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1 Abstract

The FROnt Surface Type Irradiator (FROSTI) is a new wavefront actuator for LIGO that
will enable higher laser power and reduce quantum noise. FROSTI uses an infrared heat-
ing pattern projected by a blackbody source onto the highly-reflective surfaces of the LIGO
test-masses. FROSTI is named for its ability to return the optic to its cold optical state.
Thermal radiation is used as it is the only source with sufficient intensity stability which
meets LIGO’s strict requirements. An upper limit has been set on the displacment noise
caused by intensity fluctuations in FROSTI, but even higher sensitivity measurements are
necessary. This project will develop an optical testbed to measure photon bunching de-
scribed by the Hanbury-Brown-Twiss effect. The result of this measurement would be a
demonstration that FROSTI can operate at its theoretical noise minimum.

2 Summary of Thermal Effects and FROSTI

For brevity, the review of gravitational waves and LIGO has been omitted from this docu-
ment. A summary of the adaptive optics in LIGO and UC Riverside’s FROSTI wavefront
actuator are kept for the readers reference. Full discussion of the background for this project
can be found in LIGO Document T2600151-v1.

Thermal effects in the optics limit both achievable laser power and squeezing levels. Ab-
sorption of higher laser power within the coatings of the test masses results in a radial
temperature gradient in the optics and thermo-elastic surface deformation in the test mass
[2]. Both of these effects result in thermo-elastic deformations of the optical surfaces and
thermo-refractive lensing within the substrate. Higher levels of squeezing become ineffective
if thermo-refractive lensing inside the ITM introduces too much wavefront distortion [8].
To mitigate the wavefront errors, LIGO currently uses the Thermal Compensation System

(TCS).
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Figure 1: Overview of alLIGO ring heaters mounted as part of the Thermal Compenstation

System (TCS) [2]

As a part of the LIGO TCS, ring heaters (seen in gray and labeled RH in Fig. 1) are
mounted along the barrel of the Initial Test-Mass ITM and End Test-Masses (ETMs). These
ring heaters heat the optic to alter the surface curvature and substrate lenses. This results
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in a radially quadratic correction on the substrate and surface lenses, which is designed to
mitigate the wavefront error in the center of the optic. Looking forward, the correction
provided by the TCS is not sufficient for A# requirements. The residual wavefront errors
on the LIGO’s ITM can be seen in Fig. 2. Even with optimal TCS corrections, hundreds of
nm of wavefront error persist. This residual wavefront error prevents A# targets of 1.5 MW
of power and 10db of squeezing [5].
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Figure 2: Residual wavefront error in LIGO A# 100 kg Initial Test-Masses (ITMs). [9].

The need to correct the remaining wavefront errors demands a new method of active wave-
front control. The group at University of California, Riverside has developed a system known
as the FROnt Surface Type Irradiator (FROSTI). This active wavefront control is named for
its ability to return the optic to its optically cold state [9]. It works by projecting 3-14 ym
thermal radiation in an annular spatial pattern onto each test-mass. The heat is produced
by an internal graybody source, and is reshaped by non-imaging reflectors which create the
annular pattern. A graybody source is chosen for its ability to radiate with intensity stability
near the shot-noise limit. FROSTI represents a new method of adaptive optics designed to
operate under higher laser power [8].

A major experimental challenge is posed by the fact that the corrective heating is applied
directly onto the highly-reflective surface of the test-masses. As these are the most displace-
ment sensitive optics, intensity noise from FROSTI will couple into optomechanical and
photothermal displacement noise [1, 8]. The dominant source of noise coupling stems from
photothermal "bending” caused by thermoelastic motion of the HR surface relative to its
center of gravity. Quantifying FROSTI’s relative intensity noise (RIN) is essential to ensure
it meets LIGO stringent requirements.

For this purpose, we seek to develop an optical test bed designed to set improved upper
limits on FROSTT’s RIN (see Fig. 4 for current upper limit, seen in red). We can measure
photon bunching, described the Hanbury-Brown-Twiss effect, which lies just above the shot
noise produced by FROSTT’s radiation. Detecting this relatively small effect would provide
critical information about the system’s noise performance. Successfully measuring this would
demonstrate that FROSTI can operate near its theoretical noise floor.
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Figure 3: Ray tracing (left) and FEA (right) simulations of the FROSTI concept. Resulting
surface deformation shown in the bottom right. The annular irradiance pattern designed to
reduce thermal aberrations at the edges can be clearly seen [9].
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Figure 4: Measurement of relative intensity noise (RIN) of FROSTI prototype project into
strain sensitivity. In blue, the LIGO A+ sensitivity target. In red, the experimental upper
limit measured. In dashed purple, the theoretical noise limit of FROSIT. Finally, in maroon
is the correlated sensing noise floor. Bottom figure is the reduced chi-squared statistic for
the cross-spectra based measurements. 8]
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3 Objectives

