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ABSTRACT

At the Nauonal Opacal Astronomy Observatonies (NOAQ) we have been working for several years w develop the technol-
ogy for 8m telescopes using sguctured borosiicate glass primary murors. in March, 1989, we entered the final stage in
this technology development program when we took delivery of a 3.5m mirror blank, cast under NOAO contract at the
University of Arizona Mirror Lab. The NOAO 3.5m muror project was established to develop and demonstraie technical
innovations that will make possible successful 8m telescopes with borosilicate murors. The project will have four phases:
1) inidal fabrication, 2) tesung of support and thermal sysiems, 3) asphenzing the miuror and rework of the support and
thermal systems, and 4) final acceptance test At the conclusion of this effort we will have a fimished 3.5m {/1.75 murror,
which will then become the heart of the new WIN (elescope on Kitt Peak

1. INTRODUCTION

NOAOQO has submitted a proposal to the National Science Foundation to build two 8m opuical telescopes. one in the northem
hemisphere and one in the southern. Construction of the 8m telescopes will present many technial challenges: some of the
most interesting involve the primary muror. The performance of the primary mirror is of paramount importance. and it is
likely the primary mirror will be the most difficult component of the telescope o produce. Several factors will conmbute
to this difficulty: the size of the murrors, the fast f/ratio proposed (f/1.8), the choice of miurror substrate (structured borosili-
cate glass), the excellent image quality required, and the need to control project cost.

Innovative engineering will be needed to solve problems in four areas: opucal fabnication, optical testing, muTor supports

and thermal conool. The 3.5m mirror project provides an opporunity o develop technology at the 3.5m scale that will
help ensure the success of the 8m telescopes.

2. TECHNICAL CHALLENGES: OPTICAL FABRICATION

The four areas of technical development mentioned above are interrelated, and opucal fabrication 1s parucularly dependent
on the other three. Qur ability to figure the mirror is directly limited by our opucal testng capability. The marror supporn
must be designed to prevent distortion during polishing and tesung. And with a borosilicate glass muror, thermal contol
during opucal fabncation is also important While our concems about optical tesung, muror support and thermal control
do not end at the compietion of optical fabrication, the accuracy of the polished surface is just as likely 1 be funited by
these factors as by the skall of the opucian.

The error budget for the polished figure of the 8m primary mirrors allows an image spread of 0.0§ arc seconds. We would
like 0 demonstrate this level of polishing accuracy 1n the work on the 3.5m muror, even though the WIN telescope error
budget allows 0.09 arc seconds for the polished figure. ' The NOAO 8m Telescopes proposal contains a specificauon

relating image size 0 wavefront error. ‘  For low spatial frequencies the allowable RMS wavefront error A Z is a funcuon
of the separauon of measurement points d:

AZ (d) = 130 47’6 1)

~+tOperated by the Associaton of Universities for Research in Asconomy, Inc. under cooperative agreement with the National Science
Foundaton.
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Z 15 measured in nanometers and d in meters. For high spanal frequencies wavefront errors must be iess than 6am RMS.

This spectfication can be related to particular types of polishing errors. High frequency npple that might be caused by the
use of small poushing tools must be limited to 6nm RMS. Pnnt-through of the murror’s hexagonal structure would have 2
charactensuc spacing (d) of about 20 cm and must be iimzited to 17 nm RMS. Pnint-through of the support locauons wouid
nave 3 charactensuac spacing of about 66 cm and must be umited 10 46 nm RMS. Low spanal frequency errors, that mignt
be caused by poor support dunng pohishing or by thermal distoruon dunng tesung, must be lmited o about 100 nm RMS.

To sansfy this specificauon we must meet a number of technical challenges. The murror support used dunng polishing and
lesung must be repeatable, introduce mummal distoruon, and maich the telescope muror support. Thermal distornon of the
muror blank duning polishing and tesang must be mimmized. Polishing pressures must be Kept low 10 muimize pnnt-
through of the hexagonal structure. The steepiy curved f/1.8 hyperboloid must be polished accurately without introducing
ane scale npple and zonal defects. The murror and its support systems must be able (0 withstand the polishing environment
i mecharnucal forces, thermal conditons, chemical effects, etc.).

We believe large souctured borosilicate mirrors, as fast as {/1.8, can be successfully polished o this level of accuracy in a
reasonable amount of time, using extensions of tradigonal polishing techniques. We plan w0 demonstrate this in the 3.3m
project. Other polishing techniques. for exampie the suessed lap method currently under development at the University of
Anzona, 3 may be available by the ume the 3m mirrors are polished: however we feel 1t is imporant 10 demonstrate that
more tradiuonal methods can be used of necessary.

