Robust Optics Simulation for Mode-Mismatch Reduction at LIGO Hanford

Final Report
T2500228

Leendert Schrader

Advisors: Camilla Compton and Dr.
(Dated: October 11, 2025)

Jennifer Wright

Abstract: The Laser Interferometer Gravitational-wave Observatory (LIGO) Hanford site employs
quantum squeezing to increase effective observational range by approximately 30 Mpc — a signifi-
cant portion of LIGO’s total 150 Mpc range. However, the quantum squeezing process may induce
substantial mode-mismatch losses upon injection into the main interferometer beam. To combat
this, two piezo-actuated curved mirrors exist near the squeezer output path to allow for precise con-
trol of beam propagation. In this work, we characterize the squeezed beam propagation along these
actuated curved mirrors, creating a comprehensive model for extracting optimal voltage supply to
each mirror for mode-mismatch minimization. Using experimental data from a diverted squeezer
beam, we construct a macro-level model for beam parameter computation by supplied mirror voltage
alone. Our model approach then yields both mode-mismatch quantification (by forward propaga-
tion) as well as mirror curvature estimations (by back propagation), ultimately establishing global
characteristics for the beam and associated optics.

I. INTRODUCTION

Gravitational-wave detection as performed in the Laser
Interferometer Gravitational-Wave Observatory (LIGO)
involves the ultra-precise application of lasers to study
extreme events in deep space.l! Due to the sensitivity
required of the light-based measurements, it is necessary
that the quantum properties of light be substantively
controlled. A technique that has proven successful in in-
creasing the signal-to-noise ratio (SNR) of measurements
is known as quantum squeezing, which has yielded an
approximate range increase of 30 Mpc out of LIGO’s ap-
proximate 150 Mpc total range.

The idea and method of quantum squeezing is in the
reshaping of the quantum noise. That is, the Heisenberg
uncertainty principle, given in terms of the standard de-
viation of position o, and momentum o, as

0z0p > 5

with A the reduced Planck’s constant, implies that in-
creasing uncertainty in amplitude fluctuations allows
phase uncertainty to be decreased (and vice versa). In
quantum squeezing, this principle is applied to increase
the SNR over large frequency ranges by decreasing quan-
tum phase uncertainty.

Despite its successes, if the quantum squeezing sys-
tem’s beam has any mode-mismatch from the main inter-
ferometer laser, the net measurement noise does not opti-
mally decrease due to unwanted additional noise. Mode-
mismatch refers to a category of events: i.e. wavefront
misalignment with mirror curvatures and/or non-ideal
beam convergence. These phenomena can arise from in-
correct distances for beam travel between optics, flawed
curvatures of mirrors or lenses, manufacturing error, mir-
ror tilt, faulty beam centering, etc.

There exist measures we can take to resolve the mode-
mismatch, however. Mirrors which have adjustable cur-

vatures via piezo-electronic transducers can manipulate
the beam characteristics early in the path of travel, al-
lowing us to fix potential mode-mismatch provided that
we have a precise understanding of the beam interactions
at each mirror. In this work, we create a comprehensive
beam profiling Matlab model in which we may under-
stand mode-mismatch between the squeezed beam and
the main interferometer near the readout. Furthermore,
applying principals of Gaussian optics, our simulation is
able to extract precise estimates for mirror curvatures
in-vacuum.

We collect and compare real mode-matching data to
the simulation to confirm its accuracy. As the simula-
tion only requests diverted beam path data to run, this
work is translatable to other observatories which seek to
understand mode-mismatch without disruptions to ob-
servation runs.

Throughout this work, the schematic of the beam path
as shown in FIG. [I] will be our main spatial reference.
As an overview: the squeezed beam exits the squeezer
(SQZ), interacts with the actuated curved mirrors ZM4
and ZM5, passes through the Optical Faraday Isolator
(OFI), reflects off the Signal Recycling Mirror (SRM)
to pass through the OFI once more, then reflects off
OM1 (curved mirror), OM2 (curved mirror), OM3 (flat
mirror), ultimately reaching the Output Mode Cleaner
(OMC).

