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Abstract 

In the manufacturing of fibrecomposite structures for the aircraft industry many holes are 
drilled through the composite for the attachment of the composite to a metal frame. These holes 
have a Ra specification of the cylindrical walls.  The measurement of this roughness is tedious 
work if made by a stylus profiler. 
 
In this thesis, a design concept is created and tested by using OSLO raytracing program.  This 
employed raytracing simulation is used to analyze and study variation of the surface features of 
the hole and evaluate the corresponding resultant image afterwards using image quality 
indicators. 
 
On large scale the aim of the thesis work is to investigate the possibilities of detecting defects of 
the cylindrical walls and get a quantitative measurement of the roughness of the hole by 
employing the concept of optical cylindrical imaging. 
 
Keywords:  Surface roughness, Light scattering, Diffraction , Reflection,  Raytracing analysis, 
Wavefront analysis, Spot diagram, Diffraction limit, PSF, MTF, Energy analysis, Optimization, 
Entrance pupil, Exit pupil, Carbon Fiber Reinforced Polymers (CFRP), Axicon, He Ne Laser. 
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Introduction 

 
Surface topography is known to play an important role in the adhesion, friction, wear and 
scuffing failure of contacts between mechanical workpieces.1 As in the aircraft industry where 
many holes are drilled through the composite to a metal frame, having Ra specification of the 
cylindrical walls. Rough surfaces are encountered very frequently in practice. They particularly 
originate in various technological procedures employed in microelectronics, optics and 
mechanical engineering industry. This roughness influences some physical and chemical 
properties of those surfaces (in some cases in an enormous way). Thus experimental methods 
for a quantitative characterization of the surface roughness are needed.2 
 

For historical reasons, all the roughness standards in existence are defined in terms of stylus 
instruments, which are therefore in almost all universal use, both in manufacturing industries 
and research institutions. However, with the stylus being diamond, it usually marks the work 
piece and may be detrimental for some applications, in addition to missing small irregularities, 
owing to the lack of lateral resolution. For many years, therefore attempts have been made to 
develop alternatives to the stylus instrument for surface measurement.3 Those methods can be 
roughly divided into two main groups, i.e. optical methods and non-optical methods. The optical 
methods are based on measuring and interpreting the optical quantities characterizing a light 
wave after interaction with the surface under study (e.g. the reflectance of the surface, the 
intensity of light scattered by the surface etc.).2 The non-optical methods are based on 
measurements and interpretation other than optical quantities. Among them the most 
widespread in practice are stylus methods. Those methods scan the surface profile per force 
interaction between the stylus and the surface under study. 
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2   Background and thesis objective 
 
2.1 Stylus profilometry 
 
The standard stylus method is probably the most widely adopted method for measuring 
roughness and employs a rounded-end stylus.  This is moved across a surface and the vertical 
movements are electrically amplified. The little displacements are joined and averaged out to 
yield some sort of average deviation of the measured profile from its ideal position. However, 
the lateral resolution is limited to the radius of curvature of the probe tip (about 5μm), and only 
if the gain of the system is raised, this technique gives a highly distorted impression of sharp 
ridges.1 Mechanical stylus measurement as a conventional method always plays a vital role in the 
surface roughness measurement field. It also can achieve a relatively high accuracy and 
resolution. However, as this method is a contact measurement, some limitations are bound. 
Firstly, stylus method has limited lateral resolution due to the radius of the stylus tip (typically 
2-5μm). Secondly, stylus profilometers may cause scratches on surfaces of soft materials during 
the measurement procedure, and cannot be involved in rapid measurements. Finally, significant 
disadvantages will likely include: sensitivity to vibration, line and not a real cover is provided in 
one scan.  
 
2.2 Range of roughness occurring in practice 
 
2.2.1 Slightly rough (nanometric) surfaces 
 
The surfaces with height variations about their mean level (surface) having rms value σ are 
regarded as the slightly rough surfaces from optical point of view, if and only if relation: σ<λ, is 
fulfilled, where λ is the wavelength of light used for the surface analysis. Presently, there are 
limited numbers of methods which are efficient for a quantitative characterization of such 
surfaces. The applicable optical methods which allow us to characterize the roughness of such 
surfaces in a very effective way are ellipsometry, spectrophotometry and total integrated 
scattering and white light interferometry. In accordance with some articles published in 
renowned international journals within the last two years, methods of near field optics could be 
used for surface characterization in the near future. The non-optical methods which might be 
used for characterization of such slightly rough surfaces are Stylus Profilometry, Atomic Force 
Microscopy (AFM) and X-ray Reflection (XRR).2 
 
2.2.2 Moderately rough surfaces 
 
For surfaces to be considered as moderately rough, the rms value of their roughness should be in 
the range of 10nm<σ<100nm. The roughness of such surfaces can be characterized quantitatively 
by using both optical and non-optical methods. Among optical methods, the method based on 
measuring and interpreting of the intensity of light scattered in non-specular directions is 
particularly suitable (such as the Total Integrated Scattering (TIS)4  measurement technique and 
Bidirectional Reflectance Distribution Function (BRDF) 5, 6, 7). The stylus method is the most 
widespread method in practice among the non-optical methods. Moderately rough surfaces are 
analysized using ellipsometry, spectrophotometry, shearing interferometry, confocal 
microscopy and the measurement of the intensity of scattered laser light and stylus method.2 
 
2.2.3 Very rough surfaces 
 
Very rough surfaces are surfaces with the rms value of their roughness σ ≥100nm. We meet 
them particularly in mechanical engineering practice. There are limited numbers of optical 
methods that can be applied to an analysis of roughness of very rough surfaces. Two of such 
methods can be identified, the immersion shearing interferometry method8 and another which 
is based on measuring the laser speckle angle correlation. 9, 10, 11 Assuming a transparent very 
rough surface under study, it is possible to immerse it into an appropriate liquid thereby 
effectively reducing the surface roughness from the transmitting light point of view. Then the 
same shearing interferometry method mentioned in the previous section can be used to study 
the roughness of this surface. Also the use of TIS and BRDF at infrared wavelengths is plausible.5 
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Based on the fact that the statistical properties of the scattered light (the speckle field) are 
dependent on the statistical properties of the surface itself, the roughness of very rough surfaces 
reflecting the incident coherent light can be studied. One of possible way to obtain the 
information on the surface statistical properties is the mentioned method based on measuring 
the correlation between the two lasers specklegrams obtained at two different angles of 
incidence of the primary laser light wave. As in the previous case of moderately rough surfaces, 
the most widespread non-optical method for roughness characterization of those surfaces is the 
stylus method. 9, 10, 11 

 
2.3 Surface roughness evaluation 
 
The surface roughness evaluation by optical methods is based on the interaction of light with the 
surface irregularity. A light beam is projected by an optical system on the measured surface; the 
reflection afterwards makes an impact on the detector (a photo-diode, a CCD camera). The signal 
processing and interpretation of results then follow. The incident light of a laser is characterized 
by its coherence and the collimation of the beam. The reflection of the light beam on the 
measured surface leads to changes in the degree of collimation, phase and rotation of the 
polarization plane of the primary beam.12 
 
ISO 25178 part 6 (2010) defines three classes of methods for surface texture measuring 
instruments (Fig. 2.1.): 13 

 

 
 
Figure 2.1: A classification of surface texture measurement methods with examples.13 
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2.3.1 Line profiling method 
 
The line profiling surface topography method produces a 2D graph or profile of the surface 
irregularities as measurement data. This may be represented mathematically as a height 
function, z(x). Examples given in ISO 25178 part 6 include: stylus instruments, phase shifting 
interferometry, circular interferometry profiling (this technique which relies on circular 
scanning), and optical differential profiling.13 
 
2.3.2 Areal topography method 
 
The areal topography surface measurement method produces a topographical image of the 
surface. This may be represented mathematically as a height function, z(x,y). Often, z(x,y) is 
developed by juxtaposing a set of parallel profiles. Examples given in ISO 25178 part 6 include: 
stylus instruments, phase shifting interferometry, coherence scanning interferometry, confocal 
microscopy, confocal chromatic microscopy, structured light projection, focus variation 
microscopy, digital holography microscopy, angle resolved SEM, SEM stereoscopy, scanning 
tunneling microscopy, atomic force microscopy, optical differential profiling and point autofocus 
profiling.13 
 
2.3.3 Area-integrating method 
 
The Area-integrating surface measurement method is used to measure representative areas of a 
surface and yields numerical results. This depend on properties of the surface texture, which is 
area integrated. Examples given in ISO 25178 parts 6 include: total integrated scatter, angle 
resolved scatter, parallel plate capacitance and pneumatic instruments. 13 
 
 
2.4 Non-contact surface roughness measurements 
 
2.4.1 Microscope methods 
 
Surface images can be obtained using microscopes ranging from optical microscopes, scanning 
electron microscopes to scanning probe microscopes. With the exception of SEM which requires 
slopes to show contrast, most microscopes are commonly used in roughness measurement of 
super smooth surfaces. The contact (probing) accuracy as well as non-contact techniques has 
been perfected to a certain level allowing measurements of roughness in the nanometer range 
(Figure 2)14. 
 

 
Figure 2.2: Diagram of the height and spacing parameters and ranges of vertical-lateral 
resolution for different methods of roughness measurement.14 
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Atomic force microscopy (AFM) is a contacting method in normal operation but it can be used in 
non-contact mode with poorer resolution. AFM and interference microscopy are two optical 
microscope methods, but the probe size is very different and they respond to different physical 
properties. Both can measure surface roughness on nanometer level. However, going with the 
continuing improvements in the fabrication of super-smooth spherical and aspheric optical 
surfaces, the need to characterize the surface roughness of these optics surfaces rising to the 
sub-Angstrom level is becoming imperative and imminent. In other to achieve high-precision, 
three-dimensional surface structure rapidly phase-shifting interference microscopes are well 
suited. 15 
 
Besides these, the scanning probe microscope (SPM) is also an excellent tool for performing 
nano-roughness measurements.16 Using scanning probe microscopes for roughness 
measurements has advantages such as both a very high lateral resolution  (down to less than a 
nanometre) and a high lateral resolution (down to 10nm or smaller). In contrast, optical 
methods have limited lateral resolution as a result of the diffraction limit of light. As the 
Scanning Electron Microscope (SEM) can only provide qualitative results and AFM with some 
limitations due to the instrument, efforts are being intensified by some investigators to find 
some new techniques in order to improve the capability of the conventional microscopes. 
 
The microscopy measurement method has a lot of advantages, such as nondestructive, no 
contacting topography measurement, and high accuracy; however, it also has some limitations. 
Such as, specimens must be small enough in order to fit into the specimen cell of the microscope. 
Secondly, specimens must be preparative for electron microscopes, as non-conductors cannot be 
measured directly.  
Though other procedures can be applied to realize the measurement of large and non-conductor 
specimens, for general applications, the facts show that microscope method is really not a fast 
and appropriate method.17 
 
2.4.2 Interferometry methods 
 
Interferometry methods, based on different measurement principles and implementing means 
are widely studied. Vertical scanning interferometry, phase-stepping interferometry, and white 
light interferometry are typical. Furthermore, a series of mature commercial instruments have 
been developed. For example, Ismail Koyuncu et al 18characterized the surface topography using 
vertical scanning interferometry (VSI) technique, and the results are compared with those 
measured by AFM. The result showed that VSI method can obtain a much larger scanning area 
than that of AFM. N. Metchkarov et al19 developed a long distance non-destructive measurement 
method based on phase stepping interferometry successfully, the experimental configuration is 
given in figure 2.3 below. This method can get a very high sensitivity in the surface profile 
measurement, and can realize a rapid and accurate measurement.  

 
Figure 2.3: Experimental configuration for phase-stepping interferometer.19 

The white light interferometry is often preferred for its combination of non-contact 
measurement, repeatable 3D surface measurement, speed, and sub-nanometer resolution.                       
It is the right technique that used in the developed commercial instruments.20 
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The typical commercial instruments based on interferometry technique, are the Wyko NT 
profilometers of Veeco (USA)21 (now Bruker) and RayDex sensor heads of ISIS Sentronics 
(Germany)22 .The Wyko NT profilometers are mainly used to measure outer surfaces, while the 
RayDex sensor systems are for measuring inner surfaces, and the minimum diameter of the 
sensor head can reduce to about 1mm. However, these instruments are quite expensive and 
need rigorous experimental conditions; therefore, they are mainly used for sample inspection 
and laboratory studies. 
Interferometry methods can also get a height resolution (subnm), a high accuracy at a lateral 
resolution of 0.5μm, and can realize 3D topography measurement; however, the operation is not 
simple and convenient, so they are limited on their applications. 
 
2.4.3 Diffraction methods 
 
When a laser beam illuminates on the target surface, it is reflected and diffracted by the surface. 
The diffraction pattern is directly formed by the diffracted laser light, and the diffraction pattern 
can be observed on the observing plane as shown in (Figure 2.4) 23.  It is obvious that the 
diffraction pattern correlates to the statistical properties of the surface roughness, and has been 
applied to roughness measurement. 

 
Figure 2.4: Basic system configuration of the proposed diffraction method.23 

 
Diffraction methods were investigated and applied in online measurement and measurement of 
surfaces with complex scratches by Vladimir Ostafiev et al.23-25 The results showed that 
diffraction methods can be used to measure the surface roughness of various materials, 
including metallic, nonmetallic, even hard ceramic materials and soft plastics used in rapid 
moulding engineering. In order to apply this diffraction phenomenon to on-line measuring or 
monitoring, and to overcome the poor dynamic range of a video camera, Akinoro Mouri et al23 
proposed a new method using a video camera and plural photo-sensors for detection of the 
intensities on the fixed positions together in a diffraction pattern. The proposed methods can be 
an adequate solution to the problem. 
Although the diffraction methods can be applied in the surface roughness measurement of 
various materials, having a good accuracy, the pin point measurement ranges are a little small, 
which are generally within 1~200 nm. 
 
2.4.4 Methods based on scattering modeling 
 
For optical measurement methods, scattering phenomenon is unavoidable, with a sketch map 
given in figure 2.5, so the scattering problems have been extensively studied both analytically 
and experimentally. 

 
Figure 2.5: Laser scattering from rough surface and the intensity distribution.26 
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The traditional scattering methods that are today used for measuring surface roughness are 
mainly based on experimental analysis, and are short of supports on the theoretical calculations. 
Many investigators did try to get an accurate relationship between the scatterings eigenvalues 
and the surface characteristics parameters, surface roughness inclusive. The analytical 
approaches did consider both electromagnetic theory methods which are rigorous and 
approximate models. However, rigorous electromagnetic theory analysis of surface reflection is 
very intensive computationally. Thus, various approximations of surface scattering have been 
developed to elude these difficulties. Probability and statistical concepts are equally applied to 
wave scattering phenomena. Generally, these statistical models render a closed form solution, 
and the numerical requirements are less tasking than other methods. 
 
Statistical models which are based on the geometric optics approximation are widely 
investigated to predict wave scattering from both dielectric and conducting random rough 
surfaces26, 27. However, the traditional models for wave scattering from random rough surfaces 
are the small perturbation method (SPM) and the Kirchhoff Approximation (KA) method. They 
are applicable for slightly rough surfaces and surfaces with small surface curvatures, 
respectively28. Then it shows that classical SPM and KA methods respectively are low-frequency 
and high-frequency limited. In recent years, a number of new theories of rough surface 
scattering have been developed. Investigators try to develop so-called unifying methods, which 
can bridge the gap between SPM and KA method. These newly developed methods include the 
small slope approximation (SSA) 29, 30, the integral equation method (IEM) 31, 32 and the local 
curvature approximation (LCA) 33, 34, which can be seen as an alternative form of the SSA, and so 
on. 
Though scattering methods used in measuring surface roughness is a qualitative measurement 
method. The various scattering modeling methods can provide a quantitative calculation of the 
scattering intensity that scattered from the random rough surface.  
Researches have shown that these models can be used for surface roughness measurement and 
will play important roles in the accurate roughness measurement of various random rough 
surfaces. These models make it be possible for predicting the surface roughness by using 
simulations. Hossein Ragheb and Edwin R. Hancock 35 have successfully shown how reflectance 
models based on scattering theory can be used to estimate surface roughness parameters for 
different dielectric surfaces using pixel brightness measurements.  
The results are encouraging since they were able to indicate that wave scattering theory can be 
used together with simple experimental instruments, which implies the visible light and a digital 
camera, to measure surface roughness. Though there are some difficulties involved in getting the 
surface roughness parameters directly by scattering models, scattering methods still possess 
some advantages such as rapid, nondestructive, accurate, and a big measuring range. 
Developing methods which are based on scattering modeling will be one of the potential 
development directions for further investigation on roughness measurement. 
 

The necessity of surface quality is playing a vital role in modern industries. Fast, area-covering 
technique is of greatest demand despite the various legion techniques ranging from traditional 
line –scanning stylus profilometers to modern 3-D measurement instruments. Elastic light 
scattering is one of the efficient methods for the characterization of smooth surface. For ages 
elastic light scattering has been a technique for roughness characterization for optical quality 
surfaces.36,37 The basic theory of surface scattering relates specular reflectance of a surface to its 
root mean square (rms) surface roughness as proposed by Bennett and Porteus 38. The 
emergence of total integrated scattering (TIS), which is relevance in the characterization of the 
smooth optical surface 36 was as a result of the introduction of surface elastic light scattering to 
optic. 
 Angle resolved infrared scattering at the radiation wavelength 10.6μm have been used for 
engineering surface characterization. The advantage is that it is fast, reliable technique for 
surfaces with rms roughness up to 2μm. Also it is area covering, noncontact and insensitive to 
vibration. However, the ARIS technique is not desirable for on-line or near-line inspection.5 
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The spatial frequency bandwidth is one parameter that poses challenge to the measurement 
technique of the in plane scattering, the reason being that it selects only surface characteristics 
orthogonal to the line intersecting the incidence plane and the surface. True one-dimensional    
(1-D) and isotropic surfaces are the two surfaces that have characterization applicable using in 
plane scattering technique. It does not work for engineering surface (2-D) and anisotropic.5           
The radiation wavelength and the distance to the specularly reflected beam scatter constrain the 
maximum spatial frequency space. This makes it more challenging to use the angle-resolved 
scattering measurement technique for complete surface characterization. This leads to the 
introduction of a total integration scattering measurement as rms is of interest.5 

 
The measurement of the diffusely reflected power in relation to the totally reflected power is 
termed as TIS. The coherently scattered radiation and the diffusely (incoherently) scattered 
radiation within a small solid angle make up the specularly reflected power. In real life, the use 
of integrating sphere or a coblentz sphere (hemispherical mirror) is used in measuring TIS.5 

 
In principle, any surface can be disintegrated by 2-D Fourier analysis into multitude of lines per 
millimeter (spatial frequency), variant amplitude and phase and different orientation on the 
surface.( 36,37) The square of the Fourier decomposition modulus is the 2-D power spectral 
density (PSD) of the surface. The 1-D PSD is computed by integrating the 2-D PSD over the 
frequencies in one dimension or it is directly from a profile. The profiles are changed to rms 
roughness values through the 1-D PSD.39 A surface roughness measurement technique works 
over a limited domain in surface spatial frequencies termed the spatial frequency footprint.40 
Also the transfer function is one of the ways to evaluate how good a measurement technique is. 
For a stylus profilometer measurement, in general is ascertained by the response size and the 
shape of the stylus, the scan length and the sampling interval whilst that for TIS is determined by 
the wavelength of the radiation, the angle of incidence and the scattering angles. 
 
In the TIS measurement techniques no assumptions of the surface statistics are good enough for 
sufficiently smooth surfaces and the statistical noise is prevented. The TIS system is insensitive 
to vibration, because height levels are not measured, or probing at high resolution is not 
performed. Furthermore it can work under ambient light. 
 
Over the last century scattering from rough surfaces has been a field of profound study and it 
plays a vital role in a large number of science and engineering sectors.                                          
Diffraction phenomena as a result of haphazard phase variations brought on a reflected 
wavefront by micro topographic surface features are the main cause of Surface scatter effects.6 

Many natural surfaces have an inbuilt roughness that ensues in scattered light. 
Machined and other processed surfaces also show characteristic surface features or roughness.     
As a result of imperfect optical fabrication process even makes the smoothest optically polished 
surfaces have a small residual roughness.  
When light is reflected from an imperfect optical surface, the reflected radiation made up of a 
specularly reflected component and a diffusely reflected component as shown below in fig. 2.6.  

 

Figure 2.6: Light incident on an imperfect optical surface.7 
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The performance of an optical system is demeaned in several different ways due to light 
scattered from optical surface irregularities. Firstly it reduces optical throughput since some of 
the scattered radiation will not even reach the focal plane. Secondly, the wide-angle scatter 
produces a veiling glare which reduces image contrast or the signal-to-noise ratio, and the small-
angle scatter will decrease resolution by producing an image blur.7 
 
The behavior of light scattered from randomly rough surfaces is prescribed by the statistical 

surface characteristics. 

 

Figure 2.7: Schematic diagram of a surface profile and its relevant statistical parameters.6 

The surface has a zero mean with the surface height, h, depicted as a function of position along a 
one-dimensional trace of finite length. The two important statistical surface parameters are the 
surface height distribution function and the surface autocovariance (ACV) function. Luckily, for a 
lot cases, the surface heights are normally distributed (i.e., the surface height distribution is 
Gaussian). The root-mean-square (RMS) surface roughness, σs, is the standard deviation of that 

normal distribution. The autocovariance length,  , is defined as the half-width of the 
autocovariance function at the 1/e height. The autocovariance function is material and process 
dependent. 
The surface power spectral density (PSD) function and the surface ACV function form a Fourier 
transform pair, and therefore figure 2.8 further shows the surface characteristics relevant to 
scattered light behavior. 

 

Figure 2.8: Illustration of the relationship between relevant surface parameters.7 
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Background and thesis objective 

 
From the above it is noticed that the value of the surface autocovariance function at the origin is 
equal to the surface variance σs

2. From the central ordinate theorem of Fourier transform 
theory41 we have that the surface variance is equal volume under the two-dimensional surface 
PSD.  
Thus the surface PSD can be thought of as a plot of surface variance as a function of the spatial 
frequency of the surface irregularities. Hence there exist a relationship between the surface 
roughness and the amount of light scattered out of the specular beam upon reflection from a 
surface. It can then be concluded that, scattered light measurements are a good way to deduce 
surface characteristics. This calls for the importance of TIS.                                                                
Rayleigh-Rice, Beckmann-Kirchhoff or Harvey and Shack surface scatter theories are mostly 
used to predict surface scatter effects. Rayleigh-Rice (1951) 42,43  and Beckmann-Kirchhoff 
(1963)44, theories are mostly used to predict surface scatter behavior. The Rayleigh-Rice vector 
perturbation theory corresponds well with experimental wide-angle scatter measurements from 
“smooth” (σs/λ << 1) surfaces for arbitrary incident and scattering angles. However, not all 
applications of interest satisfy the smooth surface approximation. The Beckmann-Kirchhoff 
scattering theory is valid for rougher surfaces, but contains a paraxial (small-angle) assumption 
that limits its ability to accurately handle wide-angle scattering and large angles of incidence. 
The Harvey and Shack (1976) 45, 46 theory is about linear system formulation of surface 
scattering phenomena in which the scattering behavior is characterized by a surface transfer 
function. This also contains a small-angle assumption that limits its usefulness. 
 

2.5 Problem statement 
 
The aim of this master thesis work is to investigate the possibilities of detecting defects of the 
cylindrical walls and get a quantitative measurement of the roughness of the hole by employing 
the concept of optical cylindrical imaging. How feasible can the measurement possibilities be 
used for a hole of diameter      and depth      with the measurement unit moving into the 
hole from one side only?  All these questions are thoroughly treated and the results are reported 
after presenting theories, methods and conditions.  
 
2.6 Objectives 
 
The objectives are to investigate the measurement possibilities of different optical layouts and 
test possible illumination, detection and optical relay systems to image the cylindrical surface 
walls on either flat array sensor or an integrating detector capturing the entire beam intensity. 
Furthermore familiarize with OSLO ray tracing program to be used for the testing of the optical 
layout and the designed concept. 
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2.7 Methodology of the study 
 
First of foremost a feasible optical layout is designed. With the help of optical theories and 
assumption a design concepts is formulated. A more realistic surface of examination is chosen 
which are a reflecting diffractive surface of 10μm groove spacing and a grating order of 1. The 
design concept is tested with the Oslo ray tracing program. The Oslo designed optical layout is 
subjected to optimization for better optical system performance.  Furthermore holes having 
different roughness and other defects are studied for the variants images yielded using the 
optical image evaluation indicators. 
 
2.8   Findings 
 
As stated in the thesis task content that if design concept after testing with OSLO if looking 
feasible then experiment is carried out to test for holes with different roughness. No experiment 
of such sort was carried out practically, owing to the reasons below: 

 The Oslo software could not provide all the facets that were needed for the optical design 
layout: 

 As axicon element was replaced with variable aperture. 
 Beam transformation from Gaussian beam to Bessel beam was farfetched 
 A 3D solid form of the hole was impossible, thus the best representation was to 

use two curved surface of the same surface input data. 
  Conical beam form of light was not possible to model. It therefore had to rely on 

reflection from one surface to the next. 
 The lens drawings prepared by OSLO are primarily intended to give you a visualization 

of how your system performs, not to produce a pretty picture. 
 OSLO does not have the capability to draw some element of my system as it is a 

numerical analysis program and can correctly analyze lots of system that it cannot draw. 
 Lastly, most of the rays which one expected to see, were just virtual extension of the ray, 

rather than the ray itself.  
 