3. TECHNICAL CHALLENGES: OPTICAL TESTING

One of the most important aspects of the 3.5m mirror project is optical tesung, which wiil serve three important functions
in the project. First we will use optical tests 10 evaluae the performance of the muror support, thermal control and acuve
opucs systems. These tests must provide accurate informauon about low spaual frequency departures from a sphencal
figure. Second, optical testung will guide the polishing work and provide the final acceptance test for the mirror. This will
require the ability to test the highly asphenc muror surface to an accuracy of a few nanometers, with spatial resolution of a
few centimeters. Third, in the telescope optical test equipment will provide the feedback for our acuve optics sysiem. We
will need to measure the muror’'s low spatal frequency figure errors -- using the Lght from a star -- without senously
affecung the use of the welescope for astronomy.

Each optcal test has 1ts hmuations; to perform all of these functions more than one optical west method will be required.
Moreover, the performance of any new test setup must be venfied by companson aganst other test methods. preferably
ones that empioy different physical principles. Therefore, we believe two independent test methods are required for each
phase of optcal tesung.

For veriicanon of muror support, thermal control and active opucs systems we plan to use subaperture Hartmann tesung
and interferomeny. Both methods will use CCD cameras to record the images, and with our data reducuon software we
hope to show that both methods can provide resuits in a maner of minutes.

To guide fabnicanon of the asphenc mirror surface, we will use the wire test and a subaperture Hartmann test. Both of
these can be performed on a highly asphenc surface without a null lens (the asphenc departure of the 3.5m murror surface
from a best fit sphere is 170 microns). In the final stages a scatterpiaie interferometer, equipped with a null lens, will be
used to venfy the results of the Hartmann test. The interferograms will be recorded on a CCD camera and analyzed using
the Roddier method. *  In addition to measuring low-frequency aberrauons, this method will provide high spaual frequency
informaaon necessary to evaluate pnnt-through and polishing nppie. A method has been developed by Earl Pearson
obtain sumiar informauon from multple subaperture Harmmann tests. > We expect both methods o provide spaual resolu-
uons of a few cenumeters. Comparisons between the two shouid also verify the performance of the null lens.

We plan 10 evaluate two optical testing approaches that could use the light from a star image to measure the muror figure
in the telescope. One is the Shack-Hartmann test, and the other 1s the curvature sensing technique. ® Both of these w1l be
evaluated 1n the opucs shop, and their performance will be venfied by companson with the other test methods avalable.
The more promising of the two methods will be incorporated intwo the design of the telescope.
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4. TECHNICAL CHALLENGES: MIRROR SUPPORTS

-y

The 3.5m murror support will foilow the 8m muror support design philosophy descnbed in a previous paper. The sup-
port wiil be designed o work adequately ;1 a passive mode, but the axial suppont torces will have a vanable component tor
acuve opucs. Both the axial and lateral suppon torces wiil be applied at the back surface of the murror blank. The resul-
ant of the lateral support forces will not pass through the center of mass of the muror, creaung an overtuming moment that
must be compensated by forces from the axial supports.

Finite-element analysis has been used 10 design the support. The conclusions of this analysis will be descnbed more fully
in secgon 7.3. but several results are appropnate to tus discussion of techrucai challenges. The WIN telescope 2rror
budget allows 0.09 arc seconds umage spread for the mirror support. Our finute-element study indicated the error budget tor
axial support force errors should be 2.4 newtons each. The budget for laieral support force errors 1s 3.1 newtons each. The
error budget for cross-alk errors such as transverse forces unintenuonaily applied by the axial support mechanisms s 2.7
newtons each. Qur goal is 10 provide a support that meets these toierances in its passive mode, at all zeruth angles.

The accuracy of our finite-element analysis of suctured murrors s limited. The cast strucmre 1S more complex than the
structural models we use, and there are small dimensional vanauons in the casang not reflected tn the models. This does
not invalidate the method, but it means the calculated support forces wili likely be 1n error by more than the 2.4 newtons
allowed. The precise forces needed to support the mirror with mimmum distoruon must be determined emprrically. If the
muror support used during opucal tesung matches the support used 1n the telescope, distornons of the muror caused by the
axial supports can be polished out. These distoruons will not be evident at the zenith, but thetr inverse will appear at the
honzon along with any distortons produced by the latweral support. To determine the axial and lateral support forces that
produce minimum mirror distoruon at all zenith angles, tesung at three different zenith angles is required. The NOAO
large opucs facility is set up 0 allow two tesung onentauons: zenmth-poinang and horizon-pointing. Although testing n
two onentatons is significandy better than testing in only one orientaaon, it oniy allows the support to be optumized at two
positions. Between the zenith and the honzon the support forces may sull produce distortions that exceed our
specificagons.

