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Abstract

This thesis investigates visible wavelength adaptive optics for astronomy.
More specifically, it presents the development High Order Adaptive Optics
(HOAQ)) system CANARY-HOsted UpGrade for HOAO (CHOUGH]) for the
William Herschel Telescope (WHTJ). The is a narrow field of view
high-order single conjugate on-sky Adaptive optics (AQ) demonstrator de-
signed to be implemented at the [WITT]

The main focus of this thesis is the development of a High-Order Wave-
front Sensor (HOWES) and an Atmospheric Dispersion Corrector (ADC]). A
is a central piece of this experiment; it is a Shack-Hartmann with
a sampling of 31x31 subapertures across the pupil. The detector is a Niivii
EMCCD camera, operating at >500Hz. The lenslet array, collimator and

relay are commercial off-the-shelf.

When observing at a wide range of wavelengths the atmospheric chromatic
dispersion can limit the spatial resolution (Wynne and Worswich, |1986)), and
this limit cannot be overcome by the [AQ] system unless it is equipped with
an [ADCl Usually to avoid pupil actuator-lenslet array mismatch, the [ADC]is
customarily placed very close to the pupil plane. This design aims to achieve
a non-pupil conjugated suitable to be located in any place inside the
collimated beam path; this is due to the restrictions given by [CHOUGH]optical
relay. The also needs to satisfy the very small pupil shift requirement,
for pupil stability.

As the results obtained in the laboratory confirmed, both of these sub-
systems have performed individually within their specifications which indicates

that the proposed designs were successful.
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CHAPTER ].

Introduction

Light coming from distant objects arrives as a flat wavefront at the Earth’s
atmosphere. When this wavefront travels through the different atmospheric layers
it becomes distorted. As a consequence, instead of seeing a sharp round "Spot"(Airy
disk) our detector sees a blurry image, thus restricting telescopes’ capabilities to

reach a diffraction limit Point Spread Function (PSE]).

These aberrations in the wavefront are due to the variation in refractive index
in the atmosphere. This variation is produced by small fluctuations in the air
temperature as a result of changes in wind velocity, mixing atmospheric layers at
different temperatures. These changes in the index of refraction vary in time and

so do the aberrations in the wavefront.

Before the wavefront enters the atmosphere it is flat with the same phase along it.
It forms a plane perpendicular to the propagation direction. After passing through
the atmosphere the phase changes randomly for different points on the wavefront,
distorting this plane. Figure depicts the phase difference of two points on the
wavefront after the effects of the atmosphere, where {(7) is the optical path length

and ¢(7") = 2X1() is the phase in the wavefront.

The strength of atmospheric turbulence that will affect the phase of the wavefront
can be measured by using the coherence length, also known as Fried parameter or

simply r,. This parameter introduced by David Fried in the 1960’s (Fried, 1966) is
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Flat
Wavefront

Atmospheric Turbulence

Aberrated

/ Il(;» ) Wavefront

Figure 1.1: Phase difference of two points of an aberrated wavefront.

commonly used today to characterize seeing at a particular wavelength. The Fried
parameter is usually expressed in centimetres. It defines a circular aperture size
over which the mean-square wavefront error is 1rad? . This can range from under
5cm to over 20 cm. Average values are generally in the range of 7-12 cm (Hardy,
1998)). Small values mean strong turbulence and bad seeing, whilst large values

correspond to weak turbulence and good seeing.

In atmospheric science, turbulent random processes are described by the phase
structure function. The Kolmogorov model of the turbulence distortions describes
the specific form of the phase structure function, Equation This is the average
difference between two values of a random process. It is used to describe the spatial

characteristics of the medium, in this case the atmosphere, and it is related to rg
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through Equation
Dy(7) = ([6(F +7) — $(@)]?). (1.1)

Dy(7) = 6.88 (’ﬂ)m | (1.2)

Where

]_3/5 (1.3)

ro = |0.423k2(sec 6.) / dh Cyy(h)

Cp(h) is the refractive index structure parameter, it has altitude dependence, h,
and represents the vertical distribution of the optical turbulence; 6, is the zenith
angle; and k = 27”, the wavenumber. From equation it can be inferred that rg

is proportional to cos®® 0, as well as to \6/2.

In addition to the coherence length parameter, there is also a time parameter
known as atmospheric coherence time, Greenwood or atmospheric time constant

To- 1t measures the time rate at which the wavefront phase structure changes which

is defined in Equation [T.4]

o = 0.314% (1.4)

where V is the wind velocity averaged over the altitude for each layer e defined

by (Roddier et al., [1982]).

[Ecmvnialt
v = [ (1.5)

n

Another aspect to consider is the isoplanatic angle 6y, which is the angle two

stars can be separated, and still have their light pass through the same turbulent
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region, defined as the angle at which the mean-square wavefront error, averaged

over a large aperture, is 1rad?.

0y = 0.314%0. (1.6)

where h is some characteristic average turbulence altitude. The averaging is done

by weighting the C?(h) profile with h%/3,

Astronomical [AQ] is the technology used to correct in real time the aberra-
tions caused by atmospheric turbulence, reducing in this way the wavefront dis-

tortions. The most conventional [AQl systems consist of three principle subsys-

tems: a [WES| a [DM] and a [RTCl system. Fig. [I.2 illustrates the concept.

Light From

Adaptive Distorted

Wavefront

Feedback loop: &
le orrected
next cyc Wavefront
corrects the
(small) errors of
the last cycle

High-resolution
Camera

Figure 1.2: Illustration of the principles of technology.
(Image credits: Lawrence Livermore National Laboratory and NSF Center for Ad-
aptive Optics).
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BEFORE AFTER

— -

Incoming Deformable Corrected
Wave with Mirror Wavefront
Aberration

Figure 1.3: simplified form how a [DM]is able to correct a distorted wavefront.
(Image credit: Lawrence Livermore National Laboratory and NSF Center for Ad-
aptive Optics).

The main subsystems of an [AQ] system are the following:

e The [WES|is the instrument that measures the wavefront shape.

e TheRTreads the WES measurements and gives the required commands to
the [DM] to shape its surface into the needed form in order to compensate for

the wavefront phase difference.

e The [DM] through a set of actuators shapes its surface in order to correct the

wavefront distortion, as sketched in Figure [1.3]

An[AQ] system needs to convert the wavefront measurements into commands to
the DMl An interaction matrix P is a matrix that measures the signal § of each
actuator on the (WES]

s=Pc.

A control matrix is generated by creating a pseudo-inverse of a measured interac-
tion matrix, this other matrix relates the measured wavefront to [DMl commands ¢,
that if applied to the will produce the shape necessary to correct the wavefront
distortion.

¢="P's
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Since for ground based telescopes started, at the end of the 1980’s (Rousset,
G. et al. 1990), night astronomical has been developed mostly for the near
Infrared (IR]) part of the electromagnetic spectrum, providing very good results in
this range. Developing the technology for the near [[R], and longer wavelengths was
a natural path to follow, since ry varies proportionally to A6/5 thus the coherence
length is longer, which makes correcting aberrated wavefronts more accessible given

the available technology.

When rq is evaluated at a shorter wavelength, the wavefront needs to be finely
sampled, so then subapertures become smaller. Consequently the resolution re-
quired to correct increases, and so does the actuator density required. Likewise 7
determines the correction speed, which increases when going to shorter wavelengths,
the [DM] must respond faster with the decrease of the coherence time. Shorter
wavelengths require wavefront correction on very short spatial and temporal scales.
Smaller subapertures and quicker sampling mean less flux thus lower These
are the challenges that emerge when developing [AQ] for visible light. The techno-
logy used for [AQ] has advanced: [DMk have more actuators and finer strokes and
can run faster as well. Similarly, the detectors technology is now equipped with

higher resolution and speed.

[HOAQ] corrections create a more compact and accurate [PSE] for high-angular
resolution observations. With the capability to use fainter targets, [ HOAQI allows
high image resolution, so being able to reach high-order corrections in the visible
gives access to new science targets on this side of the spectrum, or extremely high-
order correction in the near-IR. For example, stellar population color magnitude
diagram (CMDI)s have better diagnostic power at optical wavelengths. This has led
to the requirement of enhancing at shorter (0.7-0.8 um) wavelengths as well
as developing new techniques for estimating the ages of stellar populations. Direct
imaging of exoplanets benefits from instrumentation, where contrast ratios
of 10° within 0.1 arcsec are required. Exoplanets are a high priority science goal

for the new Extremely large telescopes (ELT))s projects.
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Currently there are a few projects working on higher order [AQ] these instruments
have been designed with additional visible wavelength capabilities. The projects

are reviewed below.

e SAXO (Petit et al., [2008) is a specific sub-system of SPHERE (Beuzit} 2008)
at a 8.2m telescope. SPHERE is a planet finder for the Very Large Tele-
scope (VL) dedicated to exoplanet imaging, detection, and characteriza-
tion. It incorporates a very high-order System (SAXO) together with
a coronographic device. SAXO is equipped with a CILAS [DM] with 41x41
actuators and a 40 x 40 subaperture visible spatially filtered Shack-Hartmann
(VIS-WFS) based on a EMCCD camera. It is a 240x 240 pixel (pixel size
is 24 x 24 ym?) Charge-Coupled Device (CCDJ)) with a sampling frequency >
1200 Hz. A SPHERE observation is the discovery of an edge-on disc reported
in a paper entitled “A new disk discovered with VLT/SPHERE around the
M star GSC 07396-00759” (Sissa et al., 2018).

e GPIAO (Poyneer et al [2016) is an[AQO]subsystem for Gemini Planet Imager
(GPI) (Macintosh et al.,[2007). Built for the Gemini South telescope in Chile,
which has an 8-meter diameter primary mirror. The system utilizes a
woofer /tweeter mirror pair, a 9x 9 mirror from CILAS with a 5 mm actuator
pitch and £3.4 ym stroke; and a 4096-actuator Boston Micromachines Micro
Electro-Mechanical System Deformable Mirror (MEMS-DM]), 5 nm actuator
pitch and 1.07um stroke. The makes visible-light measurements, it is
a Spatially-Filtered Shack-Hartmann (Poyneer and Macintosh, 2004).
The control loop can run at 1kHz on bright stars and the 160x 160 pixel
operates at 700-900nm. The science instrument for is a Near-
infrared (NIR) integral field spectrograph (Larkin et al) [2014). GPI has

been used for a variety of science missions, including the large scale Gemini

Planet Imager Exoplanet Survey (GPIES)

*https://www.gemini.edu/sciops/instruments/gpi/gpies-campaign
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e Subaru coronagraphic extreme (SCExAQ)) (Lozi et all, [2015) at
8.2m Subaru telescope, is an[AQ]instrument designed to be inserted between
the Subaru curvature sensor adaptive optics system AO188 (Hayano et al.,
2010) and the infrared HiCIAO (Hodapp et al., 2008) camera (Garrel et al.,
2011). [SCExAQ] was designed to operate between 0.6 to 2.4 um. It has
a 2000-actuator [DM] and a visible pyramid wavefront sensor operating at
3.5kHz. The science instruments are two visible interferometric modules,
VAMPIRES (Norris et al., [2015) and FIRST (Bordwell et al. 2015)). Direct
imaging Observation obtained from the Subaru system with data
recorded by the HiCIAO are reported in the paper "Subaru/SCExAO First-
Light Direct Imaging of a Young Debris Disk around HD 36546" (Currie et al.,
2017).

e PALM-3000 (Burruss et al., 2014]) is the second-generation astronomical
adaptive optics facility for the 5.1 m Hale telescope at Palomar Observat-
ory. It is an extension of the PALAO system (Dekany)). It uses the
350-actuator DMl of PALAO and adds a 3388-actuator [DM] alongside with
a Shack-Hartmann wavefront sensor. The has four modes of lenslet
array with up to 64 x 64 sampling in the pupil plane. This system has been
engineered specifically to optimize high-contrast study used in conjunction
with specialized speckle-suppressing instrumentation (Dekany et al., 2013)).
Four back-end instruments are planned at first light: the PHARO near-
infrared camera/spectrograph, the SWIFT visible light integral field spec-
trograph, Project 1640, a near-infrared coronagraphic integral field spectro-
graph, and 888Cam, a high-resolution visible light imager (Bouchez et al.,
2008). The paper "First Exoplanet and Disk Results With the Palm-3000
Adaptive Optics System" (Burruss et al., 2013)), presents initial high-contrast
circumstellar disk results from the PHARO vector vortex coronagraph and

exoplanet spectra from the P1640 integral field spectrograph.




1. Introduction

e MagAO is the [AQ] system for the 6.5m Magellan Clay telescope located
in Las Campanas Observatory in Chile. It has a 585-actuators adaptive
secondary mirror and a 1000-Hz pyramid wavefront sensor. It was designed
to work in the Mid-IR, but also to work at visible wavelength using its VisAO
camera to take advantage of intermittent periods of night when good-median
seeing conditions are present (Kopon et al., |2009). Using MagAQO’s VisAO
camera was detected the extrasolar giant planet (EGP) § Pic-toris b in Y
-short (YS, 0.985 um), at a separation of 0.470 £+ 0.010” and a contrast of

(1.6340.49)x 10~ (Males et al., [2014).

