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Stressed Mirror'Polishingﬁ Fabrication of an Of f-Axis
Section of a Paraboloid

Jerry E. Nelson, George Gabor, Leslie K. Hunt,
Jacob Lubliner, and Terry S. Mast

Lawrence Berkeley Laboratory and University of California, Berkeley

ABSTRACT

We have fabricatéd_a mirror with the shape of an off-

axis section of a paraboloid by grinding and polishing a

_sphere into a prestressed blank. The applied stresses were
then removed .allowing the mirror to spring into the desired

paraboloidal shape. The 36 cm diameter off-axis section

deviated 9.9 pum rms from the polished sphere. The final

" surface deviated 0.03 pm rms from the desired off-axis sec-

“tiomne.



Stressed Mirfor Polishing: Fabrication of an Off-Axis
Section of a Paraboloid '

Jerry E. Nelson, Géorge Gabor, Leslie K. Hunt,
Jacob Lubliner, and Terry S. Mast

Lawrence Berkeley Laboratery.and Univeréity of California, Berkeley

I. Introduction

A new téchniqde‘for-fabricating mirrors with non-axisymmetric sur-
faces is . described - in an adjoining article by Lubliner and Nelson1
(hereafter LN). In this éaper we repdrt the use of that ' technique to
fabricate an off-axis section of a paraboloid. The theoretical basis 6f
the technique was developed, and this experiment :was carried out, to
demonstrate the feasibility of economically producing a matched set of
off-axis segments,'capable of being assemb;ed.into a much larger mirror:
This is one of the designs'being.considered for a proposéd University of
Célifornia Tgn—Meter Télescopez- The deéign calls fo? a primary mirror
composed of 60 heXagonai segménts,> each l.ékmvin diameter and 10 cm

thickB’ 4 5.

The ‘parameters of the mirror for this demonstration were ' selected
" in order to test the technique in general, and to demonstrate its appli-
'cability to making the Ten-Meter Teléscope mirror segments. As a matter
of economy, a quarter scale mirror was selected, about 36 cm in diame-
tér. The diameter-to-thickﬁess ratio was se£ at 14 to 1" the same as

that needed for the l.4 m segments.



- To maké the.off-axisvsectiop we-deliberatelyvdeform a mirror .blank
pribr to .and during‘ grinding -and.polishipg. This is carried out by
applying é uniform pfeséhre aéroés the:baék,of tﬁg blank and appiying.
. shear forces ‘and torques around its circumference. The pufpose is to .
deform thevbiaﬁk such tha£ afté;‘a sphere is poiisﬁed info itl ana 1the
applied forces .are Aremoved,‘ ﬁhe. mirror will'spfing into,:he desifed
shape. ﬁN describe the method for finding the necessary forces to "bend
an off—;xis‘ section of a parabdloid (or any of a.iarge cléss of sur-
faces) into absphere; The héthod 7aésumes the .mirror"is of wuniform
thickness..and thét thé sagittal depth‘is small-éompareditc'tﬁe mirror
thickness. Since the basis of the method is to strain the. blank elasti-
calli, the techniqpe is limited to those cases where the necessary
stress is below the elastic limit for the material, or for glass, below
the breaking. s;:ess. Thus . véry- thick mirrors - that are -extremely

aspheric may not be good candidates for this method.

In Sectioﬁvz we‘déécfibe the‘ge6ﬁetry'of'.thé-.ﬁirfér;' givihg. tﬁe
véduatioﬁ '6f 'thé éésired >surfa§é; Siﬁée Qé wishea £d démoﬁsEfate khe'
appliéébiiit&iof this téchnique to makiné a métchea set Sf miftbrs; we
sought uto make a ségment with én‘gééﬁrateiy sﬁécified rédius of éﬁr?éQ
ture‘énd off-axis distance. The method of stressing the blaﬁk is
‘explained 1in Section 3. A relativeiy simpie.jig using.ﬁeights and lev-
ers is usedvto apply torques and shear forces at 24 places :arpund.vthe
circumference. 'The-lcompressiOn-of‘a_rubber pad beneath the blank pro-
'vides a uniform pressuré to the back. ‘Section 4 describes. the grinding,
polishing, and testing procedures._. Apbroximations_and errors .in the
procedure necessitate iterations of the - polishing .and testing 'cy;le.

'The rate of convérgence was such that after two polishings the rms
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sufface deviation from the desired surface waS 0.03 Pm. In tﬁé final
section we discuss'the‘results of this demonstration and the technique
. in ggneral- A numbervof "measures éf difficulty" of producing - various
non-axisymnetric surfaces are presented. These’are‘then used to assess
the validity of extrapolating the results df this demons;racion to the

préduction of larger segmuents.
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II. The Mirror Shape

The mif;ér blank was a plece of premium quality low-thermAIn ekpan—
sion glass (CerVit by Qwens—Illinoié) 35.88 cm in diameter and 2.54 cm

thick. The blank was of constant thickness, as needed for the method

under test. The top surface was ground concave to an approiimatejradius '

of 374 cm'and'the_back surface was ground and polished convex to . a

radius of 377 cne.

In general, one can write the equatidn for the surface shape of an
off-axis paraboloid ‘section in local coordinates (defihed'in Figure 1)

as

13 p3 cos39

L o2 2 |
2(9.9) 20 o+ °‘22 o c0526 + 0L31 p3 cose + a.,
oy 4+ W 26 o
H % P Oy P gos ) R ¢ ..1)‘~
where the higher order terms are usuaily negligible. Defining the off-

axis distance to the centér of the segment as R, the paraboloid radius

of curvature by k, the segment radius by a, € = R/k, and p = r/a one

can show (see LN) that

2 .
6
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Similarly, a sphere‘of radius § can be described by

2(p,8) =55 P  + Zx o + T+ ... @)
. 8% 162 | .

If thié is the séhere thch is polished into the blank, then the desired
deflection imposed by the stressing jig is given by the &iffé}encé'of
(2.3) and'(z'l)f The sphére radius céd'in principle ‘have ~any value;
howevef, two values are of particular interest. The sphere can be chosen
to create the smallest rms deflections in the surface or  alternatively,
the sphere can be chosen to miqimize max imumn stréss in tﬁe blank. These
two spheres are slightlyvdiffefent and lead to rms deflections and max-
imum stress differences typically of order 20%. For our test piece we
chose a configuration which was close to the lowest stress cdhfiguration
and . thqh ‘also gave large deflections. Using'the formula of LN, we
selectedvk‘¥‘368.80 ¢m, R = 35.0 cm and 2l= 373.80 cm. (Initially, we
sglected_l = 373.87 cm as that was the nominal radius of curvature of
'therréference sphere  uséd for 'testihg during polishing. . We . later
discovered that the reference sphere actually used had ¢ = 373.80.cm.
This discrepancy only affects'the radius of curvature of the parabola
achieved in fhe first polish. It has no effect on the surfaces achieved

in subsequent polishes or the final paraboloidal surface.)

