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Abstract

Auxiliary (AUX) lasers in the Laser Interferometer Gravitational-wave Observatory
(LIGO) interferometers are at the core of the arm length stabilization (ALS) system.
This system is routinely used to lock the interferometer to its nominal operating point
for gravitational wave (GW) detection. Furthermore, the possibility of using the AUX
laser system as a future calibration scheme has been suggested. In order to better
understand the viability of an AUX laser calibration scheme, measuring the system-
atics of the AUX laser control loop is necessary. I used a Red Pitaya as a small and
inexpensive measurement device to measure the Unity Gain Frequency of the AUX
control loop, in order to easily monitor the gain of the AUX controls over long periods
of time. I also developed an inversion filter to cancel out the resonances of the AUX
control loop actuator, in order to increase overall loop stability.

1 Introduction

1.1 Overview of the AUX Laser

Tiny ripples in the fabric of spacetime from a pair of coalescing black holes were first de-
tected by the LIGO observatories in 2015 [2]. The sensitivity in ground-based detectors
such as aLIGO stems from its 4km long Michelson interferometer with Fabry-Perot (FP)
cavities along its arms. Together with the effect of ‘power’ and ‘signal’ recycling cavities,
the interferometer is sensitive to differential arm motion from gravitationally induced strain
in the order of a part in 1072 in the audio band from 10 - 1000 Hz. In order for the LIGO
interferometer to reach its ultimate sensitivity it must be ”"locked”, which means that the
frequency of the main laser or ”pre-stabilized laser” (PSL) must be fixed to five coupled
degrees of freedom. The process of locking a single degree of freedom is as follows: when
the PSL is incident on a cavity (for example, the X arm cavity), the Pound-Drever—Hall
(PDH) technique measures the difference between the resonance of the cavity and the PSL
frequency [4] using the reflected light. Although the laser frequency fluctuates due to ran-
dom environmental changes, at frequencies above ~ 10 Hz, the PSL free-running noise is less
than that of the residual arm motion, so appropriate feedback control can adjust the cavity
mirror to bring keep the laser frequency resonant. Thus we constrain, or "lock”, the cavity
length to the frequency of the PSL.

Locking one cavity to the PSL is a relatively simple controls problem. Locking two coupled
cavities at once can be more complicated. Locking all five degrees of freedom that must be
controlled in the LIGO interferometer—the two cavities, the power recycling cavity, the signal
recycling cavity, and the Michelson degree of freedom—becomes increasingly complicated.
In order to simplify this task, we use Auxiliary (AUX) lasers to independently probe arm
cavities, as illustrated in Fig. 1.

The AUX lasers of the LIGO interferometer make the lock acquisition process more deter-
ministic and robust. There are two AUX lasers, one for each arm cavity, but both function

page 2



LIGO-T2200172-v3

Beat Not Frequency-
Detection Crystal

Arm Ca\rlty
Power
Recycling
Arm Cawty

) ﬂ Michelson
U
D signal
Recycling

‘;)[ Photodetector ]

|
EN

]

Figure 1:  Schematic diagram of the interferometer showing the PSL, main sections of
the interferometer, and AUX laser for one arm cavity. For ALS, the beatnote is taken by
interfering both laser beams in a fast photodetector (not shown).

the same way. The AUX laser seed is the same kind as the PSL—an Nd:YAG nonplanar
ring oscillator (NPRO) laser centered at 1064 nm—but a fraction of it is frequency-doubled
by a nonlinear crystal before entering the arm cavity. The test masses are coated to reflect
both green and infrared light, but the other optics in the interferometer—the power recycling
mirror, etc.—are only coated to reflect infrared light. Thus the 532 nm frequency doubled
AUX laser entering the interferometer only interacts with the arm cavity. In order to extract
the information about the cavity length without locking the cavity to the PSL, we lock the
AUX laser to the cavity. We use the same PDH technique detailed above, but instead of ad-
justing the cavity mirrors to keep the cavity length locked to the AUX frequency, we adjust
the AUX frequency to bring the laser into resonance. We do this by adjusting the voltage
applied to a piezo-electric transducer (PZT) straining the Nd:YAG crystal inside the laser.
Finally, each AUX laser is compared to the PSL by beating them in a fast photodetector,
as showin in Fig. 1. Since each AUX laser is locked to an arm cavity, we can see how far
off the PSL is from the X- and Y-arm cavity resonances before we lock each arm cavity to
the PSL. This is helpful for lock acquisition of the whole interferometer since knowing how
far the PSL is from the coupled cavity resonances allows us to keep the degrees of freedom
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away or close from resonance as we stabilize other components. [7, 8].

1.2 Proposed Future Calibration Scheme

The Photon calibrator (PCal) [5] operates by shooting a beam of photons at a test mass
and calculating how much each photon should move the test mass, to find the differential
arm length as illustrated in Fig. 2. However, even though the number of photons exiting
the transmitter module can be known, less photons are generally incident on the receiver
module due to various losses. Thus the number of photons that hit the test mass cannot be
known with arbitrary precision, giving the roughly 2% uncertainty of the current calibration
scheme. The second largest contribution to this uncertainty comes from calculating the test
mass movement, since the differential arm length cannot be measured directly.

