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Abstract 

 A computational investigation has been adopted for design an optical 

system for infrared (IR) homing head, operated in region of spectrum (3-5) µm.    

The characteristics of the present optical system design include the modulation 

transfer function (MTF) and spot size.  These characteristics are determined 

which give the efficiency and accuracy of the design optical system.  Our work 

has been performed in two stages namely; design and improvement, to get the 

efficiency of the developed optical system.  

 The design stage depends originally on a standard optical system for IR 

homing head.  Some modifications and improvements have been imposed on the 

standard design to achieve a new one of high quality characteristics.   

These improvements include choosing the most suitable materials and 

features for each optical element in the developed design.   

An improvement stage was then followed on the radius of curvature of 

correcting lens, which has process carried out by Zemax software to determine 

the most favorable optical properties i.e. spherical aberration, size of spot, and 

size and shape of the system.       

It is appears from all results that the best suggested suitable materials for 

IR homing head is Sapphire when use in manufacture dome and correcting lens.  

Also, the Germanium materials can not be used in manufacture the dome. 
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CHAPTER FIVE 

CONCLUSIONS AND SUGGESTION FOR FUTURE 
WORK 

  Conclusions٥٫١   

      From our results we can conclude that: 

(a) The efficiency of the adopted system is dependent on the radius of 

curvature for correcting lens. 

(b) In general, the best suggested suitable materials for IR homing head are 

Sapphire and Germanium when used in correcting lens.  Another 

materials gives a high distortion in image. 

(c) The best optical system was obtained when the dome and correcting lens 

are made of Sapphire material.  

(d) The Germanium material can not be used in manufacture dome because 

its distort the size and the shape of system. 
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5.2 Suggestions for future work 

 From the results of the present work, one may recommend the following 

projects for future work.    

(a) An improvement process for materials in order to select another infrared 

material with regard to paraxial lens parameters and image quality 

evaluation.  

(b) The optical transfer function and statistical optics important tools to 

improve the performance of any optical element or system, so they 

should be considered as an advance research.  

(c) Studying the effects for field of view and temperature for optical system. 

(d) Studying the off-axis rays for optical system. 
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CHAPTER ONE 

INTRODUCTION 

1.1 Infrared Systems 

 In everyday life all the people in the world encounter many different types 

of radiation.  Seemingly different forms, such as sunlight, heat, radio waves, and  

x- rays to name only a few, are inherently similar in nature that can be 

conveniently grouped under a single classification, called electromagnetic 

radiation.  It is common practice to describe these radiations by their position in 

the electromagnetic spectrum; it is an arrangement of the various radiations by 

wavelength or frequency.  All of the radiations obey similar laws of reflection, 

refraction, diffraction, and polarization.  The velocity of propagation in vacuum, 

popularly called the velocity of light is the same for all.  They differ from one 

another only in wavelength and frequency.  The infrared (IR) radiation means 

that portion of the electromagnetic spectrum that lies between visible light on 

the one hand and microwaves on the other.  Expressed quantitatively, it is the 

region that extends from a wavelength of (0.75 to 1000) µm, which as a portion 

of the electromagnetic spectrum that can be shown in figure 1.1 [Hudson 1969].     

  The term “target” refers collectively to those objects that IR systems are 

designed to detect.  Although specific details on the military application of IR 

technique and the radiating characteristics of some targets are classified by the 

military, reasonably accurate estimates can often be made by applying the 

radiation laws and certain other information readily available in the open 

literature.  However, as far as the present work is concerned, it should be 

mentioned that clear and detailed accounts of many purpose-built IR systems for 

military applications are still classified or to be little found in the published 

literature. 
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Figure 1.1 Electromagnetic spectrum [Hudson 1969]    
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1.2 Design of Optical System 

       The optical design process should be consistent with the required 

applications.  Many applications require some specialized design and a 

successful optical system design requires from the designer careful 

consideration of the design specifications, which is the most important step in 

the optical design process.  The ordinary design process can be broken down 

into the following three steps [Shannon 1997]:  

(a)   Choosing the type of the design to be executed, that is, the number and 

types of elements and their general configuration. 

(b)  Determination of the powers, materials, thickness, and spacing of the 

elements.  Which are usually selected to control the chromatic 

aberrations and radius of curvature of the system, as well as the focal 

length, working distance, field of view, and aperture diameter. 

(c)  Adjusting the shapes of the various elements or components to correct 

the aberrations to the desired and optically acceptable values. 

 The optics used in an IR homing head shows the configuration of the 

optical system that consists of dome, primary mirror, secondary mirror, and 

correcting lens [Dubner 1959].  Once the optical system has been specified and 

built the next task is to test its performance.  The usual optical tests are 

measuring the modulation transfer function “MTF”, transmission, and optical 

spot size.     
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1.3 Optical Design Parameters  

The optical design parameters known as “lens parameters or degrees of 

freedom ”, enable the designer to achieve an optimum design for the desired 

application by making changes i.e. modifications to these parameters to 

minimize the cost and size while maintaining the design required properties.  

These parameters are [Kingslake 1978]: 

• The radii of curvature of the surfaces 

• Surface shape 

• Thickness  

• Air spaces 

• Refractive indices  

• Dispersive power of the glass used for separated lens elements 

• Position of the “stop” or aperture – limiting diaphragm or lens mount.  
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1.4 Historical Review  

The application of IR techniques has been known since the beginning of 

the twentieth century.  As early as 1910, many workers were intrigued by the 

possibility of heat seekers and were proposing a wide variety of IR search 

devices.  In the 1920’s the availability of the thallous sulfide detector 

encouraged a new generation of workers to reinvent IR search device.  When the 

lead sulfide detector appeared in mid-1950’s photon detectors sensitive in the   

(3 to 5)µm window were developed.  Further developments were introduced in 

the early 1960’s when small and reliable cooling devices became available for 

these (3 to 5)µm detectors [Hudson 1969].     

Infrared technology was born during the period between World Wars        

I and II, is marked by the development of photon detectors and image 

converters.  Between the period 1940-1945 many research programs have been 

developed to produce thermal cameras [Hudson 1969]. 

In 1952, the U.S Army built the first scanning thermal imager, which 

were called thermographs [Lioyd 1975].   