For convenience we chose to describe the surface deflections with
the orthogonal set of functions called Zernike polynomials, znh(P’g)'

Thus the surface and desired deflections can be written in the form

. . « n
z(p,0) = 5 5 ¢z (p,0) - " n-m even (2.4)
,  p=0 m=-n o O _ s
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Tﬁe éolyné@ials‘are.definéd'iﬁ_Tablé 1. 'Aléo lisgéd‘;are _thé, Zernike
 coéffi¢ien£s'for ;he.desired off-axis section and the desired defLéction
'éofrthe:tést piece (the differéﬁcg.between (2.3)vand tZ,l))-  The rela-
- tionship - betWeén Zerniket COefficients- € and the polyhémiai coeffi-
‘A.cients;‘¢ij“nséd‘abo§e is givgn inlgolumh 4 §f Tab1e i. The.érchogénal-
ity of . the_ Ze;nike polynomials_;mplies.a éimple;rélation becween the

j ) o o
coefficients of a surface and the rms amplitude, o, averaged over the

surface:
YT T - nm nm nm 2(n + 1)
-~ n=0 m=-n ST - ‘ e
and § -, is-the Kronecker delta. The size of the -individual terms in '

;he--déflection are shoyh as a func;idn of off-axis distance, R; in:Fig—'
ure 2. Also plotted is_thevrmsfsﬁrfaée'défléctién~a$ a’fﬁnctioﬁ of "R.
The noﬁ-;xisymmétric' surface_.teth' of thgj'sﬁrface expéngibn of the
demonstration piece (R = 35Vém) areibdomiﬁatéd by the éétigmdtie"ahd
‘comatié. terms. _The‘rms §u?faée deflection is §.9 pm. Thus the grinQiﬁg

and polishing procedure involves ‘the removal of ébout IO‘Pm of material.
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III. Stressing the Mirror

Having established the parameters of the deéired off-axis . sectiqn
and thé sphere to be ground aﬁd poiished into the blank (in this case
def ined by minimiging the maximum stress), the difference betwéen equa-
tions 2.1 and '2.3‘defines thé required defleétions. If tqese deflecf
tions are éuccessfully imposed, then after the sphere has been _polished
and the.externally applied forces are re@oved, the mirror will take the
desired of f~axis péﬁabdlpidal shape. This will only _be true 1if théé
glass 1is glastic, i;e. does not undergo any plasticﬂflow- Many glasses

are almost ideal in this respect right up to the breaking point.

Since the act of grinding and polishing does of course change the
thickness, ' the defiections ‘which 'resQlt ffom'a‘giﬁén set of épplied
forces change as the material is removed. In praétice'theée changes. are
véry small and predictable 1in any case. In addifion; changes in the
interﬁal stress of the blank may result from grinding and pplishipngich
conséqpent\ déformatidns. However, ‘this effect _ié__the same“a§‘tha;
encountered duringvthe fabripation qf ;ny- opticai .component? .and  the
regulting deformatioﬁs'are aﬁtomatically eliminated by the op;ician dur=-
ing grinding and-polishing. Intefnal stresses do notvaffgcpv;he qeflec—
tions  inducéd by ‘the  applied forces since glass behaves in a linéar

fashion (stress is proportional to strain).

The deformations required for most mirrors are of low. order, 4th
ordér or less. Itbis possible to:achieve these low order deforhations
"by applying forces and couples only around the edge of the blank along
with wuniform pressure on back (see LN). In practice it is convenient to

apply the edge forces at discrete points rather than éontinuoﬁsly and
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for this demonstration we éhosé'Zéhequaliy spaced points. ‘Since ‘the-.

highest anguiar term of ‘interest is cos(36), 24 points are more than

adeQuafe,‘ “Angular :erms'up to'and'inciuding7c03(129) can be controlled

- with 24 points, so the effectS'of'discfeteness.in'appiying'the neceésary

forces .ahd 4Coaples produce‘oaly high angulaf frequeaéy errors. Since;
mathematically, ﬁhe radial‘func#ion muét be at ieaat as higﬁ an arAer as
the :angular one, the lowééﬁ order surface érfor aaused'by diséretenéas
p1351n(139)

will.bé of the form Z p13cos(139)‘ and Z

13,13 ~ -13,13

When these terms appear in the mirror, they only affect the outer edge-

Over the bulk of'the mirror-surface, the high order terms make a negli—

gible cohtributibﬁ; As dasciibed below ihv’secaion 4,Vhiéh-spatial-
frequengy qué effects do occur. These could be reduqed by applying
fqrcgsrand cqulgs”at more points{ Altexnatively,_the blank‘can be made
sLightl& larger than_the,iinal desired mirror to allow vfor .removal of

the outer edge after polishing.

Couples and forces were applied'thrbugh 24-invar blocks bonded to

the edge of the blank with epoxy . The blocks were 2 2 cm h1gh 4 4 cm

» wide and 1.7 cm thick and shaped on the inner 31de to match the curva-

tufe of the blank. Invar, a low thermal'expahsién steei, Qas used to

minimize thermal stresses imposed on the blank b& ﬁheVblocks.v Since thé'

applied stresses were expected to reach 70 kg/cm (1000 psi), tests were

‘-made to ensure that the bonding was secure. It is also important that
- the bonding' be as stress-frea as possible, since the blocks need to be

removed after pqlishing without warping the mirror. We tested a number

of adhesives and various techniques of applying the blocks in a stress-
free fashion. For the method finally chosen, we etched the glass. sur-

face with hydrofluoric acid, cleaned it, and using Emerson-Cummins

")
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2850FT epoxy, bonded the Invar to the glass. The bond was approximately
0.2 mm thiék and the blocks were held without éompression:agaiﬁét the.

mirror during curing. Even with this technique, stress patterns'in the
giass were ‘obsérved uéiﬁg crossed . p&iaroids- Ve éésume théselﬁeré
caused by epoxy shrinkage during cﬁring. However inteéfer§mecric tests

of a mirrorbbeforeiand after attaching the 24 blocks revealed no measuf-
‘able change in‘ﬁhe surface. v(if ﬁhe ﬁaximum-reﬁuifeé éifess is lower
than 70.kg/cm2, RTV adhésives would probably &érk and greaﬁly reduce thé
stress iﬁduced in the blank.) With the abové proceduréé, thé bénds were
tested and typiéally failed at ihduéed stress levels of 200 Rg/cm2 where

the failure was in the glass, not in the bond. -

The neéessary férces and cﬁubles ﬁoAbe applied tﬁfough thé blééks
were .calcula;ed from the formulaé given by LN. Thése iﬁciuded forées
and couples for a variety of a#isymmetrici and non;axiéymﬁetriév testsn
which were performéd; as well as ﬁhose for thevdesired of f-axis ;éétion

-of a paraboloid.

