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Abstract

This work presents the deterministic hydrodynamic polishing system (HyDRa ( HyDRa-

dynamic Radial Polishing Tool) based on a polishing tool developed at the Instituto de

Astronomia, UNAM. HyDRa is one of several modern deterministic polishing techniques

¢ Sel1See” 1e 1 E-™Z7e7>1E " —e>"eeZel —'@" —el «lHERaM 7|1

system is based on a hydrodynamic polishing tool that generates a variable-density abra-

®©’'YZ1 "~ 1¢'Sel1-S"7Zl™ " eee’<eZ1e'Z1™> e7Ee’"—1"e1" " §7Se

materials. The tool comprises several stacked operational stages that generate a graz
'—e1SHSE'YZL T 1 et 1S1I™LZe EeSceZJLEZST, T HEZLIZy" e T —1

removes material. A recent innovation to the hydrodynamic polishing tool adds a switch -

ing capacity to the tool that allows the polishing action to be interrupted at will, without

losing the stability of the operating parameters. This further increases the versatility and

performance of the tool, since it is now possible to polish only the areas where the surface

needs correction. Pulsed polishing also adds several techniques to this polishing method

that further increase the system'’s versatility.
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pulsed polishing, simultaneous polishing with multiple tools

1. Introduction

®1le'Z1eZ-S—ele" 1Sy’ ESeZ1eS5¢251S—+1'—E>Z2Se’'—+¢C1E™
mon, the need for deterministic polishing tools which can meet these demands has motivated
the development of the hydrodynamic, polishing tool (HyDRa).

[ 7KH $XWKRU V  /LFHQVHH ,QWHFK2SHQ 7KLV FKDSWHU LV GLVWULEXWHG
|ntech0pen &RPPRQV $WWULEXWLRQ /LFHQVH KWWS FUHDWLYHFRPPRQV RUJ OLFHQVHV E
GLVWULEXWLRQ DQG UHSURGXFWLRQ LQ DQ\ PHGLXP {9l KH RULILQD
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The HyDRa polishing tool [ 1, Xis a non-contact, zero-force hydrodynamic tool that rotationally
SEEZ+7>S¢7001S1ee7>>¢1S—¢1S'>1—"j¢2>721S—e17j™Zeoel’ el
several operational stages: an abrasive suspension (water and polishing grit) is fed to the tool’s

>l ™78 " _SeleeSe781 ‘Z>Z1'¢1'@1-"jZ+1 '+*15'>15+181
a variable-density abrasive foam. This foam then enters the rotational acceleration chamber

‘Z>71’¢1’@1e™Ze17™1e 1 e 15ZY 0z’ —01™Z>1-"—72110
then turns into radial velocity in a nozzle that forms between the tool's divergent output and
the workpiece. In this way, the abrasive particles graze the workpiece in closely tangential
>SH“ZE">'Z®@il ‘Z@d1le'Z1™ e’ @ —e1 ™Sy’ EeZeleZ—25S71
ductile removal process, as described iNnBpi1l ‘Z1e>SeleZ —7>SeZelctle’@1>S
e>Sele”™ ™37 ®Z>Z1E"—Z10YSEZ272-01®Z>>"2—eZ1¢¢1S1 " ™
“YZ>1e'Z1 "> ™ ZEZOL1ZiZ>e —1 4} Shee these fediBris Laneel ehch biher ou
This poses many advantages in modern deterministic polishing, in particular the capability of
polishing ultra-thin surfaces, such as semiconductor wafers and optical membranes.

‘Z1 ¢ Sle "elcZe —eele™1e'Z1 7’e1“Ze1™ e’ —elll (leS—’
etal. [5pil ee*"72¢'1 ¢ S1Se®@™1Zi™Ze®1S—1S>S®e’'YZleze™Z-
©'75721S>7210072ZY25S+1<Se’E1"™Z>Se’"—Sel ™' _E " ™eZele'S

1-Z¢"e31S—el-—"0eel e'Z>1™ e @'’ —eleZE'—'87272001—27
™' 7EZO1L —17>eZ25171>2-"YZ21-S7>'Seil —1e -Z1ES®Z®dl
'@ 1ZiZ>0Ze1 " —e"1¢'2Z1-Se75’Se1ES—1<Z1-"—"—"£7Z+1<¢170 —
[6], where the force on the workpiece is less than 1 N. This however, could represent a trade
Y 1<Ze ZZ—1e""e™y el ®'E£7Z1S—1572-"YSe1>SeF0dre Lommdheftr
W.X1e—1 Z>'72-17j'Z16Wik’ @781y eZ>—" —' e E1—-Z+'"eedlme?
0 U01S>Z1—"— E" —+SE*JL1EZ>",* H>EZL1™>"EZceoeZce 1¥Mh{T]
without degrading the initial micro-roughness.

2. Polishing with HyDRa

This section describes thegeneralities of polishing with the HyDRa system. A typical static
removal footprint is shown in Figure 1.
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3 and 10 mm, depending on the particular tool.
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As can be seen, the removal takes place in a ~5 mm diameter region that has an M-shape
©2"—7e>¢i1 Z-"YSel —1e¢'Z1EZ—+>Sel>Z¢"—1'01S<" 21 XV-
Removal is a function of slurry density (' <) and accelerating air pressure P, id1oe*z2>>¢1

T 1>SeU81S—1'e1S1e’—ZS>1ez—Ee'"—17ele Zee, o' =711 —1
all tool parameters are controlled with high precision, as described in Section 4.

2.1. The HyDRa polishing rig

‘Z1 ¢ S1e77e1’1™S5¢1 7 e1S1IE " —™eZ{1™ e @' —el1> ¢ ed1E"
S1 7'¢1S—e1E " -™>7e @218 H>1E " —e>"elet®eeZ-01S1eeZ>>¢
S—elE " —e>"e@l'e@leZ—'*¢01S—e1S10e"ee S>Z1™SE"SeZ1e
07> —77>001S—e1eZ—7>SeZ0le Zoo, o' -Z&E " —eeS—e YZ"C
E " >>ZEele'Z1 H>"™'7ZEZL ¢2>7Z01eZ ™7 —o'— o1~ — 1710027 E-=
tion), as the block-diagram of Figure 2 illustrates.
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and polishing of any surface geometry. Since feedback control keeps all polishing param-
Z°7>1E " —0eS—e01572-"YSe1' ®@lZ{Es20'YZe¢1S1eZ—E+""—
¢ Z™Z —e@1"—1e'Z1e>S“ZE+">5C1e"0e” ZolcGle'Z1le "e1S—0ele'7
52872'>7201¢'Sele'Z1 1<Z1ES™SceZ1l el e ee™ '—el Y7, 60'-7—
«T>'Z®il '—2e¢S—7"7@¢81E,Si'®@1-"VYZ-Z—e1'@1LE  —>"eeZ«
©'Z1@®@72>eSEZ1E " —"251 "o 1£Z>7, 0 >EZil o' "7¢'1'Z1-SE""—
the removal is accomplished with nanometric accuracy due to a load cell that regulates tool

height over the workpiece, as reported in [4pi1l ‘Z1l@eZ>>C1E " —e’ o'~ — ' —e17
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density controlled polishing suspension to the HyDRa slurry supply system. It also captures
S—elsZ ' —EH>™">Se70e1e°Z1+°872' 1S —e1Se"—"£7ele25>¢1'¢
sity is continuously monitored by means of a photodensitometer and controlled by means of
™ e'ge''—e ™MSEeZ1S—el SeZslez™™e¢letmreZ-cil ‘Z12;™
e7-81 "E'1IE"—ce’ee®@1 ¢1S1ce” Z51'Se1>7'—EH>™"5SeZ0e 1
e > E'—ele'Z1-"je2>7Z1'>"72¢'1S1 Se‘'Z+,S'v1etesZ-i