Dubner [1959] has shown that the optics used in IR missile-seeker results 

from a series of design compromises involving sensitivity, resolution, and 

geometry. Since the optical parts of the system must be contained in a prescribed 

enclosure, the geometry problem was the most dominant. The optical system 

consisted of a dome, primary mirror, secondary mirror, correcting lens, reticle, 

and detector.  

Scott [1959] has shown that the main differences between the optics of an 

IR system and visible system result from the image size requirements in the two 

portions of the spectrum. Any optical system no mater how perfect in design or 
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construction, will be limited in its resolution by diffraction. The effect of this 

diffraction depend on the sizes of the optics and wavelength of radiation forming 

the image.  In 1960 the next real-time long wavelength device was a ground-

based FLIR built by the Perking-Elmer Corporation for the Army.  Between 

1960 and 1974 at least sixty different Fliers were developed and several hundred 

were produced [Lioyd 1975].   

          Rogers [1977] designed two optical systems consisted from four elements 

of different materials one operated in (8-14)µm and the other operated in         

(3-5)µm.  

Froelich [1980] developed a low-cost IR seeker for man portable terminal 

homing heads. In order to minimize production costs, the development 

emphasized on design simplicity and expensive manufacturing processes. Low 

cost IR seeker engagement parameters represent a short–range round launched 

over a land combat vehicle. The seeker optical system has an aerodynamically 

spun dome that holds a roof mirror on the inside cylindrical axis.  This provides 

a rotary field scan.  

Baker [1983] described an IR sensor that works in two ways. First: the 

weapon delivery system can leave the immediate area or take cover when fired, 

as the missile will not require any further commands from the launcher. Second 

as the missile home in on radiation produced by virtue of the target physical 

temperature, it is harder to decoy the missile or camouflage the target to prevent 

it radiating.   

An infrared objective system lens has been designed by Boutellier [1985] 

which provides an infrared lens system for the wavelength range of (3.5-5)µm, 

that design consists of three lens elements made from silicon, calcium fluoride 

and silicon, such design intended for use in a thermal imaging device. 
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The suitability of Zinc Sulfide versus Germanium for the middle negative 

lens of the Cooke triplet design for the (3-5)µm spectral region is studied by 

Sharma [1992].   

Al-Ani [1995] studied the restoration of atmospherically degraded 

images.  With regard to various kind of optical systems, Sadiq [2000] 

investigated optical systems using the ray tracing analysis to compute wavefront 

aberrations.     

[Habana 2001] design and evaluation of image quality for IR scanner.  

The Zemax computer program was used by Zahed [2002] to design and analyze 

the homing head systems for tracking targets that emit IR radiation.                  

In [2004] Zain Al-Abedeen studied the atmospheric effects on (3-5)µm 

band thermal imaging.  The Requirements of the optical elements for IR laser 

range finder were investigated computationally by Albakir [2005].    

[Al-kaysi 2006] design and analysis of the four elements objective lens 

for the 3.2-4.2 µm  spectral region.  

[Al-Awsi 2006] developed design of optical system for IR homing head 

and study the homing head characteristic includes PSF, MTF, total spot size and 

range by implementation of specially developed software for determining these 

characteristics.   
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1.5 Aim of the Work 

The aim of the work put forward an improved optical design for an IR 

homing head.  The essential parameters that required in an optical system such 

as spot size and modulation transfer function (MTF) would be investigated and 

analyzed.  The quality of the proposed design would be investigated using 

various types of optical elements materials in order to improve its performance 

in Infrared system applications.  It has been intended to perform the present 

investigation computationally by using Zemax software. 

The main steps for executing the present research objective is as follows: 

(a) Suggesting the IR optical system design based on example found in literature 

[Dubner 1959] and improving this suggested design by choosing different 

optical materials comport with the design and its application. 

(b) Studying the developed system design analytically by determining the 

effective parameters and their roles.                     

(c) Obtain some parameters which one can determine the efficiency of the 

developed design, such as the spot size, and MTF by using Zemax software.  
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CHAPTER TWO 

OPTICAL CONSIDERATION 

2.1 Introduction  

  The principal differences between the optics of infrared systems and 

visual optical systems result from the image-size requirements in the two 

portions of the spectrum.  Any optical system, no matter how perfect in design 

or construction, is limited in its resolution by diffraction.  The effect of this 

limitation depends on the size and shape of aperture system and the wavelength 

of the radiation forming the image.  In geometrical optics, the image of a point 

object is a point.  In actual fact an image of a point source produced by an ideal 

optical system has a central maximum of intensity surrounded by diffraction 

rings [Scott 1959].   

In circular apertures, the diffraction pattern is also circular and the angular 

separation between the central maximum and the first dark ring is given by 

[Donald 1985]:                                              

Sin θ
D

λ22.1=                                                                                       (2.1) 

 or  for small θ , equation. 2.1 rewritten as:        

            θ 
D

λ22.1≈                                                                                              (2.2) 

where θ is measured in radians, λ is the wavelength in meter and D is the 

diameter of the aperture in meter.   Figure (2.1) shows the diffraction of light by 

circular aperture [Scott 1959].  Relation (2.2) may be written as:  
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           #22.1 F
d =
λ

                                                                                          (2.3)   

In this form the diameter d of the central maximum is in the same dimensions as 

the wavelength, while F # is the F-number defined as 
D

f
F =# .  Here f is the 

effective focal length of the system.  

 

 

 

 

 

 

 

 

In designing any optical system, one of the important parameters is the 

focal length.  For the case of spherical mirror, the focal length is given by   

[Scott 1959]:        

2

R
f =                                                                                                 (2.4) 

Figure 2.1 Diffraction of light due to Circular aperture [Donald 1985] 
 

1st dark ring 

D

λθ 22.1=

Light 
wavelength 

λ

D 
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where R is the radius of curvature of the mirror.  The focal length of a lens is 

given by the following relation [Scott 1959]:  

          ( ) ( )







 −
+−−=

2121

111
1

1

RRn

tn

RR
n

f
                                                          (2.5) 

where R1 and R2 are the radii of curvature of the two spherical surfaces of the 

lens, t is the thickness of the lens, and n is the refractive index of the lens 

material.  If the effect of thickness “ t ” of the lens is neglected, equation (2.5) 

becomes    [Scott 1959]:      

          ( ) 







−−=

21

11
1

1

RR
n

f
                                                                            (2.6)   

As the rays travel from left to right through a lens, all convex surfaces are taken 

as having a positive radius and all concave surfaces having a negative radius       

[Scott 1959].      