With all these limitations of OSLO, a proposed continuation of this work needs to be done with 
more advanced software. The proposed software for that task is TRACEPRO. This is a 
comprehensive, versatile software tool for modeling the propagation of light in imaging and non-
imaging opto-mechanical systems. Models are created by importing from a lens design program 
or a Computer Aided Drafting (CAD) program or by directly creating the solid geometry in 
TracePro.  The only problem is the cost of the software, which enters into tens of thousand 
dollars and the timeframe of work left posed a constrained. For this reason I designed a concept 
and simulated with the best available functional options that Oslo could provide. I also 
considered a reflecting diffractive surface with grating as a more practical surface under test.  
Various holes with different grating specifications were tested and the trends of variation with 
image evaluation parameters were noted. This later aspect substituted the experimental work. 
 
2.9   Originality 
 
The design concept formulated and the optical design layout created is the first of its kind to be 
prepared. For this reason I hold a full possession of this work and any form of usage of its kind 
without my permission is a violation of the copy right.  
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3   Cylindrical imaging techniques 

3.1 Circular diffraction images 
Yoshino, Kanamara and Kanai have recently suggested an automatic hole inspection system47. 
The edge of a through-hole produces a circular cylindrical wave under a laser illumination. A 
circular diffraction pattern in the shadow region around a through-hole usually in the test 
sample is shown in figure 3.1(a) 
However, if the inner surface of a through-hole has some defects, noncircular fringes and radial 
fringes like the lower left of figure 3.1 (b) appear in the diffraction pattern. 
 

                             
Fig. 3.1(a): A good through-hole                            Fig. 3.1 (b): A defective through-hole 
 
 Fig. 3.1 Sample images of diffraction and interference patterns under the laser illumination.47    
      
The proposed system for inspecting an inner surface of a through-hole in a test sample is based 
on diffraction phenomena. The system inspects a through-hole by analyzing its diffraction 
pattern in the shadow region under a laser illumination and evaluating the roundness of the 
shape of the diffraction pattern.47 

   
 3.1.1 Method of inspecting inner surface of through-hole       
                                                             
The inner surface inspection system, first of all, segments a captured image of a test sample into 
every through-hole and detects the center position of each through-hole. And then the system 
measures concentrically the image intensities of the diffraction pattern in the shadow region 
around the detected center position of each through-hole. Finally, the system evaluates each 
through-hole in the captured image by analyzing the change of the intensities. The system 
inspects all through-holes in the test sample by changing a captured area in it and applying the 
above processes.47 

 
3.1.2 Detection of center position of through-hole 
 
Through-holes in a captured image are segmented with image processing algorithms. In order to 
speed up the image processing, the system treats the image intensities of only the red channel 
data in the captured color image because the color of a laser illumination is red. The system, 
first, eliminates the effect of interference patterns in the incidence region and diffraction 
patterns in the shadow region by applying a smooth filter to the red channel image.  
The filtered image is coupled with a threshold value and applied multiple iterations of dilation 
and erosion operation. This is done to remove noise.47 

Next, the system applies a labeling algorithm to the noise ripped image and groups its pixels into 
components based on pixel connectivity. And then the system detects the center of gravity of 
each grouped component as the center position of each through-hole. Figure 3.2 shows the 
detected center position of the through-holes in figure 3.1. 
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(a) (b) 

 
Figure 3.2: The detected center position of the through-holes. (a) and (b) show the center 
position of the through-holes as shown in figure 3.1 (a) and (b), respectively.47 

 
3.1.3 Evaluation of diffraction pattern 
 
A defect on the inner surface of a through-hole causes rapid changes in the image intensities in 
the diffraction pattern of the through-hole. Therefore, the system can inspect through-holes in 
test sample by evaluating the diffraction pattern of the through-holes.47 

The diffraction pattern of a through-hole is evaluated by finding out rapid changes in the image 
intensity distribution in the diffraction pattern. The system computes the differential values of 
the image intensities which are concentrically measured in the diffraction pattern and computes 
the variance of the computed differential values in each radius. Figure 3.3 shows the graph of the 
computed differential variance value in each radius of figure 3.1 (a) and (b). The horizontal axis 
is the radius from the center of the through-hole. 
 

 
Figure 3.3:  The differential variance values of the image intensities in the diffraction pattern of 
Fig. 3.1.47 

 

The differential variance value on the radius where radial fringes appear in the diffraction 
pattern becomes higher as seen from the graph in figure 3.3. The system sets a threshold value 
of the differential variance and detects the through-hole whose differential variance values are 
higher than the threshold value as a defective through-hole. A threshold value determines the 
criterion for evaluating a defective through-hole.47 
 
3.2 Shadow pattern image 
Zhans, Bryanston and Whitehouse have investigated surface roughness of holes by shadow 
patterns.48 
An in-focus strip is formed when a vertical surface is viewed through a microscope. It is the 
image of the in focus part of the surface. This part of the surface appears as a shadow pattern on 
the image. The shadow pattern is determined by both surface finish and the condition of the 
illumination. A nondestructive method of measuring the roughness can therefore be achieved 
from the following steps: capturing a series of connected in-focus strips that cover the internal 
surface, reconstructing the shadow pattern image of the surface from the in focus strips, and 
finding the relationship between the shadow pattern and the surface roughness and calculating 
the surface roughness parameters.48 
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3.2.1 Capturing in-focus strips 
 
The optical setup is shown in Figure 3.4. The hole is illuminated by a flexible light guide from its 
restricted end which is inside the injector and viewed from the other end.  The internal surface is 
enlarged by a microscope and the image is captured by a CCD camera. During the measurement, 
the injector is moved up and down by the stage so that the internal surface is viewed while the 
magnification and the view angle of the system are fixed.48 

 

 

 
 
 
 
 

 
Figure 3.4: (a) Injector and illumination fiber and (b) the optical system where the injector is put 
on the stage.48 

 
The formation of the in-focus strip is illustrated in Figure 3.5, where Di is the image distance; 
DOF is the depth of the field of the optical system; Don and Dof are the nearest and farthest object 
distances inside the DOF, respectively; L is the distance from the surface to the axis of the 
system; and a and b are the image sizes of L when the objective distance is Dof or Don, 
respectively. The surface located inside the DOF is the only in-focus part of the surface, and it 
forms an in-focus strip with the width of b-a on the screen. Figure 3.5(b) gives a shadow pattern 
and an in focus strips of a 2-D surface model. The shadow pattern is determined by the 
illumination angle and the surface topography.48 
 
3.2.2 Reconstructing the shadow image 
 
The shadow image is reconstructed from a set of in focus strips that were captured as described 
in the previous section. The process involves finding the random edge of every strip, flattening 
the shadow image of the surface by flattening every strip and connecting the strips to a 
contiguous surface shadow image.48 
 

 
Figure 3.5: Formation of in-focus-strip image: (a) optical system and (b) 2-D surface model.48 
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3.3 Speckle image   

3.3.1 Speckle image technique for surface roughness measurement  
 
When a surface is illuminated with a coherent light such as a laser, it is scattered by the surface 
and a fine granular structure or a speckle pattern including bright and dark regions is observed. 
This pattern carries important information about the surface. The properties of this speckle 
pattern are utilized in the determination of the surface roughness parameters Ra and Rq.  

 Several studies have been reported in the literature to determine the surface roughness on the 
machined metal surfaces by using non-contact optical methods including speckle, light 
scattering, specular reflection and interferometry.49-60 A number of studies have also been 
carried out to estimate optical surface roughness by relationship. Gaussian curves are employed 
to obtain numerical values for the surface roughness ranging up to 1μm. A regression analysis is 
run in order to establish the linear mathematical relationships between the Gaussian curve 
parameter, which depends on Gaussian function and surface roughness value. 
 On surfaces not forming fully developed speckles, the contrast of the speckle pattern can be 
used as a roughness parameter. If the values known as peak-to-valley values are greater than 
λ/4 of the incident light beam, other orders of destructive interference may happen at the same 
time. It is thus very difficult to extract the exact dimensions of roughness from the speckle 
pattern. This is why the speckle contrast technique is limited for Ra measurements less than λ/4. 
In fact, reflections from a rough surface produce not only interference but also a scattering 
effect. The rougher a surface is the more dominant the scattering effect will be. The final image 
of the emerging beam reflected from a surface with dark and bright speckles is formed due to 
the combination effects of interference and scattering. However, one should bear in mind that 
when a metal surface is illuminated with a laser, the laser beam intensity is decreased with 
rougher surfaces as a result of the scattering effects. The reflected light image intensity on a CCD 
depends on the surface roughness and this relationship has been used for surface roughness 
measurements.52 
For example, surface roughness measurements may be implemented by the speckle pattern 
illumination methods,61,62 the speckle contrast methods,63 and the speckle correlation 
methods.64 Surface roughness measurement by the process of speckle pattern illumination is 
convenient to find rms roughness in the submicrometer range but needs a complicated optical 
illumination system which involves a diffuser and a lens.62 The speckle contrast methods, which 
are based on the first-order statistics of surface speckle patterns, can usually evaluate surface 
roughness values less than Ra<0.3μm. Methods of speckle correlation, which are based on the 
second-order statistics of surface speckle patterns, may possibly work on surface roughness Ra 
between 1 and 30μm. However, they often require two speckle pattern images. This  could be 
obtained by one of the following methods: changing the incident light angle from the surface,65 
rotating the surface to be measured,66using two laser light beams.67 Such correlation methods 
are difficult to use for the in-process surface roughness measurement of moving objects, except 
for using two-laser light illumination.  
 
Thus it is obvious that the light illuminating a perfectly flat surface of a conducting or dielectric 
medium is specularly reflected. The basic reason for this specular reflection is the translational 
invariance of the surface. Actually, this symmetry property is associated with the conservation of 
the component of the light wave vector parallel to the surface. If this symmetry is broken by 
introducing a random surface corrugation, then this component is no longer conserved.68  
 
Thus, a part of the incident light is scattered in the specular direction and another part is 
diffusely scattered outside the specular direction. The greater the surface roughness, the more 
the light is diffusely scattered. So, the way the light is scattered at a surface is a signature of its 
roughness.68 
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3.3.2 System setup configuration 
 
The basic setup arrangements of surface roughness measurements by means of speckle pattern 
images are shown in Fig. 3.6. Where (a) shows speckle pattern formed in free-space geometry 
and is called objective speckle; while the speckle pattern that is formed by collecting the 
scattered light with a lens and focusing it onto a screen is called subjective speckle pattern which 
is shown in Fig. 3.6 (b). 
 

 
 
Figure 3.6: Basic schemes of the speckle pattern formation and the experimental setup.67 
 
The size of speckles, a statistical average of the distance between adjacent regions of maximum 
and minimum intensity is given by: 
 

Φ = 1.2λρL/ D                                                                                                         (1) 
 
Where λ is the wavelength of the laser light, ρ= 1 for objective speckles, and ρ= (1 +M) for 
subjective speckles, where M is the lens magnification.67 

 
Through simple setup process, we can obtain different speckle pattern images from standard 
grinding surface roughness specimens. The diagram below illustrates the speckle pattern 
texture images against surface roughness Ra values. 
 

 
 

Figure 3.7: Speckle pattern variations against the specimen surface roughness.67 
 
From left to right of the images, it is apparent that the speckle pattern contrast becomes weaker 
and the image signal approaches saturation with increase in surface roughness Ra. This means 
that the properties of the speckle pattern texture change with the surface roughness, and it is 
possible to extract the surface roughness from the speckle pattern texture images with the help 
of texture analysis. 
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Random intensity distribution “speckle pattern” in scattered light field from a rough surface has 
been studied in coherent optics.69-71  In the speckle correlation method, coherent light 
illuminates a rough surface: diffracted waves form a pattern that appears as a grain of bright and 
dark regions.72, 73  The degree of correlation of two speckle patterns produced from the same 
surface by two different illumination beams are used in characterizing surface roughness Ra. 
Object is illuminated by a monochromatic plane wave with an angle of incidence with respect to 
the normal to the surface, where multi-scattering and shadowing effects are quite neglected.  
Speckle patterns are recorded with a CCD camera placed in focal plane of a Fourier lens.74 
Fourier transform techniques are used for fine dimensional measurement.75 

 
3.3.3 Theory 
 
The scattering pattern is affected by the roughness of a surface when a mechanical surface is 
illuminated. The lay of the surface, caused by the direction of machining, determines the general 
scattering pattern. As the surface roughness increases, a surface is perceived as changing from 
smooth or mirror-like to rough or diffuse. A smooth surface scatters light mainly in the specular 
direction. When the surface gets rougher, there is an increase in the diffuse component and the 
specular component decreases.  This process of change from a strong specular to a diffuse 
scattering continues until there is no dominant specular components.76 

 
Figure 3.8 shows the difference in path length caused by the irregularities of a surface. The 
optical path difference, ∆r, between ray 1 and ray 2 is ∆r = 2hcosθ where θ is the angle of 
illumination and h is the height of the irregularities. The phase difference, ∆ϕ, between ray 1 and 
ray 2 caused by this path difference is 
 

∆ϕ =
    

 
 =

       

 
                                                (2) 

 
where   is the wavelength of the illumination. If ∆ϕ = , this results to destructive interference 
and thereby gives an approximate measurement range of specular reflectance of: 
 

h= 
 

     
                                                                    (3) 

 
During destructive interference the surface scattering becomes diffuse, no dominant specular 
component can be found in the scattered light, and the end of the measurement range of 
specular reflection reached.76 
 

 
 
Figure 3.8: Diagram for determining the optical path difference, ∆r, between two parallel rays, 
R1 and R2, scattered from the top and bottom of the surface.76 
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Speckles are formed when a surface is illuminated with coherent light. The speckle pattern is a 
diffraction pattern, which is formed by interference by electromagnetic waves scattered from 
different spots on the surface within the illuminated area.77 

 

 
 

Figure 3.9: Speckle pattern.77 

 
The white and dark areas in the diagram indicate the speckle pattern, as seen in Fig.3.9. 
The bright areas show where constructive interference occurs and the dark spots for destructive 
interference occurs.77 

 
The principle of the speckle contrast technique is to illuminate a surface with coherent light and 
record the speckle pattern, for instance using a video camera. The speckle pattern registered is 
saved as a matrix and its contrast could be correlated to the roughness of the surface. A rougher 
surface results in higher contrast than a smoother surface. The range of measurement using 
speckle contrast is approximately 
 

  = 
 

     
                                                 (4) 

 
where   is the wavelength of the illumination and   is the illumination angle.   is given in 
relation to the normal of the surface. The end of the measurement range is reached when 
destructive interference occurs in the speckle pattern. 
  

There have been many practical methods invented to extract surface roughness from the speckle 
patterns. These can be separated into different groups of two, namely those using first-order 
speckle pattern statistics such as contrast, and those using second-order correlation properties 
of the pattern. 
 
 Shiraishi78 who suggested a method that used average speckle contrast as a measure of 
roughness is an explicit instance of a manifestation of the former. By varying the illumination 
angle and the observation distance, roughness measurements are held in the range of 3-70μm. 
As a result of constantly variation in angle of incidence from the scan, this method is unsuitable 
for use in a laser scanning system. The second approach, using second-order correlation 
properties of the speckle pattern can be subdivided into spectral speckle correlation (SSC) and 
angular speckle correlation (ASC) techniques. SSC employs two different wavelengths to 
produce the difference in speckle patterns while ASC uses speckle patterns generated at slightly 
different angles to produce an image which is suitable for autocorrelation. Léger in 197579 

brought into effect the ASC technique. Léger used double exposures on photographic plates to 
record successive speckle patterns at different angles of illumination. In order to generate 
Young’s interference fringes, the resultant image on the plate was then optically Fourier 
transformed.  Surface roughness was inferred from the calculated visibility of the fringes with 
the usage of a theoretical model. In as much as the rms surface roughness was larger than the 
laser wavelength, the method worked over a large range of surface roughness. Russo80 proposed 
that the surface be illuminated with a pair of laser beams having crossed polarization states in 
order to surmount manifolds exposures and to minimize yielding readily to surface vibration. 
The two superimposed and partially correlated speckle patterns are recorded and from which 
the surface roughness is determined.  
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4   Imaging and evaluation of surface roughness  

4.1 Image Capturing 
 
In both the biological and industrial laboratory the analysis of digital images is of significant 
importance, since the origination of personal computers over the last two decades. The need for 
more precise and accurate measurements from digital images is on the rise as digital camera 
technology and microscopy become more refined. 
When light passes through the lens, it falls on the image sensor and as a result an image is 
captured by a network camera. The image sensor constitutes picture elements, also called pixels, 
which register the amount of light that falls on them. They convert the received amount of light 
into a corresponding number of electrons. The intensity of the light is dependent on the 
quantum of electrons released. (The stronger the light, the more electrons are generated). The 
electrons are converted into voltage and then transformed into numbers by means of an A/D-
converter. The signal formed by the numbers is processed by electronic circuits inside the 
camera.  Presently, a system consisting of a high-pixel resolution CCD (charge coupled device) 
chip and associated hardware is the most common method for generating digital images. 
However, because digital images are inherently monochrome, or black and white, other 
hardware and software are needed to generate color images. 81-87 
 
4.2 Image processing 
 
Optical measurements have the suitable characteristics such as noninvasive and nondestructive, 
these are techniques that are able to examine in real time objects and phenomena in a remote 
sense. The use of digital cameras to record objects or a specific phenomenon allows the 
developments of the possibility that, the related images can be processed to find one or many 
parameters or characteristics of recorded information.  These images need to be processed and 
secure. There will be a model associated with the optical metrology that will provide an insight 
or a comprehensive understanding of the image being analyzed.82 
 
Matlab is the preferred in carrying out image processing algorithms because it has the ability to 
execute the entire processing techniques and procedures to analyze an image. 
Simultaneously, it provides a flexible and a fast programming language for user constructing 
algorithms. Some fundamentals about image acquisition, filtering and processing, and some 
other applications are given below.82 
 
4.2.1 Image acquisition 
 
Image acquisition is the first stage in every vision system for human or artificial image data 
interpretation. Image acquisition is the recording process of a real object, this implies that the 
vision process absolutely depends on quality acquisition; this could be analogical or digital. The 
process of analogical acquisition represents objects with various techniques like designing, 
painting, photography, and video. Similarly, the process of digital imaging acquisition represents 
a real object; however object properties are presented in a discrete form. Every object 
characteristics are mapped from a real plane to a digital plane where a group of discrete values 
represent position, form, color and texture.82 
 
4.2.2 Acquisition and digital image representation 
 
Image acquisition process in Matlab can be done by the use of either imread or getsnapshot 
functions for stored images or video, respectively. Each function stores the object representation 
in a discrete l x m x n array, where l can be related to color data; m and n indexes represent the 
image spatial coordinates. Digital images are described as a bidimensional f(x,y) function, where 
x and y represent the spatial coordinates.   The f value at the (x,y) position point is proportional 
to the intensity or gray scale of the image. Digital images are described as a bidimensional f(x,y) 
function, where x and y represent the spatial coordinates. The f value at the (x,y) position point is 
proportional to the intensity or gray scale of the image.82 
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4.2.3 Image discretization 
 
Image discretization is the process of converting an analogical image to a digital image; this 
process depends on the sampling and quantization stages. Correspondence between analogical 
and digital images is given by the number of pixels used. If the number of pixels is enough to 
satisfy the Nyquist criteria (Oppenheim et al.1997)83, then the acquired image is a satisfactory 
representation of the real object observed. Quantization is the process of attributing a color or 
gray discrete level to each sample. Therefore, the quality of image discretization is dependent on 
frequency sampling as in quantization levels used. It must be noted that Matlab only reads 
digital images. Acquisition process can be done with scanners, CCD cameras, etc. 
 
4.3 Optically rough and smooth surfaces 
 
Optical measurements strongly depend on the micro-scale topography of the surface – whether 
the surface is ‘rough’ or ‘smooth’ makes a big difference. With reference to Fig. 4.7, a surface is 
optically smooth if the surface height variation within the diffraction limited lateral resolution of 
the observation is smaller than λ/4 (Fig. 4.7, top). In this case, no wholly destructive interference 
can take place in the image of this surface. A surface is optically rough if the surface height 
variation is larger than λ/4. For height variations considerably greater than λ/4 (and for 
coherent illumination) full contrast speckles may occur in the image of the surface                                    
(Fig. 4.7, bottom).13 
 

 
 

Figure 4.7: Optically smooth and rough surfaces.13 

 
Whether a surface is optically smooth or rough does not only depend on the surface itself but 
also on the observation/illumination angle, sin uobs. If ground glass is observed through a 
microscope with a very high numerical aperture, its surface will appear as if it is composed of a 
large number of tiny mirror surfaces. If the ground glass is observed by the naked eye or a low 
numerical aperture instrument, the ground glass will appear matt. 13 The distinguishing property 
is the phase change introduced from the reflecting surface. If this phase variation within the 
laterally resolved distance given by equation (5)  

                              
 ̅

       
                                                                                 (5) 

 
Is smaller than ±90°, the reflected wavelets can never display fully destructive interference 
within the optical resolution, as they would result in fully developed speckle. The phase 
variation of ±90° corresponds to a surface variation of λ/4 within that resolution distance, 
considering the fact that the light is travelling back and forth, by reflection. So, for high 
resolution, the surface height variation may be smaller than λ/4, while for low resolution                   
(low aperture) the same surface may display a much larger height variation. In the image plane 
of the observing lens, this has a large effect. 13 
 
In the smooth case, the wave which travels to the aperture and is focused at some position in the 
image plane is not affected by a large amount of random phase variation and generates a 
relatively bright spot. This is not the case for the rough surface, where the different areas of the 
aperture contribute to wavelets displaying large random phase differences. If these wavelets 
merge coherently, speckles will be seen. From coherence theory a rule of thumb can be derived: 
speckles can be observed at rough surfaces if the illumination aperture is smaller than the 
observation aperture.  In this case, the width of the spatial coherence function at the object is 
larger than the distance resolved by the detector. 88 
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5   Light scattering and surface roughness models 
 
5.1 Light scattering 
 
Light scattering belongs to a class of techniques known as area integrating methods; this is used 
for measuring surface texture. Light scattering methods probe an area of the surface and yield 
parameters that are characteristic of the texture of the area as a whole, rather than relying on 
coordinate measurements of surface points. The intensity of the specular beam, the angle-
resolved scatter and the angle integrated scatter are examples from light scattering that can 
yield useful parameters of the surface texture. 89 
 
Since the inception of optical technology in ancient times, people have understood that smooth 
surfaces are mirror-like and that rough surfaces scatter light in many directions. This 
phenomenon of light scattering has been used since the early 1960s (Bennett and Porteus 1961, 
90 Bennett and Mattsson 1999, 4) to help surface roughness quantification. The theory is well 
founded and has been extensively developed, and the designs of light scattering instrumentation 
have varied greatly. In this chapter the theory of light scattering from surfaces will be briefly 
outlined, and a number of different ways in which light scatter can be used to measure surface 
roughness will be described. 91 
 
Methods for measuring rough surfaces may be classified into three types (see Fig.2.1): line 
profiling, areal topography and area-integrating (Vorburger et al. 2007, ISO 25178-6 2010).13  
Line profiling and areal topography methods are coordinate based and are similar to each other. 
Area-integrating methods are quite different. These methods sense an area of the surface as a 
whole and provide a measure of the overall surface roughness of that area, perhaps even with a 
single measured parameter. The most widely used area integrating methods are based on light 
scattering.  
Two important types of light scatter methods are illustrated below: angle-resolved scatter      
(Fig. 5.1), where the light scattered in different directions is measured and analyzed, and total 
integrated scatter (Fig. 5.2), where essentially all of the light that is not specularly reflected is 
captured. 89 
 
The ARS method is often used to analyze the in-plane angular scattering. 
 

 
Figure 5.1: Schematic diagram of light scattering from a rough surface and an angle-resolved 
detection system consisting here of a number of detectors.89 
 
When a beam of laser light is incident on a smooth surface most of the reflected light travels in 
the specular direction such that the angle of reflection equals the angle of incidence, as shown in 
Fig. 5.1. As the surface roughness increases, more light is scattered into different directions and 
the reflected specular beam loses intensity. The theory (for example, Beckmann and Spizzichino 
1987) that describes these phenomena comes from electromagnetism. Specifically, the theory 
describes the behavior of the electric and magnetic fields which compose propagating beams of 
light and their behavior when boundaries, such as reflecting surfaces, are encountered in the 
medium of propagation. 89 
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Figure 5.2: Schematic diagram of light scattering from a rough surface and a device for collecting 
the total integrated scattered light.89 

 
 
TIS is defined as the ratio of the light intensity scattered into a hemisphere to the light intensity 
reflected by the specimen surface. The root-mean-square (RMS) roughness height of a specimen 
surface has a definite relationship between the ratio and the incident light wavelength.91 
 
 
5.2 Rough surface scattering models 
 
Natural surfaces can be considered as rough, and the roughness is the dominant factor for the 
scattering behavior of an electromagnetic wave. The roughness as derived from scattering 
theory of any scattering surfaces is not an intrinsic property of that surface but depends on the 
properties of a wave being transmitted. Both the frequency and the local angle of incidence of 
the transmitted wave, determine how rough or smooth any surface appears to be.92 The relation 
of the electromagnetic wave in terms of its wavelength λ to the statistical roughness parameter s 
is given by ks. Thus with increasing wavelength, the roughness term is decreasing consequently, 
the indication of the relative roughness of the surface is depending on the wavelength as 
k=      . Also the local incidence angle plays an important role for defining the roughness 
condition of a surface. In the near field of the propagating EM wave, the surface appears rougher 
than the one in the far field.92 
 
As before mentioned, it is quite arbitrary to define a surface from an electromagnetic point of 
view as smooth or rough. Nevertheless two main criteria can be found to define a smooth 
surface; they are the Rayleigh and Fraunhofer criteria respectively.  
Considering a plane monochromatic wave reflected at some angle   onto a rough surface see 
figure 5.3. 
 