A rédial ar@ 30 cm ioné w;s bolteé onto eaéh block.: Usiné a system
of lead weishts, leve;s, ana fﬁlcfa, é'pair éf férces.;f a&justabié.;ién
and amplitude weré apﬁlied to each of.thé 24 rgdial arms iﬁ order to
achieve the desired:force énd couple at.the edge of the‘biank;..Figure 3‘
is a sche@écic of ;he lever éfsteﬁ- An arbitrary fofce and épuple ‘can
be supplied by the appropriate values of F1 and fz appiiéd'wi&ﬁsarm

lengths T and r,. Bearings were located at all pivot points, the

2
weights were calibrated to +1 gram and friction in the system was minim- -

ized. The design of the jig was such that the applied forces and couples -

were unaffected by small .displacements of the mirror. This is critical,
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' since the mirror may move vertically during polishing. We estimate the

. applied forces and COUples“wére accurate to about 0.1%.

Since the stressing jig rotated on the polishing table, bearing

stops were also wused to limif the radial motion of the weights. To

;vlimitvaqy radial motion of the blank cadséd by tool loads during grind;'

ing and polishing, four of the 24 radial arms were equipped withvradial
thrust bars, which -effectively prohibitedlradial-motion without intro-

ducing any undesirable vertical forces.

The blank is preésed downwards by the net shear force -imposed by
" the radial arms as well as by the grinding'and]polishing'toolvloads.lvTo
‘ accommodate.this load, we._placed the blank on a soft péd which in turn

rested on a stiff (5 cm thick) steel plate with a surface machined con-

cave to the same radius of curvature as the mirror’s.” The plate was a

“rigid part of the entire jig and acted as a base against which disblaée-

ments were measured and forcés applied.

Only one“ofvthe desired deflection terms,'Cao, containing a, defor=-

mation,A-pA, _reqpiresv;he use of the béd. The value of C40 is. 0.40 pme

To achieve this deflection we . require. that the pad ﬁush uniforml&f
cupwards over the entire back surface of the blank. Stated another way,

.uniform pressure on the back of the blank produces a q&adratic and quar-

tic deflection. -

The seemingly simple requirement that a pad provide a. sufficiently’

uniform. pressure proved to be the single most troublesome part of the -

‘mirror bending procedure. The average value of the pressure is set by

the conditions ‘of static- equilibrium; - the integrated pad pressure -
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exactly bélances'the net downwards force applied by'thg arﬁs plus the
weight of_the blank itself. This net force is, by design, thét needed to
in;rbduce the necessary‘quartic. Howgver, small deviations from unifor-
mity in the pad can cause unwénted defiec;ions. A theoretical relatipn—
ship betweeﬁ‘the amplitude of the unwanted deflections and the . devia-
tions . from. pad uniformity ‘is "given in Aﬁbéndix 1. The most readily
induced deflection is:astigmaﬁism, and its amplitude is' over 10 times
the fractional (astigmatic)Inbn—uﬁiformity’in the pa&'muitiplied by the
desired quartic.  Thus a l%»astigmatié term in the pad‘wili pro&uce 0.05

ym of astigmatism in the mirvor.

For ;his demonstration, we chose to deal empirically with. the prob-
lems introducéd by a non-uniform pad.. wé experimented with.sevefal pad.
types, both fluid and elastic. In principle fluid pads should give a
completely ﬁniform support; but two practical problems iimit their use-
fulneéé: difficulty in obtaining uniform pressure out to the véry edge
of the blank, and instability againét small turning moments. Tests with
a self-contaiuéd»fluid pad, é thin vinyl bag of water, showed the same
leVei- of unwanted deflections as'other pads;;bresumabiy'dué to improper.
support at the edge- The problem of stability-was -evén .mbfe serioﬁs,
since the lack of festoring forcés té turhing moments caused the blank

to rock.

Elastic pads have several important advantages. . They can be :ﬁade
.simply and economically. They naturai;y balance any sma1l turning
momentsvand afe thus stable, and;bécauée of this characteristic (sece
LN), they allow complete control over all 5th order Surfaces, instéad of

4th order, as for fluid pads.. We sought a pad which compressed a - dis-
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‘tance much';gfeatér than ‘the mirror deforﬁétibn':sb that ‘the hirror
deflections themselves woﬁld not appreciably alter the p?eésure' distri-
ﬁution.‘of the pad- " For our test mirror, tﬁé peak.to.peak deflections
are 60 pm , so a'pad cqmpressiqn of about 1 mm was chosen.

5

_The élastiq ggds testéd were open .anq closgq‘ cell'_negprgne ugﬁd
natgfal rubber of  various ty?gs,hIes;s were performed‘by.pull;ng down
Qniformly‘aroﬁnd the edge of a spherigal mirror to p;oduce' the desired
quartic»jtermf Then thé mirror was examingd“interferomet;icallyvwith a
'spherical null test to look for‘nop—gxisymmgtric Qéflec;iong. The POSi‘
tions éf the interfefence fﬁinges were digitiéed and fiﬁ with Zernike
polynomials so a.quantitativefmeaSure of pad behavior was obtained.  As
expected from the anélySis in Appendix l;the domiﬁant errOr“wastaStighafism.
After testing continuous sheets, segmented ‘pads, laminated 'and Cross
laminated 'padé, we selected:'a'g;ply cross laminated pad, iQém thick,
that was composed of open cell natural fubbéf; This typically gave “dn

astigmatic term C 0.15 pm with C

40 ©

22 * 0.50 pm.

' Deflections through Sth'ordet éagsgd“by ﬁgnugiformities inﬁEheJ:pad
are ‘in p;ihciﬁle‘removable wiﬁh the abprop;ig;g.shear force and_cogp}g
along fhe blank edge. _in practice, thevstability‘qu these ;efms was
troubleéome; vand' forced us into a specific test cycle to be desqribed

vlater;‘we found that taking the mirror iq and.oﬁt of the jig could sub-
stantially alter non— axisymmetric defiectioﬁs'Cahéed'by’thé'pad. We
feduCea this somewhat by placing a thin sheet of ﬁjléf'bétweenEthe blank
and the pad, and once the padeaéilocéted on the Stéei blaté, wé‘avoided

moving it.