2.2 Paraxial Optics  

 Paraxial optics is used to determine the location and the size of image and 

pupils in the optical system.  Sometimes this is referred to as first-order optics or 

Gaussian optics.  The paraxial quantities provide information about ideal image 

formation in selected set of coordinates.  Paraxial variables are angles and ray 

coordinates that describe the passage of a paraxial ray through the lens.  These 

angles may be selected in object space to correspond to the sine or tangent of the 

real ray angles that will pass through the lens. 
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In many of the published literatures, paraxial optics is considered to describe the 

passage of rays for infintesimal field and aperture.  Paraxial optics has 

considerably greater significance in describing the ideal imaging condition for a 

lens.  It is seen to describe the ray path through the lens for real rays in an ideal 

aberration-free imaging situation [shannon 1997].   

Because of the finite lateral extent of any real optical system, not all the 

rays which originate at an object point can actually pass through the optical 

system to form the image.  The rays that actually pass through the system are 

important to determine for two reasons.  First, the fraction of light emitted by the 

object which gets through to form the image determines the brightness of the 

image.  Second, in real systems not all rays can be treated as paraxial rays.  

Image quality can also be reduced by chromatic aberration.  In general, 

aberrations are caused by differences between where paraxial rays are supposed 

to go and where actual rays really go.  The paraxial rays merely approximate 

real rays at small slope angles near the optical axis.  The paraxial properties of 

an optical system, such as focal length, depend on the index of refraction; 

chromatic aberration arises even for strictly paraxial optics  [Ditton 1998].      

Paraxial rays are very close and nearly parallel to the optical axis.  In this 

region, lens surfaces are assumed normal to the axis, and hence all angles of 

incidence and refraction are small.  As a result, the sine of the angles of 

incidence and refraction are small and can be approximated by the angles 

themselves measured in radians.  The paraxial formula dose not include effects 

of spherical aberration experienced by marginal rays which are rays passing 

through the lens near its edge or margin.          
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2.2.1 paraxial equations  

 Figure (2.2) shows a ray of light leaving an object point P and striking the 

first surface of lens at point P1 .  It is refracted and proceeds to the second 

surface at point P2 .  The amount of refraction is specified by Snell’s law 

equation (2.7) [Jenkins 1976]. 

         θθ ′′= sinsin 11 nn                                                                                  (2.7) 

where 1n  and 1n′  are the refractive indices of different optical media separating 

by surface, and θ  and θ ′are the angle of the ray before and after refraction at 

separating surface.  Taylor series of the sinθ have the form:  

LL−+−=
!5!3

sin
53 θθθθ                                                                   (2.8) 

where the angle θ  is expressed in radians.  For very small values of θ , only the 

first term on the right side of equation (2.8) needs to be used,  i.e. sinθ ≈ θ, 

equation 2.8 simplifed to:  

          θθ ′′= 11 nn                                                                                        (2.9) 

this is called the paraxial form of the Snell’s law, however, the Snell’s law 

angles are not convenient to work with, and eliminate with the identities 

          φθ += 11 u                                                                                        (2.10) 

           φθ +′=′
11 u                                                                                                       (2.11) 

 
      



 14 

 

 

where  u1 is the angle of the incident ray, u′1 is the corresponding angle for the 

refracted ray, and φ  is the angle that the radius R1 of the lens surface makes at 

the center of curvature Cc. this particular angle can be simplified as  

          
1

1sin
R

h
=φ                                                                                        (2.12) 

from paraxial approximation one can simplify equation (2.12), to obtain  

          
1

1

R

h≈φ                                                                                             (2.13) 

Figure 2.2 shows a ray of light pass through lens surfaces [Nussbaum 1998] 
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Substituting equation (2.10), (2.11), and (2.13) in to equation (2.9), then we get:  

          111

1

11
11 unh

R

nn
un +

′−
=′′                                                              (2.14) 

where h1 is the distance from point p1 to the axis, P1 is called the refracting 

power of first surface and is defined as [Nussbaum 1998]  

          
1

11
1 R

nn
P

−′
=                                                                                       (2.15) 

the curvature c1 of the lens first surface is defined as:  

          
1

1

1

R
c =                                                                                                (2.16) 

Then equation (2.15) may also written as:  

            )( 1111 nncP −′=                                                                                           (2.17) 

And equation (2.15) written as:  

          111111 unhPun +=′′                                                                             (2.18) 

as the ray goes from P1 to P2, its height from the axis becomes 

          uthh ′+′= tan112                                                                            (2.19) 

or, using the paraxial approximation for small angles, we get:       

         uthh ′+′= 112                                                                                    (2.20) 
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2.3 Infrared Lenses  

Most lenses are made of optical glass in visible portion of the 

electromagnetic spectrum.  Other materials, including crystals, plastics, and 

reflective substrate materials are important for some applications.  Selection of a 

material for use in a lens design initially requires consideration of the optical 

properties of the material in addition to its mechanical, physical, and chemical 

properties. Availability of the material is dependent upon the cost, form of 

supply, and required working and finishing procedures for the material.  A 

successful optical designer will consider all of the parameters when selecting or 

recommending materials for a lens [Shannon 1997]. 

The most important optical property of materials used in lens elements is 

the refractive index.  The refractive index n is defined as the ratio of the velocity 

of light in surrounding medium and the velocity of light in material, i.e.            

   

          
υ
c

n =                                                                                                     (2.21) 

where, most often, the surrounding medium is air.  Thus the refractive index is 

usually stated relative to air.  Most optical glass catalogs use this definition of 

refractive index, selecting standard condition of temperature and air pressure for 

defining the listed values.  Absolute refractive index is referred to vacuum as the 

surrounding medium, and can be obtained by multiplying the value of index as 

defined above by the index of refraction of air at standard temperature and 

pressure.  The refractive property of the material is related to the dielectric 

constant of the material at the frequency of the electromagnetic radiation being 

transmitted through the material, and is dependent upon the wavelength or color 

of the light. 
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 In the majority of lens design, materials are required to be homogeneous 

and isotropic, negligible scattering, and have high transmittance over the desired 

spectral region.                  

The  index of refraction varies with wavelength.  This means that the 

speed of light in the glass varies with color and this medium is called dispersive.  