 
 

Figure 5.3: Diagram for determining the phase difference between two parallel waves scattered 
from different points on a rough surface.92 
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It is a simple matter to calculate the phase difference ∆ϕ between two rays scattered from 
separate points on the surface: 
 

∆ϕ=
       

 
                                                                     (6) 

Where h is the standard deviation of the roughness height regarding to a reference height and   
the local incident angle. 
 
The Rayleigh criterion states that if the phase difference ∆ϕ between two reflected waves is less 
than      radians, then the surface may be considered as smooth, and is defined by  

h  
 

     
                                                                            (7) 

 
To a first approximation, the Rayleigh criterion is sufficient to define the smoothness but  a more 
stringent criterion, called Fraunhofer criterion is adapted to the electromagnetic wave. This 
criterion considers a surface as smooth, if the phase difference is ∆ϕ      
 

h  
 

      
                                                                                            (8) 

 
Beckmann80 has developed a model which gives a general view of the scattering from a surface 
as a function of the angles of illumination and viewing, roughness, correlation length, and beam 
width. The Beckmann model93 gives the scattered far-field at a point P, according to equation 
(11). The scattering geometry is given in Fig. 5.4. It is assumed that the surface causing this 
scattering have a one-dimensional roughness, i.e. 
 z(x, y)= z(x). 
 

    rr  = (s2 + 
     

  
∑

  

    
  

 (
    

 

  
) 

   )                                  (9) 

 
where 2L is the surface length (L is measured in the x direction) and (rr*) is the ratio of the mean 
scattered power to the power reflected by a smooth surface in the specular direction. When 
equation (11) is derived m arises in a power-series expansion 
of an exponential function. 
 

 
 

Figure 5.4:  Scattering geometry. I is the plane of incidence and S is the scattering plane.94 
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The incident light beam is along the hypotenuse of the incidence plane I, and P is located on the 
hypotenuse of the scattering plane S. 
 

s= 
         

   
                                                                                     (10) 

 

F (        = 
                            

                  
                                    (11) 

 
The angles              are defined in Fig. 37. 
 

  = 
  

 
  (      -      ),                                                                                               (12)                                   

 

    =    [
    

 
               ]

 
                                                                      (13) 

 
   is included in the parameter g, and g can be perceived as a roughness parameter, where 

g << 1 : smooth surface    and   g >> 1 : rough surface. 
 
The first part of equation (11) describes the specular reflected light and the second part 
describes the diffuse scattered light. On a smooth surface the first term in equation (9) is 
predominant and it can be simplified. For the specular direction, i.e.   =   , equation (9) is 
reduced to: 
 

rr =                                                                                            (14) 
 

C(    is the normalized autocorrelation function. In equation (11), C (   is assumed to be 

C(   = 
 (

  

  )                                                                           (15) 
 
T is the correlation distance for which C(   has decreased to        .  
 
The following assumptions are made in equation (11). 
• The surface height is normally distributed. 
• The surface-height correlation function is Gaussian. 
• The surface is locally smooth. 
• The incident beam is a plane wave. 
• The electromagnetic field is scalar. 
• Shadowing and multiple reflectances are neglected. 
• The surface is perfectly conducting, i.e. the surface reflectance is equal to one. 
 
5.3 Some theoretical Scattering description 
 
The theoretical background of light scattering from a micro-rough surface is based mainly on 
Beckmann and Spizzichino’s rough surface light scattering model.82 as shown in Fig. 38, a beam 
of laser is directed towards a micro-rough surface, the reflected light field consists of specular 
reflection beam and scattered light. 
 

 
 

Figure 5.5: Laser light scattering from rough surface.95 
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According to Beckmann and Spizzichino’s model of rough-surface light scattering for a                      
well-polished surface, where the roughness is much smaller than the wavelengthof the scattered 
light, the relation between the scattered light and surface roughness is as follows 90: 
 

TIS =1- 
 

  
 = 1-  

 [
        

 
  ]

 

                                                             (16) 

 
where TIS is the total integrated scattering, R is the specular reflection ratio, R0 is the total of 
reflection and scattering ratio, θi is the incident angle, λ is the laser wavelength, σ is the root 
mean square roughness. Equation (18) shows that TIS is the function of root mean square σ. So, 
the root mean square σ can be acquired by measuring the total integrated scattering light. 
 
Under some circumstances, total integrated scattering can be acquired by angular resolved 
scattering (ARS) method. NICODEMUS et al.96 introduced the ARS method and BRDF was put 
forward, the latter being defined by: 
 

BRDF  
       

           
                                                                          (17) 

 
In Equation (19), dLs is the flux of light scattering, Li is the total flux of incident light, Ωi is the 
solid angle of incident light, Ωs is the solid angle of outgoing direction.     
        
So, the angle resolved light scattering techniques (ARS) can be used to make maps of scattering 
as a function of position on a surface and to give the RMS roughness. 
 
ARS = BRDF    θs, thus, the total integrated scattering is the integral of the BRDF: 
 

TIS  ∫               ∫      

 

 
 

   ∫             
  

                   (18)  

 
The    and    are illustrated in Fig. 5.6. 
 
Also, the function of the surface power spectral density (PSD) can be deduced from the 
measured bidirectional reflectance distribution (BRDF) function 
 

BRDF 
    

            Q PSD                                                                                      (19) 

 
The light wavelength is denoted by λ and the angles θi and θs (measured from surface normal) 
are the incident and scattering angles, respectively, Q is the polarization coefficient (which is 
numerically close to the specular reflectance for many situations). This relationship has been 
investigated in great detail in the literature and has been proven to be very accurate for the case 
of smooth, clean, front surface reflectors. The PSD function is the frequency spectrum of the 
surface roughness measured in units of spatial frequency.6, 97 
 

 
Figure 5.6: The geometry angle.84 
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The PSD function provides information about both the amplitude and spatial wavelength of the 
surface. The most useful feature of the PSD function is that it relates information about the 
Fourier transform of the surface into a form that makes it possible to readily compare 
information generated from various instruments. The RMS roughness may be calculated directly 
as the square root of the integral of the one-dimensional PSD curve. 
So, after building the angle resolved light scattering (ARS) measurement instrumentation, 
characterization of roughness like root mean square roughness and PSD of well-polished 
surfaces can be achieved by light scattering measurement according to equations (16)–(19). 6, 97 
 
 
5.4 Possible problem with the fiber composite nature of material with incident light         
  
The intermixing of light reflected and scattered from the fiber composite surface complicates 
surface roughness assessment by laser speckle technique, a non-invasive optical method based 
on the analysis of the contrast of a speckle pattern. Three techniques for separating the surface 
and volume-scattered light, namely spatial, polarization and spectral filtering, were recently 
established.98-101 

 

5.4.1 Spatial filtering 
 
 Spatial filtering relies on the property that weakly scattered light emerges within close 
proximity of the illuminating spot.99 Therefore we can collect mostly weakly scattered light by 
filtering the out coming light with an opaque diaphragm. 
 
5.4.2 Polarization filtering 
 
The basis of Polarization filtering is the polarization-maintaining property of the weakly 
scattered light. When polarized light illuminates a scattering medium, weakly scattered light 
emerging from the superficial region retains its original polarization state, while multiple-
scattered light with random polarization state emerges from deeper regions.87 If we organize a 
registration in two channels with a cross-linear output polarizer, simple manipulations of the 
images registered in the two channels suppresses the randomly polarized volume scattered light 
and allows the weakly scattered superficial light to be disclosed.100 

 

5.4.3 Spectral filtering 
 
Spectral filtering101 is based on the strong spectral dependence of skin attenuation coefficients. 
Shorter wavelengths are attenuated more heavily in a scattering medium, yielding a higher 
output of weakly scattered light. 102 
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6    Fiber composite structures for the aircraft industry 

6.1 Background  

Composite material is a material made of two or more discrete phases (matrix phase and 
dispersed phase) and having most important properties different from those of any of the 
components. Matrix phase: the primary phase, having a continuous character, is called matrix. 
Matrix is usually more ductile and less hard phase. It grips the dispersed phase and shares a load 
with it. Dispersed (reinforcing) phase: this is implanted in the matrix in a discontinuous form. 
This secondary phase is called dispersed phase. This is usually stronger than the matrix, 
therefore it is sometimes called reinforcing phase. 
  
Many of common materials (metal alloys, doped Ceramics and Polymers mixed with additives) 
also possess some percentage of dispersed phases in their structures, however they are not 
regarded as composite materials since their properties are similar to those of their base 
constituents (physical properties of steel are similar to those of pure iron). 103 
 
 
In aircraft production, composite materials are of frequent usage. Carbon Fibre Reinforced 
Plastics (CFRP), Glass Fibre Reinforced Plastics (GFRP) and metal-aluminium laminates (e.g. Glass 
Laminate Aluminium Reinforced Epoxy, GLARE.) are the primary composite types. The 
distinctive components made of CFRP are flaps, vertical and horizontal tail planes, center wing 
boxes, rear pressure bulkheads, ribs and stringers. GLARE is used even for some shells of the 
upper fuselage for the Airbus A380. In modern civil aircrafts such as A380 the weight percentage 
of composites is approximately 25%. There is a high expectance of increase in this percentage 
for the forthcoming generation of civil aircrafts and that main construction constituents like 
fuselage and wings will also be made of composites. 104 
 
6.2 Carbon fiber reinforced polymer (CFRP) 
 
CFRP is a Polymer Matrix Composite material reinforced by carbon fibers. The reinforcing 
dispersed phase may be in form of either continuous or discontinuous carbon fibers of diameter 
about 0.0004” commonly woven into a cloth. 
Carbon fibers have the highest specific (divided by weight) mechanical properties: modulus of 
elasticity and strength. 
 
Carbon fibers are used for reinforcing polymer matrix due to the following their properties: 
 
•Very high modulus of elasticity exceeding that of steel; 
•High tensile strength, which may reach 1000 ksi (7 GPa); 
•Low density: 114 lb/ft³ (1800 kg/m³);  
•High chemical inertness. 
 
The only disadvantage of carbon (Graphite) fibers is catastrophic mode of failure (carbon fibers 
are brittle). 
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The types of carbon fibers are as follows: 
 
•UHM (ultra high modulus). Modulus of elasticity > 65400 ksi (450GPa).  
•HM (high modulus). Modulus of elasticity is in the range 51000-65400 ksi (350-450GPa).  
•IM (intermediate modulus). Modulus of elasticity is in the range 29000-51000 ksi (200-
350GPa).  
•HT (high tensile, low modulus). Tensile strength > 436 ksi (3 GPa), modulus of elasticity < 14500 
ksi (100 GPa).  
•SHT (super high tensile). Tensile strength > 650 ksi (4.5GPa). 
The well-known matrix materials for producing Carbon Fiber Reinforced Polymers (CFRP) are 
thermosets such as epoxy, polyester and thermoplastics such as nylon (polyamide).  Also the 
laminating structures of Carbon Fiber Reinforced Polymers (CFRP) materials help provide 
reinforcement in two orthogonal directions. Open mold processes, closed mold processes and 
pultrusion method are three of methods for the making of CFRP. 
 
Carbon Fiber Reinforced Polymers (CFRP) are characterized by the following properties: 
 Light weight 
 High strength-to-weight ratio 
 Very High modulus elasticity-to-weight ratio 
 High Fatigue strength 
 Good corrosion resistance 
 Very low coefficient of thermal expansion 
 Low impact resistance 
 High electric conductivity 
 High cost. 
 
Carbon Fiber Reinforced Polymers (CFRP) are used for manufacturing: automotive marine and 
aerospace parts, sport goods (golf clubs, skis, tennis racquets, fishing rods), bicycle frames. 105 
 
 

6.2.1 Optical properties of the fiber composite considered for analysis 
  

 
 

Figure 6.1: Fiber composite material properties.106 
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After a thorough search, for the optical properties, I chose Styrene-acrylonitrile (SAN), is the 
material used in modeling of the hole to be inspected. This is because it has the similar 
properties as that of the CFRP, which is the most frequent use of aircraft production. 
 
The optical properties of the produced SAN data as shown in figure 6.1, which I laid hands on is 
measured using an incoming light source  at 0.590μm, under  a silicon immersion with refractive 
index, n, 1.5688 at measuring temperature of 20°C and temperature regulation maintained at a 
stability of 0.2°C. 
The index of refraction varies with the wavelength, temperature and applied stress. The 
variation of refractive index, n, with wavelength, λ, is known as the dispersion. As can be seen 
from the plot above, the index of SAN decreases with increasing wavelength at a rate of 
0.0780μm-1 (this means that for every 1um increase in the wavelength of the light source the 
refractive index of the SAN material decreases by 7.8%). One of the ways to characterize the 
above dispersion is by use of the Abbe’ number.  Vd=34.67 expresses the measure of the SAN’s 
dispersion in relation to the refractive index with respect to the wavelength of the Frauhofer d 
helium line at 0.590um. Also the Ve=34.42 is defined at the green mercury E-Line at 0.546um. 
 
The choice of this SAN as a material for the hole, put a constrain on the selection of optical 
elements and the computation of other parameters. 
 
6.3 Summary 
 
The main idea behind the design layout originated from cylindrical imagining techniques as seen 
in chapter 3 and concentrating more on the measurement unit moving into the hole from one 
side only. Also bearing in mind that the hole geometry of consideration is 6mm in both diameter 
and depth.  
With this as the problem definition, I translated the requirement and boundaries of the design 
problem into detailed optical specifications. This leads to the design layout and concept as 
shown in chapter 7. The design concept back with assumptions is then made more realistic by 
employing the OSLO ray tracing software to model how the lens system affects the propagation. 
The process is computationally intensive.   
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7       Design concept and theory 

7.1 Fundamental description 
 
Basically the method consists of the use of axicon and a system of focusing lens to inspect the 
surface walls of the through hole. This involves the scanning of the inner walls of the through 
hole by use of the annular focusing to obtain a ring shaped image. The entire whole length of the 
inner surface walls of the hole is inspected by varying the aperture. 
 

 
 

Figure 7.1: Schematic view of the set up. 
 

1. He-Ne Laser Source 
2. System of arranged lens forming the focusing lens 
3. Collimated Light beam (Gaussian beam) 
4. Variable aperture controller 
5. Axicon 
6. Generated Bessel Beam 
7. Inspected hole 
8. Conical Reflective Mirror 
9. Reflected Rays 
10. Tilted Reflective Mirror 
11. Reflected Rays 
12. Adjusting diaphragm 
13. Objective imaging lens 
14. CCD detector Camera 
15. Image Processing Units 
16. Programmed Computer 
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Figure 7.2: A 3D solid edge model. 

 

 
Figure 7.3: different orientation of the solid model. 
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7.2 Detailed description 
 
A laser source (He-Ne Laser) projects a circular beam of laser radiation. The output beam of the 
He-Ne Laser which has a Gaussian beam profile is expanded and collimated by a set of focusing 
lens system. The beam is incident perpendicularly on the axicon. The variable aperture in front 
of the axicon helps control the width of the incident beam on the axicon thereby regulating the 
depth of focus along the inner surface walls.                                                                                               
The beam after passing through the axicon is transformed into a diffraction-free Bessel beam. 
The generated Bessel beam incident on the inside walls of the hole and after successive 
reflections (be it specular and/or scattered) rays fall on the reflective conical mirror. This 
conical mirror is attached to the extreme end of the through hole temporary by means of some 
adhesives. Due to the reflective nature of the conical beam the incident rays from the walls of the 
holes on it are reflected specularly and focused to incident on the the tilted mirror.  
This tilted mirror is positioned 45° to the optical axis of the entire optical layout system. 
Furthermore the other side of the tilted mirror is plated with an opaque material to function like 
a photomask, so as to block some rays from directly incidenting on the conical mirror.                       
This thereby helps prevent excessive interference of rays. The incident rays from the conical 
reflective mirror on the tilted reflective mirror is reflected and redirected onto the objective 
imaging lens. This is then detected by the help of a CCD Camera. The amount of light that 
impinges on this lens is controlled by the adjusting diaphragm. This in a way helps to focus light 
to produce a sharp image viewed by the CCD camera. By the help of the CCD camera and the 
objective imaging lens the illuminated section of the hole is detected. The computer monitor 
displays an image of the region of the inner wall surface of the hole at a chosen position along 
the length. 
 
7.3 Background information of axicon 
 
7.3.1 Characteristics properties  
 

 Axicons are well known for alignment purposes 
 Axicons  offer high lateral resolution and long focal depth of field in the focal region 
 Axicons  can be used to generate Bessel beams, sometimes referred to as non-diffracting 

beams that is it turns into a Gaussian beam into an approximation to a Bessel beam with 
greatly reduced diffraction. 

 The name axicon means axis image and an axicon has the property that  a point source 
on its axis of revolution is imaged to a range of points along its axis. Axicons do not 
therefore have a definite focal length 

 An axicon is the most efficient method for producing a quasi-nondiffracting or zero-
order Bessel –type beam that preserves its transverse distribution along the optical axis. 

 The most interesting feature of the axicon is its capability of generating a line focus 
rather than a point focus from incident collimated beam. 

 An axicon is a specialized type of lens which has a conical surface 
 An axicon images a point source into a line along the optics or transforms a laser beam 

into a ring. 
 
7.3.2 Main reasons for using axicon  
 
A high lateral resolution imaging requires a large numerical aperture; a long focus of depth 
requires a small numerical aperture. Thus there is a tradeoff between lateral resolution and 
focus of depth when conventional optical elements are used, because a beam with long focus 
depth and narrow lateral width cannot be produced simultaneously. Hence an axicon lens is 
introduced, which achieves both high lateral resolution and long focus depth simultaneously. 
 
In conclusion, the above mentioned properties of an axicon differentiate them from the more 
widely used spherical lens which has a shorter depth of field and a Gaussian (diffracting) 
transverse distribution. 
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Figure 7.4: Geometrical Representation of the Axicon Lens 

 
α = Axicon angle (formed by the conical surface with the flat surface of the axicon lens) 

β = the intersection angle of the geometrical rays with the optical axis  

   = Radius of the beam; aperture radius 

L = Depth of focus  

   = Wavelength 
 
Above shows a schematic representation of the axicon illuminated by a Gaussian beam with 

waist width D and wavelength   . The axicon angle, α and its refractive index, n, leading to a 

refracted propagation angle β. The region which the refracted rays overlap and the interfere to 
generate an approximation to a Bessel beam denoted L, equivalent to the depth of focus. 
 
Light emitting from the laser source is collimated with a lens to produce spatially coherent 
illumination upon the axicon lens. Spatial coherent  illumination is necessary for the axicon to 
produce a sharply focused spot else a spatially incoherent light illumination , if used the spot 
become wider and spatially incoherent, resulting in reduced transverse resolution and low 
signal to noise ratio (SNR). 
 
7.4 Numerical analysis 
 
The intensity distribution, I(r,z) behind the axicon illuminated by a collimated beam of diameter, 
D, is given by 
 

                  
       

     
   

                  
 

 
                                

Where, 
         is the energy incident beam at radius,    contributing to the intensity at the axial point Z 
through the relationship 
  

   
     

          
                                                                                                           

 

  = is the wave number given by,     
 

 
   = the Zero-order Bessel function of the first kind 

r =the radial coordinate on the observation plane 
L = the depth of focus, approximated by; 
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From       
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Considering the equality part of the boundary condition    

 

 
     , then  

 

              
 

 
                                                                                               

 
  is the intersection angle of the geometrical rays with optical axis which resulted from 

refraction is deduced from  Snell’s Law, 
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Thus the angles    and    and the depth of focus of the axicon, L, are subject to the following 
constraints 
 

                                                                       
 

 
   

 
The central peak radius,     of the beam behind the axicon can be predicted by the first-zero 

order of the Bessel function,  
 

                                                                                           
  
                                                                                            

  

   
       

      
                                                                 (25) 

 
 

 
 

Figure 7.5: Generated Zero- Order Bessel beam 
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7.4.1 Bessel beam 
 
A Bessel beam represents a propagation-invariant solution of free space Helmholtz equation and 
has the intensity distribution           of the form 

 
             

                
                                                                        

Where  
 

   and    represent the axial and radial components of the free space propagation constant  
 

   
   

  
                                                                                                                    

   = the free space wavelength 

     = Bessel function of the order q 

       Represent the cylindrical coordinates 
 
Now, the mathematical representation of the Bessel function beam can be interpreted as a 

superposition of plane waves all having the same angle   to the  -axis, but different azimuthal 
angle ranging from 0 to 2  . 
The wave vectors of the Bessel beam distribution therefore lie on a cone, it is this interpretation 
that holds the key to the visualizing the generating of Bessel function beams. Of primary interest 
is generally the zeroth –order solution which represents a Bessel beam with a central maximum, 
which may be written in the form  
 

             
         

                                                                        

 
Where the azimuthal dependence has been ignored, since this term is relevance only for higher 
order solution. The principal attractive feature of the zeroth-order Bessel beam is that the radius 
of the central maximum is propagation invariant, implying that the beam does not spread as it 
propagates in the axial (Z) direction. 
 
7.4.2 Depth of focus 
 
The depth of focus, Z, defined as the distance from the axicon apex to the edge of the geometrical 
shadow for full-facet illumination. The depth of focus is regulated by varying the aperture radius 
infront of the axicon. By this action the entire length of the hole is illuminated and inspected for 
defects. Within the depth of focus, the peak intensity of the central spot oscillates and rapidly 
decays at its end. 
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Figure 13.6: Variation of Aperture Radius with Depth of focus 
 
From equation 138 and for the above design layout both   and   are approximately small and 
constant, thus the term 
 

    

          
  becomes a constant, say t, thence equation 2, becomes 

 
                                                                                            

 
Implying that    varies linearly proportional to Z, that is an increase/decrease in the aperture 
radius causes a corresponding increase/decrease in the depth of focus. Furthermore, the 

equation 9, can be represented graphically as a straight line of the form y=mx+c with intercept 

on the    axis being zero (that is c=0) and passing through the origin, having a slope of   
 

 m=t= 
    

          
  

 

 
 

Figure 7.7:  A graph of Aperture Radius against Depth of focus 
 
By this the entire length of the hole can be illuminated, hence the whole inner surface wall of the 
can be detected.  
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7.4.3 Size and positioning of the tilted mirror 
 
The tilted mirror is one of the most important components of the optical system set up. It helps 
to redirect all the reflected rays from the inner wall surfaces of the hole to be imaged. Thus the 
need for the choice of its size and position 
 

 
 

Figure 7.8: Schematic Representation of size and position of the tilted mirror 
 
Where 
D is the diameter of the hole which is fixed  

w is the depth of the hole  
 

 
   is the depth of focus 

   is the angle of tilt  

d is the diameter of the mirror 
And the centre of the axis of the mirror coincides with the axis of the optical system layout. 
 
Consider the triangle ABC 
 

 
Figure 7.9: Triangle Representation 

 
Using the sine rule 
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Applying Pythagoras theorem for t, 
 

(
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 √                                                                                                      

 

For,t, the mirror  with diameter,      is tilted    to the optical axis at a distance of     from 

the hole entrance surface. 
 
7.5 Evaluation 
 
7.5.1 Hole surface Specification:   

Diameter 6mm, hole depth 6mm 

Total internal surface area=   x hole diameter x hole depth=   x 6 x 6=113.097mm2                    (34)           

Surface defective characteristic   
 
Type: Reflecting Diffractive Grating Surface 
           Grating order=m=1 
          Grating spacing per groove= 10μm 
         Groove density= 100grooves/mm 
         Number of grooves along the depth of the hole= 600 
      
7.5.2 Axicon parameters 
 

 

 
 

Figure 7.10: Axicon geometric specifications and material properties.107 
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Lens type:  Plano-Convex   Material type:  Fused Silica    Refractive index, n=1.45838 @ λ=590nm 
From equation 142, we have  
  

     
       

    
 

                    

    
                         

 
Also using                 

  
        

    
         

            

    
                  

 
Using equation 23 
 

   
 

        
                    

 
Thus for every mm rise or fall in the aperture radius changes the depth of focus by       
In conclusion, a customized preferable axicon of diameter 8mm and base angle        is ordered 
upon request for the task at stake.  
 
7.6 Light source specification 
 

 
Figure 7.11: Schematic diagram of LHYP-0201 Cylindrical Helium- Neon.109 

 

 
Figure 7.12: Technical data of the HeNe Laser.109 
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8   Evaluation of design using Oslo raytracing software 
 

8. 1 Introduction to OSLO® optical design software 
 
Analysis of my design was carried out with OSLO® Premium Edition optical design software. 
OSLO® is an acronym for ‘Optics Software for Layout and Optimization’. It is one of several 
programs used to design and optimize optical systems. In OSLO®, designs are made one surface 
at a time. Each optical element is a combination of two or more surfaces that bound a solid 
object. Light rays are used to analyze the design’s performance and they propagate through each 
surface from left to right. The surfaces are thus marked 0-13 in the sequential order that the 
light rays intersect with them. The object surface is always designated as surface number 0 and 
the highest numbered surface is designated as ‘IMS’ for the image surface irrespective  if an 
image is formed there or not.  
The OSLO® surface data spreadsheet allows for entering data for each surface. The spreadsheet 
from my design is shown below.  
 

