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1 Introduction

The Laser Interferometer Gravitational-Wave Observatory (LIGO) is the most advanced
gravitational wave detector in operation. It measures extremely small changes in spacetime
caused by gravitational waves. Quantum noise is one of the main limiting factors for LIGO
sensitivity. It has two main components: shot noise at high frequencies and radiation pressure
noise at low frequencies.

To reduce quantum noise, LIGO uses squeezed light. In O3 observing run, frequency-
independent squeezing was applied. This reduced shot noise but increased radiation pressure
noise. To overcome this trade-off, frequency-dependent squeezing is employed using a filter
cavity.

For stable squeezing performance, the filter cavity is controlled with an infrared auxiliary
field in length, in position and the filter cavity must remain well aligned for stable operation.
It is first Pound-Drever-Hall (PDH) [1] locked with an auxiliary green beam at 532 nm. Since
the green beam has lower finesse than the infrared (IR) main beam, it is easier to lock. After
this initial acquisition, control is transferred to the IR main beam for frequency-dependent
squeezing. This transition is delicate and may fail in the presence of misalignments or a
large differential phase noise.

This project aims to improve the reliability of this process by developing an automatic
alignment scheme for the green beam. The approach is based on a dither-based angular
alignment control method that reuses the existing filter cavity alignment sensing control
(ASC) infrastructure.

2 Background

2.1 Quantum Noise in LIGO

Quantum noise in LIGO comes from the fundamental fluctuations of light due to the Heisen-
berg uncertainty principle, limiting the detector’s sensitivity. At low frequencies, it shows up
as radiation pressure noise because the photon number pushing the mirror is fluctuating. At
high frequencies, it shows up as shot noise, which comes from random photon arrival times.
In LIGO, quantum noise is one of the most significant limitations, and squeezing is used to
reduce this noise [2].

2.2 Squeezed Light

Frequency-independent squeezing was employed during the O3 observing run. While it did
reduce the shot-noise at higher frequencies, it came at the cost of higher radiation pressure
at low frequencies, and limited the level of squeezed light that could be injected. Frequency-
dependent squeezing solves this problem by rotating the squeezing ellipse in a frequency-
dependent manner. It decreases both shot noise and radiation pressure noise, reducing
quantum noise across the detection band.
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2.3 Filter Cavity

To achieve the rotation, the squeezed vacuum field is reflected off a detuned optical res-
onator, known as the filter cavity. The cavity’s finesse and detuning determine the rotation
bandwidth and thus the frequency dependence of the squeezing phase. In LIGO, the filter
cavity operates at a detuning of approximately 35 Hz from resonance with a linewidth of
about 74 Hz [3]. This linewidth is achieved by choosing the cavity length as 300 m, according
to

FSR

F
=

c

2LF
,

where FSR is the free spectral range, F the finesse, c the speed of light, and L the cavity
length.

The cavity mirrors are suspended via triple pendulums and mounted on seismically isolated
platforms to suppress environmental disturbances. While these parameters are chosen to
reduce quantum noise across the detection band, the high finesse makes the filter cavity
particularly sensitive to angular misalignment and length fluctuations [4].

2.4 Green Locking and IR Hand-off

Accurate alignment of the filter cavity is crucial for efficient coupling of the squeezed field and
for maintaining stable lock. The initial lock is achieved using a 532 nm auxiliary green beam
via the Pound–Drever–Hall technique. The green beam is generated via second-harmonic
generation from the main laser. A nested feedback system adjusts both the green laser
frequency and the position of the cavity mirrors to establish resonance. Once the green
lock is achieved, control is transferred to the IR main beam to enable squeezing operation.
During this transition, maintaining alignment between the incoming beam and the cavity
mode is critical [3].

2.5 Suspension System in LIGO

Mirror suspension systems are essential in interferometric gravitational wave detectors. They
hold the mirrors in place and reduce the effect of external disturbances, which allows precise
gravitational wave measurements. The main role of these systems is to isolate the mir-
rors from seismic vibrations To achieve this, multiple suspension stages are used, each one
targeting a different frequency range of noise.

The mirrors are hung by low-loss silica fibers to reduce thermal noise. With the help of the
suspension systems, the mirrors behave like free test masses over a wide frequency band.
Both passive isolation (pendulums, blades) and active isolation (sensors and actuators that
apply corrections in real time) are used together.

The masses are suspended either in triple or quadruple pendulum systems. For a simple
pendulum, the transfer function from horizontal ground motion to the pendulum mass de-
creases as 1/f 2 above the pendulum resonance. For each extra suspension stage, it decreases
faster, as 1/f 4, 1/f 6, . . . [5].
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Advanced detectors also need very precise mirror control and alignment, because even small
deviations can degrade the signals. For this reason, feedback control systems are applied to
keep the mirror positions stable.

2.6 Control Loops

Feedback control systems keep a system close to a chosen operating point, even when there
are disturbances. They watch the output, compare it to the desired value, and use this
difference (the error signal) to correct the system. In optical experiments, analog and linear
loops with negative feedback are most common. They are used to stabilize things like
position, frequency, or cavity length [6, 7].

