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Abstract

Freeform surfaces are emerging in a new design trend in the optical industry to improve the
system performance with reduced number of optical components. These surfaces are featured
with non-symmetrical profile and offer added advantages over rotationally symmetric
surfaces while designing a compact and light weight optical system. Freeform surfaces found
their usage mostly in non-imaging and imaging applications such as a compact projection
system, head-up displays, lithography, computational imaging, space optics, and optical
microsystems. Present optical design trend and advancement of precision manufacturing
technology is driving the researchers for usage of freeform surfaces in imaging application
i.e. space optics and high depth of focus thermal imaging systems. Along with the
advantages, there are numerous challenges in the fabrication and characterization of such

complex surfaces.

Modern optical fabrication methods are, in principle, capable to meet the challenges to
generate the complicated freeform shapes. However, the metrology is still challenging and a
limiting factor for achieving precision fabrication tolerances on the freeform surfaces. To
achieve precision fabrication tolerances using high end computer numerically controlled
(CNC) machines, a suitable metrology system is required to provide feedback to minimize
the residual form error of designed freeform surface. Existing profilometry and
interferometry based metrology techniques have their own challenges and limitations for

measurement of freeform surface.

The wavefront measurement capability of the Shack-Hartmann Sensor (SHS) has brought its
applications in the measurement of freeform surfaces with the advantage of being compact,
low cost, vibration insensitive and non-null in nature as compared to null based
interferometric approaches. This also makes SHS a suitable candidate for on-machine
freeform metrology solution to provide metrology feedback for corrective machining of
freeform optics. SHS is a low resolution sensor and dynamic range of the measurement is
limited by the slope of the surface under test. These limitations can be addressed using
specific subaperture stitching techniques and scanning SHS configuration for profiling
freeform optics/wavefront. The goal of the research work is to develop a subaperture
stitching algorithm and its implementation to Shack-Hartmann Sensor based metrology

methodology for the measurement of freeform surfaces.



The following major investigations have been carried out to achieve the goal of the research
work in the thesis

e Subaperture stitching interferometry (SSI) based techniques have been studied and
implemented for the measurement of optical surfaces including plano, aspherical and
cubic surface.

e A subaperture stitching algorithm and stitching tool box compatible with design,
manufacturing and testing platform has been developed and implemented for freeform
metrology using scanning SHS configuration.

e An improved reconstruction algorithm has been developed for noisy slope data of
freeform surface using weighted cubic spline based integration (WCSLI) and
implemented to scanning SHS based freeform metrology with improved stitching
performance.

e A precise registration based subaperture stitching technique has been investigated
using an iterative closest point (ICP) based approach and an intrinsic surface feature
(ISF) based approach for addressing the alignment issues during subaperture stitching

process.

The first chapter presents a general overview of freeform optics. Advantages of freeform
optics for use in non-imaging and imaging applications are highlighted. The challenges in the
designing of freeform optics with basic mathematical background and performance
evaluation are discussed. The trends in the manufacturing of freeform surfaces are studied
and their limitations for achieving precision manufacturing tolerances are discussed. In the
last section, a survey has been made on various metrology techniques explored for

characterization of freeform surfaces with their limitations.

In the second chapter, basic principle of SSI for testing of optical wavefront is discussed. SSI
based techniques are implemented for the measurement of flat and aspheric surfaces by
stitching circular and annular subapertures to compute phase profile of full surface. The
technique has also been implemented for the measurement of shallow cubic freeform surface
during its corrective CNC polishing process. Finally, the limitations of subaperture stitching

interferometry for the measurement of freeform surfaces have been discussed.

In the third chapter, a slope based measurement of freeform wavefront using scanning SHS

has been demonstrated. A method based on subaperture stitching for measurement of



freeform wavefront is developed and applied to the data acquired using a scanning SHS. A
mathematical model for a stitching algorithm is developed. The simulation results based on
mathematical model is experimentally verified on the freeform surfaces. The proposed
method is an effective approach, for freeform metrology in non-imaging applications. By
increasing the accuracy of the misalignment correction during the stitching, it can be applied
measurement of freeform optics for imaging applications.

The fourth chapter presents spline based integration technique for the reconstruction of a
freeform wavefront from slope data. The slope data of freeform surface contains noise due
to its machining process and introduces reconstruction error. WCSLI has been developed for
integration of noisy slope data to reconstruct the freeform surface profile. The technique has
been experimentally implemented to subaperture stitching based measurement of a freeform
wavefront using a scanning Shack-Hartmann sensor. The boundary artifacts are minimal in
WCSLI based reconstruction and provide improved performance of subaperture stitching
process for measurement taken by using SHS noisy freeform surfaces due to machining tool

marks.