 
Figure 8.1: OSLO® software spreadsheet for the Ray tracing.  (Designer: Emmanuel). 

 

 
 

Figure 8.2:  Diffraction grating data for the surface 4 and 6.  
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The data fields in this sheet include ‘thickness’ (the distance to the next surface), the ‘aperture 
radius’ (size of the surface), the ‘Glass’ (material to the right of the surface), and ‘Special’ (for 
setting conic or aspheric shape values). Sign conventions used in ray tracing can be confusing. 
For OSLO®, radius of curvature values is only positive for central points to the surface’s right. 
Similarly, thickness values are positive only for rays travelling left to right. 

  
With the exception of primary wavelength which is in microns of a meter (μm), all other distance 
units are in millimeters (mm) 

 
8. 2 General operating conditions 
 

The lens system operating conditions are the set of data that report how the lens is to be used or 
evaluated. 
 

 
Figure 8.3: The Spreadsheet of the General Surface Data Condition 

 
The general conditions are of two parts, namely, the basic and the advanced. The basic options 
include the following; Evaluation mode which controls the computation and display of paraxial 
and ray data.  A focal evaluation mode was chosen for the design because the image is formed at 
a finite distance with ray data reported in transverse quantities. Central Reference Ray is opted 
for ray aiming mode, with the reason that the ray bundle is centered on the reference ray. The 
aperture checking is activated (seen as ON) so as to check all rays traced for vignetting. The exit 
pupil is considered as the location of the reference sphere used for the calculation of optical path 
differences for Wavefront reference sphere position. Thus the reference sphere is located at the 
real exit pupil position for each field position. A millimeter (mm) is the lens units used as the 
unit measure for the lens description. Under the Advanced options we have; Aberration mode, 
this controls how aberration surface contributions are displayed.  Since the design under 
consideration is a focal system and the aberrations expressed as lateral ray errors, thus a 
transverse mode is preferable. The design considers optical path difference to be in lens units 
(mm), the reason for the deactivation of OPD in waves.  Also the Y-axis is chosen as the Zernike 
polynomial reference axis which means that the polar angle θ is measured from the +y axis, and 
a positive angle is a rotation toward the +x axis are used in analysis of wavefront.  Surf 12 is 
considered as the global reference surface that establishes the global coordinate system for ray 
output data.  I assumed NO symmetry for the symmetric state of the overall lens design, because 
of the presence of user defined surfaces that is the diffractive Surf 4 and 6.  A paraxial ray aiming 
type is considered for the design. The reason behind is that, the aperture stop (located at Surf 
12) is neither tilted or decentered resulting in an unaberrated pupil. Thus real rays from the 
object are aimed at the paraxial entrance pupil. The activation of the image space spot diagram 
makes it possible for the resultant images evaluation to be performed on the plane of the 
entrance pupil. Thus real rays from the object are aimed at the paraxial entrance pupil.  The 
other options are left unaltered as default setting because they are of less important to the task 
at stake.    
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8. 3 Paraxial set up of lens 
 
The paraxial optics which is a ray- tracing executed on the design because it is performed in limit 
of very small ray angles that is field angle of 0.004°.  This is the reason for the paraxial rays and 
marginal rays being so close that, they are indifferent. The paraxial optics is based on the 
paraxial approach.  This approach is the linearization of the trigonometric function used in the 
description of the optical systems and their related theories. The Oslo software uses intensively 
the paraxial approach to provide a first approximation to the behavior of light inside the optical 
system.  
 

 
Figure 8.4: Paraxial Setup Spreadsheet 

 
The above figure 8.4 allows one to change the, system data that affect the paraxial properties of 
the design. As can be seen above, the spreadsheet offers three categories of data; aperture, field 
and conjugates. From the nature of the design, the aperture option applicable is the 5mm 
entrance beam radius.  This means that the radius of the circular beam that is incident upon 
surface 1 of the lens is 5mm.  A field angle of 0.004° is subtended by the object at the entrance 
pupil of the lens. Point of intersection of the chief ray and image surface determines Gaussian 
image point, and its height h=field angle in radians    focal length. This focal length is the 
distance from the focus point in the exit pupil to the point of focus in the image plane (which is 
approximately equal to the thickness of 60.2mm of surf 12 in the surface spreadsheet data).   This 

follows as    
        

   
                  . The negative shows that the image is formed 

below the horizontal axis.  This is clearly reflected as -60.185959 for PP2 to image value and 
18.296357 for the Gaussian image height value in the conjugates section of  the above spreadsheet. 
The design produces finite image, this is as a result of the paraxial axial ray being positioned at a 
slope of 0.083076° in the image space.   The numerical aperture is a dimensionless quantity that 
characterizes the range of angles over which the exit pupil  
 (surf 12,                                                                                        

accept incident light.  The Numerical Aperture is mathematically expressed as, NA     
 

 
   .  

By calculation we have                   = 9.5°. Thus for an Image NA of 0.083076 the rays 
will incident on the exit pupil plane at an aperture cone angle of  less or equal to 9.5°.  The 
working f-number is also a quantitative measure of the lens speed which describes the lens 
gathering ability of the optical system.  The working F-number is related to the image NA from  

         
 

   
 , hence for NA of 0.083076,          

 

          
            Both 

the image NA and F-working are quantities that specify the brightness of the image formed. 
Comparing the above values of 0.083076 and 6.018596 for image NA and working f-number 
respectively to standard, a less detailed image will be formed on the exit pupil plane. 
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The conjugate are described by five options; object distance, Object to first principal point 
distance, Image distance, Second principal point to image distance and Magnification.  The 
distance from the object (surface 0) to surface 1 which is infinitely long 1.0000    mm is the 
object distance and Object to first principal point distance being  the distance from the object 
(surface 0) to the first principal point of the lens which is infinitely distant(1.0000    mm) are 
the two  applicable options.  Also there are 32 grid intersections across the diameter of the 
entrance pupil representing the aperture divisions across the pupil for spot diagram.  
Furthermore the beam of the spot diagram is computed with a Gaussian apodized pupil, because 
the source of illumination is He Ne Laser with a Gaussian input beam laser operating in the 
TEM00 mode. The 1/e^2 entrance Gaussian irradiance  and spot size in x(sdgx) 0.37mm and spot 
size in y(sdgy) 0.37mm : These are the beam radii in x and y, respectively, at which the 
irradiance drops to 1/e^2 of its axial value, measured at surface 1. 
 
Figure 8.5 below is the text display the paraxial setup data.  The data contains the transverse and 
longitudinal sizes of the objects, images and the constructive parameters of the optical systems.  
The use of the paraxial approach produces the paraxial geometrical relations that describe the 
object-image correspondence. 
 
The paraxial section of the optical system is that region where the small angle approximation 
is valid, that is             . This is an area where the rays propagate infinitesimally close to 
the optical axis. As a result, the existence of these special surface data of the design, that is tilted 
and decentered elements: (Surf. 4, 5, 6, and 7) are ignored in the paraxial analysis. This is 
because paraxial optics is only applicable to centered systems (i.e. systems that possess an 
optical axis).  
The paraxial quantities employed in the paraxial analysis are Paraxial constants and Paraxial ray 
tracing options as shown in Figure 8 and Figure 9 respectively. 
  

 

 
  Figure 8.5: Text window description of the Paraxial Setup of lens 
 
 

43 



Evaluation of design using oslo raytracing software 

 
Considering figure 8.6, shows  the  Paraxial ray tracing is used to track a ray through the  optical 
system compose of 13 surfaces, and the spaces that they bound.  The two main rays of interest 
are the marginal rays (axial ray) and chief rays (principal ray). The marginal ray is a ray from the 
center of the object surface through the edge of the paraxial entrance pupil. The chief ray is a ray 
from the edge of the object surface through the center of the paraxial entrance pupil. 
Limited to paraxial rays, and first order optics, Paraxial raytracing method carries inside it the 
assumption that        for u in radians. This is the first term from the power series for sine, 
and is accurate within about 10% until about 10°. 
 

 
 

Figure 8.6: Text window description of the Paraxial Trace and Paraxial Constants. (Y-Z plane) 
 
Ray tracing is following the actual path of each ray through the system using laws of reflection 
and refraction and as a results are governed by some fistful of equations. The primes used in 
these equations indicated the ray height(Y), ray slope (U) (after refraction or reflection), and 
angle of incidence (I), respectively, of the axial ray. For each surface, six pieces of data are 
displayed: PY, PU, and PI for the marginal ray and PYC, PUC, and PIC for the chief ray. Tracing 
paraxial marginal rays and paraxial chief rays serves as the first order evaluation of the optical 
system reference.  The first of equation is the power equation which defines the optical power 
for a given surface in terms of the index in front of the surface (n), behind the surface (n'), and 
the radius of that surface (R). The refraction equation similarly relates the angle inside one 
space to the angle and height the ray meets that surface bounding that space at. Lastly the 
transfer equation relates how the ray height changes as it propagates over some reduced 
thickness (t/n), given a height on the first surface (y), the reduced distance traveled (t'/n') and 
the angle relative the optical axis (n'u') this equation yields the height at the next surface (y').  
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These are express mathematically below 112 

 
 
 

The refraction equation bends the ray (I and U) and the transfer equation provides the transfer 
equation provides the height (Y) at the optical surface or plane of interest. The reduction of the 
sine functions by first order approximation means that both the refraction and transfer 
equations are linear. A paraxial ray trace is linear with respect to ray angles and heights since all 
paraxial angles are defined to be the tangent of the actual angle – they are actually the slope of 
the ray.  There exist a relationship between the heights and angles of any two rays propagating 
through the optical design owing to the concept of linearity.  The above design involves tracing 
rays through series of lens surfaces as a result the product of the image size and ray angle is a 
constant value. This led to Lagrange invariant and linear magnification parameters of 
0.00349mm and 6.0186        respectively. According to theory   

  
Where ū and ȳ parameters in the image space and u and y object space parameters. With the 
lateral magnification of the image formed by optical surface is given as a ratio of the image 
height to object height. 

 
Thus along the optical axis (z axis) the expressions above remain invariant both on refraction 
and transfer in any optical space in the design above.  
 
Not all rays from the illumination source of forms image that are in focus at a point on the optical 
axis. This result in off  axis focus point lying in a plane different plane from on axis focus points, 
thus the collection of all points where the image is in focus form a spherically curved surface 
referred to as a Petzval surface with  15.460960mm  as the radius curvature.  
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

(35) 

(36) 

 (37) 

 

(38) 

 
 (145) 

(39) 
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(42) 
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8.4 Lens Drawing Condition 

 

 
Figure 8.7: Lens Drawing Condition spreadsheet data. 

 
The lens drawing operating conditions control the appearance and layout of lens drawings 
generated by OSLO. Figure 8.7 shows the spreadsheet of the drawing conditions of the lens 
system of the design. With regards to tracing of ray trajectory, number of ray fans to draw 
parameter is taking into account.  According the my design 3 set of ray fans are drawn located at 
the following field point (fractional object point in X direction FBX,  fractional object point in Y 
direction FBY) ;  the on axis object point (0, 0), intermediate object  point (0,0.4)  and full field 
object point (0, 1)  all in the Y direction  with  each field point having  a total  of 5 rays drawn 
from it.  
 
The Minimum and Maximum pupil define the range of the pupil that the rays from the object 
point are to fill.  From the above it ranges from -1 to 1 expressed in fractional pupil coordinates 
for each of the ray fans. An offset value of zero was assigned for each ray fan meaning that traced 
rays coincide with the centre of the pupil. The offset is in the direction orthogonal to the ray fan 
direction. Thus, if a y-fan of rays is traced, the offset is in the x-direction. The offset is specified in 
fractional pupil coordinates. The orientation of the traced ray fans of rays is determined by the 
fractional value of FY or FX. FY specifies a fan of rays parallel to the y-axis of the entrance pupil; 
FX specifies a fan of rays parallel to the x-axis of the entrance pupil.  A wavelength number 1 
represent the current wavelength of 0.594μm used in drawing the rays. The Cfg defines the 
configuration number in which the ray fans are drawn.  A zero configuration number means that 
the rays are drawn in all configurations. 

 
8.5 Description of Optical Design Layout 

 

 
Figure 8.8: OSLO® 2D Lens Drawing of the optical design layout (left) and 3D Shaded Model (right). 
 

46 



Evaluation of design using oslo raytracing software 

 
 
Figure 8.8 shows the graphical pictorial representation in 2D and 3D respectively by using 
surface data spreadsheet information in figure 8.1. 
From above, the incoming laser beam of wavelength 0.594μm are represented as the two set of 
rays: marginal rays in blue and the chief rays in green at an entrance beam radius 15.5mm and 

approaching at a field angle of  2.5°.This is designated as OBJ in the surf column of the surface 
data spreadsheet.  
Surf 1, 2 and 3(AST: aperture stop) are grouped surface combined to form a lens acting like the 
set of focusing lens and the axicon in actual layout. Surf 4 and 6 are pair of symmetrical curved 
surface violet-shaded in the 3D model representing the hole. The conical and tilted reflective 
mirrors are symbolized as greenish plane reflecting surface (in the 3D Model) and are typified as 
surf 5 and 7 respectively in the surface data spreadsheet. The two set Surf 8, 9 and Surf 10, 11 and 
12 are combine to form system of lenses representing the objective imaging lenses. Lastly the 
IMS (surf 13) which is the imaging plane, seen as greenish circular disk in the 3D Model 
represent the imaging detection system. 
 
8.6 Illumination Analysis 

 
The source of illumination is the LHYP-0201 Cylindrical Neon Helium Laser. The laser which is a 
coherent light generally appears as a beam. The laser beam propagation, in its single mode uses the 
diffraction theory in the computation of its energy, diameter and divergence. The reason for the choice 
of laser over a point source is that, beams of light provide a smooth transition between geometric and 
physical optics.   
Furthermore, the laser for the design is assumed to have the lowest –order (TEM00) mode thus is a 
simple Gaussian function. This means that the He-Ne laser is Gaussian beam propagation. 

 

 
Figure 8.9: Gaussian Beam Tracing Datasheet 

 
The above figure shows laser beam specification according to   Figure 7.12.  Technical data of the 
HeNe Laser and the generated beam evaluated parametric value of the subsequent surfaces. 
The Gaussian is completely described by four parameters; Spot size (w) which is radius at 
which the beam irradiance is 1/e^2 of its axial value, Waist spot size (w0) minimum spot size of 
the beam (this is the same as beam radius = half the beam diameter, hence 0.74/2 gives 0.37), 
Waist distance (z) distance from the observation plane to the beam waist and Wavefront 
radius of curvature at the observation plane (R). 
Using the values of the specification of the LHYP-0201 He-Ne and considering axial location, then  

Waist distance Z=0,  W0= 
             

 
 =0.74/2=0.37mm @ λ=0.594μm.  Also at Z=0, the spot 

size (w) which equals the constant W0,  hence W=W0=0.37mm 
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Two other pieces of data for the beam that are displayed for information purposes in the 
spreadsheet: 
Rayleigh range (ZR) is the distance from the beam waist to the minimum wavefront radius of 
curvature of the beam.  

ZR=
    

 

 
= 

            

        
=0.72405m= 724.05mm   

Divergence (θ) is the (half) angle (in radians) of beam divergence, measured in the far-field of 
the beam, relative to the position of the waist.  
 
Now from Fig. 7.12, beam divergence is 1.04mrad, so then the divergence angle will be 
θ=1.04/2= 0.52milliradian= 0.00052rad as shown above.  

 

 
Figure 8.10: A Plot of the beam spot size. 

 
The above figure 8.10 is a pictorial representation of the beam spot size as a function of position 
along the z axis both the Interactive design window (which is the displayed Slide Window) and 
Current graphics window. Surfaces are drawn as lines, since this is a paraxial analysis. By 
moving the thumb of the slider, a vertical indicator bar moves along the z axis; the z position of 
the indicator bar is shown in the Slider Window, and the beam spot size(s) is displayed at the 
bottom of the Interactive design graphics window. In the above the @ a Z position of 
72.219000mm the vertical bar coincided with the line 4 (surf 4) and a 0.1763mm spot size is 
read. 
Considering Figure 8.11 is a text window which depicts surface-by-surface listing of the 
Gaussian beam parameters. The Gaussian beam is traced in both the Y-Z meridian and the X-Z 
meridian. For each surface, seven pieces of data are displayed: SPOT SIZE (the spot size at the 
surface),  DIVERGENCE  (the divergence angle (in radians) after refraction/reflection),  WAIST 
SIZE  (the beam waist size after refraction/reflection), WAIST DISTANCE (the distance from the 
surface to the beam waist after refraction/reflection), INC RADIUS (the incident wavefront 
radius of curvature), RFR RADIUS ( the refracted/reflected wavefront radius of curvature), 
RAYLEIGH RG (the Rayleigh range of the beam after refraction/reflection) .  
 
The surfaces of interest are the surface 4 and surface 6, representing the internal surface walls of 
the hole. From schematic diagram of the design layout in figure 8.8, it can be shown that surf 4 
and surf 6 lie in the XY plane with Z-axis as the optical axis.  
Using the information in the YZ plane and XZ plane as shown below in fig.8.11, the following 
numerical computations are then performed.  
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Figure 8.11: Text window of Gaussian beam Data 
 

8.6.1 Deductive Numerical Analysis 

8. 6.1.1 Spot size 
 
Surface 4 
On plane YZ spot size= 0.175765mm 
On plane XZ spot size=0.175765mm 

Thus on plane XY, spot size is given by √{                    }             
Surface 6 
On plane YZ spot size= 0.252527mm 
On plane XZ spot size=0. 252527mm 

Thus on plane XY, spot size is given by √{                    }             
 
Since surf 4 and surf 6 together represent the hole, and then the mean value is a measure of the 
spot size at the surface of the hole. 
 

The approximate spot size = 
     

 
   

                 

 
 0.302848mm 

 

Irradiance= 
                        

                     
 

  
   

                           
 

   

        
  

   

            
            

 
From the definition of spot size, @ axial point, then irradiance reduces to  

 

  
                            

This means that at the hit of the hole surface by the He-Ne Laser, the incoming laser beam of  
           reduces to                after reflection resulting in a wavefront of radius 
0.302848mm representing the spot size. 
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8. 6.1.2 Incident Radius  
 
The computational analogy is the same as that for spot size 
Surface 4 
On plane YZ, INC RADIUS = 62.701424mm 
On plane XZ, INC RADIUS = 62.701424mm 

Thus on plane XY, spot size is given by √{                      }              
Surface 6 
On plane YZ, INC RADIUS = -23.726976mm 
On plane XZ, INC RADIUS = -23.726976mm 
The negative is for the reason that the beam waist occurs before the beam reaches the surface. 

Thus on plane XY, spot size is given by √{                           }              

The mean incidence radius = 
     

 
   

                   

 
 61.114108mm 

This means that the He-Ne Laser impinges on the surface with an incident beam of wavefront 
radius of curvature 61.114mm. 
 
 8.6.1.3 Reflected Radius  
 
The computational analogy is the same as as seen in both Spot size and INC  RADIUS  
Surface 4 
On plane YZ, RFR RADIUS = 16.558198mm 
On plane XZ, RFR RADIUS = 16.558198mm 

Thus on plane XY, spot size is given by √{                      }              
 
Surface 6 
On plane YZ, RFR RADIUS = 435.099875mm 
On plane XZ, RFR RADIUS = 435.099875mm 
 
The negative is for the reason that the beam waist occurs before the beam reaches the surface. 

Thus on plane XY, spot size is given by √{                           }               
 

The mean RFR RADIUS = 
     

 
   

                    

 
 319.3704861mm 

Thus reflected wavefront radius of curvature is 319.3704861mm 
 
Difference = 
                                                                                     
                        =319.370-61.114 = 258.256mm 
 
 
In conclusion A 2mW power He-Ne Laser with an irradiance of            when impinges on 
the internal surface of a hole with an incident wavefront radius of curvature 61.114mm results 
in: 
A spot size of 0.305mm and the total irradiance reduce to                 and a reflected 
wavefront radius of curvature 319.370mm wavefront radius. 
The reason for the above observation is as a result of the surface defective characteristic of the 
hole- in this case is a Reflecting Diffractive Grating Surface. 
 
 

 
 
 
 
 
 
 

50 



Evaluation of design using oslo raytracing software 

 
 
8.7 Image evaluation analysis 
 
The aim of the optical design projects is to assemble an optical system that performs the task at 
to a defined extent of accuracy. The main task is to study the variation formed from the changes 
in the incoming light source behavior as it interact with the test surfaces whose properties are 
varied as well. The Usual, the norm is to form an image, i.e., a distribution of light that 
“resembles” object.  Image evaluation operation is based either on the fundamentals of light 
rays, referred to as a geometrical evaluation or diffraction evaluation which uses scalar wave 
theory with the assumption that the incident field is well approximated by this geometrical 
wavefront. In OSLO, the Evaluate menu provides access to many different types of lens 
evaluation options, including aberration coefficients, ray analysis, and both geometrical and 
diffraction image analysis. 

 
8.7.1 Ray analysis 
 
In ray analysis, aberration curves are employed to brief the condition of correction of my optical 
system because it provides details about the relative contributions of individual aberrations to 
the optical element performance. The ray intercept curve (Ray error plots) and optical path 
difference (OPD) are the two expended graphical analysis for these aberration curves .These 
graphical techniques are used in examining and reporting for the following curves: astigmatism, 
aberration, distortion and chromatic focal shift. OPD plots as shown in Figure Fig 8.12b are 
usually plotted against the relative ray height in the entrance pupil. Ray errors can be presented 
in a number of ways as shown in Figure Fig. 812a.  Either the transverse or longitudinal error of 
a particular ray relative to the chief ray is plotted as a function of the ray height in the entrance 
pupil. 

 

 
Fig. 8.12a:  RIC                            Fig. 8.12b:  OPD              Fig. 8.12c:  Aberration curves 
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8.7.1.1 Aberration curves 
 
The degree of aberrations in OSLO is described by measuring the difference between the 
behavior of imaged paraxial rays and imaged off-axis rays. Any deviation from a perfect system 
would implicate off-axis rays being imaged onto a different location. Aberration descriptions 
readily available from OSLO include graphical depictions of astigmatism, longitudinal spherical 
aberration, chromatic focal shift and distortion. 
 
8.7.1.1.1   Astigmatism 
 
Astigmatism is related to the field curvature at the image surface. The astigmatism curves give 
the variation of paraxial focus across the field for the meridional section (the Y-Z section, labeled 
T) and the sagittal section (the X-Z section, labeled S).  
 

 
                                                              Figure 8.13: Astigmatism Plot 
 
Figure 8.13 is the graphically representation of astigmatism aberration. This consist of two axes, 
the ordinate (vertical axis) represent the fractional field height (FBY)  ranging from 0 to 1 and 
the abscissa (horizontal axis) shows the displacement in mm along the optical  Z-axis. Thus the 
horizontal axis is the distance from the image surface to the point where the differential rays in 
the meridional (YZ) plane and sagittal (XZ) plane intersect the chief rays. Critical study of the 
graph depicts all the  considered FBY have constant position for their sagittal and tangential 
plane located at approximately 162.5mm and 20mm  in front( the reason for the negative sign) 
of the image surface(IMS) respectively. The distance separating them is approximately 
142.5mm. Thus the astigmatism curve at for both on axis point and off axis points at  the edge of 
the field and within the field zone do not come together. The large difference between the S and 
T then result in a point image not forming a point but rather will be a smear/ blot.  The above 
astigmatism can be corrected by reducing the radius of curvature of the image plane surface. 
  
8.7.1.1.2 Longitudinal Spherical Aberration  
 
Light rays in the paraxial region focus at a different point than light rays going through the 
periphery of the lens. The distance between the two foci is the lateral spherical aberration.  
In figure 8.14 below, the curves are plotted for in all the three defined wavelengths with the 
green color representing the current wavelength of 0.594μm. The abscissa of the graph is the 
longitudinal aberration, i.e., the distance from the image surface to the intersection of the ray 
with the optical axis. The ordinate of the graph is the fractional pupil coordinate, ranging from 0 
to 1. 
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Figure 8.14: Longitudinal Spherical Aberration Plot 

 
It can be observed an increase in the fractional pupil height from 0 to 1 result in an approximate 
aberration range of around -150mm to -125mm. This means that as diameter of the aperture 
stop (the same as the exit pupil) is increased from 0 to 30mm the peripheral ray bends and 
focuses at a range distance of 150mm to 125mm farther away from the paraxial focus. There is 
an averaged  amount of 135.5mm  focal point shift along the optical axis is representing the  
longitudinal spherical aberration. Thus the peripheral rays are less bent than the paraxial rays 
which ends up with the peripheral focus located beyond the paraxial focus. The design system 
then is said to suffer from suffer from overcorrected spherical aberration which is envisaged as a 
blue disk flare (halo) on the image detector. 
The total eradicating of the above effect is somehow difficult because all lenses are constructed 
entirely of spherical elements. And a sphere is a poor refracting surface thus not all parts of the 
spherical surface brings parallel light rays to a point focus.  That is spherical nature of the lens 
causes their rays from their edge to focus either closer or farther away from paraxial focus. The 
following are the ways of minimizing the spherical aberration to appreciable level in the design 
system: by combining two lenses – one convex and one concave – based on light rays with a 
certain height of incidence (distance from the optical axis), by maintaining the aperture radius of 
the lenses and introducing an aspherical lens element or parabolic lens, by using a small 
aperture stop and lastly by bending lenses to obtain the optimum lens form. 
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8.7.1.1.3 Distortion 
 
It is the aberration of the chief ray. Distortion is the most easily recognized aberration as it 
deforms the image as whole. Distortion is often expressed as a percentage of the ideal image 
height and plotted as a function of h. 
 