To further test the jig, and the validity of the calculations, we
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deforme&' a .spherical mirror into a variety of shapés.. Each deformed
surfacg was tested with.a Twyman-Green interferbmeter located at the
center of cur?atqre which pfovided a spherical null test. The fringe
positions on the interferograms were digitized, fitted to Zernike poly-
nomials, and the resulting coefficients were‘ compared Qith those
expected. By aﬁd large,.we found agreement with our theoretical expec=
tations to wiﬁhin 1_- 2%. Since some of the deformations made the mir-
ror decidedly non-spherical, the interference fringe pattern became
quite compléx. . Figure 5 shows the "mirror warped into an off-axis
"an;iparaboloid" (the same magnitude deviétion-from a sphere as a para-
boloid, but of opposite sign) and ﬁested as a sphere; the Zernike coef-
ficients from‘the fit to the méaéuredifringe positions were used to gen-
g;ate the adjacent contour plbt-of the mirror surface: The saddle is
due tovthé astigmatic term and the interior ‘extremum is” produced by the
comatic term. The measurement untergainties for these complex frinée
patterns corresponded to surface uqcertainties of 0.05 pm rms. When the
fringe patterns were 1ess complei ;hg measufemgn; apd fitting‘uncertain—

ties were much smaller.

The above series of tests provided us with several important con-
clusions: (1) = the " theoretical prediétions were correct to within 2%,
- (2) the jig was.capable'of applying the- forces and couples with a
reproducibility of’abouﬁ'O.IZ, (3) the jig was stable when subjected to
shocks and vibrations as might occur during poiishing,» (&) a pad  of
sufficigntly' high 'quality_could be made, if itetativektesting and pol-
ishing is used. These reéults provide the qegessa?& basis for using thé

stressing technique.
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IV. Mirror Fabrication: Polishing, Testing, Iteration

The grinding and polishing procedures described here were carried
out using standérd commercial techniques ét Tinsley Laboratories. The .

testing was dome in consultation with the opticians at Tinsley.

k _A second blank:of,CerVit;was_prepared to Lbe'.identical..with ‘the
first .one, except tﬁaplthevfront surface was ground spherical, but not
pblished,. The fifst mirror wés_not.used ;ince Qe felt it might be“use-
. ful to have availéble<a good_spherical mirror in case further tests of
the jig proved necessary. The second blaﬁk was ﬁlaceq in the jig-_and
.the weights were applied to impose the desired forces and couples calcu-,
laféd using the formulas éf LN (see.Tabie 2). | These. wéuld“.distbrt a
theré inté an-off-axisVantiparabqloid (or a paraboLoid into a;sphefe).
The g:égnd Surfacevthen deviatedrfrom_a'sphere by .about .60 !pm: peak~-to-

peak, with the largest contribution from astigmatism and cbma,

A gfiﬁding tool the éize of the Blankﬁ was )ﬁéﬁé iﬁitﬁ -ﬁexégonal
cefaﬁic tileé'éttachédvto an irdn:plafeoihfhe fodi had apprdximétély'the'
dééired rad ius of curV;ture 2 = 373.87 cm. The optician Bégan ﬁith 30'
ﬁicron grit‘ ané ‘worked tﬁe- pooi by hand  into the'blank for”a few
minutes, then allowed the arm of the polishing machine - to provide the
mdtive power. The grinding prqcéss continued using‘ 30 micron, lé

micron, and finally 3 4microﬁ .grits. -The entire grinding procedure.

required about 7,hours.'
Since the desired sphere had a specific radius, the surface was
freqﬁéntiy tested with a spherometef'dufinthhe gfiﬁdiné ﬁhasé; The -

test consisted of comparing the sagittal depth of the blank againét-that
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of a 20 cm diameter reference mirror. The difference in sagittal depths
of the reference and ground surfaces was estimated-at 0.5 pm (over ‘the

20 cm diameter of the reference sphere) after the final grinding::

The réference mirrorbwas purportéd to héve a radius pf éurvature.of
373.87 cm; this wvalue wéé used in-all calculations to establish the
forces aqd couples. As mentioned earlier,' the actﬁal fadius of the
reference mirror was subséquéntly found to bé 373.80 cm. . This
discrepancy was discovered by finding that after the firét poli;h, the
radius of curvature was unexpectedly short. - The correct radius of the
20_cm.refefence‘mirror was ‘then established by measuring  the surface

with 'a device at Tinsley Laboratories which employs ‘a fringe counting

.interferometer-.

Ih order to guarantee that the polished sphere have a (reproa;cible
fadius of curvature, we.decided fo usé the convex half éﬁ a ma#ched pair
of 20 cm test plates to tésﬁ ﬁhe polished surfaée..Thé'coﬁ¢a§elpaft was
used dﬁring grindihg; Aithough the test-plate was undersized (20 ¢
instead of 36 cm), and thus less accurate than a full. sized ‘Qne; the
convenienée and’ economy of this test method made it a reasonable solu-
tion to the_problem of.testing while polishing; In the: hands of an
experienced optician, "this testing proéedure allows one to distinguish-
surface differences caused by differences in radius of CUrvature,>astig?

matism, coma, etc., down to levels < ~ X/10 rms (\ = 0.6328 ).

After grinding, we proceeded with the polishing process. This was
done in a conventional fashion with the jig on a rotating table, and the
full sized polishing lap placed on the mirror Surfaée; the lap was

driven by a spindle both rotationally and radially. The polishing and
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grinding machine is a Tinsley modificatidn:of thejétandard arc—type bol-
'»iéhing ~machlne” with -a 180 cm blank capacity. ..Polishing contiﬁued for
about,ZS‘hours at which'point the surface differed from the test bplate
by about A/A- rms, caused largely hy a depression in'the center of the
uirror. <Since we expected to make correctious and.theh polish a second
tﬁhe;' a high quality sphere was not sought at this time. Thehweights
were then removed from the jig, the radlal arms detached from the _invar

blocks,vand the mirror was removed for testlng.

-The test'configuration'showh-in,Figure 4 is a folded parabolic null
~-test’ with the flat mirror folding the focal point back onto the vertex.
Becauee we wanteéd a specific offeaxis-parabola; _and ‘ekbected .multiple
polish—test cycles, the mirror support was designedfand tested-to ensure
the mirror could be located accurately and repeatedly w1th respect to
vthe ‘1nterferometer focus. By foldlng the focal p01nt onto the vertex,
the_laser‘can be autocollimated by adJustlng the t11t and - dlsplacement
of the flat. The resulting perpendlcular dlstance from the vertex to

the flat is k/4 where k is the rad1us of curvature of the paraboloid.