~ B
Transmitter Penultimate
Module hies IR
Beam-relay
periscope Pcal Beams
Main interferometer beam Suspended ’ |
test mass
Stray light ifo beam J b
baffle
Receiver
Module Vacuum envelope
Test Mass

Figure 2: The current Pcal calibration scheme. Photons leave the transmitter module, hit
the test mass as shown, and then are measured on the receiver module [5].

The PCal calibration scheme is effective and precise enough for LIGO to do extensive pa-
rameter estimation analysis on detected gravitational waves. At Caltech’s 40m Lab a new
calibration scheme using the AUX laser system is being prototyped. This new calibration
method uses the beat note of the PSL and one AUX laser to measure differential arm length
directly (see Fig. 3). Thus we can compare a direct measurement of differential arm length
to light intensity exiting the interferometer, instead of a calculated value. This measurement
is also frequency-based instead of based on photon incidence, which could allow a higher
degree of precision. The goal is to reach a 0.1% level calibration under similar signal-to-
noise (SNR) ratio conditions. More precise detector calibration would allow us to reduce
uncertainties on astrophysical parameter estimation.

2 Methods
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Figure 3: The proposed AUX laser calibration scheme. Since the frequency of the PSL
is proportional to the common arm mode, taking the beat note with one arm (as shown,
the X-arm) yields a beat note frequency proportional to the differential arm length. Thus
obtain a direct, frequency-based measurement of differential arm length that can be used for
calibration [6].

2.1 AUX Laser Control Loop

The control loop of the AUX laser consists of four main components (see Fig. 4). The PZT
actuator inside the laser changes the frequency of the laser comprising the plant in our loop.
The PDH discriminator determines how far off the laser frequency is from the nearest cavity
resonance.The PDH error signal passes through a servo producing an appropriate correcting
voltage for the actuator. Various noise sources enter at different places in the loop as shown
in Fig. 4, including the free-running noise of the AUX laser (a)) and actuator noise (¢).

Multiplying the transfer functions of each of the components yields the Open Loop Gain
(OLG) of the loop (Gor(f) = KACD), which describes the gain of a signal that goes
around the loop once as a function of frequency. However, since the control system is a
closed loop, a signal that enters the loop does not go around once, but continues to circle the
loop until either it is effectively suppressed or it amplifies to a point that the laser loses lock
and the loop opens. The Closed Loop Gain (G¢r(f)) describes the asymptotic long-term
behavior of a signal that enters the loop and circles around continuously. The Closed Loop
Gain is found by taking

1

Gor(f) = 1= Gorlh)

(1)

It is clear from Equation 1 that the frequency at which Gy, = 1 is of importance. Past this
frequency called the Unity Gain Frequency (UGF), our control loop is unable to minimize
signals and begins to loop back upon itself, amplifying noises instead of suppressing them.
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Figure 4: The main features of the AUX laser control loop.

Thus, the UGF is a simple metric for the functional frequency range of our control loop, and
how that range changes over time. Monitoring the UGF of the AUX control system allows
us a to examine systematic effects on the gain of the controls, and thus better understand
the limitations of using the AUX laser system for calibration.

2.2 RedPitaya UGF Monitoring System

In order to monitor the UGF changing over time, I used a Red Pitaya STEMLab 125-10.
The Red Pitaya is a multifunctional FPGA that I used as a vector network analyzer (VNA)
to measure the OLG of the AUX laser control loop as depicted by Fig. 5. T wrote a Python
script using the Red Pitaya SCPI interface [1] to send in a swept sine of a given frequency
range and measure the transfer function of the OLG along with the coherence. The code
takes each frequency in the range, sends it into the control loop in Fig. 5, measures the
outputs at two points in the loop, and divides output 2 by output 1 to find the transfer
function of the OLG at that frequency. Additionally, scipy.signal.coherence calculates
the coherence at that frequency. The code then repeats the process for each frequency in
the range to create a swept sine input and get a transfer function with coherence over the
desired frequency band. I approximated the region of the transfer function H surrounding
the UGF as linear (on a log-log scale), and found the UGF and corresponding phase margin
as illustrated in Fig. 6. I propagated my measurement statistical uncertainty using Bendat
and Piersol’s textbook "Random Data: Analysis and Measurement Procedures” [3], which
approximates fractional uncertainty in |H| and ZHas:
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Figure 5: Diagram of the Red Pitaya VNA for the AUX laser control loop. Instead of
measuring or self-referencing the swept sine that it inserts into the loop, the Red Pitaya
takes as input two points within the loop, so that it measures the transfer function of the

OLG directly.
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where (f) is the coherence at each frequency and n is the number of averages. For the data
shown in Fig. 6, n = 1.

