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Abstract

My thesis conists of two parts. In Part 1 describe my contributions to the laser guide star
adaptive optics facility at the Large Binocular Telescope, Atleanced Rayleigh guided
Ground layer adaptive Optics SystemMRGOS. | investigate the effect of s¢ated light

from propagating the laser light across the aperture, and find that contamination is not a
concern for the science instruments. | present a study of reflective laser launch telescopes
based on commercial optics, and compare this to the refadtisign chosen as baseline for
ARGOS. The discussed options present an interesting alternative with only small additional
light loss at substdially reduced cost androcurement risk. develop a calibration scheme

for the full adaptive opticsystem based on artificial light sources that illuminate the
deformable mirror, imitating the laser guide star beacons. This enables the interaction
between deformable mirror and wavefront sensor to be calibrated at any time, greatly
enhancing the possibilities @rime available for engineering on the installed system. The
light source has to be placed in the prime fcous, as ARGOS uses the adaptive secondary
mirrors of LBT. Theoptical design of the calibration light source is not triaslthe guide

star contellation comprises of three beacdnsming an equilateral trianglen a circle witha

radius of 2 arcminutesThe images of the beaothat have to be reproduced suffer from
strong abeations caused by the large -@itis distance. To match the wavefrorit the
beaconsd iendasges grecision ot 30 nanometrams, |designed a custom
objective, incorporating a computer generated hologram to shape the wavefrontee

optical fibres forming the light sources. The elliptical front surfactefdjective is used in
refledion to generate a central, diffraction limited spot serving as an alignment aid and truth
sensor for the measurements. A thorough tolerance analysis including the assembly and the
alignment at the telescope ensures that the nlegigcifications can be met during operation.

The second part of the thesis concerns the search for planets around a sample giargarby

stars with the Doppler techniggear r i ed out at Lick Observator
new data from the prevus three years, which together with the existing data from our survey

form a database covering 11 years. The radial velocity measureneeszas the presence of a
planetary companion around one of our target stars, which was previously unKrosvis

the lightest planet found around a giant star to déate a minimum mass of 1.92 Jupiter

masses in a 785 day orbit.



Zusammenfassung

Die vorliegende Arbeit setzt sich aus zwei Teilen zusammen. Im ersten Teil erlautere ich
meine Beitrdge zu ARGOS, deAdvarced Rayleigh guided Ground layer adaptive Optics
Systemeiner Laserleitstergestitzten adaptiven Optik (AO) am Large Binocular Telescope
(LBT). Ich untersuche die Auswirkungen das Projizierens eines Laserstrahls quer Uber die
Teleskop6ffnung und folgere,dall das gestreute Licht kein Problem fur die
wissenschaftlichen Instrumente darstellt. Desweiteren stelle ich Entwirfe fur reflektive
Laserprojektionsteleskope basierend auf kommerziell erhaltlichen Amateurteleskopen vor.
Die erlauterten Optionen stell&ine interessante Alternative da, die im Ausgleich fur einen
kleinen zusatzlichen Lichtverlust einen deutlichen gunstigeren Preis und vermindertes
Beschaffungsrisiko aufweist. Weiterhin entwickele ich ein Kalibrationsschema fir das
komplette AO System, wethes auf kiinstlichen Lichtquellen basiert, die den deformierbaren
Spiegel (DM) beleuchten und die Laserleitsterne imitieren. Dies ermdglicht, die gegenseitige
Abhangigheit zwischen deformierbarem Spiegel und Wellenfrontsensor jederzeit zu
rekalibrieren, ud vervielfacht so die Mdglichkeiten und die verfligbare Zeit, um das System
zu optimieren. Die Lichtquelle mul3 im Primarfokus untergebracht werden, da ARGOS die
adaptiven Sekundarspiegel des LBT benutzt. Das optische Design der Kalibrationslichtquelle
ist nicht trivial, da die Konstellation der Laserleitsterne aus drei Leitsternen gebildet wird, die
ein gleichseitiges Dreieck auf einem Kreis mit zwei Bogenminuten Radius formen. Die
Bilder der Laserleitsterne, die reproduziert werden mussen, sind durchgbe des grol3en
Abstandes von der optische Achse bedeutenden Aberrationen stark deformiert. Um ihre
Wellenfronten mit der geforderten Genauigkeit von 50 nm rms nachzubilden, habe ich ein
spezielles Objektiv konstruiert, das ein computergeneriertes Hologmémalt, um die von

drei optischen Fasern ausgehenden Wellenfronten der gewunschten Form anzupassen. Die
Frontflache des Obijektives ist elliptisch und wird in Reflexion benutzt, um einen zentralen,
beugungsbegrenzten Lichtpunkt zu erzeugen, der zum éusties Objektives sowie als
Referenzquelle zum Uberpriifen der erreichten Leistungsfahigkeit des AO Systems dient.
Eine ausfuhrliche Toleranzanalyse, die den Zusammenbau und die Justage am Teleskop
einschliel3t, stellt sicher, daf’ die Spezifikationen aucBetrieb erreicht werden.

Der zweite Teil derArbeit bef&t sich mit der Suche nach extrasolaren Planeten um eine
Auswahl von nahen Riesensternen, die mit der Dopplermethode am Lick Observatorium
durchgefuhrt wird. Ich werte neue Daten der letzten dibrel aus, die zusammen mit den
schon existierenden Daten unserer Durchmusterung einen Zeitraum von elf Jahren
umspannen. Die Radialgeschwindigkeitsmessungen enthillen die Existenz eines vorher
unentdeckten planetarischen Begleiters um einen der von usisuciiten Sterne. Dies ist

der bisher leichteste Planet eines Riesensternes, mit einer minimalen Masse von 1.92
Jupitermassen in einem 785 Tage dauernden Orbit.
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Part |: The ARGOS Calibration Unit






1 Introduction

The night sky has always held fascination for humankind. For thousands of years we have
observed the sky more or less systematically. From early tim@sstruments were invented

to make the observations more prectyeecially designeuildings and sucturesconsisting

of stones in specific positions, for examplere setup to measure the positions of the stars

on the skyjnitially to regulate the yearly cycles and later to map the sky. The single most
important invention in obsertianal astronomywas the telescope bylans Lipperheyin

1608. Since then dlescopeshave developed from being mere magnifying glasses to
enormous instruments with which we explore the Universe to depths unimagined by the
earliest Astronomers.

Most obserationstaken on Eartthave been impeded by the effects of the atmospiretke

light from the object before it reaches the obserVke twinkling of the stars as seen by the

naked eye, an effect we are all familiar with, distorts images of stars tedlwasheaut

specs of light on big telescopes. Skilled visual observers, objective sciendiges,been

fooled into believing in dificial phenomenagdue toatmospheric turbulenceombined with

our brainsé age ol d t Thamostprangnert example of thigagmi s e st
be di scover yonMddrs by Sckeiapdreatli #87&(seeFmurel) and thenumerous
argumentsetween those who verified and contradicted the claivageafter(Figure 2), an

argument that went on for nearly 20 years
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Figurel: A map of Marsdé surface with the fAcanal
the Milan Observatory in 1877 (from Meyers Konversaonslexikon 188§.

Every optical telescope above a very moderate size of approximately 15 cm is limited in its
resolving power because of atmospheric turbulence in the last 10 km of distance the starlight
travels. After a long period of scientific discols based primarily on improvements in the
light-gathering power of telescopes, we are now in an era where the resolving power of the
telescope is greatly improving and playing an increasing role. The emergence of two
technologies has allowed us to overeothe adverse effects of the atmosphere: by operating
telescopes in space we can avoid the atmosphere completely, while adaptive optics (AO)
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Figure 2 T h ealiohas @ercival Lowell pecieved themt hr ough the 240
Refractor at Lowell Observatory in Flagstaff, Arizona (Perelman 1914)

systems on grounbdased telescopes cancel some of the distortions introduced by the
atmosphere and sharpen the images dramatically. The Hubble Space Telescope (HST) has
been a very successfaldility - its unprecedented resolution opened a whole new window for
scientific exploration. Satellite observatories are very costly to operate, however, and
exceedingly hard to maintain. Groubdsed telescopes of the-af&tre class equipped with

AO are row able to deliver sharper images than HST, at least in the near infrared. Naturally,
groundbased observatories are much more versatile and accessible for keeping instruments
up to date. While satellite observations remain important for some sciensfs,caany
programs can be conducted more efficiently from the ground.

AO technol ogy has grown and become so wides
has become an indispensible tool for exploring the full potential of any major observational
facility. This can be seen on the steadily growing number of AO related publications, for
example. Large observatories are devoting a substantial part of the observing time to AO
guided science programs. As telescopes become larger, the potential gaincofré€ed

images grows too. This is due to the relation between aperture diddnater peak intensity

| of the image of a point source. For sedingted observations, the image of a point source

has a constant angular diameter, and the intensity grathstme collecting area of the
telescope/ x D2, while for diffractionlimited observations, the diameter of the image is
inversely proportional to the diameter of the telescope, and hexd¥.

Adaptive optics waproposed as early as the 1895By Horace Babcock, an astronomer at
Mt. Wilson and Palomar ObservatoriéBabcock 1953) The available technology only
became powerful enough for a first attempt to realize such a systémm late 60s. The early
systems were developed for military and aerospace applicatiodprogress wagiden by
these communities, who had considerable resources available tdEdymmilestones in the
advancement oAO systems were the development of the first functioning deformable
mirrors, and subsequent experiments with natural guide stars, by oty &hd ceworkers

at ITEK company in 1972, andhe atmospheric compsation achieved with the



CompensatedmagingSystem on Mt. Maleakala, Hawaiising stars and satellites as guide
stars during the years 19825 (Hardy 1998)

The first AO systems udethe light of a bright star (termed natural guide star, NGS) to
measure deformations in the wavefront caused by atmospheric seeing. Advancements in this
field were coupled to progress in key technologies, most importantly the availability of
deformable mrors with many actuators and accurate response, low noise, high fidelity
wavefront sensors and fast computers. Each of these areas has seen astounding growth over
the last few decades. These technologies are now salevaloped that the main limitation

is the availability of a sufficiently bright guide star in close proximity to the object of interest.

The fraction of the sky containing bright enough stars that the uncertainty of the wavefront
measurement induced by the photon noise is small enoughnbit geeing correction to the
diffraction limit is only a few percent.

To overcome this obstacle, artificial guide stars were conceived. Powerful lasers are
employed to generate a beacon in the upper atmosphere. The light propagated downward is
used to masure the atmospheric wavefront distortion. The two possible mdtransating

laser guide stayfRayleigh and Sodiudaserswere developed in the early 1980s. The use of
Rayleigh scattering based systems had been first proposedriigl-¢AOA) andHutchin
(ITEK). A similar idea was proposed by HunteMgésternRes. CorpTo use lasers tuned to

the diumline has been proposed by W. Happer in 1@82pper et al 1994)Both methods

were investigated experimentally in parallel, theylRigh guide sar by Fugate et al(Air

Force Weapons Laboratdrgtarfire Optical Range, SOR, in New Mexicd-ugate et al.
1991) andthe ®dium approachin White Sandsclose to the SOR sitby Humphreys and
Primmerman (MIT/Linctn Labg (Primmerman et al. 1991The Rayleigh system went on

sky in 1983, followed by the Sodium laser in 1984.

All the references concerning these systems are fhenearly 199Qsasup until thenthe
research was classified and could not be made public. The technology became ddalassifie
1991 and the wealth of information collected with theitaity systems became available for
wider use.The first AO systems for astronomical use came orgmen afterthe release of
this information

Sodium laser guide stars

The Sodium lasetlechnobgy was adopted for the first astronomical laser guide star facilities,
and hasbecome the choice for major observatories around the world. The functioning
principle is based on the excitation of Sodium that has been deployed in very high layers of
the atnosphere, by the ablation of meteors. Typical altitudes are around 92 km. The laser
must be tuned to the Sodium Dltae at 589 nm wavelength. The large absorption cross
section makes it possible to generate a relatively bright spot by exciting a colBudiom

atoms with a laser focussed on this altitude. The laser beacon is high enough to be well above
any atmospheric turbulence, allowing the full vertical extend of the atmosphebe
sampled. A drawback of sodium layer beacons is the fact that tlessaeg lasers are
complicated systems which are costly and hard to maintain. Different technologies to
generate laser light at 589 nm have been employed more or less successfully. The first
systems were based on dye lasers, which need a lot of maintefidneckandling of the dye,
typically Rhodamin, is particularly messy. Solid state lasers would be more favourable, but
the common laser materials have no transitions at the desired wavelength. However, by a
quirk of nature, the sum frequency of th® and 2" laser transition of neodymium doped



yttrium aluminium garnet (Nd:YAG), the most common laser medium today, matches the
sodium D line. Nonlinear sum frequency conversion is used to achieve 589 nm laser emission
from Nd:YAG lasers. Unfortunately, thesgystems are highly customized, and very
expensive. Commercial systems with sufficient output power became avaitdpleecently,

for the price of several million USD per unit. A third avenue to explore is fibre lasers. Their
inherent advantage is the elent beam quality and that they can deliver the output at a
convenient location. However, the achieved output powers do not yet match the promised
values.

Rayleigh laser guide stars

Rayleigh Laser Guide Star (RLGS) Systems have been investigatéiduously for more

than 25 yearg¢Fugate et al. 19919s an alternative to sodium laser guide star systems. These
systems are based on the Raylesghttering of photons on air molecules. Some photons of a
light beam propagating upwards in the atmosphersaattered backwards at each layer. The
percentage of scattered light is linearly dependent on the density of the air. Due to the
exponential drop in density of the atmosphere, quite powerful lasers are needed to achieve
substantial scattered flux at higledzon altitudes, even though low power lasers, like laser
pointers, may produce visible scatter at sea level altitudes. An altitude of about 25 km is the
limit at which backscatter can be detected and used to measure the atmospheric turbulence.
Rayleigh sattering is further dependent on the wavelength of the light. The Rayleigh
scattering crossection is proportional to 1# (for this and calculations of the returned
photon flux, se&an de Hulst 1981) This is the welknown reason for the blue daylight sky,

or the perceived colour of cigarette smoke, for example. As the Rayleigh scattering takes
place along the whole pgathrough the atmosphere, these systems need to be pulsed and
range gated to achieve an approximately plilket source. Effectively, an exposure is taken
while the pulse travels only a short distance at the desired altitude. Obviously very fast
shutters ee needed as well as good synchronisation with the firing of the laser pulse.

A great advantage of the Rayleigh guide star principle is that one does not need a particular
wavelength. Hence, laser systems developed for other applications can be usedlywith o
slight modifications, if any at all. At the moment, the most widespread laser systems are solid
state lasers with Nd:YAG as the lasing medium. These lasers are robust, have a good power
to price ratio, and deliver excellent beam quality. The naturakleagth of the first laser
transition in Nd:YAG is 1064 nm. Units with twice or even three times the frequency are
common, too. The light is converted by nonlinear frequency conversion, typically in
nonlinear crystals.

Ground layer adaptive optics

We arecurrently witnessing a renaissanck Rayleigh Laser Guide staystems possibly

related to the progressf commercial lasers budlso becausehe advantages of a concept
calledGround Layer Adaptive Optidsave been realizgd5LAO, Rigaut2002).

Ground Layer Adaptive Optics is a concept that aims to correct only for the turbulence
occurring at low altitudes, in the walled ground layer, up to about 1.5km above the
telescope. The efficiency of this method was recognized with the realization of tineerela
strength of the turbulence in this atmospheric layer. Up to 80 % of the phase distortions have
been measured to originate in the ground layer. As the ground layer is close to the telescope,
the effect of angular anisoplanatism is less pronouncedhagher layers. In the idealized

case that the turbulent layer is directly on top of the aperture, the AO system would correct
for the whole field of view of the telescope at once. Of course, the image quality cannot be



diffraction limited, or even appezh the level a natural guide star system achieves in the
direction of the guide star, as some turbulence in the higher layers remains uncorrected or
even unsampled by the AO system. A GLAO sys
i mpr over 0,s the seeirigtoverraevdlel feeld of view without producing diffraction

limited cores in the stellar images. More than 90% of all ground based astronomy is surely
done in seeingimited mode. For all these programs GLAO can improve resolution, but more
importantly, raise efficiency by a substantial amount. Spectrographs with small slits
especially benefit from the rise in encircled energy. This gain is provided over a large field of

view, ideal for multiobject units.

1.1 Theoretical framework

1.1.1 Atmospheric turbulence

In this section | give a short overview of the theoretical background for the generation of
turbulence in the atmosphere, and the wavefront deformation this gendrasesl on
Quirrenbach (2006)Mary dedailed treatises can be found the literature seefor example
(Roddier 81, Fried 94, Hardy 98To assess the turbulent behaviour, one first needs to
characterize the medium under investigation. Based on the theory of fluid flows, we use the
Reynolds numbeirStokes 1851, Reynolds & Osborne 18&&fined as
VL
R = —

1%

whereV is the velocityL a characteristic scale length anthe kinematic viscosity.