A feedback loop has four main parts:

• Plant (G): the system that we want to control.

• Sensor: measures how far the plant is from the operating point and gives the error
signal.

• Servo (H): a filter that changes the error signal into a useful correction.

• Actuator: applies the correction to the plant.

In many cases, sensor and actuator are counted as part of the plant, since their signals cannot
be measured directly.

Any linear system can be described by a transfer function

G(ω) =
Out(ω)

In(ω)
.

With feedback, if a disturbance xN enters, the signals become

xO(ω) =
xN(ω)

1−G(ω)H(ω)
, xFB(ω) =

G(ω)H(ω)

1−G(ω)H(ω)
xN(ω).

As explained by Freise (Appendix B, [6]), if |GH| ≫ 1, the disturbance xO is reduced by
about 1/|GH|. The factor 1

1−GH
is called the closed-loop gain. Negative feedback means the

correction has the opposite sign, which helps to stabilize the plant. Positive feedback does
the opposite and usually leads to oscillations. For stability, when the open-loop gain is close
to one, the phase must stay above −360◦; otherwise the system can become unstable.
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Figure 1: Basic closed-loop system

2.7 Initial Alignment Procedure

The filter cavity length control is primarily performed with the 1064 nm field, since this
wavelength provides a better witness of the squeezed field and exhibits lower phase noise.
Nevertheless, monitoring and controlling the cavity at 532 nm is highly useful for diagnostics,
alignment, and for stabilizing the cavity during lock acquisition and commissioning. In this
process, the 532 nm Filter Cavity Green Sensing (FCGS) field is combined with the squeezed
field and sent into the cavity. To establish the initial alignment, a mode-matched 532 nm
or 1064 nm beam must be prepared, and the FC1 optic must be placed in position. The
ZM1–ZM3 mirrors are then adjusted so that the beam is centered on FC1, as verified from
the transmitted beam profile of FC1. After centering, the ZM mirrors are tuned to maintain
this condition while steering the beam down the 300 m cavity tube. Once the beam reaches
HAM8, the retro-reflection from FC1 is observed. FC1 is then adjusted so that this retro-
reflection overlaps with the incoming beam, thereby aligning FC1. Because FC1 introduces
a strong AR lens effect, this step requires iteration: moving FC1 changes the beam deflection
along the cavity tube, so multiple adjustments are needed. FC2 is aligned by tuning it such
that the reflected beam is directed back toward ZM1 [8].

2.8 Ray Transfer Matrix

Ray transfer matrix analysis (also known as ABCD matrix analysis) is a mathematical
method for ray tracing in systems where only paraxial rays are considered. Each optical
element is represented by a 2 × 2 matrix that transforms the ray position and angle from
an input plane (x1, θ1) to an output plane (x2, θ2). Multiplying the matrices of successive
elements gives the overall matrix of the system, allowing calculation of focal planes, mag-
nification, and other first-order optical properties under the paraxial approximation where
(x1, θ1) and (x2, θ2) are the ray position and angle at the input and output planes [9].
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[
x2

θ2

]
=

[
A B
C D

] [
x1

θ1

]
,

Figure 2: In ray transfer matrix anal-
ysis, an optical element (here, a thick
lens) gives a transformation.

The optical paths from the ZM1 and ZM3 mirrors to FC1 were modeled using the ray
transfer (ABCD) matrix method under the paraxial approximation. For each segment, the
corresponding matrix was chosen according to the optical element:

• Flat mirrors (ZM1, ZM3): Represented by the identity matrix, since they do not
change the ray’s position or slope in the paraxial regime:

I =

[
1 0
0 1

]
.

• Curved mirror (ZM2): Modeled using

LZM2 =

 1 0

− 2

Re

1

 ,

where Re = R cos θ in the tangential plane (horizontal direction) and Re = R/ cos θ in
the sagittal plane (vertical direction). Here, R is the radius of curvature (R > 0 for
concave) and θ is the incidence angle in the horizontal plane.

LZM2 =

 1 0

− 2

0.84
1

 .

• Thick lens (FC1):

Lthick =

[
1 0

n2−n1

R2n1

n2

n1

] [
1 t
0 1

] [
1 0

n1−n2

R1n2

n1

n2

]
,

where n1 is the refractive index outside the lens, n2 inside the lens, R1, R2 are the radii
of curvature of the first and second surfaces, and t is the center thickness.
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For FC1, the parameters were:

n1 = 1, n2 = 1.46, R1 = 1.0 m, R2 → ∞ (flat surface), t = 0.07 m.

Substituting these into the formula:

LFC1 =

[
1 0

0 1.46

] [
1 0.07

0 1

] 1 0

−0.46

1.46

1

1.46

 =

[
0.98 0.05

−0.46 1

]
.

• Free-space propagation: For each distance between elements, the translation matrix

S(d) =

[
1 d

0 1

]
,

was applied, where d is the separation along the optical axis.

SZM3→FC1 =

[
1 0.99

0 1

]
, SZM2→ZM3 =

[
1 1.84

0 1

]
, SZM1→ZM2 =

[
1 1.5

0 1

]
.