There are multiple advantages of a Red Pitaya monitoring VNA over a larger, high-precision
VNA such as the SR785 Dynamic Signal Analyzer. The Red Pitaya is much smaller, whereas
a large VNA must be set up on a cart. A Red Pitaya can be permanently installed near the
AUX controls to measure the loop for weeks or months without taking up much space. A Red
Pitaya is also far less expensive than an SR785 or comparable device, and therefore a lab can
afford to leave a Red Pitaya to monitor AUX control loop without needing to remove it for
more important purposes whenever a VNA is required. The disadvantages of the Red Pitaya
include a limited frequency range and a lower SNR than a more precise analog measurement
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Figure 6: Example OLG of the AUX control loop. A linear fit of the region surrounding
the UGF yields an estimate of the UGF and phase margin. Uncertainty is propagated as a
function of coherence.

device like an SR785 due to ADC/DAC noise. We also could not readily deploy the device
on the local network because it requires wired access. However, the frequency range of the
Red Pitaya includes the likely UGF values of the AUX loop, and being able to monitor how
the UGF changes over time is easier with low-precision but frequent measurements than it
would be with high-precision but infrequent measurements.

We verified a known systematic effect on the UGF (and thus the overall gain of the system);
the optical gain of the cavity—when the laser is locked and well-aligned, the UGF tended
to fall in the range of 13-17 kHz, but when the laser was locked but more poorly aligned,
with a lower optical gain, the UGF tended to fall in the range of 3-6 kHz. It might be
interesting to correlate this systematic with other signals in the interferometerl did not have
time to quantify this effect so further measurement of UGF vs. cavity optical gain would be
of interest.

2.3 Damping of the AUX Laser Actuator Resonances

The AUX control loop suppresses laser frequency noise up to the UGF of ~ 13 kHz, so
extending its bandwidth would allow increased gain to further suppress high frequency noise.
In order to increase the gain of AUX laser control loop, I also worked on creating a digital
filter to invert the resonances of the PZT inside the laser. At frequencies above 100 kHz,
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the resonant modes of the PZT itself become apparent, adding significant phase lag and
decreasing the loop gain. In order to improve loop stability at high frequencies, we first
measure the actuator (PZT) transfer function at high frequencies using a Liquid Instruments
Moku:Pro instead of the Red Pitaya, since the Moku could handle higher frequencies with
higher precision, and because it has the ability to implement digital filters to cancel out the
resonances

We measured the AUX PZT transfer function by the swept sine method described above,
and tracked the demodulated PSL-AUX beatnote using a delay-line frequency discriminator
(DFD). The 10 m DFD tracks frequency fluctuations in the beatnote and translates them
into an output voltage with magnitude.

sin (7 f)
wfT
where 7 ~ 44ns is the delay time equal to the delay line length divided by the speed of light
within the cable (0.75¢, with ¢ ~ 3 x 10% m/s the speed of light), K, ~ 1V/rad. Because

our measurement takes place at frequencies f < 771, our DFD calibration is approximately
constant and equal to 0.044.V/Hz.

V(f) = Ky2nT (3)

Using a manual fit (selecting and tuning poles and zeros visually) with 5 pairs of zeros and
5 pairs of poles, I fit the calibrated TF data and inverted the fit, as shown in Fig. 7.
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Figure 7: Measured actuator transfer function (ATF), calibrated with the transfer function
of the DFD. A manual fit over the data, using five pole pairs and five zero pairs, and (shown
for magnitude only) the inversion of the fit.

With the best fit parameters found above, I spliced in the measured data from 10 kHz to 1
MHz into a prediction of the actuator transfer function and used it to model the OLG by
multiplying with models of the transfer functions of the other components of the loop. I
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then multiplied in the transfer function of my inverted fit of the AUX PZT, to simulate the
effects of adding a digital cancellation filter. This is shown in Fig. 8. As cam be seen in the
phase of Fig. 8, the "bubble” visible from 1-50 kHz shifts to the right to 2-100 kHz. The
shift in this phase means that the phase margin of the UGF will prevent it from reaching
1+ 0, which would cause the loop to lose stability. Thus, this inversion filter would increase
the stability of the AUX laser control loop, and implementing it will increase the range of
stable frequencies at which the loop can suppress noise.

...OLTF AUX Laser (measured ATF)

104t —— OLTF - o
—— OLTF with inversion
>
~~
Z 1007 B
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100 ]
m O *
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—100[ b

10! 102 103 104 105 10° 107
Frequency [Hz]

Figure 8:  Open loop transfer function (OLTF) of the AUX laser, without and with the
inversion filter applied.

3 Ongoing Work

3.1 Damping of Actuator Resonances

Implementing the inversion filter described in Section 2.3 would improve loop stability. The
Moku:Pro can be used to create digital filters, and could be pursued as a way to implement
inversion of the PZT resonances. Refinement of the inversion filter is also an area for future
development—the current fit is a simple manual fit based on visual estimation of the poles
and zeros, but using a function such as vector fitting could increase the accuracy of the fit
and effectiveness of the inversion filter.
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3.2 Refining Proposed Control Scheme

Future work on the proposed AUX laser control scheme includes a more thorough and quan-
titative examination of effects on control loop gain (such as cavity optical gain).
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