The Reynolds number is a measure of the ratio betweeimertial forces and the visas

forces. If the Reynolds number is high, the motion on thie ca undampeed, as viscosity

plays no dominant role. When the Reynolds number becofitbe order of 1, the influence

of viscosity becomes high enoughat energy can be dissipated. is set by the outer
geometry of the flow, and the Reynolds numbam be interpreted as the ratio between this
length and the structure size at which the energy is dissipated. For atmospheric flows,
R > 10°. They can always be considered turbulent. The transfer of energy between the large
scale and the dissipative scale can be explained as follows: the turbulence in the atmosphere
is introduced by large eddies of a sdajeThese eddies cannot sijgate, as indicated by the
Reynolds number, but break upa hierarchical cascade to smaller and smaller eddies, until
they reach a scalg, and the turbulent energy is dissipated. The range betweedL, is

called the inertial rangé.is calledthe outer scale of the turbulence.

Kolmogorov developed a theory that allows us to assess the turbulent behaviour on different
scales over the inertial range, that is, to calculate the power spettisinesult shows that
the spectrum has a universalrfg and the calculations can éasilyretraced.

A good way to describe the turbulenceaafuinction of position is a structure functioA.
structure function of the form

De(ry,m5) = (1§(r1) — §()I?)

describes the expectatialue of the difference of the variakjesvaluated at two positien

r; andr,. We nowwantto describe the velocity field of the air. If we consider the turbulence
to be homogenous and isotropic, the structure function for the velcidsin onlydepend on

the distance between two points, and so the structure function assumes the form:



D,(ry,15) = (lv(r) —v()I?) = a - f(lry = 12l/B)

For the unitsto comply, the argument ¢f needs to be dimensionless, so dimaensionof

must be a length, and thatm#elocity squared.

In addition to the scale parameters, the turbulence depends only on the kinematic vtscosity
and the energy generation rates has units ofm?s~3 andv of m2s~1. As a« andp depend

only onv ande, a simple dimensional analysis yields

a = 3ve and B = v3/* e~ /4,

Together with the assumptions that dissipation can be neglected in the inertial range, and so
D,, must be independent of we find for f:

f=k (- 7”2|/3)2/3

with k as a scale factor. With this form, cancels out in the final formf the structure
function:

D,(r,1m) = a -k(|n _T2|/ﬁ)2/3 = Cz? |y _7'2|2/3
with C2 = a- k/B?/3 = k - £%/3.

From very fundamental assumptip®Imogorov could derive a statistical description of the
turbulence over the full intrinsic scale!

The relevant effect of the turbulence is the deformation of the ingpwavefront. For this,

we need the structure equation for the index of refraction. The turbulent velocity field causes
mixing of air of different temperatusethe air cells forming the turbulence are in pressure
equilibrium, hence their density must bdfelient. Pressure variations due to wind can be
neglected in our case. The refractive index variations originate in the density perturbations.
With the dependences of the index of refraction on the density, and applying the -Wiener
Khinchin theorem, we finfbr the structure function:

CZ 1?3 =Dy(r) = zfd;c (1 — ™) D (k)

wherer = r, —r, N =n —1, kis the wavenumber of the perturbations,and ® denotes
the power spectral densityrom there, a rather complicatealaulation(Tatarski 1961)eads
to the power spectrum of the turbulence

& (k) = 0.0365 - CZ-k~5/3 |1
Now, we calculate the perturbation of a wavefront. For a layer of thicldtessth spatial

variations of the refractive index the lacal phase at positionimprinted onto a transmitted
wavefront with wavenumbexis:

1 These calculations have all been done in one dimension; the case in three diniessimesines foundn

the literature and yields an exponenttf/3



h+8h
P(x) = kf n(x,z)dz
h

With the structure function of the refractive indgXy(r), one can derive the structure
function for the wavefront perturbatior, e phase shift, introduced by a thin layer at height
h:

Dj(r) = 2.914 k* §h Cf r=5/3

This is valid for one layer of turbulence. We integratver the whole height of the
atmosphere and take a possible zenith apgl@to acount. This yields:

Dy(r) = 2914 k2 r=5/3. secyf C2(h)Sh

With the definition of the saalled Fried parameters,

3
5
o = |0.423 k? secy f C,%,(h)(?h]

the expression for the phase shift structuretfondoecomes

5

Dy(r) = 6.88 (:—0)3

The relative phase shift between two points on a wavefront due to atmospheric turbulence
grows rapidly withdistance to the power of 5/3, and is dependent on the wavelength, the
zenith angle, and thertwlence strength, all combined in the Fried parameter

The Fried parameter is commonly used to describe the quality of an astronomical observing
site. The value of, for a given spectral band is a measure the integrated spatial properties of
the atmosphere. The definition is chosen such that the 1sgasrephase variation over an
aperture of the sizg is ~1 rad2. In practical termdhe resolution of telescopes with apertures
larger tharr, is equivalent to the resolution of a difframtilimited aperture witldiameterr,.
The relation

Ty oC A6/5

is the reason why AO systems are much more common at longer wavelength. The ratio of the
telescope apertul® to the Fried parameteb,/r,, is much better at infrared wavetgh than

in the visible part of the spectrum. From the discussion above it is also cleay thdhe
approximatespacing of theactuatos of the AO syster@s deformable mirror, projected onto

the entrance pupil of the telescope. The number of acsjatod with it the complexity and

cost of the system, scales with/r,)?. To give a valugfor the best observing sites?™ is

on the order of 20 cm in the green part of the spectrence, for a 8m telescope) /¢ is

about 40, and the number of actuators neededld be on the order 0160Q very
challenging and c ostlhtheKvant, n cantoadtzg®ystasouttlre,c h n ol «
according to the relation between Fried parameter and wavelengih/7$® = 8, and the
number of actuators needed is only about 60.



1.1.2 Isoplanatic angle

A common parameter to describe the turbulent behaviour of the atmosphere and its effect on
image deterioration is the isoplanatic andle,

From our derivation othe structure functiornt follows that the turbulence is statistically
independent of the viewing direction (aa$t for negligible variations irenith angle). Hence

the long exposure atmospheric PSF of a telescope is uniform over the field of view. The
wavefront distortion at a given moment, however, is dependent on the viewing direction. As
illustrated inFigure 3, the beams from two objects, overlapping at the entrance pupil of the
telescope, do not overlagppmpletely anymore depending on angld between them and

'y
A /

Telescope aperture

Figure 3: lllustration of the isoplanatic angle. The light from two stars separated by an
angled, one of which is the AO guide star, samples different parts ofié atmosphere.
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Turbulent layers at higher altitudes have different contributions to both beams, and an ideal
correction for one beam (the beam coming from the guide star) is not perfect anymore for an
object at a different field position. This effect talled agular anisoplanatism. The
isoplanatic anglef, is defined such that the phase variation of objects closetiteigthan this
angle is corriated, and the correlation drops for field points further apart. More predigely t
definitionis such that withirth the variance of the wafrent is 1 radUsing r, the anglecan
be expressed as
To

0y =1y cosy T
Wherey is zenith angle, anHl is a chaacteristicmean effective turbulence height, which is
derived by weighting the turbulence stren@thwith h>/3:

b [ C2 (h)h5/3dh s
‘{ J C& (R)dh }

For typical conditions, this leads to a value Hbof somekilometres
In practical termsgh is the angle of the field benefitting from AO correction around the guide
stas position.

1.1.3 The atmospheric time contant

The above thoughts cover the spatial structure of the turbulent layers at one given moment.
The rate at which an AO system has to update the shape of the DM, and consequently re
evaluate the wavefront is one of the technical challenging limits. ifrreeliehaviour of the
turbulence is therefore of great importance. Most often, the time in which the local shape of a
turbulent layer changes is much longer than the time it takes for the wind to shift the layer
across the telescope aperture. Turbulencetlvan be modelled as aoften sheet, a phase
screen, whichs transported with the wind speed in the respective layer. This idea is called
the Taylor hypothesis of frozen turbulendeor widely varying speeds in different altitudes
and different turbulencstrength in these layers, the precise temporal form of turbulence can
be complexFromthe approximation that the integrated turbulence caddseribedoy r,,
the definition of a time constaty is commonly used to approximate the temporal behaviour:

to = 1o/V

with v designating is the wind speed in the dominat layer. This definition leads to the same
wavelength dependence fty andr,. Wind speeds can on average be around 20 m/s. With
typical values for,, of approximately 20 cm at good observing sites, we findm&Gort,.

1/t, is an estimate of the minimum frequency at which all control loops have to run. This has
far reaching implications for the necessary guide star brightness, hardware specifications, and
computation power.

1.1.4 The cone effect

The cone effect, sometimes called focal anisoplanatism, is attributed to the fact that guide
stars of finite height sample@ne of the atmosphere, not a cylinder, like a star at infinity
would. Dependent on the aperture size and the guide star altitude, the wavefront sensor signal

11



does not contain meaningful information to correct for the turbulence in layers above a
certainheight. A schematic of the effect is shownFigure4: The shaded area of the blue
objectds beam is unsampled by the rewellgui de
sampled by the guide stabne, thelayers close to the guide star are poorly sampled, and
turbulence even higher is not sampled at all.

+
A

Telescope aperture

Figure 4: The light from an object at infinity (blue) that falls onto the telescope aperture
forms a cylinder in the atmosphee. For a laser guide star at a finite distance (red), the
sampled volume is a cone. The shaded volume is not sampled by the laser guide star.

This is one of the strongest arguments for Sodium laser beacons: with a mean altitude of ~92
km, they are well lbove all atmospheric turbulence and allow for a much better sampling of
the high altitude layers than Rayleigh beacons with altitudes around 12 km can provide. For
ground layerAO, on the other hand, the effect is less important, but for aperture siies on
order of ten meter still not negligible. A straight forward way to improve the sampling of the
atmosphere is to use multiple guide stars in an asterism. For high altitudes, it is complicated
and very computationally expensive to disentangle the catitits of the different layers in
different directions. This is referred to as laser tomography in the literature. For GLAO,

12



however, the computations become much simpler. The contribution of low layers is the
common part of all the wavefronts from thedpistars, and can be derived by averaging over
the measured signals.

1.1.5 Performance simulations for GLAO

During the Phase A of the Argos project, we carried out simulations assessing the
performance of different asterism configurations and guideGsthitsides for 4 different bins

of atmospheric quality, based on the L@BToptical parameters and measured turbulence
profiles. The simlations addressedé questionof which castellation achieves the best
compromise of oraxis performancand PSF homogeneigcross the full field of Luciferan

IR imager andmulti object spectrograplwvith 4 x 4 arcminutes field of view, the main
instrument to benefit from ARGOS. The simulations take into accelinthe effects
discussed above, d 0, and focal anisoplanatn.

| quote here simulations done by Sebastian Rabien, MPE. The geometry is slkaogunab.

The resultdor the investigated setugplosest to the finally chgen configuration are shown in
Figure6. The asterism radius and altitude are the same, but the simulation is performed for 4
guide stars whilet was finally decided that ARGOS will usthree. The difference in
performance is negligible.

Turbulent layers

* Laser stars

Aperture

Figure 5. The optical geometry used in the simulations. A grid of background stars is
propagated through a set of turbulent layers in the atmosphere. The same is done for
laser guide stars at a given altitude and constellation geometry. Plot taken fromREGOS
Phase A study.
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1.1.6 Spot elongation
The vertical extension of the laser beacon in the atmosphere is the cause for what is

commonly called spot elongation. From the sch@ma Figure7 it is clear that a cylindrical
beacon has an angular extension if not seen from directly on the propagation axis.

Figure 7: The spot elongation effect. A pencil shapedaser beaconat height h and
vertical extensionah appears under an angldJfor a subaperture located at a distancel
from the propagation axis.
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For the image formed by the telescope aperture as a whole, this leads to the superposition of
defocussed imageand so a blurred spot. As wdkant sensors sample the pupil plane, the
effect is different. Each subaperture corresponds to a single aperture with a distance | from
the propagation axis. The image of the laser beacon has an angular extetiseoradal

direction that grows for subapertures further away from the propagation axis, defined by the
laser launch telescope. Obviously, a launch telescope in the centre of the telesqmrture,

for example behind the secondary mirror, misiea the overalleffect. Figure 8 shows the
magnitude of the effect for the subapertures of ARGOS, assuming a vertical beacon length of
120 m at an altitude of 12 km.

0-8 14 v Y T 2 v Y T Y v Y T Y v Y T '4 v Y T
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Figure 8: Spot elongation as a funtion of sub-aperture location relative to the primary
centre. The plot is drawn for a 120m gating range at 12km gating height from a simple
geometric consideration.

For a Rayleigh laser beacon, the spot elongation is determined bpttbal setup (namsgl

the disances of the subapteires to the laser launch axe)d the gating range. As the laser
pulse travels up, a shutter in front of thevafeont sensor is only opened when the pulse is
traveling a short distance at the desired altitude. The operofithe shutter sets the vertical
extentof the pulse that is recorded by the wavefront sensor. Longer gating leads to more
photons, but also to a pronounced spot elongation in the outer subapertures. For a given
subaperture size, guide star altitude, @seér power an optimum has to be found.

Spot elongation causes the followipgpblems:

e The light can spill into the region on the wefront detector corresponding to the
adjacent subaperture

e The centroiding accuracy, the sensitivityth which the spa#d positioncan be
measuregddrops with the extension.
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e The radial shift of the spotds centre wi
focus term in the wavefrormeasurement. e range gate timing needs to be held
constant on the 1% level to ems this is statisoit can be calibrated.

We carried out calculations during the preliminary design phase to assess the optimum range
gate for ARGOS. A beacon with a Gaussian profileh@ propagation direction was ray

traced with ZEMAX to generate thexpected spot patterns on the Shhigktman wavefront
sensor. The result is shown kigure 9. We selected a gatingmge of 1% of the altitude,

120m, asthebaseline.

Figure 9: Spot paterns as expected for the ShacKartmann sensor for a given gating
range. To the left a gate range of 200m travelling time is shown, to right the same for a
100m range. For the 200m case the elongation in the outer sapertures becomes
visible, but is still below 1.5 arcsec. For the 100m range gate thmeaximum ellipticity is
86%. Taken from the ARGOS PDR.

1.2 Overview over existing LGS facilities

During the Phase A of the ARGOS project, | had tdek to visit major laser guide star
facilities in order to lean from their experiences. In this section | present the main
characteristics of the other facilities developing Rayleigh laser guide stars. For comparison, |
describe some features of prominent Sodium facilifiéss wasincluded in the Phase A to
transer the knowledge to the ARGOS teat.summary of the main LGS systems in
operation is provided ifable2. The lessns learned are summarized in the end of this
chapter

1.2.1 The William Herschel Telescope (WHT)

TheWHT is a 4.2 m telescope, from the Isaac Newton Group (ING), located on La Palma.
It has been equipped with a GLAO systekmdwn asGLAS) developed by the ING in
collaboration with the University of Durham (UK), the University of Leiden (NL) and the
ASTRON institute (NL) (seeFigure 10). The project started in 2004vith first light and
commissioningtaking place at theend of 2007. Scientific exploitation of the system is
underway(Figurell).

2 ING Press release 4/2007.
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Figure 10: The Wilhelm Herschel Telescope on La Palma with its green laser beacon
launched from behind the secondary mirror

The scientific drivers for GLAS were mainly to increase the sky coverage oAGhe
instrument NAOMI to nearly 100%, coupled with pearidshoot capabilities. The
instruments foreseen to be used with GLAS are lffir@ASIS, a visual spectrograph

empl oying an integr al field wunit with 0.20
FOV NI R camera with O0.04A pixel scal e. |t |
improved image over a moderately wide field of view, but will not be able to deliver high

Strehl ratios, as is the case with all GLAO systems. The expected gain in FWHMiera fa

of two or better.

GLAS uses a single Rayleigh beacon, which creates an artificial star at an altitude of 15 km.

The light source is a commercial frequency doubled Yb:YAG disc|asmitting an output

power of 20 W at a wavelength of 515 nm. Givénet t el escopeds transn
guantum efficiency of available CCDs, the use of a UV laser decided againsince for an

equivalent price, it would not have been able to deliver a decent sggeafficientnumber

of photons) on the wavefront sems

To keep the laser head &a with respect to the gravity vector, it is mounted on the top ring

of the telescope, in a cradle rotating around an axis parallel to the elevationSaxise
problems occurred in the procurement of the custom built kasir causing a delay of
several months; and the goal of 30 W output power could not be achieved. The laser launch
telescope (LLT) is a folded Galilean refractor design with single lenses and an aperture of

3 ELS GmbH, Germany
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350 mm It is fully mounted behind the secondanyjrror of the telescope. There are no fast
steering optics in the uplink path of the bea®@n the downlink side, a Shatkartmann
array based on a CCD3and selfmade camera electronics is used as a wave front sensor
(WFS). The range gating is realizedtiwPockels cells (PC) with crossed polarizatidosbe
independent of the incoming light's polarization.

Design and integration of GLAS were straightforward the sense that readily available
commercial parts were used wherever possible (with ontpmnexclusions). Also, care was
taken to minimize risk by identifying critical components and performance necessities, and
taking the appropriate steps to reduce the risk. This policy proved to be successful with the
exception of the laser head itself.

AO correction OFF AO correction ON

Commissioning GLAS H-band images of Uranus

Figure 11: L eft: comparison of stars in M15; top: seeing limited; bottom: with GLAS.
Right: Uranus with and without AO

1.2.2 The Multi Mirror Telescope (MMT)

The MMT, a 6.5 m telescope located on Mt. HopkiAZ is the only facility that uses a
multiple beacon RLGS and an adaptive secondaris respect, it is similar to the proposed
LBT RLGS system. The participation of some MMT laser adaptive optics specialibis
LBT RLGS project guarantees a gowdnsfer of experiencés the twosites are separated
by only a small distancethe prediction ofatmospleric conditionsat LBT has also been
simplified.