 
Fig. 8.15a: The distortion curve in percentage            Fig. 8.15b: The distortion curve in microns 

There are three section of consideration in the above graphs.  
 
Section I: considering from 0 to 0.000255mm there is a sharp rise of the curve from a distortion 
value of 0 to 2625μm analyzed numerically below 
 

       
 

Distortion in percentage, D% = 
    

 
   100% 

 
Where D is the distortion in μm ,  
   Is the distance from the image center to the corner of the distorted grid in mm 
   Is the distance from the image center to the corner of the grid in mm 
 
 
 
Hence @ h= 0.000255mm, the peak value of D=2625 μm as read in fig. 8.16b , then  

                       ,                

Thus D%= 
        

           
   100%, D%= 1.029      can be read from Fig. 8.15a 

 
This means as we go from the image centre on of the grid to a ray height of 0.000255mm there is 
an image magnification growth with an image ray height of 2.625255mm creating a pincushion 
type of distortion as shown in Figure 8.16. 

 
Figure 8.16: Distortion of a rectangular grid. Left: undistorted grid. Right grid: pincushion 

distortion. 
 

 

(43) 

(44) 
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Section II 
 
The second section of consideration is from object ray height of 0.000255mm to 0.000625mm 

there is a drastic drop 1.029      to 0.3975     . Then  

0.3975       = 
    

 
   100%                ,               

              0.000625= 2.485mm 

       = 2.485 0.000625 = 2.484375mm as read in Fig. 8.15b  
Thus on the grid of the image plane is an image reduction of a ray height of  2.625255mm to 
2.485mm a barrel type of distortion is manifested as shown below. 
 

                      
 

Figure 8.17: Distortion of a rectangular grid. Left: undistorted grid. Right grid: barrel distortion 
 
In practice distortion is often controlled by making the system longitudinally symmetrical about 
the aperture stop, which reduces all comatic aberrations. 
 
Section III 
 
Thirdly and finally  as we move  along the grid of the object plane from 0.000625mm  to 
0.1125mm  as seen in fig. 8.15a  is a gentle reduction in the percentage distortion from 
0.3975      to approximately nil as that part of the curve becomes asymptotic to the 
horizontal axis. This asymptotic nature of the curve continues from 0.1125mm to the far corners 
of the object plane grid point producing a constant distortion value of approximately 2450 μm as 
seen in fig. 8.15b.  This implies that a constant image height is maintained, showing still the 
effect of the barrel type of distortion.  
 

 
Figure 8.18: Distortion of the image rectangular grid (overall distortion of all the three sections): 
forms a complex distortion pattern that varies from barrel to pincushion across the field. 
The above distortion aberration can be controlled by making the system longitudinally 
symmetrical about the aperture stop. 
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8.7.2 Wavefront Analysis 
 
Like rays, the wavefront is another way to describe how light travels. The light forming the 
image completely fills the exit pupil. Also, since the exit Pupil is the aperture as seen from the 
image space of the optical system, all of the effects of aberrations in the system are fully 
contained in the light distribution at the exit Pupil. For this reason, the characterization and 
definition of the nature of the light in the image forming of the optical design is carried out in the 
exit pupil.  
 

 
Figure 8.19: Wavefront Report Analysis 

 
The  pictorial illustration of the wavefront  colored plot for three exit pupil region: on axis point, 
in zone field and the edge field points with the corresponding field angles of  0.004deg , 
0.0016deg  and 0deg respectively. The analysis is performed using 32 grid intersections across 
the diameter of the exit pupil as the aperture divisions. It can be observed that the P-V  OPD and 
RMS increases from the on axis towards the edge of the field.  
 
Thus getting to the edge of field, the surface defects becomes more pronounced with an average  
 

P-V OPD=  
                     

  = 0.0856mm and RMS =  
                      

  = 0.02018mm 

PV is the difference between the highest and lowest points in the aberration map and the RMS is 
just the standard deviation of the values of wavefront error over the whole pupil area. The PV 
and RMS of 0.0856mm and 0.02018mm respectively are the two metrics of wavefront flatness 
indicating the level of surface accuracy of the internal surface of the hole.  
 
Figure 8.22a below shows the on axis graphic display of the two wavefront color plot:  wavefront 
map and wavefront contour.  The wavefront map is a 2D color plot in the XY plane as in Figure 
8.22a. A focal shift: X shift 0 and Y shift 3.24 is the optimum location on the image surface of the 
centre of the sphere. This result in a minimum RMS wavefront of value 0. 01176mm   and  
  P-V OPD = 0.044576-(-0.010058) = 0.054634mm.  The P-V OPD value of 0.054634mm becomes 
the limit of the vertical scale for creating the pseudo3D plot as shown in Figure 8.22a. This 
controls the apparent flatness of the wavefront.   Thus wavefront contour is just the isometric 
view of wavefront map whereas the wavefront map is the plan (top) view of the wavefront 
contour.  
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             Figure 8.20a:  wavefront map                                                 Figure 8.20b:  wavefront contour   
            
Below Figure 8.21 is a graphics window showing the plots wavefront Optical Path Differences 
using an intensity scale fringes. One fringe represents one wave of optical path difference 
between the interfering wavefronts, at the plane of intersection.  
 

 
Figure 8.21: interferogram 

 
The interference of light portrays much of the surface quality of the hole as it produces visual 
pattern revealing the surface topography down to a fraction of wavelength. it is observed  that  
as a light propagates through the lens system waves tends to interfere destructively as the 
spacing in the lens surfaces increases by one half of the wavelength. This destructive 
interference leads to the formation of dark lines whereas a reduction in the spacing one half the 
wavelength leads to constructive interference forming white lines. These lines are the 
interference fringes as shown in the interferogram above with P-V OPD of 91.98mm:  
OPD per fringe (fringe scaling factor) is set to the default value of 0.5 is used for the above design 
which implies that the ratio of the height perturbation (P-V OPD of 91.98mm) to fringes. 
 

   

  
      

 
       

                  
   

 
         

This means that the number of waves of accumulated optical path difference (OPD) of 91.98mm 
is 309697 
 
 

 
 

(45) 
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8.7.3 Spot diagram 

 
 A spot diagram is a map of the pattern of rays’ incident on the image from a single object point, using the 
“geometrical approximation” which ignores the wave nature of light. 
 

 
 

Figure 8.22: Spot diagram Analysis: Variation of the spot diagram at the exit pupil with respect to the 
random method used to generate and sample the entrance pupil. 

 
The colored symbols in this diagram represent the distribution in the image plane of rays which 
randomly fill the entrance pupil .The three colors represent the three default wavelengths. The 
above spot diagrams show what the image looks like at the center, zone, and edge of the field. 
 

 
Figure 8.23: Spot diagram vs. all field points at focus 

It can be visually observe that the collected ray data looks like a comet thus the presence of a 
coma aberration effect is intense. 
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Figure 8.24: Spot diagram geometric analysis 

 
The general concept of spot diagram analysis involves tracing enough rays so that the data for 
any particular ray can be treated statistically. Each ray is considered to carry a weight 
proportional to the area of its cell in the aperture of the system and also proportional to the 
value of the Gaussian apodization function.  The spot diagram above is used to estimate the 
image blur produced by the system aberrations for the point object. The spot diagram plots the 
intersections of a ray grid relative to the reference image point.  
 
The spread of the ray spot data is analyze on the XY plane of the exit pupil is analysized 
statistically below: 

GEOMETRICAL RMS Y SIZE=0.3006   is the    standard deviation and is used to measure the 

spread of values taken on by Y.  

GEOMETRICAL RMS X SIZE=0.06196   is the    standard deviation and is used to measure the 
spread of values taken on by X. 

With these we compute for the radial RMS spot size    √   
    

     

 

   √                               
 
The value 0.3069mm is the GEOMETRICAL RMS R SIZE as can be read in figure 8.27 above. This 
means that rays are at an average distance of 0.3069mm from the central spot. 
The analysis performed on the spot diagram displayed above, yields the output as shown below 
in Figure 8.25. 
 

 
Figure 8.25:  text window for the spot diagram analysis. 

(46) 

59 



Evaluation of design using oslo raytracing software 

 
 
The text window shows three main parameters that typically characterize the spot diagram 
obtained after tracing rays at the image plane. These three parameters are the maximum 
extension (DIFFR LIMIT of 0.005236mm), the averaged distance of every point to the centroid of 
the diagram (GEO RMS R of 0.306915mm) and a symmetry factor usually related with the 
eccentricity of the spot diagram (CENT Y of -0.349900mm and CENT X of -6.58939e-10mm). These 
parameters analyze the size of the image, the dimension of the spreading of the image, and 
certain degree of symmetry. As highlighted in red, we have: the DIFFR LIMIT of 0.005236mm is 
the radius of the equivalent airy disk for the system. The position of the centroid, relative to the 
point of intersection of the reference ray with the image surface is CENT Y of -0.349900mm and 
CENT X of -6.58939e-10mm after tracing a total of 414 rays (wv1:138green rays, wv2:156blue rays, 
wv3:120red rays) each with a unit wave weight and having their transverse aberrations as DY and 
DX taken from the ray intercept curve. 
  

 
Figure 8.26:  RMS spot size and OPD vs all field points 

 
At this juncture, two RMS have used at different points that is the RMS OPD and RMS spot size. 
the RMS spot size, gives statistical spot size expressing average distance of a large number of 
individual rays from the central spot (refers to the radius of the spot) whereas RMS OPD  is the   
RMS wavefront error, a much more accurate indicator of optical quality. The difference is shown 
graphically in above fig. 8.26. 
 
Now we consider the uniformity distribution of the traced rays and the filling of the exit pupil of 
the spot diagram. A uniform distribution will provide sharp images or uniform defocused 
images. It can be seen that the exit pupil is not homogeneously filled; this leads to presence of 
vignetting in the system (fig. 8.27).  It can be read in fig. 8.27a that of the 3209 rays launched, 
only 1981 rays reached the image plane representing 61.73% and the remaining 38.27% 
yielding 1228 rays were vignetted later.  The reason behind is that: it can be observed from the 
lens setup arrangement that  from surf 1 through to surf 12 (AST) the aperture radius decreases 
from 19.05mm to 15.00mm. This means that more light reaches the center of the image than 
reaching the edges resulting in the radial fall off intensity (irradiance and brightness) from the 
centre of the image to edge or corners. This phenomenon of reduced brightness in an image at 
the peripheral region compared to the central region is what is referred to as Vignetting. 
Furthermore another cause for the vignetting effect is related to the physical dimensions of the 
multiple element lenses in the optical design. Rear elements are shaded by elements in front of 
them, which reduces the effective lens opening for off-axis incident light.  
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Besides that the above design has appreciably very small field of view and the nature of the lens 
arrangement, a minimal vignette is still present as a result of the physics nature of light and the 
geometric shape of lenses. The vignette image effect introduces darkening, blur and chromatic 
aberration (spectral color separation) at the edges and corners of the image 
For the above design vignetting effect can be reduced by either increasing the aperture stop 
radius to 20mm while maintaining that of the preceding lens element still at 19.05mm or 
keeping the aperture stop radius of 15mm and decreasing those of the preceding lens elements 
to less than 15mm. 
 

 
Figure 8.27a:  Beam footprint            Fig. 8.27b: Beam footprint outline 

 
Now Comparing the two radii; GEO RMS R of 0.306915mm and DIFFR LIMIT of 0.005236mm, it 
can be seen that the geometric spot size is much larger than the diffraction limit. Thus though 
there is diffraction effects but are relatively insignificant, hence the use the spot diagram to 
estimate the image blur produced by the system aberrations. This means that the performance 
of the lens will be limited by the geometric aberrations.  The overall performance of the design 
optical is improved by eliminating the aberrations to minimal level through optimization process. 
 
                                                  
8.7.4 Point Spread Function (PSF) 
                                                                                                                
The PSF talks about the impulse responses of the diffraction image of the point objects. Its 
analytical process involves the extraction of information from the knowledge of the geometric 
wavefront, which is available from the spot diagram rays discussed previously. The impulse 
responsive nature of the PSF makes it possible for the smallest detail in the imaging system to be 
determined and also describes the spatial distribution of illumination in image plane. The image 
quality basically reckon on the ability of the imaging system to reproduce each single point in 
the object. The point spread function is defined as the distribution in absorbed energy (per unit 
area) in the image plane when the imaging system is irradiated through exit pupil. 
 
The upper part of figure  8.28, explains  the irradiance phenomenon aspect of the point spread 
function analysis. A critical analysis on the two plots above shows that  the portion of the total 
quantum of energy absorbed by the point image  increases as the area (circular  or square area) 
it occupies increases. The green curve represents the cross sectional plot of the PSF in the  Y  
section (tangential) whereas the plot of the PSF in the  X-section (sagittal) is the blue curve. 
The spot diagram analysis above was fairly accurate because the effects of aberrations are much 
greater than the effects of diffraction. No matter how small this diffraction effect may be, it is not 
totally negligible.  Thus for more accurate result I considered both the effects of aberrations and 
diffraction for evaluating the image quality, this is called the point spread function. Above is the 
point spread function in the Z-direction of a rectangular image plane of side length equal to the 
image patch size by: 

Patch size = 
   
   

 
 

 

(47) 
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Figure 8.28: Point Spread Function  Analysis 
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Where M= sampling size= 32 (Aperture Division)   NA= numerical aperture =0.083076) and 
 =wavelength, theoretically we obtain  

Patch size = 
            
          

 = 0.1144mm 

 
This becomes the maximum allowable patch size in the image plane for 32 sampling points 
across exit pupil. 
The consideration of  diffraction limit as part of the spot size and to undersampling effect  
account  for OSLO analysis  carried out for various patch sizes below 0.1144mm.   
In Figure 8.28, has an image patch size of 0.1044mm, means that the total traced ray in this case 
is 

0.1044mm = 
             

          
       29 

                                                                                                                                                                                                                                     
Thus the length of the square image plane is approximately 0.1mm. The reason behind why the 
scale  of values on the horizontal axis of the 2D XZ plane of the PSF of figure 38b ranges from -
0.005 to 0.005 in lens units (mm). The figure on the left is a 3D model of the PSF and its side 
view is the 2D plane shown on the right side for all the field points. On the 2D plane is plots of 
the cross section of the PSF in both x-section (sagittal which is colored red) and y-section 
(tangential which is colored green or blue) for each field point specified. From the  x-section part 
(is the XZ plane that is  front view of the 3D perspective plot)  it is observed that for all the field 
points considered above the PSF goes to zero at the widths and takes on it maximum value at the 
X=0. This means the distribution of  light as seen on the exit pupil for on axis, increases in intensity 
from 0 at the end of the rectangle @ X=-0.05  to a maximum intensity of  0.982 at the X=-0.000  and 
drops down to 0 at the other extreme end of the rectangle @ X=0.05. The oscillatory nature in the 
fluctuation of the normalized light intensity as visualized on the exit pupil describes a curve of 
function                                                           .                      
The analogy is the same for the remaining two off axis field points. 
Also for the y-section part (is the YZ plane that is side view of the 3D perspective plot) it is 
observed for the on axis field point, PSF attains the value 0.900 at the widths and takes on it 
maximum value of 0.982 at the X=0. For the remaining off axis field point, it is observed that the 
PSF plot drops from where x=-0.05 of approximate intensity of 0.409 to 0.082 at x=-0.025 and 
increases gently to a maximum PSF value of 0.614 at x=0.0125 and finally dropping to a value of 
0.277 at x=0.05. . The oscillatory nature in the fluctuation of the normalized light intensity as 
seen on the exit pupil depicts a form of cyclometric (trigonometric) function. 
The reasons behind above non uniformity in the intensity are: the presence of the laser beam 
which typical exhibit a Gaussian intensity profile, bulk material absorption of light and reflection 
losses at the optical surfaces (Surf 4 and 6). 
 
Figure 8.29 comes in three form, all these show the PSF of the optical system computed by the 
Fourier transformation of the phase and amplitude in the pupil. The computed area is a 
functional component of the sampling period in the exit pupil which is 29, the reference 
wavelength of 0.594μm and numerical aperture NA as 0.083076. Thus FFT (Fast Fourier 
Transform) basically shows the relationship between the sampling in the exit pupil and the 
sampling in the image plane. 
Large and significant number of points making up the objects are traced and distributed at the 
entrance pupil. These points are then sampled either squarely or radially to produce 
corresponding point spread pattern in the exit pupil. This pattern of spread points on the exit 
pupil goes through a Fourier transformation process to yield the blur points as seen at the image 
plane. These points represent the incident light rays and as such carry with them a quantum of 
energy. Thus the spread of points in relation to center is a measure of how much of energy in the 
PSF diagram of the image plane is distributed as we move away from the centre.  
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                                                       Figure 8.29a: PSF vs all field points 
 
The figure 8.29a  is the top view(plan view) of  the 3D model of the PSF over an  area of 
0.08362mm   0.08362mm. This shows the plot of the intensity distribution (normalized to 1) 
across the image plan displayed in pseudo true colour coding for all the three field points.  
 

 
Figure 8.29b: FFT based PSF contour 

 
Figure 8.29b is the on axis focus field point pseudo true –colour plot of the 3D model of the PSF 
of figure 8.30. Read above is a Peak =0.982(1.683    mm, -0.04096mm): means that the 
maximum intensity attained is 98.2% of the irradiance is located at the coordinate point of                
(1.683    mm, -0.04096mm) on the XY plane relative both relative to the center of the grid and 
relative to the reference ray intersection point.  
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The center  of the exit pupil (0mm, -3.328mm): means that the reference ray intersect with the 
image surface at the point located 3.328mm from the  X-axis towards the negative Y-axis. This is 
where  the grid of PSF values is centered in the XY plane at which the variance of the wavefront 
is minimized. The centroid (-5.86       , -4.069mm): this means that the average of the all the 
sampling points position in the image plane is located 4.069mm from the  X-axis towards the 
negative Y-axis . Furthermore the image patch size of 0.1044mm 0.1044mm tells the size of the 
of the grid of points on which the diffraction image intensities are computed; which is  
0.01090     with points in the image grid seperated at a distance of  
 

           
 
W is the total width size of the image grid  which is 0.1044mm 
    is the distance between points in the diffraction image plane 
    is the sampling size which is     29 calculated from above 
 

                  
           

 

 
Figure 8.29c: FFT based PSF map 

 
Figure 8.29c is  shows the PSF computation  for the on axis field configuration and displayed in 
pseudo true –colour plot. This is performed on the 2D  XY Plane which is the top view section of 
the above 3D model. (thus the PSF contour is the 3D model of the PSF map). For the above, the 
computation   was carried out on an image square grid area of 0.2121mm   0.2121mm which 
resulted in Peak =0.2788 (-0.007168mm, -0.09885mm) means that the maximum intensity 
attained is 27.88% of the irradiance is located at the coordinate point of                                                 
(-0.007168mm, -0.09885mm) on the XY plane relative both relative to the center of the grid and 
relative to the reference ray intersection point  (mathematically X = -0.007168mm,   
Y=-0.09885mm,  Z=0.2788).  The corresponding tracing point on the image plane for the 0.212mm 
image patch size is  

0.2121mm = 
             

          
       59 

For the above grid size the distance between points in the diffraction image plane is given by: 
                  

           
the the centre  of the exit pupil  remains the same whereas the centroid changed to be  at position 
(7.331       , -0.0002907mm) because it depends on the  sampling size and patch size. 
 
 

(48) 
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It is observed that  the incoming grid has its maximum allowable dimension of 
0.1144mm 0.1144mm with grid point’s matrix of 32 x 32 placed over the exit pupil and with all 
points that lie in the pupil traced. The aftermath effect is what is shown in the image space for 
figure 39b and c. In the case of figure 8.29b, 29     traced ray points fell in the image grid with 
each points separated at distance of          from each other whilst in figure 8.29c the 
incoming grid must be stretched beyond its limit so as to accommodate a total of 59     grid 
points with each point separated at a distance of 1.813μm from each other. Thus figure 8.29b is 
said to be slightly undersampled whilst figure 8.29c is highly oversampled.  In addition to the 
aforementioned reasons, too many point s in the image grid plane of figure 8.29c are dispersed 
farther away from the centre of the grid than that of figure 8.29b .This accounts for a low peak 
value of 27.88% for figure 8.29c and a 98.2% peak value for figure 8.29b. In conclusion FFT 
based PSF map suffers from a high aliasing effect and decreased resolution in the image plane 
grid whilst with the FFT based PSF contour though result in an inaccurate wavefront  
representation but yields acceptable sampling intervals  and efficient.                                         
 
Another technique for the computation of the PSF is the direct integration of the complex pupil 
function (Huygens).  The computation of the Huygens PSF (Direct integration based PSF) 
involves the grid of rays are launched through the optical system, and each ray represents a 
particular amplitude and phase wavelet. Unlike the FFT PSF (the intensity is computed on an 
imaginary plane which is orthogonal to the incident chief ray at the reference wavelength), OSLO 
computes the Direct integration based PSF on an imaginary plane tangent to the image surface at 
the chief ray intercept. This implies that the imaginary plane is normal to the normal of the 
surface, not the chief ray. Direct integration is less efficient when compared to the FFT method, 
the reason being that Direct integration allows  only one point at a time PSF computation to be 
performed anywhere in the image space and as a result is time consuming when dealing with the 
total traced sampled ray points.  

 

 
Figure 8.30a: Direct integration based PSF contour 

 
Figure 8.30a is the on axis focus field point pseudo true –colour plot of the 3D model of the direct 
integration based PSF. The evolving shape of the diffraction image as seen above is as result of 
the beam propagating along the image surface implementing the Huygens method 
Read above is a Peak =0.9779 (-4.021    mm, 0.008426mm): means that the maximum intensity 
attained is 97.72% of the irradiance is located at the coordinate point of                                                 
(-4.021    mm, 0.008426mm)on the XY plane relative both relative to the center of the grid and 
relative to the reference ray intersection point. The center  of the exit pupil (0mm, -3.328mm): 
center of the computational FFT-grid, means that the reference ray intersect with the image 
surface at the point located 3.328mm from the  X-axis towards the negative Y-axis.  
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This is where  the grid of PSF values is centered in the XY plane at which the variance of the 
wavefront is minimized.  The centroid (-1.06       , 0.0001264mm): this means that the 
average of the all the sampling points position in the image plane is located 0.0001264mm from 
the  X-axis towards the positive Y-axis . Furthermore the image patch size of 0.04mm  0.04mm 
tells the area size of the of the grid of points on which the diffraction image intensities are 
computed; which is  0.0016    . The corresponding tracing points on the image plane for the 
0.04mm image patch size is  

0.04mm = 
             

          
       11 

 
These points in the image grid are seperated at a distance  given by equation 47 
W is the total width size of the image grid  which is 0.1044mm 
    is the distance between points in the diffraction image plane 

    is the sampling size which is      11   
                

           
 
Thus we get a total of  11 ×11grid points with each point separated at a distance of  1.905μm 
from each other. This account for a high undersampled effect but still has a high peak value of 
97.8% because almost all the points are  precisely located near centre of the grid. 
 

 
Figure 8.30b: Direct integration based PSF map 

 
Figure 8.30b shows the direct integration based PSF computation for the on axis field 
configuration and displayed in pseudo true –color plot. This is performed on the 2D XY Plane 
which is the top view section of the above 3D model of Figure 8.30a.  It can be observed that 
peak value, centroid position and the grid centre are the same values as those read in 3D model 
of Figure 8.30a. This is because the sampling size, image patch size and the reference wavelength 
remained the same for the computation. Thus the direct integration is more accurate and easy to 
scale the FFT PSF. 
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Figure 8.31: Plot of PSF scan 

 
The Figure 8.31 shows a Plots X and Y cross scans of the Point Spread Function (PSF), computed 
by direct integration from the current spot diagram. There are two plots shown:  
PSF vs. X at Y = 0, and PSF vs. Y at X = 0. The presence of the illumination source being Laser 
beam introduces a non-uniformity illumination across the entrance pupil. OSLO software models 
variation of the amplitude over the entrance pupil by the usage of the Gaussian pupil 
apodization function. It is observed from above on the vertical axis that the beam amplitude is 
normalized to unity with horizontal axis representing the position coordinate along the of the 
0.04m square exit pupil. (If circular grid of radius 0.02mm). For both X and Y plots, the 
maximum attain intensity is approximately 0.9375 at the centre of the pupil.  The plot Y is a 
straight line passing through point 0.9375, which means that at YZ plane the rays are uniformly 
illuminated over the exit pupil resulting in a simulated uniform illumination.  In the case of the 
plot Y, the intensity approaches 0.41667 as we move closer to the edges of the pupil. The 
oscillatory nature in the fluctuation of the normalized light intensity as visualized across the exit 
pupil describes a curve of function  

            
 

 
Where G is the apodization factor, describes the rate of decrease of the beam amplitude as a 
function of radial pupil coordinate. In other words it ascertains how fast the amplitude 
dininishes in exit the pupil. It is mathematical expressed as  
 

  (
                            

                  
)
 

 

 
 
I and ρ are the normalized parameters. 
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8.7.5 Energy analysis 
 
The energy analysis computes the fraction of energy by counting all unvignetted rays that 
propagate through the optical system and falls on the image surface within a specified area 
(defined by its radius or square size). This involves the tracing of ray points in an evenly spaced 
rectangular grid of the entrance pupil to the image surface for specified wavelengths, field and 
zoom positions. Each ray is allotted energy proportional to its wavelength weight, aperture 
apodization and relative transmission. 
 