Almost every spectral region of interest, such as glasses, follow a dispersion 

curve of the form in which the refractive index of the glass is highest for shorter 

wavelengths.   

 The properties of the refractive index of the glass are primarily 

determined by the chemical constituents in the glass, the naming of glass type is 

meaningful, as all purchases of one type of glass will be of glass that is a 

member of the same chemical and physical family [Shannon 1997] .  

Infrared lenses differ from that design for the visual region in several 

important aspects that may be summarized as follows [Laikin 2001]:     

(a) There are a fewer materials to choose.  Fortunately, available materials such 

as germanium and zinc selenide have high index of refraction and low 

dispersion.  

(b) Due to the high cost of these materials and their relatively poor transmission, 

thickness should be kept to a minimum.  Many of these materials are 

polycrystalline and exhibit some scattering which is another reason to keep the 

lenses thin.   

(c) The long wavelength means a much lower resolution requirement.   

(d) The walls of the housing emit radiation and so contribute to the background.        
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(e) Detectors are often linear arrays, in contrast to film or the eye.                

These detectors are usually cooled.  

(f) One must check that the detector is not being imaged back onto itself. 

2.4 Aberrations 

Aberrations are devations from the perfect geometrical imaging case.  

Ideal image formation requires that the relation between object and image would 

follow paraxial rules, and all rays from each object point would pass through its 

paraxial conjugate image point, with all rays having the same optical path length 

from object to image.  The first-order aberrations are deviations of the Paraxial 

imaging conditions from the perfect base imagery as determined by tracing ray 

at a central wavelength.  The third, fifth, and so on, orders are aberrations which 

express a deviation from the paraxially determined imaging conditions 

[Shannon 1997]. 

Third-order theory predicts seven types of aberrations.  Two of these, 

called chromatic aberrations.  The rest, called monochromatic aberrations.  

These seven aberrations can be briefly described as follows: 

A. Monochromatic Aberrations 

Its occur even though only a single wavelength is involved [Hudson 

1969].  For a monochromatic light ray aberrations arise due to geometrical 

deviations from paraxial (Guassian) theory.  First order theory correspond to the 

approximation sin θθ ≈  in radians.  If the approximation is extended to the next 

term, one can predict deviation from paraxial theory when sin θθθ −= 3/3!.  

This third order theory describes the five primary monochromatic or Seidel 

Aberrations which are discuss as follows [Physics 1998]: 
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 i.   Spherical aberration 

Spherical aberration is defined as the variation of focus with aperture, 

where aperture means the diameter of the section of the lens used to form the 

image [Nussbaum1998]. 

The spherical aberration is the first of the five Seidel aberrations, and 

usually one must correct this aberration before attempting to reduce the others.  

Figur (2.3) shows the spherical aberration for lens.  From Figure we see that the 

distance between the marginal and paraxial focal plans is called  longitudinal  

spherical aberration (LSA), while the distance between the points where the rays 

cross the paraxial focal plane is called transverse spherical aberrations (TSA)            

[Donald 1985].  

Longitudinal spherical aberration (LSA) and transverse spherical 

aberrations (TSA) are not independent of  each other since they are related by 

the marginal convergence angle. 

 
Figure 2.3 Spherical aberration for lens [Nussbaum 1998] 
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ii. Coma 

 Figure (2.4) shows comatic aberration which is similar to spherical 

aberration.  It applies to rays entering the lens at an angle i.e. it indicates an off-

axial aberration that is non-symmetrical about the optical axis and increases with 

the radius of the lens aperture.  The focal point of the lens will vary the further 

away the ray hits the lens from the centre.  Due to this, image blurring is found 

the further off-axis one goes.  A single lens can be shosen that will give no coma 

but only at a set distance from the object one would like to image                      

[Jenkins and White 1976].  

 

 

 

 

 

 

Figure (2.4) The geometrical coma of a point [Hecht 1998] 
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iii. Astigmatism  

   Astigmatism arises since an object point is a distance from the optical axis 

then the cone of rays from that point will strike the lens asymmetrically.  In 

other words the focal length of the lens will vary depending on where the rays 

hit the lens.  This will lead to rays which are less parallel to the optical axis 

being focused differently from those which are parallel or almost parallel to the 

optical axis as shown in figure (2.5).  This means that for some points the object 

will always be blurred as while one can focus the light for some of the rays one 

cannot focus it for all of them [Jenkins and White 1976].  

 

 

 

 

 

Figure 2.5  Astigmatism aberration [Hecht 1998] 



 22 

iv. Curvature of Field 

  For rays entering the lens on or near the optical axis (paraxial rays), the 

focal length of the lens (barring other aberrations) is constant.  This leads to the 

problem of field curvature.  As the distance from the centre of the lens to the 

focus point is constant then the image of a plane object described by the lens is 

going to be on a curved rather than on a plane surface as illustrated in figure 

(2.6) [Hecht 1998], the curvature increases with the off-axis distance of the 

object and with the aperture of the lens [Jenkins and White 1976].  

 

 

v. Distortion 

 The focal length of the lens and hence the magnification will cause varies 

over the surface of the lens (i.e. a ray hitting the lens at one spot while be 

focused more or less than that at another).  This leads to distortion.  Distortion is 

where parts of the image are magnified more or less than others.  The most 

common distortions are barrel distortion (where the centre of the image is bigger 

than the edges) and pincushion distortion (where the edges are bigger than the 

centre) as shown in figure (2.7) [Hecht 1998].  The image, in other case, is 

sharp but distort.  These can commonly be seen on television’s  screen and 

computer’s monitor [Jenkins and White 1976].  

Figure (2.6) The field curvature is mainly visible at the edges of 
the field [Hecht 1998] 
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B. Chromatic Aberrations 

 Chromatic aberrations, are caused since the index of refraction varies with 

the wavelength of light, the properties of optical elements also vary with 

wavelength.  There are two types of chromatic aberration:   

i. Longitudinal: A variation of focus (image position) with wavelength.  In 

general the index of refraction of optical materials is higher for short 

wavelengths than for long wavelengths, as shown in figure (2.8) [Welford 

1974].  

ii. Lateral: The size of an image formed by the optics varies as a function of 

wavelength [Hudson1969].  