For the MMT LGS, the outputs of two frequency doubled commercial Nd:YAG Laser’heads
are combined bwg polarizing beam splittéo form one single beam with 2 power. These

4 E2VItd, UK
5 JDSU QSeries
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Figure12 To the | eft a photograph of the MMTOs

right the asterism of the Rayleigh guide ars on sky can be seen.

lasers use the widespread technology of dima®mped Nd:YAG rods as a lasing medium and

are builtin quantities. The laser heads are mounted in an isolated aluminium box at the side
of the telescope, above the elevation axis. Gdam is relayed in free air to a-called pupil

box at the upper ring of the telescope, where a holographic phase plate is used to produce a
fivefold asterism out of the single incoming beam. The beamshareput through to the

folded refractive LLT, manted behind the secondary mirror.

On the downlink side of the system, MMT employs unique techniques. A mechanical
resonator is used to refocus the laser beacon while the pulse is travelling upwardstti@ough
atmosphere. This allows for thategraton of the scattered light over a longer altitude
interval, collecting more photons, and reaching higher altitudes with the same laser power.
The resonator itself is an aluminum cylinder with an eigenfrequency of approximétely; 5
driven by electronics badeon an audio amplifier and a voice coil. In its present form, the
resonator is a stepped design for ease of manufacturing; nevertheless, the Q factor is very
high so the resonance peak has a width of less than 1 Hz, with a stroke of upetm.150
Thanks ¢ a wellthoughtout optical design, a single WH& gated CCD manufactured the
LawrenceLivermoreNational Laboratory, LLNL)is used to measure all five beacons. This
unique featuresaves the need for external optical gating mechanssrols as?ockelscells.

Note that MMT had to struggle with perfoance problems of the CCD chips; two chips
could be obtained, one of which was unexpectedly noisy, and the other had considerable
different gain between the two output amplifiers.

A lesson learned is thatall beam diameters on optical surfaces, especially those not inside
the instrument, should be avoided. Moths crossing the beam get burned and the adjacent
optics destroyedFigure 14). Furthermore, safety concerns imply usinggés beam
diameters in free air to lower the powendiies to an uncritical value.
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Figure 13: Schematic of the MMT laser guide star facility.

Figure 14: A moth that was killed by the 30W at 523nm laer beam of the MMT, and
burned into the surface of an exit window. Imageourtesy ofMMT.
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1.2.3 The Southern Astrophysical Research Telescope (SOAR)

SOAR with its 4.1 m aperture & recently completed telescolpeated on Cerro Pachon in
Chile (Figure 15). It is a joint project between the University of North Carolina, Michigan
State University, NOAO and Brazil. The LGS program for SOARe SOAR adaptive
module(SAM), differs from the other projects discussbdsfar since it alsdully includes

the development of the AO past the facility, not only the laser guide star facili§OAR

aims for high spatial resolution imaging and spectroscopy in the visild both
requirements driven by competition with other facilitiessite Based on extensive seeing
studies on Cerro Pachon, and with the boundary condition of limited funds, GLAO was
identified as the best option. The clear goal is to build a robusitdstvAO instrument.

The actual status of the project is somewhat ldsarecedthanforeseen. Integration of the
optical and mechanical parts s&attin 20@. At the time of the Phase A study for ARGOS,

no onsky experiencescould thus be shared. However this peat hasuseful well-
documented and very ddtd engineeringagects Nearly allthe critical components were
thoroughly studied, and in many cases simple but considerable improvements of
commercially available solutions were implemented. Furthermore, breadboard tests were
cariied out, andhe proper functioing of the subsystems verified. Andrei Tokovinin, leading

the SAM project, shared very interesting insights about ways to characterize the instrument,
to optimize the performance and to train the operators. For this purpose, a light souece with
turbulence simulatr (TurSim) will be integrated to SAM (Thomas 2004)

SAM uses a UV laser with 8 output power at 355 nin This model has the same
characteristics as the laser used by MMT and is from the same cqnipanyg frequency
tripled. The global efficiency othe system from the light source to &S differs only
minimally from a solution with a green laser. The main advantage of the UV beacanits th
may be possible to abandon the useiofraft spotteremployed by the observatogyvery

time the lasers operated Andrei Tokovinin argues that at the speed an aircraft moves, the
irradiance by the laser is much lower than the damage threshold of sssmefor direct
exposureas the exposurgme will be very short.n addition, & the givenUV wavelemth,

the cornea of the eye is opaque, so the energy is absorbed before reaching tlizaretiga

of the cornea or lens occurs at the same energy as in norma) tissaibe lasershould not

be able talazzle a piloand shouldhot present a hazard to@afts. A further argument is the
fact that the(plastig windows of airplanes are opaque at UV wavelendgtheemains to be
seen Vimether theseargumers will be accepted by the relevant authoritidsowever
Nevertheless precautions for laser safetySAM comply with the measures adopted by the
other observatories.The use of this short waxgtlermposes consequences for the employed
optics; transmission and chromaticigharacteristics were chosen accordingly. Taser
launch telescopeorks with anaperture of 350 mm. The beam path will be enclosed up to
the Cassegrainialaunchtelescopehat will be mounted behind the second&gth the NGS

and the LGSNFS will be housed together with 4enaging optics and a bimorph DM in a
sealed aluminum enclosee mounted on one of the Nasmyth foci of the telescope. The
enclosure will rotate to compensate field rotation. The Skigkman wavefronsensing will

use a CCD39 witlheach electronics. The gating will be carried out by a single Pockels cell.
Fibercoupled avalanche photodiodes (APD) will be used for théltimeasurement.

6 JDSU Qseries
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Figure 15: The SOAR dome at Cerro Pachon

An instrument foreseen to be used with SAM is an imaging camera with 3' FOV. There is a
second port availabler visitor instruments, wher®r e.g, the Brailian collaborators could
install their spectrograph.

1.2.4 Sodium Laser Guide Star facilities

For comparison| describesome of the mairsodium Laser Guide StaNaLGS facilities
below.

Lick Observatory

The LGS facility at the 120 Shane telescope, Lick Observatory (Californiaqs the first
astronomical laser guided AO system operation. The technologgnd experiencen
operating the systentevelopedhere was then used to build the Laser facilitieskieck |

on Hawaii.lt took eight years from closing the loop at Lick in 1996 to successful operation at
the Keck telescopehowever The Lick Observatory |la&s system is a pulsed dye laser
developed by theLawrence Livermore National Laboratories (LLNL)Four flashlamp
pumped soliestate laseroperating at 532 nm are locatbéeneath the main floor of the
telescope domand pump alye lasethatconverts the light from green to yellow, i.e. tunes it
to 589nm (sodi umd sThe ligh toavels throughwibevoptic Bnasgta d
launch telescopenounted o the side of the telescaopbeefore it gets launched into the
atmosphere.

W. M. Keck Observatories

In 2004, Keck started using a LGS, and began producing substantial scientific output with it.
As aconsequence, nowadays more than 20% of the naghtseckare scheduled for LGS
operations. The instruments available for these observations are two imaging spectrographs,
also compatible with NGS AO. While the AO correction is slighttyrsethan in NGS mde

(with abest Strehbf 0.5 compared to 0.7), the LGS drastically improved sky cove(age.
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Dam et al. 2007)The Laser itself, custom build HWyLNL, is a seeded twstage dye laser
amplifier, pumped by six frequenapoubled Nd:YAG lasers. A dye mastescillator in a

laser room is locked to a sodium gas cell and delivéesvamilliwatts of light into an optical

fibre; the fibre output is then amplified by a laser mounted on the side of the telescope. The
whole chain draws 50 kW of electric power &ider 14 W laser light on skfiVizinowich et

al. 2006).

PARSEC at the VLT

Most major 8 to 10m size telescopes facilities are rmeomingequipped withLGS
facilities and most of them, with the exceptiof the threeRLGS systems discussedbove

are usiig theatmospheric sodium layer to create artificial guidesst&S@ ¥YLT at Paranal

does not escape this trend and has been offering a laser guide starttadditgommunity

for scientific use since Octeb2006. After a slow start, the first sciéiat results are now
coming out. The PARSEC laser is installed at Yepun (UT4) and is used for both an integral
field unit neafinfrared instrument (SINFONI) equipped with a curvature sensing adaptive
optics system, and a mufturpose neainfrared camergCONICA) fed bythe Nasmyth
Adaptive Optics SysterfNAOS) (Lenzenet al.2003, Roussett al.2003) an adaptive optics
system based on Shaklartmann wavefront sensing. This camera allows imaging$ting
spectroscopy, polarimetry, coronagraphy and uimmeousdifferential imaging to be
performed The laser is @ontinuous wavec{v) single frequency dye laser, divided into a
master laser that defines the frequency and a resonant cw amplifier delivering the high power.
Optical pumping of the dye mole@d takes place in the green spectral region with a total of
five 532nm solid state lasers, each delivering a 10W cw beam. Unlike the Lick system, the
sodium tuned lasdight is first created in the laser lab and then propagated througs fior

the laurch telescope placed behind the secondary mirror of the VLT UT4. Under average
atmospheric conditions, for stars of V magnitude between 10 and 1Zitrédd ratio
measured is the same when usingNle&S and LGS systeB) as expected for an equivalent
laserguide star magnitude of V ~ 1Rote however that the performanaethe AO systems

is limited by telescope vibrations. Moreover, in LGS mode, both AO systems suffer from the
poor performance of the STRAP unit used fortiippsensing. On top of thain the case of
NAOS, neither the pixel size nor the aperture of WeS is well suited for the LGS. The
system is presently undeorrecting, compared to what it could achieve with an appropriate
lenslet array (under construction).

Gemini South

The first telscopeto use multiple NaLGS beacons to overcome some of the limitations of
existing LGSAO systens, i.e. limited sky coverage, restricted field of view and negative
impact of the cone effect, will be Gemini South. With the raedtjugate AO (MCAOQO), the

goa | i's to achieve AO correction over mor e
performance is around 25% Streinl the K-band Gemini 6s MCAO design
guide stars and three natural guide stars and thus eight wavefront sensors. The idea é
continuous wavdaser of 50W that will be split into five equivalent beams of W) As of

the end of 2007, all loops tdeen closed in the laboratognd integration at the telescope

had startedKigure 16). Commissiomg on the telescopwas plannedor the second half of
2008, but has been del ayed due to probl ems w
The MCAO module will feed two instrument¥he Gemini South Adaptive Optics Imager
(GSAOI), a 4Kx4K neatinfr ar e d camer a wi t h a field of
FLAMINGOS-2, a neaifinfrared muli-object spectrograph, with a resolution of up to
R=3000 over a 2 arcminwgéeld of view (quite similar to the UCIFER capailities).
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Figure 16: Gemini LGS parts (the top of the beam relay housing), in the integration hall
at the telescope site in December 2007

Major effort and cost went into development of a reliable laser system with an output power
of more than 5@V. A solid-state Nd:YAG lasr with sumfrequency mixingvas expected to

be ready in April 200§information Nov. 2007)Integration of the other componesstsirted

in 2007 at the telescope. The latest information is that the laser will be delivered by mid
2010.

GALACSI at the VLT

ESO is developing an AO instrument called GALACSI for the VLT UT4 (on which PARSEC

is mounted). It makes use of the so called four laser guide star faciility (4ALGSF) comprising
four Sodium LGS on a variable size asterism, and a deformable secondary nsoovea

shell with 1.2m diameter and 1170 actuator
deformable mirrorgArsenault et al. 2008)

The development of GALACSI is part of the AO facility initiative aiming to convert UT4
into a specialized AO telescopéArsenault et al. 2006). The science instrument to benefit
from GALACSI is the Multi Unit Spectroscopic Explorer (MUSE), a intergarl field
spectrograph in the optical waveband (46930 nm). MUSE comprises 24 spectroscopic
channels, each equipped with ianage slicing integral field unit (IFU). The full field of view
delivered by UT4 + GALACSI is divided between the 24 channles. GALACSI and MUSE
together (called the MUSE facility) are designed to operate in two different modes, a wide
field mode (WFM) ad a narrow field mode (NFM). Their respective basic parameters are
summarized imablel. The optical layout of the GALACSI bench is showrFigurel7.
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Table 1: Specifications br GALACSI + MUSE

Wide Field Mode (WFM) Narrow Field Mode (NFM)
MUSE field of view 1'by 1 7.5" by 7.5"
Spatial pixelsize 0.2" by 0.2" 0.025" by 0.025"
AO performance double the ensquared energy| 5%  Srehl at  650nm
specification one spatial pixel at 750nm (goal 10%)
AO correctiontype Ground Layer AO Laser Topographic AO
Tip Tilt starbrightness | >17.5 Rmag >15 JH mag
Tip Tilt star location 52" to 105" off axis--> >70%/| on axis, within 7.5" diameter|
Sky coverage
LGS separation 4 LGS 64" off axis 4 LGS 10" off axis

In both modes, the Laser guide stars are located just outsideigmee field. In the wide

field mode, these are picked up by an annular mirror to minimize the impact on the science
field of view, while in narrowfield mode a dichroic is inseerted to redirect the alser light to
the wavefront sensor, based on a SHdakmann lenslet array. The fijit signal is
measured with an optical wavelength sensor on a star located outside the science field to
avoid obstrugon. In narrow field modean IR low order sensor (IRLOS) is used to sense
remaining aberrations. It operates from 980 to 1800 nm and is based on as@Qldaparture
ShackHartmam array.

CU folding mirror

NGS-TT Sensor
path
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Figure 17: Schematic ofall optical components of the GALACSI mainassembly.ESO
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GALACSI also contains a calibration unit. Optical fibres at different wavelengths are
positioned precisely in a metal plateéigure 18). This secalled source plate is imaged by a
dedrated objective onto the Nasmyth focal plane. The calibration unit is fixed within the
GALACSI structure on the Nasmyth platform and deployed with a flat folding mirror. The
point sources will provide the means to calibrate the wavefront sensors as el feedd
selector positioning. A diffraction limited point source for performance assessment in the
narrow field mode is included as well. The unit can be focussed to simulate changes in the
sodium layer altitude. The calibration system is located #feedeformable secondary mirror

and therefore cannot be used to measure the interaction matrix or run the system, including
the DM, in closed loop. A way to introduce wavefront distortion to simulate atmosheric
turbulence is not foreseen.

After passinglie FDR in June 2009, procurement of all components is underway. System
integration is planned to start in 2910 and commissioning at the end of 2012.

Figure 18 Source module for the GALACSI Calibration Unit. Fibers of different
diameters, fed with light of different wavelengths to simulate NGSs and LGSs are
precisely arranged in a metal platePicture courtesy ESO

1.2.5 Summary

As reflectedin the discussion aboyenost laser guide star efforts have focused on two
methods of aating artificial stars. The first method uses visible or ultraviolet light to reflect

off air molecules (Rayleigh scattering) in the lower atmosphere, creating an artificial star at
an altitude of about 10km. The other method uses yellow laser lightite srdium atoms at

90km. Ideally the artificial star should be as high as possible to have the laser star and the
observed star passing through the same part of the atmosphere. However recent studies have
shown that most of the atmospheric turbulendectihg observations is concentrated in the
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first 15 km of the atmosphere. Only rarely is the turbulence dominated by high atmosphere
turbulence, e.g. the jet streanThis explains the enthusiasm fground layerAO and its
capaciy to significantly impreae the image resolution over large field of views.

Much effort has been put into LGS AO systems hilus faronly a few of them ardully
functional i.e. delivering refereed science papéxslarge telescopes, it is now important to
have an adaptive dps system to be competitive. Mostl8m class telescopeptedfor a
sodium laser solution with eaxis correction. Presently only smaller telescopes have opted
for a GLAO solution. This thus provides a unique niche for the LBT, which will be able to
deliver higher resolution over a wide field and has a unique MilRi-object spectrograph
capdility.

The observatoriediscussed abovithat employ a RLGS want to use the LGS Aaawvay to
obsere with spatial resolutiomapproximatelytwice as good asn seeing limited mode,
everywhere on the sky, with the additional benefitreacling fainter objects due to the
improvement in encircled energy (EE). All three groups plan to employ the dtG&
substantiahumberof nightseachyear. The three investigated 8S projects have different
political environments, as well as technical capabilities. Tiesarly leads to different
approachesor the same problems. Still, there is very good agreenretite capabilities of
GLAO, and darge overlapn how to implemat it with the available technology.

Each ofthe systemslescribed abovare different,as each teamesponds to the existing
conditionsat the telescope amaant to find their own niche. Each system is heoggmized
for different kinds of science dnstrumentsto be fed by AO. While the prosgie have
improved over the last few yearsbtaining the necessary laser powertlte sodium
wavelength is still a majoobstacle for the sodium facilitiesor all the described projects,
the Sodiumlases comewith high costsrequirea considerable amounf maintenance and
are custom builsystems, and hence impose a substaati@unt ofrisk on a project. The
advantage is obviously the better sampling of the atmosphere, and the resghirgjrihl
ratios.