Because of these possible force errors at intermediate zenith angles, and because there may be other distortions of the pni-
marvy mirror caused by thermal gradients, polishing errors, ¢ic., we believe acuve opucs will be needed. We hope 10
demonstrate successful active optics capabilities in the 3.5m mirror suppart. One of the most challenging tasks will be 1o
deveiop a system that changes the suppont forces without producing image shifts.

The support system must also protect the mirror, for example it shouid prevent damage to the mirror in case of an earth-
guake. And finally, the support system must be designed to work rehably for years without extensive maintenance.

5. TECHNICAL CHALLENGES: THERMAL CONTROL

Control of primary muror emperature is now recognized as an imporant factor in the design of large teiescopes. If the
difference between the tzmpenun'e of the muror and the temperature of the air above it is greater than about 0.6 * C, muror
seeing can degrade the image. Structured borosilicate miurrors are also suscepuble 0 distortions caused by temperatre
vanauons in the glass. Finite-element analysis indicates image dcgadauon of about 0.5 arc seconds per degree can be
expected for a smuctured borosilicate mirror with an aspect rato of 9: 1.7

We plan to contol the 3.5m mirror temperatyre with an active ventlation system. NOAO is currendy cotlaboranng with
Apache Powint Observatory (APO) and the Magellan Project 1n a thermal control experiment, making use of the APC 3. 5m
lelescope structure and enciosure. '%" In this expeniment the most successful thermal control system has been a varianon on
designs developed at the University of Anzona. 1112 The thermal control system for our 3.5m muror wiil be similar.

T0 evaluate the performance of the thermal control system we need o0 know the temperature at several hundred different
points 1n the glass, and addiuonal sensors will be needed 10 monitor the operauon of the thermai contol system self.
These sensors must be quite accurate. The WIN telescope error budget for thermal uniformity of the pnmary muror 15 =
0.12° C, or about = 0.03* RMS. Therefore. the thermal sensors should be able 10 make relative temperature measurements
with an accuracy of better than 0.01° C RMS.
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During our tests the thermal environment around the mirror should simuylate the expected environment in the elescope. 7o
accomplish this we will need to test the muror and thermal conaol system mounted 1n the acmal telescope muror cell. The
opucal surface must be aluminized to prevent heat wanster to the front surface bv radianon. The test facidity will need a
means for creaung awr flows and wemperawre changes in the environment around the muror cell. While runrung thermal
rests we will need o perform simuitaneous opucal tests to measure the distoruon of the murror surface.

6. PLAN FOR THE PROJECT

The plan for our 3.5m muror project 1S a Ltle unusual. Usually, when fabncaung an asphernic muror {or a telescope, the
muror 1s polished 10 a sphencal figure and then almost immediately asphenzing s begun. We plan w0 leave thus muror
sphenical for most of a year. We also plan 10 alumintze the muror while it 15 sphencal. Most telescope projects design and
butld the mirror supports once. We will design and buid our muror supports twice. The same 1s true tor our thermal con-
ol system. We are building the mirror cell carly in the project, two years before it 1S needed for insaallaoon in the tele-
scope. And although most telescope mirrors made tn the past were tested only in one onentauon. usuaily either zeruth-
poinung or honzon-pownung, we plan o test the 3.5m murror 1n both of these onentauons,

6.1 Phasel

The project is divided into four phases; at present we are sull in phase [. In this phase the muror blank has been generated
to 1ts approxumate finished dimensions and the opuacal surface has been ground ©0 a radius of curvawre of 12.32 meters.
Currenty the opucal surface 1s being polished to a sphencai figure to facilitate opucal tesung from the center of curvature.
After completon of polishing the murror will be alumimized 1n the 4-meter coaang chamber on Katt Peak.

During phase | the murror cell. support system, thermal contol system, and temperature monitonng system are being
designed and buiit, although we expect to make improvements o their designs 1n phase HI. We are aiso prepanng opucal
test equipment and wridng opucal and thermal data reducuon software.