By multiplying the matrices in sequence, the total ray transfer matrices from ZM1 to FC1
and from ZM3 to FC1 were obtained. These final matrices describe how an input ray’s
position and slope transform along each optical path, allowing evaluation of beam direction
and angle behavior at the FC1 input plane.

The resulting ray transfer matrices for the two optical paths are:[
x2

θ2

]
ZM1→FC1

= LFC1 SZM3→FC1 SZM2→ZM3 LZM2 SZM1→ZM2

[
x1

θ1

]
≈

[
−5.72 −5.80

0.25 0.08

] [
x1

θ1

]
,

[
x2

θ2

]
ZM3→FC1

= LFC1 SZM3→FC1

[
x1

θ1

]
≈

[
0.98 1.02

−0.46 0.54

] [
x1

θ1

]
,

[
x2

θ2

]
ZM1→FC2

= SFC1→FC2

[
x2

θ2

]
ZM1→FC1

≈
[
70.1 19

0.25 0.08

] [
x1

θ1

]
,

[
x2

θ2

]
ZM3→FC2

= SFC1→FC2

[
x2

θ2

]
ZM3→FC1

≈
[
−136 163.12

−0.46 0.54

] [
x1

θ1

]
.

For pitch and yaw rotations, only angular deviation is applied; thus, x1 is set to zero.

[
x2

θ2

]
ZM1→FC1

≈
[
−5.80 θ1
0.08 θ1

] [
x2

θ2

]
ZM3→FC1

≈
[
1.02 θ1
0.54 θ1

]
[
x2

θ2

]
ZM1→FC2

≈
[
19 θ1
0.08 θ1

] [
x2

θ2

]
ZM3→FC2

≈
[
163.12 θ1
0.54 θ1

]
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These results show the effect of a pure angular input on the beam position at the filter cavity
input and output planes.

[
−5.80 19

1.02 163.12

] [
θZM1

θZM3

]
=

[
xFC1

xFC2

]

2.9 Dithering

Dithering is an angular excitation of a suspension of a defined frequency [10]. First, we apply
a small dither to a mirror in pitch or yaw. Dithering in this context is intentionally inducing
noise for a degree of freedom (DoF) (ZM1 pitch for example), to determine the noise coupling
from that DoF to our signal of interest (filter cavity green transmission/reflection signal for
example), and using the noise coupling to determine the “best” configuration for the DoF.
Dither-based alignment techniques are widely and successfully used in LIGO control systems
[10], space communications [11], fiber applications [12] and other areas.

3 Objective

3.1 Problem Statement

Since the filter cavity is a suspended cavity, we should consider the input alignment of the
beam to the cavity, as well as the alignment of the cavity mirrors making up the optical
axis of the cavity. There are already alignment control schemes in place for the IR locked
configuration; however, the auxiliary green locking has no such alignment aid currently.

The purpose of the auxiliary green beam is to pre-lock the filter cavity length, then tune
the length of the cavity to be sufficiently close to the IR resonance frequency, and keep the
cavity locked while the IR beam is in the process of acquiring lock. If at any time during
this process the green cavity loses lock, IR locking cannot be achieved. As reported in alogs
[13, 14, 15, 16], cavity misalignment is a common reason for the green cavity to lose lock
during the hand-off and as such, we propose making a dither alignment scheme for the green
auxiliary beam.

3.2 Proposed Solution

The auxiliary green beam used for filter cavity (FC) locking is tapped off from the SHG
(Second Harmonic Generation). The existing FC alignment sensing control (ASC) infrared
beam path is used for this purpose. Before entering the filter cavity, the green beam is
directed through mirrors ZM1, ZM2, and ZM3 as explained in 2.7.

In this configuration, the FC mirrors are responsible for controlling the cavity axis, while the
ZM mirrors determine the input beam spot position with respect to the cavity. A total of
two degrees of freedom (DoFs) were assigned to the FC mirrors and two to the ZM mirrors.
Considering both pitch and yaw, this corresponds to a total of eight angular degrees of
freedom in the control system.
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In this project, two types of alignment control loops were implemented:

• ZM loops: These loops use the transmitted green signal from the filter cavity as
the sensor input. The error signals extracted from this channel are processed through
the filter banks, and the resulting control signals are applied to the electromagnetic
actuators on the ZM mirrors. In this way, the ZM loops steer the input beam onto the
filter cavity.

• FC loops: These loops use the filter cavity length control signal as the sensor input.
After being processed in the filter banks, the corresponding control signals are applied
to the electromagnetic actuators on the FC mirrors. The FC loops thus stabilize the
cavity axis relative to the incoming beam.

Together, the ZM and FC loops provide cooperative control: the ZMmirrors adjust alignment
of the input beam relative to the cavity axis, whereas the FC mirror angles will adjust the
cavity axis relative to the center of the FC mirrors, thereby maintaining stable coupling of
the green beam to the filter cavity.

We defined the control loops by assigning specific actuation channels to the relevant mirrors
based on the front-end C code, compiled from Simulink model (see Figure 3).