1. Design and construct the optical setup with the FROSTI instrument to measure the
Hanbury Brown-Twiss effect

2. Construct a data analysis pipeline using the group’s integrated Cymac system to ana-
lyze data

3. Investigate the characterization of dual RedPitaya STEMLAB 125-14 ADC perfor-
mance

4 Approach/Method

4.1 Measurement of photon bunching

The cardinal objective of this project is to probe the measurement of Hanbury Brown and
Twiss (HBT) correlations from photons in FROSTI’s radiation [3]. The cross correlations
described in this experiment come from temporal correlation of photons (which obey Bose-
Einstein statistics) using an HBT apparatus.

An HBT apparatus is built such that photon bunching noise can be transformed to a signal
[10]. A schematic of the optical setup can be seen in Fig. 5. Radiation from the FROSTI
radiation is focused using a lens, and sent to the beam splitter. A 50/50 beam splitter directs
half of the light to each respective identical photodetector.

Lens Beamsplitter Photodetector
FROSTI
Irradiance D LensU pi
_Tlens
Photodetector
v Analog to Digital

Converter

Figure 5: Apparatus designed used to measure photon bunching described by the Hanbury-
Brown-Twiss effect.

The principal measurement of a photon "bunch” is as follows. As FROSTT uses a graybody
source, photon emission is governed by the Bose-Einstein distribution [6]. This allows n
photons to be excited for a given mode at a given frequency with a certain probability. A
photon "bunch” contains n>1 or significantly more incident photons on the beamsplitter
[10]. When this bunching occurs, it is likely that some photons within the bunch are split to
two different paths by the beam splitter. As this happens, the photodetectors along the two
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paths will read a coincident spike. Finally, an analog-to-digital converter (ADC) digitizes
the data for further analysis.

The amplitude of the Cross Spectral Density (CSD) of the two time-domain data streams
will spike at frequencies where they are correlated with some delay [7]. If found, this mea-
surement would demonstrate FROSTT’s ability to operate below LIGO’s displacement noise
requirements.

4.2 HBT Configuration
4.2.1 Imaging system model

The HBT setup will see higher power if the FROSTI aperture is imaged onto the photode-
tector. This means it is necessary to perform some theoretical calculations before purchasing
parts for the experimental setup. These calculations will narrow down the options available
commercially from Thorlabs and Edmund. As the beamsplitter does not influence the imag-
ing, a simplified view of one arm is used. A simple cascaded imaging system of equations is
applied.
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Figure 6: Diagram of the imaging system

4.2.2 System constraints

This means the system magnification is constrained by the FROSTI aperture size (object

height) and the photodetector area (image height). To get the aperture size, the FROSTI

opening was measured both in lab and using the CAD model. A Thorlabs PDAVJ5 photode-

tector is available in the lab, which has an effective detector area of 1 mm? and wavelength
1

range of 3 — 5 um. The system magnification must then be m = —4.
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Figure 7: FROSTI aperture opening in Solidworks.

Other constraints are the distances at the extremes of the HBT setup. First, the lens which
captures the radiation from FROSTI must be 3-5 mm from the aperture opening. Second,
the lens which focuses the light onto the PD must be < 1”. Finally, the beamsplitter will
be positioned at the focus of the first lens as to direct all of the light without cropping
the aperture. This means the focal length of L1 must be less than the separation distance
between the two lenses.

If possible, this experiment should be mounted onto a single, small, breadboard which can fit
into the laboratory cabinet. In this way, when FROSTI needs more RIN measurements, the
system designed in this report can be quickly mounted in front of the FROSTI and perform
the measurement. The design of this HBT apparatus should be small, modular, and quickly
reusable. For this reason, the system thickness, t, is a major design parameter and should
be less than 35” (dimension of cabinet).

21 2 29 2y t fi fo
Smm  Free Free <17 < 35”7 Free Free

Table 1: Fixed and free variables in the system

Fits inside the laboratory cabinet, t < 35”

Beam splitter is placed at the focus of L1, f; <t

Lens 1 placed 3-5 mm from FROSTI opening, z; = [—5, —3] mm

Lens 2 placed < 17 in front of the photodetector, 2'2 <17

4.2.3 Focal lengths and thickness

After reading the catalogs from Thorlabs and Edmund Optics, an initial list of parts were
compiled. The available focal lengths were between 40 and 500 mm. We want to use a fast
lens near the photodetector, so fs was set to be 40mm. f; was considered a free variable,
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and computed for the range of 40 to 500 mm. These were passed to Eq. 1-4, where ¢-f; and
z1-f1 plots were generated.
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Figure 8: t-f; and z;-f; plots for fo=40mm.

