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ABSTRACT

The Discovery Channel Telescope (DCT) is a 4.3-ntefescope designed for dual optical configuratjdieaturing an
/6.1 Ritchey-Chretien prescription with a 0.5°dief-view, and a corrected /2.3 prime focus wét2° field-of-view.
The DCT Active Optics System (AOS) maintains co#iiton and mirror figure to provide seeing limitedages across
the focal planes and rapid settling times to miaembserving overhead, using a combination of feedard and low-
bandwidth feedback control via wavefront sensinglli@ation is maintained by tip-tilt-piston contraf the M2
assembly and articulating M1 within its cell, tadsiadvantage of the 120 degree-of-freedom supped @ figure
control. We present an overview of the AOS desigd principles of operation, and a summary of gsgand results
to date.

Keywords: DCT, Lowell Observatory, Active Optics, opto-mechan wavefront control

1. INTRODUCTION

The Active Optics System (AOS) for the Discoverya@hel Telescope (DCT) is responsible for maintgjrihe figure
and collimation of the telescope optics and conertiy plays a major role in the quality of the imaglelivered for
science. The AOS consists of active supportshierprimary and secondary mirrors, the controlsHose supports, and
an overarching control system which commands thevidual mirror supports to maintain the wavefropfality based
on calibration data and feedback from a wavefroetiser. This paper describes these components,trand
development as part of the DCT project, includimg performance and figure control analysis forgtimary mirror.

DCT requirements to support large instrument pajdoat both prime and Ritchey-Chrétien foci, andhiégdence
observations for survey work, drive some notabéuees of the AOS. In the prime focus configumaticollimation is

achieved by articulating the primary mirror on stspport. This created a challenge to extend thfmeance of the
support from a single nominal operating positioratsignificant range of travel, but also takes atlkge of otherwise
required hardware and eliminates the need for &meapositioner for the prime focus instrument. 3Jpport high-
cadence observations, short settling times (<8rsix)oafter a telescope move are required. Thac®mplished by
utilizing mirror support bandwidths comparable te tmount control bandwidth, driven by a combinatafnfeed-

forward control based on calibration data and lamdwidth wavefront feedback. When not driven byuieements,
novel approaches were generally avoided, relyistpad on proven strategies for accomplishing goals.

2. AOS OVERVIEW

The DCT Active Optics System (AOS) maintains codltion and mirror figure to provide seeing limitedages. The
AOS can operate open loop and closed loop. OpenAddS operation maintains collimation and M1 mirfigure with
operational parameters and calibration data. Cldsepd AOS operation maintains collimation and Mirnoi figure
with operational parameters, calibration data, @adefront data. See Figure 1 for the M1 portiothef AOS.
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Figure 1. AOS M1 assembly and testing with misionulator

In open loop operation, the AOS uses operationarpaters: ambient temperature, M1 temperature, tiemperature,
and zenith angle as inputs to the look up tabl&sT@).

The AOS will process mount zenith angle and termpeeachanges every 50 ms. This is the same ratheamount
demanded positions are updated. The open and diospgerformances vary due to gravity induced deédions that
are uncorrelated but repeatable. See Figure 2den doop M1 figure control performance requiremefection 8.6
shows open loop analysis results.
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In closed loop operation, the AOS uses the opep lddTs as well as wavefront sensor feedback. Th@d dre used
for the majority of the correction with the waveftsensor providing fine adjustments. The AOS razboth Zernikes
and bending mode correction coefficients from tlavefront sensor. The AOS uses Zernike 4 (focusand,8 (coma)
for collimation corrections. The AOS uses 26 begdmodes for M1 figure correction. The AOS will reee a

decomposed wavefront every 30 seconds. The clasgddandwidth is approximately 0.01 Hz. See Fidufer closed
loop M1 figure control performance requirement.tf&ec8.6 shows the closed loop analysis results.
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Figure 3. AOS M1 Figure Control Performance Regmuient

The M2 surface slope errors due to support foraererare required to be less than 0.021 arc-sec.RMS

DCT has two optical configurations: Richey-Chret{&C) and Prime Focus Assembly (PFA). In the RCfigonation,
the M2 axial supports correct for collimation eson the PFA configuration, the PFA does not hastive supports so
the M1 axial supports correct for collimation egoin both configurations, the M1 corrects for kg figure error.