This thesis aims to describe (Bharmal et al.), an instrument designed
with the purpose to investigate in the visible region of the spectrum (> 650 -
850nm). It provides specific technologies for increasing the order of correction,
enabling high Strehl ratio Natural Guide Star (NGS)-Single Conjugated Adaptive
Optics (SCAQ)) using visible light. In order to investigate high-quality [PSH correc-
tion, includes a arranged with a Fried actuator mapping to
a[WFES] which is why incorporates a High-Order Shack-Hartmann
(Holck et al., [2016) operating up to 1.2 kHz. [CHOUGH]intends to carry out visible
experiments at the 4.2 m [WHT], located in La Palma, Spain. Unlike the in-
struments mentioned above, was not designed for a specific sub-system,
instead it is intended as a high-order technology & capabilities demonstrator,
and then to deliver a flexible platform for on-sky research in the visible. Also

ICHOUGHI| has the potential to receive a visitor instrument.

[CHOUGHI was designed to have a "woofer-tweeter" configuration. A low-speed
and high-stroke operation, and a high-resolution, high-speed and low-stroke oper-

ation, identified as “woofer” and “tweeter”, respectively.

[CHOUGH] operates using existing components and infrastructure of another
project, CANARY (Myers et al.,[2008). CANARY is an[AQl testbed located in one
of the Nasmyth platforms of the [WHT] and provides [CHOUGH] with the optical




1. Introduction

relay to bring the light collected by the telescope; it also contributes with its [DM]
to work as a "woofer" mirror; supplies calibration sources; and a target acquisition

system. The use of CANARY infrastructure permits adaptive optics at lower cost.

The thesis is structured as follows:

° describes the concept of the design of [CHOUGH], together with
a brief description of its different subsystems such as the WES] [DMk, [ADC|

Optical Relay, RTCl and [NESI, as well as the hosting facilities.

. goes into detail of the[HOWTS|design, explains theoretical require-
ments, constraints, optical and mechanical design, laboratory experiments

and results.

. discusses the inconveniences induced by atmospheric dispersion,
and the need to implement an in the instrument. Theoretical require-
ments, simulations, as well as optical design of the [ADC are ex-
plained in this chapter, as well as, laboratory testing and results. This chapter
along with are central to this thesis as they present my main con-
tribution to the project.

. describes the possible engineering target selection proposed for the
on-sky run during two nights on October 2016. In addition to the discussion

of the number of photons required for the WES|

. presents a summary of this thesis, along with, conclusions and
future plans for this project. It considers the results obtained in the laborat-

ory.
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CHAPTER 2

CHOUGH: CANARY-HOsted
UpGrade for HOAC

(Bharmal et al., 2016) is an add-on instrument that works together
with CANARY (Myers et al,2008) assisting the WHT]to achieve its diffraction limit
at visible wavelengths. Specifically [CHOUGH)]is a narrow-field of view High-Order
instrument upgrade for the CANARY experiment. It aims to enable high-
order capabilities on the 4 m telescope. Its principal purpose is to investigate
in the visible region of the spectrum > 600- 900 nm and study high-quality [PSF]
correction which is why incorporates a High-Order Shack-Hartmann
operating at up to 1kHz (see Chapter |3)).

This chapter gives a description of [CHOUGH|as an understanding of its design is
central to anticipate the requirements set for the subsystems described in chapters

Bland @

2.1 William Herschel Telescope

The [CHOUGH] experiment has been designed to run on the 4.2 m diameter

WHTl The telescope, inaugurated in 1987, is located at the Observatorio del

11



2.1. William Herschel Telescope

Roque de los Muchachos on the island of La Palma in the Canary Islands, Spain.
It was manufactured by Grubb Parsons Ltd. in Newcastle. It is a telescope with
a paraboloidal primary mirror of diameter 4.2m, made of Cervit, and a convex
hyperboloidal secondary mirror, made of zerodur of 1.0 m diameter. The two mir-
rors of the WWHT] are aluminium coated, covering from the optical to the infrared
range of the spectrum, Figure [2.I] shows a plot of Aluminium reflectance against

wavelength compared to Silver and Gold.

100

80
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8 60
=
&
1]
]
= 40
7]
o
Ay -
20 Ag
0 e 1
200 nm 500 nm 1 pm 2 um 5 pm

Wavelength

Figure 2.1: Aluminum, Silver, and Gold reflectance against wavelength.
(Image credits: Bob Mellish).

The telescope has a Ritchey Chretien /11 Cassegrain configuration. Additional to
the primary and secondary mirrors, a flat fold mirror allows the use of two Nasmyth
platforms, GRound based Adaptive optics Controlled Environment (GRACEI) and
Ground-based High Resolution Imaging Laboratory (GHRIL]). The effective focal
length of the telescope for the Cassegrain and Nasmyth foci is 46.2 m. The available

unvignetted field diameter is 5 arcmin at the Nasmyth and folded Cassegrain foci.

Left hand side of Figure shows a sketch of the WHT] building. Right hand

12



2.2. La Palma Site Characteristics

side is the interior of the actual telescope building where the two Nasmyth platform

can be seen at the sides of the primary mirror.

70N

Figure 2.2: William HErschel TelescopdWHT] (Image credits: Isaac Newton

GroupING).

2.2 La Palma Site Characteristics

The atmospheric optical turbulence at the astronomical site of Roque de los
Muchachos Observatory at La Palma has a median seeing of 0.71” according to data

obtained through SClntillation Detection And Ranging (SCIDARI) observations

from February 2004 to August 2009 (Garcia-Lorenzo and Fuensalidal 2011)). A

common description of the astronomical seeing conditions at an observatory is the
full width at half maximum (EWHM) of the seeing disk. The [FWHM] of the long-
exposure seeing-limited [PSE| in large telescopes is computed with the standard

formula 2.1

13



2.2. La Palma Site Characteristics

FWHM = 2932 (2.1)
To

Since the seeing is known, 15 can be derived from the above equation. Bearing
in mind that the standard wavelength A for seeing measurements is 500 nm, and

[EWHM] is used radians, the value of rg is 0.14 m.

The coherence length r, sets the number of degrees of freedom of an Sys-
tem, see Figure [2.3] The primary mirror is divided into subapertures of size g,
where the number of subapertures will be approximately ~ D/ry, where D is the
telescope diameter. For a 4.2 m primary mirror and an 7y of 0.14 m the number of

subapertures is approximately ~ 30.

The limited capability to fit a wave-front with a finite actuator spacing leads to
the fitting error where the small details of wave-front remain uncompensated. For
an inter-actuator spacing ds, the fitting-error phase variance is

0%y = kg (ds/ro)* *rad?. (2.2)

Equation gives the fitting error, where ky coefficient depends on the type of

[DMselected, ds is the subaperutre on the[DM], and rg is the scaled Fried parameter.

Linear fit

N—//-lwimary Mirror

-— ——
D>> o

Wavefront

Figure 2.3: Wavefront linear fit. (Image Credits: Claire Max, Astro 289C, UCSC).
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2.2. La Palma Site Characteristics

The k; coefficient for [CHOUGHs continuous face sheet [DM] is 0.28; and the
(ds/ro) ratio for [CHOUGH]Iis 0.937. Inserted these numbers in Equation the

fitting afcit is 0.25rad?.

The time delay between the measurement and correction of turbulence in[AQlsys-
tem results in the temporal error. The mean coherence time 7y at the Observatorio
Roque de los Muchachos ([ORM)]) according to data acquired during the campaign
site search of the E-ELT is 7.30 ms (Giordano et al.l 2013). The temporal error is

indicated by Equation [2.3]

7 (7/70)% *rad?. (2.3)

Utemp =

If the system is to run at 1kHz, the temporal error afemp according to Equation

[.3is 0.036 rad?.

Another source of error considered for [AQ| systems, is the angular radius that
characterizes the region of good correction, the isoplanatic angle 6y, defined in

Equation [I.6] Then the isoplanatic error is given by

o2, = (0/6;)°Prad®. (2.4)

S0
Summing up the errors described previously, the total error budget for the system
is

o’ = afcit + Ut2€mp + 02, (2.5)

A useful measure of the performance of an system is the Strehl ratio. This
is defined to be the ratio of the central intensity of the image of a point source to
that which would be produced by a perfect diffraction limited telescope having the
same aperture and throughput. It follows that the maximum value that the Strehl

ratio can take is 1.0.
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2.3. CANARY

The Strehl ratio is related to the wave-front errors via the Maréchal approxima-
tion

SR~ e . (2.6)

[CHOUGH] is primarily considered to be an on-axis experiment, therefore the
isoplanatic angle error contribution can be 0. Then the Strehl ratio obtained with

Equation [2.6]is approximately 0.73

[CHOUGH] simulations were done with Durham AO Simulation Platform (DASPI)
(Basden et al., [2010), to explore and justify the system’s design specifications
presented for the project’s proposal. The Strehl ratio obtained with the simulations

was (0.74. This agree with the theoretical error estimated in this section.

2.3 CANARY

CANARY (Myers et al.l 2008]), is a project led by the University of Durham
and Paris Observatory. It is a wide-field of view open-loop demonstrator, loc-
ated at one of the Nasmyths platforms in the 4.2m WHTI CANARY emulates
a single Multiple-Object Adaptive Optics (MOAQ]) channel of MOSAIC (Kelz
et al., |2015)), which is a proposed multi-object spectrograph instrument for the
European Extremely Large Telescope (E-ELT]). CANARY was developed in vari-
ous phases (Gendron et al., |2016); starting with Phase-A, a NGS-only configuration
with a single DM} and concluded with Phase-C2 which includes four Laser Guide
Star (LGS]) tomography in a "woofer-tweeter" [DM] configuration. The latter
phase is of interest for since the instrument makes use of some these
elements to operate on the telescope. Phase C2 (Figure includes two [DME,
an ADONIS 52-actuator [DM] and an ALPAO 241-actuator and a tip-tilt mirror; 4
LGS and 3 off-axis [WESk; as well as light sources for off-sky calibration.

16



2.4. ICHOUGH

3x Off-axis WFSs
241-actuator DM

Tip/tilt mirror
4x LGS WFSs = ! [ 1 On-axis WFS

o @ T |
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ngg e — e —— —
Acquisition camera

Test sources

Figure 2.4: CANARY phase C2. (Image credits: Nazim Bharmal).

2.4 ICHOUGH

[CHOUGH] was designed as an add-on instrument that goes on top of the CA-
NARY experiment, this is the on-sky configuration, aside from this it also works

as a standalone test bench to run experiments in the laboratory.

The combined [CHOUGHICANARY experiment can be described as a conven-
tional SCAOQ] system by design that uses a dualdDM], a “woofer—tweeter”, together

with a High-order Shack-Hartmann [WES| operating at up to 1.2 kHz.

The flow chart in Figure shows an overview of [CHOUGHFs subsystems. The
thick-blue-arrows represent the light flow. Thin-black-arrows the flow of the control

system.
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2.4. ICHOUGH

TTM

Periscope
CANARY b

LODM

telescope zenith position adc_nfsi
TCS NFSI

computer

Figure 2.5: [CHOUGHI| flow-chart. The thick-blue-arrows represent the light flow
and the thin-black-arrows the flow of the control system.

From CANARY makes use of the 241-actuator [DM], a tip-tilt mir-
ror, alignment light sources and relay optics. Figure [2.6] shows a schematic of
this configuration, where appears on the top right corner of CANARY.
was built onto a breadboard placed 445 mm on top of the CANARY
bench, and the light from CANARY is brought up to level through
a periscope, as indicated on the diagram. Figure [2.7] shows a 3D-model of the
two-level configuration, where the large bottom bench is CANARY and on top of
it, at the front right is the bench. Figure is picture of the actual
[CHOUGHICANARY set up at the telescope. This was installed in [GHRIL] one of
the Nasmyth platform of the (WHTI

[CHOUGH] also takes advantage of the CANARY [RTC|, [DARC] (Basden et al.,
2010), reconfigured for [CHOUGHI's needs, likewise the [RTCl can be easily con-
figured back for CANARY.
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2.4. ICHOUGH

241-actuator DM

Tip/tilt mirror

CHOUGH

Periscope

:%ﬁ. f ";'J,QE
¥

w I ‘ 52-actuator DM

t = e — e —
S e R Test sources

Figure 2.6: CANARY phase C2 CHOUGH configuration. (Image credits: Nazim
Bharmal).

Figure 2.7: 3D mechanical model of the two-level CANARY-CHOUGH configur-
ation.
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2.4. ICHOUGH

Figure 2.8: [CHOUGH] bench mounted on top of CANARY at the WHTI
(Image credits: Nazim Bharmal).