At fi = 40 mm, the system thickness is between 3 and 8”, which is compatible with system
requirements. Unfortunately, the z; distance must be at a minimum 60”. This is unreason-
ably far from the FROSTI radiation source.

Many other configurations were computed and all reached the same conclusion. There is no
imaging system which uses fo = 40 mm that can fit within the laboratory cabinet. With this
undesirable result, we chose to hold off on purchasing the first lens. Instead, A single 40 mm
lens will be placed before each PD. The HBT apparatus will be initially built with no lens
to capture the FROSTTI radiation, instead the beam splitter will be placed 5mm from the
opening and direct radiation to the lenses before the PDs. We can treat the light rays as
quasi-collimated as they exit FROSTI, we may be able to focus enough power onto the PDs
using only one plano-convex lens. After measuring the power captured this way, we may
upgrade later by purchasing a lens to place at the FROSTIL.

One 40 mm plano convex lens will be placed in front of the photodetectors. After measuring
the power, another lens may be purchased to place in front of the FROSTI.

4.2.4 Substrate type and coating

The Thorlabs PDAVJ5 photodectector used for this project is optimized for the 3 — 5um
range. Any optics used should also be optimized for these wavelengths as well. Therefore,
calcium floride, CaF, substrate was selected for its high transitivity between 1 and 8 microns.
Zinc selenide optics are the traditional choice for Mid-IR experiments, but CaFy actually
provides more transmission at the 3-5 micron range we are working in. Also, CaFy beam-
splitters have more equal reflection and transmission spectrums, so we can get equal 50/50
power in both arms.
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Finally, the lenses should have an anti-reflection coating for 3 — 5um to remove unwanted
reflections from propagating in the system.

CaF, Transmission
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Figure 9: Properties of Thorlabs BSW510 CaFy; beam splitter. Left: Overall substrate
transmission, Center: Coating reflectance, Right: Coating transmission
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Figure 10: Properties of Thorlabs LA5370-E1 CaF, plano-convex lens. Anti-reflection coat-
ing on the shaded region. Left: Transmission, Right: Reflectance.

The beamsplitter and lenses will both use a CakF, substrate. The beamsplitter will be coated
for 2 — 8um and the lenses will be coated from 2 — bum.

4.2.5 Ordered parts

From the discussion above, final selections on the parts list were made and purchased from
Thorlabs. With these parts in hand, assembly of the apparatus can begin and measurements
will follow. The next report should highlight power measurements of the system and any
upgrades to the focusing lenses if they come.

Manufacturer Name ID Cost  Quantity
Thorlabs (1” CaF, Plate Beamsplitter BSW510  $363.52 1
Thorlabs 01” CaFs Plano-Convex Lens LA5370-E1  $227.52 2
Thorlabs Aluminum Breadboard 8”x8"x1/2” MBS $91.59 1

Table 2: Parts ordered to built HBT setup

A Solidworks model is under development for future reference. It will include all of the optics
discussed above, along with their mounts and and precise placements. As stated above, the
immediate next step is to measure the power received on the photodiodes using a single-lens
system.
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4.3 Investigation of dual ADCs

If time permits, this project will also seek to determine the performance of two, daisy-
chained, RedPitaya STEMLab 125-14 ADCs. The current configuration relies on one ADC,
the CyMAC system, which may limit more sensitive measurements of the intensity noise.
When the photodetectors share the same ADC, any noise originating from the ADC will
appear as coincident in the cross spectral density, complicating analysis. It is proposed to
utilize two separate ADC cards for power spectral density (PSD) and cross spectral density
(CSD) measurements. This approach could reduce correlated noise by eliminating a few
shared noise sources. Some progress has already been made in comparing the dual RP
configuration against the existing CyMAC [4] ADC. Further efforts are necessary to achieve
a better measurement, particularly longer acquisition times.

5 Timeline

Week Number Objectives

Weeks 2 and 3 %
June 29th - July 10th | Construct optical system (assembly, alignment, data ac-
quisition); Assemble dual RP data aqcuisition measure-
ment

Weeks 4 and 5
July 13th - July 24th | Assemble FROSTTI instrument and connect to measure-
ment bench. Write interim project report. Begin taking
measurements of ADC performance

Weeks 6 and 7

July 27th - Aug. 7th Measurement campaign and complete cross correlation
data analysis; Continued measurements on ADC per-
formance

Week 8

Aug. 10th - Aug. 14th | Finalize data analysis; Complete other measurements
necessary

Week 9

Aug. 17th - Aug. 21st | Write final paper and presentation.

Table 3: 9-week schedule for the project.
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