For controls and software, there are three mainpom@nts: Active Optics Control System (AOS), M1 €ohSystem
(M1S), and M2 Control System (M2S). The AOS accéipswavefront sensor feedback and combines it thighLUT
feed-forward demands. The demands are sent to ftte &md M2S as bending modes and x-tilt/y-tilt/pispmsitions.
The AOS also sends a pointing offset to the TC®dbas the coma correction.

The M1S accepts demands from the AOS. The M1S spasition demands to the M1 axial support positioop
(M1P). The M1S converts the 26 bending modes t@Galkial support force suite. It also combinesftivee demands
from the M1P with the bending mode force demandesuihe combined force demand suite is sent tdviheaxial
support force loop (M1F). The M1F includes all tiewdware to move the axial supports. The M1S alsludes the M1
Lateral Support Control System (M1L). The M1L adseforce demands from the M1S. Nominally, the Mb&cé
demand to the M1L is zero. The M1L maintains the itror centration at all zenith angles with 36iaetpneumatic
actuators and feedback from three passive tangsdimeds and their force transducers.

The M2S accepts x-tilt/y-tilt/piston demands frohe tAOS. The M2S converts the demands into actyatsition
demands. The actuator position demands are séim tdd2 axial support position loop (M2P). The M2Rludes all the
hardware to move the axial supports. The M2S ialslades the M2 Vacuum Control System (M2V). The\Waccepts
force demands from the M2S. Nominally, the M2S éodemand to the M2V is zero. The M2V maintains Zeroe on
the M2 mirror at all zenith angles with feedbaabnfrthree force transducers on the M2 cell structure



3. OPTO-MECHANICS

3.1 Primary mirror supports and auxiliary systems

The primary mirror (M1) made out of Ultra Low Exmaon (ULE) glass, is supported in the telescopel®@ axial
electro-mechanical and by 36 lateral pneumaticadots at the outer diameter of the mirror arrarigemla Schwesinger
type support.The geometry pattern is shown in Figure 4 (latetglports) and Figure 5 (axial supports) and has bee
optimized by College of Optical Sciences at Uniitgref Arizona. The telescope optical performanseshhanced by
polishing the mirror on identical support systenrémove the zenith pointing gravity effects. Theafioptimized axial
support pattern arranged in five concentric cirééeshown in Figure 5. The lateral position of thgror is defined by
three tangential definers equally spaced on theradiameter of the mirror. The opto-mechanical giesilso includes
active thermal management of the mirror in ordesatsfy the local mirror seeing requirements.
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Figure 4. FEA Analysis of the Schwesinger Supp(@murtesy of College of Optical Sciences, UofA)
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Figure 6 shows the detail of arrangement of thelaamd lateral supports on the mirror cell with thgror simulator.

The axial supports incorporate electro-mechanitegdmer motors with harmonic drive and a ball scréle assembled
axial support is shown in Figure 7 and includesSashaped load cell for local force control loopheTaxial support
allows total 7mm linear travel with 0.1um resolatioThe connection to the mirror features a sprivgdéd detent
attached to the back side of the mirror which piesitool-free assembly and disassembly. Titaniloy élexures allow

up to 9.5mm lateral motion each way. The desiga aisludes bi-directional force limiting mechanisin.tension, the
glass is protected by the spring loaded detentgitignmaximum pull force to less than 60Ibs. In quassion, the
design includes a spring loaded mechanism limitiragximum force to 150Ibs at the maximum travel.

Figure 6. Arrangement of the lateral and axialpsufs.

Thirty-six lateral supports are arranged in a aunfation based on Schwesinger design with.76. The supports are
using double-acting pneumatic cylinders with rajliBellofram diaphragms providing +0.25” travel hetend of the
lever which is pivoted in Riverhawk single endeexfires. Connecting rods of varying lengths fitteithviritanium
flexures and ball joints are used to transfer theds from the air pistons to the mirror. Figurstbws the lateral
support mounted on the mirror cell (left) with @snnecting rod spanning over the tangential defimghn a blue load
cell (right). The lateral supports are using prdlgaessure of 15 psi and are actively regulated5&2psi on high
pressure side depending on the telescope Zeniindis and the tangential definers load cell feeklbac

Figure 7. Axial Support Assembly



Figure 8. Lateral Support and Tangential Definesémbly

Three tangent definers passively constrain X arndectenter) position of the mirror and its rotatadyout optical axis.
These are high stiffness components, equally spaead the outer diameter of the mirror and allowcge manual

adjustment for alignment. Each one is fitted witload cell, tension/compression force limiting macism and two sets
of flexures.