In the fifth chapter, registration based lateral misalignment correction scheme for subaperture
stitching process is presented. In the first section of the chapter, an ICP based registration
scheme is proposed to minimize lateral misalignments induced during scanning process. ICP
perform well for correction of misalignment of the order of integer value of sample size of
measurement taken by SHS. In the next section, a precise registration scheme based on ISF
with up-sampled cross correlation is presented which demonstrated the better misalignment
correction for sub-sampled order lateral misalignments and thus enhanced the performance of

stitching process.

The sixth chapter presents the conclusions drawn from the research work, advantages and

limitation of scanning SHS based freeform metrology and future scope of the research work.

vi



qIA

AffCeher Teahi 6T FH TCAT o AT TUTAT F TG AT Jgd¥ aaTd o (o7 sfifeashir I2ART o
< TRoTeT JgMRT & BIH ddg IHT Lol ¢ | 3 ddgl &l I-HAfadiT TwEa == B
STAT & 3% 98 Odg HIT0Fe Ud gooh AIT AT Affoadhel TOTeAT &1 RoTew wed a87F =it
T gagi 9T ATAT AT & Fdt g | IhE qagl H7 ST I-SHRT ST
S o FiFEe JIerEeE YorTe!, gedu-fRee, foraurdy, Fregeaded THISE, T atftaay
v iftewa ArewfaTer ® fFr mar 8 | aqae stftese Remea 6t wgfr siv ad=
fRetor et 1 Ifa argewatar w1 AR SguEnT § 9F % e it vd 3y
I TgTs I<h ardiT Jrafas T TUmet & T IRa w2 Tl g | a9 & 91, UH Sied
gl & FHIT Ud 7799 § &% FAGAT & |

g Ae Aifcemar wisre ATedT, G5ias &9 |, Sed Hiwd Rl & HHq T |

HeTH & | ZeAiteh, T TR =i i qgrersit oo/ €7 A ¢ AT Hwd dqg 9w

AEIHAaTgas (I FIA & [0 TH HIHT HF g | e duaet(CNC) #efiai g

TAT9re Tfsrehrerd A<e &l ITH FLd o o7 ITIH ATIT TITAT %0l SAELTHaT gt g Sl 1
Sisrener FTAT &1 FF FT Toh | TAHTT TITRATHET 3T TTRUHST LT ATIAT T T |
T TR gl o A9 #hl a1 Faiaar Ud AT g |

A AT 9 (TFU=0E) HT davhe HTI9 ATAT, FH AN, a9 THaaq9 T Ud qiq-ae
T B o LU T8 ShIHIH Adgi & AT99 | 197 9T 8 | S I 6 F0T, TaUF0d -
ol IR HETATSIT o o1 IUH SFHIRATE & ST o ShTRIH e o qamercae qefieT
& ToTT AErATSiT Hiede TG Fdl & | TaUF0F Uh HF (oed9d 997 § UF 39 §6< g0
HTOT T ITqefier HHT T4 |9dg 6 ST g1 SiHd g | FIwiH sfifeeaa/aathe &l
HrTet FT AT Aa-rq= Ref=R T ATt Ud ThiaT 0qu90q  HICEReaT & gl
TETAT AT ST JhaT g | SATHETT Hd T q&F Uk -9 [Cei=nT TAE] U T

AT ThhIH qagl I¥ TTTF0E HaT TETT HIIT 0l dahe 19 ] [ahiad HeAT g |

A & e F14 F e 71 we w2 F oo e sy st g -

Vil



. -9 Fef=T STt (SSI) sremiia Tl 7 TqAT UF THF (A eaaT

T, ST U F (o adgi & A9 § R T g |

. AF-AT=Y Fel=T Uy a7 Ref=w oo aieq w7 Awara & = g o & 7g
feerew, fAfRmtor va gdieror ewid F A1 69 & Ud SR UTHUAUE HiPwTeE g
IR TSl T ATO9 | T 2 |

. JET Ffah TATSH LT W0 (WCSLI) FT ITINT Feeh HIHH ddgi & &

FATT 22T & Forg ue dgae e vemigy Aefad BT g o g9 998 gy 6
TETFTH U Hel-ATHL (R AT Shrwid Agretisit 9 far 74w 2 |

. AEHUT TF ARUHTE Aera f&Of gy uF adiw e qa-araeEe fef=mr
T 60 ST 01 TS § ST (o6 A-ATAL (e [=RT THAT & S0 Sl qael qai 0 darred