A pump is continually recirculating the polisher in the container, and a derivation supplies

eeZ>7Zel@ez5>¢1e"1e°Z1 ¢ Slceez>>¢C1E —e>"el@btmeZ-il ‘21
<01-7ZS—0©17+1S1eS-™Ze¢ o’S™3,Se_1 1™M7_™]e'Sel’' eleZZ".
S1 "~ 1-ZZ51751S1™sZ7Ze®@z>21@Z—@™>il —17>¢Z517" 1527 &
polishes in shallow immersion so that an air-lock for the return system is formed. The HyDRa
tool accelerates an abrasive foam, composed of a variable-density suspension of slurry an
air created by means of an air control system that regulates the foaming and propelling air
pressures using electromechanic air regulators, pressure sensors and control electronics. A
polishing parameters are acquired with a data acquisition card, and controlled and visual -
"£71°—1 Sc<’Z il ‘Z1®z>SEZ1'®el jZe1l"—e"1e'Z1 1™eSe
®7>¢SEZ1'—1S1™S475—1E' " Z—1<Cle'Z17@7Z>il ZeZes1~™
¢'Z1 Ty ™' ZEZLSe1S1IE " —@eS—1VYZe"TE +¢d1le 'eET—e1le'2Z1
how much material needs to be removed. The slurry is fed to the tool at controlled pressures
S—el " 15SeZceil ‘Z1e""el'eleZz™™e'Zel "' 1E " -™>Z@®@Z*1¢
o' —1oeeSeZeil ‘Z1S:>S@’'YZ1e"S—-1"001>Se’Seet¢1Zj™Zeo70]s"
be polished, as described above. Tool height is controlled by the feedback variable provided
by the load cell, ce“1+*Se1e'Z1 1 E S —heiGht'irf oedet #3 pelish with zero force, as
is discussed below.

2.2. Zero-force polishing

—Z1701¢'Z1EZ—>Se1Se¥YS—eSeZ@el™ele'Z1 ¢ Sle " elsZ0e’'*Z
force on the work surface, while maintaining considerable removal rates (~10 mm?3h). The
“eSe'" 17 ZEel'®leZ@E>'<Ze1l'—1-">Z1eZ™e'1 —1e’le”Z(

®1le'Z1 ¢ Sle""elZj™Zeele'Zlmez>>CLle'> 70 1'e@1—"££78
E"—VYZ>0Z¢1¢71>Se’SelYZe " E's¢il ‘Z1e>SeleZ—75SeZs1ct1le"’
™yZ0e®Z>Z1E"—Z1e'Sel’ ®@1l0eZ>>"2—Z21<¢1S1Y >eZj1 “E"'L
™ e'e'YZ1le' 70 1£"—211 "01Z ZE+1le’ Z>mle>"—1¢«'F Beih-thats
'—1—">—-Se ' —E'eZ—EZO1E*Scee' E1“Zeedle'Z1™>7Zce’i>
o' " —81 ‘Z>721'721-Sij'—72-1"1le"ESeZe1Sele'Z1"“Ze c1EZ—+7
of HyDRa on the workpiece presents negative values at the footprint’s center and is circum-
®E> «Z21¢¢1S—1S——7+S581™" @'’ YZ, ™MsZ000®2>21>Z2«'"—il
Se“ZoeeZele"1—7+1FKuie 85, f@Hiitt predsure vs. distance from the center of the
e"Tel’@1™e 47071 el Sl <eS —Z7e1¢¢1-72S—17+1S1Viz\1-
sure sensor over which the tool footprint was radially scanned. As can be seen, a low pressure
zone forms at the central part of the footprint and, as the radius increases, the gauge pressur:
'— E>Z2S®eZ0el1e”1S1-S{'—-72-71 ele'Z—1eSee@1SeS’'—1Sel+'7Z1
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Figure 3.10S U1 0eZeelil >ZeeZ>Z1¢ ' @e>' <7’ —1S®@1S1e7Z—Ee"—1"¢1¢ " e1>Se’ 71
applied by the HyDRa tool as a function of distance Z from the work surface for accelerating pressures P, 1% 1XVa31Y
[V1I i1 H>1ES>'e¢81S1E " —@eS—e1” ©Z1'S@1<ZZ—1S+eZe¢1+71°21YVd1ZV1S-
S—el1XV1e—1e"51e'Z1 1™ ’e’"—il ‘Z1loe ¢'ele’'—7®@1S5>21S5—1S—Se¢e’ESelez—
right inset, the restitution spring constant is shown to be relatedto P 11 ‘Z—1S—1Zj+Z>—S « E 'iS-apptiee to the
tool and pushes it against the workpiece, the vacuum force F, has a tendency to decrease as the thrust forc&  is increased

As the tool moves away from the workpiece, the vacuum has a tendency to increase, as thi
e 570e1e > EZ1eZ—e@1e"1eZE>2S®eZ201'—1E " —@®Z822—E7Z2d1
¢'Z1e" e @le’@eS—EZ1le> " —1'Z1072>*SEZLe"1<Z1™ e @'Zeil
¢Z1S@E " ZYZed1"—Z17el1e'Z—-1See™ '—ele'Z1e "ele " 1es77e¢1 "¢
¢715'¢’ee¢1SA4SE 1’017 1S1I ™ @ e " —"—eleZY' EZil —1"®1lC(
<Cle'Z1e'5700e1S—e1YSEZz72-1e"H>EZeil ‘Z—1'Z1 ¢ S1e o1’
through a load cell, the support force F, counterbalances the tool weight mgand the remaining
forces to zero, while maintaining the tool in a static position.

The load cell value F_ is then used as feedback for the control system to maintain zero force or
$'Z1 T>"™'ZEZiI1l el eele —Z1<t1Se 7o’ —e1'Z1£,Sj’®@1" 1

71-728 025210721 " e18—0e1 ">"™M'ZEZ1e">EZ1 —+7>S EFigure 8b]
©'Z1°YZ>See1<Z'SY ™51 7ele’ @1 —+Z>SEs " —1'®le'~ —1'—1
™ Zoe®Zz>Zel el XV1e"1[V1 1S—e1S1™ e’ '’ —eloeeZ>>¢1 ~
o'71 ">"™M'7ZEZ1 Scel-—"¢ Zele>"—10ZYZ>Sel—"ee'—Ze750231"
YSe2Z201701« 218" &oZ @0l 1717 <+S'—1+' 2185t 7§ 77AS™ &
‘Z—1'21 "1 7i{EZ272°1S1EZ>+S —1e'@eS—EZd1+"7ZFiguré B).
©1e'Z1e "ol S™MM,"SE‘Zele'Z10w7<e*>SeZ281S1—Z2Se'YZ1e"
that develops between the workpiece and the HyDRa tool. As the tool further approaches
o'Z1 THP™'ZEZJ1IS1I™ e’ YZ15Z™7ee’T—1eH>EZ1'R1Z{™Z>5 .
hundred pm from the workpiece, the vacuum and thrust forces balance each other out to zero.
Here the surface can be polished without being deformed by the tool.