Following the flow chart in Figure [2.5 the light collected by the telescope is
redirected towards the Nasmyth platform into CANARY, where after reflecting
onto the Tip-tilt Mirror (TTM]) and inside CANARY, the light is picked
up by a periscope into Figure [2.9 shows a 3D-model of the periscope.
A collimated beam goes through the and reflects onto various optics to then
re-image the pupil onto the [HODM] and, finally, re-image the pupil at an output
plane conjugated to the and The ade-nfsi computer retrieves the
telescope positions from the Telescope Control System (TCS]) and adjusts the [ADC]
in order to compensate for the chromatic dispersion produced at the different zenith

angles.
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2.4. ICHOUGH

Figure 2.9: Periscope mechanical model.

Figure shows a 3D-mechanical model of [CHOUGH] breadboard. The light

track is represented in red lines starting at the periscope.

Figure [2.11]is a photograph of the breadboard in the laboratory.
An Optical system, nicknamed "illuminator" was designed to emulate a narrow
field image (<3” radius) from a 4m telescope. This illumination system can
connect to different diffraction-limited fibres, each one linked to a light sources.
Currently only on-axis point sources are possible. In addition to the illumination
system, a common-path interferometer to measure post-AO corrected light was

implemented in the laboratory, it is named Calibration and Alignment Wavefront

Sensor (CAWS])(Dubost et all [2018) and it is not discussed in this thesis since its

implementation did not form part of this thesis project.
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2.4. ICHOUGH

Figure 2.11: Picture of (CHOUGH]| in the laboratory.

In summary, [CHOUGH] consists of the [LODM| in CANARY, the 1024-actuator
MEMS-DM], the HOWES], the NEST, and the [ADC

22



2.4.1. Optical Relay

2.4.1 Optical Relay

Due to the narrow field of view of (77) and the compact output pupil
diameter (10.54 mm), [CHOUGH] has a large F//# of about 30. This attenuates
the effects of spherical aberration, and allows the use of Commercial Off-The-
Shelf (CotS) spherical mirrors in the optical relay reducing the need for customised

optics.

The light coming from CANARY is brought into through a periscope
(for the 3D-model see Figure in Section , bringing the light from CANARY-
bench level to [CHOUGHIbench level, 445 mm above the CANARY bench. Figure
[2.12] presents the Zemax layout of the optical relay, the white arrows
represent the beam direction. The collimated beam goes through the to
reach an Off-Axis Parabolic (OAP]), which is the only customised optics in the
system besides the This [OAP] resizes the beam to a [CHOUGH}sized beam
with the right F'//#. The beam is folded by two flat mirrors and reaches the first
spherical mirror, which collimates the beam and reimages the pupil on the [ TODM],
subsequently there is a pair of spherical mirrors to reimage the pupil into the
and [NESIL A dichroic redirects the light with a wavelength below 645 nm
into the HOWFS]| and the rest(> 654 nm) goes to the
The (Figure manufactured by Aperture Optical Sciences, is made of
fused silica with protected aluminium coating, and it has a segmented focal length
of 1109.03 mm and clear aperture of 50 mm. The three spherical mirrors are
from Edmund Optics, they have a focal length of 304.8 mm (12”) and diameter of
50.8 mm.100
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2.4.2. ILODM

[HOWFS]
. IR

— +——+— 500 mm

Figure 2.12: [CHOUGH] optical relay modelled in Zemax.

Figure 2.13: Off-Axis Parabola mounted on a 3-axis stage and tip-tilt adjustment.

2.4.2 [LODMI

The [LODM] which is part of CANARY that was extensively tested at [CTAT
(Bitenc et all,[2014)), is an ALPAO DM241 model, 241-actuator DM (Figure [2.14)).
It is a continuous surface DM motioned by magnetic actuators with large stroke, >
25 pm, actuator pitch 2.5 mm, and pupil diameter of 37.5 mm. It has large strokes

and high dynamic motion, and is able to correct large amplitude aberrations.
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2.4.3. I HODM

Besides the [LODM] [CHOUGHI has a [HODM] with high spatial resolution strokes
but it does not have high dynamic range, thus, it is not capable of correcting
for the full physical range of wavefront aberrations expected to be encountered.

CHOUGH] works in a closed loop using the CANARY ALPAO as a "woofer"

mirror((LODM]) to corrects for the lower spatial-frequency aberrations.

Figure 2.14: ALPAO 241-actuator DMl

2.4.3 HODM]

The [HODM] also known as Kilo{DM] from Boston Micromachines Corporation
(Figure , is a continuous surface with a 32x32 square array of
actuators, 1020 active plus the four corner actuators fixed. The mirror is aluminium
coated. Its maximum stroke is 1.8 um at 208 V; the actuator pitch is 340 pm and
the active aperture size is 10.54 mmx 10.54 mm. This mirror suits the La Palma

site characteristics, spatially and temporarily.

As mentioned previously, (CHOUGHI| works in closed-loop using a "woofer-tweeter"

configuration with the [LODM] correcting for the low-order aberrations and the
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2.4.4. [HOWES

[HODMI correcting for the high-order aberrations. It is because of the limited stroke
of this device that wavefront correction is obtained in conjunction with the [LODMI

The nominal frame rate this [DMl runs is as fast as the HOWFEFS] up to <1.2kHz

Iy

Figure 2.15: kiloIDMl (Image credits: Boston Micromachines Corporation).

2.4.4 HOWFS

The is a central piece in the system. The is a 31x31 Shack-
Hartmann wavefront sensor that uses 93x93 detector pixels. Each sub-aperture
is configured as a quadrant cell and a one-pixel guard-band (3x3 in total). The
detector is an EMCCD camera, specifically a HNu 128 x 128 Niuvi Camera. Figure
shows a 3D mechanical model of this Shack-Hartmann Chapter [3] will
present a detailed description of the
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2.4.5. [ADO

Figure 2.16: 3D mechanical model of the HOWES

2.4.5 [ADC(C]

The corrects the chromatic dispersion produced by the atmosphere. The
design is made up of two plates of cemented double prisms facing each other,
separated by 30 mm, as the Zemax model in Figure [2.17] shows. The two plates
counter rotate correcting for the different Zenith angles up to 60°. The plates are
mounted in rotating stages as shown in the 3D mechanical model in Figure [2.18§

Chapter [ will present a detailed description of the [ADC]
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2.4.6. [NES]

i 50 mm

Figure 2.17: Zemax model of the Amici[ADC

Plate-2

Plate-1

Figure 2.18: [ADC| Rotation stages 3D-model.

2.4.6 [INFSI

The [NEFSIl produces an image of the field centred around the object used as the
reference. The camera is an imager operating in the R - through I- bands with
a field of view of 7” and a filter wheel (Figure [2.19). It is an AVT Manta G-145B
NIR optimized for the near-infrared and has GigE-Vision interface. The resolution
of the camera is 1388(H)x 1038(V), pixel size 6.45 yumx6.45 pm and frame rate
15.0 fps. The camera’s good [NIR] sensitivity and low cost made it a good choice for
the experiment.
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2.4.6. [NES]

Filter Wheel

Figure 2.19: [NESIl and filter wheel.

The filter wheel has a small variety of narrow- and wide-band filters, listed in
Table The filters are Edmund Optics (EQ) (see the second column in
Table 2.1 for part number). They are located into slots on the filter wheel specified
in the first column of Table The filter wheel does not require a separate power
supply when used with USB control. The high performance DC gearmotor runs
entirely from the USB supply and consumes less than 100 mA. It is also capable of
operating from a serial input, or from a switched hand controller, both of which

power the wheel from a small dry battery.
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2.4.7. ThelRTQA

Table 2.1: [NFSI Filters.

Slot | EO Part number | Centre Wavelength | [FWHM]
1 87-757 697 nm 75 nm

2 87-758 732nm 68 nm

3 84-107 832 nm 37nm

4 86-358 655 nm 15nm

5 88-012 700 nm 10nm

6 65-178 780 nm 10 nm

7 Empty

The narrow-band filters target spectral features from extended atmospheric or
photospheric emission around stars (ionized Hydrogen and cool, extended atmo-
sphere respectively), while the wide-band filters cover the sensitivity of the [NESI]

detector and are meant for [AQ| research purposes.

2.4.7 The RTC

(Basden et al., [2010)) is the RTClsystem used to interpret the WES|signals
and compute the commands that are to be sent to the DM . [DARCl has a modular
design that allows one to customise easily, and can operate the system
at > 1kHz.

The DARC’s key components are (Basden et al., 2010):

e The Real-time control pipeline (RT'CP): It takes the WES| camera data and

computes the control vectors to be sent to the [DMs.

e Control inter face: It is responsible for allowing the user to update and control

the RTCP.

e Diagnostic system: The diagnostic system is an optional component recom-
mended for large systems and is responsible for taking output produced by

the RTCP, logging it, and distributing it to clients as requested.
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2.5. Summary

e Graphical and scripting interface: provide easy ways for a user to alter the

state of the system via the control interface.

Figure [2:20|represents the CHOUGHFCANARY [RTCl

»| Tip/tilt
Canary DARC mirror
real-time
controller Low
|—> Order
DM
Low order
DM
commands
CAWS
camera _\
Pixels — 3 CHOUGH DARC Pixels CHOUGH DARC
Pinel < pixel — or real-time
IX€Is = handling slopes controller
High Order _I > |_> MEMS
WFS camera | DM
Pixels
Narrow Field
science
imager

Figure 2.20: [CHOUGHICANARY [RTCl (Image credits: Nigel Dipper).

The [CAWS] (Dubost et al., 2018]), was not implemented by the time of the on-sky

run because it was not ready.

2.5 Summary

In summary [CHOUGH]| is a small add-on instrument that provides an exper-
imental testbed that aims to achieve high-order [SCAQI capability in the visible

(>650nm) for the 4.2m [WHT] telescope based in La Palma, Canary Islands.
[CHOUGH] is mounted as an addition to the CANARY experiment.

31



2.5. Summary

It went on-sky two nights during October 2016 at the (WHTl No prior laboratory
testing could be carried out for[CHOUGH], and it was assembled on the telescope for
the first time. Where only a Strehl ratio of 0.1 at 832 nm with on-bench sources was
the best [PSE] obtained. This was due to Non-common path aberrations (NCPA])

compensation and not quite optimal [DM] control.

Sections to outlined the components of the instrument such as:
optical relay, [ADC] [LODM], [HODM]| [HOWES] and [NEFSI

Having described the structure of (CHOUGH] the following two chapters proceed
to in detail discuss the HOWEFS and the [ADC|subsystems which are the main focus

of this thesis.
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CHAPTER 3

High-order Wavefront Sensor

The goal of the is to provide a signal with measurements of the wavefront.
The system must read the wavefront with enough spatial and temporal res-
olution in order to correct the aberrations. The [WES| in is used in real-time
operation, and requires to deal with the randomness of atmospheric turbulence;
this requires a large number of degrees of freedom. Aiming to reach high order cor-
rections, a High-Order Wave-Front Sensor (HOWFES) represents the central piece

of any astronomical HOAQ] experiment.

The sensor chosen for this project is a Shack-Hartmann type coupled
to a high-speed, high-sensitivity detector. The justification for this choice is the
experience[CTAT has with this type of [WES] since it is analogous to the one delivered
by Durham University to the European Southern Observatory (ESQI) High-order
Test Bench (HOT]) (Aller-Carpentier et al.l 2008).

This chapter begins by outlining the principles of a Shack-Hartmann. Then,
it proceeds to describe the design of the for this project along with the
undertaken steps. It concludes by presenting [HOWES| laboratory experimental

results.
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3.1. Shack-Hartmann

3.1 Shack-Hartmann

This section presents the principle of how a Shack-Hartmann works. A
Shack-Hartmann uses a Lenslet Array (LLA]) to sample the input wavefront
at discrete points across the pupil, and forms a grid of spots on the focal plane
of the array (see Figure . The pupil is sampled by subapertures defined by
the microlenses, and local wavefront slopes are measured. Each one of these slopes
corresponds to the first derivative of the wavefront. Figure represents a planar
and a distorted wavefront incident on a single microlens, where d, is the total spot

shift for an input angle «, described by Equation

f
@] | o O o
Flat e o o o
Wavefront e 0 0 o
e o6 o o
Detector
- @ o ® [
Aberrated o ® o o
Wavefront PY °
® o
- o © [ ]

Figure 3.1: Wavefront sampled by [LLAL
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Figure 3.2: Planar and a distorted wavefront incident on a single microlens.
(Image credits: Thorlabs Inc.).

Oy = afmr. (3.1)

3.2 Design

This section describes the steps undertaken to design the Shack-Hartmann [WES
for this project, the detector’s characteristics, [LLAl selection, constraints, and op-
tical and mechanical design. The [HOWES| was designed to work with wavelengths

between 550-650nm. It is worth mentioning that the original design included a

variable spatial filter (Poyneer and Macintosh, 2004) to reduce aliasing for high-

spatial frequencies. Which was not implemented due to time and budget con-
straints. Nevertheless, the optical design of the [WES| presented here permits in-

stallation of such filter as a later upgrade.