FLATE |

TgAT LT ShIHIH AT FHT UF GTHT ATATRT Toqd FLdl g | TL-THORT TF ZHTM
FIITIART | ITART 6 Forw hrwid sAiftesd F a9 9% Th1er STaAT 747 ¢ | gAaArar aford
IO S TR qoaishe & a1 hIwiH sfifteaq & fored & Fifaar 9% 9=1 #f 1% 2 |
TRTTRIH |agl o AT & SATHI 7 AT AT AT & AT qeleh (A THHTT SfALees ST FHid
* oo It Hiwret ux ot 5=1 &t T2 g | dfaw @ H, AT #Ereist amdihl 9% UE
e fohaT AT 2 |

L AT |, AffCedme qathe & TLEAT & o7 THUHAE & ITal FIGid 9€ T4 6l T

S| THUHSTE LT TR RAT T TIITRT Tl U ST Hdgi 9¢ e AT Ve q4-
=Y Ref=RT GRT I7 el TTRIS sl ITOTAT 3 o (7T 6T 797 8 | 39 Johetleh 0 JAN
"ot aiferfonT whram grer qifersr ho 0 Iuaer Ffee Hwid |aaqg & 7o § fhar w3
g | 3 ¥, A-09< Rl TeThTHT il ThIRH gl & ATIH § HHaarsi 9% 947 @f TS
g

e AT |, T TG ThiAT 7quF07 F7 IYANT Fh HIHY a9 & JTIT HT

wafsta fFaT T 8 | e aavhe i 7T & forw ga-sra=e Ref=[r qur whAw ggrary
FIFRILT I eTia s fatey Fwfaa & 1€ g | Ref= ueniay & ok qiea
farepfera o T & | IO Aied 9% seTd (e aRomH SRS €9 & Hih

viii



Tqagl 9T FATHod R 7 | e-g AT AR ® HrwiH fgetst & forw et fafy v
ATl e g | Ref= & S MEsrereete § qUmT it GErdhar a@gree, T SHONT
FIART & forw shrwte stffees & 79" # R o s asan 2 o

JTI LTI, T T o TATT 22T oF ST o o0 TATSA ST Tohe( 1ol o TN T
TEQT (AT 2 | SRR Jagl & AT F F0T T T ST H Al Tar @ S & T
TEI TTRAT § AT Ica« F2ar & | WCSLI T Shiwid ddg & Aiesil &A1 T2 & ThIHao
% TorT fEefera OFaT 13T 8 | 39 T &l TRl THUAUE UF Hqe-997 Fef=n T g0
TRITRTH Javhe & TTATHIE &9 F 9799 & a1 T g |

TEe AT H, Ha-TT9 Fef=0T ThHHaT & 09 ScIe ded (Hauare-e & A %
T OSTTahor STeTia ATSHT TEqd ol T g | AT & Ugl @< H, Uk SATeidl e
TSI IR0T TISAT TeaTiad g, s ThiaT THRAT & ST Scdd dedd (HauarsHe Sl T
THUAUH T AU ST % Uh G¥9e 6 QU HH § g, Tl FHF 63T 7 5 | 30 g€ H,

AEUHTE T AT UF Hetdh Gof R0 TS| TEd 6l &, NeH Aq-970eg Hig-hiieerd

TRl 7 TANT T THUATH GTT AU ST F TI-9F9eE ST 6 AT (HAUATEH T
FH ToRAT 197 § ST o ef=nr wionar & |7 Fentad wear g |

BST AL 9T T, ATH 3T ThTeT THUATH ST SHIHIH HelA ST ST ST Hd 6
AT F T H Mol 0 Ry Toqd F2aT g |



Contents

CITITICALE oottt ettt I
ACKNOWIBAGEMENTS. ...ttt i
ADSTIACT et v
LEST OF FIQUIES ...ttt ettt ettt et Xiv
LISE OF TADIE ..o XX
LiSt OF ADDIEVIATIONS. ..ot XXi
Chapter 1  Freeform optics a brief introducCtion ............c.ccov i 1
1.1 BACKGIOUNG. ... ciiiiiiiieiiee ettt ettt 1
1.2 Mathematical deSCrIPTION ........eoiiiiiiii i 5
1.2.1  Zernike circular polynomials..........ccooouiiiiiiiiiiieii e 6
1.2.2  Zernike non-circular polynomialS............ccooiiiiiiiiiie e 7
1.2.3  Q type orthogonal polynomials ...........cccccvveiiiieiiiieccee e 8
1.2.4  Two-dimensional Chebyshev polynomials.............cccooveiiiiiiiic i, 8
1.2.5  Two-dimensional Legendre polynomialS............ccccooviveiiiie i 9
1.2.6  Extended XY polynomials .........ccccoviuiiiiiiieiiiie e 9
1.2.7  SPIINE FUNCLIONS ...ttt 10
1.2.8  Radial basis fUNCLION ..........cooviiiiiiei e 10
1.2.9  Numerical orthogonal polynomials ............ccccveiiiieiiiii e 11