 
Figure 8.32a: Diffraction encircled energy                                       Figure 8.32b: Diffraction ensquared energy 

 
This is the percentage of total energy enclosed as a function of distance from the image centroid 
across the image grid points. Figure 8.32a shows the radial variation plot of the fraction of total 
energy in the point image enclosed within the circular image plane of radius 0.05mm centered 
on the centroid of the PSF irradiance.                        
Figure 8.32b is the ensquared energy plot of the fraction of total energy in the point image 
enclosed within the square image plane of side 0.1mm centered on the centroid of the PSF 
irradiance. Encircled/ensquared energy computations originated from the integration of the 
diffraction point spread function (PSF) referred to the centroid.  It is observed that the portion of 
total energy in the point spread function enclosed by the circle or square increases as we from 
the centroid of the PSF.  Furthermore the above plots helps me to know much light is 
accumulated over the area of the image plane collected by the charge coupled device (CCD) 
detector pixel. A critical notification is observed that at the irradiance is highest at the centroid 
and lowest as we move farther away towards the edge of the image plane as seen in the PSF 
curves .But contrary is for the energy analysis, that is lowest energy is recorded at the centroid 
and highest as we move farther away towards the edge of the image plane. The reason is that for 
the same power intensity, the irradiance is inversely proportional to area whilst energy is 
proportional to the area. The ensquared energy above is curve is higher than the encircled 
energy curve is the corollary of the energy being proportional to the area  
 
                                                                           

 

                        
Figure 8.33a Plot Encircled energy (geometric)                                     Figure 8.33b: Plot ensquared energy (geometric) 

69 



Evaluation of design using Oslo raytracing software 

 
The above figure 8.33 shows the computation of energy using ray-image plane intercepts strictly 
based on geometrical analysis, diffraction is ignored. Two curves are plotted, on the left  is one 
for the geometric energy contained in a defined image circle (encircled energy) centered on the 
centroid of the spot diagram and  on the right is the geometric energy contained in a defined  
image square (ensquared energy) centered on the centroid of the spot diagram . The awkward 
nature look of the curve above is as result of the aberration effect in the entire optical system 
configuration since the performance of the lens is limited by the geometric aberrations. From 
above plots as we move farther away from the centroid (3mm to 10mm radially for encircled 
plot and 6mm to 20mm for the ensquared plot) the curve flattens to a unity fractional energy. 
The traced ray points that fall on those section of the image plane though have the highest 
energy have minimal irradiance and are visual as dark rings. 
 

 

 
Figure 8.34a Diffraction LSF and KED                                     Figure 8.34b: Geometric LSF and KED 

The line response function (or line spread function, LSF) is the cross section of the intensity 
pattern of the image of a line object. The edge response function (ERF) is the cross section of the 
intensity pattern of the image of an edge. The tangential and sagittal data refer to the orientation 
of the line or edge. Figure 8.34a is the plot of diffraction-based line spread function (LSF) and 
knife edge distribution (KED) computations performed using the above FFT of the PSF. The 
centroid of the PSF is the centre for the computation.  Y (tangential plane) and X (sagittal plane) 
azimuth are considered with their positioned coordinate values relative to the centroid of the 
point spread function. Figure 8.34b is the plot of geometric-based line spread function (LSF) and 
knife edge distribution (KED) computations performed using spot diagram distribution on the 
image surface. The centroid of the spot diagram is the centre for the computation.  Y (tangential 
plane) and X (sagittal plane) azimuth are considered with their positioned coordinate values 
relative to the centroid of the spot diagram. The complex nature of the plot of figure 8.34b is as a 
result of the fact that optical system is limited primarily by geometrical aberrations and thus the 
evaluative usage of the physical optics is problematic, because the wavefront varies so much 
across the pupil that it is difficult to sample it sufficiently using a reasonable number of rays.  
 
8.7.6 Modulation transfer function 

 
At this juncture we are looking at the quality level of the image that is the ability of the optical 
system to transfer various degrees of detail from object to image. The MTF report the image 
structure as a function of its spatial frequencies, which results from the Fourier transformation 
of the image spatial distribution or spread functions describe above. 
MTF is the magnitude response of the imaging system to sinusoids of different spatial 
frequencies. The MTF is wavefront informative, which highlights more on the aberrations and 
defocus. The MTF is the primary means for assessing the performance of the imaging systems. 
Usually, the OSLO software considers three types of targets to compute the MTF: Slanted-edge 
target, Sine-wave target, and bar/square pattern. 
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Figure 8.35, shows the how the modulation transfer function varies with the spatial frequency 
for the three different positions within the field of view lying in the two orthogonal planes            
(Sagittal plane (S) and Tangential plane (T)). The MTF computation is carried over within a 
spectral range covering a finite band of wavelengths.  It is observed that as the spatial frequency 
increases the modulation decreases in a sinusoidal nature with reduced amplitude .furthermore 
the ideal curve is highest, followed by that of the on axis with the two off -axis field point 
following suit. This is a measure of defocus in the system. The two off-axis field points (that is 
0.0016° and 0.004°) have their tangential and sagittal planes coinciding. This depict that 
astigmatism is absent. This gives a clear picture concerning the complete characterization of the 
imaging performance of the optical system. 
 
 

 
Figure 8.35: Through- Frequencies MTF Analysis 

 
 

 
Figure 8.36a: MTF Analysis plot 

The Figure 8.36a above shows MTF graph for the on-axis computation. The abscissa represents 
the distance (mm) along the diagonal extent from the center of the image pupil, 
(1/10cycles/mm=0.1mm, this represent a square of size 0.1414mm) and the ordinate is the 
contrast, with "1" pointing out zero reduction (impossible) of contrast. It is noticed above that 
the modulation decreases as the spatial frequency increases. This means that the infinitesimally 
smallest details are difficult to be seen because the modulation is lowest.  
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Thus it is of interest to find the spatial frequency at (beyond) which the modulation is zero 
termed the Cut off frequency/Limiting Resolution:  

  
   

 
 

 

  
          

        
              

 
This implies that the above design optical system will continue to reproduce an image from the 
object until it reaches a spatial frequency of               where the image detail can no 
longer be reproduced from the object.  On the MTF Analysis plot above, there are three plots to 
consider that is tangential curve, sagittal curve and the limit curve on the basis of their 
resolution and contrast interaction. In standard states that:  
“The closer to unity (at full aperture, above 80%) the 10 lp/mm curve on the chart, the higher the 
contrast quality in the image. Curves should be even, from the centre to the edge of the image.  
  The closer to unity (at full aperture, above 40%) the 40 lp/mm curve on the chart, the higher the 
resolution quality and perceived sharpness in the image.  
Curves should be even, from the centre to the edge of the image.  
 Throughout the aperture range (lens closed and open), from the centre to the edge of the image, 
the MTF curves should not be widely separated”.110 
 
 
The limit curve, reads an MTF of below 0.6 for 10cycles/mm (for each mm at the edge of the 
image the change of brightness from dark to white occurs 10 times which result in only 58% of the 
original contrast remaining in the image).  The reason is that the system of lenses used in the 
optical design are real not ideal thus possess some residual aberrations and low level diffraction 
effect (diffraction is a basic property of wave propagation and cannot do without it). The limit 
curve indicates poor resolving power and moderately good contrast. The sagittal curve as seen 
above depict  a poor  resolving power and poor contrast whilst the tangential curve  indicate a 
very poor resolving power and very poor contrast. Also it is noticed that sagittal curve and the 
tangential curve are separated meaning that the tangential plane and the sagittal plane do not 
coincide. This results in astigmatism and blurring of the image.  
 

 
Figure 8.36b: 3D picture model of the above MTF Analysis  
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Figure 8.37: FFT Based MTF Analysis 

 
The FFT MTF computation is deduced from the above FFT PSF. The output is the MTF for 
tangential, sagittal, and 45 target orientations as shown in figure 8.37 above. 
 
 

 
Figure 8.38: MTF and PTF Analysis 

 
 
 
 
 
 

73 



Evaluation of design using Oslo raytracing software 

 
The above figure 8.38 shows the modulation transfer function (MTF) and phase transfer 
function (PTF) for on axis field point on the same graph. PTF describes the relative phases with 
which the various sinusoidal components recombine in the image. The solid lines and left-hand 
vertical scale are the MTF, while the dashed lines and right-hand vertical scale are the PTF. The 
PTF lies in the range –180 PTF  +180It can be seen that the PTF for the sagittal curve 
exhibits phase reversals with a value of either 0, or 180 as a function of the spatial frequency. 
This is because the impulse responses as seen in PSF curve for the sagittal curve is symmetrical 
about the image centroid.  
 In the case of the tangential curve the PTF takes different values for the values of spatial 
frequency, making the PTF a more nonlinear function of frequency. This is because the PSF is 
nearly asymmetric thus resulting in a phase distortion producing a severe artifact/degradation 
in the image. The above graph is a total description of the optical transfer function of the optical 
system. 
 
 

 
Figure 8.39: MTF vs Field points 

 
Figure 8.39 above shows plots of the MTF as a function of fractional object heights; 0, 0.3, 0.5, 0.7, 
0.85, and 1.0 for three spatial frequencies 10, 20, and 40cycles/mm. Intermediate points are 
obtain from use of the spline fit.  Marked with symbols on the curves represent the actual data 
points which are the points considered for the analysis below.  Because the spline fit gives 
misleading results as MTF above varies greatly between the actual data points. From the 
previous discussions is known that the MTF decreases with an increase in the spatial 
frequencies, the reason why the above 40cycles/mm curve is lowest with 10cycles/mm being the 
highest curve.  It is noticed that on the average and increase in the fractional object height 
(meaning an increase in the exit pupil radius or an opening of the aperture stop) leads to a 
decrease in the MTF.  From the fractional object height of 0. 5 to larger apertures, resolution and 
contrast are limited by light aberrations whilst from 0.5 down to small apertures; resolution and 
contrast are limited by diffraction. Also apart from the 10cycles/mm curve the MTF values for the 
considered points, both in the tangential and sagittal directions are the same. This means that 
there are no signs of traceable astigmatism. 
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Figure 8.40: Square wave response 

 
The MTF can also be measured by imaging a bar-pattern to obtain the square-wave response 
function as seen in figure 8.40. They are easier to generate than sine wave targets, while the 
ratio of the modulation of the scanned image to the modulation of the original image is defined 
as contrast transfer function (CTF).  In this case, the MTF is directly measured from the image 
intensity modulations obtained in response to similarly sized and spaced attenuating bars.  
After getting the CTF, we need to use the formula to transfer the CTF to MTF. This is achieved by 
means of the Coltman formulae:  
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Practically having many harmonic frequencies pose some challenges and for that reason we 
consider the first harmonics which result in  
 

       
 

 
       

 
Means that CTF is higher than the according MTF, due to the non-linearity in the transformation 
between the CTF and MTF induces some distortion in the MTF of Figure 8.40 
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Figure 8.41: Through-Focus MTF Analysis 

 
The above figure 8.41 shows the computation of the MTF at a fixed spatial frequency of 
25cycles/mm for a range of focal shifted image surfaces. The plot shows how fast the MTF falls 
off as the image plane is moved from its optimal location. The violet curve is data for the center 
of the image (lowest MTF), while green is at the edge (low MTF) and blue (lower MTF) is in 
between. The range of MTF for the field points lies between 0 and 5% with the zero point on the 
focus shift axis, generally the "best focus" for the lens system. It is noticed that as the MTF value 
is almost constant for each of the field point curve as we shift the focus.  

 
 

 
Figure 8.42: Through Focus MTF vs. Field curve points 
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Unfortunately, the best focus for the light at the edge of the image (red) and even part way out 
(green) does not lie at the same place as it does for the center of the image. This condition is 
known as "field curvature", and is caused by one of two aberrations: Petzval curvature or 
astigmatism. Alas, the best focus for the light at the edge of the image (green) and even part way 
out (blue) does not coincide at the same place. This state is known as field curvature which is 
contributed mainly by Petzval curvature and astigmatism. Because In addition, the sagittal and 
tangential curves almost coincide at the same place thus shows some minimal traceable 
astigmatism. However, the difference between center and edge of the image is much more than 
the difference between the sagittal and tangential curves. This portray that Petzval curvature is 
more problematic than the astigmatism. It manifests itself in the image such that the entire 
image cannot be in focus at the same time. If you focus on the centre of the image, the edge looks 
fuzzy and vice versa.  From the Through-focus MTF we compute for the depth of focus for the 
lens system as the 0.6mm – (-0.6mm) which is 1.2mm.  This is very easy for optical engineer to 
accommodate as compared to the theoretical design concept value of              which is 
practically implausible.  The Plots of the through-focus MTF curves from equally separated field 
points is shown in Figure 8.42 above.  The field of curvature is represented as the curve which 
links the maxima of the through-focus MTF curves.   
 
 Though the MTF is an optical evaluation performance tool, it doesn't convey to us everything 
that there is to know about the design lens system. Defocus, field of curvature and astigmatism 
are the aberration types that are read quantitatively from MTF analysis charts discussed above. 
Important variables such as distortions, vignetting, flare and color balance are NOT visible in an 
MTF charts.  Conclusively the  MTF charts aren’t  gospel, but they assist us to comprehend how 
the lens system performs in terms of certain important characteristics.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                          
 
 
8.7.7 Polarization 
 
The OSLO software handles rays as purely geometric entities, which have only a position, 
orientation, and phase. For this reason, a complete description of the ray at a surface involves 
the ray intercept coordinates, the direction cosines which define the angles the ray makes with 
respect to the local coordinate axes, and the phase, which determines the optical path length or 
difference along the ray. An extension to this classical ray trace taking into account ray vector 
positions, the effects that optical coatings and reflection and absorption losses have on the 
propagation of light through the optical system is accomplished by polarization analysis. 
 

 
Figure 8.43: A plot of the polarization state across the pupil 
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The above Figure 8.43 is the graphical representation of the state of polarization across the 
exiting wavefront for the current object point FBY=0 and FBX=0 (on axis field points). The 
vertically striped equally spaced lines means that each successfully traced grid of rays through 
the lens system is vertical linearly polarized. 
 

 
Figure 8.44: 3D pictorial view of the linearly polarized plane electromagnetic wave. The 
transverse electric field wave is accompanied by a magnetic field wave as illustrated.111 

 
 
 
 
 
 
 

8.8 Optimization 
 

It is the process by which the aberrations of a lens are minimized by changing selected lens data 
(variables). 
 Aim: reducing the various aberrations to minimal level.  
Present: (                                            ) 

Target:                        

 
As the rays are traced through the optical system, the resulting image is degraded due to 
inevitable aberrations and diffraction phenomena. The aberrations are as a result of the system 
of lens configuration failing to focus incoming beams properly. Also reflections and deviations of 
the light beams at transition points also lead to image loss by diffraction.  With usage of 
systematic and rationale optimization and other optical techniques it is possible to prevent the 
aberrations. Now due to the wave nature of light, even with the optical systems designed in the 
best way possible, it is not possible to totally eliminate the effect of diffraction. Thus we carry 
out this optimization for the design to be aberration-free and thus approach the level of   
performance only limited by diffraction. 
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8.8.1 The flow chart of the optimization process 

 
 

 

 

 
Figure 8.45: optimization flow chart 

Identification of the types of aberrations and other optical defects  
present 

Quantification: Computation of amounts  of aberrations  present 

Standardization: Compare present aberrations  to theoretical values. 
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The aim of ray-tracing is to quantitatively determine the quality of the image that the optical 
system will yield before the system is actually subjected to experimental laboratory work. To a 
great extent, the image quality is determined mathematically: trigonometric ray-trace 
calculations yield various distances and angles which are utilized in aberration definition 
formulae. The results provide the magnitude of aberrations describing image quality of the 
above optical design system. The aberration magnitudes are compared with pre-established 
tolerances.  I then decide whether the aberration levels are acceptably low and the system may 
be produced or some modification of the design is required.  In the latter case, this may mean 
changing one or more curvatures or separations or selecting glasses with different refractive 
properties or all of the above.  The correction techniques are applied and the ray-tracing 
procedure is repeated until all aberrations are within the required tolerances 
 
From the generated ray intercept curves of the optical design, the following are the noticeable 
aberrations: Spherical aberration, Astigmatism, Coma, distortion, field of curvature and defocus. 
What actually introduces the above aforementioned defects is the presence of the apertures (4th 
column of OSLO® software spreadsheet for the Ray tracing). This is because the aperture 
regulates the amount and the propagation sense of the tracing ray through the system. For this 
reason the system numerical aperture NA is of most important parameter at this section.   
 
Now we quantize these aberrations to know how much each contributes to the performance of 
the above optical design.  
 

 
 
Figure 8.46: the most required essential parameter for the set up configuration of the lens. 
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Aberration Amount of aberration (transverse), where 

  
 

 
 

         

        
    

 

In waves(  ) 
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Spherical 
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Tangential Coma  
  

    
 

 

 
          

              
          

 
 

  
 

 
 

Astigmatism  
   

    
 

 

 
             

                       
             

 

 
 

     
 

 

Table 8.1: Shows the computation of the amount of aberrations present. It is seen that 
astigmatism contributed the lowest followed by coma, with spherical aberration dominating.  
 
At this juncture we go thoroughly go through all the theories and concept governing optical 
image evaluation performance so as to help me know the ranges of aberration levels that are 
tolerated for the design to be qualified as approaching aberration-free system. 
 
The question here to address is: “What effect does the amount of aberration have on the 
performance of the optical system?” 
It is well known by now that ray tracing produces an incomplete picture of the image-forming 
characteristics of the system, because  the ray tracing above lead us to anticipate that ‘‘perfect’’ 
lens system images are not the geometric points but finite-sized diffraction patterns—the Airy 
disk and the surrounding rings. 
 
8.8.2 Theories and concepts 
 
In general any deviation in the wavefront form away from spherical causes impairment in the 
quality of point images, thus also quality of the image as a whole.  Knowing how the aberrations 
affect the determinants of optical quality and launching the universal criteria applicable to all 
the aberrations are the prerequisite tools in assessing the relation between optical aberrations 
and image quality. The criteria define specific aberration tolerances as a reference point in the 
evaluation. Criteria for assessing the effect of aberrations on image quality were evolving 
together with the optical theory. 
The quality of the wavefront is the prime among all the factors in determining image quality. It 
can be expressed in several ways: as optical path difference, or wavefront error (either P-V or 
RMS), peak diffraction intensity (Strehl), or geometric blur size. 
 
 

CRITERION SPECIFIC LIMIT TO ABERRATIONS 

Rayleigh 1/4-wave criterion 

1/4 wave optical path difference at focus 
(alternately, 1/4 wave P-V wavefront error) 

Danjon/Couder criterion 

1) Smallest geometric blur not larger than Airy disc 
2) max. 1/4 wave P-V, significantly less over most of the wavefront area 

Airy disc criterion Smallest geometric blur not larger than Airy disc 

Maréchal criterion 

Minimum Strehl 0.82 ~ 
(maximum wavefront error 1/14 wave RMS) 

Table 8.2: summarizes general aberrations-related optical quality criteria known. 112 
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Optical system are considered practically diffracted limited if it yields if it yields an image with 
strehl ratio of 0.8, or the peak (or peak-to-valley) aberration is less than λ/4 (Rayleigh quarter-
wave rule), or the standard deviation of the across the exit pupil is less than λ/14 (Marechal’s 
criterion). Similarly there is a golden rule in optical design that a system is close to its diffraction 
limit if the ray spot radius is less than or equal to the radius of the Airy disc 
 
8.8.2.1 Implementation  
 
We have already that: from figure 8.25:  text window for the spot diagram analysis 
 

 
 
All the displacement measurement above is in mm, so for the sake of the criteria we convert 
them to wavelengths units. 
Highlighted in brown is Spot size= 0.306915mm 
Highlighted in yellow is radius of the airy disk = 0.005236mm 
Since the ray spot radius is far greater than radius of the Airy disc, the system violated the Airy disc 
criterion hence is far from diffraction limit. 

Also highlighted in red is P-V OPD = 0.054634mm = 
        

         
 = 91.88   

 

Also highlighted in green is RMS OPD = 0.011763mm = 
        

         
 = 19.79   

 
Also highlighted in blue is Strehl ratio = 0.684463 
By justification it is clearly seen that the optical design above has violated all the criteria. This 
means that the system is highly aberrated and is a farfetched diffraction limited. 
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8.8.2.2 Improving the design performance 
 
I strive for spot diagrams of a size smaller than or equal to that of the Airy disc and then analyze 
the system by its aberration variance and diffraction characteristics with the help of the image 
quality indicators. 
 
Step 1 
I assume a target geometric spot size = radius of the airy disk such that it conforms to the all the 
above criteria.  
  

           
     

  
          

 

   
     

        
 

             

        
 

 
 

           
 
Step 2 
 
Considering this general paraphrase: ‘‘The conventional minimum acceptable level of optical 
quality - so called diffraction-limited standard - is 1/4 wave P-V wavefront error of spherical 
aberration or, in more universal form, the associated 1/13.4 wave RMS (0.80 Strehl). That 
corresponds to 0.42 waves P-V of coma, 0.37 waves P-V of astigmatism……..’’ 113 
 
 

Aberration In waves(  ) 
 
P-V OPD 

conventional 
minimum 
acceptable level 
in waves 

comment 

Spherical 
aberrations  

 
     

 

 
1/4 

 
fail 

Tangential Coma  
 

  
 

 
 

 
0.42 

 
Good  

Astigmatism  
 

     
 

 

 
0.37 

 
Good  

Table 8.3: Comparison of present aberration to standard 
 

As seen the spherical aberration must be corrected to yield a P-V OPD of less than a quarter 
wavelength.   
I then assume  

 

     
                                               

Combining step 1 and 2; 
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The above equation is solved graphically to find the solution for the best optimization. 
 
 

(59) 
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With this system configuration changed the system performance will be improve but an 
aperture diameter of 0.5mm is far too small and effective focal length of 3.60mm is unrealistic in 
our case.  For this reason I subject the system to constrain and boundary conditions so as to 
achieve a more practical and optimize lens system. Holding on to the fact that the image quality 
produced depends on the following: the wavelength distribution of the source; the F-number 
(FN) at which the system operates; the field angle at which the point source is located; and the 
choice of focus position, because of the limitations imposed by diffraction and aberrations.
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Figure 8.47: Optimization graph  

 
From the above, the point A and B fall in the solution region. Thus are the two best points for the 
optimization. 
 
Point A 
Lens set up:                      f=316.22mm, F=31.62,   D=10mm 
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Point B 
Lens set up:                      f=3.77mm, F=7.23,   D=0.52mm 
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MTF indicator: 

                  
 

  
 

 

             
                 

 
 

                                             
 
At the limit of resolution for aberration-free aperture, the line width is nearly equal to the 
aperture's FWHM. 
 

 
Figure 8.48: PSF for the optimization process A 
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Figure 8.49: PSF for the optimization process B 

 

 
Figure 8.50: MTF for the both the optimized and initial cases 
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The use of the two quality indicators: PSF and MTF curve above gives as enough evidence to 
choose optimization option A over B.  The reason being that:  Option A reduces the cut off 
frequency from 280cycles/mm to 53.24 cycles/mm making image less totally grayish and thus   
possible for image to be perceived by human vision.  Reduction of aperture from 0.083076 to 
0.01581 shows that less light rays would be aberrated at the exit pupil. on the PSF curve Option 
A  yielded a higher central peak intensity of 174857flux/mm2  than  Option B and  also the radius  
of airy disc which is           is greater than the targeted spot size of          mm a sign of  
the optimized system performance being limited by diffraction  with very minimal aberrations. The 
new system has a lens set up as shown in the table below. 
 

Effective Focal 
length 

F-Number Image numerical 
aperture 

Entrance beam 
radius 

Image height 

f=316.22mm F = 31.62 NA=0.01581 D/2= 5mm  

 
        

   
       

           

Table 8.4: Optimized lens set up configuration. 
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DEFECTS CORRECTION  

 Astigmatism  reducing the radius of curvature of the image 
plane surface 
 

 
Lens Bending 

 Longitudinal 
Spherical 
Aberration 

 By combining two lenses – one convex and one 
concave – based on light rays with a certain 
height of incidence (cementing) 

 By maintaining the aperture radius of the 
lenses and introducing an Aspherical lens 
element or parabolic lens. 

 By using a small aperture stop and lastly by 
bending lenses to obtain the optimum lens 
form. 