 

 

        Undistorted                   Barrel                     pincushion   
            image                     distortion                   distortion 

Figure (2.7) The distortion aberration [Hecht 1998] 

Figure (2.8) Chromatic aberration [Aberration and Distortion 2005] 
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2.5 Optical Invariants 

It is important to mention the optical invariants before introducing Seidel   

aberration formulae because the forms of the optical invariants are implanted in 

the primary aberration theory by the symmetry of the expressions of the barred 

and unbarred quantities as shown below.  The barred quantities are those belong 

to the principle ray (figure 2.9).  

 

   

 

 

 

 

 

 

From figure (2.9), let O be the axial object point, P the axial point of the 

refracting surface, C the centre of curvature of the refracting surface and P1 the 

point of incidence of the paraxial ray through O which touches the rim of the 

pupil.  Then in paraxial approximation hc is equal to the angle of convergence 

OCP1 and thus, in the triangle OCP1 the external angle at P1 is given by hc+u, 

this is the paraxial angle of incidence, which is denoted by i, so it is found that          

[Welford 1974]: 

n n′ 

h h 

P1 

u u C 

Principle 
ray 

pupil 

Figure (2.9) The optical invariants 
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         uhci +=                                                                                          (2.22) 

and from Snell’s law one get: 

           ( ) ( )uhcnuhcn ′+′=+                                                            (2.23) 

For simplicity, we denote that   

   nhcnuA +=                                                                                 (2.24) 

and  

          chnunA +=                                                                                (2.25) 

Consider figure (2.10) which represent the case of Gaussian system.  

   

 

 

      

 

 

 

 

Figure (2.10) Transverse magnification 

h 
n n′ 

u u′ 

     P           p1                 
 
 

Figure (2.10) Transverse magnification 
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The form of the Gaussian formation image can be express as: 

   ηη ′′′= unun                                                                                  (2.26) 

where η′/η  represents the transverse magnification.  Equation (2.26) has a much 

wider application than to the calculation of transverse magnification.  The right 

hand side quantity n′u′η′ for the first system while nuη represent the second 

hand side, i.e., the image of the first system will be the object of the second and 

so on.  Thus, this quantity is invariant through both systems and, therefore, it 

must be an invariant right from the object space through all intermediate spaces 

of any symmetrical optical system.  This invariant is known as the Lagrange 

invariant and denoted by “H” [Welford 1974]. 

   The Lagrange invariant, as a part of the structure of Gaussian optics, has a 

much wider application than to the calculation of transverse magnification 

(equation 2.26).  it is significant in photometry of optical instrument, since H2 

represents in the Gaussian approximation the total light flux through a given 

transverse section of an optical and its invariance through a system is therefore a 

consequence of the conservation of energy.  Also, the Lagrange invariant 

divided by the wavelength of the light is the unit in the dimensionless 

coordinates used in the diffraction theory of optical instruments.  Another 

importance of the Lagrange invariant gives rise from calculating the primary 

aberration [Welford 1974]. 

   From equation 2.26 H can be written in terms of the ray tracing data             

(u and h) as [Welford 1974].: 

   ( )huhunH −=                                                                        (2.27)   
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When u goes to zero, in this result the form of the Lagrange invariant is for a 

star space.  Since u  is now the field angle.  From equations (2.28) and (2.29), 

one can write H in terms of refraction invariants as [Welford 1974]: 

   hAhAH −=                                                                              (2.28) 

 The forms of  Lagrange invariant given in equations (2.26 ) to equation 

(2.28) have the merit that they make explicit connection between the ray through 

the center of  the object and the ray through the center of the pupil          

(principal ray).  In other words, if the path of one paraxial ray through an optical 

system is known, then the path of any other ray can be found from it without 

need for a new paraxial ray tracing.  The first one who made use of this essential 

point was Seidel who calculate the primary aberration .  

 To obtain the data of ray tracing ( u  and h ) of  the principal ray, the term 

E, sometimes called Seidel eccentricity since it gives a measure of   hh  (the 

relative displacement from the axis of the center of the  image-forming pencil at 

the current refracting surface), should be used since it is expressed in terms of 

the paraxial ray as [Welford 1974], and therefore equation 2.28 can be written 

as: 

    EHhh =                                                                                         (2.29) 

using in equation (2.28), yields 

          h

HhA
A

−=                                                                               (2.30) 
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2.6 Seidel Aberration and Sum Expressions 

 Seidel was formulated five sum expressions to calculate the primary 

aberration in terms of the data of the praxial ray (u and h), and the optical 

invariance given by (2.19), (2.21), (2.24), and (2.25).  The five sum expression 

are SI, SII, SIII , SIV, and SV are as follow [Welford 1974]: 
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where SI is the Seidel spherical aberration, SII is coma aberration, SIII  is 

astigmatism aberration, SIV  field curvature  aberration, and  SV  is the distortion 

aberration.  
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 These expressions enable the designer to make modifications to his design, 

since they involve some degrees of freedom (the refractive indices, and 

curvatures) to minimize aberrations, and the symbol ∆ refers to the change of 

the quantities enclosed by the parentheses [Welford 1974]. 

2.7 Spot Diagrams 

 when a system of rays originally at a single object point is constructed, so 

that the rays are uniformly distributed over the entire entrance pupil, the plot of 

their consequent intersecions with the image plane is called a spot diagram. An 

experienced designer looking at this particular diagram would probably 

recognize considerable vignetting and coma in the optical system.  The size of 

spot diagram shows the designer the extent of the energy distribution and the 

shape is due to the type of aberration.  When the spot diagram has been reduced 

to a size comparable to that of the central fringes in a diffraction pattern, a ray 

theory ceases to be as useful as wave theory [Williams and Becklund 1986].   

 The spot size is an important parameter since it determines the optical 

system efficiency.  Theoretically, the following relationship gives the size of the 

spot formed by a single lens under free aberration condition.  The diameter of 

the first dark ring of the Airy rings is given by equation (2.3). 

 In one deals with a usual optical system, some modifications should be 

imposed on equation (2.3) to correct the computed spot size formed by the 

optical system.  The modification includes the addition of an spherical 

aberration term.  Hence, the size of the spot formed by an optical system can be 

calculated from the following equation [Scott 1959].   

 ( ) ( ) 3#/
#/44.2

f

fT
fsizeSpot += λ                                            (2.36) 
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where T  is a constant given by the following expression [Scott 1959],  
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where B  is the shape or bending variable, n  being the refractive index of the 

last surface, and r1 and r2 are the radii of the lens. 