All code and data referenced in this work can be found
in the “alm beam simulation for SQZ” repository. !

II. APPROACH AND METHODOLOGY

LIGO Hanford’s beam is sufficiently modeled by a
Gaussian profile; that is, for some refractive index n and
wavelength A, the beam intensity profile evolves in the



PZT actuated curved mirrors.

Change RoC with input voltage.

HAM6

FIG. 1. Full beam path schematic from the SQZ output to
the OMC.

radial and propagation directions (r, z respectively) as

I(r,2) = I (%)Zexp (—w%g)

where Ij is the intensity at the center of the beam focus
and wq is the beam radius at the focus. The beam radius
as a function of propagation direction respects
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Notice that a Gaussian beam is characterized entirely
when waist size and waist location are specified (assum-
ing n and A known). An immensely useful tool for beam
chaacterization is the complex beam parameter ¢ defined
as &

q(z) = (2 — 20) +i2r

where zo denotes the position of the beam waist. ¢(z)
thus contains all necessary information to understand the
beam, when determined. When interacting with an opti-
cal component with known ABCD matrix (ray transfer
matrix), the output complex beam parameter is deter-
mined by
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In general, we may quantify the efficiency 7 of mode-
matchi via integrals over complex planar electric fields
Ey, B

y— I EiEdaP )
[1EL?dA [ Eo? dA

with optimal 7 = 1 occurring when E; = Fs. Crucially,
the normalized electric field strength u(r, z) for a circular
Gaussian beam is determined from ¢(z) alone, given as

u(r,z) = ﬁ exp (-m%)

where k = 27n/\. Thus, in order to fully simulate our
system, we obtain ¢(z) at some arbitrary point and cal-
culate the propagation using the ray transfer matrix of
each component. Using the Matlab-based “a la mode”
mode-matching simulation Software,@ we are able to in-
put these parameters for efficient computation of mode
overlap.

With the framework for component creation in a la
mode, beam path creation reduces to finding compo-
nent characteristics from documentation. We obtained
precise values for component distances, radii of curva-
ture and incidence angles (when applicable), and refrac-
tive indices, with certain parameters such as periscope
height measured manually using a standard ruler. The
sources of these metrics were logged in LIGO Document
T2500228.7

We then collected the experimental beam ¢ parameters
on the SQZT7 diagnostic table (a remotely switchable di-
verter provides the beam; see FIG. . On SQZT7, both
horizontal and vertical beam widths were measured us-
ing a NanoScan beam profiler at 5-7 consecutive points
along the path. A metric ruler was used to measure the
distances of each profile from the base of the periscope
as in FIG. [2] Prior to collecting each dataset, the strain
gauges for ZM4 and ZM5 were fixed to specified voltage
readouts. That is, the 5-7 point profiling was performed
for a total of 10 combinations of curvature radii for ZM4
and ZM5. The combinations were chosen to include ex-
trema of the strain gauges to appropriately characterize
the entire range of ZM4 and ZM5 curvatures.

All 10 datasets (associated to their strain gauge com-
bination) were then fitted with an optimal ¢ parameter
using a la mode. The ¢ parameters were interpolated us-
ing a low-order polynomial surface to model the beam as
a continuous function of ZM4 and ZM5 strain gauge volt-
ages (and thus a continuous function of ZM4 and ZM5
curvatures).

To understand mode-matching, this continuous func-
tion of ¢ parameters was mathematically propagated for-
ward through the beam path and into the OMC, wherein
mode-matching was computed using (2). From this,
mode-matching was represented as a continuous function
of ZM4 and ZM5 strain gauges.

Since the exact curvature radii for ZM4 and ZM5 could
not be known without costly in-vacuum measurements on
HAMY, the interpolated ¢ parameters were mathemati-
cally back-propagated to ZM5 for analysis. Using the ray



Beam
scans

HAM?7

FIG. 2. Schematic of the diverted beam path to SQZT?7.

transfer matrix method, the following relation holds:
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where ¢ is the distance between ZM4 and ZM5, ¢,, and ¢
are the interpolated and seed ¢ parameters respectively,
and R4 and Rj are the curvature radii of ZM4 and ZM5
respectively. In order to solve the above overdetermined
system, optical power of ZM4 was assumed to vary lin-
early with strain gauge voltage. Prior data available in
LIGO Document E2100289 validates this assumption.