First, the demodulated error signals obtained from the sensors are passed through an input
matrix. The ZM and FC mirrors are dithered at some higher frequency and the transmitted
power and cavity length are demodulated. The input matrix assigns each error signal to the
corresponding controller. In this configuration, ZM1 pitch and yaw are driven through the
INJ POS channels, ZM3 pitch and yaw are controlled via the INJ ANG channels, and FC1 pitch
as well as FC2 pitch are controlled through the CAV POS and CAV ANG channels, respectively.

Subsequently, the signals are processed by the servo controller, which incorporates the filter
bank. The controller outputs are then passed through an output matrix that maps them
to the appropriate degrees of freedom. Finally, the signals are applied to the actuators
corresponding to FC1 pitch, FC2 pitch, ZM1 pitch, and ZM3 pitch.

It should be noted that the figure presented here reflects only the pitch configuration. An
equivalent version of the control loop exists for yaw, which follows the same structure.
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Figure 3: Simulink model of the filter cavity alignment sensing control.

4 Progress

4.1 Obtaining Transfer Functions of ZMs

The first step in the green beam auto alignment system was to select appropriate dither
frequencies for each angular degree of freedom (pitch and yaw) of the filter cavity input
path. To achieve this, we measured the actuator to sensor transfer functions of the ZM1 and
ZM3 mirrors, specifically their bottom-stage (M2) actuators.

A swept-sine excitation was applied in the 5–2500Hz range to the L1:SUS-{ZM1, ZM3}
M2 DITHER {P,Y} OUT channels. While exciting each degree of freedom (DoF) individually,
we monitored the filter cavity’s transmitted green power signal at L1:SQZ-FC TRANS A NSUM

OUTPUT.

In order to enhance the sensitivity of the cavity transmission to each individual alignment
DoF, we pre-misaligned the mirror under test in the corresponding DoF. This enhances the
sensitivity of the transmitted signal to angular motion in the selected DoF, thereby improving
the observability of the system response and allowing for reliable transfer function estimation.

The transfer function plot corresponding to ZM1 Pitch is shown below. It shows the magni-
tude and coherence of the response from angular drive to filter cavity (FC) green transmis-
sion.
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Figure 4: ZM1 Pitch

The observed responses are broadly flat in the frequency range of interest, consistent with
prior actuator transfer function measurements performed at Hanford [17].

4.2 ZM Dither/Demodulation

In the next phase of the FC green beam angular alignment scheme, we defined the control
loops by assigning specific actuation channels to the relevant mirrors. Based on the Simulink
control model (see Figure 3), we used:
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• INJ POS P and INJ POS Y actuators to control pitch and yaw of ZM1,

• INJ ANG P and INJ ANG Y actuators to control pitch and yaw of ZM3.

In all four cases, the alignment error signals are obtained by demodulating the TRANS A SUM

channel at the applied dither frequencies. The resulting signals (e.g., ADS1, ADS2) corre-
spond the response of the cavity transmission to angular misalignments, and serve as inputs
to the alignment control loop.

To define how the sensed alignment signals are mapped into actuation commands, SQZ-FC ASC

INMATRIX is constructed. This matrix multiplies the demodulated alignment sensing signals
(e.g., ADS1, ADS2) and distributes the result to the available pitch and yaw control chan-
nels. The output of this matrix serves as the input to the servo filters, which process the
signals before sending them to the corresponding angular actuators.

The demodulation parameters, including dither frequency, gain, and phase, were selected
based on measured mirror transfer functions as shown in Part 1. :

DoF Frequency (Hz) CLK Gain Demod Phase (deg)

ZM1 Pitch 101.1 2000 −40
ZM1 Yaw 126.1 2000 140
ZM3 Pitch 151.1 200 120
ZM3 Yaw 176.1 200 105

Although four filters were originally preloaded in the FC ASC control chain for the IR
alignment path, we enabled only the FM9, whose bode plot is given in Figure 5 :

12



Figure 5: FM9 Bode Plot

After enabling the dithers and closing the loops, we observed a clear increase in the TRANS A SUM

signal, confirming improved alignment.

The alignment loops are relatively slow on the order of several minutes. To improve speed
and control bandwidth, we planned to implement inverted plant filters based on measured
mirror responses.

4.3 Implementing Plant Inversion Filters for ZMs

As mentioned in Part 2, the alignment control loops were slower than desired. We suspected
that this limited performance might be due to the pendulum dynamics of the ZM1 and ZM3
suspensions. To obtain a flatter overall response and improve control bandwidth, we decided
to measure the plant transfer functions from the top stages (M1) of ZM1 and ZM3, and
design corresponding inverse filters.