V-Since'thevmirror was relatlvelv.thin and flexible it wasl.eimplest
-to  support. it oh edge, rather than on its. back. The mirror_was_held in
a mount with micrometer control of three rotations=_and uthreeh_transla-
tions 'and was attached to the mounting.plate with a kiuematic,mount.
Three V-blocks were.flxed to the mounting . platerl,twoﬂ orientedi:azimu-
thally and one radially. VThree correspond ing fixtures with spherical
halls (1;277cm diameter) were boltedvontovthree.otlthe Invar hlocks. The
‘three balls fit into bthevv-blochs to‘just defiﬁe the mlrrorvposition

relative to the base plate.
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The center and orientation of the mirror' wére' défined ‘by‘ a
‘stretched  wire patterh. A 0.3 mm wire was strung across a set of four
binding posts attached to the Invar'blocks-vThis pattern was used to
define the coordinates in the test interferograms and also in the sur-
veying p;ocedure which fixed the mirror position. with resbgc; to the
vertex. The wire layout éan be seen in.Figurgs»6, 7, and 8 which show

interferograms of the mirror.

'The desired vertex location relative to the mirror was established
by surveying. The 1location - of the Qeftex>élong the optical axis (z
coordinate) was set using a rod whicﬁ pi§otéd'about the center of curva-
v;ture and had a dial indicétor attached-to its'free end. The rod length
was approximately the rédius of curvéture: ‘By measuring‘ the ”réiative
_.diétanqes to véribus pafts of the mirror surface, thg desired relative
distance to.the_vertex was gsﬁablished and a pqinﬁ a;;ached to an_ xyz
stage (in tu;n'firmly attached to the:mirfbr baée plate) was adjus;ed to
bé at';his'distaﬁce- ‘Tbélother two coordinatés of'fhe vertex were set
’byv placing a trgﬁsi§  at' tbe center of cqrvature_and_measuring the
désired angle frdm.pﬁe.center (defined by thevcrossed-wires) along one
of thé wires. These- two cédrdinates (k,y) were es;ablished_ﬁith'an
accuracy of ‘O.Z mm while- the position along thé optical axis (z) was
'set to an accuracy of .05 mm. The desired vertex‘point was defined by
the‘interéection of twd-scribed'lines on the surface of a plug which fit
into a hole in a plate on the‘XYZ stage. By design this point was coin-
éident with the center of a 2.54 cm steél ball wﬁen the ball was pléced

‘against the hole {(after removing the plug).

The Twyman-Green interferometer focus was located at the vertex by
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placing the 2.54 cm polished steel ball against the hole on the Xyz

stage ahd'autocollimating the interferometer on the ball surface.. This

accurately located the interferomete; focal point at the center of the

_ball.

The-Ball was then'remoVed and thé wavéfront’alléﬁed'£o'p33sléhfough
the optical system as éhOWn'in‘Figuie 4. The‘returﬁing focus wéé super-
imposed on the vertex (i.e;.autocollimated) by tiltiﬁg .and. cfénsléting
the fiéf. - The interferoérémiwhich results from this.alignment procéss
Arepresénts“thé)differehce betwéén the opticaiv;urface undei_tesf and a
_pérabolic surfacév“Whose <off;axis distance is set by the suryeying and
-whose rad ius 0f curvature is dgfined by tﬁe diStance bétween;the vertex

and the flat, k/4. - -

‘This.1attefvdistaﬁce'was ﬁéasured‘uSing'a”réd with a 2.54 cun diame-
ter ball attaéhed to one end ana‘é-dial indicgﬁof éttéched-tbvthé 6£her.
The length was éélibréted agaipst‘évSteel rule. fhé ball Qas:;placed
aggiﬁst :thé  ho}ewbn the xyz stagé gﬁdvéhe'iﬁdicatdr end piécéd'agéinst
thé‘flapo 'The.miniﬁﬁm distance measured eStabiiéhed thé vberpéndicular
distance ffém the flat'to thé‘vértex, k/4; this distance wés’meésﬁred

Qith'anAacéuraéy of 0.05 mm.

_An interferogram taken»after‘the first polish is shown in Figure 6.
: The_ po§i;ions of 1nterferogram frihges_were digitized, ;hénﬂWere,f}tted
to Zernikg polynomials throughw4;h order, after nghe outer. 5% of the
ggdius. had been masked off. The rms residual between the 4th order fit
and the 450 digitized éoints was 0.02 pm, which indicates a _éoodkffit.
The combination of these éoefficients and the measurement of k/4‘pro-

vides a complete description of the surface. The Zernike coefficients

3t
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describing the surface are listed in Table 1.

After the first polish the mirror had an rms deviation of 0.55 - pm
from the desired paraboloid. The largest error in the surface was due

to the difference between the desired and achieved radii of curvatures.

As mentioned earlier, this was traced to a mistaken radius of curvature
attributed to the test plate. The imperfection of the spherical polfﬁh

. also contributed to the errors in the mirror.

After testing the mirror as a paraboloid the mirror was placed in
the jig and the original forces and couples reapplied. This surface was

tested as a sphere and the positions of the resulting interferogranm

fringes weré digitized and fit to Zernike polynomials, as before. A

complete description_df'the surface is given by these coefficients and
tﬁe radius of curvature of the sﬁhere which waS"aSSuﬁed'tq.be that of
the test plate. This is a‘questionable assumption Qince\the sta;ed dif-~
ficulties with the pad may have produced some change of radius when the
mirror Was placedAin Fhe jig.. Howavef, becausé of thé incoqyepience\‘of.

measuring the radius directly, we chose to assume it had not chianged.

The difference between the paraboloidal and spherical sutfécés"is
the achieved deflgction. We theﬁ calculatgd the set of forces and cou-
ples needed to prbvide'fhe difference between ;hé desired defléction and
thé achieved deflect;on; these were added to ihe original forcgs and

couples to provide the set for the second polish.

At this point it is worth noting a subtlety in the iteration pro-
cedure. In principle, one might want to fit the interferograms to a

Zernike series containing terms higher than fourth order, since the jig
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can control terms .up to p cos(129) In practice,'when we fit inter-

' fetogtams with these highet order polynomials, the coefficients were
'smallf (< 0.02 Pm) and.were‘attribhtaple to ﬁeasdredent nodse; rather
than real perturbationé ip-the mitror eurface- 'if one wete to fnterpret
these relatively emali terms ‘asireai andvattempt to_remove‘them; one
obtaihs_e somewﬁat surptising resolt:-the forees and couples (andjpoten—
_tialiy the maximum etresefﬁedange radieally to produee the sliéht eur-

face change."This occurs because the mirror is' extremely resistant to

. -high spatial frequeney. deflections; thus large forces are required to

introduce or remove relatively sﬁall high order displacements.. Because

-of this difficulty, in additionfto our expeetation:that_these terms will

‘be small and our observation that these'terms’were,Small in practice, we
- deliberately assumed. .that all terms -above fourth order were zero .when

the corrective forces and couples;were-calculated. e

The second pollsh proceeded without d1ff1culty and after about 30
hours the mlrror, as determined w1th the test plate, was estlmated to be
within about A/IO of the test plate sphere. Because the only optical

test avallable to the opt1c1an was the under81zed test plate, he felt

that further -improvement would be difficult to achieve.