Rayleigh AO on the other hand, aaot corect for some binded nanomies phase distortion
RMS that is not sampled by the low altitude beacon. The perfornmneeessarilygifferent

- RLGS systemsare seenmore as facilities toimprove the seeingThe Rayleigh laser
technology, howeveis much easieto use The necessary power can be bdugbre or less
off-the-shelf, with only slght modificatiors from commercial units necessary.geto the
coolingandpulse rate). Frequency doubled or tripled setate lasers are the workhorses for
the laser lithography industryor example and are very robusfihese very systems were
identified to be the most attractive commercial alternati$psre partsare alsolikely be
available for a long time. Asgutlined earlier, GLAO caffoster interesting science, and hence
such a system makes sense if coupled toigie instrument and ifree wants to pursue a low
risk strategyfor implementing AO.

From the visted facilities, some lessons tead were universal:

e The Laser projectionsystem is important, and requires a substantial amount of
attention to find the right engineering solutioiifie spot ske achieved on sky ia
very relevant parameter for the performance of the whole sy€tencerns ar¢he
beam quaty, vibratiors and hroughput.

Insects are attracted by the laser beam at night, and can seriously disrupt operations,
and even destroy parts of the system. Large beam diameters when propagating in free
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air, enclosed beam relays wherever possible angl @&aess to exposed surfaces (to
remove insects) are important means to prevent possible loss of a large amount of
time on sky.

Scattered light is important, as the flux levels of the propagated light are so high. This
requires regular cleaning of opticlrfaces and attention to baffling or notch filters in
front of detectors.

Laser safety is an important issue for installation and operations. Astronomers are not
familiar with the safety regulations, pr
labpacti ced. Therefore, rigorous safety st e
The matter of range gating is complicat@ckels cells are a reliable, if somewhat
complicated and alignmesefffort intense solution. Theshow ringing, which leads to
spurioussecondary peaki the spot profile. The high voltages and fast dluitg

next to the science detecs make good shielding a mu$te necessary field of view

in the astronomical applicatioi’s much larger than in the typical applicatiorof

Pockels cellsas Qswitches inlaser cavities. This becomes more serious with larger
aperture dimeters. As a last point, Pockels cells reject ormeédr polarization state.
Further research is needed to make sure the backscattered light is linearly polarized.
Other techniquesthe foremost of which is on-chip gating, promise much easier
integation but have other drawbacks, like higher noise levels, inappropriate pixel
sizesandlower quantum efficiency, or are haml abtain. The LLNL CCD system is
seemingly not a good optiobased a the results from MMT. Asa good, reliabe

range gating is so important, a considerablewrhof investigation is needed on this
topic.

The choice of Rayleigh laser wavelength is not immediately clear. UV lasers gain
from thea dependence of the Rayleigh gesing, but have lower output due to the
efficiency difference in the frequency conversion process between doubling and
tripling. Also, the telescope optics are not optimized for these short wavelengths, so
the light expeences more losses. The WFS and LLT optics are more complicated as
they need to be made from UV transparent materials. Green lasers on the other hand
are visiblefrom considerable distancethis may be disapproved of by third parties

The visibility make them safer for the staff handling the systems, though, a very
important point as observatory staff might not expect laser radiation, and cannot see
the UV laser, even at very dangerous flux levels.

One of the main cost driveris the staff required to lok for aircraft (thelaser
spotter$. All possible effort should go into prenting one from having to hire and
organize thespotters. UV lasersight have annterestingadvantage, if the argument

can be made that airplane windows are opaque andaties thereforepresent
therefore no danger to the pilots. An automated system that triggers an interlock if
airplanes come close to the beam is another good alternative

Customlaser systems should be avoidesimuch as possible, to mitigakes risk of
powerdegradation, unaviable spare parts, or service pemelwith little experience

with the system in question

It is noteworthy thaRLGS will allow for upgrade, either by combining it with a low
power ®dium laser or by usingtomography possibly with he aid of a dynamic
refocusing systeninterfaces for those options should be planned in as an option.
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Table 2: Key parameters of existing or planned LGS facilities and their

instrumentation.
Telescope | Type of LGS AO | Attached Instrumentation | Strehl/FWHM
Functional systems
Lick Na LGSi SCAC IRCAL: 0.9- 2.5em imaging 4x better than
(1200) - 19.40 FOV seeing
- H & K spectroscopy (R=500)
Keck Na LGS- SCAC? e NIRSPEC:460 FOV 50% K strehl peak
(10m) - 0955. 4 em htiogh |7 onaxis
spectrograph
- 0952.5 em i magi
e NIRC2:15 em i mdger FO
¢ OSIRIS: NIR integral field spectrograph
R~ 3800
VLT Na LGS- SCAC" e NACO:1.03.5 em spect |MedanKstrehl
(8m) i mager , FOV 130 f25%
¢ SINFON:0952. 5em integ
0880 FOV
e MUSE: 0.46-0.93¢ mFU spectrograph | 2x EE gair/ 8%
7.50 or 16 FOV Strehl in R band
Gemini Na LGS- SCAC e NIRI: 20% K strehl
North (8m) - 10i5.0 em i ma@i
and FB\X o
- 1.052 . 4 1modenate
resolution spectrograph, 2 2
FOV

¢ NIFS: integral field spectrograph
- R-~5000,0952 . 40 emOV 3
- Spatially resolved spectrograph on
0.10 scal e
¢ Coronographic spectroscopy

Systems installed & undergoing

commissioning

Subaru Na LGS- SCACG IRCS: 0.95.6em imager& Echelle Diffraction limit
(8m) spectrgraph [2-5] em
MMT 532nm Rayleigh LGS | ¢ ARIES:1.1:2. 5 e m i mag e 1 30% K strehl on
(6m) SCAO;adaptive spectrograph, 2& 4006 FOV |axis
ndar .
;efgs,i\vas * MIRACS/BLINC:5-2 5  imawer,
diffraction limited up to 6 microns
e BLINC: nulling interferometer which
uses MIRAC as its imager
WHT Rayleigh LGS e OASIS:0.431.0¢ mimager &integral |< 0. 20 F
(4m) GLAO® field spectrgraph,3 8 KOV

e INGRID:0.82.5¢em i mager ,

Systems under construction

Sodium LGS MCAO°®
5LGS,3 NGS 8 WFS

Gemini
South (8m)

- GSAOI: NIR high reslution imager8 0
FOV
- FLAMINGOS-2:
- 0.952.4em imaging
- Multi-object spectrograph,

R=12003000, 2FOV (MCAO)

Expected 25% K
strehl
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SOAR UV Rayleigh- GLAO” e SOI:0.3-1.05emimagef5. 254d< 0.20 F
(4m) FOV
e OSIRIS:

1.02.2emimager3 . 3 6

FOV

Spectrographl 6 x 1 7 5

maximumFOV
LBT Rayleigh LGS LUCIFER: 1-2.5em spectrograph and < 0.30 F
(2x 8.4m GLAOP adaptive imager, with multiobject spectroscopy (median)

seondary capacity4 6 F OV

#SCAO = Sigle conjugate adaptive optics i@-axis correction. These systems typically
use one LGS and one NGS (for-tilp correcion) and singleWFS. The quality ofthe
correction at a given point in the field of view depends on the anisoplanatic angle.

P GLAO = Ground layer adaptive optics

“MCAO = Multi-conjugate adaptive optics

1.3 Description of LBT and Lucifer

The Large BinoculaTelescope is located on Mt. GrahamArizona Two 8.4 m primay
mirrorsare mounted on theane azimuthal mount, ashown inFigure19. Theset wo fey e s 0
can be used withndividual instrumentsor coupled to form an interferonest with a

maximum baselinef 22.8m. AdaptiveOptics capabiliies have been a priority in the design

of the telescopérom the startand consequdy it will be equipped with adaptive secondary

mirrors (ASM), sportingg72actuators driven by voice coils.

It is currentlyplanned to explore the telesc@eapabilities in fourlpeses: firsly operated as
two telescopes in seeing limited mode, thath the addition oNGS AO. In the next step,
the interferometric modes will be exploited, dmally LGS AO will be added

The first generation instrument suite corsisft two prime focus camerasdrge Binocular
Cameras,LBC), an interferometer bench callddTI (LBT Interferometer) the imaging
Fizeau interferometdtINC-NIRVANA (for LBT Interferometric @mera and th&learIR /
Visible Adaptive hterferometer forAstronomy, PEPS] (the Potsdanktchelle Polarimetric
and Spectroscopic Instrument), pestrograph with polametry option and a maximum
resolution ofR=320.00Q further two MODS units a visible ight (330-1100nm) Multi
Object Double Spectrograph, atwlo near infrared multbbject spectrograph and imager
LUCIFER 1&II . This is the instrument the laser guide star facility is developed for.

Two basically identical LUCIFER units will be mounted @Gregorian ports of the two eyes
of LBT. LUCIFER | was commissioned in 2009, and delivers a resolutiarpdb R=37100
overup to4 x 4 arcmin field of viewseeTable3). The large FOVand MOS uniicoupled to
the sensitivityprovided bythe 8.4 m primary make the instrument highly competitivéh
theseuniquecapabilities, he LUCIFER units will most likely be the workhorseisthe LBT

in the upcoming years.
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Figure 19: A model view ofLBT

Table 3: Observing modes of Lucifer

Seeing Limited Diffraction Limited
Ncam N3.75 N1.8 N30
FOV 4 x 4 arcmin 4 x 4 arcmin 0.5x 0.5 arcmin
feol 1500 mm 1500 mm 1500 mm
fcam 375 mm 180 mm 3000 mm
feff 30940 mm 14850 mm 247540 mm
Scale 0.12 arcsec/px 0.25 arcsec/px | 0.015 arcsec/px
Slit <4 arcmin <4 arcmin 00.5 arcmin
length
Rlim 10000 5000 37100

1.4 Description of ARGOS project

On the background of the current competition, the LBT consortiecided to equip the
telescopes with an LGS facility that is tailored to improve on the unique capabilities of
Lucifer, namely by providing substantial gain in ensquared energy (EE) over the full field of
view, rather than aiming for hightrehl ratios ina narrow field.
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Thedesign drivers we identified in thi#hase A studfor ARGOS were:

e The wide field capabilities of LUCIFER MOS and imaging, leading to unique
observations when combined with AO.

e The need for a reliable and low maintenance system, namgithe technical risk
and changes to existing telescope systems.

e The goal to realize aAO system asguickly as possible.

e The inclusion of possible upgrade paths towards diffraction limited operation.

e The aim to keep the AO system workiegenwhen the seing isconsiderably worse
than the average

The available technical solutions led to the conception of a ground layer AO (GLAO) system
based on multiple Rayleigh beacons per eye, delivering moderate but uniform Strehl ratios
over a 4 arcmin FOV, and efftively at least doubling the efficiency of Lucifer for
spectroscopy. This exciting feature is thus far unavailable on 8ass telescopes.
Furthermore, the gain in resolution from a GLAO system will enable a rangeddfonal
science case® be addrssed e.g. in kinematics of high redshift galaxies or in crowded
fields.

Another attractive feature of a GLAO system is the wide range of usable atmospheric
conditions.Nearly ndependently of the seeing, GLAO should provide a stable reduction in
PSF sie. Thiswasdemonstrated in simulations of the systemerformance for the Phase A
study. The resudt aresummarizedin Figure 20, which shows a prediction ofthe seeing
statistics ofthe LBT site with and withouthe AO systen{top right panel)Here the seeing
statistics without AO are estimated based on the statistics from the MMT. These are then
used as the basis for the simulations to determine how the situation changes witheAO.
top-left panel shows the edicted kband Strehl ratio as a function of seeing FWHMe

plot on the bottom left translatdhis to a number for the encircled energy (EE) ibard,

andin the bottom righplot, one can see the difference in PSF shape with and without AO
correction.Rather than aiming for diffraction limited PSF cores, GLAO improves the average
seeing, effectively transforming a good site into an excellent site.

The layout of the baseline system is shownFigure 21. ARGOS uses three Rayleigh
beacons per eye, launched from behind the secondary mirror to minimize spot elongation in
the outer subapertures. Industry proven commercial frequency doubled solid state (Nd:YAG)
lasers are employed. Range gating is performed bydPocklls, which are followed by one
wavefront sensor (WFS) camera for all three beacons. A custate pnCCD from the Max
PlanckInstitut Halbleiterlabor in Garchinggas chosen for the sensor as it delivers excellent
sensitivity and noise performance. Afeformable mirror ARGOS uses the adaptive
secondary mirror (ASM). The conjugate height of the ASMBésm above the primary
mirror, suitable for GLAO operation.
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Figure 20: Simulations of the ground layer adaptive optics pdormance in various
seeing conditions result in a range of performance estimates. On the top left a summary
of all simulation results is shown. For a given seeing, GLAO with laser guide stars
results in a decreased PSF size over the full field of view. &mean of these simulations
and the seeing statistics from the MMT are shown in the plot on the right. With GLAO
the mean FWHM of the distribution is reduced from 0.63 to 0.34 arcsec in4and. The
dotted lines denote the range of results that have been tained in the simulations,
showing that even better performance is possible. In the lower left panel, a comparison
of the encircled energy as function of aperture radius is shown. The gain for apertures
with radii of up to 0.4 arcsec is substantial. In thdower right panel the resulting PSFs
from the simulations are compared to a seeing limited intensity distribution.
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1.5 Overview of Part | of the thesis

In Part | of this thesis | present thecmical contributionsl have made to the ARGOS
project. In addition to an invegation intothe launch of the laser beacohshave been
responsible for the development afcalibration scheme anids optics. In Section2.1 |
explore the effect of scattered light on the laser propagdiossible solutions for the laser
launch telescope are presented and compared in Seét®oMhe calibration concept |
developed, with a detailed discussion of the optical and optomechanical idetegaribedn
Section3.
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2 Technical contributions

2.1 Scattered light impact from open air propagation

The lasers used to generate the beacons some 10 km above the telescope are necessarily very
bright. The Rayleigh scatieg we rely on to get a measurable return flux does not only
happen in the high layers of the atmospherethe contrary, the air near the ground scatters

even morethan higher layersdue to the higher density and more solid particles (dust) per

unit vdume. The central launch mek it necessary to transfer #ie laser light across the
aperture to the launch optics behind the secondary mirror, causing a considerable amount of
scattered light falling on the primary mirror.

To investigate the impact ttie laser light scattered in the dome from the free air propagation
to behind the M2 unit, a thorough calculation of the flux to be expectedcckaschrried out.

The following is a detailed calculation to retrieve the Rayleigh volume scattering ffic
b, dependenof the viewing angled and the polarization directiod. Figure 22 shows the
resulting scattering coefficient.

The calculations were carriedit following the works of Penndo(fL957) Chandrasekhar
(1950) and Hayanet al.(2003)

In accordance with the references, we define as follows:

B Rayleigh volume scattering coefficient [§m

Do Angular Rayleigh volume scattering coefficient fgm
n: Refractive index [1]

o Rayleigh scattering ass section[cm?]

N: Particle number density [cHi}

On: Depolarization factor, value for air is 0.035

The indices andy indicate standard condition$s£15° C, p=1035 mbh dry air) and zero
conditions To=0° C, Ny=2.68731 x 10'° cm®), respectively.

Penndorf gives the Rayleigh scattering cross sectias

o = (8r3(n-1)2/3*NS) x (6+30 1) /(6-7pn))
where the term in the second brackets, describing the influence of the anisotropic air
molecules, is callethedepolarization term.

From ths the scattering coefficient is derived straightforwigrérom the relation

B=cN.
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For a given scattering angle the angular Rayleigh cross section is
Go = (2r°(N&-1)2I*NS) x (2+pn)/(6-7pn) * PO,a1)

which is derived frone by dividing it by 4z, reducing tle denominator (6+3,) by 3, and
multiplying o by the normalized Rayleigh phase functiof)P(
The angular scattering coefficient follows directly:

Bo = (27 (n&-1)2A"Ns) x (2+pn)/(6-7pn) % P6)
Substitutingy = pn/(2—pn), P@) can be expressed as

PE) = {3/(4(1+2)P{(2 y+(1-y)cosd) + (1+)}

where the term (2-(1—y)cos®) corresponds to the parallel polarized fraction of the incident
light and (1) to the perpendicular polarization.
For linear polarized lighthe twopolarization components can egpressed as

Ec=Y%E(1+cosgd) and
Eo=%2E(1-cos2y).

By multiplying the corresponding terms in the equation fé),R{e derive the phase function
as a function of the polarization angle; the factor 1/2 is not to be considered, as already in the
original eguation, unpolarized light can be expressed gyt =%2E.

PO,o) = {3/(4(1+2))}x{(2 v + (1-y)cos®)(1+coszx) + (1+y)(1-cos)}

= {3/(4(1+2))P{(2 v + (1-y)cos®) + (1+4y) + (2 cos) +
(1-y)cosd cos2x — (1+y)cos2x}

= {8/(4(A+2))p<{(2 v + (1-y)cos®) + (1+y) — cosx (1-y)(cosd-1)}

This differs from the fomula given by Hayano by a sign, most probably a typographic error
in the referencel he shape of this function is shownFigure22

The scattering perpendiew to the beam propagatiod+90°, is a sinusoidal function of the
polarization anglex. It does not go down to zero, but reaches a lower limit due to the
depolarization term. The fraction of light scattered varies with the polarizatida By

factor of 28.5 betweer8.93 x 10" cm™ and 1.38 x 18° cm™. Given the propagation
distance of 3.3 m across the primary and an assumed maximum of 60 W at a wavelength of
532 nm, this amounts to 723 photons per second and arcsecond squared of scattead light, f
the polarization parallel to the scattering direction, from propagating the tasaptics

behind the secondaryOn the LGS wavefront sensor, running at a kHz frame rate and
distributing the light over the fiesnaged pupil the additional background viaé negligble.
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Figure 22 Scattering coefficient as a function of polarization anglé&) and viewing angle
d. The fraction of light scattered varies with the polarization angle by a factor of 28.5
between 3.93x10° cm™* and 1.38x10%° cm™.
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2.2 Laser launch telescope design

2.2.1 Introduction

During the Phase A study, | developed an alternative concept for a laser launch telescope
(LLT). The LLT is a key part of a laser guide star facility. It projects the laser into the
atmosphereat the desired position in the field, and acta&&am expander for the small
Gaussian beam the laser delivers. Thaimconcerns are the transmission of the system, the
achieved spot size in the atmosphere, and the stability of optical alignment.