2.8 The Modulation Transfer Function (MTF) 

 The resolution and performance of an optical system can be characterized 

by a quantity known as the modulation transfer function “MTF”, which is 

measurement of the optical system ability to transfer contrast from the specimen 

to the intermediate image plane at a specific resolution.  Computation of the 

modulation transfer function is a mechanism that is often utilized by optical 

manufactures to incorporate resolution and contrast data into a single 

specification [Davidson 2006].     

 A perfect optical system would have a modulation transfer function of unity 

at all spatial frequancies, while simultaneously having a phase transfer factor of 

zero.  

 When a specimen is observed in an optical system, the resulting image will 

be somewhat degraded due to aberrations and diffraction phenomena, in 

addition to minute assembly and alignment errors in the optics.  In the image, 

bright highlights will not appear as bright as they do the speciment, the dark or 

shadwed areas will not be as black as those observed in the original pattens.   
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 By convention, the modulation transfer function in normalized to unity at 

zero spatial frequency.  Modulation is typically less in the image than in the 

specimen and there is often a slight phase displacement of the image relative to 

the specimen.  By comparing several specimens having differing spatial 

frequencies, it can be determined that both image modulation and phase shifts 

will vary as a function of spatial frequency.  By definition, the modulation 

transfer function is described by the equation: 

 
ModulationObject

ModulationImage
MTF =                                                                    (2.38)    

 This quantity, is an experssion of the contrast alteration observed in the 

image of a sinusoidal object as a function of spatial frequancy [Davidson 2006].        

Figure 2.11 shows the change of MTF with spatial frequancy for the perfect 

limit diffraction. 

 

 

Diffraction- Limit lens 

Figure 2.11 MTF as a function of normalized spatial frequency 
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CHAPTER THREE 

OPTICAL DESIGN OF A HOMING HEAD SYSTEM  

3.1 Introduction  

The optics used in an infrared missile-seeker (homing head) result from a 

series of design compromises involving sensitivity, resolution, and geometry.   

    The sensitivity, S, of such IR systems varies, in general, with the aperture 

diameter “D”, optical efficiency “e”, and the ratio of focal length to aperture 

diameter i.e. F-number, F#, i.e. :  S  α  De / F#     [Dubner 1959].     

Figure 3.1 shows the homing head configuration of an IR missile-seeker 

used in the present work.  The folded optical system consists of dome, primary 

mirror, secondary mirror, and correcting lens.  A brief description of the major 

elements of an IR homing head is as follows [Dubner 1959]:   

 

 

 

 

 

 

Dome  

Secondary 
mirror  

Correcting   
lens 

Primary 
mirror 

Figure (3.1) Optical system design for IR homing head. 
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A. Dome  

   The dome introduces spherical aberration opposite to that of the primary 

mirror.  It also produces significant amount of higher-order on-axis aberrations.  

It is interesting to note that although the paraxial power of the dome is equal and 

opposite to that of the mirror, this means that the dome is a highly nonlinear 

element with high aberration.  In optical terms, the principal ray of the system is 

perpendicular to the dome surface so that almost no off-axis aberrations are 

generated by the dome. 

 Befor the selection of a material there are certain requirements which 

must be met.  The window, either flat plate or dome, must withstand the flight 

profile stated for its application.  The mechanical properties should be strong 

enough to prevent catastrophic failure. 

 The likely cause of this would be cracking and fracturing due to the 

thermal and stress loads imposed on the window during the first five seconds of 

flight.  This is the critical time for the build up of stress and external 

temperature.  A high temperature differential between external and internal 

surfaces may induce thermal stress leading to cracking.  This will not be so great 

a problem if the material has a high thermal conductivity.           

B. Primary Mirror  

The primary mirror introduces spherical aberration, coma, and 

astigmatism.  This element is used as the aperture stop.  In attempting to 

improve the resolution, the first logical step was to  investigate the use of a more 

complicated primary mirror.  This was done by using thin-lens formulas.  A 

study of a mangin         (back surface) mirror showed that by keeping the power 

of the lens constant and just bending the lens, the astigmatism remains constant, 
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the coma decreases, and the spherical aberration decreases through zero and then 

increases negatively.  If this mirror were used to correct coma, the spherical 

aberration would have reversed sign, and the dome would no longer be able to 

correct the residual spherical aberration.  Therefore, a correcting lens is required 

to cancel the remaining spherical aberration. 

C. Secondary Mirror  

 Using thin-lens formulas, an investigation was made on a mangin 

secondary mirror.  The system is composed of the primary mirror and a mangin 

secondary mirror.  The optical aberration varies rapidly as a function of lens 

bending.  At the point where spherical aberration is near zero, the mangin 

secondary mirror behaves in much the same manner as the dome; that is for 

large changes in spherical aberration there is little change in either coma or 

astigmatism.  Thus, a dome can now be chosen independent of the spherical 

aberration required; the mangin mirror can supply the residual spherical 

aberration.   

D. Correcting Lens 

 Since both the mangin primary and the mangin secondary mirrors 

required a correcting lens in front of the focal plane, a thorough analysis was 

made of a system consisting of a dome glass, a primary mirror, a secondary 

mirror, and a lens.  The first objective was to find a configuration which would 

zero coma.  It was found that particular lens power, the lens can be bent so that 

there is no coma.  For zero coma, astigmatism, and spherical aberration were 

function of lens power. 
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3.2 Materials of the IR Optical System  

The following is brief description of the materials that are used in IR optical 

systems.  

i. Germanium (Ge) 

Germanium is most widely used for lenses and windows in IR systems 

operating in the 2-12 µm range.  Enviroment dose not make any problems 

because Germanium is inert, mechanically rugged, and fairly hard.  It is an 

excellent choice for multi-spectral systems and for applications where EMI 

shielding is necessary.  Germanium can be electrically heated for anti-fogging or 

anti-icing applications [Optical Materials 2005].   

ii. Sapphire (Al2O3) 

Sapphire is a single crystal aluminum oxide (Al2O3).  It is one of the 

hardest materials.  Sapphire has good transmission characteristics over the 

visible, and near IR spectrum.  It exhibits high mechanical strength, chemical 

resistance, thermal conductivity and thermal stability.  It is often used as 

window materials in specific field such as space technology where scratch or 

high temperature resistance is required [Optical Material 2005].   