The mitror was agaln remnoved from the stress1pg Jlg and the para-
boloidal’ null tEbt proceeded exactly as before. The resultingvfdter-
fefogram is showh'id'Figure 7. The-corresponding Zernike .coefficients
are listed in Table 1. vThe sdrface deviated'ftom tﬁe-desired paraboioid

by 0.16 pm rms. : S . . ,

At’this'stagevtﬁe surface differed by a smail‘.amount . from the

desired one. It was now possible to take advantage of two additional

L2aY
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degrees of freedom not yet used in the proceduré. 1In the pagaboloidal
ﬁull_ tests the 6irror was held at a fixed distance from the vertex (R =
35.00 cm) and in a fixed orientation (¢ = 0) set by thé‘kinematicvﬁount-
This distance and anglé were measufed with-ﬁespect to the wire pattérn
which was fixed to invar blocks. By moving thé mirror to a  slightly
different off-axis pdsition (R + 8R) and rotating_it_about its an1axis
(8¢) the mirror can be positioned so that tﬁe surface better .fits. the
overall desired_-pafaboloidal surface. Changes in these fwo_degrees of
freedom affect the two dominating terms in the expansion of the surface

error, astigmatism and coma.

For most applications these‘sméll éhangés can be made inﬁ pracfice
by simplyvoptimizing the mirrof position iﬁ.the opticél éyétem:‘ For ghe
appiication to fhe Ten-MéEer-Teleécope,‘the '"repoéitioniﬁgf is simply
made By defining the position>a5d.oriéﬁtation of tﬁe hekagohéiiéﬁéting

needed to make the actual mirror segménts after polishing is éompleted.

Using the definitions of the Zernike coefficients (Table 1) and the
equation of a paraboloid (2.1), (2.2), it can be readily shown that the
rms deviation between the desired paraboloid and the achieved one is

fminimized‘by_the following changes in R and ¢%

8C..8C.. + 3C..6C..

R = R 22222 i
16c2, + 3c2, |
’ | L | (4.1)
o - 80226(2:2_2 + 3C316C3"1
16c2, + 3cC

22 31
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 ,where the C’s’ and §C’s can be found from the data in Table . Those

coefficients yield SR = #0.73 mm and 8¢ = -6.0 x 1073 radiansa This

Vrotation'corfespbhdsvto an transverse motion of the vertex of -2.1 mmg
eduivalently'a point on the edge‘of the mirrot moves. 1 mms"One.céh'also
vcaiéula;e thaﬁ'theSe~changest1n the position 6f‘the mirror should result
in ‘a new set of coefficienté'with‘an rms deviatioﬁ frdﬁ the;néW‘deéired
section of 0.03 pm. After calculating these mo;ions_fqr'thé best“;fit_
ting * mirror positiqn.:ﬁe returned to the pafabolbidai'dull test. Using
the stage we repbsitioned’the vettéx ‘with respect to the mirror as
described above. The resulting interferégram is shown in Figure 8.
_Digi;izing the'f;iﬁge'bogitions and fi;t;ng gave the feggits‘ shown in
the final ‘célumn .éf ‘TASig 1. The fabrica;éd.@irrpf'ﬁaq_abmeasqred
.Hradius.éfLCUrQé;ure‘k =V368583.cm which differéd by 0.03 cm from that
‘desiredwybibeloff-;xis diStance‘of R = 35f07 cm_differed by O.b7 c@.from
.ﬁhé desired value. Thg coefficieﬁts yigld_an rms s#ffé;e'error_ofu 0.03

f;m’.

3
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V.. Conclusions

Stressed Mirror Polishing as a technique for making inexpensive,
high quality non-axisymmetric mirrors appears to work quite well. The

iterative method converges rapidly and in principlé_should allow . mirror

fabrication of a quality only'limited by the quality of the spherical

poiish- In praqtice, limitations in testing procedures will also limit
the accuracy in prodﬁciﬁg the deSifed mirrorf In many applications it
may’uot be necessa;y to achieve the preciéely spgcified off axis dis-
tance - and radius pf cgrva;ure required fqr a set of matched segments.

For these applications the precise and elaborate testing procedure and

the limitations it imposed for this demonstration will not be necessary.

~ Slight undesirable edge effects caused by the discrete set of Invar

blocks. used to apply the forces and couples can be seen in Figure 8.
These could be reduced by using more blocks to apply a better approxima-

tion to the desired coatinuous force and couple distributions.

In assessing the general applicability of this technique there are
at least four limitations or measures of difficulty which need to be
considered: the stress level in the glass, the size of the deflections,

the size of the quartic, and the applicability of the theory.

The stress lével is important in the sense that if ‘the stress

exceeds some level, the mirror may break. Using CerVit, we appliéd a

, 2 o ' = i
"stress level of 70 kg/cm” during grinding and polishing and “approached

2 e , . L L
200 kg/cm” during various tests. Since stress is proportioual to both
thickness and deflection needed, the maximum alloved stress level will
limit = the applicability of this technique to mirrors that are not

extremely thick or severely aspheric. Appropriate stress formulas are
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given by LN. - It is readily applied to thin wmirrors which, unfor-
tunately, require more complex support stfuctgres, at least for ground—

-based uses.