Four incremental length gages Heidenhain MT127halith four GHSIR 750 LVDT spring loaded positisansors
(repeatability error <2.5um) as shown in Figurar® placed at the mirror OD and are used to deterivil tip/tilt and
piston positions. Four Invar pucks which are attacko the mirror OD provide attachment point foe tmeasuring

contact of the Heidenhein gages and are also wsedpport sphere mounted retro-reflectors (SMR)ldser tracker
aided alignment.

Figure 9. Position Sensor Assembly



Eight auxiliary restraints padded with Viton elastr are used in order to limit the mirror movemaraxial and lateral
directions within safe values to prevent flexured aglass damage. These restraints also serve asrémuake
protection. The AOS system also includes activesdding control in the form of a non-contacting\adti cooled plate
underneath the primary mirror (see Figure 10).sHyistem will provide approx. 140W of cooling povaed will help
to keep the mirror surface temperature to typicalithin 0.5°C from ambient. Facility provided inginent glycol is
used as a coolant.

Figure 10.Cooling Panel Segment (Back Panel Removed)

3.2 Secondary mirror supports and auxiliary systems

The fused quartz 1.4-meter secondary mirror (M2) leen lightweighted to reduce the mass down 50%hiliyng 85
undercut and straight pockets into the blank badk.sThe mirror is supported by a vacuum systerm@lwith 3
adjustable axial posts and one radial center gostlar to the concept successfully used in WIYMdeope design. The
axial posts shown in Figure 11 are equipped witlitactional breakaways which limit the maximumderto 2501Ib.
Each axial post is equipped with a load cell ineor provide feedback to the vacuum system castiidie center post
is shown in Figure 12 and includes a segmentedr|88ahub which is glued to the center hole of thieran using
Flexane 80. The hub is connected to the centerysisy Invar membrane which is maintained flat by three axial
posts. The membrane is protected by a travel livhith limits its deformation to 0.060".



Figure 11. Secondary Mirror Axial Post

Figure 12. Secondary Mirror Center Post



Rotational position of the mirror is defined by atal tangential strap incorporated in one of thalgosts. To maintain
vacuum, the mirror is sealed on its outer edge siitbone rubber seal ring. The vacuum systenoigrolled to keep
the post reactions down below 1lb in order to fatlse surface distortion requirements. When theuuan system is not
operating the full weight of the mirror is suppartey the axial posts. Two independent pressurefredilves provide
safety of the mirror in case of the pressure/vactiailnre. There are also three external traveltmvhich limit M2
movement in the cell in axial and lateral directida prevent damage of the flexures and the glass.

Figure 13. Secondary Mirror Top End Assembly

As shown in Figure 13 the mirror cell assemblyuspended on three lateral positioners and precisgiiated in piston
and tilt using three electromechanical (harmoniargactuators. Three incremental length gages Hbmia MT1271
along with three GHSIR 750 LVDT spring loaded piositsensors monitor position of the cell assemblyaxkial

direction.

4. ELECTRONICS

The DCT AOS electronics uses National InstrumeNt$ ¢ompact Reconfigurable Input/Output (cRIO) haade for
most of the 1/0 and control. The hardware subsystara the M1F, M1L, M1P, M2V, and M2P. After th® Ihas been
acquired by the cRIO, all communications to othebsystems is with TCP/IP. The subsystems that dohawe
hardware 1/0 use industrial rack-mounted PCs. Tlefsystems are the AOS, M1S, and M2S. Figurehdds the
AOS network topology.



Figure14. AOS Network Topolog

4.1 Primary Mirror Axial Support Force Loop Control (M1 F)

There are six M1Fs in the AOS. Each M1F controlsagi@l support actuators. M1F maintains the deradrfdrce on
each axial support by stepping the axial suppaptr motor. The M1F receives a force measurenmenh fts

respective axial support force transducer. M1F tisegorce measurement to determine the numbeepssequired to
maintain the demanded force. There are a totaDab@al supports per cRIO. There are a total ofc&kOs to control
120 actuators.