35



3.2.1. Detector

3.2.1 Detector

The detector selected for the design is a HNi 128 Electron-multiplying CCD
(EMCCD)) camera, Figure [3.3] This is a low light detector from Niivii, 24 ym pixel

size, operating at < 1300 Hz.

Figure 3.3: HNi 128 camera. (Image credits: Nivii Caméras Inc.).

Fried geometry (Figure (Fried, 1977), is known to be optimal and with

better SNRL Following this configuration where the [DM actuators are registered
to the corners of a square grid and considering the 32x 32 actuator array of the

Boston kilo{DM], the array of subapertures for the Shack-Hartmann is 31x31.

The detector is used in a quad-cell plus a guard-ring configuration to avoid over-
lapping and facilitate alignment. Figure shows a sketch of the configuration.
The quad-cell provides information about the position of an incident spot image
by comparing the signal received from each of the four separate quadrants. The z
and y position of the spot relative to the centre of the device can be determined
by Equations where A, B, C and D are the intensity measured on each of the

four quadrants.
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3.2.1. Detector

Actuator
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Figure 3.4: Schematic illustration of Fried geometry.

Figure 3.5: Schematic illustration of Shack-Hartmann [WES| quad-cells.

(B+D)—-(A+C)
A+B+C+D

(3.2)

(A+B)—(C+D)
A+B+C+D
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3.2.2. Lenslet Array(LLA) selection

3.2.2 Lenslet Array(LLA]) selection

A [LILA] consists of a set of lenslets in the same plane. Each lenslet has the same
focal length. Figure [3.6]shows an example of a[LLA] where the pitch is the distance
between the centre of one microlens to the adjacent one, this parameter together
with the focal length were fundamental for the [LILA] selection. The pitch defines
the size of the subaperture, and together with the focal length they determine the

spot size, as it will be explained next.

—»—__ <& Thickness
Array Size A L
ST T
U
“ﬂl-"jﬂ'ArraySize
MICROLENS ‘“JH’ Jj' L
ARRAY {L‘-:,J::]‘”-
J 47 4
M i
Bitch l
P?ch .:HL_,J-
—-»‘LkPitch

Figure 3.6: Lenslet array parameters. (Image credit: Newport Corporation).

For [LLA] selection it is crucial that the incident light spot must be smaller than
the detector’s total active area. Figure [3.7] shows that the spot’s semi-angle « is

given by the FEWHM] of a spot. Equation [3.3] gives the semi-angle value.

a=1.03>. (3.3)
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microlens

focal length

- spot size

i

Figure 3.7: Schematic illustration of a single microlens.

where A is the wavelength and ds is the subaperture diameter. Using the same

principle as in Equation [3.I] the spot radius is given by following equation

W = anL- (3.4)

The Spot Size is obtained replacing « from Equation into Equation (3.4

2.06 A farr
20 0uL (3.5)

Spot Size =

Since the spot has to be smaller than the subaperture % < dg, from Equa-

tion [3.5it is inferred that the maximum focal length allowed for the microlenses
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3.2.8. Optical & Mechanical Design

will be

L < 556N

Applying Equations and the best suitable [LLAl available in the market
that would fit [CHOUGHTs requirements is a [LLA]l from SUSS, 110 ym pitch and
5.786 mm focal length. The resulting theoretical spot size on the focal plane of this
[LLA] at a wavelength of 550 nm according to Equation [3.5]is 58.67 ym. The subap-
erture defined by the [LLLAl is 110 um and the subaperture at the detector defined
by the quad-cell and the guard ring (3 x 3 pixels) is 72 um. Since the subapertures
defined by the microlenses are larger than the subapertures on the detector, it was
necessary to design an optics relay, with a demagnification of 0.65 to match the
[LLATs subapertures to the detector. The 58.73 um spot when demagnified has its
diameter size reduced to 38.17 um. When a gap between the microlenses is con-
sidered, which for this type of [LILA]l can go up to p-0.9¢ (Nussbaum, 2000), where
¢ is the lens diameter and p the [LLA] pitch. The spot size can reach a diameter of

65.19 um at the focal plane of the [LLAl and 42.37 um at the camera’s focal plane.

3.2.3 Optical & Mechanical Design

Once the [LILA] specifications and the detector pixel size to match the design
were identified, it was possible to choose all the other optics components freely.
These components are all [CotS| from Since the microlenses have larger dia-
meter than the subapertures on the detector, and as it was mentioned before, it
was necessary to design an optics relay to match the subapertures on the detector.
Each microlens corresponds to a subaperture and each subaperture on the detector

has 3 pixels (72 um) across it. 31 subapertures give a total of 93 pixels across
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3.2.3.1. Pupil reducer

the pupil and a total pupil diameter on the detector of 2.323mm. In addition,
the input beam coming from the [HODM] has a diameter of 10.54 mm. In order to
match this pupil to the 3.4 mm pupil on the [LLLA]l some foreoptics had to be added
to reduce the pupil diameter, Figure [3.8 shows the Zemax 3-D optical model. The
design was restricted to fit in a space <500 mm. The optics consist of
two parts: a pupil reducer before the [LLAl and a relay after [LLAl focal plane. The
design allows a spatial filter to be placed in the focal plane inside the pupil reducer,

as indicated in the figure below.

input beam detector
10.54mm 2.32mm

‘ pupil reducer relay

ﬂ_ﬁw i

SE l
LLA
3.4 1mm
b 1 200 mm

Figure 3.8: IHOWLES| optical design.

3.2.3.1 Pupil reducer

The Pupil reducer brings the pupil down from 10.54mm (DM diameter) to
3.41 mm (31[LLAlsubapertures). It contains three lenses. The first Lens [f1=60 mm]
brings the 10.54 mm pupil to focus, as it was taken into account to leave room for
placing a spatial filter in the future. The other two lenses [f2=25 mm)] [f3=50 mm]
recollimate the beam to a 3.41 mm diameter pupil onto the Microlens Array (MLAI).
The reason to use two lenses after the focus is to have control of the focal length
in case of manufacturing errors or any other source of error. Matching the pupil

to the [LLA] correctly is very important; otherwise, phase information could be lost
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3.2.3.2. Relay

due to incorrect sampling.

Table 3.1: IHOWES| pupil reducer optics.

part number | Effective Focal Length (EFL]) | Diameter
49954 60.0mm 15mm
65971 25.0mm 12.5mm
45125 50.0mm 12.0mm
49954

65971 65974

Figure 3.9: Pupil reducer.

3.2.3.2 Relay

The relay translates the spots from the [MLA| focal plane to the detector’s focal
plane. The main inconvenience when designing this section was the spherical ab-

erration around the edge of the Shack-Hartmann spot grid on the camera. Spots
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3.2.3.2. Relay

would not fall onto the centre of the quad-cell and also the telecentricity of the

WT'S| would be affected.

The spherical aberration is produced when there is variation of focus position
with the aperture. Rays that are very close to the optical axis will come to focus
at the paraxial image position, as the ray height increases above the optical axis,
the rays will focus closer to the lens. Spherical aberration is proportional to the
cube of ray height incident onto the lens. A common way of reducing the spherical
aberration is reducing the angle of incidence, thus increasing the focal length, and
as consequence results in a smaller deviation between paraxial rays and real rays.
The inconvenience of this is that the length of the cannot be increased due to
the lack of space in Another way of dealing with spherical aberration is
splitting the power in multiple lenses that have the total power of the original single
lens. This is very effective because spherical aberration is highly dependent on the
angle of incidence. The problem was solved using a combination of converging and
diverging lenses. The relay to re-image the [LILA] focal plane is composed of three
lenses [f=50 mm|[f=-50 mm]|[f=72 mm]|, these lenses are listed in Table Figure
shows the Zemax layout of the relay. This selection of lenses attenuated the

spherical aberration, centred the spots and the system stayed telecentric.

Table 3.2: [HOWES| relay optics.

part number | [EFL] Diameter
45138 50.0mm | 15mm
32996 -50.0mm | 25.0 mm
45125 72.0mm | 12.0mm

Figure [3:11] shows the spot diagram generated with Zemax, after the light goes
through the [HOWES| optics as in Figure
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3.2.3.2. Relay

32996

45138 15125

} 150 mm

Figure 3.10: [HOWES| relay.

4000.00

Surface 32: image

Full Field Spot Diagram

07/11/2018

Units are um. Legend items refer to Wavelengths
RMS radius : 799.244

GEO radius : 1169.57

Box width : 4000 Reference : Chief Ray

Figure 3.11: Zemax [HOWES| spot diagram.
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3.2.8.3.  Mechanical design

3.2.3.3 Mechanical design

The mechanical design is rail mounted to aid shipping of [CHOUGHl All the
mechanical parts are The distance between the pair of lenses after focus are
adjustable in order to have control over the collimation of the beam illuminating
the array of microlenses. The[LLAlis in an x-y translation mount combined with a

cage rotation mount, this allows to align the [LLA] axes to the [HODM] and adjust

the [LLAl along the axes.

Due to the limited space in [CHOUGH] and the large size of the camera (Fig-
ure |3.3) a fold mirror is used to connect the relay to the camera, as shown in the

3D-model in Figure and a picture of the WES|in the laboratory, Figure [3.13

x-y translation &
rotation mount

_______________

Figure 3.12: Mechanical model of the [ HOWES

The camera is mounted on three translation stages allowing three de-
grees of freedom for the camera; x, y and z axes. Figure [3.14] shows the 3-D
mechanical model (designed by Marc Dubbeldam) on which the Niivii camera is
mounted. The translation stages are from Thorlabs inc. One of them is a trans-
lation stage with standard micrometer, 1/47-20 taps corresponding to the x-axis,

and the others are two 25 mm translation stages with a standard micrometer and
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3.2.8.3.  Mechanical design

x-y trasnlation & el \
. rotation mount

e —_—

Figure 3.13: HOWFS in the laboratory.

M6 taps for the y and z axes. Figure [3.15]shows a picture with the two types of
translation stage: the top stage is the PT1 model aligned to the x axis; the bottom

stage is the PT1/M model for the corresponding y and z axes.

PT1/M
y-axis trasnlation stage

Figure 3.14: Camera mount 3D mechanical model.
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3.83. [HOWFEN plate scale

Figure 3.15: Camera Translation Stages. Top: PT1 x-axis, Bottom: PT1M y-axis
and z-axis. (Image credits: Thorlabs Inc.).

3.3 HOWESY plate scale

The plate scale connects the angular separation of an object on the sky, with the
linear separation of its image at the focal plane on the detector. In the
case, it relates the subtended angle 6,,,; of an object on the sky observed with the
[WHT], and how many arcseconds per mm are on the WEFSs detector. Figure [3.16]

presents a schematic of the scaling described above.

wht relay

/ fwht T fre[ 1

Figure 3.16: Schematic of [HOWESI plate scale.

The demagnification of the [LILA] can be calculated from the ratio between ¢, the
diameter size of a single lenslet of the [LLAl and ¢, the diameter of the 3x3 pixel

subaperture on the detector.
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3.83. [HOWFEN plate scale

then the scaled focal length of the [LLAl at the detector’s focal plane is

72

2
— | =24 )
110) 8 mm

fha = fila x m? = 5.78 x (

The f/# of the (WHT] is 11. This has to match the f/# of the relay optics up
to the detector’s plane in order to sample correctly the telescope’s pupil. The
pupil goes down from 4.2m on the telescope to 2.232mm on the detector. From

this we can deduce the focal length of the relay optics, fre;, up to the detector.

_ frel
2.232

fl# =11 — fro = 24.55 mm.

If a spot on the detector displaces a distance h from its nominal position, from

Figure it is possible to say the angle 6, is

L
fl,la '

/
ella =

and if it is scaled by the angular magnification m, for the WHT] one obtains the

angle subtended by the object on sky.

/
ewht = Hlla X Myg,.

Given that the m, for paraxial angles is the ratio of the focal lengths of the two

systems; the telescope and the relay

h frel
Owht = —— X .
g f l,la f wht

if the spot displaces 1 mm from the centre of the microlens, the angle on the sky
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3.4. Spot Size Measurement

would be given by

g 1 2455
wht = 948 7 46200

= 0.00021rad = 43.32”7

Plate Scale, s = 43.32 {arcsec] .
mm

Given this plate scale, the range the [HOWES| can measure per subaperture on

the 48 um quad-cell is an angle of + 1.04 arcseconds.

Having discussed the theoretical foundations, the next sections presents experi-

ments performed to confirm the HOWFESfs design.