FSeverély'non—spherical surfaces will reqdife large”defléétiods and
if 'fhe‘ tesulting surfaée qualitj_is expéctéd'to-be high;'éhe ﬁédéésary
' accpraéy of the éppled forces is largé. In 6ur_'test;v thé defiections
were =~ 300 .times the error ih'che.deflections. By design, our jig is
.capable éf qontrolling deflections to aon£ 1 part inv103. 'fhe .reéuit?
~ ing mirror 4uality With:this'éystém.waé 1imi;éd'by §ur spheriCalfﬁolish-
:ing éndjihe accuraéy of the'op;ical 'testing;- .Conttélling defiéctions
with a . precision better than a part’ih 103 may require‘a more comp;ex
jig than used here. Typically, the défléCtiOns will ‘scale ég'a2§2/k3' 50
large, severély.fo-axis mirrors with short fadiiiof curvature are more

difficult. =~

The ability  to contro;lably producé large ‘duarﬁic deflections
' deéénds diteétiy onvapélying cbmpietély uniform pressure to thg ﬁack of
the"mirfOr; As‘mentioﬁed earlier, the difficdities in échieving ‘this
" can  be 1arge1y overcoue if the pressure distribution is étable'in tﬁne,
since its effects can be compensated'for Ey adjusting the ‘edge forces
and couples. Aqhieving adeqpafe stability_beéomes increésingly difficult
_as the quartic deflection increases. Siﬁce the-needéd quartic amplitude

varies as ~ a"/k3

,» large mirrors with short radii of curvature are more
difficult to fabricate with this technique. Since this term is dom-
inantly set by the polished sphere, one could greatly reduce or elim-

inate the quartic deflection by polishing in an axially symmetric .para-

bola instead of a sphere.
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The theéry described by LN is only strictly “applicable- to flat
plates, so when the mirror is étrongly cprved (sagittal depth greater”_
thén mirror.thickness) the theory ‘may ‘mot be appropriate. vHowever,
sincé the Fecﬁnique is iterative, it seemns 1ikely that excellent results

still can be achieved even though the théory is only approximate.

Since oﬁr original mdfivation was to devise' a method of making
1arge off  axis Qegménts for the U. C. feh Meter Telescope, we briefly
cbmpare the expected diffigulty with these ségmehts‘to‘the one we have
fabricaﬁed,_ We select the most difficult one for comparison: one with R
= 4.85 m, k = AO.m, a = 0-7vm énd h = 0.1 m- The maximum induced étress
is 13‘ kg/cmz; a factor of 4 below that in the teSt'piéce; so breakage
wiil not be a problem. The rns deflection is ZO'Pm or twice what was
needed. here, sobthe required accuracy'of fOrce.appliéation is similar.
The quartic déflection; the major expected source of" diffiéulty with
this method, is only 0.08’pm, about one fifth of that achieved here, so
no difficulty-is expected. Finally, the ratib'deSagittal‘dépth to mir-

ror thickness is only one third that of our test mirrdr,_so the'applica-

~bility of the flat plate theory is unot in question. As discussed by LN,

small variations in the elastic properties of ‘the plate are also not

expected to present difficulties. .
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FIGURE CAPTIONS . = - e :

Diagram deflnlng the global (X,Y Z) and local coordinates o

(x,y,z = p,8, z) of the mirror segment on the parab0101d.

Zernlke coefficients describing the surface of an off-axis section -
of a paraboloid as a function of off—axis distance R. The parabo-
loid has a radius of curvature k = 368.80 cm and the segment
radius is a = 17.94 cm. The desired surface for the fabricated
mirror ( R 35.00 cm ) is domlnated by astlgmatism and coma.

Schematlc showing the mirror blank, an Invar block, a. radial arm,
and the lever and we1ght system used to apply forces F '

and F,. Twenty-four such assemblies produced the shear

forces and moments to stress the mirror. .

Schematic diagram showing the geometry of the paraboloidal
null test. The focus of the Twyman-Green interferometer is

located at the vertex of the global paraboloid. The mirror .
section under test is fixed 35 00 cm from the vertex.A_

Interferogram from a spher1ca1 null test of the spherlcal
mirror under stress before polishing. The applled forces

and couples and the coefficients descr1bing the . surface

are listed in Tables 1 and 2. The 'surface is an’ antl-parabola

~dominated by 19.4 um of astlgmatism (saddle) and 6.6 pum .

of coma (internal extremum). The fringes are half wave,. 632.8 nm/2.

The contour plot of the surface .is generated from the coefficients
from the fourth order fit.

Interferogram from-the paraboloidal null test after the first
polish. The fringes (quarter wave = 632.8 nm/4) show the difference
between the desired and achieved parab0101dal sections. This error
surface is dominated by_foeus and astigmatism and itsrms amplitude
is 0.55 pm. The contour plot of the surface is generated from
the coefficients from the fourth order fit. '

Interferogram from the paraboloidal null test after the second
polish. The fringes (quarter wave = 632.8 nm/4) show the difference
between the desired and achieved paraboloidal sections. The error

‘'surface is dominated by astigmatism and the rms amplitude is 0.16

m. The contour plot of the surface is generated from the _ v
coeffic1ents from the fourth order fit. '

Interferogram from the paraboloidal null test with the mirror in’ »
the best fit position. The fringes (quarter wave = 632.8 nm/4) show
the difference between the desired and achieved surfaces. The rms
error is 0.03 um. The contour plot of the surface is generated
from the coefficients from the fourth order f1t.



APPENDIX 1

The Effects of Support Pad Non-Uniformities

The elastic deformation of a plate dnder external loads caﬁ be cal-
) culated using thin plate theory as described by Timoshenko7 or by Li.
To describe the deformations induced by the pad and jig we wish to solve

the equation

b 74 = ¢ o (a.1)
D, the fiexural rigidity fsee Tiﬁoéhénko7 or LN)vis é constant éubjéct
to the boﬁndary condiﬁions:that the sheérvforce and cbuple are specified
at the edge éf.tpe_plate apd w and q are.the~ displacgmentb andv applied
back preséQres"respectively. These const:aints are described by LN in

equations A.3 and A.6.

We are interested hege in the plate deforma;ions &ue to non-uniform
" pad - pressuré. Since the eQuation'is linear, it is suffiéieht to solve
.problem for a free édge.(shear forcéyaﬁd couple both vanish at the edgé)
and add this ;oLutioh to the solution found with a uniform.pad aﬁd the
 boundary conditions needed to producevthe désired defq:mationsi-(solved

" in LN).

The desired quartic deformation is achieved._with a ‘upifqrm pad
pressure. We assume that ;he nbu-uniforﬁifies in the pad pressure will
be proportional to the desiréd uniform preSSure} Thus the deformations
caused by pad qon—uniformitiés wiilbbe proportional to the sizg of the

desired quartic term.
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With a uniform pad pressure, qoo;t the resulting deflection is

given by

%00 3‘+‘\) 2 Y990 'A:.
W=-3p Ty P +64D P

where we have assumed the plate has a unit radius, V-is Poisson’s ratio

and p is the radial variable.

- It is convenient to describe the pressure,distribﬁtion of ‘a non-

~unifotmlpad with an expansion in orthogonal functions, the Zernike poly-
nomials. Thus we can write the pad pressure as.