4.2 Primary Mirror Lateral Support Control (M1L)

The lateral supports are controlled independentlyhe axial supports. The lateral supports consisB6 pneumatic
actuators. The pneumatic actuators share one piieurnatrol circuit with one pressure regulator.eTlateral supports
use three passive tangent definers with force dweers as feedback. For safety, the M1L monitotsa deessure to
determine if the system should be shut down.

4.3 Primary Mirror Axial Support Position Loop Control (M1P)

The M1P reads the four position sensors and caésuthe x-tilt, y-tilt, and piston components. X;ty-tilt, and piston
are converted to M1F force demands. M1P generafesca demand for each axial support M1F. For hgmninM1P
uses 4 absolute position sensors to determine wiéghto move to reach the relative position senssfierence marks .

4.4 Secondary Mirror Vacuum Control (M2V)

The M2V controls two vacuum (fine and coarse) amd pressure (fine and coarse) solenoid valves. MIB¥ reads
measurements from three force transducer and die glessure transducer. M2V receives force measmes from
three force transducers. M2V uses the force meammts to determine if the solenoid valves shoulden or closed.
A delta pressure transducer is provided for safety.



4.5 Secondary Mirror Axial Position Control (M2P)

The M2P reads the six position sensors (3 - absclmd 3 - relative) and calculates the x-tilt, lyy-tand piston
components. X-tilt, y-tilt, and piston are convert® position demands. M2P generates a positionrntamd for each

axial support. The 3 absolute position sensorsiaegl to determine the relative position sensoreafe marks for the
homing routine. Figure 15 shows the AOS control block diagram.

Figure 15. AOS Control Block Diagrz

5. SOFTWARE

The DCT software design allocates particular fuorailities to each of a number of stand-alone deteed components.

For a further discussion of the component conddet,software technologies we mention in this papad the DCT
software development process (see Lotz paper).

In particular, the AOS software components arelavs (see Figure 16).

Figure 16. AOS Components



Each component has a summary state and a dettated Jhe allowed summary states and their relskips appear in
Figure 17.

Figure 17. Summary States.

Summary states apply hierarchically—that is, ibaponent has subcomponents it takes into accoardgutmmary state
of its subcomponents when determining its own suryrsiate.

The list of available detailed states, on the ottend, is generally particular to a component, eaptures the state
design for the successful operation of the compbnédior instance, Figure 18 shows the possiblestéir the M1
Actuator Position Loop Control. Further, each @abaponent’s detailed states maps to exactly omergry state.



Figure 18. Primary Mirror Axial Support Positioodp (M1P) detailed states.

Communication between components—as well as wightomponent between its Views and Controller—is thia
National Instruments Publish-Subscribe Protocatgisietworked shared variables. Networked commtinitgermits
communication between widely spaced applicationth wiinimal hardware requirements. Moreover, anliegfion
may deploy on any networked target that has thdwene that application requires. The publish-stibecparadigm
allows for multiple subscribers to a message. &ilisrs include one or more Views or ControlleFor instance, the
Controller for a particular component may publithtigs information that is of interest to the Viear that component as
well as to the Controller and View of the next hegthevel component in the software hierarchy. Véefigure the
communication application to log messages to ad€lthistorical database.

The controllers for each of the Primary Mirror QuhtSystem and Secondary Mirror Control System suofmonents
run on the real-time processor of a National Imsgnts compactRIO device. The real-time controliatsrface to a
Field Programmable Gate Array configured to perfonput/output and other hardware processing op®rati The
software team writes desktop, real-time, and FP@plieations using the National Instruments LabVIEAaphical
programming environment.

6. INTEGRATION AND TESTING

As of May 2010, significant progress in mechanicdégration and subsystem testing has been made.a Ask
mitigation measure, the M1 axial support, latetgdort, and M2 vacuum support pneumatic system tested in 2008
and 2009 using prototype hardware. These testdatall the basic design approach, confirmed basictibnality,

measured critical performance parameters, anddtéistelow temperature and life capabilities of hlaedware.

Production of the M1 supports began in October,92@ith assembly of the 120 M1 axial supports. Wtteptance
testing was completed in mid-December 2009. As$eantd test of the 36 lateral supports followeche ™1 Cell was
received from GDST in late December and instaltatibthe supports hardware began immediately (8pad-19).



Figure 19. Mirror Supports Installation on M1 Cell

Considerable effort was also spent in the layodtiastallation of the electronics harnesses androtsnenclosures
(see Figure 20).