3.4 Spot Size Measurement

The Nivi camera pixels are 24x24 um and the theoretical size of the spot is
45.84 ym. That is less than 2 pixels of [CHOUGHIs detector making it not
possible to get a sensible measurement of the spot diameter. A camera with smaller
pixels was used for the experiment instead, a 9.9x 9.9 um pixel size camera. Figure
shows the Shack-Hartmann spots focused on this camera, and a single spot
from the same image. The x and y cross-section of the spot are shown in Figure
B-18] The was measured for 10 spots resulting in an approximate average

of 43.2 pm. The [FWHM] was computed using the Python package optictoold?]

43.2+ 1.7 um does not match the 58.73-65.19 um theoretical value obtained in
section [3:2.2] After alignment, the only parameter that could explain this discrep-

ancy in spot size is a difference in the actual focal length of the [LLAL

*https : //github.com/xmhk /optictools
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3.4. Spot Size Measurement
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Figure 3.17: Shack-Hartmann spots.
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3.4. Spot Size Measurement

From Equation the focal length can be calculated given the spot diameter
by

_ds X SpotSize

/ 2.06\

(3.7)

If the spot diameter obtained in the experiment, 43.2+ 1.7 um, is replaced in
Equation together with the microlens diameter, and wavelength 589 nm, the
focal length is obtained. There is a range of focal lengths, if the spot size error,
and the minimum and maximum microlens diameter are taken into account. These
are arranged in Table where the maximum and minimum focal lengths are

marked in yellow.

Table 3.3: [LLAI focal length measured in the laboratory applying Equation ,
considering the measurement error and microlens diameter interval. ¢ is the mi-
crolens diameter, and p is the pitch size of the [LLAl \ =589 nm.

Measured spot size (um) 43.2-1.7 4324+ 1.7
Microlens diameter (um) | ¢=p | ¢=09p | ¢=p | $=09p
Focal length (mm) 3.76 3.39 4.13 3.72

This result is a closer match to the focal length of another [LLAl in the SUSS
catalogue, it has the same characteristics as the [LLAl expected but different focal
length. The two [LLAl are compared in Table LLA Nr. 18-00013 is the [LLAI
currently mounted in
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3.5. The Interaction Matriz

Table 3.4: [LLAk Comparison.

[LLAl Nr. 18-00013

[LLA] Nr. 18-00014

Fused Silica

Fused Silica

Circ. lenses

Circ. lenses

Quad. grid

Quad. grid

Pitch 110 ym

Pitch 110 ym

ROC 2.650 mm =+5 %

ROC 1.561 mm +5%

Focal length 5.780 mm

Focal length 3.408 nm

Size 10x 10 £0.05 mm

Size 10x10 £0.05 mm

Thickness 1.2 mm

Thickness 1.2 mm

3.5 The Interaction Matrix

The interaction matrix relates the response of the to the strokes, and
as mentioned in Chapter [} the interaction matrix P is used to produce a control
matrix, which is generated by creating a pseudo-inverse of a measured interaction
matrix, and this matrix gives the commands to the[DM]to correct for the aberrated

wavelfront.

The interaction matrix is built by poking one actuator at a time by one unit
and measuring the resulting response §, in an m vector that is read by the Shack-
Hartmann, and repeat this measurement for each one of the n actuators. This can
be illustrated using Equation which represents the maths model for this [AQ]

interaction.

s=Pc.

(3.8)

where 5 is the local wavefront slopes produced by the deformable mirror as seen
by the WES} ¢ is the n actuator commands, producing an n vector; and P is the

mxn interaction matrix. Expanding Equation into its bracket form
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3.5. The Interaction Matriz

ro P11 Pin
51
C1
Cn
Sm
- _pml pmn_
and then applying the actuator command ¢; =1, cos=c3="--- ¢, =0, and meas-
uring the m local wavefront slopes s1, s2, -+, Sy, produced by the [DM] deflecting
the light.
oo P11 Pin
51
1 P11
0 Pm1
Sm
- _pml pmn_
then the command ¢; =0,c0=1c3=--- ¢, =0, etc. inturntocy =co=--- ¢,_1 =0,
cn =1 to get
P12 Pin
) )
Pm2 Pmn

to fill in the interaction matrix P. Figure illustrates this process, the top

figure represents a 4 x 4 subaperture configuration (yellow) with guard ring on

a b x5 actuator grid (green). The bottom figure is the interaction matrix plot

produced by poking the [DMI| actuators one at the time. The horizontal axis is the

subaperture index, and vertical axis the actuator index. Coloured subapertures

are influenced by the action of the actuators displacing the centroids; the red (+)

colour represents the centroid moving on the positive axis direction and blue (-)

on the negative axis direction. For example: The poking of actuator-1 is seen by
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3.5. The Interaction Matrix

subaperture-1 only, actuator-2 is seen by subapertures 1 and 2, and son on. Figure

[3:20] shows how a simulated 8 x 8 interaction matrix looks.
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Top: 4 x 4 subaperture configuration (yellow) with guard ring on

a b x b actuator grid (green).

Figure 3.19:
configuration.

Bottom: interaction matrix plot produced by this

An interaction matrix was obtained in the laboratory using [CHOUGH)] and the

procedure described above. Figure [3.21|shows this matrix (top), where the x-axis

is the slope index, with the first half being the slopes in the horizontal direction,

and the second half being the slopes in the vertical direction, thus the x-axis is twice
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3.5. The Interaction Matrix

the length of the number of subapertures; The y-axis is the actuator index. The
interaction matrix shows that the [HOWES| responds accordingly to the actuators

strokes.

- 0.4

Actuator index
centroid value

Subaperture index

Figure 3.20: 8 x 8 Subaperture simulated interaction matrix.

The was compared with a Python based model [] A model that provided
the parameters generates an artificial interaction matrix. A modified version of
this code was used to fit an artificial interaction matrix to the one obtained in
the laboratory experiment. The bottom image in Figure [3.21] shows the fitted

interaction matrix.

The normalized model-data residual variance is 12,25 %. The fitted interaction
matrix shows a rotation of 0.21° with respect to the DM]subapertures. This is con-
sistent with a small mechanical rotation observed in the laboratory, later corrected

roughly by the use of shims.

*https : //gitlab.cfai.dur.ac.uk/nabgurham/ABBOT
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CHOUGH Interaction Matrix
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Figure 3.21: A measured (top) and modelled (bottom) interaction matrix between
the [HODMI and the [HOWES]
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3.6 Conclusions

The wavefront sensor is a central piece in the [AQ] system. This is a WES| for
HOAOQ)I using components. The optical design was presented here, as well as

an overview of the mechanical design and the Niivii.

The parameters of the actual Shack-Hartmann tested in the laboratory match
the design except for the focal length of the [LLAl The microlenses have a different
focal length to the one prescribed in the design. This focal length is shorter and
makes the Shack-Hartmann spots smaller. A bigger spot size would have been
easier to measure, and to align, however the smaller spots do not affect the correct
operation of the and In the absence of sky background noise, and
gaps between pixels, the operation of a quad-cell geometry Shack-Hartmann
is unaffected by the spot size, provided the spot is not so big as to reach the pixel

boundary.

Laboratory verification of astronomical instruments is very important, it is when
the instrument can be tested under a controlled environment and permits a better
understanding of the instrument operation and performance. Additionally this

allows a deterministic way to prove that the numerical model works.

The numerical model was confirmed in the laboratory, thus this demonstrates

the HOWES| works according to the design.
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CHAPTER 4

Atmospheric Dispersion Corrector

The refractive power of the atmosphere is dependent on the wavelength of light
and zenith angle. Different wavelengths are refracted by different amounts, produ-
cing a prism-like effect (Figure . So the image affected by chromatic dispersion
consists of a series of images, each of a different wavelength, slightly shifted relative

to each other, and thus causing [PSE elongation.

When observing at a wide range of wavelengths the atmospheric chromatic dis-
persion can limit the spatial resolution (Wynne and Worswich, [1986), and this
limit cannot be overcome by the system unless it is equipped with an [ADCL
operates in the visible spectrum of light, over the spectral range of
510nm to 880nm. Since the chromatic dispersion effect increases as we approach
the horizon, chromatic errors become more noticeable (Devaney et al.l 2008).
aims at Strehl ratios of 0.5 and to reach zenith distances up to 60°.
Figure presents a simulated [PSF| for different zenith angles, where it can be
observed that at 15° from zenith the Strehl ratio is already below 0.5, thus it is

very important to implement an [ADC] in the [AO| system.

This chapter begins by outlining how the conditions at the were simulated.
The chapter then turns to the design of the Finally the chapter describes

the experiments run at the [CfATl laboratories and results obtained.
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4.1.  Simulation of Site Atmospheric Chromatic Dispersion

4.1 Simulation of Site Atmospheric Chromatic

Dispersion

It is necessary to implement an[ADClin the[AQlsystem in order to compensate for
the atmospheric chromatic dispersion, so that the spatial resolution limit achievable

with [CHOUGH]I can be increased.

The chromatic effects produced by the atmosphere in our particular case were
analysed with the help of the software Zemax Optics Studio. The parameters util-
ised in the model match the site conditions at the [ORM] observatory: 2400 m elev-
ation, 283 K, 780 mb pressure, 50 % relative humidity at 33° of latitude. Table

summarises the parameters used for this model.

Figure 4.1: Atmospheric Chromatic Dispersion Illustration.

Figure shows a simulated for different zenith angles for a telescope
of diameter 4.2m and a focal length 46.2m as it is the case of the WHTl The
simulation shows that the [PSE] is severely degraded due to atmospheric chromatic

effects as the zenith angles are increased.
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4.1.  Simulation of Site Atmospheric Chromatic Dispersion

Table 4.1: Parameters considered in the simulation.

Wavelength 510- 880 nm
Max. zenith distance | 60°
Altitude of the site 2400 m

Temperature 283 K
Pressure 780 mb
Humidity 50 %
Telescope coordinates | 28° 45’ 37.7"
Latitud 33.000°

Zenith Angle

5trehl Ratio 100.0% 35.2% 19.4% 12.0%

Figure 4.2: The effect of atmospheric dispersion upon the [PSE| at 510- 880 nm.
Note that the are log-scaled and wavelength range is discretised.

Considering the limited space to place an inside [CHOUGH], the Amici
(Bahrami and Goncharov}, [2011) counter-rotating-prisms type was considered
appropriate for the task. However, this type of induces a shift in the pupil
position when rotating. Usually to avoid pupil actuator-lenslet array mismatch,
the is customarily placed very close to the pupil plane, which is not possible
in due to space restrictions, therefore, this design requires one to
produce minimal pupil shift (<0.3%) due to the strict requirement of
and pupil stability. Due to space requirements this design aims to achieve a
non-pupil conjugated suitable to be located in any place inside the collimated

beam path.
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4.2. The Design

4.2 The Design

As mentioned above, the design is of the Amici variety. It is made up of
two plates of cemented double prisms facing each other as shown in Figure
The will show its maximum dispersion when the apex angles of the prisms are
in the same directions and zero dispersion when opposite. The two plates counter-
rotate through 90° correcting for different zenith angles, and producing different
dispersion at different rotation angles; this dispersion is different in magnitude
for each wavelength. So it is possible to say there is a dispersion ratio between
wavelengths, and the scaling of these ratios is controlled by rotating the plates. This
is the principle by which the operates to correct the atmospheric chromatic
dispersion for different zenith angles. Therefore, it will be necessary to build a
Look-Up Table (LUT) considering the zenith angle and rotation angles when

on-sky.

} i 50 mm

Figure 4.3: Zemax 3D-model of the Amici[ADCl S-BAM4 (Blue), S-TIM3 (Green).
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4.2. The Design

Each plate is made of two prisms, one of higher refraction index than the other
and thus lower dispersion. The glass type chosen for the [CHOUGHI[ADC] prisms
are S-BAM4 (higher dispersion) and S-TIM3 (lower dispersion) from the OHARA
glass catalogue. Glass dispersion for both materials is plotted in Figure [.4] show-

ing S-BAM4 more dispersive than S-TIM3. The prisms are 50 mm in diameter,
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Configuration 1 of 1

Figure 4.4: Prisms material Dispersion vs. Wavelength.

with a 46 mm clear central aperture and 10 mm central thickness. The diameter of
the clear aperture was determined by the size of beam coming from CANARY, and
the final diameter was set to fit the prisms inside standard 50 mm lens tubes.
The wedge angles for the prisms were optimised to satisfy the requirements of dis-
persion power and pupil stability, obtaining 5.608° and 5.416° as wedge angles.
Since the wedges of the prisms are different, one of the external faces of the plate
will not be perpendicular to the optical axis. The External faces of the plates,

in blue (S-BAM4), in Figure are at right angle with respect to the optical
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4.2. The Design

axis, which is why the inner faces in green (S-TIM3) will have a slight inclina-
tion with respect to the plane perpendicular to the optical axis. The design was
carried-out using Zemax Optics Studio. The parameters used in the design are
summarised in Table The model was optimised to obtain minimum disper-
sion between 550 nm and 880 nm at different zenith angles up to 60°. Figure
shows the simulated corrected [PSFs when applying the to the atmospheric
dispersion conditions presented in Figure the improvement of the [PSE when
the is active is evident. Considering that [CHOUGH] aims to investigate [PSE]
correction with Strehl ratios equal to or greater than 0.5 in the visible (R-band),

the [ADC] design parameters are adequate to satisfy [CHOUGH]| requirements.