The curvature Rs was then calculated for all combina-
tions of strain gauge voltages. In doing so, the curvature
of the actuated mirrors could be estimated from the di-
verted beam path profiling alone.

III. RESULTS

The beam propagation for nominal ZM4 and ZMS5
strain gauge values is shown in FIG.[3] The “g-manifold”
— the continuous ¢ parameters as a function of ZM4 and
ZM5 strain gauge voltages — is displayed in FIG.[d] The
use of color mapping is necessary as ¢ is complex val-
ued. Notice in particular that for fixed ZM5 voltage,
the real part of the g parameter varies as a linear func-
tion (or rather, as a close approximate linear function)
of ZM4 voltage, further validating our linearity assump-
tion for the component. In order to know all pertinent
characteristics of the beam, one only needs to evaluate
the g-manifold with specified strain gauge values. To
account for astigmatism, g-manifolds for both the hori-
zontal and vertical beam widths were created for mode-
matching analysis.
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FIG. 3. Beam propagation simulated from the SQZ output to

the OMC for strain gauge readouts of 6 V for ZM4 and —0.4
V for ZM5.
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FIG. 4. Interpolated q parameters for horizontal width data
over all supplied voltages to ZM4 and ZM5. The real part of
q is plotted on the z-axis, while the imaginary part is mapped
in color.

Forward propagation of the g-Manifold yields the “n-
manifold” — the continuous function representing mode-
matching values between the SQZ and OMC beams over
all strain gauge readings. This surface is the geomet-
ric mean of the separate horizontal and vertical mode-
matching surfaces computed from the horizontal and ver-
tical g-manifolds.

Mode-matching scans at the OMC were performed to
test the simulation’s accuracy (see FIG. 5). While the
simulation accurately predicts the value of n in the re-
gions where high mode-match occurs, it underestimates
1 near suboptimal curvatures of ZM4 and ZM5. The
simulated and experimental surfaces are similar in their
relative profiles (i.e. both predict high and low 7 in ap-
proximately the same regions), implying a possible break-
down of the Gaussian beam assumption due to astigmatic
behavior.

Finally, back-propagating the g-manifold allowed us to
obtain highly satisfactory estimates for ZM5 from the
assumed curvature of ZM4. In particular, since the seed
beam before ZM4 has known ¢ parameter, and since we
assume a ZM4 curvature, the ¢ parameter before ZM5
is determined by (I)). Thus, the ZM5 curvature can be
computed (also by , reorganized to solve for matrix
element C' = —2/R;), and the simulation can propagate
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FIG. 5. Simulated mode-matching (smooth surface) and ex-
perimental mode-matching (gridded surface) overlaid.
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FIG. 6. Simulated beam widths with estimated ZM4 and ZM5
curvatures (solid blue) against the experimental data used for
each estimation. Each ordered pair has units in PZT voltage.

the beam from the SQZ to the OMC. FIG. 6 displays
four such results from the estimates. We conclude that
the simulation can indeed be used to find accurate mirror
characteristics, avoiding the high financial costs and time
consumption of performing measurements of components
in vacuum.

IV. CONCLUSIONS

The beam simulation of the SQZ beam traveling
toward the LIGO Hanford OMC that was created, in its
full generality, performs particularly well in three spe-
cific areas: robust beam characterization with regards
to the actuated mirror curvatures (the g¢-manifold),
identifying broad mode-match trends (the n-manifold),

and estimating curvature radii of otherwise inaccessible
mirrors (¢g-manifold back-propagation). More precise
computations are necessary to ensure the mode-matching
values indeed match up with experiment, likely requiring
a more detailed understanding of astigmatism caused
by individual components. In general, the simulation is
highly versatile, and can be translated to other optical
setups (e.g. LIGO Livingston) so long as beam profiling
is possible.
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