1.3  Challenges in the realization of freeform optics..........ccccovveiiiii i, 12
1.4 Optical design using freeform OptiCS ........cooiiiveiiiii i 14
1.5 Manufacturing of freeform surface..........cccoeeviviiiii i, 15
1.5.1  Ultra-precision CNC grinding/polishing...........cccccveiviiiiiii i 16
1.5.2  Single point diamond turning (SPDT) ....c.oeeiiiieiiie e 20
1.5.3  Ultraprecision micromilling teChniqUES ............cooovveiiiieiiiee e 21
1.5.4  Corrective polishing tECANIQUES .........ccoiiiiiieiiiiiiie e 22



1.6 Metrology of freeform optics: criticality and challenges............cccocevviveiiineiinnnn, 23

1.6.1  CoNtact MELrOIOGY.....ccveiiiieiieieiie et 23
1.6.2  NON-CONACt MELIOIOGY......ceivviiiieiiieiiiee s 26
1.7 DIHSCUSSION. ..ttt ettt ettt ekttt ekttt et ekttt e st ettt e st e et e et e e anbe et 33

Chapter 2  Investigations on the subaperture stitching interferometry based

techniques for measurement of optical SUrface............ccovviiiiiiii i 35
2.1  Introduction of subaperture stitching interferometry (SSI) ........ccoooviiiiiniiiiinnnn. 35
2.2 Mathematical fOrmulatION ...........c.ooiiiiiiiiii s 37

2.2.1  SSI for circular SUDAPEITUIES ........cocuviiiieiiieiie e 38
2.2.2  SSI for annular SUDAPEITUIES ........cocviiiiiiiieie e 40
2.3 Experimental results for measurement of flat and aspheric surfaces....................... 42
2.3.1  Flat Surface with continUOUS SUDAPEITUIES. ........ceviiieiiiiiie e 42
2.3.2  Aspheric surfaces with annular SUDAPEITUre...........cceevvveiiieeiiiie e 44

2.4 Implementations of SSI based measurement technique for CNC based polishing of

freeform CUDIC SUITACE .......ooviiiiee s 45
2.5  Source of error affecting the stitching aCCUraCy .........c.cocevvvveiiiieeeiie e 51
2.5.1  EffECt OF NOISE.....ooiiiiiiiiiiee e 51
A OV 1 oo o1 1o -1 PSSP 51
2.5.3  Decoupling of induced misalignments from surface profile error ................... 52
2.6 Limitation of SSI for freeform surface measurement ...........cccceovererieiieenieneennenn, 52
Chapter 3  Subaperture stitching for measurement of freeform Optics..................... 54
3.1  Measurement principle of Shack-Hartmann Sensor............cccceovvveeviieevieeeciiie e, 54
3.2 Subaperture stitching algorithm using least square optimization.................cc..c...... 57
3.2.1  Vertical alignment of subapertures using least Square optimization................ 58
3.2.2  Lateral alignment of subapertures using active numerical control................... 61
3.3 Development of subaperture stitching tool box using MATLAB ...........cccceeevine. 61



3.4 NUMETICAl VEITFICALION ... et 65

3.4.1  Effects of vertical misalignment.............cccoooiiiiiiiiien e 68
3.4.2  Effects of lateral misalignment Errors..........cccvvvveiiienie e 69
3.5 EXPErimental reSUIS.........ccviiiiiiiieie s 70
3.6 CONCIUSIONS ...ttt ettt et 73

Chapter 4 Weighted spline based integration for reconstruction of freeform

WAVETTONT oottt bt h et e et ettt 74
4.1  Numerical integration techniques for phase reconstruction from slope data............ 74
4.1.1  Finite difference based least square iNntegration .............ccccceeviveriienieeiieninenn 75
4.1.2  Transform based iNtEgration...........cceiiviiiiieiiieiiee e 76
4.1.3  Radial basis function based iNntegration.............c.cccooveriieiieinie e 76
4.1.4  Spline based INEEQration ...........cooviiuieiieiiie e 76
4.2 Weighted cubic spline based reconstruction prinCiple.........c.cccccovveviveeiiieesiieeennen. 77
4.3 SIMUIALION STUAY ....veieiiie et e e e e e e annes 81
4.3.1  INFIUBNCE OF NOISE......oiiiiiiii s 85
4.3.2  Influence of high spatial freqQUENCIES .........ceeeiiveiiiie e 86
4.3.3  Influence of slope of the freeform wavefront..............ccoceeviviiiiii e, 87
4.3.4  Implementation of WCSLI to subaperture stitching scheme ................ccoc...... 88
4.4 EXPerimental reSUIS.........ccueiiiiie e 90
441  Measurement of freeform SUrface ... 91
4.4.2  Validation using asphere as a teSt-SPECIMEN ..........cceeevivreevireeiieeeciie e 92
4.5 CONCIUSIONS ...ttt ettt 94

