limited on the timescales of
interest by the thermal noise of the PZT element bonded between spacer and mirror which is
expected to have a stability of 2.5 x 10717 x (100/]‘)1/2‘/%fZ [26] which is a factor of 1.5 above

the thermal noise of the spacer and mirrors [27] and a factor of 3.6 higher than the shot noise
limit of the cavity [28] at 100 Hz. These length stability limits for the reference cavity are
plotted in terms of frequency noise (using the relation % = i—f) as dot-dash lines in Fig. 3. The
measured signal was a factor of 10 above the electronic noise floor of the servo and measurement
systems. Therefore we can infer that the stabilisation loop is not adding noise onto the laser and
is stabilising the laser noise to a level that can be measured in-loop above the stability limit of the
cavity. Decreasing the noise (as measured in-loop) further would not decrease the out-of-loop
noise of the laser beyond the frequency stability of the cavity.

The open loop transfer function of the laser stabilisation loop is shown in Fig. 4 where the
unity gain frequency is 535 kHz with a phase margin (minimum phase change that would produce
instability) of 36° and gain margin (minimum gain change that would produce instability) of
2 dB, where instability occurs for a phase lag of —180° concurrent with a open loop gain of 0 dB.

4. Resonant features in the laser frequency noise spectrum

Resonance features related to the laser cavity PZT actuator have a destabilising effect on the servo
loop as they happen to lie close to the crossover between the PZT and EOM feedback paths and
the magnitude of the noise peaks and the profile in the loop transfer functions change depending
on the crossover set-point. Several peaks associated with mechanical back-action resonances
internal to the module were observed in the loop response and can be seen in the in-loop noise
measurement at 27 kHz and 30.3 kHz in Fig. 3, in the open loop transfer functions in Fig. 4 and
in more detail in the measurements in Fig. 5.

If the PZT actuated mirror inside the laser cavity is considered as a mass on a spring, then
the back-action resonances can be understood as acoustic oscillations propagating within the
structure of the laser module and reflecting from multiple material interfaces. The fundamental
resonance of the PZT is at ~130kHz but these additional features introduce resonances into the
control loop and limit the usable bandwidth of the laser PZT as a linear frequency actuator.

Attempts were made to reduce the impact of these resonances with mechanical damping. The
laser module was mounted on a aluminium base-plate which was separated from the laser bench
by a layer of damping tape between the aluminium plate and a copper board. This provided a
level of constrained layer damping [29] that partially damped the resonance and improved the
stability of the laser PZT locking loop but did not remove the resonances.
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Fig. 5. Transfer function measurements of the laser locking loop between 25 kHz and
32 kHz measured from injection point to monitor point without conversion to open loop
response, showing the cancellation of the PZT resonances of the laser with a digital filter.
The green trace shows the result of implementing a digital filter designed to cancel out the
resonant features seen in the loop response transfer function (black trace).

4.1. Cancellation of resonant features with digital filtering

A method was implemented to cancel the resonate features in the laser stabilisation loop using a
fast digital filter implemented on a FPGA device in-line with the feedback to the laser PZT. The
device is has a sample rate of 125 MHz and a 14-bit ADC. Such an approach has previously been
shown to be effective [30].

The digital filter was designed by recording a high-resolution transfer function of the resonant
features, a measurement made with the FPGA, and mathematically fitting pole-zero pairs to this
measurement. The result was inverted and used as a cancellation filter. Such an approach is
possible because the resonances were minimum phase features. The designed filter was deployed
on an FPGA digital signal processing platform placed in-line with the PZT feedback path between
the analogue servo and the laser.

For this method to work accurate characterisation of the resonant features is critical. A swept
sine measurement is used to generate results such as the black trace in Fig. 5. Driving too
large a signal into the loop leads to inaccurate characterisation of the shape of the features and
underestimation of the magnitude of the resonant peaks as the energy is spread across the resonant
frequencies, leading to incomplete suppression.

The result of this cancellation process is shown in Fig. 5 where the three resonant features at
27.7,30.3 and 31.4 kHz are suppressed by the filter. The in-loop magnitude of the resonance at
30.1kHz is reduced from a 20 dB peak to feature on the order of 1 dB.

5. Optimised design of digital filters

Implementing digital filters, on an FPGA or similar device, as series combination of second-
order-sections (SOS) [31] allows for a high level of design complexity and tunability. Each SOS
contributes two complex poles and two complex zero pairs to the overall transfer function. Each
pole or zero can be uniquely defined by a complex number or by a frequency and a Q-factor, and
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it is these filter coefficients that define the filter shape, with a Q-factor of 0.5 corresponding to a
first order filter and higher values producing resonant second order filters.

The flexibility of implementation and complexity of design offered by digital filtering leads it
be attractive to the application of fast frequency stabilisation of diode lasers. The use of such a
high speed digital filter used in combination with an analogue servo was shown in Section 4.