Figure 20. M1 Cell cable harnesses and controls

By February, 2010, we reached the stage of applyowger and initial checkout of the supports andtrds. In April
we had demonstrated closed-loop force control & &dal supports simultaneously, and have closedaitial support



position loop and lateral support force loop. Rigmg tests include demonstration of the homingirmufor the axial
supports, functional tests of the M1 Supports stipery software, referred to as “M1S,” and perfonoe tests and
tuning of the controls parameters in the M1 sulsystonfiguration. Due to the schedule for the nhdnstallation, this
testing will not be completed until after the moimaccepted from GDST and the mount installer.

Upon completion of the aforementioned tests anéhtuat the subsystem (cell) level, we will prep@ayeand conduct
testing at the system level — without glass. TI@SAsystem will be exercised using a mass simufatav1, visible in
Figure 19, and a simulator for the M2/Cell combinmedss, Figure 21. In this configuration, we cast the motion
control capabilities needed for collimation, but figure control. Both mirror simulators are rigiteel fixtures which
are not designed to simulate the stiffness of #a¢ mirrors. In addition, the configuration of thi2 simulator does not
allow the vacuum figure control system to be tested

Figure21. M2 Top EndshowingM2 frameand simulato

After the first AOS system test, we will remove timirror simulator from the M1 cell and remove the dimulator
from the top end. The coated M1 will be installedhe cell. The M1 Cell assembly will then betaited in the mount.
The M2 top end will be installed in the mount witlhhahe mirror or simulator, since the real M2 witht be available
until early 2011. In this configuration, we intetalperform tests of the AOS in a “prime focus” figaration. Using
one of the guider probes developed for the DCT &uihd Wavefront Sensing System (GWAVES) locateat tige
prime focus, we will perform engineering tests mued to evaluate the primary mirror optical perfante and test the
capabilities of the AOS to control the mirror figur At the same time, we will gain valuable expaci operating the
GWAVES system including the interface of GWAVES lwihe AOS.

We expect the process of figuring the secondaryomio be complete in early 2011. Upon receiving M2, we will
assemble it into the M2 Cell and install the asdgritbthe top end. With both mirrors now installiedthe mount, we
will conduct a second system test of the AOS. Tiiikbe the first opportunity to evaluate the ®sts performance in
collimation and figure control. A period of systeesting, debugging, and optimization is expecteibte the telescope
system is ready for an acceptance test, whichrigitly planned for August, 2011.



7. ANALYSIS: MINIMIZATION OF SURFACE RMS DISTORTION

In this section we describe the method used taahitie the coefficients;, of a set of surface shapes that minimize the
RMS surface slopes when added to a distorted sustaape, |/

Equation 1 is the expression for the sum squafasaidistortion after subtracting m shapes that n@ybe orthogonal
to each other. The minimization operation, setthgpartial derivative of Equation 1 with respteceach of the shape
coefficients, results in Equation 2 which is repdiblved for the shape coefficients, Equation 3.

U, =W, -®[1) U, U7 —2&[L107 + B[LI[L) &'

Where:
Uss is the square of the net surface distortion
Uq is a 1xm vector of surface displacements (the tzesd
to be minimized).
is a 1xn vector of shape function coefficients.
is an nxm matrix of n shape functions.

— T

Minimizing Ugswrt F;

We _0- [LILY @, +2[L1U,

a0

Solving equation 2 foF gives;

This method of surface distortion minimization sed to determine the force sets required to bereham of the 26
specified shapes and to give the residual distofto each shape. The shapes are pseudo-bendingsrfarathe mirror,
based on solutions for an annular flat plate ofilaindimensions. These shapes combine the convemief being
analytical functions, with reasonably low residealors (e.g. much less than Zernikes). 117 of 2@ fdossible shapes
obtained by applying unit forces at each of theaksupports are used to form the matrix of shafigs,which is
augmented by the addition of six rigid body shagred power before performing the minimization. Thaimization is
performed 26 times with one of the shapes beingl @sel} each time. The residual error in terms of RMS auef
normal displacement and surface slope is showrigiar& 22.
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Figure 22.Surface normal and surface slope residual errer aft optimal correction.