Chapter 5 Precise registration based techniques for correction of lateral

misalignments during StItCNING PrOCESS ......cvvveiiiieiiie e 96
5.1 Iterative closest point (ICP) based registration method .............cccccooveeiiieeiiieceen. 96
5.1.1  Implementation of ICP on the registration of freeform wavefront................... 96



5.1.2  Numerical validation and experimental Study ............c.cccoooiiiieniieiieiiie 99

5.1.3  DISCUSSION ..evtieeiiieeeiiie sttt ettt ettt et e et e e et e e et e e e be e e e nnaeeeanteeenneeeeanes 101
5.2 ISF based surface registration method .............ccocveiiiiiiiiiienii e 102
5.2.1  Freeform data registration and subaperture stitching method ....................... 102

5.2.2  Implementation of proposed scheme on the measurement of freeform wavefront

.................................................................................................................... 107

5.3 EXPerimental reSUIS..........cooiiiiiiiiie e 114
5.4 CONCIUSIONS ....veeeiiieeciiie ettt e e e e et e et e e e nne e e e nnaeeennaeeennneeeanes 117
Chapter 6 Conclusions and future scope of the research............cccoooeviiiiiicicnn, 118
=] (= (=] (o1 ST 121
LiSt OF PUDIICATIONS ... 140
(@101 g o0 (U] AV - TSRS 144

Xiii



List of Figures

Figure 1.1.Challenges in the realization of freeform optics ...........cccooveiiiiiiiiiiiiiie e, 13
Figure 1.2 Illustration of tolerance requirement for freeform surfaces.........c.ccccovvviieinnnne. 13
Figure 1.3 Freeform fabrication WOrkflow ............cccooviiiiiiiiiii e 16

Figure 1.4 (a) Multi axes configuration of Twin turret based CNC grinding machine (b) CNC

GEINAING PIOCESS ...ttt ettt ettt ettt ettt e e st e bt e bt e bt e esb e ket et e et e eane e et e 17
Figure 1.5 (a) cub wheel tool, (b) radiused disc tool (c) tapered disc tool ..............ccccevunn.n 17
Figure 1.6 Material removal mechanisms in brittle mode grinding...........cccccoovieniiiiinnnnnne, 18
Figure 1.7 Freeform grinding with metrology feed back ............cccccooviiiiii i, 19

Figure 1.8 Axes configuration of Zeeko CNC polishing machine (b) Polishing of freeform

0] ] £ [0k PSP R U PP PSPPI 20
Figure 1.9 CNC POLISNING PrOCESS ....cuvieeiiieeiiiieeciieeesiieeestee e st e e st e e siee e s sraaeesnaeeesnaaeeanaeeeas 20
Figure 1.10 Machine axes configuration with servo control configuration [127]................... 21

Figure 1.11 Modular multi functional micro machining system, Kuglar MICROGANTRY

NANO DX [L34] i iiiiie ittt e e e e et e e e e et a e e ta e e araeeanre e 22
Figure 1.12 (a) MRF machine and polishing principle (b) lon beam figuring principle ........ 23
Figure 1.13 Contact Profilometer based measurement SYSteM............ccccvvevviiveeiiineeiiiieesiinens 24
Figure 1.14 Schematic of CMM for freeform metrology.........ccccoovvveiiiiiiiie e 25
Figure 1.15 Schematic of optical profilometer using, Miraeu microscopic objective............ 26
Figure 1.16 NANOMEFOS measurement platform............ccccoooiiiiii i 27
Figure 1.17 Computer Generated HOIOGram ............cccooiuvieiiiiie i 28
Figure 1.18 Tilted-Wave Interferometric SEtUP ........coovvveeiiiii e 29
Figure 1.19 Measurement principle Of MWLI ... 30
Figure 1.20 Principle of phase measuring deflectometry..........cccceevviiiieieiiin e, 31