We began by generating expected models for pitch and yaw using DoubleModel Production

tool in Matlab* [18] (see Figure 6 and Figure 7)

* Located at
/ligo/svncommon/SusSVN/sus/trunk/Common/MatlabTools/DoubleModel Production

13



Figure 6: Expected transfer function model for pitch

Figure 7: Expected transfer function model for yaw

These models served as a reference to verify the shape of our measured transfer functions. We
then applied low-frequency swept sine excitations to the M1 stages from the L1:SUS-{ZM1,
ZM3} M1 DITHER {P,Y} EXC channel. We also measured the resulting angular response (see
Figure 8). A similar technique had previously been applied at the M2 stage to characterize
high-frequency behavior (see ALOG [19]).
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Figure 8: Measured transfer function for ZM1 Pitch

Figure 9: Measured transfer function for ZM1 Yaw

After obtaining the transfer function data, we used the chebyChef tool [20] to perform zero-
pole-gain (ZPK) fitting. This tool provides an accurate representation of complex frequency
responses. The raw transfer function data was extracted using the dttxml [21] utility. Once
the ZPK models were obtained, we implemented their inverses to use as pre-filters in the
alignment control loops. The resulting fits and parameters are shown in the accompanying
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figure for ZM1 pitch (see Figure 10).

Figure 10: Measured and fitted transfer functions for ZM1 Pitch

Each loop was initially tested individually. After enabling the new Guardian state GR ALIGN,
we first misaligned ZM1 in pitch and closed only the FC-ASC-INJ-POS-P loop. Upon loop
closure, we observed a clear increase in the FC TRANS A SUM OUT signal, indicating success-
ful correction of misalignment. Simultaneously, the demodulated alignment error signals
decayed toward zero as the system converged.

After validating the stability of each individual loop, all four alignment loops were then
closed simultaneously. We subsequently increased the corresponding input matrix gains to
improve performance further.

Following the application of the inverse filters, the alignment loops showed significantly faster
convergence compared to previous measurements. However, we observed some oscillatory
behavior in the error signals. The source of these oscillations is under investigation. The
power spectral density (PSD) of the error signals is shown in Figure 11. As seen in the
power spectral density plot, two unexpected peaks appear near 3.9 Hz and 6 Hz. These
features are present in the yaw error signals, suggesting that the observed oscillations may
originate from the yaw control loops.
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Figure 11: Power spectral density of the error signals

4.4 Determining Inmatrix Values for ZMs

After closing all ZM loops and confirming their performance for correcting ZM1/3, we decided
to test their reaction to misaligned FC mirrors. However, we saw the ZM loops reacting too
slowly to FC misalignments, so we decided to reevaluate the input matrix values for the
ZMs.

We wanted to create a cavity-axis-based alignment system, so we constructed the degrees
of freedom in that way. For this reason, we gave excitation to the controller outputs of the
FC loops, looking at the ZM error signals ( Figure 12 ). At each excitation frequency, we
compared the responses of ZM1 and ZM3 in both phase and magnitude, and from these
measurements, we constructed a coupling matrix. Then, we inverted this measured matrix
and used the result as the input matrix.

Excitation channel: L1:SQZ-FC ASC {CAV,POS} {PIT,YAW} OUT

Comparison channels: L1:SQZ-FC-ASC ADS {PIT,YAW}{1,2} DEMOD I OUT

17



Figure 12: Measured transfer functions of ZM error signals in response to FC excitations.

[
ZM1Pitch

ZM3Pitch

]
=

[
−0.004 0.003

0.003 −0.004

][
xFC1

xFC2

]
⇒

[
−571.4 −428.6

−428.6 −571.4

]
[
ZM1Yaw

ZM3Yaw

]
=

[
0.005 −0.004

0.003 −0.004

][
xFC1

xFC2

]
⇒

[
500.0 −500.0

375.0 −625.0

]

4.5 Closing the FC Loops

After the arrangement with the ZM loops was completed, we moved on to the FC loops.
The same dither frequencies as those used in the IR loops were applied, namely:

• PIT3: 10 Hz (FC1)

• PIT4: 12 Hz (FC2)

• YAW3: 6 Hz (FC1)

18



• YAW4: 8 Hz (FC2)

The control logic was similar to that of the ZM loops, however in this case we drove (dithered)
the FC mirrors and demodulated the FC length signal. Angle-to-length coupling is naturally
introduced if the beam is off-center on the mirror, or more accurately not co-located with
the rotation point. As such, demodulating the length signal at the dither frequency provides
a measurement of this angle-to-length coupling and an indirect estimate of how far the beam
spot was displaced from the mirror center. Prior to closing the FC loops, gain factors were
obtained by applying offsets and monitoring the differences in the demodulated signals. The
corresponding gain filters were then implemented. All required gain filters were integrated
into the filter banks on the servo side and included in the GUARDIAN code. Additionally,
the servo consists of a Butterworth low-pass filter, an integrator, and a gain stage.

Finally, to determine the output matrix for the FC mirrors, the beam spot location matrix
was calculated from the cavity geometry using the g-parameters.