Simulations show that a beam diameter at the exit apesfutee order of 3 timethe Fried
parameterr, is optimal for the projected spot size, balancing the seeing effects against the
diffraction. Depending on the seeing, this leads to an aperture sizg tf 450mm for

typical conditions at the LBT sifgompare alséigure4?). At the time of the Phase A study,

we planned to adapt the beam size to the atmospheric conditions, and estimated a factor of
three innecessargxpansion ratios.

To minimize the effects of spot elongation due to the finite vertical length of the measured
beam in the atmosphere, projection from the centre of the aperture that is to be corrected is
optimal. The natural solution is to projethe laser beam from behind the secondary mirror,

as done at the VLT, the WHT or the MMT, for example. As space and load is limited at that
location, the LLT has to be either folded, or mounted somewhere else, and the beam then
transferred to a fold mior behind the secondary mirror. The other mentioned facilities all
opted for a folded design behind the secondary. At the WHT and the MMT folded refractor
are usedwhile the VLT usesa Cassegraintype reflector.Difficulties with the VLT design

have beemeported, probably due to its very fast primary mirror.

2.2.2 Overview of options

The baseline desigor the Phase A studyas a big refraor with a slow focal ratio, to

¢ make alignment easier and more stable, and
e provideexcellent performance over adarfield of view.

As the laser is monochromatichromatc aberrations art first order not a concern in the
design. The fnt lens for a refractor of thed@mensions is not trivial, though.

To be able to compare the expected performance and thatestioesign effort to that of a
reflector, | made an alternative study based on commercially available optics and telescope
assemblies of suitable size.

Telescopes in this sizengeare available off the shelf for advanced amateurs and small
observators. Designs include Newton, Cassegrain, RitéDisetien and DalKirkham, and
modified versions of tree. Even refractors are offered, but are very expensive and heavy.
Pricesfor the reflectors range from approximatély kUSDto 60 kUSD

2.2.3 Throughput calculation

All these options have in common that they have a large central obstruction if they are
designed to deliver a large field of view. To assess the light loss due to central obstruction of
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a Gaussian beam, | calculated the integrated transmissian ainnular aperture with

transmissiorof 100% when illuminated witha Gaussian intensity distribution, as a function
of relative beam size and relative obstruction diameter.

The expression for the relative transmission of an annular aptwéausian beanis:

1 2m DX§ 5 s
T(d,D) = — e 2% dr do
o

dxDx&

whereé = 20, D denotes theperture diameter in units of the 2tBameter of the Gaussian

beam andd the relative obstruction diametdihe shape of the functioh(d, D) is shown in
Figure23.

For example, the light loss due to truncation at a circular apertute4dimes the 1fe
diametelis

1 (2m plaxg
L(D=1'4)=1_EJ J e "2 rdrdep =1.8%
o Jo

Onecan see that for every value of central obstruction there is an optimal truncatiorDradius

to balance the losses on the inner and outer limit of the aperture. For obstruction sizes around
15%,D is roughly between 1.8 and 2.2 sigma (B&gire24).

Obstruction

Transmission
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Aperture o
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Figure 23: Transmission as fungion of tr uncation radius and central dostruction.
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Figure 24: Transmissionas function of truncation diameter for obstructions of 16.7, 14
and 10%, and for the unobstructed case.

For the aperture size, primary focal ratio and field of view we are looking for, the two mirror
systems become exceedingly troublesome for obstructions of less than 10%, due to the high
magnification intoduced by the secondary mirror. A reasonable compromise between the
unavoidable losses and complexity of the optical design seems to be a system with better than
85% transmission at the aperture.

2.2.4 Options base& on commercial telescopes

There are no comencial telescopes available with such a small secondary mirror. | tried to
adapt a commercial design to our needs by changing only the secondary. Of the commercially
available options, a modified Ddflirkham seemed to be suited best for this, as the
secomlary is spherical. This makes the system less prone to misalignment, ass there
preferred tilt orientation of the secondary, but just a lateral shift to adjust. Another positive
side effect is that the custom secondary becomes an easily manufagiieeblef optics.

One possible vendor who manufactures suitable telescopes is PlaneWave. Joe Haberman of

Pl aneWave was willing to cooperate with wus
telescope. He shared the optical system data for furthestigation.
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Mechanically, the optical tube assembly (OTA) is based on a dowsgcorstruction of

carbon fibre reinforced plasti€EFRP tubes(Figure25). This design is very stiff and shows

little thermally irduced focus drift. Mounting is provided by one or two dovetails, which are
thermally compensated to minimize mechanical stress introduceddsficient of thermal
expansion CTE) mismatch. The two dovetail option, made for mounting the OTA to a fork
mount woul d be an i deal interface for install
200 primary makes up nearly all the mass of
close to the ASM support structure, leading to reduced torque in the ASN awimn for

different elevation angles. Indeed, as a custom version made for us would necessarily have a
much smallesecondary mirrgrthe top ring of the telescope would be lighter, providing even
better stiffness and alignment stability.the standardersion, the OTA weighs about 62kg.

In the following, | present optiorfermo d i f y i nRjaneéWawe tel2s@ajte our needsl
investigatea desigrwith a modified spherical secondagylesign with a conicoid secondary,

and a design with a spheric&cendary mirror, butraelliptical primary with different conic
constant. All these designs include a custom subaperture corrector in front of the focal plane.
Lastly, I included the design of the refractor that was chos#re gireliminary design review
(PDR), for comparison.

9 Vo

T T
31 3 - :1

.

Figure25: The 200 Pl aneWave telescope in standar
PlaneWave.
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2.2.5 Optical designs

The optical design of the standard telescope freamé®Wavec al | ed 200 CDK, <co
elliptical primary with 508 mm aperture and a focal ratio of f/3, a spherical secondary mirror
with 190 mm diameter, and refractivetwo elementcorrector in front of the focal plane,
resultingin a focal ratio of /6.8 The primary is made out of Pyrex, and the substrate is
over si z eThe largeobBtrudianof 39% makes the standard version unsuitable for

our purpose.

If we restrict the field of view to a few arcminutes, a much smaller secondary mirror becomes
viabl e . First I investigated the performance
curvature and changes the secondary mirror and the corrector, leaving the surfaces spherical.
Of course, the distances need to be changed accordingly.

Modified Dall Kirk ham with 17% obstruction

With the constrairgabovel found a system achring excellent performanceith a cental
obstruction of 85 mm (16.7%, s€gure26). The tweelement corrector is located near the
primary and can be mounted in a baffle tb&gure27). The corrector can conveniently seal
the beam path up to that location, to keep the system free of dust and insects. This is
particularly important where the beanzesis small and the power densities consequently
very high, especially in the focus. The distance of the lengés focus is such that the beam
footprint on the lens surfaces is large enough for the power deaditgve dropped to an
uncritical level.The optical design is diffraction limited over thevesagedFOV (seeFigure

28). The wavefront error in forwards propagation is less than lambda/10 PV for a field point
2 arcminutes ofaxis (Figure 29), and still better than lambda/4 for 4 arcminutes distance.
The same field is unvignett€Bigure31). The focal ratio is /22.

With this design, the nice featuttegata Dall-Kirkham is fairly insensitive to misalignment of

the secondary due to its spherical form is preserved. All the custom omieasy to
manufactureo very high precisionThe total cost for the additional optics (one 85 mm mirror
and two 50 mm lenses), should not exceed a fiémusand USD, and the necessary
mechanical modifications (mainly the secondary spider and longer struts due to the changed
distance between primary and secondary mirror) would also cost a fraction of the price of the
optical tube assemblyJoe Habermarstated thatthe company would be willing to
manufacture @ustom model based on a design like this, and astaeftimate informed me
theadditionalcost wouldprobablyrange between®0and 10000USD.

The plots show that the performance of the modifigall-Kirkham is sufficient for our
needs. The drawback is the still stamtial obstruction of 16.7%.
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Figure 26: Optical layout drawing of the modified Dall Kirkham with 16.7%
obstruction. On the right hand side, the Entranceaperture and the secondary mirror,
on the left the primary mirror and the field corrector directly in front of it.

Figure 27: Detail of the two-element field corrector in front of the primary mirror. The
surfaces are all spheral, the lenses made out of BK7.
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Figure 28 Spot diagrams over a field of view withd arcminutesradius. The design is

diffraction limited.
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Figure 29: Wavefront of the image in 12km altitude for the spot 2 acminutes off axis

The wavefront error is 13 peak to valley.
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Figure 31: Vignetting due to the small secondarymirror. Light loss sets on at 75

arcminutes radius.

Modifications with elliptic secondary mirror and 14% obstruction

To achieve similar good performance with smaller obstructions, the design must be modified

further. Giving up orthe spherical shape of the secondary mirror allomedto sketch a

design with 1% obstruction. The primary mirror is still the same as in the standard CDK
telescopeand lagainusea two element corrector. The secondary is a prolate ellipse with a

conic constant of about 0.5. The optical performance of the system is very(l§igode 32

andFigure 33); however, theonvex ellipse is much harder to manufacture to high precision
than a sphecal mirror, partly because it is complicated to measure. This leads to
cost s.

consider abl

y

hi gher

the secondary mirrGs centre of curvature anymore.

Further mor e,
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Figure 32: Spot diagrams for the modified systemwith an elliptical secondary and 14%
obstruction. Again, the design is diffraction limited.

3.B4E-@B2

2.78E-002

1 . 71E-802

6.51E-0803

~4.11E-@B3

-1.47E-002

-2.54E-002

-3.60E-002
-4 .66E-Q02
-5.72E-002
-6.79E-Q02
) WAVEFRONT FUNCTION

DRLL-KIRKHAM 20 °'F2)

WED MAR 17 2010

P.5320 §& AT 7608.80 MM

PEAK TD VALLEY = 0.10463 WAVES, RMS = D.D214 WAVES,

SURFACE: I[MAGE

EXIT PUPIL DIFMETER: M,27SHE+D@S MILLIMETERS 02 ELLIPTICASECONDERY Pu-).F21 LOWDESTY, % B4, 2HX

TILT REMOUED: X = 8,0008. Y = B8,0928 WRAVES CONFIGURATION | OF |
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Dall-Kirkham with modified primary mirror

To be able to reduce the central obstruction even further, one must deviate from the original

pri mary mir r omse)this lsatsagnreany o@ibfer thedesignof the system.

Herel include a design very close to the CDK design-épégmisedonlyt h e

constant for a system with 10% obstruction and a focal ratio of Wa&urally, it is still an
ellipsoid, now with a conic constant of OThe performance is comgadile to the firstlesign
| showed(Figure34). As the primarydés di ameter and
optical tube assemblgould still be employed. The custom made primary atlmsthe
manufacturing asts, but not necessarilyery much more than for an elliptical secondary

mirror, as the large concave ellipse should be easier to test. Due to the spherical secondary,
this design is again robust against misalignment. The dependence on a custom ntiadé ellip
primary mirror imposes a risk, which has to be balanced against the advantages of a small

obstruction.
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Figure 34: Spot diagram for the modified DallKirkham with 10% obstruction. The
image quality degrades quickly for lager field radii than 2.5 arcminutes; hence the spot
at 4 arcminutes field radius is not shown. For the relevant position at 2 arcminutes the

design is diffraction limited.
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Figure 35: The wavefront for the spot at 2 arcminutes adius. The wavefront error is
the lowest so farall7 peak to valley.

2.2.6 Comparisonwith the refractor design

For comparison, | show the optical design of the refractive (Se€Figure36 -Figure4l).

The design is bageon a single, custormade Fused Silickont lens of 450mm diameter
(and 400 mm clear aperturé)ne surface is aspheriwhile the other was kept plarier
testing and alignment purposg@eeFigure37). The foca ratio of this large refractor igZ1.

The LLT is planned to be mounted vertically in the central truss structure of LBT, between
the primariesOptical performance for theefractoris excellent.The mounting of the large
front lensis problematic, howeer. The tight tolerances require a custom made lens cell,
counteracting the changing gravity vector in different elevations, and athermdlesdohg

the aspheric surface with such a long radius of curvature is not trivialpeitigeris the
polishing which results in @rice for the two lenses of 160.000 USD

/’LMMW

—————————

Figure 36: Layout of the refractive beam expander telescope. The plarmonvex asphere
with 450mm diameter is on the right and the beam insertion optics with the
intermediate focuson the left.
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Figure 37: Manufacturing drawing for the aspheric front lens of the refractive laser
launch telescope.

Chromatic defocus is huge as the design is not colour corrected. While not a problem for the
launch of the monochromatic laser, a besighted camera becomes harder to employ. A
possible upgrade to a sodium laser can be launched, as the focus for another single
wavelength can be adapted. As the launch telescope expands the beam before it gets
transferre to the volume behind the secondary, two large folding flats are necessary. These
have approximately the dimensions of Ld&Tertiary mirrors, and have similar specifications

for the surface figureThe tertiary mirrors use Hextek borosilicate glass swaibss, with a

thin facesheet fusichondedio a hongcomblike core(Figure38). Using the tertiarynirrors

as examplg thefolding flats will cost abou100.000 USDn total
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Figure 38: Light -weighted Hextek borosilicate substrates assed for M3.

The main advantages of the refractor design are its unsurpassed throagtipetaxed
alignment tolerancedAs it turned out later, with the optical components separated over the
whole telescope structure, it is hard to capitalize on that fact. It is complicatadjist the
position of the large optics in fronin addition a new and customized interferometer was
deemed necessary to perform and check the alignment of the front lengspéctrto th

field lensoptics. This alon&vould addadditional costs afoughly100000USD.
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Figure 40: Wavefront at 2 arcminutes field radius; the wavefront error is a/6.
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Figure 41: The corresponding PSF of the refractor.

2.2.7 Discussion and conclusions

This investigation wa carried out during theh@se A study, after which it was decided to
adopt a refractor as design. The reflector design medsupdated subsequently, although
some critical design parameters have since changed. The most important of these is the beam
size. Further investigation of the achievable FWHM of the laser beacon on skiynasion

of the beam size at the LLT exit anthe seeingand simulations of the results of the
wavefront fitting error on the WFS led to the conclusion that changing the beam diameter to
adapt for different atmospheric conditions is not neces&gyre42 shows the results from

these simulationsA fixed beam size of 250mm F/eas adopted.
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Figure 42: Spot diameter as seen on the wavefrorgensor forvarious ro values. In bad
seeing conditions a smaller launch beam gives smallgpots on the wavefrontsensor. In
good seeing conditions the differences are rather negligibleErom the Phase A study.
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To achieve negligible light loss the aperture of the refractor was set to 400 mm, but with an
aperture of about 330 mm the losses tuelipping already amount to less than 2%. With
these constraints, a reflective system becomes even easier to design, and there are more
commercial options. To give an example similar to the options detailed earlier: a 12.5 inch
(320mm) model of the CDKystem is available with a closed CFRP tube for less than 10.000
USD. The ratio betweethedesired 1/e? beam diatee of 250 mmand the aperture of a 12.5

inch reflector is 13, close to the optimum value for obstructions of 14%

As the aperture gets stie, it becomes easier to correct for the aberrations, scethgve
central obstruction can be made smaller with the same quality of the wavefront. The whole
optical tube assembly becomes very light, and reasonably compélcis aperture size, and
considering the fully enclosed optical tube assembly, a plane parallel plate as a window,
sealing the tube artablding the secondary mirrobecomes an attractive option. This would
prevent a small beam diameter from being accesslitsects, for example

asna
WITH FOCUSER AND PICGY BACK ATTACHED “

31.52
WITHOUT FOCUSER OR MIGGY BACK ATTACHED

3126

FOCIBER NOT ATTACHED
PGGCY BACK ATTACHED

Figure 43 A picture and drawing of the 12.5 inch CDK model from PlaneWave. The
OTA has a length of 800mm and weight about 20kg. The tube is made from CFRP.
Courtesy of PlaneWave.

Based on this investigation, &flextive laser launch telescope seems like a good alternative

to the refractor design. The central obstruction imposes an additional light loss that can be
kept to about 8% with modifications from a commercial design. This is balanced by a
consderable reduction irthe cost of the optical componeni3epending on the available
coatings, especially for the large folding flats of the refractor design, some of the light loss
could also be regained due to the fact that the smaller folding mirrors of the reflective LLT
can be obtained with dielectric laser line coatings of highest reflectiitghermore, a laser
launch telescope based on a commercially available telescope carries much lower risk as its
key parameters (for example, the mechanical behaviour of the lofptieE assembly and
transmission) can easily be tested. In contrast, the large optical elements of the refractor
design are all custom items with a long lead time. This imposes a considerable risk for delays,
should anything go wrong during the procurempridcess. Damage durirtgansportand
especially a possible fatal failure of a dielectric coating were identified as critical concerns.
The price for the custom optics prohibits the procurement of spares to mitigate the risks. On
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the other hand, the custoparts of a modified reflective LLT are all comparatively easy to
manufacture and inexpensive, allowing for spare items to be bought and reducing the
likelihood of delays.The reflector design is more sensitive to misalignment of the optical
surfaces; howeer, it is much more compact, and the optical components are not distributed
across the telescope structure.