Figure 2.1 Subaperture stitching scheme with two adjacent subapertures.............ccccccevnee. 38
Figure 2.2 Illustration of six degree of freedom misalignments............c.cccovveiiiiniiiiieinnne, 39
Figure 2.3 Scheme for scanning interferometer for acquiring annular zones .............c.......... 40
Figure 2.4 Relationship between misaligned annular subapertures in the overlapping area .. 41
Figure 2.5 (a) measured subapertures (b) Stitching configurations............c.cccooeviiiennnene, 42

Figure 2.6 (a) Stitched surface,PV 0.14 wave (b Full measured surface, PV 0.14 wave (c)

Stitching error, PV 0.025 WAVE ........c.uuiiiiiieiiieeeiiie e siee et see e see e tee e sne e snaeeennaeeennaeee e 43
Figure 2.7 ASPNeriC Profile..........oouiiiiiiie e 44
Figure 2.8 (a) Annular aspheric zones (b) Residual error of stitched surface ..................... 44
Figure 2.9 Stitching errors in the OVerlapping area..........ccooveiiiiiieiiie i 45
Figure 2.10 (a) Machine axes (b) Precessed bonnet tool ............cccovvveiiiieiiieiice 46
Figure 2.11 Cubic phase profile, PV 14.22 WaAVES...........ccciueeiiiieeiiieesiiee s sineesieeesineesanaens 46
Figure 2.12 (a) Probing geometry (b) tilt information at various probing positions .............. 47
Figure 2.13 Dwell time tool path using Zeeko TPG.........coovveiiiieiiiecee e 48
Figure 2.14 Corrective polishing flow chart.............cooove i 48
Figure 2.15 (a) Stitching geometry (b) stitched surface with PV 15.93 waves...................... 49
Figure 2.16 (a) Residual form error, PV 7.1 waves (D) 3D Map ......ccccccoveeviveevine e 50

Figure 2.17(a) Polished part, PV 15.25 waves (b) Residual error, PV 3.52 waves(c) 3D map

Figure 3.1 Schematic of Shack-Hartmann Sensor, lp=Irradiance of plane wavefront,

Ie=Irradiance of freeform WavefroNt............cco i 55
Figure 3.2 Focal spot of collimated light at CCD plane...........ccccocoviviiiiieiiie e 56
Figure 3.3 (a) Simulated freeform wavefront (b) Displaced focal spot pattern ..................... 56
Figure 3.4 Flow chart for subaperture StitChing ProCess ..........ccccceiiiiiieeiiiieee e 58



Figure 3.5 Illustration of misalignment in the overlapping zones ..........c.cccoeviieniiinieinene, 59
Figure 3.6 Subaperture stitching tool box developed in MATLAB ........cccooiiiiiiiiiiieiee, 62

Figure 3.7 Stitching tool box compatibility with design, metrology and manufacturing
011 (0] 1 1 TP O PP U PR UPPTPPRTPPRPPPPPS 62

Figure 3.8 Stitching mode for registered subapertures (a) Raster mode (b) Spiral mode..... 63

Figure 3.9 (a). Freeform phase plate (b) Propagated wavefront at 18 mm distance, 579.1
WaVeS (PV) (IWaVE = B32.8 NM) ..ottt 66

Figure 3.10 Raytrace method to simulate SUDaPertures ...........cccooveiieiiiie e 67

Figure 3.11 (a) nine subapertures of size 4X4 mm (b) Stitched wavefront phase 579.1 waves

Figure 3.12 (a) Stitched wavefront phase 579.06 waves (PV) (b) Residual wavefront phase
OF 0.09 WAVES (PV) ..ttt ettt 69

Figure 3.13 (a) Residual wavefront phase of 13.4 waves (PV) (b) Residual wavefront phase

OF 0.56 WAVES (PV)...ee ittt ettt e e et e et e e et e e et e e e snae e e nnte e e anneeeanneas 70
Figure 3.14 Schematic of the experimental SEt UP.......ccvveviereiiiie i 70
Figure 3.15 The mounted test Specimen and the SHS.............cccco i 71
Figure 3.16 experimentally measured nine SUDAPEITUIES .........cccvvevivieiiiee i 72

Figure 3.17 (a) Experimentally stitched wavefront 584 waves (PV) (b) polynomial fitted
WAVETTONE 582.3 WAVES (PV) ..eeiiiiie ittt ettt e et e e aaae e 72

Figure 3.18 Residual wavefront error of experimentally stitched wavefront (PV 15.16 waves)

Figure 4.1 Southwell geometry with circle corresponds to the phase data and horizontal and

VEITICAL TINES OVET ...ttt ettt ettt e b e et e enes 74
Figure 4.2 Limitation of numerical integration for rough freeform surface .......................... 77
Figure 4.3 Schematic of freeform surface measurement..............cccoovveiiiee e 78