6.2 Phase I

The second phase 15 primarily a testing phase. During this phase the miurror, supports and thermal conwol system wall be
assembied in the mirror cell, along with a system of thermal sensors. This assembly will be mounted on the polishing
machine table, which can be uited to allow opucal testng of the murror in zenith-pointing and honzon-poinung orenta-
uons. We will measure the positional shift of the mirror relagve to the muror cell as we change the zenith angle, and we
will develop a system that wul allow us 10 adjust the posinon and nlt of the muror to maintain alignment in the telescope.

The performance of the mirror supports in passive mode will be evaluated by optical wests performed at the zenith and hor-
1zon. Presumably the muror figure will look good at zenith-poinong, because the murror will have been figured on the
basis of optical tests performed on a support that matches the support in the muror cell. However, we anticipate the figure
will not ook as good at the harizon. Corrections will be made 10 the honzon-poinung figure using the acave opucs part of
the suppon system. These corrections will then be incorporated into the redesign of the supports 1n phase [II. Note that
with tests at only two orientanons, we will have 10 guess which part of the distoruon we see at the horizon comes from
incorrecudy caiculated axial support forces, and which part comes from incorrect forces n the lateral support.

The capabiliues of the acuve optics sysiem will be explored in a series of tests. We will introduce errors, for exampie with
an gneven thermal input, and then evaluate the ability of the acuave opucs system to correct the errors. Another st will
nvolve the intenuonal production of specific aberration terms such as asugmausm, or coma. This capability will provide a
disunct advantage for our optical test development work. We will be able 1o develop optical test methods. and compare
one test method to another, in a facility that offers programmable aberrauons.,

The performance of the thermal control system will aiso be evaluated. and adjustments will be made to refine its perfor-
mance. We believe the nerua of the polishing machine table is comparable to the inerua of the elescope optcal support
sucture, so we will be able 1o charactenze any vibration problems caused by the thermal control sysiem by making
accelerometer measurements and performing optical tests while the biowers are runnmng.
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W hiie Uus tesung s in progress our opucians will be tabncaung the null lens and expenmenung with asphenc pcushurz
methods using semi-fexible laps. At the end ot phase I the muror ¢zl assemoiv wul be removed from e oCLIShin g
macnine able. the muror wil be removed from the c2il and the poushing sewp -adigsted 1o provide e mewis 22nn2d
LpPCrt ierees wiil be reconstructed on the wble.

-

~ I Phase

a2 rnase [II the murer wiil e pousned (o the modined hvperbolic ogure requured by 1ts Ruchev-Chreuen design. Funher
sunenmenuuoen 0 oaspnenc polishung methods wul probably be requued Jdunng vns 2dort. When the mimer nas neen
mgured 10 the reguured accuracy. (U wul be aluminized agawn. Whule polishing 1s underway the muror cell, supporn svstem
_nd thermar conoo!l svstem will be redesigned and rebuilt to incorporatz the empuncailv-denved set ot suppen forces, and
) SQive anv pertormance problems that were denuned dunng phase [I. AL tus ume the computerized contols jor 'ne
Louve opucs. acuve alignment and thermal conool svstems wil be wmntegrated into the etescope conroi svstems.

~ 4 Phaga IV

The tourth phase in the project wil be the anal accepuance test. The aluminized muror will be insualled in the muror o20
~1th all support and thermal control systems in place, but with only a rew thermal sensors remaining. A fnal series of opt-
cal wests will connrm the pertormmance of the muror 11 zenuth-powmnung and honzon-poinung onentauons. Last munute
adjustments wiui be made. then the muror and cell will be snipped to Kiw Peak tor incorporauon into the WIN telescope.

~. PROGRESS TO DATE

~_. Opuocal fabnicanon

When the muror blank frst arnved at our facility we placed it on the polishing table face down on an adjustable 3-point
suppont (see Figure 1) and then spent several days measunng its geometry. We constructed a long-armed dial caiiper
‘shown tn Figure 2) and used it 1o measure the thickness of the 804 individual b segments at four different heights, We
1iso measured the thickness of the outer wall at fouwr heights for 60 different azimuth posigons, and the thickness of the
inner wall at three heights for 18 different azimuth posiuons. These measurements are summanzed in Table 1.