‘Z1E -« —Se' " —17e1S4>SE'YZ1S—+1>Z2™7e'YZ1H>EZl1 E " —-"
such is given by the empirical Morse potential of diatomic molecules u@ =B o) *°B, where
B is the dissociation potential and z,_ is the separation at which the minimum of the potential is
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P, (PSI) B110 1--1i ALOW&——1i z 110--0 k11d &——ii
50 10 1.36 0.36 40

40 75 1.36 0.34 X1i]

30 5.1 1.36 0.34 18.9

XV 3 1.36 0.34 11.1

Table1.1 "4’ —+1EZ>YZ21™S>S—-7«7Z>cei

reached, which constitutes a stable equilibrium separation. A force can be readily obtained from
this potential by calculating its gradient: Fw) ?_73%9(2) i1 Z1'SYZ1™e 471 a1 5(
Tele'Z1 *7>71<¢1ZScee, 3255721 4’ —Bleadllze 0¥ LT ™MBE»BeZ 7 >0
listedin Table 171 1>ZSe~—S«<eZ1 ¢1'®@17<eS’'—7¢81S—ele"-21" —ce -
cise. It can be noted that, as the accelerating pressur®_ increases, so does the depth of the poter
tial well and thus the amplitude of the forces involved, as given by the parameter B. However,
the minimum of the potential is found roughly at a constant separation z 17«1 S>"7—-e1

At this distance, the force derived from the potential is zero (since the derivative of the potential

'®1EZ>"U1S—ele'Z1e el "Seel1~YZ51'Z1 ">"1®2>SEZ1 —1ce:
minimum of the potential by a square law (Hooke’s law) a restitution spring constant 7 1%z 1¢éan
be obtained, which measures the force with which the stable position is restituted. The values
of k are also given in Table 1. As indicated in the inset in Figure 3b, kis a linear function of the
accelerating pressure P.

XiYil ""el'— 27Z—EZ1e72—Ee'"—1S—¢1>72-"YSe1>SeZce

ZYZ>Se1 " "e@1 'SYZ1<Z2Z2Z—12ZYZe"™Ze1e"1SEE " ——"eSeZ1¢"
from 1 to 600 mm?®h. This section presents measurements of static and volumetric removal
rates for a medium removal-rate tool with a nozzle diameter of 3.8 mm. Several polisher grits
‘SYZ1<ZZ—1Z0eeZsil Z5'2-1"7j'«Z210 ™MSe’—7Z01 '¢+'1S1™S>e'(
Oe,e>’ el "¢'1™Sse’EeZ1le’£Z0017¢1[1S—e1WX1e-dleZee™Z —-
WiV _ i1l S—™eZel ele’ Z>57Z—e1-Se7>'Seel Z>Z1™" e’ ®‘'Zefilce
e’ ES10 —e>Sce’s ,YVXUd1 ,]1< > '« ES+Z81S5—+1 ‘S>S @

The measurements were performed by scan-sliding the tool over the sample at a constan
speed and a corresponding zero-force tool height. The resulting cavity was measured inter-
ferometrically, and both the volume of removed material and the depth of the cavity were
ESeEzeSeZeil 'e'1'Z0Z1-72S0ei>7-7—-+@I(deAN omeSaridEe ok -
metric removal rate D, 1 Z>Z1¢'Z—1ES*EZ+SeZ11l Z1™Z>e">—Ze1le'ZE
operational conditions of accelerating pressure (P, U 1 S—elme? fp).ﬂ:lrl all cages, the rela
tive density of the slurry was kept at 1.09. In Figure 4, the test results are shown. In all three
™S —Zeed1le 717Dy Iselatedd® B dsHi, 0DF A, where A is the tool footprint area.

SE'1™e"el’' —e'ESeZ®le'Z1leZ™Z—+eZ—EZL1"+1>Z—-PY Sheltopdft
™S 781 ‘Z>71 Z>'72-1"j'«21 Soef%ﬂne%-oﬁ&,@arﬂ?mlllsbnl/vindowglass
were tested. These are indicated as numbers on the curve.
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Figure 4. Volumetric removal rate D , as a function of accelerating pressure (Pii1l+">1YS>' " 21 ™ e ‘'Z>1+

TiteZ10 ™S’ —7(i81[1e-18e7—"—7-1"j'eZ10ee>’ci1S—e1lWX1e-1Se7-"—7-17j"¢7
" l1eeSceelleTeele —ZiB81lezeZel e’ ESHLS—c1lc > ESZL10e"4Z1 "
S—e1 LAY " EZ>S—"ETL o0l 4721 E2>YZ2®@1S5>721Y72>""—el el Z1eS

<01S1eSE*e">1'Se1'001S1e7—Ee'"—1"clezcee>S5e721-8¢7>'Se1S—e1™Se'EZ1
E " >>200™ —e' —ele™ el Ze‘ele 3117 ZE-T

®1IES—1<Z1—"eZedle'Z1" e Z0ee1>2-"YSel>SeZ1e 51 @1 "o
e'7ele’®l "1 S®1Z-™e"¢Ze1e"51Seel E " —wZE2’YZ1Zi™Zh
at 50 PS| are obtained for this polisher. Thef =1[1™ ™' —+0e1S>21 Ze+1l 4Z+1<CL
—7="Seil —1¢'Z1 >06e1™MS—Ze¢1l Z1See"1le'™ 1le'Z1l>Z0oeZeex1l""
—1e®1ES®Z1'Z1'S>e—Z@®l™ele'21-Se7>'Se1ES7®Z0els’
e"1 '—e” leeSceceil ‘Z1e"4Zele’—Z71+'Sel ele'ZeZ1YS7Z el
™M ¢ —"—"Sel1<¢1S10e—SeeleSEe ">l —1e'Z1le™ Z>1leZeel™MS 7o
—2-17j'eZles>’ 01" —1eeSee10E>"eZEUil ‘Z1Y" 2 -heat'dR dccEt
erating pressure of 50 PSI. The solid line is theD , polynomial obtained previously, multiplied
<C1W 71 «S’—01S1YZ>C1le" el ¢1ES—1<Z1leZZ—il Sceee€¢ol’-
SeZ7—"—7-1"j'eZ1e¢>'«10WX1e—-1™S>e’'EeZle’'£Z01"—1 *'S>S1
Removal was so large that it was impossible to measure it reliably with an interferometer, so
©'Z1>7207es’—+1ESY *¢1l Sel-72S®2>2+1<¢1-72S—0e1"+1S1—7
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*S"Z—1"—1+"®1Z{™Z>'-Z—10E>"e®EZel —1*'ZDtSEZsZDS¥
°Ze10eSe'Zele’—ZUOBL1l el "72¢01'SYZ1e"1<Z1 -7’ ™o’ ZelcC1l Zi
abrasive particle is 3 to 5 orders of magnitude lower than the particle’s volume. The kinetic
energy as well as the grazing incidence associated with both the cerium and alumina par-
ticles, creates stresses that are not large enough to produce permanent dents. Resulting typ
ESel-"E>",5" 2" —7200Z®17*1XI1XZ81S—1YWLl——081e">10>’
around three orders of magnitude smaller than the particle sizes. These tests demonstrate tha
independently of grit size and material, as well as substrate hardness, behavior of removal as
a function of accelerating tool pressure is comparable, which indicates that the same mate
rial removal process discussed above is taking place. The scaling parameter is an indicator o
‘T 1Z E'Z—+*+¢1S1™S5e’ E7¢S551S>S®’'YZ1>2-"YZ®e1-SZ>'S"]
HyDRa tools present this same relationship of removal as a function of P, and grit size for
™yZeez>Z0we17e17™1e™1 V1 i1 Z25>7Z—ee¢d1eTE"IASMDZ-IYE
Opaline on borosilicate glass, are common.