Figure 13: Beam spot positions

The relation between mirror tilt angles (θ1, θ2) and the corresponding beam spot displace-
ments (x1, x2) on the mirrors can be expressed as [22]:

[
x1

x2

]
=

L

1− g1g2

[
g2 1

1 g1

][
θ1

θ2

]
, (1)

with the stability parameters defined as

gi = 1− L

Ri

, i = 1, 2, (2)

where L is the cavity length and Ri are the mirror radii of curvature. In our case, the cavity
length is L = 300m, corresponding to the filter cavity length. The radii of curvature of the
mirrors are R1 = ∞ (flat mirror) and R2 = 531m. Accordingly, the stability parameters
become

L = 300m, g1 = 1, g2 =
231
531
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[
xFC1

xFC2

]
=

[
231 531

531 531

][
θFC1

θFC2

]
[
θFC1

θFC2

]
=

[
−3 3

3 −1

][
xFC1

xFC2

]
(Pitch)

[
θFC1

θFC2

]
=

[
−3 3

−3 1

][
xFC1

xFC2

]
(Yaw)

This matrix was inverted and implemented in the control system OUTMATRIX so that the
controller signals are mapped correctly to the FC1 and FC2 actuators.

5 Results

After intentionally misaligning the ZM mirrors, we observe that the error signals are grad-
ually driven toward zero over time ( Figure 14), demonstrating that the ZM loops act to
correct the misalignment. Initially, all signals show a disturbance, but as the loops engage,
they converge toward zero. In the plot, the blue trace corresponds to ZM1 pitch, the or-
ange trace to ZM1 yaw, the green trace to ZM3 yaw, and the red trace to ZM3 pitch. This
confirms that each loop works to bring its associated degree of freedom back into alignment.

Figure 14: ZM Loops
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After intentionally misaligning the FC loops, we observe the response of the loops to this
disturbance in Figure 15. During the misalignment, we introduced a yaw-to-length coupling,
which can be clearly seen in the top plot. In the middle plot, the corresponding control signal
is shown reacting to the misalignment. Finally, the bottom plot displays the error signal. It
is gradually driven toward zero over time, showing that the loops act to re-align the system.

Figure 15: FC Loops

After purposely misaligning the pitch and yaw of the FC and ZM mirrors, all control loops
were engaged. As shown below ( Figure 16 and Figure 17 ), the loops act cooperatively to
recover the alignment. Initially, the transmitted green power decreased due to misalignment,
but once the loops are active, the alignment is restored. The blue curves show the transmitted
green power. The orange, purple, red, and green traces represent the error signals, which
can be seen approaching zero over time as the loops act to correct the misalignment.
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Figure 16: Pitch

Figure 17: Yaw
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6 Conclusion

The Filter Cavity Green Alignment Sensing Control loops have been successfully designed
and commissioned. These loops are employed to correct the alignment of the green beam
to the cavity (via ZM1/ZM3) as well as the alignment of the filter cavity to the input beam
(via FC1/FC2). Due to their fast response, they are considered suitable for integration into
the filter cavity locking sequence, with the aim of improving the reliability of the green to
IR hand-off. All Guardian codes required for this procedure have already been prepared
and thoroughly tested during the course of this project. The state is currently designated as
GR ALIGN, and the corresponding Guardian code is provided in the Appendix A.

7 Future Work

At this stage, the only remaining task is integration. One possible approach is to enable the
FC Green ASC loops immediately after green lock is established and to maintain them until
just before the filter cavity begins sweeping its length to acquire IR resonance. Also, the
resonance peaks ( Figure 11 ) at 3.9 Hz and 6 Hz should be suppressed.
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A Guardian State

#TID 07/22/25

class GR_ALIGN(GuardState):

index = 24

request = False

@GR_lock_checker

def main(self):

self.timer[’wait’] = 0

self.counter = 0

# Turn Off the dithering for top stage and turn on bottom stage for ZM’s

for optic in [’ZM1’,’ZM3’]:

for dof in [’P’,’Y’]:

ezca.switch(’SUS-{}_M1_DITHER_{}’.format(optic,dof),’OUTPUT’,’OFF’)

ezca.switch(’SUS-{}_M2_DITHER_{}’.format(optic,dof),’OUTPUT’,’ON’)

# Turn Off the dithering for top stage and turn on bottom stage for FC’s

for optic in [’FC1’,’FC2’]:

for dof in [’P’,’Y’]:

ezca.switch(’SUS-{}_M1_DITHER_{}’.format(optic,dof),’OUTPUT’,’OFF’)

ezca.switch(’SUS-{}_M2_DITHER_{}’.format(optic,dof),’OUTPUT’,’OFF’)

ezca.switch(’SUS-{}_M3_DITHER_{}’.format(optic,dof),’OUTPUT’,’ON’)

#TURN OFF THE CAV SWITCHES:

for m in [’POS’, ’ANG’]:

for n in [’P’,’Y’]:

ezca.switch("SQZ-FC_ASC_CAV_{}_{}".format(m,n),’INPUT’,’OFF’)