The surface distortion minimization method was alsed to determine the coefficients of the 26 djgecshapes that
optimally correct mirror distortion under operatibhoads. In this case, [L] is formed from the 2&ided shapes plus
the rigid body shapes and power angddkhe raw displacement result to be corrected.

In practice it was found that certain combinatiofiending modes were similar to focus and comafusing surface
figure and collimation errors. For example, the taxisymmetric bending modes can fit focus withsldsan 10%
residual. To the extent that small errors fit thessiduals they would be amplified into large didgiody and

complimentary bending demands. For both the f@and coma cases, the bending modes involved incusiaft low

order mode and a much stiffer higher order modegvinid the artificial creation of high bending ferdemands the
higher order mode may be selectively dropped frloevtavefront solution above a certain noise thrigisho

The specified shapes cannot be bent in perfectltheoscaled residual for each shape is RSS'd whi¢hcalculated

surface distortion obtained by subtracting the estahapes from the raw displacement to arriveean#t rms surface
normal and slope error.

In some operating modes surface distortions may ltdnanged since the surface was last measured siiieate the
amount of such surface changes by keeping tradckeofepeating and non-repeating support error fooraponents.
Distortions caused by unsteady wind loading are aixorrectable. For these distortions only thelrfgpdy shapes and
power are subtracted. The surface distortion miratidn operation is performed on each individuadiocase,
approximately 150 load cases are considered corgsisf gravity and actuator error force cases. Mmzses are unit
load cases and the optimization described aboappbed with only rigid body shapes removed anéeoad time with
rigid body and 25 of the 26 defined shapes remdwétth residual errors added back in). The resuithese operations,

rms surface slope error for each load case, is owdbwith the estimated repeating and non-repeatingr forces as
described below.



8. CALCULATION OF NET MIRROR DISTORTION ATTRIBUTABLE
TO THE SUPPORT SYSTEM

The performance analysis for the primary mirrormam follows a similar process to that of the LS®ifror supportd
The analysis considers the effect of force and nminesrors at every attachment point to the mirrand the
correctability of those errors, either by caliboatin open-loop mode or by wavefront sensing bésedback in closed-
loop mode.

8.1 Support force errors

Support force errors are the difference from therided value of any of the six force components Hyx Fz, Mx, My
and Mz) possible at an actuator interface pointh@nmirror. Error forces result from misalignmentiarom frictional
or elastic effects. Misalignment and elastic efosces will not change over time so the distortibay produce can be
measured and corrected. This is less likely torbe of frictional error forces. We categorize erforces that do not
change unpredictably between distortion measureamhtorrections as repeating error forces. Thuatenight change
between measurements are categorized as non-repeator forces. The effects of repeating errorcdsr can be
partially corrected by the AOS system.

The repeating and non-repeating error forces fempttimary axial and lateral support actuators Hzeen estimated and
prototypes have been tested to validate the actdatkign. The lateral support actuators are natlied in the active
correction of distortion, this task is left to th@0 axial support actuators. Forces in the lateyatem are adjusted to
keep loads on the three tangent rods below buddeteds. In the Prime Focus Assembly (PFA) configion the
primary mirror is displaced in piston and tilt tamtain collimation. This displacement results ystematic, repeatable
changes in the lateral actuator support forcesniymaiue to changes in the alignment of the conngatods relative to
the mirror. The effects of mirror displacement avaluated by including the lateral support actuatmnecting links in
the primary mirror finite element model, shown iigte 23, and displacing the mirror relative tostgpports with the
large deflection analysis option in ANSYS turned on

Figure 23.The DCT Primary Mirror finite element model withtdaal support connecting links.



8.2 Randomly distributed support force errors

A random distribution of support force errors vgknerally be less damaging than a distribution tizest a low order
spatial distribution. We use the full actuator erforce, repeating and non-repeating, in estimatimg effect of
randomly distributed force errors (we use a fractmf the error force in evaluating the effect ofstgynatically
distributed error forces with the fraction deteredrby a Monte Carlo Analysis).

Random support force errors are evaluated by sampiie effects at one location and using thoselteeatiall similar
locations. The RMS slope error for the 36 axialiattrs in the outer row caused by one of the dom@e components is
simply 36 * the RMS slope error caused by the error faymglied to one of these locations.

In most cases the applied error force is reactethéykinematic constraints applied to the finitereént model. Axial
force errors are reacted by distributed axial feratall actuators to mimic the response of theanisupport control
system.