2.4. Software

‘Z1 ¢ S1e>S“ZE+">¢1™eS ' _ele” el ¢ (1'1S1a™ees S>;

the HyDRa tool [9pi1l e1eZZe1-SE'"' —'—¢1E"«Z1"1S1 17>1S—¢
' e1eZY'EZ01<S0eZel"—1¢'2Z17>>">1-8S™1e‘Se1°'S1<ZZ—1"<o!
¢ S1¢ 7 7e1'1SYS'eSceZ781¢°Z1S—-"7—21"¢1-Se75’Sele'Sel’'ce
proportional to the dwell time. This dwell time can be controlled either by the speed of the
" 018 e" —0181e'YZ—1e>8“ZE+">¢1 ‘Z—1e'Z1¢""e1'1"™Z>SeZs
the pulses when operated in pulsed mode.

In HyTPT (Figure5101S1-S'—1 "—e~ 1 ™37 @7 —ele'Z1™> " “ZE+1—S
to go from error maps to machine coordinates in four steps:

1. >>7>1 S ™ 1S« «FhisAllewsithe easy alignment of the error map, and the determina-
o' 1701’ e@1EZ—7>81">'7Z—eSe’"—1S—e1™";Zele’'£Zi1 ‘Z
annular surfaces.

2. Basetrajector:1 e1’cel1™ cece’'<eZ1e 1@ ZeZE*1+'21<S0eZ1>S“ZE-
>S®eZ>1™SA475—@1e"1-">Z1E -™eZ{1E7>YZed1l®eZE'1SceE
®'<eZ1e" 1eZ —71S—e1S—SeC£Z1ZSE'1EZ>YZ1e> =121 ™
polishing time, and speed at each point, among several others.

3. Surface shape:1 ‘Z1@‘'S™Z1"e1e' 717> SEZd1EZ>>Z—++¢1S—¢-
—Ze1 ' —1e’l '—e" i1 'Z1X, 1<S@Z1>S“ZE*">¢1'1™>""7
" 1e'7Z1Y, 1>S“ZE e >¢1¢'Z1—">-SelYZE+">1e"1e'Z102>+SCE
71 1-S¢17>'Z—el1e'7Z1 ¢ Sl1e "¢l —"5-Sele"1e'Z1lez>*SE:
4. Machine coordinates: A set of alignment tools facilitates the transformation of surface co-
">’ —Se7001e"1-SE " —Z1E ">’ —SeZ®il ‘ZeZl> i —7Z®1E
S>Z1eZYZe"™Z7e1e™>1ZSE'1™Ss>e’ E2+S51 175>1>7¢"+1S5-1"1
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Figure 5. HyTPT software main interface showing all four steps.

" SeetPle'Z1EZ—o7Z> —el1S—e1">'7Z—eSe'"_1™MS,S_7e7>®€
™M~ T™M75e¢1Se’e—1e'Z1etee’Z—il —EZ1ZSE ‘171l ZeZ1™S>
"oeleZe’'YZ>Ze1e" 1721 1-SE''"—Z081">1>"¢"¢1S>-1e"1'*1ES

3. Pulsed polishing

Due to its hydrodynamic properties, the original HyDRa tool [ 1] does not allow the mod -
PESeT—1"510 e E " —e1"01S—¢17e1'e@1 " ™Z>Se’"—Sel ™S,
">0Z51 "1 @E T —e>"01e'Z15>72-"YSedle Zesle'—Z1' 1" Zel<cC1l.
©'7>71'®@1S1-S|'—72-1""elYZe"E ' e¢1l -™"Zs1c¢l 1o’ —'¢Se
zero amount of material that can be removed with the tool. This poses problems for several
operational applications, such as zonal corrections, multi-head or tessellated polishing, and
edge problems. A new HyDRa tool design (patent pending) [ X overcomes these problems, by
® eE—el"—Z1701e' 21" ™Z5Se’" —Se1 ™SS _ZeZ>5@10™ e @'
SH>SE'YZ1ISE+'"—1Sel 'eedl 'o'"72e1S ZEes' —ele el Seil ‘'Z
® eEZe1l-S——751 'eZ—el'e®@1"YZ>Seel™Z5¢"5-S—_EZ1S—
is not simple to switch most of the tool's operational parameters during use, since this causes
Sle"e®1™e1e™ ¢1¢’'S®edl "E'1S ZE+wle'Z1l "eSe’'"—1ES™Sc
¢S"Z®1e'—Z1S—e1l ™ e7EZ012— S—eZ2+172 ZE+s®l®eZzE'1ScE:
®e>SeZeC¢1le”1-S" —eleieele ZZ™@l ele'Z172—<>721@2>*SEZ
tion, the region must be approached with the tool biased, leaving behind an unwanted track
S—elS™MM,"SE'1S—e1Zi'+1-S>"@il 1—72 1 ¢ Sle "eleZce *—
e eE—eloeez>>C1l T 1 et Zele T —ele el 'Seil eE' —-¢]
pulses as narrow as 10 ms, can be achieved with this new tool. This is accomplished by mean
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of an overdriven electro-valve which is installed in, or close to, the tool. This allows the use of
™M e’ —e]l™7eeZ@le'Se1ES—1<Z1S™M™e' 71" —1S1™Z>, ™",
'eet]l —"e7eSe’" 10 UleZE'—'3727Z0i1 'e'le'’@1eZSe7>7281 Z:
«'71-"—"—7-1S4S"—S<e71<¢1S1E~"—e¢ —7"70@1SE+"—1Sele'Z:

3.1. Linearity

A pulsed HyDRa tool with a 7 mm footprint has been developed and tested for linearity.
Figure 6a shows the results of erosion vs. dwell-time. Pulse width was varied at constant
"— E>Z-7Z—d1l@eSre’—ele> —1WVI1-e1e"1S1-Si'—-72-1"«1[V
increments, overlapping 35 times at each tool footprint diameter. The erosion was measured
7®'—e1S1 "£7ZS71' —eZ57>"—7751S—e1'Z157Z @721 S®l—">
e"1S1@ —eeZ1™MSe®l el Z1e "1 " YZ51ZSE 1™ —e1Se"—o
primarily due to errors produced by the subtraction of the base reference during interfero -
gram reduction. A removal resolution of 0.1 nm/ms can be seen from the data. Noticeable
™ e’’’ —el7Z Z@Eeml 757217« Z>YZ1Se1X[1-0il Z1S4>'<2+71
time, which can be improved by using faster actuators.