Table 4.2: Prism specifications for one plate.

Prism 1 Prism 2

Diameter 50.0 £ 0.1mm (C/A 46mm) | 50.0 + 0.1mm (C/A 46 mm)

Material S-BAM4 S-TIM3

Center Thickness 10.0 £ 0.1 mm 10.0 &+ 0.1 mm

Wedge on one face(right) | 5° 36’307 +0° 1’ 5°327307+0° 1’
Zenith Angle 0 157 30° 457 60°

) . . .

Strehl Ra<o 100.0% 98.9.0% 95.4% 88.4% 79.5%

Figure 4.5: Simulation of corrected [PSE] applying the

The Prisms were manufactured by Gooch and Housego Optics through United
Kingdom Astronomy Technology Centre (UKATC]), to whom the design was handed
over to handle the procurement of the prisms. Figure show the mech-
anical drawings of the prisms made by [UKATC|
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Figure 4.8: S-BAM4/S-TIM3 Assembly. (Image credits: UKATC).

Figure [£.9) shows pictures of the prisms in the laboratory. The prisms were
mounted in 50 mm lens tubes as shown on the right-hand side picture in Figure

4.9

Figure 4.9: (] Prisms in the laboratory.
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4.3. Rotation Stages

4.3 Rotation Stages

The Rotation stages are produced by Thorlabs, model NR360S rotation
stages. They can provide arcsecond resolution when driven from a micro-stepping
stepper motor controller. The aperture through the centre of the rotation stages
features an SM2 thread on the rotating and the non-rotating parts, making the
stage compatible with SM2 lens tubes used for holding the prisms (Figure .
The motor controller board is a RUMBA working together with a stepper driver
DRV8825.

\

Figure 4.10: Rotator Stages.
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4.4. [ADA characterisation and dispersion experiments at[CFA] laboratories

4.4 [ADC characterisation and dispersion experiments
at [CfA]l laboratories

In this section, the experiments carried out on the [ADCI at ICfAll laboratories

are described. These experiments include; characterisation of the prisms and [ADC

dispersion power.

4.4.1 Light Source

The [ADC is illuminated through a light source consisting of a set of different
wavelength (605 nm, 630 nm, 660 nm, 680nm, 710nm), each one of them

connected to an optical fibre shown in Figure These fibres go into a bundle

butt-coupled to a 0.5 NA multimode fibre (Figure [4.11)) that subsequently goes

into a collimating system.

Multimode Optical Fibre
4

F ; -
5 & Optical Fibre Bundle

=

-

-

—
e~

Figure 4.11: (left) and Butt-coupling of the fibres (right).

67



4.4.2. Identification of prisms’ materials

4.4.2 Identification of prisms’ materials

The prisms received from the manufacturer did not have any reference for which
side of the plate was S-TIM3 or S-BAM4. This was a problem since they look
identical. To determine which one was which, each plate was placed into its holding
cell and illuminated independently with a collimated beam. After going through

the prisms the beam is focused by a convergent lens onto a camera as in the set-up

presented in Figure

Converging (m
Plate 2 Lens )

Point Source

\.

o

" )
Single 2-prism| Convergin:

Figure 4.12: [ADCl experiment set-up.

The simulation shows that when the light goes through material S-TIM3 first
and then S-BAM4 the effect of dispersion is higher than vice-versa. Therefore, for
a monochromatic beam the orientation of the plate that produces a bigger dis-

placement of the [PSF] position corresponds to the configuration S-TIM3/S-BAM4.
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4.4.83. Finding the Zero: Fiducial marks, bases and apices of the prisms

Figure shows the [PSH displacement vectors when testing the plate for the
two different combinations. The blue vector with bigger magnitude corresponds to
the S-TIM3/S-BAM4. Once the material of each side of the plates was identified

the prisms were marked for reference.

Single ADC-plate Displacement Vector

30 4
204

10 A

—20 4

y-position[pxl]
(=]
1

—30 4

T T T
-30 -20 -10 0 10 20 30
x-position[pxl]

Figure 4.13: The blue arrow represents the dispersion due to the S-TIM3/S-
BAM4 combination. The red arrow is the dispersion due to the S-BAM/S-TIM3
combination.

4.4.3 Finding the Zero: Fiducial marks, bases and apices of the

prisms

The prisms received from the manufacturer came with fiducial marks indicating
where the wedges are thickest and thinnest. The marks were made on the blanks
when they were aligned on the polishing plate by polishing a small area on the fine
ground perimeter. The fiducial marks were indistinct and difficult to identify. The
plates had to be carefully put inside the holding cells keeping in mind the position
of the fiducial marks which were to be covered by the lens tubes (Figure [4.10)). It
was important to align these fiducial marks to the the zero dispersion axis as shown

in the Zemax model in Figure [£.14] It is from this zero dispersion axis that the
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4.4.83. Finding the Zero: Fiducial marks, bases and apices of the prisms

plates are counter-rotated increasing the dispersion power to compensate for the
atmospheric dispersion. In theory, if the displacement of the [PSF| measured with
respect to the centroid of the [PSE] when no prisms are present, measured with one
plate and then the other independently at zero dispersion angle, the two resulting
[PSE] displacement vectors should cancel each other out. Using the same set-up as
in Figure the plates were put one at a time in the second rotating stage and
rotated until reaching the position where the [PSH displacement vectors would have
opposite directions as shown in Figure [£.I5] This position is marked and these

rotation angles are considered the zero (null) dispersion position.

S-BAM4

Figure 4.14: [ADC| Zero Dispersion Configuration. The arrows indicate the S-
BAMA4 base (S-TIM3 apex) direction.
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4.4.4. Dispersion Experiments
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Figure 4.15: [JADC| Null Position Vectors.

4.4.4 Dispersion Experiments

To test the dispersion capabilities of the [ADC], it was placed in front of the
source and counter-rotated in steps of 30° (15° each plate in opposite directions),
Figure This is done for each of the [LEDk. As a consequence of the
counter-rotation the [PSE| on the camera was expected to change its position at
different rotation angles; and this change in position was expected to be different
in magnitude for every wavelength too. Thus, there is a displacement ratio between
different wavelength [PSEk at different rotation angles, and the scaling of this ratio
is controlled by rotating the plates. Figure [£.16]illustrates the method described
above. Three wavelengths were used at two different rotation angles, 45° and 90°.
The white disk represents the location of the zero dispersion when the is at
null dispersion, the coloured disks are the [PSFk at 630 nm, 660 nm and 710 nm.
The [PSE] displacement from the zero for each wavelength are measured, and then
compared (ratio) for different rotation angles. This ratio should match the ratio

obtained with Zemax.

The displacements obtained in the laboratory are measured calculating the im-
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4.4.4. Dispersion Experiments

710nm
710nm

660nm

660nm
» 630nm » 630nm

zero dispersion(0,0) . zero dispersion(0,0)

45°

Figure 4.16: An illustration of the method employed to test the [ADC] dispersion.

age’s centroid position with respect to the centroid position when the[ADC]is in its
zero dispersion form. The centroiding error was under the minimum measurement
unit, being < 1 pixel. Figure shows the set-up for the experiment, where both

plates are mounted on the rotating stages.

“Colimating™( Plate 1 ( Pate2 ) ‘Corll_\;enrsglng’: ( Detector )

Lens /™~ - -

(

(Point Source/‘

Converging
Lens

Figure 4.17: |ADC] Dispersion experiment set-up.
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4.4.4. Dispersion Experiments

Tables show the displacement ratios by wavelength at differ-

ent rotation angles. The green-white columns are the ratios between wavelengths

at different [ADC] rotation angles in the laboratory and in simulation. The right

column next is the comparison (ratio) between the laboratory results and the sim-

ulated data.

Table 4.3: 710 nm dispersion ratios. Laboratory/Zemax ratio average = 0.987,

Standard Deviation = 0.018.
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4.4.4. Dispersion Experiments

Table 4.4: 680 nm dispersion ratios. Laboratory/Zemax average = 0.993,
Standard Deviation = 0.020.

680 nm : 660 nm

Lab/Zemax ratio

680 nm : 630 nm

Lab/Zemax ratio

Table 4.5: 660 nm dispersion ratios

Standard Deviation = 0.011.
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4.4.4. Dispersion Experiments

Table 4.6: 630 nm dispersion ratios. Laboratory/Zemax average = 0.983,
Standard Deviation = 0.006.

630nm:605nm | Lab/Zemax ratio
e
o s 1o
Tl
s

The average and standard deviation of the laboratory/simulation ratio are noted
above each table. The results are shown to be precise, and to confirm that the
discrepancy between the expected dispersion simulated with Zemax and the actual
dispersion obtained in the laboratory will not affect the performance of the [ADC],
the dispersion in the laboratory was introduced in the Zemax model changing
the rotation angles in order to get the same dispersion numbers obtained in the
laboratory. For this purpose, the 710nm and 605 nm [PSH relative displacement
with respect to the null position of the used to produce the ratios are utilised,
the longest and shortest wavelengths in the laboratory experiment, thus the highest
dispersion difference. The result obtained in Zemax applying these numbers to the
atmospheric dispersion at 60° of zenith angle are presented in Figure The
image on the left shows the [PSE] of the original simulation, the image on the right
shows the [PSE] with the prisms rotated 8.4° from the maximum dispersion rotation
angle, equivalent to what was obtained in the laboratory. The reduction in the
Strehl ratio is 4.4 % for the worst case, wavelength range from 510 nm to 880 nm,

at 60° of zenith angle.

75



4.5. Pupil Shift Experiment

79.5% 75.1%

Figure 4.18: Left: original Zemax, right: prisms rotated 8.4° from the maximum
dispersion.

4.5 Pupil Shift Experiment

The design requires the pupil shift to be kept to a minimum in order to
avoid actuator-subaperture mismatch, as explained in Section The pupil shift
should be restricted to < 0.3 %, which is equivalent to 6.696 um. To verify the
works under the pupil shift requirements specified in the design, in the laboratory,
the [ADC] was rotated as it would do on-sky and one measured the pupil centroids

in order to obtain its displacement from when the [AD(]is at null-dispersion.

The centroid of the pupil was measured so it was important to have a good
illumination along it, in order to, calculate the centroids correctly. The experiment
is run within [CHOUGH] hence the light goes all the way up to the HOWFES| camera
where the pupil was imaged. To obtain a more defined pupil shape the [MLA]
was removed from the Shack-Hartmann, and the light source changed for a white
connected to the multimode fibre illuminating [CHOUGH!I This white source
illuminates the pupil more uniformly than the [LEDI set used for prior tests, it has

better coupling and it does not need to go through the fibre bundle.

The box enclosing the white [LED]is shown on the right-hand side of Figure [4.19]

and the tip of the 0.5 NA multimode fibre used to illuminate experiment on the

76



4.5. Pupil Shift Experiment

left. The is used with a pulse-width modulation controller. Single-
band bandpass filters available in the laboratory at the time of the experiment were

used; 469 nm, 530 nm and 640nm. An image of the pupil at the HOWFES camera
is shown Figure [4.20

Figure 4.19: Left-hand side: tip of the 0.5 NA multimode optical fibre. Right-hand
side: box enclosing the white [LEDI

ylpxl]

0 20 40 60 80 100 120
x[pxI]

Figure 4.20: Pupil image at [ HOWEFS| camera.
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4.5.1. Camera Translation test

4.5.1 Camera Translation test

The goal of this section is to verify that the centroid displacement measurements
on the Shack-Hartmann camera are accurate, in order to measure the pupil shift
produced by the[ADCl The DM was conjugated to the [ HOWTES] camera in order to

image the pupil. The Niivii is mounted on x and y translation stages as described

in Section [3.2.3.3| (Figure [3.14] and |[3.15)). Utilizing the micrometers of these

stages, the camera was translated by certain amounts, and images of the pupil
were recorded. The centroid for these 2D-array pupils were measured as "centre of
mass' determined from image moments. It is expected the centroid of the images
move on the same axis as the translation stage, and in the same amount indicated
by the micrometers. The centroid was measured over ten images at each position
of the translation stage, the random error being negligible (< 1 um). The standard
deviation of the difference between the centroid shifts and the stage micrometres
are in the second and third columns of Tables [£.7and [4.8 The square root of the
sum of squares of these values are in Table These errors are considered in the

next two experiments.

Table 4.7: x-axis error due to the difference between the centroid shift and the
stage micrometre measurements.