XVi



Figure 4.4 Southwell grid geometry for slope measurement .............cccoocvvieeniienieeniesiene, 78
Figure 4.5 Propagated freeform wavefront PV 488.3 WAVES ...........cccceiiiiiiiiiiienieciie s, 82
Figure 4.6 analytically derived (a) X and (8) Y SIOPES ......cccuveiiiiiieiiieiee e 82

Figure 4.7 Variation of weighted parameter (p) with A®r (residual phase reconstruction error)

Figure 4.8 Residual phase reconstruction (a) Southwell method: A®= 111.1nm (PV),
24.25nm (rms) (b) CSLI: A®=76.7 nm (PV), 15.54(rms) nm and (¢c) WCSLI: A®=74.9 nm
(PV), 14,41 NM(FIMNIS) 1.ttt ettt b ettt et e et et e e e nrne s 84

Figure 4.9 2D plot of the reconstruction error of a common cross section in the three methods
(0] =100 511 0 Tod £ o o PSSP 84

Figure 4.10 Residual phase reconstruction error in presence of NOISE..........ccovvvverieiieennenne, 85

Figure 4.11Residual phase reconstruction error in the presence of a spatial frequency of the

varying Correlation IeNQtN...........cooo i 86

Figure 4.12 Variation of phase reconstruction error with varying slopes of freeform

wavefront in presence of random noise with standard deviation of 50 NM.............ccccccveene 87

Figure 4.13 Freeform subapertures registered in the global frame and the direction of arrow

ShOWS the StILCNING SEQUENCE. ......eeeiiiieeciee ettt e e e e e e snaee e 89

Figure 4.14 (a) Residual stitched map using the Southwell, 302 nm(PV), 46.41 nm(rms) (b)
using the CSLI, 211 nm(PV), 32.84 nm(rms) (c) using the WCSLI, 202 nm(PV), 30.27

Figure 4.16 Experimentally measured and stitched slopes (a) X direction (b) Y direction ... 91

Figure 4.17 (a) Reconstructed wavefront using WCSLI with wavefront of PV 486.8 waves
(b) residual error of 11.66waves (PV) and2.72 WaVeS (FMS).........covvureeiiureeiiireeiieeesireeesianeens 92

Figure 4.18 (a) Aspheric surface (b) Nominal profile at 21.5 mm distance from the specimen
[PV 166.5WAVES] ......vveeitiei ettt ettt et e et e e et e e et e e et e e e st e e e ant e e e snra e e anaaaeanes 93

XVii



Figure 4.19 (a) Reconstructed aspheric wavefront by using WCSLI scheme, (b) Residual
wavefront deviation of 1.85 waves (PV), 0.45 wave(rms) using WCSLI ...........cccccceevinennne 93

Figure 4.20 Residual aspheric wavefront error propagated at a distance of 21.5 mm (PV 1.79

WAVES) USING ZYGO VEITTIT. ..ottt 94
Figure 5.1 ICP based alignment SChEME ........cooiiiiiiiii e 96
Figure 5.2 Sketch of scanning SHS based freeform measurement.............ccccooovenieiniennnnne 97
Figure 5.3 Flow chat for ICP based regiStration ProCESS ..........ccccovveruierieeieeiiienieeniee e 99

Figure 5.4 Freeform surface with reference subaperture of size 3.42 mm X 3.42 mm with PV
2018 WAVES ... eeteiie ettt ettt e ettt e oottt e e e e a bttt e e e e bbbt e e e e bttt e e e e b bt e e e e e b b et e e e e nnbb e e e e e nnrbeaaeaas 100

Figure 5.5 Registered point clouds of reference and measured subaperture a) without

misalignment correction, b) with misalignment correction using ICP ..........ccccccoevvviiinenne. 100

Figure 5.6 Residual Stitched map (a) PV 16.38 waves, rms 3.82 waves with standard least
square method (b) PV 0.19 wave , rms 0.05 wave with ICP based Registration ................. 101

Figure 5.7 Residual form error of freeform wavefront measured in actual experimental setup

by stitching 2x2 subapertures in x and y directions,PV 5.75 WaVvesS.............ccccevvuveeriverennnen. 101
Figure 5.8 Sketch of scanning SHS based freeform measurement..............ccccoevvvveevveeeennen. 103
Figure 5.9 Flow chart of ISF based registration SCheme.............ccccocveivieiiee e, 108

Figure 5.10 Cubic phase profile of PV 322.3 waves with central subaperture as PV of 37

Figure 5.11 a) Integration of slope data using WCSLI b) Gaussian curvature as an intrinsic