What is presented in this section is a servo design algorithm that allows for the full automation
of filter design and optimisation from minimal starting specifications that was used to design
filters for a fully digital stabilisation of the 1550 nm diode laser but can be adapted to multiple
purposes.

5.1.  Filter optimisation algorithm

The design algorithm combines two elements; a Monte-Carlo style random filter generation and
a particle swarm optimisation [32,33]. This was done as an off-line process and the parameter
later used to implement the filter on a digital platform.

A large number of filters with randomised pole-zero coefficients are generated and a gain
factor is set so that a target unity gain frequency (UGF) of the open loop transfer function is
possible. From this starting population a down-selection based on a filter quality metric picks
out a number of best-case filters to be optimised.

The second-stage optimisation involves generating a population of particles (each representing
a filter option) that take the pole-zero values of the starting filter as the seed for a swarm
optimisation. In each step of the swarm optimisation each particle is judged against the metric and
then assigned a impulse vector based on the location of the best-judged particle in the parameter
space (with an element of random walk included) so that on subsequent rounds the particles
move though the parameter space and converge at the optimal parameters. In this way an optimal
solution to a multi-dimensional parameter space problem can be found. The Monte-Carlo part of
the algorithm ensures that local minima of sub-optimal solutions are avoided and the particle
swarm vastly speeds up the multi-dimensional Monte-Carlo process by taking the most optimal
randomly generated parameters from a set and optimising further while removing the need to
sample the whole parameters space either randomly or sequentially.

The metric by which filters are judged is critical to the success of this technique. For a
stabilisation filter the important elements are the unity gain frequency, the phase and gain margins
for stability and the level of noise reduction. The noise suppression gain from low frequency to
the high-gain corner frequency was combined with the phase and gain margin to define the filter
figure of merit. This metric included thresholds for what was tolerable in terms of stability and
optimal performance.

5.2. Results

An example result of the automated filter design algorithm is shown on Fig. 6. A filter was
designed for use in the stabilisation scheme presented in Section 3. to replace the analogue servo
(see Fig. 2) for feedback to the laser PZT. The arbitrary goal created to test the algorithm was to
design a filter with a flat gain profile with 80 dB of noise suppression up to a corner frequency of
1 kHz and a shape drop-off to a stable unity gain crossing at 10 kHz using four complex pole-zero
pairs.

This result achieves an 80 dB gain drop across one frequency decade with a 58° phase margin
and 7dB gain margin. The unity gain frequency of such a filter could be increased to any
reasonable frequency, being limited only by the speed of the digital processor and any phase
delay in the stabilisation loop.

Given that this system can be broken down into numerical poles and zeros, and can be
implemented on any sufficiently fast digital signal processor, it is possible to use such an
algorithm in a range of applications of automated filter design and implementation. By
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Fig. 6. Automated design of a digital stabilisation filter using swarm optimisation algorithm.
The specification was for a UGF at 10 kHz and a flat gain of 80 dB up to the corner frequency
of 1kHz. In this filter four pole-zero pairs were utilised. The modelled open-loop transfer
function (a) is shown for the optimised filter implemented in the laser stabilisation scheme,
shown in Fig. 2 to replace the analogue servo. The initially selected randomly generated
filter (gray dashed) result is shown along with the swarm optimised filter (black). The
optimisation process is represented in the parameter spaces in (b) for the poles and (c) for the
zeros with each (gray) point a filter considered in the particle swarm along with the initial
(red) and final (green) pole-zero coefficients.

automatically analysing a measured noise level (either as an initial off-line characterisation or in
real time) and generating an appropriate feedback filter which would then be implemented in
digital form, this approach can be used to realise fully automated smart design and application of
a complete stabilisation filter or for cancellation of unwanted features in a hybrid analogue-digital
control loop such as the one considered in Section 4.

6. Conclusions

The use of diode laser systems as light sources for high-sensitivity experiments presents a certain
challenge for frequency noise stabilisation due to the noise spectrum of such devices. In this
paper we presented a frequency stabilisation system for a 1550 nm ECDL with a bandwidth of
535 kHz and in-loop noise level of 0.1 % between 100 Hz and 1 kHz, which is a reduction of
the free-running noise of 80 dB at 100 Hz as is required for the high-sensitivity interferometer
prototype experiments for next generation cryogenic gravitational wave detectors.

Internal resonances of the lasing cavity where shown to be an issue inherent with some ECDL’s,
creating problematic non-linear features in the control loop that limited the performance of the
noise stabilisation system. This was solved with use of a cancellation filter realised on a FPGA
fast-digital processor.

The use of digital filters in control schemes is a powerful and flexible tool, the usefulness of
which was demonstrated in this paper for the case of resonance cancellation, and the automated
design and optimisation of stabilisation filters. This presents a way forward for future work with
cryogenic interferometry and other high sensitivity laser applications at this wavelength.
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