3.2. Pulsing the polishing process
3.2.1. Pulse width modulation polishing (PWM)

It is now possible to control the duration of a pulse as a fraction of the time it takes the tool to
travel a distance of one footprint diameter.

‘Z1eZ™e'17e1572-"YZ7e1-SeZ>5'Sele">18rasShe gellopgES—1™S47
hZ=D,9Y/VS

where D, is the volumetric removal rate, Y1'cele‘Z1 1eze¢1ECE-Z10G 1’
period T),V1'eele'Z1 1YZ< SEsthedrhSerstdp size. The period of the switching

Figure 6.10S 01 >’ —1VY®eil™zem@Z, 'oe'1’—1S1e’ —Z7S>'e¢1leZ@eillcil Ze™ —oeZ
" el YZe"E 'eCil ‘Z1¢ el Soeloe 'eE‘Ze1'—1S1 1-"e7281 '+*181[V-17¢1EEC
>SeeZ>1™S847Zs—17@Ze1e"1eZ—7>SeZ1e’@1l®@7>¢SEZ1' 01™Z>™Z e’ E2+S5>1"1
footprint size. Tool velocity was chosen so the pulses could be resolved independently.
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signal is T = D/V, where D is the tool footprint diameter. In the time it takes to cross a tool foot -
print, there is a single pulse whose width can be varied from zero to the entire footprint diam -
eter. The depth of the removed material ‘1 % listproportional to the dwell time ~d1 <7 -
by "1%1 &ittda proportionality constant 1 %/8Di1 * Z ¥-A1, which is the continuous
mode, tool removal (dwell time) hl' e 1 E " —e>"eeZe1<C1 1 YWZ<1@Gvhtahiid the
pulsed mode, h is controlled by means of switching the slurry supply and keeping the tool
velocity constant. The continuous mode is limited to removals greater than h . =D, Y/V__S.
In order to obtain a lower removal, the pulsed mode must be employed.

{min}

">1S1e" el e T o™, _e1e’S_7e7517¢1]1--1S—+1S1-Sj'-7-1

— = Z7—-1™Z5 el ele'Z1l e 'eE'—ele’e—Sel 'eelcZ1ViXleZ
® eE T —el1>7872Z—E¢1>S—eZ2il —1S—1Z2i*>Z2-21ES®Zd1 *
S—elW1l “"eZ1-S" —eS’'—"—e1S1E —®@+sS—e1YZ+"E’'+¢d1"1"cC
is useful for determining the response function of the pulsed tool ( Figure 6b). A fringed
™MSA47>—1ES—1<Z17«eZ>Y2Ze1l 'Z>721' 21 —eZ>eSEZ1<Z 27-
responds to the tool footprint diameter, which is the limiting polishing element size ( ™ 7 j
or polishing element).

3.2.2. Zonal polishing

‘Z—1"—+¢1S1e-Seel®@ZEe'"—1"el1'721 ®72>+SEZ1 —77+
approached with the tool turned on, leaving behind unwanted tracks, as well as approach
S—el1Zi’+1-S>"®il "l ' eele " sYZelctlim —ele'Z1™Z7e0Zs-
eSeZel57¢’ " —1e'Sel—77cle75¢'Z51™ e’ @'’ —el’' @1l eZ—" 7
75> 72— —el’el’'®1eZ —7Z+il1l ®®ez—"—+1S1>Se+Z>1™S427>-
the HyDRa tool fully operational with Y = 0, until it enters the dampening region. Here
velocity is smoothly incremented to the value needed inside the region while at the same
o' —781e'Z1eZ@'>Ze1les Zeole'—Z1 ®1E " —e>"0eZs1¢C1-72S—ce-
'—el>Ze’ " —1'leZeZ>—"—Ze1cC1le'Z1 1SEEZ+Z>Se’"—1S—
region to be corrected, either a pulsed or continuous polishing can be used in order to
-S|{'-"£721Z ' Z—CEC¢]

3.2.3. Pixel polishing

—1¢'Z1E —@®@eS—e1VYZe"E's¢1l 1™ e’ '’ —el1ES®Zdle'Z1>,
oS ZEe " —1'le Z>Z—ele> —1e'7215Z0e™ " —@ZleZ—Ee"—1"¢:
®C——Ze>'ESel —'@''—el ' ®1—2ZZ+Z2+81 1’ 1™ " @e’'<sZ1"17
consists of stepping the tool at discrete positions with respect to each other, covering the
sZe' " — 170l —eZ>7Z0e]l 'e'1le'Z1@S-Z1®eeZ™1'—E>Z-Z—2®@]1l —
the necessary time in order to achieve the desired removal for each position. This method car
also be useful when very localized zonal polishing is needed. This allows the tool to either
e"ee” 18S1>S®@eZ>1™S47>—081"51S—C¢17e'Z51e>S“ZE">¢1">1 00z
'—eZ>70*i11 —1Zi{S-™eZ1%ele’@1-Z+""¢1l Selz®eZe1l'—1 ZE-"’
®'" —1+'Se1S1572-"YSel>7Z@ 7’ —1"¢1ViW1——1ES—1<Z21S4



$EUDVLYH 7THFKQRORJ\ &KDUDFWHULVWLFV DQG $SSOLFDWLRQV

3.2.4. Tessellated polishing

—1e'Z1™ e’ —el 01 -Ze¢7Z> E*Seelrez>*SEZ®edLIZ E'Z—C
®'EZLS—e1Y " e72-7+>’E1>2-"YSe1>SeZil ® Z—E¢d1‘'~ 2YZ>8
polishing the surface with several HyDRa tools. These tools can be mounted on indepen
dent polishing robots, where each robot tackles a certain section of the surface. Alternatively,
several tools can be mounted on a single robot arm, as described below. This method pose
several problems, such as obtaining smooth seams between sections, approaching each se¢
tion without leaving marks, and avoiding collisions as two tools concurrently approach the
boundary between sections. In order to obtain a seamless interface between two independen
®BZEs"—©dl'*1'el—Z2EZe®rS>¢1e"1S™MM™M,"SE'1e'Z1<"2z—eS

ZeeZ1™SA47>—1@&JUIreZ10<14"—011 "1e>S“ZE">¢1SY "elez
©7107S5-01@ZE ‘1Sl "Zee1'S™M™M7Z__1'e¢1S1>7ZE FigwreZpS>1™

3.2.5. Polishing run interrupt

‘Z—1'Z1™ e’ @’ —e1l ™y EZe®el—ZZs@1"1<Z1 —eZ5>72™e7ed
the surface and continue polishing at a later time.