#CLEAR ALL HISTORYs

for i in [’CAV’,’INJ’]:

for m in [’POS’, ’ANG’]:

for n in [’P’,’Y’]:

ezca["SQZ-FC_ASC_{}_{}_{}_RSET".format(i,m,n)]=2

#Set ADS senmatrix

for dof1 in [’3’,’4’]:

matrixSQZ.FC_ASC_SENMATRIX_P.zero(row= f’ADS_{dof1}_I’)

matrixSQZ.FC_ASC_SENMATRIX_Y.zero(row= f’ADS_{dof1}_I’)

matrixSQZ.FC_ASC_SENMATRIX_P[’ADS_3_I’,’FCL_FB’] = 1
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matrixSQZ.FC_ASC_SENMATRIX_P[’ADS_4_I’,’FCL_FB’] = 1

matrixSQZ.FC_ASC_SENMATRIX_Y[’ADS_3_I’,’FCL_FB’] = 1

matrixSQZ.FC_ASC_SENMATRIX_Y[’ADS_4_I’,’FCL_FB’] = 1

#set the input matrices for ZM’s

matrixSQZ.FC_ASC_INMATRIX_P.zero(row= ’INJ_POS’)

matrixSQZ.FC_ASC_INMATRIX_P.zero(row= ’INJ_ANG’)

matrixSQZ.FC_ASC_INMATRIX_P[’INJ_POS’,’ADS_1_I’]= -571.4*1e-1

matrixSQZ.FC_ASC_INMATRIX_P[’INJ_ANG’,’ADS_2_I’]= -571.4*1e-1

matrixSQZ.FC_ASC_INMATRIX_P[’INJ_POS’,’ADS_2_I’]= -428.6*1e-1

matrixSQZ.FC_ASC_INMATRIX_P[’INJ_ANG’,’ADS_1_I’]= -428.6*1e-1

matrixSQZ.FC_ASC_INMATRIX_Y.zero(row= ’INJ_POS’)

matrixSQZ.FC_ASC_INMATRIX_Y.zero(row= ’INJ_ANG’)

matrixSQZ.FC_ASC_INMATRIX_Y[’INJ_POS’,’ADS_1_I’]= 125*0.5

matrixSQZ.FC_ASC_INMATRIX_Y[’INJ_ANG’,’ADS_2_I’]= -156.25*0.5

matrixSQZ.FC_ASC_INMATRIX_Y[’INJ_POS’,’ADS_2_I’]= -125*0.5

matrixSQZ.FC_ASC_INMATRIX_Y[’INJ_ANG’,’ADS_1_I’]= 93.75*0.5

#set the output matrices for ZM’s

matrixSQZ.FC_ASC_OUTMATRIX_P.zero(col= ’INJ_POS’)

matrixSQZ.FC_ASC_OUTMATRIX_P.zero(col= ’INJ_ANG’)

matrixSQZ.FC_ASC_OUTMATRIX_P[’ZM1’,’INJ_POS’] = 10

matrixSQZ.FC_ASC_OUTMATRIX_P[’ZM3’,’INJ_ANG’] = 1

matrixSQZ.FC_ASC_OUTMATRIX_P[’ZM3’,’INJ_POS’] = 0

matrixSQZ.FC_ASC_OUTMATRIX_Y.zero(col= ’INJ_POS’)

matrixSQZ.FC_ASC_OUTMATRIX_Y.zero(col= ’INJ_ANG’)

matrixSQZ.FC_ASC_OUTMATRIX_Y[’ZM1’,’INJ_POS’] = 10

matrixSQZ.FC_ASC_OUTMATRIX_Y[’ZM3’,’INJ_ANG’] = 1

matrixSQZ.FC_ASC_OUTMATRIX_Y[’ZM3’,’INJ_POS’] = 0

#set the input matrices for FC’s

matrixSQZ.FC_ASC_INMATRIX_P.zero(row= ’CAV_POS’)

matrixSQZ.FC_ASC_INMATRIX_P.zero(row= ’CAV_ANG’)

matrixSQZ.FC_ASC_INMATRIX_P[’CAV_POS’,’ADS_3_I’]= -0.0017

matrixSQZ.FC_ASC_INMATRIX_P[’CAV_ANG’,’ADS_4_I’]= 1

matrixSQZ.FC_ASC_INMATRIX_Y.zero(row= ’CAV_POS’)

matrixSQZ.FC_ASC_INMATRIX_Y.zero(row= ’CAV_ANG’)

matrixSQZ.FC_ASC_INMATRIX_Y[’CAV_POS’,’ADS_3_I’]= 1

matrixSQZ.FC_ASC_INMATRIX_Y[’CAV_ANG’,’ADS_4_I’]= 1

#set the output matrices for FC’s

matrixSQZ.FC_ASC_OUTMATRIX_P.zero(col= ’CAV_POS’)
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matrixSQZ.FC_ASC_OUTMATRIX_P.zero(col= ’CAV_ANG’)

matrixSQZ.FC_ASC_OUTMATRIX_P[’FC1’,’CAV_POS’] = -3

matrixSQZ.FC_ASC_OUTMATRIX_P[’FC1’,’CAV_ANG’] = 3

matrixSQZ.FC_ASC_OUTMATRIX_P[’FC2’,’CAV_POS’] = 3

matrixSQZ.FC_ASC_OUTMATRIX_P[’FC2’,’CAV_ANG’] = -1

matrixSQZ.FC_ASC_OUTMATRIX_Y.zero(col= ’CAV_POS’)

matrixSQZ.FC_ASC_OUTMATRIX_Y.zero(col= ’CAV_ANG’)

matrixSQZ.FC_ASC_OUTMATRIX_Y[’FC1’,’CAV_POS’] = -3

matrixSQZ.FC_ASC_OUTMATRIX_Y[’FC1’,’CAV_ANG’] = 3

matrixSQZ.FC_ASC_OUTMATRIX_Y[’FC2’,’CAV_POS’] = -3

matrixSQZ.FC_ASC_OUTMATRIX_Y[’FC2’,’CAV_ANG’] = 1

matrixSQZ.FC_ASC_INMATRIX_P.load()

matrixSQZ.FC_ASC_INMATRIX_Y.load()