~ e
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-igure 1. The 2.5m muror biank has been placed face down  Figure 2. A speciallv-constructed dial caliper (s used to
20 a three-potnt suppon [or generaung the back surtace. measure the thickness ot the nbs in the murror at diferent
depths.
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Table |
Summary of measurements of nb thickness.
- T Mummum | Maximum Average T Sid. Dev.
| tmm) (mm} 'mm) | (mm)
Rib Thickness

75 mm from back surface Q96 13.72 11.53 0.85
200 mm from back surtace 10.26 13.03 11.28 0.42
275 mm from back surface 10.41 13.00 11.18 0.40
375 mm from back surface | 9.91 P 13.16 | 11.33 _0.54

Outer Wall Thickness
75 mm from back surface 12.62 18.03 15.27 1.18
200 mm from back surface 12.98 18.41 15.39 1.243
275 mm from back surface 12.22 17.50 15.00 1.29
| 375 mm from back surtace 10.87 16.41 13.89 1.41

[nner Wall Thickness
75 mm from back surface 11.68 [4.38 12.64 0.75
200 mm from back surface 12.42 15.75 13.63 0.97
275 mm from back surface 11.81!:';__'i 1648 | i 13.53 1.28

The thickness of the back faceplate was measured at each hexagonal cell around the outer and inner edges of the murror,
using a micrometer caliper. Because of the roughness of the cast surface the thickness was measured at three locations in
each hexagon and the three measurements were averaged. An acousuc thickness gage was used to measure the thickness of
the front faceplaws in the cells around the outer and inner edges. Months later, after we completed generaung and gninding,
the thickness of the front and back faceplawes was measured at each of the 294 hexagonal cells. These measurements are
summanzed in Table 2.

Table 2

Summary of measurements of front and back faceplate thicknesses.

Minimum | Maximum Average Sid. Dev.
(mm) {mm) (mm) (mm)
Back Plate Thickness
As-cast: outer cells 31.11 3391 32.61 0.67
As-cast inner cells 31.95 3462 33.16 0.80
Finished Dimensions: ail cells 24 88 28.37 26.27 0.46 |
Front Plate Thickness
As-cast outer cells 42.17 44 .64 4347 0.57
As-cast inner cells 39.84 43 .87 42.13 0.98
Finished Dimensions: all cells 27.18 31.95 30.14 0.60

Our inigal measurements indicated the front and back faceplates had a small amount of wedge (approximately 0.75 mm
each) with similar onentanon. Therefore we ulted the muror blank slightly before we started generating, and some of this
thuickness vanauon was removed during generaung. The murror blank was centered by rotanng the table and measuning the
runout using a dial indicator with a roiler up, running on the side wall of the mirror approximately halfway between front
and back. The side wail was slightly out of round, with a total runout (once the mirror was centered) of 1.5 mm in the
radial direcuon. It also was stightly barrel shaped, bulging approximawely | mm compared to a rue cylinder.

To generate the murror blank we used a 300 mm diamond wheel mounted on a grinding spindle attached to the 4-meter pol-
ishing machine. To prevent coolant from filling up the holiow mirror soructure we made 294 rubber stoppers by curung
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215KS out of 12 mm thuick rubber sheet. These were pressed into the holes in the back ot the muTor. We zenerated the 2ut-
side and inside diameters of the back nm. and put generous bevels on the edges. Then we generated the back of the mirmr
lat removing approxumately S mm of glass rrom the back surtace :see Figure *+ Most of the matenal was removed +:10
2 m0-amt wneel, nut a 220-gnit wheel was used tor the omush cuts. The b wall around the csnual nole of tie muTer ~iunk
~ 38 3.50 smocthed by Zeneraung.

After generaung. the holes in the back ot the blank had sharp edges. We construcied a compressed ar dnven heveung
-mnder and beveled the 2dge of each hole with a diamond gnnding +neei. 70 smoown e bevels turter and remove sLo-
curface damage. the bevels were nmished by hand-gnnding with a hemisphencal cast von tooi and loose acrasives. T hase
“J0LS are snown i Figure 4.

Figure 3, Generaung the fat back of the mirror with a dia-  Figure 4. Tools used to bevel the sharp edges of the holes
mond wheel. The holes in the back of the muror have been  n the back of the muror blank
clugged with rubber disks.

The back surtace was flaitened further by gnnding with a 1.4-meter diameter tlat tool and loose abrasives -- drst 30 znu,
then 220 gnt. At the same ume we ground the side wail of the muror blank smooth using a flexible pertorated stuniess
steel band extending around one fourth of the cucumierence (see Figure 5). As the abrasive was washed over the outer
2dge of the muror by the grinding acoon 1t ran between the perforated band and the side of the muror, thereby gnnding
L~ 0 surtaces with one charge of abrasive. After gnnding, measurements wndicated the back was flat to about 60 microns.