Filter [nm] | x [um] | y [um]
469 1.30 1.06
530 0.48 0.29
640 1.17 1.78
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4.5.2.  Pupil Shift Experiment & Results

Table 4.8: y-axis error due to the difference between the centroid shift and the

stage micrometre measurements.

Filter nm] | x [pm] | y [pm]
469 0.11 0.73
530 0.16 0.86
640 0.47 2.96

Table 4.9: Total x- and y-error. The square root of the sum of squares of error in

Tables @ans

Filter [nm] | x [um] | y [um]
469 1.30 1.29
530 0.51 0.91
640 1.26 3.45

4.5.2 Pupil Shift Experiment & Results

The [ADC] is set to its null-dispersion configuration as shown in the layout in

Figure [£.14] An image is taken and its centroid is calculated and saved, acting as

a reference point. Thenceforth the [ADC] is rotated in steps of 15° up to 90° each

plate which is its maximum dispersion form. Figure presents the results in

the three wavelengths implemented for this experiment. The x-axis is the rotation

angle at which each plate of the [AD(] is when counter-rotated, the y-axis is the

pupil shift in microns for each of the [ADCl rotations. The black dashed line at the

top part of the graph determines the maximum acceptable pupil shift according the

design requirements. Therefore, from the plots it is possible to confirm the [ADC

pupil shift is inside the acceptable length of displacement.
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4.5.2.  Pupil Shift Experiment & Results
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Figure 4.21: Pupil shift test results at three different wavelength (469 nm, 530 nm
and 640nm). Shifts measured at six rotation angles (15°, 30°, 45°, 60°, 75°, and

90°). The dashed black line represents the maximum acceptable pupil shift.
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4.6. Plate Wedge Angle Test

4.6 Plate Wedge Angle Test

Using the set-up described in the previous section it is possible to verify if the
wedge angles of the prisms satisfy the prescribed model. The method consists
in using one plate of the at a time, the plate is rotated in 30-degree steps
from 0° to 330°. The centroid of the pupil should trace a circle as the plate rotates,
and the radius of the circle should match the one generated with the Zemax model

within tolerance range.

Red markers in Figure show the individual plates’ centroid positions at
different rotation angles. A circle fitting these points is drawn as a continuous
black line. The dashed cyan line is the circle traced by the plates in the Zemax
simulation using the ideal wedge angle of the plates. The dash magenta is the circle
traced by the Zemax simulation for when the wedge angle is modified by 1’ which

is the tolerance specified for manufacturing.

The centroids in Figure do not delineate a "perfect' circle as expected.
There is nothing that leads one to think it is due to something in the optics of the
experiment, or a misalignment in the system, thus it was thought it could be caused
by the centroiding. Then in an attempt to improve the centroiding and the shape
of circle traced by the image on the camera produced by the plates, different
thresholds in image and Fourier space were applied as well as a correlation method
for centroiding, additionally a mask on the pupil was implemented. Nevertheless

the accuracy on the shape of the circles traced did not improve.
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4.6. Plate Wedge Angle Test
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Figure 4.22: Measured circular motion of the pupil due to rotation of individual
plates. Red markers are the centroid position of the pupil. The black solid
line is a circle fitted to the centroids. The dashed cyan line is the circle traced
by the plates in the Zemax simulation using the ideal wedge angle of the plates.
The dash magenta is the circle traced by the Zemax simulation for when the wedge
angle is modified by 1’ which is the tolerance specified for manufacturing.
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4.7. Conclusions

The Niivii camera could not be removed from the for characterization so
unable to flat-field, in order to remove possible artifacts from the image, sensitiv-
ity variances between pixels in the detector, or illumination variations within the
optical system. This could be a potential explanation for the "not-perfect' circle
results. However, considering the fitted circle to the data and according to what is
presented in Figure [£.22] the wedge angles of the prisms are inside the tolerance

range recommended.

4.7 Conclusions

The design of the [ADC] was described in this chapter as well as the motivation
to implement it in [CHOUGH!I This [AQ] system works in a wide rage of the visible
spectrum where the effects of atmospheric dispersion are very noticeable, which

makes essential the implementation of an [ADC| in the system when on-sky.

The simulated results as well as laboratory tests were presented here. The Zemax
simulation and dispersion measured in the laboratory indicate that in the most
challenging scenario, when the telescope points at at 60° of zenith angle, and a
wavelength range between 510 nm and 880 nm, there would be a reduction in the
expected Sthrel ratio. This would be a 4 % for maximum chromatic dispersion that
could be encounter on-sky. At zenith angles < 60° when this difference is <4 %, it
can be compensated rotating the a few extra degrees to give the bit of extra
dispersion power needed. The degradation of the [PSFl compared to the design is
small not affecting considerably the image quality (Figure .

The pupil shift (section [4.5.2)) is kept under 6.696 um, specified in [CHOUGH]
design as the maximum acceptable pupil displacement on the HOWES|

In conclusion, the results presented in this chapter show that the manufactured
IADC] has the capability to correct for the chromatic atmospheric dispersion that

could be found on-sky, as well as, meeting the required pupil stability on the

HOWTFS| and [HODM!
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CHAPTER 5

SNR, Target selection, On-sky

and Laboratory implementation

To assess the on-sky performance of an system and to test the capabilities
of the instrument, it is important to find suitable astronomical targets. When
choosing astronomical targets it is important to consider the number of photons
reaching the WIS} they need to be sufficient so that the system keeps stable. This
brings up a question: what is the limiting target brightness could see?
In order to answer this question, it is necessary to know the transmittance of the

system, the number of photons collected per subaperture, and the [SNRIL

The engineering target selection described in this chapter were proposed for the
two nights on-sky run during October 2016 at the [WHT] in La Palma, Canary Is-
lands, Spain. Sections and describe the on-sky run and current laboratory

experiments.

5.1 ICHOUGH Transmittance

The fraction of incident light that is transmitted throughout the system [WHTH

CANARY-{CHOUGH]| can be determined by the number of reflective and refractive

surfaces the light interacts with in the system, this together with the Quantum
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5.1. [CHOUGH Transmittance

Efficiency (QE]) of the camera gives the approximate total transmittance of light

through the system WHTF-CANARYICHOUGH! The reflectivity and transmission

of the surfaces involved in the optical path are listed in Table For more details

on [CHOUGH]| optical components see appendix

Table 5.1: Throughput.

WHT R/T
3 Al mirrors 0.75
1 Derotator(1 window+3 Al mirrors) | 0.87
1 Field lens 0.90
Throughput 0.60
CANARY R/T
6 Ag mirrors | 0.94
1 Al mirror 0.92
Dichroic 0.90
LODM 0.99
Throughput | 0.77
CHOUGH R/T
5 Ag mirrors 0.95
3 Al mirrors 0.77
2 ADC plates 0.98
kilo-DM 0.86
Dichroic 0.98
HOWES 0.77
Fold mirror 0.99
HNii 128 protective Window | 0.94
Throughput 0.43

The transmittance T is expressed by Equation where T, is the transmittance

of the components in the optical path, and QF is the quantum efficiency. QF for

the Niivii camera in [EMCCD| mode is equivalent to 0.45 for [SNRI calculations.

n
T =]]T. x QE.
1

(5.1)
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5.2. Photons per subaperture

Using the numbers in Table [5.I] and Equation [5.1] the transmittance for the
combined system [WHTFCANRY{CHOUGH] is

T = 0.60 x 0.77 x 0.43 x 0.45 = 0.09.

The amount of the light transmitted through the WHT-CANARY-CHOUGH
system is 9%. This result was calculated assuming that most optics have brand
new coatings. However, many of the components might have degraded over time

and the transmittance will be below this estimate.

5.2 Photons per subaperture

The WHT] primary mirror is sampled by 31 x 31 subapertures, Figure [5.1} The

diameter D of the primary mirror is 4.2 m.

Consequently one side of a subaperure is the fraction of the mirror diameter over

the number of subapertures along it, Ny,

D _ 4.2m

Ay = —— =
U b 31

)

therefore the area of one subaperture, Ay, at the primary mirror of the telescope
is
Agup = 1.35m x 1.35m = 0.018 m>.
From the magnitude of a star it is possible to obtain the flux, F. So then the

number of photons per subaperture per frame is given by

ny=F [ph‘)t(ms} X Agu [m?] X T x 1. (5.2)

m2 x s v
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5.3. [SNR|

[TTTTTTTTTTITTT]

N Y Y I A

4.2m
31 subapertures

Figure 5.1: [WHT] primary mirror sampling (along x and y axes).

where F is the photon flux from the object, Ay, is the area of one subaperture,

T the transmittance of the system, and v the frame frequency.

5.3 BNR

SNR] describes the quality of a measurement. In [CCD]imaging, [SNR] compares
the level of a desired signal to the level of background noise. Specifically, it is the

ratio of the measured signal to the overall measured noise (frame-to-frame).

The [ EMCCDISNRIis affected the same way halving the[QE|would, so the[SNRlcan

be treated as a common |[CCDland taking this into consideration. For a conventional

(CCDlcamera used for wavefront slope measurements, the[SNRlis (Robert K. Tyson,

2004)
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5.3. [SNR|

where n), is equal to the number of detected photons per subaperture; Np is the
number of pixels in a quad-cell subaperture; np is the background noise, which is
very low, <0 ; G equals the gain (G = 1); e, is the read-noise in electrons per

pixel <0.1. Given that n,>> Np [n% + (%)] the SNRl equation simplifies as

n
SNRI= —2.
alz
Table presents the [SNRI for different star magnitudes, the number of photons
calculated using Equation and the flux obtained from the star magnitude using

a magnitude-to-flux converter code.

Table 5.2: m: Star Magnitude, Spectral Bands, v: Frame Rate, Number of Photons
(per subaperture), and [SNRI

m | bands | v[Hz] | Photons | ENRI
5 | V-R | 1000 | 260.46 16.14
6 | V-R | 1000 | 103.69 10.18
7 | V-R | 1000 | 41.28 6.43
8§ | V-R | 1000 | 16.43 4.05
9 | V-R | 1000 | 6.54 2.56
10 | V-R | 1000 | 2.60 1.61
11| V-R | 1000 | 1.02 1.04

The transmittance used in the SNRI calculations is considering brand new optical
coating estimates, which suggests the [SNR] calculations listed above can be lower
due to optics degraded over time. Thus, to successfully find useful test targets it

is preferable to choose targets brighter than magnitude 8.
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5.4. Target Selection

5.4 Target Selection

An interesting target to observe and test [CHOUGH/'s capabilities would be
double stars. In observational astronomy, a double star is a pair of stars that
appear close to each other in the sky as seen from Earth when viewed through an
optical telescope, if not viewed with adequate resolving power they look as one.
The components of a double star are generally denoted by the letters A (for the
brighter, primary, star) and B (for the fainter, secondary, star). In order to find a
suitable double star for this propose the Washington Double Star (WDS)) catalogue

was used (WDS)).

Given that the WHT] theoretical resolution for a wavelength A =700nm and a

primary mirror diameter D =4.2m is

A 700 x 1077 .
122 x 5 =122 x — ——— = 2.02 x 10" "rad.
= 0.0417".

A suitable target to test would be a double star with a separation
< 2.96", which is the isoplanatic angle at (Garcia-Lorenzo and Fuensalidal,
2011), the angle the two stars can be separated, and still have their light pass
through the same turbulent region; and a separation greater than the theoretical

diffraction limit of the telescope, 0.0417".

The targets were selected according to the following criteria: a) has
the theoretical resolving power to resolve the target, b) the targets are bright
enough to supply the with sufficient photons, and ¢) the targets are visible
at the time of the on-sky run. Table presents a set of possible double stars

targets to test [CHOUGH
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5.4. Target Selection
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5.4.1. On-sky implementation

5.4.1 On-sky implementation

The [CHOUGH] project was funded with two nights on-sky, 14-15 of October
2016. As described above, this is made possible via mating the bench to CANARY.
This proved relatively straightforward and it is possible to enable the CANARY
IR-camera by simply withdrawing the periscope as otherwise it is untouched by
from a hardware perspective. From a software perspective, there is no
(significant) reconfiguration required. A software operation issue is that to operate
the CANARY bench facilities (principally calibration and the acquisition camera)
the standard software is the Smart Tool in Yorick for CANARY (STYU) interface of
CANARY. Due to lack of time to replicate the functionality of [STYC] the concept
of the Ledger was developed for The Ledger contains a description of all
bench changes under software control together with a time-stamp, and the changes
are acquired by the Ledger via a Broker. A Broker is a software interface to the
Ledger which can regularly poll existing software to monitor its state: for
example, is wrapped by a Python Broker so that it can access the internal state of
For [CHOUGHLIspecific software, a Broker can be built-in and so interface
with the Ledger immediately given a change of state. This methodology maintains
a proper record of [CHOUGH] (plus CANARY) state changes and so allows for a
manual reconstruction of total system state since given a common time-stamp.

Then there is sufficient information for subsequent analyses of recorded data.