 Ensuring Solid state setups reduces problems of 
centering sensitivity 

 

 
Lens Splitting 

 

 
Cemented doublet 

 Coma  By stopping down the lens 
 By reducing the symmetry of the lens 

configuration 
 Preserving sharpness in case of wide aperture 
 Use of aplanatic  lens 

 

 
Achromatic, aplanatic glass 

 
Stop Position and Asphere 

 Field of curvature  By relocating the aperture stop in the lens 
system 

 reduce the field of view 
 by bending the lens 
 curving the image plane surface 

 

 
 

 Distortion 
 

 By making the system longitudinally 
symmetrical about the aperture stop. 

 by using lens systems such as orthoscopic 
doublet 

 

 

 Vignetting  By either increasing the aperture stop radius to 
20mm while maintaining that of the preceding 
lens elements still at 19.05mm or keeping the 
aperture stop radius of 15mm and decreasing 
those of the preceding lens elements to less 
than 15mm. 

 

 

Table 8.5: Aberrations and their correction 

 

 

 

 

  

Without field lens: 
curved imagesurface 

With field lens:  
Image plan 
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9 Conclusion and future work 

9.1 Conclusion 
 
From specularly reflective nature (zero order) to higher order of diffraction, it is noticed that the 
following parameters : the wavefront error ( both in PKVAL OPD and RMS OPD), cut off 
frequency, amplitude curve, normalized irradiance and strehl ratio, decline in value  and 
increases as the groove spacing of the diffractive surface widens. 
Furthermore, when the same surface is simulated with different optical design layouts the 
values for the image evaluation parameters used as the quantitative measure of the surface 
roughness keeps on changing. This implies that the roughness of any scattering surfaces is not 
an intrinsic property of that surface but depends on the properties of a wave being reflected. 
Thus the design concept created for the master validate the general axiom that, ‘‘the statistical 
properties of the scattered light (the speckle field) are dependent on the statistical properties of 
the surface itself, the roughness the surfaces reflecting the incident coherent light can be 
studied’’. 
 
 
9.2 Suggestions for further work 

After thoroughly studying the OSLO, I have come to the point of realization that the OSLO ray 
tracing software is a linear surface to surface raytracing program and it has nothing to do with a 
3D solid model.  This limitation and constraint of OSLO really imposed a major challenge to me 
in the tasks at stake. As a result analyzing of the surface characteristic of the hole and other 
cylindrical geometric properties with regards to my design concepts was just a partially 
fulfillments. For this reason, I suggest for better advanced optics software such as TRACEPRO.  
With my formulated design computations and theories with the above 3D model software in 
place, the surface roughness characteristics of the hole wall can be attained less challenge.                      
I hereby declare that I am ever ready to take this project to its next level when the need arises.  
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APPENDIX A: TESTING OF DIFFERENT SURFACE CHARACTERISTICS 

Surface type 1: Totally reflective surface 

 
Fig.1: Spreadsheet for the Ray tracing 

 

 Fig.2: The Spreadsheet of the General Surface Data Condition 

 
Fig.3: Paraxial Setup Spreadsheet 

 

A-1 



 

 Text 1: paraxial information 

  
Fig .4a: OSLO® 2D Model Fig. 4.b: OSLO® 3D Shaded Model 
 

Ray analysis curves 

 
 Fig. 5a: RIC Fig. 5b: OPD Fig. 5c: Aberration curves 

A-2 



 

 
 Fig. 6a: Axial Color Fig. 6b: Lateral Color 

 

 

 

Fig. 7a: Distortion in percentage  Fig .7b: Distortion in microns 

                        
Text 2:  shows the amount of aberrations present 
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Wavefront analysis 

 
Fig. 8a: Wavefront Report Analysis                                            Fig. 8b :Interferogram 

 
 

             
Fig. 9a: wavefront map                                                Fig. 9b: wavefront contour 

 
 

 

Spot diagram 

 
Fig.10a: Spot diagram Analysis                                              Fig.10b: Spot diagram geometric analysis 
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Fig.11a: RMS spot size and OPD      

        

 

Text 3:  spot diagram analysis output results 

 

Point spread function (PSF) 

 
Fig.12a: Point Spread Function  Analysis                                              Fig.12b: Plot of PSF scan 
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Fig.13a: FFT based PSF contour                                                           Fig.13b:  FFT based PSF map  

 

 
                         Fig.14a:Direct integration based PSF contour                     Fig.14b: Direct integration based PSF map 

 

 
Text 4:  PSF analysis output results 

 
Energy analysis 

 

 
Fig.15a:Plot Encircled energy (Diffraction)                                                   Fig.15b:Plot ensquared energy (Diffraction) 
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Fig.16a: Plot Encircled energy (geometric)                                     Fig.16a: Plot ensquared energy (geometric) 

 

 
Fig.17a: Diffraction LSF and KED                                Fig.17b: Geometric LSF and KED 

 

 

MTF  

 
Fig.18a: Through- Frequencies MTF Analysis                                     Fig.18a:  MTF Analysis plot 
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Fig.19a: MTF and PTF Analysis                                                 Fig.19b: MTF vs. Field points 

 

             
Fig.20a: Through-Focus MTF Analysis                               Fig.20a: Square wave response                  

 

 
Fig.21a: Through Focus MTF vs Field curve points 
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Text 5: description for the MTF analysis 
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 Surface type 2: Reflecting Diffractive Grating Surface 
           Grating order=m=1                                                        Grating spacing per groove= 10μm 
Groove density= 100grooves/mm           Number of grooves along the depth of the hole= 600 
 

  

Fig. 22a: Surface data spreadsheet for the Ray tracing. 

 

 
Fig. 23a: 2D Lens Drawing of the optical design layout                      Fig. 23b:  3D Shaded Model of the optical design layout 
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Raytrace analysis 

  
Fig. 24a: RIC                                               Fig. 24b: OPD                               Fig. 24c:   Aberration curves                   

 
  

 
Fig. 25a: lateral Color                            Fig. 25b:  Axial Color 

 

 
Fig. 26a: The distortion curve in percentage            Fig. 26a: The distortion curve in microns 
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Wavefront Analysis   

 

  
Fig. 27a: Wavefront Analysis                                                            Fig. 27b:  Interferogram 

 
 

  
Fig. 28a: wavefront map                                                Fig. 28b: wavefront contour 

 
 

 
Spot diagrams 

 
 

  
Fig. 29a: Spot diagram Analysis                                      Fig. 29b: Spot diagram geometric analysis 

 
 
 
 

A-12 



 

 
Fig. 30a: RMS spot size and OPD vs. all field points                                                           Fig. 30b:  Beam footprint            

 

 

 
 

Text 6: spot diagram and wavefront analysis output results 
 
PSF 

 

 
Fig. 31a: Point spread function analysis                                                                Fig. 31b:     Plot of PSF scan 
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Fig. 32a: FFT based PSF contour                                                             Fig. 32a: FFT based PSF map 

 

  
         Fig. 33a:  Direct integration based PSF contour                          Fig. 33b:  Direct integration based PSF map 

 

 
Text 7: PSF output results 

 
Energy analysis 

 

  
Fig. 34a: Diffraction encircled energy                                                  Fig. 34b: Diffraction ensquared energy 
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Fig. 35a: Plot Encircled energy (geometric)                                   Fig. 35b: Plot ensquared energy (geometric) 

 
 
 
 
 
 
 

 
Fig. 36a: Diffraction LSF and KED                                   Fig. 36b: Geometric LSF and KED 

 
MTF 

 

  
Fig. 37a: Through- Frequencies MTF Analysis                                     Fig. 37b: MTF Analysis plot 
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Fig. 38a: MTF and PTF Analysis                                                                      Fig. 38b:  MTF vs Field points 

 
 

  
Fig. 39a: Square wave response                                                    Fig. 39b: Through-Focus MTF Analysis 

 

 
Fig. 40: Through Focus MTF vs Field curve points. 

 

A-16 



 

 
 

Text 8:  MTF analysis output results 
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Type 3: Reflecting Diffractive Grating Surface 
           Grating order=m=1                                                         Grating spacing per groove= 100μm 
      Groove density= 10grooves/mm           Number of grooves along the depth of the hole= 60 
 

 
 

 
Fig. 41: 2D and 3D model 

 

 
 

Fig. 42:  Surface Data spreadsheet 
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Ray Analysis 
 

 
               Fig. 43a: RIC                                             Fig. 43b:  OPD                  Fig. 43c: Aberration curves 

 

 
Fig. 44a: Axial color  Fig. 44b: lateral color 

 

 
Fig. 45a: Distortion in percentage Fig. 45b: Distortion in micron 
 

 
A-19 



 
Wavefront analysis 

 

 
Fig. 46a: wavefront Analysis Fig. 46b: wavefront map 

 

 
Fig. 47a: wavefront map Fig. 47b: interferogram 

 

Spot diagram analysis 

 
Fig. 48: Spot diagram Analysis 
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Fig. 49a: Spot diagram geometric analysis                Fig. 49b:   RMS spot size and OPD vs all field points 

 

 

Text 9: spot diagram and wavefront analysis 

PSF 

  
Fig. 50a: Point Spread Function  Analysis                         Fig. 50b: Plot of PSF scan 

 

  
 Fig. 51a: FFT based PSF contour                                    Fig. 51b:  FFT based PSF map 
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Fig. 52a: Direct integration based PSF contour                     Fig. 52a: Direct integration based PSF map 

 
Energy Analysis 
 

 
Fig. 53a: Diffraction encircled energy                                               Fig. 53b: Diffraction ensquared energy 

 

 
Fig. 54a: Plot Encircled energy (geometric)                                     Fig. 54a: Plot ensquared energy (geometric) 

 

               
Fig. 55a: Diffraction LSF and KED                                    Fig. 55b: Geometric LSF and KED 
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MTF 

 
Fig. 56a: Through- Frequencies MTF Analysis                                                       Fig. 56b: MTF Analysis plot 

 
Fig. 57a: MTF and PTF Analysis                                                            Fig. 57b: MTF vs. Field points 

 
Fig. 58a: Square wave response                                                           Fig. 58b: Through-Focus MTF Analysis 
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Fig. 59: Through Focus MTF vs Field curve points 

 

  

 

Text 10: MTF analysis output 
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Type 4: Reflecting Diffractive Grating Surface 
           Grating order=m=1                                                                 Grating spacing per groove= 1mm 
         Groove density= 1groove/mm           Number of grooves along the depth of the hole= 6 
 
 

 
Fig. 60: Surface data spreadsheet 

                           
Fig. 61: 2D and 3D models 
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Ray analysis 
 

 
            Fig. 62a: RIC                               Fig. 62b: OPD    Fig. 62b: Aberration curves 
 

                  
Fig. 63a: Axial color Fig. 63b: Lateral color 

                                          
Fig. 64a: Distortion in percentage Fig. 64a: Distortion in micron 
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Wavefront analysis 

                 
Fig. 65a: Wavefront analysis Fig. 65a: wavefront map 

                               
Fig. 66a: wavefront map Fig. 66b: interferogram 

 

Spot diagram 

 
Fig. 67a: Spot diagram Analysis 
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Fig. 68a: Spot diagram geometric analysis                                                     Fig. 68b: RMS spot size and OPD vs. all field points 

 

 

Text 11: Spot diagram and wavefront analysis output report 

 

PSF 

 
Fig. 69a: Point Spread Function  Analysis Fig. 69b: Plot of PSF scan 
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Fig. 70a: FFT based PSF contour Fig. 70b: FFT based PSF map 

             
Fig. 71a: Direct integration based PSF contour Fig. 71b: Direct integration based PSF map 

Energy analysis 
 

  
Fig. 72a: Diffraction encircled energy                                                  Fig. 72a: Diffraction ensquared energy 

 

 
Fig. 73a: Plot Encircled energy (geometric)                                     Fig. 73b: Plot ensquared energy (geometric) 

A-29 



 
Fig. 74a: Diffraction LSF and KED                                     Fig. 74b: Geometric LSF and KED 

MTF 

                             
Fig. 75a: Through- Frequencies MTF Analysis                                           Fig. 75b: MTF Analysis plot 

           
Fig. 76a: MTF and PTF Analysis                                                Fig. 76b: MTF vs Field points 

                                        
Fig. 77a: Square wave response                                       Fig. 77b:  Through-Focus MTF Analysis 
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Fig. 78: Through Focus MTF vs Field curve points 

 

 

 

Text 12: MTF analysis output results 
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Type 5: Reflecting Diffractive Grating Surface 
           Grating order=m=2                                                                Grating spacing per groove= 0.01mm 
         Groove density= 100groove/mm           Number of grooves along the depth of the hole= 600 

 

  
Fig. 79a: 2D model  Fig. 79b: 3D model 
 

 

Fig. 80: Surface spreadsheet data 
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Raytracing analysis 

                                                                                 
Fig. 81a: RIC                                          Fig. 81b: OPD                           Fig. 81c: Aberration curves 

 

                                  
Fig. 82a: Axial color   Fig. 82b: lateral color 

                                               
Fig. 83a: Distortion in percentage                                                                                       Fig. 83b: Distortion in microns 
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Wavefront analysis 

                                    
Fig. 84a: Wavefront analysis                                                                  Fig. 84b: wavefront map 

                
Fig. 85a: Wavefront contour                     Fig. 85b: Interferogram 

 

Spot diagram 

 
Fig. 86a:Spot diagram  analysis                                                              Fig. 86b: Spot diagram geometric analysis 
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Fig. 87: RMS spot size and OPD vs all field points       

                                                            

 
 

Text 13: spot diagram and wavefront analysis output results 
 

PSF 

 
Fig. 88a: PSF  Analysis                                                         Fig. 88b: PSF scan plot 
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Fig. 89a: FFT based PSF map                                                 Fig. 89b:  FFT based PSF contour 

                                     
Fig. 90a: Direct integration based PSF contour                                                   Fig. 90b: Direct integration based PSF map 

 

 

Text 14: PSF analysis output results 
 

Energy analysis 

                                                                       
Fig. 91a: Diffraction encircled energy                       Fig. 91b: Diffraction ensquared energy 
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Fig. 92a: Plot Encircled energy (geometric)                                     Fig. 92b: Plot ensquared energy (geometric) 

 

                                                          
Fig. 93a: Diffraction LSF and KED                                    Fig. 93b: Geometric LSF and KED 

 

MTF 

       
Fig. 94a: Through- Frequencies MTF Analysis                                          Fig. 94b:  MTF Analysis plot 
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Fig. 95a: MTF and PTF Analysis Fig. 95b: MTF vs Field points 

 
Fig. 96a: Square wave response                                                                              Fig. 96b:  Through-Focus MTF Analysis 

 
Fig. 97: Through Focus MTF vs. Field curve points 
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Text 15: MTF analysis output results 
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Surface type 6: Reflecting Diffractive Grating Surface 
           Grating order=m=2                                                                Grating spacing per groove= 0.1μm 
         Groove density= 10grooves/mm           Number of grooves along the depth of the hole= 60 
 

 
Fig. 98a: 2D model Fig. 98b: 3D model 

 

                  
Fig. 99a: Surface data spreadsheet  

 

 

ray trace analysis 

                                          
Fig. 100a: Axial color                                                              Fig. 100b:   lateral color 
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Fig. 101a: RIC                                          Fig. 101b: OPD                               Fig. 101c: Aberration curves 

                                      
Fig. 102a: Distortion in percentage                                                                                         Fig. 102b: Distortion in microns 

Wavefront analysis 

               
Fig. 103a: Wavefront analysis                                                                                     Fig. 103a: interferogram 
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Fig. 104a: Wavefront  map                                                                                       Fig. 104b: wavefront contour  

 

 

Spot diagram 

                  
Fig. 105a: Spot diagram analysis                                                  Fig. 105b: RMS spot size and OPD vs all field points 

 

 

Fig. 106a: Spot diagram geometric analysis                                                   Fig. 106b:  Beam footprint 
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Text 16: Spot diagram and wavefront analysis output results 

 

PSF 

 
Fig. 107a: PSF analysis                                                     Fig. 107a: Plot of PSF scan 

                 
Fig. 108a: FFT based PSF contour                                                      Fig. 108b: FFT based PSF map 
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Fig. 109a: Direct integration based PSF contour                                         Fig. 109b: Direct integration based PSF map 

 

Text 17: PSF output results 

 

Energy analysis 

  
Fig. 110a: Diffraction encircled energy                                                           Fig. 110a: Diffraction ensquared energy 

                 
Fig. 111a: Plot Encircled energy (geometric)                                    Fig. 111a:  Plot ensquared energy (geometric) 
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Fig. 112a: Diffraction LSF and KED                                      Fig. 112b: Geometric LSF and KED 

 

MTF 

 
Fig. 113a: MTF analysis Fig. 113b: Through focus MTF 

 

             
             Fig. 114a: MTF and PTF Analysis                                                                          Fig. 114a: MTF vs Field points 
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Fig. 115a: Square wave response                                                      Fig. 115b: Through Focus MTF vs. Field curve points 

 

 
 

Text 18: MTF output results 
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Surface type 7: Reflecting Diffractive Grating Surface 
           Grating order=m=2                                                                Grating spacing per groove= 1mm 
         Groove density= 1groove/mm           Number of grooves along the depth of the hole= 6 
 

 
Fig. 116: Surface data spreadsheet 

 

 
Fig. 117a: 2D model  Fig. 117b: 3D model 
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Ray analysis 

 
Fig. 118a: RIC                                                      Fig. 118b:  OPD                                      Fig. 118c: aberration curves 

 
Fig. 119a: Axial color                                                                                                      Fig. 119b: lateral color 

                                                     
Fig. 120a: Distortion in percentage                                        Fig. 120b: Distortion in microns 
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Wavefront analysis 

          
Fig. 121a: Wavefront analysis                                                                                                Fig. 121b:  Interferogram 

                                             
Fig. 122a: Wavefront map                                                                     Fig. 122b: wavefront contour 

Spot diagram 
 

 
Fig. 123a: Spot diagram geometric analysis                                   Fig. 123b: RMS spot size and OPD vs. all field points 

 

A-50 



 
Fig. 124: Spot diagram analysis 

 

 

Text 19: Spot diagram and wavefront analysis 

 

PSF 

 
Fig. 125b: PSF analysis                                                 Fig. 125a:   PSF scan plot 

A-51 



 

                                       
Fig. 126a: FFT- based PSF contour                                              Fig. 126b: FFT- based PSF map 

                                         
Fig. 127a: DI based PSF contour                                                                Fig. 127b: DI based PSF map 

 

Text 20: PSF analysis output results 

Energy analysis 

 
                     Fig. 128a: Diffraction encircled energy                                  Fig. 128b: Diffraction ensquared energy 
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Fig. 129a: Plot Encircled energy (geometric)                                     Fig. 129b: Plot ensquared energy (geometric) 

 

 
Fig. 130a: Diffraction LSF and KED                                     Fig. 130b: Geometric LSF and KED 

MTF 

 
Fig. 131a: MTF analysis                                                                 Fig. 131a: through frequency analysis 
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Fig. 132a: MTF and PTF                                                     Fig. 132b: MTF vs.  Field 

 

 
Fig. 133a: Square wave response                                       Fig. 133b: through focus MTF 

 

 
Fig. 134: Through focus  MTF.  Vs/ field curve 
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Text 21: MTF analysis output results 
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 APPENDIX B: Variation of the entrance beam radius for surface type 1 

 
Reflecting Diffractive Grating Surface 

           Grating order=m=1                                                                 Grating spacing per groove= 10μm 
         Groove density= 100grooves/mm           Number of grooves along the depth of the hole= 600 

 
 

 
Fig. 1: Surface data spreedsheet  

 

 
 

Text 1: Paraxial setup data condition  
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Ray analysis curves 
 

 
Fig. 2a: RIC                                             Fig. 2b:   OPD                                  Fig. 2c: Aberration curves 

 

 
Fig. 3a: Distortion in percentage                                                                         Fig. 3b: Distortion in microns 

 
 

  
Fig. 4a: Distortion in percentage                                                                       Fig. 4b:   Distortion in microns 
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Text 2: the amount of aberrations present 

 
Wavefront   analysis 

 

 
Fig. 5a: Wavefront analysis                                                                                                 Fig. 5b: Interferogram 

 
 

 
Fig. 6a: Wavefront map                                                                                                     Fig. 6a: wavefront contour 
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Spot diagram 
 

 
Fig. 7: Spot diagram analysis 

 
 

 
Fig. 8a: Spot diagram geometric analysis                                              Fig. 8b: RMS spot size and OPD vs. all field points 

 

 
Text 3: Spot diagram and wavefront analysis output results 
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PSF 

 

  
Fig. 9a: PSF analysis                                                     Fig. 9b: PSF scan plot 

 

  
Fig. 10a: FFT- based PSF contour                                                 Fig. 10a: FFT- based PSF map 

 

 
Fig. 11a: DI based PSF contour                                                                Fig. 11b: DI based PSF map 

 
Text 4: PSF analysis output results 
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Energy analysis 
 
 

 
Fig. 12a: Diffraction encircled energy                                                 Fig. 12b: Diffraction ensquared energy 

 
 

 
Fig. 13a: Plot Encircled energy (geometric)                                   Fig. 13b: Plot ensquared energy (geometric) 

 
 

 
Fig. 14a: Plot Encircled energy (geometric)                                   Fig. 14b: Plot ensquared energy (geometric) 
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MTF 
 

 
Fig. 15a: MTF analysis                                                               Fig. 15b:   through frequency analysis 

 

 
Fig. 16a: MTF and PTF                                                     Fig. 16b: MTF vs.  Field 

 
 

 
Fig. 17a: Square wave response                                                                                           Fig. 17b:  through focus MTF 

 
 

B-7 



 
Fig. 18: Through focus   MTF.  Vs/ field curve 

 

  
 

Text 5: MTF analysis output results 
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Case 2 

 
Fig. 19: Spreadsheet data setup  

 
Text 6: Paraxial configuration setup data 

 
Ray analysis 

 

 
Fig. 20a: Axial color                                                                                      Fig. 20b: Lateral color 
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Fig. 21a: RIC                                  Fig. 21a:  OPD             Fig. 21a: aberration curves 

 

 
Fig. 22a: Distortion in percentage                                                                         Fig. 22b: Distortion in microns 

 
 

 
 

Text 7: The aberration amounts and type presents 
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Wavefront analysis 
 

              
Fig. 23a: Wavefront analysis                                                                                                 Fig. 23a: Interferogram 

 
 

                        
Fig. 24a: Wavefront map                                                                       Fig. 24b: Wavefront contour 

 
 

Spot diagram 
 

 
Fig. 25: Spot diagram analysis 
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Fig. 26a: Spot diagram geometric analysis                                    Fig. 26b:  RMS spot size and OPD vs. all field points 

 
 
 

 
Text 8: Spot diagram and wavefront  analysis output results 

 
PSF 

 

  
Fig. 27a:  PSF analysis                                     Fig. 27b:  PSF scan plot 
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Fig. 28a:  FFT- based PSF contour                                                         Fig. 28b:  FFT- based PSF map 

 

       
Fig. 29a:  DI based PSF contour                                                                Fig. 29b:  DI based PSF map 

 

 
Text 9: PSF analysis output results 

 
Energy analysis 

 

 
Fig. 30a:  Diffraction encircled energy                                                  Fig. 30b:  Diffraction ensquared energy 
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Fig. 31a:  Plot Encircled energy (geometric)                                   Fig. 31b:    Plot ensquared energy (geometric) 

 
 

                             
Fig. 32a:  Diffraction LSF and KED                                     Fig. 32b:  Geometric LSF and KED 

 
 
 
 
 

MTF 
 

  
Fig. 33a:  MTF analysis                                                                 Fig. 33b:  through frequency analysis 
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Fig. 34a:  MTF and PTF                                                    Fig. 34b:   MTF vs.  Field 

 

 
Fig. 35a:  Square wave response                                                                                            Fig. 35b:  through focus MTF 

 
 

 
Fig. 36a:  Through focus MTF.  vs. / field curve 
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Text 10: MTF analysis output results 
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APPENDIX C: Variation of the aperture stops positions for surface type 1 
 
Reflecting Diffractive Grating Surface 

           Grating order=m=1                                                                 Grating spacing per groove= 10μm 
         Groove density= 100grooves/mm           Number of grooves along the depth of the hole= 600 

 
CASE 1 
 

 
Fig 1:  Surface data spreadsheet 

 

  
 

Text 1: Paraxial data set up.                                                                                               
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Ray analysis 

 

  
Fig. 2a:  RIC                                    Fig. 2b:    OPD                  Fig. 2c:  Aberration curves 

 

              
Fig. 3a: Axial color                                                                                                     Fig. 3a: lateral color 

 

 
Text 2: Aberrations amounts and types present  
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Wavefront analysis 
 

 
Fig. 4a: Wavefront analysis                                                                                               Fig. 4b:   Interferogram 

 

 
Fig. 5a: Wavefront map                                                                                                     Fig. 5b: Wavefront contour 

 
 

Spot diagram 
 

 
Fig. 6: Spot diagram analysis 
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Fig. 7a: Spot diagram geometric analysis                                                    Fig. 7b: RMS spot size and OPD vs. all field points 

 
 

 
 

Text 3: Spot diagram and wavefront analysis output results 
 
 
 

PSF 
 

  
 Fig. 8a: PSF analysis                                                      Fig. 8b:  PSF scan plot 
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Fig. 9a: FFT- based PSF contour                                                                                           Fig. 9b: FFT- based PSF map 

 
 

 
Fig. 10a: DI based PSF contour                                                                Fig. 10a: DI based PSF map 

 
 

 
Text 4: PSF analysis output results  

 
 

Energy analysis 
 

                
Fig. 11a: Diffraction encircled energy                                                  Fig. 11b: Diffraction ensquared energy 
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Fig. 12a: Plot Encircled energy (geometric)                                    Fig. 12b: Plot ensquared energy (geometric) 

 
 
 

  
Fig. 13a: Diffraction LSF and KED                                     Fig. 13b: Geometric LSF and KED 

 
 
 

MTF 
 

                 
Fig.14a: MTF analysis                                                                 Fig.14a: Through frequency analysis 
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Fig.15a: MTF and PTF                                                     Fig.15b: MTF vs.  Field 

 
 

 
Fig.16a: Square wave response                                                                                            Fig.16b: through focus MTF 

 
 

 
Fig.17b: Through focus MTF.  Vs/ field curve 
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Text 5: MTF analysis output results 
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Case 2 

 
Fig.18: Surface data spreadsheet 

 

 
Text 6: paraxial data setup 
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Ray analysis 

 

    
Fig.19a: RIC                                             Fig.19b:  OPD                                 Fig.19c: aberration curves 

 

 
Fig.19a: Axial color                                                                                                     Fig.19b:  Lateral color 

                                            
Fig.20a: Distortion in percentage                                                                        Fig.20b:  Distortion in microns 
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Text 7: Aberration types and amounts present 

 
 
 

Wavefront analysis 
 

 
Fig.21a:  Wavefront analysis                                                                                                 Fig.21b:  Interferogram 

 
 
 

 
Fig.22a: Wavefront  map                                                                                                     Fig.22b: wavefront contour 
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Spot diagram 

 

 
Fig.23: Spot diagram analysis 

 

  
Fig.24a: Spot diagram geometric analysis                                                    Fig.24b: RMS spot size and OPD vs. all field points 

 
 
 

 
Text 8: Spot diagram and wavefront analysis 
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PSF 
 

  
Fig.25a: PSF analysis                                                                                Fig.25b: PSF scan plot 

 

Fig.26a: FFT- based PSF contour                                                                                            Fig.26b: FFT- based PSF map 
 
 
 

       
Fig.27a: DI based PSF contour                                                                Fig.27b: DI based PSF map 
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Text 9: PSF analysis output results 

 
 
 
 
 

Energy analysis 
 

 
Fig.28a: Diffraction encircled energy                                                  Fig.28b: Diffraction ensquared energy 

 

            
Fig.29a: Plot Encircled energy (geometric)                                     Fig.29b: Plot ensquared energy (geometric) 

 

 
Fig.30a: Diffraction LSF and KED                                     Fig.30b: Geometric LSF and KED 

 
 

C-14 



MTF 
 

  
Fig.31a: MTF analysis                                                                Fig.31b:  through frequency analysis 

 

 
Fig.32a: MTF and PTF                                                     Fig.32b: MTF vs.  Field 

 

 
Fig.33a: Square wave response                                                     Fig.33b:  Through focus MTF 
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Fig.34: Through focus  MTF.  Vs/ field curve 

 

 
 

Text 10: MTF analysis output results 
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APPENDIX D: Evaluation of results 

1. The parameter of interest: surface 4 and 5 considered to be ; 

 Totally reflecting surface 

 Reflecting diffractive grating surface: this lead us to two sub parameters of 

interest that is the grating order (m)  and the groove spacing(  x  ) 

 

Surface type grating order (m)   groove spacing(  x  )/μm 
Reflecting surface 0 0 0 
 
Reflecting diffractive 
grating surface 

I 1 10 
II 1 100 
III 1 1000 
A 2 10 
B 2 100 
C 2 1000 

Table 1: considered surface types. 