Alter we compieted gnnding the back of the blank 1t was etched with hvdrofiuonc acid. This was done (o strengthen the
~lank bv rounding out microscopic subsurface cracks. The rubber sioppers were pushed down to expose as much of the
.nside edges of the holes as possible -- about 12 mm. A rubber stnp was clamped w0 the outside edge of the muror hiank
A ith steel banding strap, and another was clamped 10 the inside edge with a ngid steel nng (see Figure 6). Taking exten-
slve precauuons W protect personnel and equipment, we flooded the back surface of the muror with a lake of acid about 20
mm thick. Addiuonal acid was wiped on the outside wall of the blank. Ground glass witness sampies had been placed con
several of the rubber stoppers: these were removed penodically and examined with a microscope. Afier one hour e
MICTOSCOPIC Cracks were visibly rounded out. The acid was then neutralized n place by the addinon of large quanuues of
Jdiluted sodium hvdroxide.

After ewching was compieted the level of stress in the casting was evaluated by Blain Olbert of the Steward Observator
Mirror Lab (SOML). He used a Soleil-Babinet compensator to measure the strain-induced biretringence Figure 7. His
strain measurements (averaged over the thickness ot the blank) indicated a maximum stress level of 87 psi. At most ioca-
110ns wn the plank the average sgess was about haif of this level.
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~igure 5. Loose abrasive gninding the back of the muror Figure 6. The back of the muror was etched with
~th a dat wol, and the side of the muror with 3 dexible  hydrofduonc acid 1o alleviate subsurtace damage.
~ertorated band.

The blank was mumed over and the curved front surface was generated. The cut was started at the inside diameter and
spuraled ourwards as the miurror blank rotated (see Figure 8). Our polishing machine 1s not computer controlled. but we
recendy mounted encoders on each of 118 axes of mouaon. The opucian monitored the progress of the gnnding whee! on 3
computer terminal, companng 1ts posiuon o the programmed posiuon. Approximately once every 10 seconds the grinder
was jogged upwards about 10 microns, following the programmed curve. The rate of glass removal was kept constant at
about 30 cubic cenumeters per minute by gradually reducing the radial velocity as the cut progressed. The depth of each
cut was about 3 mm -- four 12-hour cuts were requured to remove 11 mm of glass from the front surface.
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Figure V. Evaluagng wnternal stresses by measuning strain-  Figure 8. Generaung the front surface by manually adjust-
2ucad buetringence. ing the grinder height w tollow the programmed curve.

ine muror blank s remarkably bubble-free. After generaung there vas only one bubbie of any signicant size »raakin:
the opucal surtace. [t was about | ¢cm in diameter. The bubble was gound out to form a smooth-wailed tapered hole. 3
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machined plug of E-6 glass rom the same melt was caretfully lapped in with loose abrasive and then bonded o miacs wor
:poxy. Figure 9 shows the plug and hole betore glumng, and again arter glung and then gnnding with 30 znt.
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Figure 9. The E-6 glass plug and the ground out bubbie betore gluing (left) and after gluing and 80 gnt gnnding 'nghu,

After the completion of generaung the muror was removed from the polishing machine table. Several weeks were spent
installing the polishing/testing support on the table. At the same nme thermal sensors were instailed 1n the murror blank.

The murror was then replaced on the polishing machine and we started loose abrasive grinding. Gnnding with 80 zmit sil-
con carbide smoothed the surface and removed the subsurface damage left by generaung. About 1.6 mm of matenal was
removed with 80 gnt Gnnding conunued with 220 grit silicon carbide, then 23 micron and 9 micron aluminum oxide.
These three finer gnits removed approxamately 0.7 mm more glass. We have now started polishing with 2 micron cenum
oxide; the Anal figunng will be done with rouge.

- - Opucal tesung

One of our opucal test methods for large opucs uses a scanerplate wnterferometer. [nterferograms with 60 1o %0 ‘mnges of
uit across the aperture are recorded by a 512 x 512 pwxei CCD camera. Founer transtorm techruques are used o produce 3
ohase map of the surface. This method is descrnibed tn a paper recently submitted to Opucai Engineenng. "~ Dunng ‘*he
past vear we have upgraded our equipment 0 handle the {/3.5 beam required to test this muror at 1ts center of curvature,
and we have built platforms in our test tower at the correct hetght above the polishing machine.