3.2.6. Edge problem

As in other polishing methods, the HyDRa tool tends to leave a small (one footprint diam -
ZeZ>UleSeeZ—170072i1 —17507251"1"YZ>E " =21+ @1l '¢'1'212-

Figure 7.1 ZeeZeeSeZel™ e’ @' —eloe'™ "—ele “1e’ Z>57Z—01e5S“ZE+">¢1S™ ™, SE"Z
"—e7>¢SEZ1<Ze 2Z—1e "1>SeeZ>1™S47>— 18170 Z1S1>ZE+S—e7S>102™ ™
e77@le'” 1S1oe'—2e8e¢'"—17ele'Z1>707ee'—el>7Z—"YSel "e‘le‘Z1e " el1-"Y" —e18§
718 ™M, "SE&Zj'e1le "1 -8>"180le' 717’ ——"—e&7Z—921"01e'71>S“ZE+">¢1e7,
" 1e 7150 e1S5>7Z1SE 7Sl ™ '@’ —el1Zi™7>'-Z—eeil el ES—1<Z10Z272—081+'2
>2-"YSe18¢1¢°72100728-01 ‘Z>2S0e1e' 21 ZeeZ1e>S“ZE">¢1™>"e72EZe1S1eZS--;
e 71™3eZ] '00'18e1¢° 7100728 -81"—1"50751e"1—-Se@E '1e'Z1e Zoeole' —71<Ze 27 —1°¢
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incremented as the tool approaches the edge, reducing dwell-time. This is counterintuitive
S—elES—1™Z®@Z—+1 1E —e> el ™ ce7-®dle —EZ1l+'Z
©'TZeelcZ1™>Z™S5 —e1e¢751S15>SeeZ>1e'ZEe " —1E'S—eZil

alleviate this problem, since dwell-time can be controlled without having to increment tool

YZe"E e¢1Sele'Z1ZeeZ15Z¢' " —il —1eSEedle’@1-Ze¢' "e1See"
prepare for a direction change.

3.2.7. Convergence

Another advantage of being able to pulse the tool is a quicker convergence towards the
desired surface [10]. As pointed out in [11pd1e‘Z1Zj'eeZ—EZ17+1S1-—"—'—7%
>Z—"YZe1e7Z1+"1—"91¢Z’—+18S cZ e )llidits-the amblnt Gfaidtedal that can
be removed in each run, whereas, by being able to pulse the toolh . can be made zero, allow
"'—e1e¢75181-S -7 -flfMrdheridctéasing the polishing convergence rate.

3.3. Multiple-head polishing

Since HyDRa tools can now be pulsed, several polishing heads can be mounted onto a corr
mon arm which moves at a constant velocity over the surface. Dwell time is then controlled
7' —el 1 H>1ZSE'1+""«81S@1>2872'>Z2+1<C1e'Z17Z5>">1-S™j1 ;
conforming capabilities of HyDRa, in that it is not necessary to employ a positioning device to
E"—e">—1e'Z1™S>Seee’@-1"01e'Z1e " ele"1e'Z1@2>*SEZil —-=
'@ 152825211 SE'1e""™1L'@1E"®Zel '+'1S1e"Sel1EZeele’'s—
stage, which permits zero-force polishing while freely following the local sag and tilt of the
surface. Another advantage of this type of polishing is that one single slurry supply system can
be used for all the tools, simplifying the system and considerably reducing the costs. Polishing
Z EZ—EC1«ZE -Z2®@1S1e7—Ee'"—1701e'Z1—7—-<Z>17ele " e ®d!
several polishing runs can be implemented into a single sweep, reducing polishing time.

By polishing with several tools, each tool is essentially given a section of the surface and the
“7—eS>'7®@1<Ze 77Z—1ZEs " —®1S>71 — ®‘'ZeleZS—-Zert
Ze'—el i1l —"—ele'Z1™ e <eZ1l~Z2%¢" ¢ el E"— +2>Se’"—®1S

3.3.1. Linear

C1l-"2—e —e1®@ZYZ>Sel ¢ Sle " e@l ™ —e"1S1@ —eeZl™ e "’
machine, it is possible to cover an area by sweeping the arm in thex1S—e1¢1+'>7Z E"
"0 1’@1®Z™SsSeZeles -1 21— 7101« VT TS 1002 S Z1BeZ Z 7%
Si'el cele”—Z1c¢1-"Y ~&nd HehhBvandngith the selected raster step in they
Si'eil ‘Z1°YZ>eS™1<Ze 7Z7—1¢'71@ZE+s " —@1Socm s—7Z¢1"1;
eSeZel1™51¢' 721 1eZE'—'872Z®81SeleZeE>'«Z+1S<"YZil ‘Z>21
into account for this method, particularly due to the edge problem that arises when polishing
circular or non-rectangular surfaces. There will always be a tool that needs to either enter or
Zi'*1e'Z10072>*SEZO1 “"eZ217«'Z>0015>7218>72Se¢1™ e’ "’ —ejl o
advantage of their self-conforming capability, as they approach the edge of the workpiece,
¢'ZC1e”"Z1 "SeSc<’e’eCil ‘Z@Z1™>"<eZ-1ES—1<Z1eZSsel o'
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Figure 8.1 ¢e>S1e el -"7—eZ¢1"—181@™ ' >8e1S8>-100ZZ1Ziii

3.3.2. Matrix

‘21’ —ZSH>1E"— ¢25Se'"—1ES—1<Z1Z{™MS—eZe1<C1E>ZSs" —-=
—Si = E —ele el —7—<Z>1"—1">eZ251"1-"—"—"£71™ e @' —ele’
same as the linear case, but addingM rows. This is equivalent to carrying out M polishing
runs in a single iteration.

3.3.3. Spiral

—1e'Z1ES®Z17e1eS>¢Z1E >E2+S>1-"5>"5081'+1-S¢1Z21-">Z
017 —1S15>"¢S5¢1eSceZil o1 Z1®eZZ2"1+"1 j1Se1-S—¢1 ¢ S1le~
E~"—e'e'"—@l-701¢Z1-7Z+i1 '>eedle'Z1—7—<«Z%40 thhtEactotobloedV ;
Z>01°210S-21-"5>"515S572S71 ZE " —+eCdLle " "e@l-20+1<Z21™S(
" 1e'Sel1ZSE ‘1" ole’'eel—Zjele 1o Zle ee™ "1™~ 771 ‘Z>7¢"
of spiral which is possible to solve for. By calculus of variations a spiral curve parameter -
ized by the (increasing) radial coordinate, given in polar coordinates ( > d Lr@sults in: @) %"
&R 01t ¥ oarctan( &6 *01), 0B ALKl — 17 (S —™eZ 1%« 1"’ deiduress] vehere-HyDRa tbols
are mounted at equal separations along a spiral arm and may move along it to span equal
areas, as the surface under it rotates.

Zil "¢’’’ —e1™S>S—-ZZ>0e

ele'Zl—Z7e0'™e71 — '@ —eleZE ' —'8220@1E2>>Z—e2¢1'—17®Zd
may be candidates for deterministic polishing, provided that the uncertainty of key polishing
™SS _ZeZsel'eel—"—"—"£Z¢il ZeZ>——"@e’E1™ e’ @'’ —el>72'Z
Z—EZ1ez—Ee'"—01le'Z2@1l’'e1’ @1’ -™Z5Se’YZ1e'Sel’el’' @lezeet
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™MTe’ @ Zeil '—72¢eS—Z"7@e¢C01—-Ze>"¢"e¢1'c@l1S1leZeZ>—"—"'—e1eS
since it limits the precision of the error maps that can be obtained. This requires the knowl-
edge of a series of polishing parameters such as tool velocity, pressure and height as well a
slurry type, temperature, etc. Most of these parameters remain constant during the time peri -
ods required for polishing small optics, i.e. a few minutes. If larger, meter-class surfaces need
to be polished, it is important to control and keep all parameters constant during an entire
polishing run, which can represent over 10 h. Thus, a very stable and precise process contro
of the process is required.