 

Setup Data Setup Parameters Displacement measures/mm 
Aperture Data NA 0.5289 

F-number -9.452817 
 
Field Data 

Gaussian image height -0.006599 
Chief ray image height -0.006331 
Field angle 0.004° 

 
Other Data 

Entrance pupil radius 5.0000 
Exit pupil radius 6.341342 
Effective focal length -94.528170 
Petzval radius 13.547891 

Conjugate Gaussian image distance 54.869772 
Table 1b: Some elements of the initial paraxial set up. 

 

Aberrations Type Presents Displacement error/mm 

 
Chromatic 
Aberrations 

Axial Color Primary 0.044490 

Secondary 0.030710 

Lateral Color Primary 4.5345      
Secondary 3.499      

 
 
 
 
 
Siedel Aberrations 

 
 
3rd- Order 

Spherical Aberration 0.067522 

Coma 3.0660      

Astigmatism 3.276      

Petzval field curvature -8.5017      

Distortion -8.7677       

 
 
5th- Order 

Spherical Aberration 0.000231 

Coma 4.6761      

Astigmatism -5.455       

Petzval field curvature 1.2200       

Distortion 2.4793       

7th- Order Spherical Aberration 2.809      

Table 1c: the type of aberrations presents. 
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It is noticed that after subjecting the  above seven different surfaces to the same initial set up 
parameters, the errors from the different type of aberration was the same for all. The reason is 
that the paraxial ray tracing is dependent on the geometry of the lens and the propagation path 
taking by the ray.  
Due to the wave nature of light and the diffractive surface nature resulted in differences in the 
image look. This is depicted in the values of the tables below. 
 
 

Image  evaluation Parameters Surface Types 

Type I Type II Type III 

 
Geometric  
evaluation 

Wavefront  
analysis 

PKVAL OPD/mm 0.139163 0.281202 0.309904 

RMS OPD/mm 0.028977 0.056814 0.063195 

Strehl Ratio 0.293899 0.375683 0.450654 

Spot diagram 
analysis 

Geo RMS R/mm 0.234947 0.278527 0.306216 

Diff. limit 0.007638 0.006303 0.006088 

 
 
Diffraction  
evaluation 

 
 
PSF   

Normalized irradiance 0.293899 0.375683 0.450654 

Amplitude 0.542124 0.612930 0.671308 

Phase/degrees -81.803382 -17.674317 -13.050099 

 
MTF 

Cut off 
frequency/(cycles/mm) 

208.390010 229.039718 232.773252 

Table 1d: image variation for reflecting and first order diffraction surfaces 
 

 
 Fig. 1a: PKVAL OPD curve                                       Fig. 1b: RMS OPD curve  
 

 
                      Fig. 1c: Strehl ratio curve                                                                             Fig. 1d: GEO RMS curve  
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        Fig. 1e: Diffraction limit curve                                                                     Fig. 1f: normalized irradiance curve 
 

   
                                        Fig. 1g: Amplitude curve                                                              Fig. 1h: Phase curve 
 

 
Fig. 1i: Cut off frequency curve 

 
 
 

Image  evaluation Parameters 

Surface Types 

Type A Type B Type C 

 
Geometric  
evaluation 

Wavefront  
analysis 

PKVAL OPD/mm 0.096968 0.254393 0.306473 

RMS OPD/mm 0.023986 0.050980 0.062426 

Strehl Ratio 0.064009 0.492645 0.213146 

Spot 
diagram 
analysis 

Geo RMS R/mm 0.704059 0.253404 0.302847 
Diff. limit 0.008121 0.006522 0.006113 

 
 
Diffraction  
evaluation 

 
 
PSF   

Normalized irradiance 0.064009 0.492645 0.213146 

Amplitude 0.259999 0.701886 0.461677 

Phase/degrees 122.713804 -157.463783 120.898566 

 
MTF 

Cut off 
frequency/(cycles/mm) 

200.059448 225.4098321 259.3491107 

Table 1e: image variation for the second order diffraction surfaces 
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Fig. 2a: PKVAL OPD curve                                       Fig. 2b: RMS OPD curve 

 

 
                      Fig. 2c: Strehl ratio curve                                                                             Fig. 2d: GEO RMS curve  

 

 
               Fig. 2e: Diffraction limit curve                                                                     Fig. 2f: normalized irradiance curve 

 

 
                                Fig. 2g: Amplitude curve                                                              Fig. 2h: Phase curve 

 

 
Fig. 2i: Cut off frequency curve 
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Second section 
The parameter of interest: Entrance beam Radius (R) 
Chosen surface:  surface type I is subjected to changing the entrance radius of the incoming beam 
for R=5mm, 3mm and 1mm. 
 
 

Setup Data Setup Parameters R=1mm R=3mm R=5mm 
Aperture Data NA 0.010579 0.031737 0.5289 

F-number -47.264085 -15.754695 -9.452817 
 
Field Data 

Gaussian image height -0.006599 -0.006599 -0.006599 
Chief ray image height -0.006331 -0.006331 -0.006331 
Field angle 0.004° 0.004° 0.004° 

 
Other Data 

Entrance pupil radius 1.0000 3.0000 5.0000 
Exit pupil radius 1.268268 3.804805 6.341342 
Effective focal length -94.528170 -94.528170 -94.528170 
Petzval radius 13.547891 13.547891 13.547891 

Conjugate Gaussian image distance 54.869772 54.869772 54.869772 
Table 2a: paraxial set up parameters variation with entrance beam radius. 
 

  
Fig. 3a: NA curve                                      Fig. 3b: F- Number curve 

 
 

 
Fig. 3c: exit pupil radius curve 
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Aberrations Type Presents 

Displacement error/mm 

R=1mm R=3mm R=5mm 

 
Chromatic 
Aberrations 

Axial 
Color 

Primary 0.008898 0.026694 0.044490 

Secondary 0.006142 0.018426 0.030710 

Lateral 
Color 

Primary 4.5345      4.5345      4.5345      
Secondary 3.499      3.499      3.499      

 
 
 
 
 
Siedel 
Aberrations 

 
 
3rd- 
Order 

Spherical Aberration 0.000540 0.014585 0.067522 

Coma 1.2264      1.1038      3.0660      

Astigmatism 6.6551      1.995      3.276      

Petzval field curvature -1.7003      -5.1010      -8.5017      

Distortion -8.7677       -8.7677       -8.7677       

 
 
5th- 
Order 

Spherical Aberration 7.3771      1.7926      0.000231 

Coma 7.4817       6.0602      4.6761      

Astigmatism -1.0910       -3.2730       -5.455       

Petzval field curvature 2.4400       7.3200       1.2200       

Distortion 2.4793       2.4793       2.4793       

7th- 
Order 

Spherical Aberration 3.5957       7.8637      2.809      

Table 2b: The aberrations types present. 

         
                                 Fig. 3d: PAC curve Fig. 3e: SAC curve 
 

Fig. 3f: PLC curve                                                                                                   Fig. 3g: SLC  curve 
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Fig. 3h: Spherical aberration curve                                                             Fig. 3i: Coma curve 

             
Fig. 3j: Astigmatism curve                                                             Fig. 3k: Field of curvature  graph 

                 
Fig. 3l: Distortion curve                                                             Fig. 3m: 5th order SA graph 

Fig. 3n: 5th order Coma curve                                                             Fig. 3o: 5th order Astigmatism graph 
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Fig. 3n: 5th order Field of curvature curve                                                             Fig. 3o: 5th order distortion graph 

                                                                        
Fig. 3p: 7th order SA graph 

 
 

 
 

Image  Evaluation Parameters 

Entrance Beam Radius 

R=1mm R=3mm R=5mm 

 
Geometric  
evaluation 

Wavefront  
analysis 

PKVAL OPD/mm 0.004873 0.046355 0.139163 

RMS OPD/mm 0.001111 0.010131 0.028977 

Strehl Ratio 0.078975 0.001074 0.293899 

Spot diagram 
analysis 

Geo RMS R/mm 0.233280 0.233281 0.234947 

Diff. limit 0.040346 0.013193 0.007638 

 
 
Diffraction  
evaluation 

 
 
PSF   

Normalized irradiance 0.078975 0.001074 0.293899 

Amplitude 0.281025 0.032773 0.542124 

Phase/degrees 54.424851 -159.902603 -81.803382 

 
MTF 

Cut off 
frequency/(cycles/mm) 

40.827232 123.278768 166.630721 

Table 2c: image variation for the varied entrance beam radii. 
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Fig. 3q: PKVAL OPD curve                                              Fig. 3r: RMS OPD curve 

 

       
Fig. 3s: Strehl curve                                              Fig. 3t: Spot size OPD curve 

 

   
Fig. 3u: Diff. limit curve                                              Fig. 3v: Normalized irradiance curve 

 

  
Fig. 3w: Amplitude curve                                              Fig. 3x: Phase curve 
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Fig. 3y: cut off frequency curve                                               

 
 

 
 
 
Third section 
The parameter of interest: Aperture Stop Position 
Chosen surface:  formatted surface type I, with entrance beam radius of 3mm. the aperture stop for 
this  surface lens configuration is varied for three locations; AST @ Surf 3,  AST @ Surf 7,  and       
AST @ Surf 9. 
 

Setup Data Setup Parameters AST @ Surf 3 AST @ Surf 7 AST @ Surf 9 
Aperture Data NA 0.031737 0.031737 0.031737 

F-number -15.754695 -15.754695 -15.754695 
 
Field Data 

Gaussian image height -0.006599 -0.006599 -0.006599 
Chief ray image height -0.006618 -0.006331 -0.006014 
Field angle 0.004° 0.004° 0.004° 

 
Other Data 

Entrance pupil radius 3.0000 3.0000 3.0000 
Exit pupil radius 54.192147 3.804805 1.741378 
Effective focal length -94.528170 -94.528170 -94.528170 
Petzval radius 13.547891 13.547891 13.547891 

Conjugate Gaussian image distance 54.869772 54.869772 54.869772 
Table 3a: paraxial set up parameters variation with aperture stop position. 

 
 

   
Fig. 4a: Ray height curve                                              Fig. 4b: Exit pupil radius curve 
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Aberrations Type Presents 

Displacement error/mm 

AST @ Surf 3 AST @ Surf 7 AST @ Surf 9 

 
Chromatic 
Aberrations 

Axial 
Color 

Primary 0.026694 0.026694 0.026694 

Secondary 0.018426 0.018426 0.018426 

Lateral 
Color 

Primary 9.4895      4.5345      -9.5167      

Secondary 6.9193      3.499      -2.8791      

 
 
 
 
 
Siedel 
Aberrations 

 
 
3rd- 
Order 

Spherical Aberration 0.014585 0.014585 0.014585 

Coma 2.8177      1.1038      -2.8872      

Astigmatism 7.4317      1.995      7.7035      

Petzval field curvature -5.1010      -5.1010      -5.1010      

Distortion 1.1242       -8.7677       -1.3966       

 
 
5th- 
Order 

Spherical Aberration 1.7926      1.7926      1.7926      

Coma 1.2715      6.0602      -1.3084      

Astigmatism 2.5665       -3.2730       -1.9877       

Petzval field curvature 9.3021       7.3200       -2.0570       

Distortion 1.6012       2.4793       1.0478       

7th- 
Order 

Spherical Aberration 7.8637      7.8637      7.8637      

Table 3b: the type of aberrations presents 
 

 
Fig. 4c: PAC curve                         Fig. 4d: SAC curve 

 
 

 
Fig. 4e: PLC curve                                                      Fig. 4f: SLC curve 
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Fig. 4g: 3rd order SA curve                                                      Fig. 4h: 3rd order coma curve 

 

Fig. 4i: 3rd order astigmatism curve                                                      Fig. 4j: 3rd order field of curvature graph 
 

 
Fig. 4k: 3rd order distortion curve                                                    Fig. 4l: 5th order SA curve 

 

 
Fig. 4m: 5th order coma curve                                              Fig. 4n: 5th order astigmatism curve 
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Fig. 4o: 5th order coma curve                                              Fig. 4p: 5th order astigmatism curve 

 

 
Fig. 4q: 7th order SA curve                                             

 
 
 

Image  Evaluation Parameters 

Aperture Stop Position 

AST @ Surf 3 AST @ Surf 7 AST @ Surf 9 

 
Geometric  
evaluation 

Wavefront  
analysis 

PKVAL OPD/mm 0.128115 0.046355 0.063556 

RMS OPD/mm 0.028188 0.010131 0.013617 

Strehl Ratio 0.032695 0.001074 0.000112 

Spot diagram 
analysis 

Geo RMS R/mm 0.600311 0.233281 0.617921 

Diff. limit 0.011232 0.013193 0.010835 

 
 
Diffraction  
evaluation 

 
 
PSF   

Normalized irradiance 0.032695 0.001074 0.000112 

Amplitude 0.180818 0.032773 0.010591 

Phase/degrees 167.294405 -159.902603 45.845543 

 
MTF 

Cut off 
frequency/(cycles/mm) 

135.180451 123.278768 115.254746 

Table 3c: image variation for different aperture stop position 
 

   
Fig. 4r: PKVAL OPD curve                                              Fig. 4s: RMS OPD curve 
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Fig. 4t: Strehl ratio curve                                              Fig. 4u: Spot size curve 

 

     
Fig. 4v: normalized irradiance curve                                              Fig. 4w: diff. limit curve 

 

      
Fig. 4x: Strehl ratio curve.                                              Fig. 4y: phase curve. 

 

 
Fig. 4z: cut off frequency curve.  
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Fourth section:  
The parameter of interest: Grating order  
We the study the variation in the image by varying the grating order for m=0, 1 and 2. 
 

                 Image  Evaluation Parameters Grating Order 

m=0 m=1 m=2 

 
Geometric  
evaluation 

Wavefront  
analysis 

PKVAL OPD/mm 0.313399 0.139163 0.096968 

RMS OPD/mm 0.063980 0.028977 0.023986 

Strehl Ratio 0.595758 0.293899 0.064009 

Spot diagram 
analysis 

Geo RMS R/mm 0.309667 0.234947 0.704059 
Diff. limit 0.006063 0.007638 0.008121 

 
 
Diffraction  
evaluation 

 
 
PSF   

Normalized irradiance 0.595758 0.293899 0.064009 

Amplitude 0.771854 0.542124 0.259999 

Phase/degrees -99.907779 -81.803382 122.713804 

 
MTF 

Cut off 
frequency/(cycles/mm) 

233.217162 208.390010 200.059448 

Table 4: Image variation for different grating order 
 

 

 
Fig. 5a: PKVAL OPD curve                                              Fig. 5b: RMS OPD curve 

 

 
Fig. 5c: Strehl ratio curve                                              Fig. 5d: Spot size curve 
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Fig. 5e: Normalized irradiance curve                                              Fig. 5f: Amplitude curve 

 
 

  
Fig. 5g: phase  curve                                              Fig. 5h: Cut off frequency  curve 

 
 

 
Fig. 5i: Diff. limit curve                                               
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APPENDIX E: Discussion of results 
 
For a unit  grating order, it is observed that as the grating  groove spacing of the diffractive 
surface widens, the wavefront error increases abruptly from 0 to 400μm attaining 0.3mm 
PKVAL OPD  (0.6mm RMS OPD)as the maximum wavefront error . This maximum wavefront 
error is constant as we further widen the groove spacing from 400μm to 1200 μm. It is observed 
that the spot size increase asymptotically to a constant maximum size of 0.32mm whilst the 
radius of the formed airy disk decreases asymptotically to a minimum value of 0.006mm, as the 
grooving spacing widens. As the grooving spacing widens the system performance is affected 
geometrically which means that design optical system shows signicant amount of aberrations. 
The strehl ratio and the normalized irradiance take the same trend pattern: increases gently as 
groove spacing widens. Also the amplitude of the sinusoidal wave output compared to that of the 
input increases gently as the grooving spacing increases. it Furthermore, the oscillation of the 
sine wave is reversed with phase angle decreasing sharply from 82° to 10°as we increase 
grooving space from 0 to 200μm . The phase of the oscillation almost remain at 10° for further 
widen of the grating spacing from 200 μm to 1200μm. Lastly an increase in the groove spacing 
from 0 to 200μm leads to sudden rise in the cut off frequency of maximum 232cycle/mm and 
flattens almost afterwards.  
 
For a second order grating order the trend of pattern is almost the same as that of first order 
grating except for the following: strehl ratio and the normalized irradiance, there is a sudden 
rise in value of up to 0.5 from 0 to 120μm and a gentle decline in ratio value as groove gap 
widens.  The amplitude curve also takes suit having its turning point at 0.7 and 120 μm groove 
spacing. there exist two phases occurring as grooving spacing widens that is from 0 to less than 
1 μm  is a oscillating  positively  with decreasing phase angle, then reversely oscillate with an 
increase in phase angle from 1 μm to 650μm groove spacing and finally oscillate positively  with 
increasing  phase angle from 650μm to1200μm groove spacing. There is a drop in spot size from 
0.7mm to 0.24mm as we widen the groove spacing from 0 to 200μm and slow rise in spot size as 
we further increase the groove spacing up to 1200μm. 
 
Now we discuss about what happens as the surface grating order increases from specularly 
reflective nature (zero order) to higher order of diffraction.  it is noticed that the following 
parameters : the  wavefront error ( both in PKVAL OPD and RMS OPD), cut off frequency, 
amplitude curve, normalized irradiance and strehl ratio, decline in value as we increase the 
grating order . On the contrary, phase angle curve and the radius of the airy disk curve increase 
as the grating order increases. In the case of the spot size is different, for zero and first grating 
order the size of the spot decreases and decreases for orders higher than 1. 
 
Thirdly we consider the variation of beam radius its effect on the surface.  Both the numerical 
aperture and the effective focal length increase as the radius of the entrance beam increases 
whilst the F-number decreases. The differences being that the variation of F-number and 
numerical aperture takes a polynomial nature whilst that of the exit pupil radius is a linear.  The 
remaining set up data remain constant thus are unaffected.  
With regards to the aberrations, we have that;   for the chromatic aberration the more we 
increase the entrance beam radius yields a direct proportionate error of both axial color whilst a 
constant lateral color is maintained. The amount of error recorded for third, fifth and seventh 
order spherical aberration took a nonlinear form of increase as the entrance beam radius 
increases. Likewise is the error trend plot for the third and fifth order form of coma. The 
astigmatism and the petzval field of curvature error for both third and fifth order increases 
linearly with an increase in the entrance beam radius. An increase or decrease in the entrance 
beam radius still keeps the distortion error at their constant value. 
In relation to the image parameters; the amount the wavefront error expressed in terms of 
either PKVAL OPD or RMS OPD increases with increase in entrance beam radius. The strehl ratio 
and the normalized irradiance take the same trend pattern: decreases from 0.08 to 0 as we 
increase the entrance beam radius from 1mm to 2.35mm and remains 0 from 2.35mm to 3mm 
after which it accelerate to attain a peak value of 0.290mm. This expresses the loss in the 
irradiance as a result of the aberrations present. The size of the spot increases non-linearly with 
entrance beam radius whilst radius of the airy disk decreases with increase entrance beam 
radius.  
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This means that as we increase the entrance radius the design system is prone to severe 
aberrations making system performance limited geometric effect. On the contrary the system is 
diffraction limited if we decrease the entrance beam radius. From 1mm to 3mm waves oscillate 
in the reverse direction with decreasing amplitude but increasing phase angle. Also from 3mm 
onwards waves oscillate still in the reverse direction with accelerating amplitude but retarding 
phase angle. Lastly the graph for the cut off frequency increases nonlinearly with the entrance 
beam radius. This implies that smaller entrance beam radius produces more detailed images 
which are visible for human vision to differentiate than the greyish less detailed ones for higher 
entrance beam radius. 
 
The chief ray height falls below the optical axis and its decrease nonlinearly as we relocate 
aperture stop position. Similarly the exit pupil decreases steeply as we move the aperture stop 
further away from first position. The remaining sets up data remained constant thus are 
unaffected. The amount of error recorded for both the primary and secondary axial color, third 
order petzval field of curvature and all the considered order of spherical aberrations yield a 
constant value. Thus the presence of this aberration is independent of where the aperture stop is 
located. Also both the primary and secondary lateral color, third and fifth order coma, third 
order distortion have a decreasing nonlinear form pattern of recorded amount of aberrations as 
we move the aperture stop further away from first position. The third order astigmatism curve 
records aberration that increases nonlinearly with aperture stop relocation whilst the fifth order 
astigmatism curve has its error to be decreasing nonlinearly. Moving of the aperture stop 
position from position 3 through to position 6 resulted in a nonlinear reduction in the amount of 
error for the distorted image.  A nonlinearly sharp increase in distortion error is noticed as we 
move the aperture stop from position 6 onwards. Lastly the error recorded for the fifth order 
petzval field of curvature steeply increases linearly we move the aperture stop position from 
position 3 through to position 7 and error decreases nonlinearly further away from position 7.  
  
The effect of the aperture stop position on the quality of the image cannot be left out. Thus the 
amount the wavefront error expressed in terms of either PKVAL OPD or RMS OPD decreases 
nonlinearly as we the aperture stop position from position 3 through to position 7 and error 
increases nonlinearly further away from position 7. The strehl ratio and the normalized 
irradiance take the same trend pattern: that is decreasing nonlinearly as we move the aperture 
stop position from position 3 through to position 7 and from position 7 onwards took a 
quadratic trend. As we move the aperture stop position from position 3 through to position 7 the 
size of the spot decreases non-linearly but on the contrary the radius of the airy disk increases. 
Moving the aperture stop farther away from position 7, results that the size of the spot increases 
non-linearly but the radius of the airy disk increases. 
This means that for less aberration in the system the aperture stop should be located at 7. 
Also moving the aperture stop position from position 3 through to position 5, the waves oscillate 
in the positive direction with amplitude and phase angle decreasing. Moving the aperture stop 
farther away from position 5 to 7, causes the wave to oscillate in the reverse direction with the 
amplitude decreasing but phase angle increasing. Finally the wave oscillate still in the reverse 
direction with both amplitude and phase angle decreasing  as we move the aperture stop 
position farther away from position 7 onwards. Lastly the cut off frequency decreases 
nonlinearly with aperture stop relocation. 
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