SUITACE FRALUIE ... ettt 109

Figure 5.12 Registration of subaperture in global frame along with corresponding Gaussian

CUNVALUIES. ...ttt e e et e e e ekttt e e e ekt e e e et e e e e e bb et e e e e anb b e e e e s nnnnneeenas 110
Figure 5.13 Registration errors with and Without ISF ..............c.ccooii i, 110
Figure 5.14 Influence of noise on registration error of reference..........ccccoooveeviieeieecennen. 111

Figure 5.15 Typical machining error on the freeform surface (a) 2D view (b) 3D view...... 112



Figure 5.16 Variation of registration error with modified cubic surface .............ccceenenn. 112

Figure 5.17 (a) Residual stitched error of 9 subapertures of cubic surface (a) without ISF (b)
WL IS e e e e s e e e e s et e e e e s s tb e e e e s eta e e e e s anrreeas 114

Figure 5.18 Experimental Setup for measurement of freeform wavefront in transmission

Figure 5.19 (a) Measured central subaperture, PV 20.83 waves,(b) Gaussian curvature,(c) 2D
residual error, PV 1.1 waves,(d) 3D residual €rror ..........ccovieiiiiiiiiieee e 115

Figure 5.20 (a) Nominal wavefront PV 322.3 waves (b) Experimentally stitched wavefront
PV 326.08 WAVES ......eeeiieeeeitiee ettt ettt e ket e e ettt e e e sttt e e e s e nb bt e e e e nnbb e e e e e nnebe e e e nnees 116

Figure 5.21 Residual error, PV 10.2 waves (a) 2D view (b) 3D VIEW ........ccccevvvveiveinieennne. 116

XiX



List of Table

Table 1-1 Comparison of metrology techniques with their capabilities and limitations ........ 32
Table 2-1 Design parameters of aSpheric SUMTaCe ..........coovviiiiiieiiii e 44
Table 2-2 Design parameter of CUDIC SUITACE ...........ccuviiiiii i 46
Table 2-3 PoliSNING PArAMETEIS ......ccuviiiieiii e 47
Table 3-1 Features of subaperture stitching to0l DOX..........cccooveiiiiii 64
Table 3-2 Coefficients of 7™ order extended polynomial .............ccccoovveveeieeieeseeseesresesnnnen, 65
Table 3-3 Input parameters for subaperture StitChing ProCess...........oovvveiriveiiiiveeniie e 67
Table 4-1 Comparison of reconstruction error using Southwell, CSLI and WCSLI............... 85

Table 4-2 - Comparison of reconstruction error using the Southwell, the CSLI and the
WCSLLI in the presence of spatial frequencies with varying correlation length. ................... 87

Table 4-3 Comparison of reconstruction error using the Southwell, the CSLI and the WCSLI

for the varying NOISY SIOPE .....ccoviee et e e e e e 88
Table 4-4 Specifications of aspheric SUrfaCe ............cccveeiii i 93
Table 5-1 Comparison of registration error using ISF with the varying noise.................... 111

Table 5-2 Variation of registration error with typical machining error of freeform surface. 112

XX



List of Abbreviations

CNC Computer numerically controlled

SHS Shack-Hartmann sensor

SSlI Subaperture stitching interferometry
WCSLI Weighted cubic spline based least square integration
ICP Iterative closest point

ISF Intrinsic surface feature

PAL Progressive addition lens

LED Light emitting diode

HUD Headup display

SMS Simultaneous multiple surface based method
LWIR Long wave infra-red

PDE Partial differential equation

FTS Fast tool servo

STS Slow tool servo

SPDT Single point diamond turning

MRF Magnetorhelogical finishing

ELID Electrolytic in-process dressing

CCP Computer controlled polishing

CMM Coordinate measuring machine

PGI Phase grating interferometer

PV Peak to valley

RMS Root mean square

AFM Atomic force microscopy

NANOMEFOS Nanometer accuracy non-contact measurement of freeform

optical surfaces

CGH Computer generated hologram

PNL Partial Null Lens

TWI Tilted wave interferometry

MWLI Multi wavelength interferometry

SS-OCT Swept source optical coherence tomography
PMD Phase measuring deflectometry

VON Variable optical null

XXi



AO
LS
SSAS
NA
TS
CCD
CSLI
FT
IFT
IRLS
FFT

Alternating optimization

Least square

Spherical subaperture stitching

Numerical aperture

Transmission sphere

Charge couple devices

Cubic spline based least square integration
Fourier transform

Inverse Fourier transform

Iteratively robust least square

Fast Fourier transform

XXii



	Thesis Kamal Kighor.pdf