iii.  Calcium Fluoride (CaF2) 

 Calcium fluoride is used for optical windows, lenses and prisms in 0.15-9 

µm range.  Because of its low absorption at wavelength shorter than 6 µm, CaF2 

is particularly popular for high power laser optics in that wavelength range.  Due 

to its low refractive index it can be used without anti-reflection coating                    

[IR Materials] .     
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iv. Lithium Fluoride (LiF)  

Lithium fluoride has the lowest index of refraction of all the common 

infrared materials.  LiF is slightly plastic, and has a relatively high thermal 

expansion coefficient.  It is also the most expensive of the Fluoride series of 

crystals [Optical Materials Selection Guide].  

v. Magnesium Fluoride (MgF2) 

Magnesium fluoride is the only optical material combining wide spectral 

transmittance band with birefringence phenomenon and satisfactory thermal 

expansion coefficient for isotropic cross section.  It is used for UV-radiation 

sources and receivers windows manufacture; for optical elements of 

interference-polarization filters, as laser resonator optics elements in quantum 

electronics and as active material in IR and sub millimeter band             

[Optical Material 2005].         

vi. Barium Fluoride (BaF2) 

Barium fluoride crystals are transparent in wide spectrum band.  The 

product finds use in windows, lenses of special types of objectives, as mirrors 

substrate in optical systems operating in UV and IR spectrum band          

Optical Material 2005].       

   vii.       Sodium Chloride (NaCl) 

 Sodium chloride is used for lenses where transmission in the (0.25 – 16) 

µm range is desired.  Because of its low absorption, Sodium Chloride is being 

used in high power laser systems.  Polished surfaces must be protected from 

moisture by exposing to only dry atmosphere or by using a heating element to 

maintain the Sodium Chloride above the ambient temperature.  Sodium Chloride 
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can be used up to 400° C.  The material is sensitive to thermal shock.  Irradiation 

generates color centers [Optical Materials 2005].  

 Table (3.1) shows the refractive index for 4 µm wavelength transmission 

range, and coefficient expansion for different materials.  

Table (3.1): Selected materials for the 3-5µm spectral band [ISP Optics 2005]. 

 

Optical Materials 
Refractive 

Index for 4 µm 
Transmission 
Range (µm) 

 
Coefficient 
Expansion     
/C° β(*10-6) 

 
 

Germanium 
(Ge) 

 

4.025 2.0 – 14.0 5.7 

 
Sapphire 
(Al 2O3) 

 

1.6679 0.17 – 5.0 6 

 
Sodium Fluoride 

(NaCl) 
 

1.5217 0.2-20 44 

Barium Fluoride 
(BaF2) 

1.4558 0.15 to 12.5 18 

Calcium Fluoride      
(CaF2) 

1.410 0.130 - 7.0 19 

Magnesium Fluoride 
(MgF2) 

1.349 0.130 - 7.0 12 

 
Lithium Fluoride 

(LiF) 
 

1.3494 0.121 - 5.0 37 
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CHAPTER FOUR 

RESULTS AND DISCUSSION 

4.1 Design Considerations 

 Optical design of a homing head system used in infrared applications 

fields has been put forward with aid of ZEMAX program.  The suggested 

system consist of refracting and reflecting components in order to expand or 

compress a beam of light.  Optical system design has its own advantage and 

disadvantages concerning, for instance, its fabrication process, simplicity, 

compatibility, and cost. 

 Figure (4.1) shows the suggested optical design for infrared homing head 

system which is used in our work.  The system consists of dome, primary 

mirror, secondary mirror, and correcting lens.  The selection of materials operate 

in the range (3-5) µm region of the spectrum the optical system has been studied.  

Some of commonly used materials for this region are listed in table (3.1).   

 The computational work passes through two stages.  The first stage is 

improving the optical system design.  The improvement is done by changing the 

materials of the correcting lens and dome, with materials have an additional 

characteristics related by its plentifulness and industrialization technique.  

 The second stage is a descriptive investigation utilize to choose the optical 

parameters that describe the performance of the suggested optical system design. 

   In the present investigation Zemax has been used to determine the design 

of the optical systems for the IR homing head. 
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 4.2 Choice of variables 

  Any parameter describing the lens could be used as a variable.  Usually 

only a subset of the available is used in order to maintain some control over the 

properties and configuration of the lens.  The most important variables are the 

curvature of the surfaces.  Usually the designer will elect to use the                

"radius of curvature ", which is easier to visualize, as it is physical quantity that 

will be measured in building the lens [Shannon 1997].   

 The other type of variable is the separation between optical surfaces.  This 

can be the thickness of element, or air space between the elements (air lens).         

In some cases, thickness can be infinitesimal, indicating that the two surfaces of 

lenses are contact or cemented.  In general, if left unbounded lenses will usually 

expand to fill all of the available space during a design.  Therefore, the thickness 

variables should always be bounded [Shannon 1997].        

 

 R1               R2 

 

    R4 

Dome Primary 
mirror 

R3 

Correcting 
lens 

Secondary 
mirror 

R5 
R6 

Figure (4.1) Optical system design of IR homing head 
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 The optical properties of the materials used in a lens can obviously be 

variable.  Usually the optical glasses used will be established at the beginning 

for cost, delivery, and environmental reasons.  The materials must be replaced 

by the closest available material and optimization run completed with specified 

material in order to have a physically viable lens [Shannon 1997]. 

In the present work, the conventional design have been modified.              

The modification have been done by using different materials for the dome and 

correction lens.  These materials have closest properties to the used conventional 

one, used in the spectral region which is in (3-5) µm.  

The best radii of curvatures of the correcting lens of optical system R5, 

and R6 are choose by using optimization method.  In our work, the thickness of 

dome, and correcting lens are assumed to be constants.  

4.3 Image Quality Evaluations 

 Two effective parameters have been taken into account which describe the 

efficiency of the optical system on image quality.  These parameters are: 

A. Spot size  

 All light rays cross the optical axis at a single point, forming a spot with a 

diameter determined by the diffraction formula given by equation (2.3).  The 

point spread function “PSF”, determine the energy distributed on the image 

plane due to a point source located on the object plane [Donald 1995].  Many 

lenses exhibit a phenomenon termed spherical aberration.  Spherical aberration 

has the effect of increasing spot size given by equation (2.36).   
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B. Modulation transfer function  

MTF is one of the most important parameters determines the efficiency of 

the optical system.  MTF is very sensitive to many different types of aberration.  