Another difference between the two designs is that in case of the refractor, the expanded
beam has to be propagated in free air across the grimanor. If the expansion takes place
behind the ASM, the beam can be enclosed in
from the increased background (see Secfdl), an enclosed beam would allow for an
arbitrary orientation of the polarization. The expansion behind the ASM has another subtle
advantage: a beam expander demagnifies angles of incoonuggoing raywith respect to

the optical axis by the expansion factor, reducing the effect of viheabbthe ASM swing

arm, as the expansion takes place after the vibrations have affected the beam.

The setup has the drawback that more optomechanical parts, including active components
like tip-tilt mirrors and cameras, would have to be located belmad¢condary, where they
are hardly accessible, and space is very limited.

A reflective design has several attractive advantages over a large refractor. To finally

conclude how this compares to the additional lighs,l@sfull tradeoff study, includingthe
implications for engineering, installation, and operations, would be necessary.
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3 The ARGOS calibration scheme

3.1 Introduction

The current and future generations of adaptive optics systems on very large telescopes are
very complexsystems, using a gaenumber of optical, mechanical and electronic interfaces
to control the wavefront deformatiday atmospheric tbbulence to a very high degre€uby

et al.2008 Boyeret al.2008 Arsenaultet al.2006. To achieve the desired performance, in
some casesp to thediffraction limit, it is essential to be able to calibrate the full system at
the telescope. Given the number of actuatsubapertures and cycles per second, together
with the desired precision, it is not surprising that small chang#exuare, temperature, or
simply initial alignment can render poalculated predictionsgspecially of the influence
function between thdeformable mirror (DM}hape and the&avefront sensoM(FS) readout
(calledtheinteraction matrixJM), useless, or at leasompromise performance substantially.
The sheer expense of nigithe on a 810 m orbigger telescopeBaadel99§ on the other
hand, restricts the possibylibf working on the AO system and twdal it underrealistic
conditions, namely on sky.

The dvious remedy, common to all the systems in operation, is to gaébaation light
source that illuminates the DM and the optical path toMRe&, and allows for calibrations to

be performed during the dayhis strategy has been fairly successful, altio some
deviations between the calibration source IM and optimalatMiight occur. The typical
realisations for these calibration light sources are optical fibres in an intermediate focus,
before the optical relay that-images the pupil onto a flat DMith a diameter in the order of

10 inches. All this isusually contained in a laboratory environment, on an optical bench.
While the principle of such a system stays the samé#®onew generation of AO systems,

the implementation difficulties become stddially more severe. With a largeyrved DM

early in the optical train, the calibration source is no longer located on an optical bench, but
contained withirthe telescope structure, inlacationthat is not gravitationally invariant and
experiences tge temperature variations. Qop of that, multiple laser guide stéeacons,
substantially offaxis in terms of the field of view of thelescope, and hence with strong
aberrations, need to be feigned simultaneously.

In our specific case, we have thdldwing setup: The LBT consists of two Gregorian
telescopes, with an 8.4 m f/1.14 primary mirror each. The concave adaptive secondary mirror
(ASM) has 910 mm diameter, and 672 voice coil actuators. Three Rayleigh LGSs, &6 deg
rotated, are generated &min off-axis in 12 km distance from the telescope. For the LGSs,
220 waves of coma are introduced by the parabolic prinagrwell as7fO waves of spherical
aberrationbecause of the nenfinite distance(Figure 44). These charaetistics must be
reproduced bwyrtificial calibration light sourcgin order to allow calibration during the day

In this section | first describe the strategy we adopted for calibrating the ARGOS system at
the telescope. | present gdse optical designs that | investigated. The design history of the
selected solution is described in detail, followed by the mechanical design, and the assembly
plan. A procurement and test plan is outlined, and | conclude with performance expectations
and an upgrade path.
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Figure 44: The ray bundles from the three laser beacons in the prime focus.

3.2 Calibration strategy

The most important calibrations of the AO system are the interaction betivee®M and
WFS and determining the noncommon path aberrations between sensor and science
instrument.

Onewaytodet er mi ne an interaction matrix is to
response as precisely as possible and then calculate the influence function between the WFS
andDM. Accurate knowledge of the system, especially thegmmmon path aberrations, the
mapping of the pupil to the WFS and the electromechanical behaviour of the DM, is crucial.

The approach we follow here is to measure the influence function and tleemomon path
aberrations at the telescope. The strategy is as foll&wst, the shape of the DM is
optimized to deliver the best possible image of a point source at infinity. Then the spot
positions of the ShaeKartmann sensor are measured and storets défines the null
position The set of point coordinatesr more accurately, the different®@m an idealised
system,s generally calledhe slope offset. In the next step, the DM is perturbed in a known
way and the corresponding differences in thet gumsitions are measure@he resulting
matrix that relateshe ShackHartmann positions tthe DM shape is calledhe influence or
interaction matrix.Ideally, the necessargommands (e.g the voltages applied to the
actuators) to set the DM to the ingerposition are already known (this is the case for a
perfectly linear system). If so, it is straigiotward to compute a command matrix relating
WEFS signal to the commands needed to drive theibtderto flatten the wavefront; this
matrix is calledthe reconstruction matrix, and is basically the inverse of the interaction
matrix.
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Any change in static aberrations makes it necessary to refine the slope offset to achieve an
optimal PSF. Likewise, any change in DM control behaviour (for example, a difeene the

relation between actuator voltage and deformation) requires an update of the interaction

matrix. If the PSF on the science detector can be evaluated, these refinements can be
performed iteratively.

The stability of the calibration, and hencee intervals at which calibrations have to be
performed, is a very important factor for the operation of an AO sy<hner observatories

report very different experiences on this issue; the AO facilities at the Subaru telescope and at
the MMT, for examplerun with control matrices that have been calculated at some point
during installation of the system, add notneedto beupdatel. ALFA, the decommissioned
NaLGS system at the 3 telescope on Calar Alto in Spain, was at the other end of the
spectrumwith recalibrations neel on a nightly basisPart of the difference between these
systens can likely be attributed to the difference in actuator technology. Piezostacksed

on ALFA for example, show much higher dependence on temperature thancedge

L BT 6 s s Wagepbsition controlled actuators; the deflection at each actuator is measured
with a capacitive sensor between the deformable shell and a reference body. Hence we expect
changes in the control matrix to be minimal. Howeveravoid unecessary downtime, the
ARGOS consortium adopted the conservatwew thata calibration systenthat can be
operated during the dag highly desirable.It has to be easily deployable so it can be used
whenever the need arise&dditional advantages afuch asystemwill be the possibility to
increaseengineering time on the system running in closed loop, and the chance to train the
operators without the risk of losing observation time.

3.3 Top level requirements

A real intermediate focus in front of the MSas provided by the Gregorian designaisasic
prerequisite for employing a calibration light source in front of such a big mirror. Naturally,
we choose to place the light source close to that focus where the beam size is small. To
investigate possibleptical solutions for this, we identified top level requirements for the
system. These were driven by the wavefront correction accuracy we hope to achieve on the
nights with he best seeing, as well as exter@hstraints implied by the foreseen opematio
scheme and location of the calibration unit at the telescope. The main design drivers are the
following:

o Wave front error (WFE) We assume the AO system can in the best case provide
seeing correction with a residual WFE of 400 nm, of which only 50 nen a
contributed by the wavefront fitting. To
error level with a calibration source, we aimed for an RMS WFEDaim.

o Wavelength rangé As the laser beacons are monochromatic, the WFS is not
designed to be aochmatic. Toavoid chromatic effects, especially in the Pockels cells,
the calibration light source has to operate at the same wavelength as the laser beacons,
532 nm.

¢ Reliable alignment The calibration system can be used to its full potential only if i
can be deployed quickly and without complicated preparation. Precise and automated
alignment is a prerequisite to provide reliable calibration whenever needed, for
example to identify the cause of a system bigakn during observations.
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Truth sensorfeaturei To adjust the WFS slope offsets for rommmon path
aberrations and for tweaking the system with the help of the calibration source, the
calibration system ideally provides the means to measure the performance of the
correction by analysing theience PSF, either directly on the science camera or with
the aid of the NGS wavefront sensor located in the science field.

Outer dimensions To avoid obstruction of the beam, any device placed in the prime
focus volume has to stay below a diameter®frn. In that plane, this corresponds

to the projected central obstruction of the beam caused by the secondary. We want to
deploy the unit by means of a dedicated swing arm made from carbon fibre reinforced
plastic. Due to the long moment arm we definegrttaximum weight to be 2 kg.

Temperature range The calibration system should be available under all operation
conditions in which AO can be run. This sets the temperature rangd ffomo 25
degrees Centigrade.

Pupil illumination homogeneity To enswe even spot brightness across the Shack
Hartmann sensor, the overall variation in light flux in the pupil plane should be less
than 10%. Furthermore, the illumination homogeneity within the footprint of a given
actuator should be better th8%, to avoiderrors due to the overestimation of local
curvature.

The following Table4, taken from the FDR documentation, summartbesnost important
requirements identified fahe system:

Table 4: Summary of the top level requirements for the calibration unit from the FDR
documentation.

Goal

Minimize night time calibration and setup time

Minimize day time setup time

Tasks

Testing of the system in closed loop

Measurement of Interaction Matrix

Measurement aion common path aberrationslope offsets

Global Requirements

Must have a diffraction limited eaxis source conjugated to infinity.

Should be remotely deployable

Should provide a reproduction of the LGS image on the WFS detector close to theS¢
image from sky.

Should leave option to conjugation to 100kmaxis later on.

Wavefront error Requirements
Onraxis source (from 0.5 to 2.4 um) WFE 50nm RMS
Off-axis source [Goal] for 532nm WFE 50nm RMS
Off-axis source [Spec] for 532nm WFE 5000m RMS
lllumination homogeneity in pupil plane
Overall homogeneity 10% PV
Inter-subaperture contrast (flux variation between two subapert 10%
Flux variation within the area of one actuator 3%
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Mechanical envelope
CalUnit diameter <82.5mm
CalUnitheight ~180 mm
CalUnit weight O 2 kg
Operation conditions
Temperature
Operation -15 to +25°C
Storage -30 to +50°C
Temperature changes within 1h (max. calibration time assum < 1K
Temperature change over night < 5K
Humidity
Storage 510 95%
Operation 5 to 95%
Pressure
Storage 500 to 760 Torr
Operation 500 to 600 Torr

3.4 Investigated optical solutions

Several possible ideas to illuminate the DM and project the liglat thret LGS WFS were
investigatedand compared to arrive at a baseline concept at ROfencept andome of the
hardwarefor the FLAO systenwere already in place by this tim&he FLAO calibration
source thuserved as a starting point for our considerations. In this section, the different
options are outlinedyith a description of the FLAO calibratiosystemin Section3.4.1as
reference.The calibrationsystemdesign presented at the PDR is detailed in Se@&ibril

The tolerancing analysis (Sectiof.5.1.) and a subsequent investigation into the
procurement of the optical parts showed that modifications would be necessary. The final
design adopted at FDR is described in Se@iém

The options were investigatedingZEMAX. The general optical layout of the LBT together
with the LGS wavefront sensor is depictedFigure 45. To illustrate the different optical
paths of the discussed solutiphshow raytrace diagrams; the tertiary mirror M§énerally
omitted as it only folds the beam and has no relevant optical furiotiour problem

3.4.1 First Light AO calibration scheme and hardware

The first light AO (FLAO) system is a natural guide siased AO system using the ASM as

the corrective element. The wavefront sensing is done with thalsal acquisition, guiding

and wavefront sensing units (AGW), developed mainly at the AIP (Astrophysikalisches
Institut Potsdam). The AGW units are mountedthe Gregorian ports of LBT, in front of the
instrument s. Luci ferdéds front window is til
blueward of 900 nm towards the high order sensor of the AGW kigiire 46). The sensor

is mounted on stages, and can pick up a guide star over a patrol field of 3 x 2 arcminutes,
roughly determined by the field of view of LUCIFER. The wavefront sensor is based on the
pyramid concept. A fousided pyramid provides four pupihages, which are imaged by one
common CCD detector (CCD39), providing a sampling of up to 30 x 30 subapertures. This
allows up to 496 mirror modes of the 672 actuator ASMe reconstructed.
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Figure 45. The beam path of he laser guide stars from the entrance aperture to the

wavefront sensors.The light gets focussed by M1 into an intermediary focus below M2,

the adaptive secondary mirror. M2 reimages the focus into the Gregorian focus. The
beam is send towards the Nasmytplatform by M3. A large dichroic mirror in front of

the science instrument separates the laser light and sends it via another folding flat
towards the wavefront sensor optics.
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AGW structure

Figure 46: Left: Schematic of the optemechanicallayout of the FLAO wavefront sensor

pickup geometry. The light bluer than 900nm from the guide star is reflected off
Luciferdéds dichroic coated front wi ndthew, and
NGS wavefront sensor board ({fom Esposito et al.20033). Right: The location of the

wavefront sensor inside the AGW unit (fom Esposito et al 2003).

The FLAO systenhas its own calibration hardware, to be installedha telescope during
commissioningof the first adaptive secondary mirrarhich startedn March 2010.The
concept is to illuminate the secondary in double pass, with a light source at the Gregory focal
plane, and a retroeflector at the prime focusThe light source is comprised of an
incandescent lamp with a spatial filter and an objeciagching the focal ratio in the
secondary focuslhe retrereflector sends the light back tiee secondary mirror, anthen to

the Gregory focus and the FLAO WHSgure47 illustrates the light path.

Parabola

Figure 47: Top: The lightpath of the FLAO calibration light source. The ASM is on the
right. Bottom: A close up view of the retrereflector below the ASM. On the left is a
parabolic mirror, in the middle a plane mirror, with a small hole in the centre to permit
the beam to enter. Together they form a retrereflector.
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The |ight source in the Gregory focus is | o
ellipsoidal shape images it perfectly into the prime focus, and the followingreékector

also has a stigmatic image. Hence, if M2 has its nominal shape, the aberrations measured at
the FLAO must be zero. As the DM is seen twice, any remaining aberrations must be divided

by a factor of two when analysing the DM shape. The aberragerprime focusimage in

the nominal case is a necessaopndition for this scheme to wqrasotherwise it becomes

very hard toensure that the same parts of the beam see the same subaperture on the ASM
both ways. The necessary precision of the registras given by the spatial scale of the
actuators on the ASMOG6s shell (about one inct
to provide reliable results for the calibration of the mirror shape.

The employed retroeflector deserves special attion (seeFigure 47). It usesa parabola,
confocal with the ASM ellipsoi@ short focuscollimating the light coming from the prime
focus. A plane mirror follows the parabola, reflecting the beam into itself, and the parabola
reimages it onto the prime focus. Thlghtly morecomplicated design was chosen to make
sure the pupil lies on the secondary miras it is for the whole telescapg single, very fast,

but nevertheless much easier to manufacture spherical mirror asalcdbe used as retro
reflector in that position, but leads to a different pupil locatfospherical mirror would also

be insensitive to tilt.

The fact that the parabola in the FLAO reteflector assembly is used twideads to
doubled surface figurespecifications, as well as tight alignment tolerances between the
parabola and the flat mirrofable5 shows theelevantspecifications of the parabola as used
for the call for tender.

Table 5: The specifications of the FLAO retroreflector parabolas.

Specification item
REQO1 [ Material Zerodur (standard grade)
REQO2 [ Shape On-axis parabolic concave mirror
REQO3 | External optical diameter 30.0mm

REQO4 | Diameter of unused ciralar | 3% of external optical diameter
patch centered on parabola

vertex
REQO5 | Focal length 30.0mm+1%
REQO6 | External mechanical| 32.0mm=0.2mm
diameter

REQO7 | Centering of parabola vertex| 0.2mm on radius
with respect to external
mechanical diameter

REQO8 | Optical surface quality WFE. [ WFE<&a/ 10Pt V
REQQO9 | Low order aberrations (first |[ WFE<oa/ 4PtV (goal WFI

8 Zernike-Noll coeffs). Total
WFE.

REQ10 | Scratch/dig quality <40/20
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During procuremenit became apparent th#te parabolas a complicated piece of optics.