Another optical test method used extensively at NOAQ in the past 1s the Hartmann test The modified form of Harmann
2st recently developed by Earl Pearson uses a s¢reen that covers one quarier of the muror. It can be placed over 2ach qua-
irant of the muror sequendally to provide full coverage of the opucal surface. and it can aiso be moved n a raster catem
nv increments of half the hole spacing in each direcuon 1 provide better spaual resoluuon. The spot images w1l he
recorded by a Photometnes 1024 x 1000 CCD camera. This camera has been received, the data reducuon sortware nas
neen wrniten. and we are currenty fabricaung the camera mounung assembiy, the screen and its kinemauc supports.

Ve are also working on the design of Shack-Hantmann test equipment. We have recentdy received a batch of ‘enuzuiar
artays rabricated for us by Corming. These are 24 x 24 arrays of 1/2 mm diameter lenslets, with a focal length of 3§ mm.

-~

~ Muarror support

To develop the support design, we started by studving several possible panems of axial support locaucns. We chose o
\ocate the supports at nnb juncuons on the back of the muror; several likely looking support patterns were selected. ranoing
:rom as many as 90 supports to as few as 66 supporis. Finie-element analysis of ioad cases with unit loads applied at 2acn
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support gave us displacement information that we combined 1nto an influence coefficient mamx. The magnitudes of the
support forces were optimized by a least-squares fit that mimumized the distoruon of the opucal surface. Five different sup-
port patlermns were opumized in this manner. The pattern with the mumimum number of supports (66) was judged o pro-
vide acceptable performance (a distoruon resulung in 0.08 arc seconds FWHM of image spread) so it was selected. This
patiern 1s shown in Figure 10. The opumized forces for tus axial support range from 211 to 425 newtons.

The postoon of the murror will be defined by the axial supports rather than by three hard points; any external disturbing
torce such as the wind will be resisted by all 66 supports. The support system as a whole must be suff 1o maintan align-
ment 11 the telescope, however, we want each individual support mechamsm (0 be astatc -- exerung the correct force
regardless of its relanve posiuon. The spring constant of the system shouid be high, while the spring constant of each indi-
vidual support shouid be as low as possible. To accomplish this, the axial support system has been designed as a hydraulic
whiffle-ree. Each support will incorporate a hiquid-filied diaphragm cviinder; these will be connected together in three
groups of 22, forming a stancally determinant system. Actuve alignment may be required tn the teiescope: we plan 10 ult
the pnmary murror if necessary by adjusting the fluid level in each zone of supports under computer conaol.

For simplicity we want to use catalog sizes of diaphragm cylinders if possible. We chose a senes of diaphragm sizes from
the Bellofram catalog and fit the required forces to the areas of these diaphragms in much the same way lens radii in an
opacai design are fit 10 test plates, After eieven reopumizauons with increasing numbers of constaints we had fitted all
the forces o catalog sizes. These modified forces were applied 10 the finite-element model and the resulting opucal surface
distortons were sull quite acceptable. The tesung supports and the first generauon telescope supports have been designed
using these cylinder sizes, however we expect to make munor changes after two-posiuon testing.

The lateral supports will apply tansverse forces o the muror tn the piane of the back plate, through levers bearing on the
sides of the holes 1n the back of the mirror. We used a senes of least squares fits to guide us in choosing the particular
holes at which to apply the lateral forces. Forty potenual posinons, distnibuted over the back of the muror, were studied.
Individual unit force ioad cases were analyzed for each posinon. Dispiacement information from the 66 axial and 40 lateral
unit load cases was combined into an influence coefficient matrix, and a least-squares fit determined the opumum forces for
horizon-poinung support. Some of the lateral forces determined by the least-squares fit were negative, in other words, the
support forces would be downward. The supports at these locations were eliminated. The optmization was repeated with
fewer lateral locations included, and this time any lateral supports with negative or small forces were eliminated. Afier
several iteragons of this type the number of lateral supports was reduced 10 24. [t could have been reduced further (the dis-
toruons were acceptabie with as few as 18 lateral supports) but we chose o retain 24 lateral supports 10 prevent the force
applied at each support from getting too large. The chosen positons are shown in Figure 11.
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Figure 10. Locauons of the 66 axial supports. Figure 11. Locauons of the 24 lateral supports.
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The lateral support mechanisms are compound levers that transfer the wetght of the murror w0 a closed system of liquid-
filled diaphragm cylinders. All of the cylinders are linked together tn a closed system; each individual mechanism 15 astanc
but the enure system resists downward lateral mouon. For ease of fabncauon we decided 10 make all the lateral support
mechanisms idenucal. The only variation in force berween individual suppors s caused by hydrostauc pressure vanauons
in the systemn. After the force at each lateral support was determined. the honzon-poinung least-squares fit optmizauon
was redone 0 determine the forces required at the axial supports. The opacal surface resulung from these modified forces
was sull quite acceptable.