Q(D 9) = fi E: ql z (D 9) VH-ﬁ—m évén :1(A;35

- n=0 m=-n " A T

We simplify this somewhat‘sy including only the cos:meyfenms (m > 0) and

only the lowest order terms. _Explicitly”wg‘aséumeionly qliiﬂqzb;qzé,qgl

are non zero. Since_the boundary‘condi;i§n$ redui;e tpat 'the mirror

expé%ieﬂée no net.tgrnigg momeﬁgr'qillf 0-fAThejg“iférﬁ“brﬁssére’ qOO’

is ze:b since itsAeffectswa;e.accouﬁ;ed fo; in";he‘ Qrigina}ly 7posed

problem.

* The resultiﬁg’defléctions'are ~also converiently “described " by “a
series éxpansion‘in otthogonalrfunctions:
w(p,8) = i f. c. 'z (p,0) " n-m.even  (A.4)
. n—O m=-n no _
Inserting A.3 gnd A.4 into gqﬁation.A.l_qqd applying‘the,ppun¢éry pondif
tions yields | | | |

__7+2 %20
20 ~ 480(1 + V). D

303 + 18v - v2 922
22 T 3840(1L - W3 +Vv) D

c

£

5]
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41+ 79 931

31 ~5760(3 + v) D

¢ = -1 %0

40~ 7576 D -
¢ —__L1 15+v Y92 I
42 7 T 2306 3 +v D | (-3
¢ =-_L %31

~¥51~ T 1680 D

60 ~ 5760 D
¢ =1 322

62 5760 D

.

c 1 93

71 13440 D
It now counvenient to describe the change in the Cij's caused by the
pad non-uniformities in terms of the ratio of non-uniform to uniform

pressures. Defining

. q, : ..
€,, = A and T =——11 . (A.6)
ij ¢ , ij 0 .
00 C40 v

where-CaO is the quartic deflection from a uniform pad (= q00/384D), and

assuming V = 0.25, we find

r20»= 4. 80 820 - r51 = —0.23_831
Ty " 12.61.822f 'r60 - 0.067 ezo’
ry, = 0.88 ¢, ' ‘r62 = 0;067 €5s (A.7)
r4o.= -0.67 €, r,, = 0.029 €4,
T, = -0.78 622 | |

We see from A.7 that thebastigmatic deflecﬁién is the most easily
induced aberration, followed by focus. As ome might_expgct, higher order
deflections are substantially more difficult tb create. These results
are. qualitatively confirmed by our tests with a variety of pads. where

astigmatism was the dominant aberration induced by pad non-uniformity.
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TABLE 1
Zernike Coefficients (um)
Cylindrical Monomial . Desired " Desired First* Second* Measured Residuals from
an(o,e) Coefficient Relationship l{eig' ht Deflections Parabola Polish Polish Best Fitting Paraboloid
Q, Q
20 , %40
1 COO =u00+ 2 +-—3 + ... 1 i
. [k=368.80 cn] [k=368.68 cm] [k=368.83 cn
psing 01_1 =a,_, +—§-a3_1 O % Re 35_.”00 cm| |R= 35”.79 caf [R= 35.07 cm
. ; o= 0.0 ". ||¢= 0.0043 ||¢= -0.0060
2 1 '
pcosev . Cll =0, + 3 %3 + ... ’
Zain26 C, =a,  +2a, + ... 1 0.00 0.00 -0.15 0.2 0.02
ps 2-2 = %2-2 7 % %2 6 . 0-00 .~0.1 . .
a a o
2 20 , %40 1 _
%’ -1 S0 72+ 0 3 v_8.93v 2161.88 2162.59 2161.68 0.00
2cos20 - C, =, + 2o, 4 ... i 19.36 . 19.34 -20.21 -19.42 -0.02
P co 22 22 7 4 %2 6 _ o m19.34 R . .
,
0> 1030 [ A S 1 0.00 0.00 0.02 0.02 0.01
s 3-3° 73-3 8 . . ' .
3 i ®3-1 ’ 1 )
(30 - 20)8108 €y = L 4., 3 0.00 0.00 - -0.16 . -0.01 -0.05
3 : %31 1- '
(307 - 200800 Cy =3 3 6.55 -6.55 -6.71 -6.55 0.01
3cos30 "Caq M O+ oie 1 -0 61. 0.04 "~ 0.0 o 00 ~0.04
e 33 33 8 : : R : :
singe .. G ey el el T Lo T a0 0760 0.02 0.02’ 0.03
4 ©Tee T % 10 : : : : :
@o® - 3Pyetnze ¢, =2, L 0.00 0.00 10,02 0:00 0.00
P R o R I 16 : (00 0 - :
4 2 1 '
6p - 6" +1 €0 * 5 0.40 . -0.11 0.06 i 0.03
@p* - 3p%ycos20 . =L, .. R 0.01 0.01 “0:07 0.02 0.00
_D ) cos2 42 % v 10 -0. . .01 -0, . .
“costd €, =a,, + L 0.00 0.00 0.04 0.05
. p.cos Fae Ty Yo LT0- s T o . '
@ - .zdesired)msl O'SS‘ 0'16:
@ - Zpest’ rms 0.08 0.03

*The values of k,-R, and ¢ glv.en are the best fitting values determined from the tabulated Zernike coefficients.

3
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TABLE 2

First.Polish Second Polish

Angle Lever No. Force, kg Couple, kg~¢m: Force, kg Couple, kg-cm

15° 1 -16.78 260. 38- -15.75 246.56
30° 2 -17.73 213.92 . =16.76 204.70
45° 3 -18.73 144,59 -17.74 141.79
60° 4 -19.07 62.68 -18.13 65.98
75° 5 -18.06 - -20.54 -17.28 -13.00
90° 6 - -15.29  -95.13 ~14.62 -85.56
105° 7 -10.73 -154.32 ~ -9.98 ~144.65
120° 8 -4.86 ~195.48 -3.88 -187.35
135° . - 9 C1.46 -219.94 2.58 -214.84
150° 10 7.11 -231.82 8.13 - =230.66
165° 11 11.03 -236.22 11.73 -238.43
180° 12 12.43 -237.17 12.84 S 2240442
195° 13 11.03 . =236.22 11.39 -237.21
210° 14 7411 -231.82 7.65 -228.03
225° 15 1.46 -219.94 2.16 -211.07
240° 16 -4.86  =195.48 -4.19 -183.51
255° 17 -10.73 -154.32 -10.26  =142.20
270° 18 -15.29 -95.13  =14.92 -85.27
385° 19 -18.06 =20.54 -17.48 © —14.22
300° 20 =19.07 62.68 -17.98 64.86
315° 21 - ~18.73 144.59 -17.14 142.06
330° 22 -17.73 213.92 -15.93 1206.20
345° 237 -16.78 . 260.38 -15.14 . . 247.96

360° 24 -16.40 - 276.73 -15.11  261.82
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