One failure on-sky was of [NCPA] compensation and a second of twin{DM] control.
For the former, access to CANARY was only possible at the telescope and the
existing risk-reduction was insufficient: a Strehl ratio of 0.1 at 832nm with on-
bench sources was the best [PSE| produced. For twindDM] control, a failure to fully
understand the CANARY software infrastructure meant the [DM] control was sub-
optimal. Nonetheless, from a technical perspective, the installation into CANARY
of CHOUGH was successful and only algorithmic issues are mandatory to resolve

if another on-sky run is attempted (Bharmal et all 2018).
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5.4.1. On-sky implementation

Figure shows a screen shot of [CHOUGHTs computer during the on-sky run.
The camera 1 image in the top left corner of the Figure shows the [ HOWES|on a blue
grid which represents the subapertures; the centroid vectors are in red. Another
image of Camera 1 to the right shows the same wavefront sensor image but without
the centroid vectors. The rtcActuatorBuf images on the top centre and left of the
Figure show the commands being sent to the rtcFluxBuf image displays the
pixel values inside all defined and used subapertures. rtcPxIBuf window in the
top right corner of the Figure shows the [NFSI| camera. The elongated bottom
window shows a plot of the centroids. rtcPxIBufSummed window on the
bottom left of the figure is a 100-times averaged image of the wavefront sensor

image displayed in rtcPxIBuf on the bottom right.
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Figure 5.2: ICHOUGH] on-sky screen shot.
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5.5.  In-laboratory implementation

5.5 In-laboratory implementation

is now a laboratory-bound experiment. It is entirely possible to take
it on-sky again subject to funding. The consequences are several-fold: first, the
facilities provided by CANARY are replicated; second, the bench has been slightly
upgraded; third, further software modifications are carried out. The primary CA-
NARY facility replicated is an artificial source, called the Illuminator, mentioned
in Chapter 2l A vertical unit that permits two standard fibre optic ferrules to be
placed within the field of view of the currently only one on-axis fibre is avail-
able. The secondary facilities which are not provided are a low-order high-stroke
and a source of artificial aberrations. The former is planned via an upgrade of
the Illuminator. Figure presents [NESI[PSE images obtained by Nicolas Dubost
during his experiments with [CHOUGH] in the laboratory; with white light going
through the whole optical path of [CHOUGH] and filter number 4 (Table
2.1), 655nm. The left-hand side image is the [PSE] and Strehl ratio when no [DM]
corrections were applied to the system. The right-hand image is the [PSE with
corrections applied. This is being further optimized, and more recent experiments
have achieved higher Strehl ratio, Figure shows a [PSF| with 74 % Strehl ra-
tio obtained in November 2018, using white light and filter 4. The codd used to
compute the Strehl ratio was developed by Nicolas Dubost. It consists of finding
the brightest pixel in the image, the [PSElis centred in Fourier space, and then it

is compared to a simulated image with Strehl =1.

“https://github.com/nicolasdubost /strehl
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5.5.  In-laboratory implementation

Strehl ration = 12% Strehl ration =27%

Figure 5.3: The image on the left is a[PSE|on the [NESIl camera when no corrections
were applied. The right-hand side image is the[PSF with the corrections active.
White light and Filter4, A =655nm (Image credits: Nicolas Dubost).

Strehl ratio = 74%

Figure 5.4: . [PSE on the [NFSI| camera with [DM] corrections activated. White light
and Filter4, A=655nm (Image credits: Nicolas Dubost).
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5.6. Conclusions

5.6 Conclusions

The determines the limiting brightness of the targets [CHOUGH)] can
do correction with. If the Shack-Hartmann does not receive enough photons
the system can not measure the wavefront accurately due to the noise, then the
[AQ] system can not to close the loop. This chapter presents calculations for the
number of photons the Shack-Hartmann could see according to the magnitude of
the star and[SNR] as well as, a possible astronomical targets to test the instrument’s

resolution power.

Eventually during the two nights run at the WHT] the system could not to close
the loop as a result of other problems, thus [CHOUGHI did not use the targets

presented in this chapter on this first run.
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CHAPTER 6

Conclusions and Future Work

In conclusion, this thesis presented the development of [CHOUGH] an exper-
imental [AQ] testbench dedicated to investigate high-order at visible
wavelengths. In principle, it was designed to carry out experiments at the \WHT],
and it was aimed to support high-order [AQ] research. Because its purposes differ

from other visible wavelength [AQ] projects, it was designed as a flexible platform.

In summary, as an addition to the CANARY project, sought to work
as a narrow-field of view high-order for the WHT! [CHOUGH] was assembled
at the [WHT] in La Palma, and had a two-night run. Since was first
assembled at the telescope site, there was not enough time for laboratory testing,
the non-common path aberration were not estimated and it was not possible to

obtain high Strehl ratios on the bench by the time of the run.

After the on-sky run, back in the laboratories, [CHOUGH] was transformed
into an on-axis high-order testbench instrument, this time without the CA-
NARY tip-tilt mirror and [DMl As a result, an on-bench illumination system nick-
named "Mlluminator" (mentioned in Section was added to the[CHOUGH]bench
in the laboratory. In addtion, the (Dubost et al., 2018]), a common-path
interferometer to measure post-AO corrected light was implemented. Overall, the
strong point of lies in the possibility to use it for both the laboratory

experiments for [AQ] research and the potential to go on-sky.
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6. Conclusions and Future Work

The main focus of this thesis was the development of a and an [ADC|
Chapter [3 presented the HOWES for[CHOUGH] a 31 x 31 Shack-Hartmann [WES]
The design and methods employed for system verification were discussed in the
chapter. The was tested in laboratory, and compared to its design and
numerical model. Results confirmed the works according to the specific-

ations.

Chapter [M] described the designed for The is made up
of two plates of cemented double prisms. The design besides being able to correct
for the atmospheric dispersion, contemplates a minimal pupil shift for [DMHWEFS]
pupil stability. The went through a set of laboratory experiments, described
in the chapter, to confirm it has the capability to correct for the chromatic at-
mospheric dispersion that could be found on-sky, as well as, meeting the required
pupil stability on the In sum, the results confirm the meets the

design requirements.

Both of these designed sub-systems have performed individually within their

specifications which demonstrates that the proposed design was successful.

In terms of future development of the project, funding has been se-
cured to continue working on in the laboratory as a high-order
bench experiment, and with the possibility to use it on-sky in association with
CANARY. One of the future additions for is acquiring a second [DM]
(LODM]) which will enable independence from CANARY. It is also
planned to integrate the interferometer into the main control loop as an
auxiliary high-order low speed Another possible development in [CHOUGH]
is to add a Pyramid to the existing Shack-Hartmann Finally, given
the CANARY capabilities, there is the potential to implement [CHOUGH,] for
operation.
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CHAPTER 7

Appendices

7.1 Sinusoidal wave pupil shift

The was designed before the optical relay of came to its final
design. When the requirements for the were agreed, it was considered that it
would have to go after the[DM]due to space considerations as depicted in Figure [7.1]
Having this in mind, the had to be designed aiming to minimum pupil-shift
since the would see an extra pupil-shift produced by the and not present
in the wavefront reaching the DMl What would happen is that the would
read this inexistent shift, thus the [RTC] would tell the [DM] to apply corrections
for a tilt that is not there to the next incoming wavefront therefore adding an
extra tilt to it. The pupil-shift will depend on the correction angle of the
To illustrate this, a sinusoidal wave can be created using the Figure [7.2]
represents the sinusoidal wave on the two pupils and the shift after going though
the Figure [7.3]illustrates a simplification of the example of the sinusoidal
waves in a "perfect world" experiment. The picture on the left depicts the incoming
sinusoidal wavefront (orange), the [DMl shape (blue) when applying corrections to
this sinusoidal wave, and the resultant plane wavefront (green) after they cancel
out. The plot on the right represents the same idea with the difference that the
incoming wavefront is shifted off, thus the correction applied is not complete and

the resultant wavefront is not flat.
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7.1. Sinusoidal wave pupil shift

'%/

Figure 7.1: [DMHADCHWES] configuration.

DM WFS

Figure 7.2: Illustration of the pupil shift of a sinusoidal wave on the [WES| after

going through the [ADCI
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Amplitude

7.1. Sinusoidal wave pupil shift
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Figure 7.3: Sinusoidal wave when there is no shift present (left), and when the
pupil is shifted (right). The incoming wavefront is in orange , the [DM| shape in
blue, and the resultant plane wavefront after they cancel each other out is green.

Since this is the case for one iteration only, it is necessary to deduce a formula
that can tell the effects of the pupil-shift on the resultant corrected wavefront after
N iterations. In order to do this we start with the simple sum of the shape of
the [DM] and shifted wavefront, same sinusoidal shape, different sign, and an extra
phase ¢ in the input wavefront. Hence the first shifted wavefront after corrections

applied takes the form
R (1) = sin 27z /N — sin 27z /) + @] ,
using the following identity
. . 1 .1 . .
sin A —sin B = QCOSE (A+ B)smé (A—B);sin(—A) =sin 4,

the resultant wave is

o (03

Applying a second shift

R (2) = —2sin [(ﬂ cos [27;\3: + gﬂ + 2sin [(ﬂ cos [27;\3: + g + qﬁ]
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7.1. Sinusoidal wave pupil shift

and using the identity
1 1
cos A —cos B = QSIHE (A+ B) sin o (B—A);cos(—A) = cos(A)
the resultant wave becomes

2
—4sin? % sin {7;\:6 + 4

if we repeat the process for a third pupil-shift and correction

R(3) = —4sin2§sin {27;\1:—1—4 —|—4Sin2§sin [27;%+¢+¢}

the resultant wavefront is

8sin® [;ﬂ cos [QTU + ;Z)]

if we repeat the process a few more times we obtained the following equations from

n=0ton=>5
n=20
. [ 27z
R(O).sm{A}
n=1
osin | 2] cos [Z7E ¢]
R(1): 23111{2} cos{ y +2
n=2
R(2) : —4sin® Bﬂ sin [27r)\$+¢
n=3
 8sin® | 2] cos [ 272 4 3¢]
R(3) : 8sin {2]003{ 3 + >
n=4
[ @] 2
R(4) : 16sin % sin [TC+2¢>}
n=2>9
. 326100 | 2] cos | 2T 5ﬂ
R(5) : —32sin _2_005{ 3 + 5 |-
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7.2. [CHOUGH Optical Elements

From these set of equations we can induce the following more general formula

to calculate the resulting wave after n iterations:

7.2

n(n+1)

(=)

2 2" sin™

2

o5 Hfer ]

CHOUGH)] Optical Elements

Table 7.1: List of optical elements in [CHOUGHL

R/T (%) at
Component Part Number Manufacturer Notes 550-650nm
Periscope M1 PFE20-P01 Thorlabs 50.4mm elliptical, Ag 99.02
Periscope M2 PFE20-P01 Thorlabs 50.4mm elliptical, Ag 99.02
ADC Plate 1 CHOUGH-100-001 Gooch & Housego 2 prisms, custom, S-BAM4 & S-TIM3 99.00
ADC Plate 2 CHOUGH-100-001 Gooch & Housego 2 prisms, custom, S-BAM4 & S-TIM3 99.00
OAP M3 DUK-208-001 Aperture Optical Sciences | 3”7, wedged OAP, {=1109.03mm, Ag 99.02
Flat mirror M4a PF10-03-P01 Thorlabs 25.4mm circle, Ag 99.02
Flat mirror M4b PF10-03-P01 Thorlabs 25.4mm circle, Ag 99.02
Spherical Mb5a 32-818 Edumund Optics Protected Al 91.50
Spherical M5b 32-818 Edumund Optics Protected Al 91.50
kilo-DM M6 BCDM32342-00-W01-M06-32 | Boston Micromachines BKT7 Protective window wedge 6 deg. Al 86.25
Spherical M7 32-818 Edumund Optics Protected Al 91.50
Dichroic D1 FF580-FDi01-25x36 SemRock Dichroic, used at 13 degree. Ag 98.00
WEFS LC1 49954 Edmund Optics VIS-NIR Coated, Achromatic Lens 98.75
WEFS LC2 65971 Edmund Optics UV-VIS Coated, Near UV Achromatic Lens | 98.50
WFS LC3 45125 Edmund Optics Uncoated, Plano-Convex Lens 95.00
WEFS LR1 45138 Edmund Optics MgF2 Coated, Achromatic Doublet Lens 98.75
WEFS LR2 32996 Edmund Optics Uncoated, Double-Concave Lens 95.00
WFS LR3 45125 Edmund Optics Uncoated, Plano-Convex Lens 95.00
LLA 18-00013 SUSS 1.2mm thick Fused Silica 99.50
Fold mirror M8 PF10-03-P01 Thorlabs 25.4mm circle, Ag 99.02
HNii 128 Camera Window | Not specified Niivii 3mm thick High Purity Fused Silica 94.00
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