Three vears ago we performed active opucs experiments using a 1.8m borosilicate murror. '* " The active opucs system for
the 3.5m muror will work on the same prninciples, except instead of modal precalcuianon of the oigure changes we plan 10
perform real ime least-squares fits to minumize the opucal surface distoruon at a large number of points on a square gnd.
We have already performed the finite-eiement analysis necessary to set up the acuve opucs calculanons. To evaluate the
potenoal for correcung muror distortuons we calculated the forces needed to produce 33 different murror figures.
corresponding to 33 terms in the Zermnike polynomial. Our calculauons show that with this muror and set of support loca-
uons we should be able o produce 16 of the lower order Zemike terms with reasonable accuracy using moderate torces,

During polishing the mirror must be supported with a minimum of distortion, but cach support should also be relauvely
suff to resist local deformatons caused by the shifung forces applied by the polishing tool. For tesung the mirror should
be floated on a support that matches the support used in the telescope. It 1s also convement if the mirror can be ulted
through small angies to aid alignment with the test equpment. We have designed a dual polishing/tesung support 10 meet
these needs (see Figure 12). The testing support is three zones of 22 diaphragm cylinders, mawching the passive poruon of
the telescope mirror support. By adjusting the flwd level in each zone the muror can be ulted for alignment. Around each
testing support piston is a ring of rubber; when the hydraulic pressure is released the mirror settles down onto these 66
rubber rings. The area of each ring is in proportion to the area in its associated cylinder, so if the deflections of the rubber
rings under load can be kept equal, the forces appiied by the polishing support will approximately match those applied by
the testing support. We went to considerable effort to ensure the deflecuons will be nearly equal by grinding the back of
the mirror flat, grinding the rubber nings to identcal thickness, and machining the tops of the cylinder housings i place on
the polishing table.

7.4 Thermal contol

The thermal sensor we chose for the 3.5m muror thermal monitoning system 1s the AD592 sensor made by Analog Dev-
ices. In¢c. The output of these devices is a current linearly proporuonal to the temperature. A system of 1024 of these sen-
sors has been assembled and calibrated, and over the temperature range of our expeniments (-5 C w + 30 C) the accuracy of
these sensors appears to be about 0.005° C RMS. '3

To avoid bonding the thermal sensors directly to the inside surfaces of the muror structure, we made spring loaded mount-
ing rods to hold the sensors against the giass. These are shown in Figure 13. The spnngs are quite soft; thewr effect on the
mirror igure has been checked by finne-element anaiysis and it is negligible. Each rod holds three sensors: one is held
against the front facepiate of the mirror, one is held against the back faceplate, and one measures the air temperature in the
center of the cell. Each of the 294 hexagonal cells in the mirror contains one of these assemblies, placed diagonally across
the cell from front to back. In additon, 60 sensors are bonded to the giass at locatuons around the outer diameter, and 18
are bonded to the mirror around the inner diameter. All of these sensors are now 1n piace 1in the mirror. Another 64 sen-
sors are avatiable for monitoring other parts of the thermal congol sysem and environment

The murror cell 1s designed to incarporate the vendlaton systemn we will use for thermal control. The cell will be a weided
steel sandwich sructure. The cenual space will be used as an air plenum 10 supply air w 354 nozzles that venulate the
muror. Rewmrn air will flow behind the back of the mirror to its tnner and outer edges. There blowers will force the arr
through heat exchangers to condition the air before retuming it 1o the pienum space. A chiller located some distance away
trom the telescope will supply controlled-temperature liguid to the heat exchangers.

A full scale plywood mockup of 1/12 of the mirror cell has beent constructed and will be used in experiments designed to
characterize the air flow patterns in the murror cell. Flow-direcung vanes will be installed if needed.



1"1'1;; - g
1 -—-_"'1_*,

R R ]

~igure 12. View of the polishing/tesung supports. The nb-  Figure 1. Some of the 294 thermal sensor assemblies
hon cables connect thermal sensors to the juncuon box at  ready tor instaliauon in the muror.
ell.

3. CONCLUSION

The 3.5m murror project is ambidous -- we face many difficult technical challenges -- but when we have successfully com-
pleted this project we will be prepared to work on the 8m murrors that will follow.
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