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Abstract

This thesis is the result of the research work has been carried out at Instrument Design
Development Centre (IDDC), Indian Institute of Technology (IIT) Delhi, India and Department
of Technical Optics, Technical University (TU) Ilmenau, Germany through Indo-German
DST-DAAD Project Based Personnel Exchange Programme 2013-2015.

The goal of the research work is the development of a scanning Shack-Hartmann sensor (SHS)
based measurement scheme for aspheric and freeform optics. The freeform optical surfaces are
increasingly becoming integral part of optical systems as they offer higher degrees of freedom
to the designer in order to improve the performance. Particularly benefited systems are
illumination systems, compact projection systems, head-up-displays, ophthalmic systems, and

surveillance systems.

The increased range of manufacturable freeform surfaces offered by the new fabrication
techniques is giving opportunities to incorporate them in the optical systems. However, the
success of these fabrication techniques depends on the capabilities of metrology procedures
and a feedback mechanism for optimizing the manufacturing process. Therefore, a precise and
in-situ metrology technique for the measurement of freeform optics is in demand. Though all
the techniques available for aspheres have been extended for the freeform surfaces by the
researchers, but none of the techniques has yet been incorporated into the manufacturing
machine for in-sifu measurement. The most obvious reason is the complexities involved in the
optical setups to be integrated in the manufacturing platforms. The SHS offers the potential to
be incorporated into the machine environment due to its less vibration sensitivity, compactness
and 3D shape measurement capability from slope data. However, the measurements are limited
by the lateral resolution offered by the SHS. The SHS has the potential to be integrated on to

the machine environment for in-situ measurement process.

The following three major investigations have been carried out to achieve the goal of the

research work in the thesis.

* A scanning Shack-Hartmann sensor based metrology technique (non-null configuration) with
subaperture stitching scheme has been developed for measurement of freeform optics in both

in transmission mode and reflection mode.
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*  Measurement of freeform optics using diffractive null element which can compensate the
departure of the freeform surface under test from flat.

*  Further, metrology technique for freeform optics in reflection mode is developed and the
metrology scheme has been enhanced that it can be suitable for in-situ measurement and

corrective machining of freeform optics.

An in-house subaperture stitching algorithm has been developed for freeform wavefront at IIT
Delhi. The first experimental investigations are carried at TU Ilmenau, Germany for the
validation of the subaperture stitching algorithm using a scanning SHS. Further, a detailed
experimental investigations on the measurement of freeform optics have been performed in
both transmission and reflection mode at IIT Delhi, India. Both the simulations and
experimental investigations are also conducted in detail to know the influence of various
parameters such as the alignment of the freeform, slope, stitching sequence and other stitching

parameters on to the final surface profile error.

The second investigation on the measurement of freeform optics by using a Mach-Zehnder
interferometric configuration based on Diffractive Optical Element has been developed at TU
[lmenau, Germany. The setup is developed in a switchable mode where both the SHS and CCD
are used as measurement heads. Experiments are conducted in this configuration and the results

are presented.

Finally, measurement of freeform optics in reflection mode is conducted to know only
fabrication error on the surface profile and further, the metrology scheme has been enhanced
as that can be a suitable for in-sifu measurement and corrective machining of freeform optics.
A quantitative analysis on positioning errors, overlapping between the adjacent subapertures

overlapping area and position for the measurement scheme has also been performed.

It is expected that the results of this study will substantially increase the accuracy of the

production and testing of high-performance aspheric optics.

The first chapter presents the overview of the freeform optics in various imaging and non-
imaging applications, advantages over conventional/rotationally symmetric optics, challenges
involved in the design, fabrication, metrology and integrations of freeform optics in the optical
systems. Further, it focuses on the current status and the development of the ongoing research
on the freeform metrology technique. The second chapter discusses the details on Shack-
Hartmann sensor (SHS) such as the principle of operation, design parameters and wavefront

reconstruction algorithms. Further, the application of a scanning SHS for the measurement of
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freeform optical surfaces and mathematical modelling with experimental validation for

subaperture stitching of freeform wavefront are also presented.

In third chapter, a detailed investigations on the development of metrology technique for
freeform optics using a non-interferometric method like a scanning SHS are discussed. It
mainly focuses on the alignment library for the freeform optics, subaperture stitching
sequences, experimental investigations on both freeform and aspheres. A detailed analysis of
the effects of slope and positioning error on the reproducibility is presented. The fourth chapter
describes the development of DOE Mach-Zehnder interferometric configuration (MZI) for
freeform optics. Further, measurement of asphere by using a Zygo Verifire Asphere is

presented for the validation purpose.

In the fifth chapter, development of a metrology technique for freeform optics using SHS in
reflection mode. The sixth chapter describes the development of a Shack-Hartmann sensor
based metrology technique that can be used for quantitative in-situ measurement of freeform
optics. Measurement procedure using a scanning SHS followed by CNC tool path for freeforms
in off-line mode is presented. Repeatability and reproducibility tests of the measurement
scheme have also been presented. In the seventh chapter, the current limitations of the scanning
SHS based metrology, its advantages and the scope for future studies are discussed as

conclusions.
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