8.3 Systematically distributed support force errors

These are sets of forces acting on the mirrordhatorrelated in some way. Examples are forcdgéisalt from or are
altered by differential thermal growth or a disglawent of the mirror relative to the supports. Thefects tend to
produce force sets that have net radial, lateralstigmatic components. Force sets that gendratiow order flexural
modes of the mirror can yield deflections that emech larger than would be predicted using the randapport force
analysis procedure above. Random chance can aalh i error force distributions that result iml@rder distortions
such as astigmatism. This effect is evaluated Ibfppaing a Monte Carlo analysis in which 100 setgmor forces are
randomly assigned and each resulting force setailuated to determine how much of a low order itigtion of force it
contains.

Axial error forces make the largest contributiordistortion so attention will be confined to thisneponent, including
the axial error component from the lateral suppmtuators. It is assumed that the systematic bligtan can be
expressed as a linear combination of normalizedefaets given by the bending mode polynomials etetuat the
actuator locations. These force sets are appligdedinite element model and RMS surface slopescamputed. The
scaling factor to apply to each of these load césessbeen calculated by generating 100 sets ofbralydselected
actuator forces and evaluating the coefficientstlfigr Zernike components of each set. The standewdhtibn () of
these coefficients gives the value that will notdxeeeded 68% of the time, the average value iszera as would be
expected. In the case of the primary with 120 dotsathe standard deviation of the astigmaticdareefficient is 13%
of the RMS value of the actuator force error. Ttaamdard deviations of the coefficients for othew larder distributions
are similar in magnitude. It is assumed that thefdrce coefficient applies to each term simultarsbpu

8.4 Repeating and non-repeating support force errors

As noted above, the finite element load cases waveessed twice removing only rigid body shapesesmting the
effect of non-repeating error forces and removitgp 25 defined shapes representing the effect efrépeating

component of error force. We have also noted theaestimate the magnitudes of both the repeatinghanerepeating
error forces. We then compute the effect of repgatind non-repeating error forces and RSS thetrésydther to

obtain the net effect. Note that we could obtaangshme result by applying the estimated error foasethe actual input
to the finite element model. This would require agpe load cases for the repeating and non-repeatior force

magnitudes and a re-run whenever the force estima#ze revised, a frequent occurrence since thpostigystem

design is refined in response to the analysis t&sul

8.5 Totaling the effects of all error sources
Gravity, random and non-random structure functionrs are combined by RSS'ing all results of. Sjpadiy:

Where: 1o IS the net RMS slope error from the support system
g is the RMS slope error for gravity at a particiddavation angle.
Rrandom 1S the net random error force slope error
A g.etc are the non-random cases



This equation applies equally to the RMS surfasgodiion.

8.6 Results

Predicted results in terms of primary surface slep®r as a function of elevation angle when primamavefront
measurements are not available are shown in FRurdlthough surface wavefront measurements aravaitable, the
AOS can still make corrections for certain elevatiangle dependent effects such as misalignmental Awirce
adjustments may also be needed if the primary mposition is changed to collimate the telescopgufe 25 shows the
improvement in figure when wavefront information available. Note that much of the gravity errorgsilting
deformation that is polished out zenith pointing berappears when pointing off zenith. Figure 26veh what the
primary slope errors would be without the AOS. THemefit of the AOS system can be seen by compahiagrimary
slope errors in Figure 26 those in Figures 24 and 25. Movement of thenary to re-collimate the telescope results in
large surface slope errors unless axial suppodefoare adjusted. Even if the primary positiontieato the cell is
fixed, the surface slope error when Zenith pointitgggrades from 0.03 arc-sec-RMS to 0.08 arc-sec-Rifi®ut the
axial force adjustments provided by the AOS system.
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Figure 24. Primary surface rms slope error asation of elevation angle when surface wavefrofdgrimation is not
available.
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Figure 25. Primary surface rms slope error asation of elevation angle when surface wavefrofdrimation is
available.



Rms Siopa Error from Support System Without A0S
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Figure 26. Primary surface rms slope error asnatfon of elevation angle without an AOS. movemehthe primary
relative to the cell results in a large increasslape error but even if the mirror is fixed in fim®, slope error increases
from 0.03 to 0.07 arc-sec-rms to 0.08 to 0.1 aweraes not including gravity effects.
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