#set the oscillator for dithering ZM’s

turn_on_osc(’PIT1’,101.1,2000,-40)

turn_on_osc(’PIT2’,151.1,200,120)

turn_on_osc(’YAW1’,126.1,2000,140)

turn_on_osc(’YAW2’,176.1,200,105)

#set the oscillator for dithering FC’s

turn_on_osc(’PIT3’,10,1000,0)

turn_on_osc(’PIT4’,12,3000,-5)

turn_on_osc(’YAW3’,6,1000,16)

turn_on_osc(’YAW4’,8,3000,0)

#demodualtion filters for ZM’s

for i in [’PIT’,’YAW’]:

for m in [’1’, ’2’]:

for n in [’I’]:

ezca.switch(f’SQZ-FC_ASC_ADS_{i}{m}_DEMOD_{n}’,’FMALL’,’OFF’)

ezca.switch(f’SQZ-FC_ASC_ADS_{i}{m}_DEMOD_{n}’,’FM6’,’ON’)

#demodualtion filters for FC’s

for i in [’PIT’,’YAW’]:

for m in [’3’, ’4’]:

for n in [’I’]:

ezca.switch(f’SQZ-FC_ASC_ADS_{i}{m}_DEMOD_{n}’,’FMALL’,’OFF’)

ezca.switch(f’SQZ-FC_ASC_ADS_{i}{m}_DEMOD_{n}’,’FM1’,’ON’)

ezca.switch(f’SQZ-FC_ASC_ADS_{i}{m}_DEMOD_{n}’,’FM3’,’ON’)

ezca.switch(f’SQZ-FC_ASC_ADS_{i}{m}_DEMOD_{n}’,’FM10’,’ON’)
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# turn ON the servo FM9 filter for ZM’s

for m in [’POS’, ’ANG’]:

for n in [’P’,’Y’]:

ezca.switch(’SQZ-FC_ASC_INJ_{}_{}’.format(m,n),’FMALL’,’OFF’)

ezca.switch(’SQZ-FC_ASC_INJ_{}_{}’.format(m,n),’FM9’,’ON’)

for m in [’POS’, ’ANG’]:

for n in [’P’,’Y’]:

ezca.switch(f’SQZ-FC_ASC_CAV_{m}_{n}’,’FMALL’,’OFF’)

ezca.switch(f’SQZ-FC_ASC_CAV_{m}_{n}’,’FM1’,’FM8’,’FM9’,’ON’)

# turn ON the servo filters for FC’s

ezca.switch(’SQZ-FC_ASC_CAV_ANG_P’,’FM2’,’ON’)

ezca.switch(’SQZ-FC_ASC_CAV_POS_Y’,’FM2’,’FM3’,’ON’)

ezca.switch(’SQZ-FC_ASC_CAV_ANG_Y’,’FM2’,’ON’)

ezca.switch(’SQZ-FC_ASC_INJ_POS_Y’,’FM3’,’ON’)

ezca.switch(’SQZ-FC_ASC_INJ_POS_P’,’FM3’,’ON’)

#TURN ON THE ZM SWITCHES:

log(’Turning on ZM angular servos’)

for m in [’POS’, ’ANG’]:

for n in [’P’,’Y’]:

ezca.switch("SQZ-FC_ASC_INJ_{}_{}".format(m,n),’INPUT’,’ON’)

#TURN ON THE FC SWITCHES:

log(’Turning on FC servos’)

for m in [’POS’, ’ANG’]:

for n in [’P’,’Y’]:

ezca.switch("SQZ-FC_ASC_CAV_{}_{}".format(m,n),’INPUT’,’ON’)

#close the loop

ezca[’SQZ-FC_ASC_GAIN’] = 0.5

@GR_lock_checker

def run(self):

return True

29


	Introduction
	Background
	Quantum Noise in LIGO
	Squeezed Light
	Filter Cavity
	Green Locking and IR Hand-off
	Suspension System in LIGO
	Control Loops
	Initial Alignment Procedure
	Ray Transfer Matrix
	Dithering

	Objective
	Problem Statement
	Proposed Solution

	Progress
	Obtaining Transfer Functions of ZMs
	ZM Dither/Demodulation
	 Implementing Plant Inversion Filters for ZMs 
	Determining Inmatrix Values for ZMs
	Closing the FC Loops

	Results
	Conclusion
	Future Work
	Acknowledgments
	Guardian State