The HyDRa tool removal function is based mainly on four independent operating parameters:
propelling air pressure, grit mass concentration, height of the tool over the surface to be pol-
' Ze81S—eleez>>t1l T 1S—e&51leez>>C1l™>Z@a®@z>Zil —1 7>
surfaces, the errors contributed by each of these factors must be taken into account and pre
E' @ZeC1IE " —e>"eeZele " I1W—1">10217—e'>7107—ee‘17ele‘Z]1™
—Ze>"¢"e¢1'1E>ZE'Sele™s1eZeZ>—"—'—ele'71®72>*SEZ 1 —!
precision of the error maps that can be obtained.

ZiWil ZeZ>—"'—"@e EL1™ e 2" —>»

"1-S|'—EZ1™ e @ —e]1™Z5e7,_S_EZ81S—1S>Se’YZ1+"S-1
raises the velocity of the polishing particles, improving the removal of material. This foam is
™~ e7EZe1<C1E"—< — —« 154 @V mis}slGrey with aidthat is kept at a constant
pressure P il “'oel Z'e1 'ele'Z—1SEEZZ>SZ+1 '*'1™>7Z0eez>Pf
— 17T —Z1751-"5Z1ECeT—>'ES1ESY' ' Zeil ‘Z1>ZeZes'—-1S
"o 1 —"E££+7081 'Z>Z1S1Y >eZil ' @1 ™>"ezEZe1e'SeleZVZ"T
>SE'—e81Z—"0">-1>Z-"YSe1e"Te ™5 —e71 flto EleBy plessire-A, ek #>ed
each value of accelerating pressureP,. This, in addition, depends on the tool’s physical char -
acteristics, such as its overall dimensions, the geometry of the acceleration chamber(s), as we
Sele'Z1—"££+210'S™Zi1l “"el>Z¢Se’"—1Z®@+Scs’®'Ze1S—1
In this section, the control of f is chosen, although it is possible to select to control for eitherf
or P. The removal D of HyDRa mainly depends on four independent operating parameters:
propelling air pressure P, drit mass concentration + 3 1 ce «Z>> ¢,land distance of the tool
over the workpiece Z. In order for deterministically polished surfaces to be obtained, the
errors contributed by each of these parameters must be taken into account and controlled.

‘Z1>72-"YS*1>SeZed1SeleZeZ>—"—Z1<¢1S1leZ>'Z®el "+l —Z
ing parameters varied, are shown in Figure 9.

To generalize the analysis, all parametersX are normalized around their operational val -
ues asxix— i1 ’-‘1-"oe61-‘21>Z-é-’\"(21\"(é>’é-’”—1~-1Zx§t(’EX1—T)“:'Sz=é
( X VY is computed. The ratio between the relative variations of removal rate and the rela-
tive variations of each polishing parameter is given in the upper-left corner of the graphs.

Here the operational value for the relative density is 80 g/I. As can be seen, removal rate var
'Z@1SEelWiWArle' —Zel1e'Z]1 7Ee2Se " —®l —1'Z1E" —EZ—>=:
>SeZ1S—ele'Z157Z001 2121 ™S5S—-7e7>1ES—1<Z1eZ7Z>5-
around the operation point of each parameter are taken into account. The sensitivities on
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Figure 9. Normalized removal rate D/D = (dimensionless) with reference to the normalized value of certain polishing
™S>S-7Z+7>010-S ce ce 1,@0pellEFpressiBe P,&8-1lce*7>>¢1 ~ 1e1S—ele™ el Z e «1£0il ‘Z1
each parameter is indicated in the upper left corner of each graph.

propelling pressure P, 101z ™ ™ Z>,>" "« i 6f{losver-befty And tabl height z (lower-right)
S>Z1X31ViY1IS—e1lVirdl>Zae™ZEe'YZeCil —1e''@leZoeedle",
—01>Z™ZE+'YZe¢il —1"™e’ —7_-1YSe771%¢lee?>>¢1 ~ 10S>
>SeZ71'@1-Si'—"£71S—e1 "E'1’1IE " "RZ—1"1"™75Se71e'7
" eCleZE>ZSeZ0oelee’eteetle™>1 e 2517 51e” Z5>1 T 1>SeZ@1S
lower left panel of Figure 9.

In the case of tool height z, load cell force F_ can be used instead, since, as shown in4] tool
e H>EZ1'e1S—1S™M™, " _SeZ1le'—7S51e7—E+""—1"ele’@eS—C
that z + KF, with K~10 m/N, and hence "£1%.1"

If we assume that each of these four variables is statistically independent, the total error car
218071 —1872Se>Se7>771 "5172{S—™e781'«172ZSE'1™S>S5-7¢7
the total error "D, is D, #7f.18 )*+(X P)*+(03 f)*+08 281 ""E'1S-"z—e0ele":
case. This means that if 500 nm of material are removed in one polishing run, considering that
' Z1™S>S—-ZeZ501S>Z1E " —e>"eeZele"1W-81le‘'Z1e"sSelez>*SCE
E"—ee'e2Z2®@1ISIXi[=1eZYZel el—"—eZe7>—"—'@-10'I27i61_]
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ZiXT1l "o’ —e1lZiS-—™eZA1™ e’ @'’ —e17¢1S—1"Z1E-1-">>">

As mentioned before, in order to deterministically polish large surfaces it is imperative that
3Z7-"YSe1>8¢7215>7-8" —el@eS«eZ1 V7517 ijeZ—eZele' —=721™7,'"
™' _S5¢1—"5>">1e"1¢&WV1 &81ViJlel 1'—17>eZ>1"1™5 Y71
tackle meter-class optics. The polishing process is described in W X pil >~ —1e¢*Z17Z5>>"
were acquired during the iterations, the level of determinism of the process could be calcu-
¢SeZeil 5"-1ZSE'1-S™1 Z1E " -™Z7eZ¢1S1e " e1esS“ZE+">¢1 "o
removed material was calculated by subtracting the previous error map from the measured
one. Then, from the obtained result after polishing, the removed material for each iteration
SceleZeZ>—" —7Ze1S—e1™e"47¢1Se1S1e7— dFigliredD A lineaf relation-
"R1Zi™Z@EeZe1S—ele'Z1eZY Se’"—1e>"—1e"01>7Z™ Fifjoee/11- TtEs
Zi™Z>' —Z—+1 Selz®eZe2e1e"172YSe2SeZ1'Z1’'—™"5eS—EZ1"
oZNVZel eleZeZ>—"—"@—-1e¢">1™s%e" —eZele’—Z1™Z75 "eeil —1s"
e3>l "reZsle Zee, o' —7Z@1le'S—1e">1e"—e751"—Zceil el elez
quickly accelerated to obtain short dwell-times. As the mirror is progressively corrected, the
surface is smoother and these changes tend to decrease.