The envsaged tight wavefront erropscifications could not be met by the manufacturee

goal for the surface error on the parabola was split intodiler and high order aberrations,
defining low order as the first eight Zernike coefficients considering ZienikeNoll
convention. It turned out that despite the considerable cost of the ttemdesired
specification ofef10 wavefront error in single pass was not met for the high order aberration
regime, and indeed was missed by gaitubstantiamargin. The best substrate delivered by

the vendor was measured withsarface error o6 (Figure 48 and Figure 49). As the
parabola is used in double pass, this translates to a final WFE @ The high order
aberrations are particularly troubtese, as they affect only several subapertuaesl their

effect on the interaction matrix measurement is hard to modkth a total of 672 actuators
across the DM, high order aberrations on the reference surface cannot be easily ignored
during calibration. The footprint of a single actuator comesis to less than a millimetre on

the retrareflector, which consequently should be smooth on small spatial scales. For large
aspheric departures, as in the case of the used f/1 parabola, this is a challenge for the
manufacturerOne can clearly see thdtet large surface error comes from residual tooling
marks, mostly concentric. A possible explanation would be residuals from single point
turning of the surface shape. Nevertheless, optics can be smoothed out by different
techniques, for example localisedlighing with magnetoheological finishing machines or

ion beam figuring, or simply with a flexible tool.
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Figure 48 Surface error (SFE) of parabola number 2 for the FLAO retro-reflector. As
the mirror is used in double passthis translates to 4 times the value shown here as
wavefront error. SFE is 0.144 waves PV and 0.015 waves RMS.
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Figure 49: Surface error of the same parabola, but only taking the first 8 Zernike terms
into account. SFE is 0.024 aves PV, and 0.005 waves RMS, an excellent value. As can
be seenby comparison to Figure 48, the large surface error comes from residual tool
marks on small spatial scalesSeemingly the surface was not smoothed gudor example
with an elastic full aperture tool.

3.4.2 On-axis double pass with periscopes

| now consider how the design of the FLAO calibration source and the experiences from its
development can be applied to the ARGE8bration systemOne solution talluminate the

LGS WEFS with light coming from the ASM i® tadopt thesamestrategyanduse only one
onaxis source to illuminate the DM in double pass using a-reftector Pickup periscopes

in front of the offaxis WFSsltendirect the light onto th&hackHartmann lenslet array.

This optionwas considered neoptimal because of the additional problems arising from the

off-axis position of the WFSs. In addition to the concerns about the correct mapping for the

two reflections off the ASM, more optieseneeded in conjunction with the peripes. First,

the retrereflectorworksonl y at i nfinity conjugate, as t h
plane. The 12km conjugated focus is far enough behind the infinity focus to produce
aberrationghatlead to problems with a light source that is imaged onto that plane. If the light
source is placed in the focasinfinity, an optical relay system is needed in conjunction with

the periscopes, to move the focus to th&rhZconjugate plane. Additionallyhére need to be

opticsthat introducehe aberrations of the real laser beacons.
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Figure 50: The layout for a double pass solution with an ofaxis lightsource and a
periscope to pick off the beam. Top: The full opticatrain. Middle: periscope. Bottom
the retroreflector and M2. Note that M3 was omitted in these plots.

Using the existing hardware from the FLAO calibration sysftma light source and retro
reflector)would not be straight forward. The mounting proceduor the retrereflectortakes
much longer than thesetup timespecified in the requirements the ARGOS calibration
system. The spectrum of the FLAO light source is obviously very different from the
monochromatic laser beacons, which is undesirdbtexamplebecause of chromatic effects

in the WFS pupilmaging optics.

When operating the LGS system, a large pickoff dichroic is mounted in front of the
acquisition and guiding unitWhen the calibration unit was designed, it was yet clear if

this dchroic mirrorwill have some optical power to balance the astigmatism it introduces to
the science light path, or if this is offset with teecondary mirror. In both cases, the
substrate thickness of the dichroic mirteads to a lateral shift of theght source position as

seen by the secondary mirr@gfigure51). This shift cannot be compensated by moving M2,

as the lateral movement of the ASM hexapod is used to align M2 with respect to the retro
reflector, and furthermore ¢hnecessary shift exceeds the range of the hexapod. In principle
an axial shift of M3 can compensate for the displacement of the optical axis, but again the
range is exceeded. The most practical solution would be a new, separate light source. It could
be fed by a broadband light source (an incandescent lamp), and a monochromatic source
simultaneously.

If this unit would be mounted together with the WFSs, seeing the dichroic in reflection, an
optical element would have to include the same aberratiore aliahroici astigmatismin

the case of a flasubstrate which @uld possibly be introduced with a plaparallel plate.

For the retrereflector to work correctly, a potike image of the light source is necessary in
the prime focus. Consequentlyetibroadband part of the light could be used to feed the
FLAO WFSs and the science instrument, independent of the mounting position.
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Figure 51: Lateral shift of the beam from a calibration light source caused by the tilted
dichroic that separates the science from the laser liglisee Figure 45or where this fits
into the larger telescope structurg. The lower ray-trace shows how the thickness of the
dichroic causes the shift.

The periscope assembly could either be one pmgrescthat rotates to feed the WFS
successively, or three periscopes behind each other, with-dy@ddters to pick off thdight.
This latter option would be required to run the system in full.

In summary, the use of periscopes sgeary complicated, wit many optical elements in the
light path, and automated opteechanical parts in the restricted space of the WFS assembly.
The offaxis aberrations have to be introduced after reflection on the secondary mirror, which
leads to problems with the correct ppang. Adopting the light source and retreflector
design of the FLAO calibration unit has only slight advantages, as additional units would
have to be built. The retn@flector has to be mounted on a mecharstaicture thatan be
inserted quickly.
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3.4.3 Off-axis double pass

Another investigated option wadse illuminate M2 in double pass, but with dedicated light

sources that are directly off axis, to avoid the periscopes. This approach immediately leads to
problems with the aberrations at that fielwsppion and conjugate distance. As there would be

no welldefined focus without specific correction bfhe secondar gofinear aber r .
retroreflection (where the rays are reflected into themselves) becomes very complcated.
freeform surface witha shape such that the surface is everywhere perpendicular to the
incoming rays would serve this quose, butt this precision it is beyond the capabilities of

available manufacturing technologies.

A corner cule reflectorreflects all incoming rays amptarallel to themselvesThe lateral
displacement of the beam inherent to this type of reflector is problerAtda;. corner cube
prisms have a maximum opening angle ©® degres. A single corner cube for all three
beams would lead to a displacement corapke to the actuatoreparation which is
unacceptable. Three very small reflectors, one per beam, would minimize this effect. But due
to the high magnification between the conjugated planes, and the quickly changing
aberrations of the fast M2 as function of field position,even very small shifts are
problematic. The lateral shift needs to be at least of the order of the spot size in the prime
focus plane if one wants to avoid seeing the edges obtinerccube. In our case, tlgsres a

lower limit to the shift of1 mm, correspondindo 21 arcseondsat the plate scale in prime
focus(Figure52). Lastly, the corner cubes would have to be of very high accuracy in terms
of their wavefront error and perpendiautip of the reflecing surfaces

Lol_ LN _1¢ _FEl
REFERENCE MIODLE |CONFIGURATION 1 DOF '

Figure 52. Spot of a point source at the location of the laser beacons as seen in the
primefocus. The box is 1 x 1 mrh
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3.4.4 Off-axis single pass

A solution to illuminate the ASM in a wamyore closdy resemblingthe ight pathused at
nightis toplacea light source in front of it, analse the ASM in single path, that igjith only

one reflection. The challenge here is to find optitteat generag the same wavefrordsthe
images of the laser beacoasthe prime foas, coming from the primary mirrgy fast
parabola A second challenge i® find a way to mount these optical componeants the

light source sothat they can be accurately aligned and repeatedly insertedferent
reflective and refractive objectiveseve investigated to achieve thBelow | consider the
alternatives and the difficulties that arise. No satisfactory solution using a reflective surface
was foundWith transmissive objectivefiowevera number of possible ways to generate the
desired waefront could be derivedFor the lens elementk considered tilted spherical
elements, rotationally symmetric aspheric surfaces, and diffractive optical elements (DOES)
in the various optical designdVhere possible, | tried to incorporate a way to have
simultaneously an eaxis light source that could serve as truth sensor, as stated in the top
level requirements. One idea to do this was to adapt the idea of the FLAO calibration unit and
use a reflector oaxis. The different explored options, reflectivench transmissive, are
presented below.

3.4.4.1 Reflective objectives

The first idea that comes to mind is to use a small concave (parabolic) mirror imaging an off
axis light source, for example an optical fibre, into the prime foeugrinciple this isthe
corfiguration of the primary in front of the ASM. We need to arrive with the same amount of
coma at the same field position andhfio.

It turns out that one cannot compensate for the aberrationgwitmple parabola in this way

under the constraint thahe diametermu s t be small er thaiihist he A
constraintleads immediately to a maximal distance of the parabola to the prime focus of
about 65mm, and the resulting angle of the incoming beam places the light source at an
inconvenient posion. A light source mounted on the secondary would berm80off axis,

obstructing the bearfFigure 53). A light source closer to the parabola could be mounted

such that no additional obstruction results, butalan not correct for the aberrations. A third

way would be to place the light source somewlmréhe telescope structure, some M2

from the mirror, and fold the light in with a beamspliitefront of the parabola

A quick ZEMAX analysis shows thabheven a free conic constant and an additional lens in
front of the light source provide enough freedom to correct the wavefronhyoofathese
configurations. It is interesting to note that a parabolic or nearly parabolic conicoid delivers
the best radts for the configurations withowdn additional lenseven with the relatively

short object distances examined. A convex mirror instead of the concave one in front of the
prime focus has the same problems, and delivers similar results.

However, the premted scheme lends itself to a very elegant solution for trexisnsource

that can serve as truth sensor. An ellipse with one of its foci in the prime focus and the other
one at an optical fibre in the centre of the ASM will image the fibre into theegoous and

on to the secondary focukigure 54). We bear that in mind for the following optiongo
summarize, no satisfying solution for a single pass configuration, off axis, with a mirror was
found.
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L”_ mirror

Figure 53. A small, nearly parabolic mirror (conic constant -0.97) in front of the ASM
(on the left). This illustrates the configuration with the largest allowed diameter for the
mirror before it obstructs the beam. The resulting locatia of the light source is about
80mm off-axis, far outside the central obstruction of the ASM, and therefore cannot be

mounted.

M2

fz2 ’ fo = f12 =f; i

Figure 54: The foci of two confocal ellipses. A small prolate elliptical mirror M* can
image a souce from its first focus fjonto its secondocus f5, which is identical with the

first focus f2% of the secondary mirror M2 (and consequently the prime focugl of M1).
From there on the secondary mirror, itelf a prolate ellipse, reimages the sourcernito

the secondary focusf.
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3.4.4.2 Aspheric design

Aspherical surfaceBavebecome more and more common in optical design, due to greatly
improved manufacturing and testing capabilities. As long as the rays do not intersect, a free
form surface canin principle correct any aberration, as it can localigd the phase
difference between desired and real wavefront. However, these surfaces are considerably
(orders of magnitude) more expensive than spherical optics, and cannot be manufactured with
the samerecision as tightly specified spheroids.

Rotationally symmetric aspherese easier to fabricatean freeform surfaceandare often
found in commercial high performance optics. These magither conicoids or surfaces with
higher polynomial (ofterup to 10" orde) deviationsand aredescribed by the following
equation:

R™1s?
Z(s) = + As* + Bs® + Cs® + Ds*°
1+1—(1+k)R2s2)

Z is the surface sag at a distarscieom the centrgA, B, C, Dare the aspheric coefficients,
andk is the conic constanR is the surface radiu®(* the curvature).
Such lenses providereasonable compromise between flexibility, precision and cost.

| investigated if a single, rotationally symmetric objective with aspheric lenses cantdbe
aberrations at one particular field radius, corresponding to the LGS position of 2 arcminutes,
and project three fibres into the prime foclith four lenses and two aspheric surfaces,
satisfying solutiorcan befound.

| also looked at desitg withthe additional constraint of usiran elliptical retrereflector as

the front surfaceto potentlally use it for the eaxis light sourcéseeFigure 54). With one
additional aspherea(10" order even asphe), the wavefront quality is already reasonable

(e¥2 PV), anda design with a second additional aspl{seeFigure55) achieves an excellent
wavefront correction of better than lamhifa/ The aspheric departuseare0.1 and 0.3 mm,
respectively, and both aspheres have a rather relaxed radius. This amount of departure on

about 20 di amet er i s hard to manufactur e, bu
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Figure 55. Projection objective with an elliptic front surface (on the left) and two
additional high order aspheres (on the % and 5" lens). The power is evenly distributed
between the elements, the correction is very good.
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3.4.4.3 Tilted elements

For one single field position (that is, not axisymmetralpwing for tilt and shift of the lens
with respect to the s,aswell dsato the fimme axiprovidéss opt i
additional possibilities to correct the aberrations. | investigated the possibilities with a single
lens element and two lenses, wapherical surfaces. Using a single negative lens would be
the most attractive choice, as it is mechanically not as complex and can provide the necessary
matching o f t h e numerital apérture to the f/1 focal ratio of the ASM my
knowledge,the useof a negative lens in front of a fibtead been discussed for an-axis

light source before, but dismissed, as the necessary object diameter (equivalent to the virtual
image formed by the lens) for a diffraction limited spot is considerably smaller tiesn e
single mode fibres. In our case, however, this is of no importance as we need a spot
corresponding to 1 arcsaad on sky.The setup with one tilted lens does not comply with our

goal to run all three WFSs simultaneously. To doesgh of the three bres hado be
mounted behinds own tilted lens systenand everything caligned.

An important question is if the system can be assembled and aligned at the tel€seope.
alignment tolerances with respect to the ASM are very challenging, but thecessarily

true for all solutions. However, the internal mechanical alignment of an assembly consisting
of three tilted optical subssemblies is indeed more complicatkdn for a solution with
optics common to the three light sources. As the field eivwof the wavefront sensors is
very small, the individual light sources need to be aligned to about 50 micron with respect to
each other (correspondirig about 1 arcsecon@dnd the optical axes must be collinear to a
few arcminutes.

| investigated le possibleperformance of the described setuph ZEMAX, optimizing tilt,
shift and distances as well as radii of one or two lenses to produce the desired wavefront. No
satisfying solution could be found.

3.4.4.4 CGH corrected wavefront

| considered computer genated holograms (CGd)l to shape th wavefront of an optical

fibore and match it to the desired forr@GHs, also known adgliffractive optical elements
(DOEs) are as the name impliegptical elements based not on refraction or reflection, but

on interfereme. They act as phase masks to alter an incoming wavefront. In principle, the
most simple CGHs in use are optical gratings, where perid@iphase steps with a pre
calculated spatial frequency are put onto a surface to achieve constructive interference in a
specific direction, and hence seeing reflection in this direction. CGHs are generalisations of
this idea, where the phase patternas as regular, but can take on a much more complicated
shape. It is again calculated to achieve the desired wavefront, and then transferred onto a
substrate.

Types of holograms

Two different types of holograms are used: amplitude and phase holograagswaik like
their analoges from optical gratings. A transmissive amplitude hologram is opaque where
the desired phase shift is an odd multipleaff, and transparent wherhe phae shift
corresponds to an even multiple. Effectively the destructive parts of #vefront are
removed, leaving darge amplitude of positive interference. For a binary structure, the
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efficiency is low, though. Obvioushhalf the Ight is lost directly on the opagq parts of the
structure. Then, binarfrolograms divide the light evBnbetween positive and negative
orders. The net result is a maximum efficiency-40% An advantage of amplitude gratings
if there is enagh light to tolerate the losses is the fact that they can be prodnces
precisely, as no thredimensional structure is necessary.

The othertype, phase gratings, addsphase shift of where the amplitude hologram is
opaque. This immediately doubles the @éncy. But the phee step is typically achieved by
etching a transparent sukse material unitithe step height times the refractive index
produces the desired phase shift. Edditional step lowers the achievable precision.

A variety derived from the binary phase hologram is the grayscale hologram, where the phase
shift can assume any value between 0 arthis effectively blazes the structure, and leads to
higher efficienciesIn practi@, the smooth surface is approximated by a finite number of
steps, between 2 and 256.

Manufacturing technologies

CGH manufacturing is most often based on lithographic techniques. Whileinfraredthe
structures are large enough to berizdted directly (mechanically) into the substrate, in the
visible wavelengthrangethey are photochemically written into acdmer layer, and then

either hardened or etched into the underlying substrate. Theels are calleghotoresist;

they absorb pbtons of specific energy, which transforms the molecular structure of the
material. Much like with a photographic emulsion, in a developing step the exposed material
is removed (this is called positive resite opposite exists, too). In this way, a stane
corresponding to the exposure pattern is generated on the substrate. It can be used like this, or
transferred further onto # substrate. If a layer of chme has been deposited on the substrate
before the photoresist, an amplitude hologram can kaerbg wet etching of the exposed
chrome. If a phase hologram is desired, the pattern can be transferred into the substrate
material with appropriate etching technologies, which makes the structure more durable. One
technique is reactive ion beam etchinigpacalled dry etching. Blazed structures are made by
approximating them with step functions. They nwtherbe generated in multiple process
steps, or directly with varying exposure intensities on photoresist that shows a relatively
linear response to prsure levelsPhotoresist is sensitive to UV radiation, typically below

450 nm. UV lasers around 350 nm are most commonly aséghtsourcesThey offer good

beam quality, resulting in srh&cus spot diameteand precise structures.

Holographic stratures for the applications summarized above have structure sizes of a few
microns The challenge in manufacturinies in addressing the writing laser beam to a
precision considerably better than this, typically somé& 100 nm. It becomes immediately

clear that holograms with complicated structures also present a formidable challenge for the
data handling. A single addressable point with a laser writer has a size of below 2 micron. A
CGH on a 20 x 20 mm substrate already has 100 Megapixels.

For the highest accuracy, so calledideam writers that use a focussed electron beam instead
of the laser to expose a special photoresist matmealisedTheir addressable features have
sizes on the order of some 10 nm, leading to data fields that cannot bbetkscria pixel

grid any more. Reduction techniques describing the pattern without loss of information have
been developed for this.

There are two basic methods to describe the position of an addrdssaiidhe substrate,

and point the writing beam thee Cartesian and polar coordinates. Both are used in the
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industry. For rotabnally symmetric hologram®ften used for testing rotationally symmetr
aspheres, polar coordinates obviousigke sense. The writip proces is similarto the
writing of a conpact disci the structure gets written in one long spiral on a rotating
substrate, with a writer head that is moving radially. The largest computer generated
holograms (us for testing telescope mirrgrsvere produced like this. In our case, the
hologramsare not rotationally symmetric, and theye even located off centre on the
substate. This is a complication for the radial writing technique, amalfalsthe verification

of the structure.

Applications

Common applications include beashaping, typicly from a collimated laser source. A
hologramplaced in the beam modifies the intensity distribution in the far field to generate
everything from simple intensity fields like lines or grids to complicated shapes like company
logos. Spot patterns or modifl shapes have applications in laser material processing, like
laser drilling, for example.

The other common application is in optical testiogmore precisky, in measuring aspheric
surfaces HereDOEs act as null leesto form an optical system totjpeer with the surface

under test that generates a spherical wavefravitich can be measured with an
interferometer. In principle, a CGH can generate any difference between a given and a
desired wavefront if it is placed at a pupil or at least at a posiiwere rays do not intersect.

A CGH can locallygenerateany deviation from an incoming ray by adding an arbitrary phase
shift, but if rays are intersecting on the CGH plane, they get confused, as two rays with
different directions would originate at tlsame point on the CGH surface. This property of
adding an arbitrary phase shift is of course very attractive for us, as we need a very specific
wavefront in monochromatic light that is hard to achieve with conventional optics.

The strong chromatic abation of diffractive lenses is used to colaarrect infrared
objectives. The chromatic aberration of a diffractive structure has the opposite sign to the one
of a positive glass lens. By combining the two, the overall chromatic aberration can be
greatly reduced without increasinghe focal length! This leads to larger lens radii and
reduced spherical aberration. An issue is the efficiency of the DOEs in this application. If
fabricated as a binary structure, as a Fresnel zone lens, multiple diffractimes @
generated and the light distributed between those. This leads to an enhanced background and
low throughput. If the structures are blazed, nearly all of the energy can be regained. But the
blazing needs much more complicated manufactupnocessesfor example grayscale
lithography. In the infrared region, the rotationally symmetric blazed structures can be single
point diamond turned directly into the lens substrate with the necessary precision and surface
roughness. Recently, this method to cdrrealour has also been transferred to kegial
consumer optics in the visible range. Canon offers a M@0 f/4 photographic lens that
makes use of a DOE to reduce chromatic aberrations, which leads to a much shorter and
lighter design than conventional hesques based on the use of glass with abnormal
chromatic dispersion.

CGHs are also used for the correction of monochromatic aberrations of lenses in laser
processing applications. A CGH on the plane side of a ptanwex bulk lens can correct for
spheical aberration, for example. CGHs are sometimes also used to correct for off axis
aberrations of bulk lenses, an application that comes closest to our needs. The required
accuracy, sizegnd the amount of aberrations awstantially different, though.
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3.4.4.5 Only transmissive CGH

The most direct way to use a hologram would be to mount it in front of a single fiboe,
which delivers a weltlefined spherical wavefront, and let the CGH add the Ipbalse
difference bewveen this spherical wavefront and theedhe real laser beacons will create in
the same planédf one wants real images in the focal plane, the faati6 is problematic. The
fringe structure to achieve a power in the hologram that generates an f/1 beam is very fine,
and a challenge for maradturing. If a virtual image is sufficient, a CGH in front of a fibre
can adjust the aberratiobasically perfectlylt could alsoconvert the f/1 beam to match the
numerical aperture of the used fibre. The layout of this geometry can be $egureb6. In

this case the implementation of a truth sensoproblematic. A monochromatic @xis
reference source can be generated with hologram as well, buthis was deemed
undesirable for use with the FLAO waveitsensor. Ideally, it should have roughly the same
spectral coveragasa real star for the FLAO wavefront sensor, and should extend into the
infrared, so it can be seen on the science cameras.

<—to M2 — e from M1

\

Fibre tip

CGH

Figure 56: A possible CGH correding the spherical wavefront shape of a fibre (blue) to
match the wavefront of thelaser beacons (red). On the CGH surface, the rays coming
from the fibre are tilted so they overlap from there on with the laser beacons rays.

3.4.4.6 CGH corrected objective

Onepossibility is to have a conventional refractive objective imaging a fibre into the prime
focus, thereby transforming the numerical aperture of the fibre to the focal ratio of the
primary mirror. Instead of correcting the aberrations with the aspheriacesifspherical
lenses can be used and the aberrations corrected with a dedicated CGH within the objective.
In this way, the necessary tasks are split: the optical power is provided by the lenses, while
the hologram takes care of the wavefront shape. i$hisore complicated than using a CGH
alone but provides real instead of virtual images of the calibration beacons in prime focus and
again opens up the possibility of employing an elliptical front surface for the truth sensor.
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A J

Figure 57: Footprint diagram for the layout shown in Figure 56. The footprints for the
three beacons are well separated.

3.4.4.7 CGH on ellipse

A very interesting and elegant alternative to generate thaxadfspots i$o use a holographic
beamsplitter on a curved surface. The hologram works just like the CGH in the
aforementioned setups the sense that it transforms a smooth wavefront into the desired
shape. It can be udas a beamsplitter withe zeroeth ordegtill used for another purpose. If
the CGH is used in reflection and put on the surface of an eitigs® be used to generate
the offaxis spots while allowinghe onaxis lightto pass through unaffecte8uch a setup is
illustrated inFigure58.

The onaxis source should be broadband, while the CGH works only for one wavelength. The
idea here is to make use of the different spectral power densities of the broadband light
source (an incandescent lamp) and the single line (oowland) light source, typically a
laser. Both sources can be delivered with the same fibre, with the help of-adilva beam
combiner. While the CGH generates undesired, washed out spots from the broadband light,
these spots are much dimmer thandgimgle, correct spot from the narrowband source. If the
contrast ratio is high enough, the light coming from the broadband source is negligible. Key
here is to put enough carrier tilt (the angular separation between the zeroeth and first order)
into the C@G. This will smear out the light distribution from a continuum source over a large
region because the tilt angle is linearly dependent on the wavelength.

For the diffraction angle of the first ordegsultingfrom the geometry of the ASM and a
confocalé | i pse with 20 di amet2sam moves theyspoteyiteowgt h st
diameter. Hence only tHght from the broadband source irspectral band of about-+2

nm around the central wavelength of 582contributes to the background.

The hobgraphic structures for the three -aftis spots should ideally not overlap on the

surface, in order to avoid the mixed orders originating from the additional structuration of
crossing fringe systems (sEgure57).
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LGS conj.

Primefocus

Figure 58 Optical layout of a CGH directly written onto an elliptical substrate. A
lightsource is mounted in the vertex of the secondary mirrorThe normal reflection
(zeroeth order) is used for the truth sensor as explairg before (red). The CGH acts as
beamsplitter and generates the beam resembling the laser beacon (blue).

The solution with the CGH on the:ellipsebds s

e provides a fixed alignment between-affis spots and truth sensor

thermal stability as the substrate can have a very low CTE, and there is only one
element, the mechanical assembly cannot become misaligned by thermal cycling
robust against vibratigifior the same reason

very lightweight

mechanically easy to mount

only one fibre needs to be routed

theremainingwavefront error is nearlgtaticand can b@recisely measured

Aswewanttouse he | i ght refl ect dht zeooath ardiprfer the fruthi ps e 6 s
sensoy an amplitude hologram seems more appropriad this should prevent scattered light

from theetched edges of a phase hologram. Furthermore, amplitude holograms can always be
made more precise, as the etching introduces room for errors.

Care must be taken to ensure that the hologdnnges areconsiderablysmaller than the
projected size of ra ASM subapertur everywhere as otherwise the illumination of the
subapertures varies with the ratio of black to white lineshe corresponding ared the
ellipse.
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One drawback of CGHs on curved sudaas that they have much larger manufacturing
errors than their counterparts on plane substrates. This comes partly from the writing
technique (on curved sstrates laser writers are usealdd partly from the mechanical
difficulty of positioring the subgtte with respect to the writing beam. Positioning accuracies
of down to 150 nmare reportedRadtke & Zeitner 2007 For our purpose, theavefront
errorresulting from this accuracy would be acceptable.

Unfortunately, the machines currently availabéan only write the holographic structure on
substrates with maximumlocal surface tiltof about 10degees and therefore cannot write a

CGH on the steeply curved ellipge requirewhich hasa maximum surface vector tilted by

around 20 degreeThis isnearly independentfdhe surface radius. The area covered by one
singleCGH (for one of the three beacor®s a surface tilt between opposite sides of only 12

degees which might be possible to write on, but then the substrate would have to be rotated

120 degeesar ound a tilted axis (the ellipsebds V¢
CGH. While this problem surely has technical solutions, it wpuédablybe uneconomi

to pursue thigor thecalibration unit

3.4.5 Discussion and comparison of abptions

Several of the outlined solutions have the potential to meet all the requirements. The selection
of one was based on cost, performance, risk, arallable resources at MPIA and LSW
(mainly on the background of assembly and testing).

The doublepass options were discarded, as we want to trace the path of the real beacons as
closely agpossible and, in case of an-aftis scheme, we doubt that the WFE requirements
canbereliably met.

For the single pass options, both the aspherical desigthargpherical design incorporating

a CGH are attractive as thayse common optics to all three calibrations beacons, and
incorporate a clever way to provide an-axis source as truth sensor. This also has
implications for the alignment at the telescopéjol is complicated as the tolerances are
very tight As we aimfor a WFE of lambda/10 RMS, a CGH is favorable over the aspheres
because two identical CGHs are cheaper than twice the two necessary agjtheths
precision Basically, the standard way testaspherical surfacesith the desired precisios

to use a custom CGH as null lens, immediately raising the cost to the same as directly using
the CGH.On top of that, additional holographic structures on the CGH can facilitate very
precise assemblgnd alignment for very little extra cost, as will be described later. This
presents another important advantage of this dekagily, | found a vendor for CGHs who

was willing to share his expertise and work closelth me on developing a design, and
deliver the CGHs. Given these advantages, we decided at the end of Phase A to pursue a
transmissive single pass desigrcomprising a conventional refractive objectivéhat
incorporates a CGH.
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3.5 Calibration Unit Design

The investigation outlined above led the preliminary design of thealibration unit
presented at the PDR of the ARGOS projectMarch 2009. This included a detailed
tolerance analysis that specififse accuracy required for each of the optical elements.
Follow-up on acquiring the requiredomponentsand assessment of the capities to
assemble the system-lmuseshowed that modifications were necessary. The design was
then adjusted appropriately for the FDR in March 2010. In this section | describe the optical
designs for the PDRSgcton 3.5.1) and adjusted design for the FDR (SecBob.2) in detail.

The tolerane analysis of the PDR design is shown in Sectsb.11. In addition to the
optical conponents, the mechanical design (SecBdb2.3, the assembly andesting plan
(Section3.5.2.6 and the alignment of the unit on the telescope (Se8ti@rare discused.

The calibration light source for the LGS WFS was designed to meetofhdevel
requirementsin particular this means to

e project three beacons for the three WFS simultaneously,

e give a light distribution and spot position only marginally differfeain the situation
on-sky,

e trace the light path of the real Rayleigh beacthmough the telescope as closely as
possible- that is, single path, with the same footprints, and comparable wavelength,

e be easily deployable to facilitate routine calibratiand testing of the system,

¢ allowtheimage qualityto be checkedn the science detector.

The main component of the calibration unit, referred to as the CalUnit heraafeecustom

objective projecting three otixis multimode fibers into the primeodus, matching the
primaryods focal rati o. A cdomphe aberrationg eamde r at e
introduces the severe coma the fe@lS spots will have in that field position. Naturally, the

CGH works only for one welllefined wavelength, which iour case is chosen to be the same

as the laser wavelength of the real beacons. As the beacons are monochromatic, this presents
no restriction.The assembly consists of four lenses plus the hologram substrate anal a fib
holder, mounted in a custom lenstehrThree multimode fitesare used as the edixis light
sourcesfeeding the light of a small, frequenstable laseonto the CGH.

As we need some kind of truth sensor to check image quality in the science field, we want to
have access to an -axis source to be used with thiest light AO wavefront sensor (FLAO
WES). Thefirst light AO light source and retreeflector combination does not meet our need

for easy and quick employment; therefore the calibration unit also has its eaxisomode

to beused with the FLAO WFS. Consequently, theaos light source is operated in single
pass configuration, and simultaneously with the-axis sources, allowing reéime
monitoring of the mirror shape by the truth sensor EbAO WFS during LGSwavefron
sensorcalibration.For ths purpose, an optical fibdeght source is mounted on the adaptive
secondary mirror (ASM)Additionally, thewell-defined light source fixed to the ASM acts as
reference for alignment of the ASM with respect to the calibrafpiics

The onaxisreferencdight source uses a fibre permanently mounted in the central bore of the

ASM. The light is reflected off thdichroicfront surface of the objectivan ellipse with one
of its foci on the infinity conjugated prime focus aheé other one on the fib surface in the
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ASM and illuminates M2 seeFigure 54). The fact that only the central ~5% of theréild s

light cone are reflected back towards the secondary ensures that there is nm drop
illumination towards the edge of M2. As we use a broadband light source, speckles are not
problematic. The fibre is imaged onto the prime focus, with a demagnification of ~25,
relaxing centering tolerances of the light source by the same am®hist enables a
diffraction limited spot size with a multhode fitre. To achieve this, the image of the light
source in the prime focus must not exceed 1.6muiameter because of the fast focal ratio

of the primary. A filve of up to 40 um diameter can be used

To facilitate automated and quick deployment of the CalUnit components in the prime focus
volume, a dedicated swing arm made from Carbon fibre reinforced plastic (CFRP) has been
constructed at MPIAFigure59). | have been invged in the definition of the mechanical
properties, the interfaces and the design of the front part of the swing arm that obstructs the
beam after reflection on the AS{Figure60). A static structure with an optimized footprint
ensures not too many actuators are obstructed. Simulations by Lorenzo Busoni (Arcetri) show
the residual obstruction has only negligible influence on the wavefront measurement.

To ensure the critical positioning of the CalUnit within an envelope of 1xx11mnf is

achieved over the operational temperature range, the structure of the CFRP tubes has been
thermally adapted to the coefficient of ther
Finite element analyses ensured us that vibrations and staticeflase within an acceptable

range. The structure is very stiff; the sagtfiez direction) of the CalUnit when the telescope

is pointing & zenith is less than 0.5mm.

Figure 59: The location of the CalUnit swing arms (yellowat LBT.
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Figure 60. Drawings of the swing arm. Top: The whole arm, ~4.50m long. Bottom: the
front end interface, designed to minimize the obstruction of the beam.

3.5.1 PDR Design

The layout of the CalUnit opticas describedbmve is shown inFigure 61. The corres
ponding prescription of each of the components in the ZEMAX design is givdmalite 5

The CGH was calculated by DIOPTIC, a possible provider of the CGH. Optimization for
minimal optical path differencea(flat wavefront) was performed to demonstrate the optical
quality with a CGH.For the finaldesignof the whole systemthe CGHwas optimized to
include the raglual wavefront abeations fromthe sky, mainly coma as shown Figure63.
Figure 62 depicts the wavefront of the CGH calculated with ZEMAX. The spot diagram is
still dominated by the uncorrected coma. The CGH is able to contralbigreations of the
Calunit and M2 down to less thas#1l0 (RMS = 0.0738 waves), as shownHigure 62.
Introducing the necessary additioakrrationsn a further design step was rybblematic.
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Figure 61 Layout of the CalUnit optics from the off-axis fiber source (left) to thel2km
conjugated prime focus (right).

Table 6: Optical components and prescription taken from the ZEMAX lens data editor.

Surf Radius  Thickn. Glass Diam. Conic Comment

OBJ Infinity  -15135.2 159.8 BFL 12km conj.

STO 1974.3 MIRROR 911.0 -0.7328 M2

2 b 1054.6 959.6 Dist. to M2

3 b 9.1 13.4 Dist. to 12km focus

4 b 325 20.6 Dist. to Primefocus

5 -63 12 BK7 50.8 -0.8860 On-axis LS Mirror

6 -26.7 0 50.8 -0.2620 1st Lens custom

7 b 0.5 49.2 Distance 1st-2nd

8 515 9.7 BK7 49.6 2nd Lens TH LA1050-A
9 b 0 49.6

10 b 0.5 48.3 Distance 2nd-3rd

11 515 9.7 BK7 50.8 3rd Lens TH LA1050-A
12 b 0 50.8

13 b 7 42.2 Distance 3rd-4th

14 -55.3 5 BK7 50.8 4th Lens TH LF1829-A
15 -200 0 50.8

16 b 60 35.9 Distance to CGH

17 b 8 F_SILICA 28.0 Front CGH Substrate
18 b 29.9 27.8 CGH - Binaryl

IMA B - 17.3
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