ZiYT1l "¢’’’ —e1ZiS—™eZfil 1S—el™ e’ @'’ —el17¢l Sc>¢, Z> ¢

Three components in the power spectral density (PSD) of the residual surface errors that are
related to the footprint diameter of the tool D, 1Zj'ceel">1S—¢1le'YZ—1™ e’ "’
frequency domain (L>>D, 81+'Z100Z>*SEZ1Z>>">0 10" ™« ' ESe1 *2>20U1lS
polishing parameters during the polishing run, while at the high-frequency domain ( L1 A[A'l
the physics of the polishing process determine surface quality (micro-roughness). In the case o
mid-spatial frequencies (L~D,) surface quality depends on the geometry and overlap of the pol-
e’ —ele>S“ZEe">'Z0il Z17<¢eS'—Z7e1 1-7S 04} afid-idferermes Sezeir

Figure 10. An 84 cm mirror with a 1 cm thick faceplate that was polished using the HyDRa system. (a) Picture of the
—'5>"> 1 —eZ>—Se1«SE",00>72E*Z>ZT110<¢U1 ">>">1™>"">1e"1 ¢ S1 —'e‘'—ejl ‘Z:
process can be noted. (c) Mirror surface after HyDRa polishing. The polishing process entirely removed the print-
through by polishing with the zero-force, error-map based process described in this chapter. Low-order Zernikes have
ZZ2—1572-"YZeloe"1e'01Z Z@Ee1l el 's'e’e'eZeil ,ceESeZ®e1S5521'Z10S-21S—-
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Figure 11.1 "eSe1S—"7—01"01-8e75'Sel1>7-"YVYZ7e1' —1¢'721 —Sel1’¢755¢'"—10Y1>72—ce]
Ze7—-7—e1 el XTI¥18WXjiX22ee ' £Z071 1¢'—7851>7¢8¢"" —1&NBAS7 —VSeclb S T~ 1 1M
S—1Z—e'>7e¢1eZe7>—"—' @' E1™>"EZoe0oil ‘Z1>2721Z2Y'Se’"—le> -1 @1cZ"

— " eZe7>—"—'—-18S—e1>7Z™s7@Z—ecele'ZleeS—¢SreleZY 'S’ —17eleZz1 ™" _

The PSD is discussed using the results obtained while polishing four 50 mm etalon plates to
(ZA475>1'S—1&WVVil ‘ZZ1[V1-—=1+'S—7+7>1 SeZ>,e572721%7@7Z"
—'—e1 S>¢, Z>"el ' —e7Z>e75 77571 ‘ZeZlez>*SEZ®el Z>21™"
'—1 Z@Ee'"—1Zi1 2>eSEZ1-72S®i>72-2—+@1 7Z>21S"72—1 '+*1S1
"— 175075171878 —e'eC 1o Z1psZ2 P (21 BIRNAN > ZE e 2ol —e 10
' eZ5e75 7751 "' 1XY1S—e1[VY%1"<“ZE'YZ0e1l0Z3ZpmPwasusetl
to determine mid- and high-spatial frequencies, respectively. In Figure 11ad1¢'Z1X,+’' -7
power spectrum PSD 1 Yeilae ™Se'Sel1e>723727Z—EC¢1'el ™e"4Z+i1 «1E
sZe'—7Z@1Zi'eele'Sel1E > Z@™ " —ele"1e'Z1@Z>'Z01™ 01l —@e>7—
§2Se’eCil ‘Z1'—eZe>SeZel 1YSe7Z®@1+>1ZSE 152« -21S>21Y"
et @™Se'Sel1e>72877—E'Z®B1>Z@™ZE'YZCil 217V Z>F Vs Sivece
in this section the physics of the HyDRa tool are described, emphasis will be made on the PSL
el ™Se'Se 37877 —E'Z10-—"E>",>"2e'—Z00cUil “>1e¢” Z>1e>.
it is crucial to achieve a very high stability of the operational parameters, refer to [ 13]. Figure 12b
shows one of four etalon plates that were polished.

Interferograms [10p1 o2~ Ze1'—'e'Sel ¢7>72175>">@1'Se1>5—e7e¢1<7
these measurements, we calculated the error maps to compute a dwell-time based raster pai
¢Z5—1e>S“Z@Ee">¢1e™51e' 21 1™ '@’ —e1-SE"'—Z2i1 —1SEE
and tool height was controlled to achieve zero-force on the workpiece. RMS surface qualities
between 3.6 and 6.8 nm were obtained after two 15 min polishing runs. The low frequency
'—eZ>YSel17el1e'Z1 1" ®@1S—1"YZ>Seel 1 ele"le'ZleZee
SEE™ H>eS—EZL1 ’e'1e'Z1>Z@7ec@1l™>720Z—eZe1'—1'Z1™>7Y
e lAA&WVV1e™51Y ' 00'<eZ1 SYZeZ—ee'@il 2¢,S™MZ>5e7>5721™ e’
S "E’SeZel o'l Z1 ™ e 4] whidheod® “GECHreih> HYDRA golishing with a
7 mm footprint on a 40 mm sample. To minimize these mid-spatial frequencies, the tool was
>SeeZ>, ES——Z7¢1 '¢'1ViX[l-—10eZ™®Edl “"E'1E >>Ze™" -
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Figure 12.10Su1 X, 1™~ Z>1 ce ™ Z E sasSa fumction @f 'linkar spatial frequency obtained with HyDRa on an
etalon plate. (b) One of four etalon plates prior and after HyDRa polishing. The wrapped phase of the surface before
(left) and after (right) polishing is shown in the upper images. Unwrapped phases of the original and polished surface,
respectively (lower images). The inscribed green circle delimits the plate’s usable region. Of the 50 mm plate diameter,
T—eC¢le'Z1EZ—e>Se1ZV1--1 Z>721™ e ®'Zed1l e’ —EZ1e'Z1ZieZ> 51> —el'®1l?’
within the light-colored circle.

>SEZe1 el ’®@1>SeeZ>1™S47>—10'"2e+1"'SY MreqLénreylrahge on
the PSD. However, no evident peaks that could have been related to grooves left by a raste
™MS47Z>—1E 72001217« Z>YZ2e81S—e1"—e¢1S1+'—¢1™ZS"1E
noted. This peak adds a very small fraction of a nm to the total 1.5 nm RMS of the mid-fre-
872Z— EC1<S—edleZ-"—@e>Se’—ele'Sel "YZ>5S®eZ> —+ 1ES-
>728727—E'Zeil "el>Z™s7Z@Z—ee1S—1SeeZ>—S+' Y715 sing
T @17 —Z1e" "0l 1E-™S>Se'VZe¢1leS>e 71 e™ _e]1'Sele‘”Z
'—eZ—@'e’YZ1eTl 1™Te’e'" —'—el17>>"5@d1 "E'1S>Z1e "1"
eTTe™ el @ EZiI]1l '—Seet¢dle'Z1 e e™Se’Sel 578577 —ECLe"
Although the PSD decreases in this region, it apparently stabilizes at frequencies >10 mm*'
or sizes smaller than 1um. This number is related to the grit size that was used in this test.
To sustain a decreasing PSD tendency and thus, smaller values of the high-frequency RM<S
the use of smaller grit sizes is suggested. Integrating the high-frequency domain of the PSD tc
“ceS'—1e'Z1 1'®1See”1282'YSeZ—ele"1ESeE 7S’ —e1le'21
—E>", —7>075">S—81SEE >’ —e1+"1S 1S —S>e16ZThis mitfe-
roughness obtained with the HyDRa process (3 nm) is comparable to the roughness reportec
'—1EZ>>Z—e1 Ee’eZ>5Se7571y
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