It may be described by a set of points as a function of frequency.  A plot of this 

sort has a maximum value at zero frequency.  The relations refer that the 

maximum of this curve is unity; therefore, i.e. it is normalized curve.  In other 

words, MTF values corresponding to a specific value of frequency in the MTF 

curve represents the percentage of the optical system design to receive the 

information at that frequency.  Therefore, the MTF value corresponding to a 

specific frequency indicates the amount of image contrast relative to the object 

contrast.  

Analytically, if one deals with a perfect optical system design then the 

image will have a specific contrast and the behavior of MTF distribution 

depends on the frequency and its curve will decrease with increasing frequency 

until it reaches a zero value at the cutoff frequency.  The computed Figure (4.2) 

shows the MTF curve for a perfect optical system (aberration free system).                     

 

  Figure 4.2 Perfect MTF 
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 When an optical system has some aberration, its MTF curve will be 

different from that of the perfect one by its slope and behavior, especially in the 

high frequency region, where the amount of the decay will increase and is 

proportional to the aberration.  The signal in this region diffused with the 

background noise since both of them have same frequency, which interpret the 

oscillations occurred in the high frequency region. 

 In order to show the variation of MTF with the aberration, the amounts of 

aberration and defocusing agreed previously have been considered.  Figure (4.3) 

shows the behavior of the MTF compared with the perfect MTF for different 

amounts of aberration and defocusing, which prove the great sensitivity of the 

MTF curve to the aberration and defocusing.  It is seen that the curve of the 

middle case is the best since it near to the perfect case.  Also, the defocusing 

affect the decay of the MTF curve, while the aberration affect the smooth 

behavior of the MTF curve. 
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4.4 Results 

Table (4.1) shows the abbreviation OBJ, STO, and IMA listed in surface 

column represent the object, stop aperture, and image respectively.  It should be 

mentioned that in the IR lens object indicates for IR rays coming from target, the 

stop aperture located in primary mirror and the image represent the spot on the 

detector.  

Table 4.1 Optical data of standard design (all dimensions are in millimeter) 

Surface Radius Thickness Glass Semi-Diameter 

OBJ Infinity Infinity air 0 

1 40 4 MgF2 17.5 

2 32.77 32 air 16.94105 

STO -84.5 -30 Mirror 17.953298 

4 -141 7.15 Mirror 6.447437 

5 46.88 1.8 Sapphire 4.167998 

6 -115.8 8.97325 air 3.838856 

IMA Infinity  air 0.121891 

 

The radius column in table (4.1) represents the radius of curvature of a 

lens.  Infinity indicates for a plane surface i.e. a surface whose radius of 

curvature is infinity.  The minus (-) and plus (+) signs indicate for a concave and 

convex surface, respectively for the lens under consideration. 
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 Thickness column represent thickness of each optical element and 

separation between that elements (air lens thickness).  

 Glass column contains the type of glass materials used in the lens design 

process.  The blanks in this column indicate that region is occupied by air lens. 

 Semi diameters in table (4.1) refer to the value of the lens aperture radius 

in millimeters.  

 The dome is meniscus lens used to separate the received radiation on the 

face of the second element (primary mirror).  The material of the dome is MgF2, 

which have a desirable optical properties.   

 The primary mirror is a concave one which is used for receiving the 

radiation traversing the dome and deliver them to the surface of the third 

element (secondary mirror).  It may also be used to reduce the spherical 

aberration.  The function of the optical system is highly affected by the distance 

between primary mirror and the dome.  The computations have shown that 

increasing the dome-primary mirror distance will give rise to closer angles of 

reflection for the off-axis and paraxial rays; thus better focusing will be 

achieved.  Therefore, one can say that a high quality spot depends, among other 

parameters, on the distance between the dome and the primary mirror.  

However, there is a limitation to this distance.  A short distance requires a high 

radius of curvature for the primary mirror to enable the rays to be collected on 

the surface of the secondary mirror. 

 The secondary mirror is a convex one where the radiation coming from 

the concave mirror are reflected to be collimated by the fourth element which is 

the correction lens.  The function of this mirror is to bring back the radiation 

towards their original direction at a higher density and close to the optical axis.  

A small radius of curvature of the secondary mirror will increase the reflection 
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angles of the rays which are collected in the vicinity of the secondary mirror that 

makes focusing on the detector rather difficult.  However, a secondary mirror of 

large radius of curvature will make the rays to be collimated on the optical axis 

far from the mirror due to angles of reflection.  This case would require that the 

secondary mirror should be followed by a correction lens of the double convex 

type with large radii of curvature. 

 The double convex correction lens is the fourth element in the optical 

system.  It has an important role in the focusing process.  The value of radius of 

curvature should be such that the emerging rays are collimated vary close to the 

optical axis. 

 

Table 4.2 Data of General lens. 

Number of surfaces 8 
Stop 4 
Lens units Millimeter 

 System aperture Entrance pupil 
Glass catalog Schott Infrared 
Effective focal length 45.32924 
Back focal length 8.97325 
Total track 36 
F-number F/# 1.329849 
Numerical aperture NA 0.3601563 
Stop radius 17.97072 
Entrance pupil diameter 35 
Wavelength 3-5 µm 
Field of view 0 
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Figure (4.4) Result of suggested design before correcting the 
aberrations 

 

      (a) spot grey  pattern for the suggest design 

(b) Normalized  modulation transfer function (MTF) for the 
suggested design   
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 The processing of aberration is a very important task in the optical system 

design, since its of high effect on the image quality.  Only the correction part 

have been adopted to reduce the optical aberration.  In the present work, only the 

spherical aberration and defocusing have been taken into account whereas other 

type of aberrations have been neglected due to their little effect on the image 

quality.  Moreover, the spherical aberration and defocusing are reduced by 

changing the features of some optical element in correcting part, in order to 

bring them to the lowest possible value. 

Zemax software has been used to present the behavior of the effective 

parameters corresponding to different amounts of spherical aberration.  These 

aberrations are created by changing the radius of curvature of the correcting 

lens.    

 A trial and error method has been adopted in order to achieve the lowest 

possible spot size and the associated aberrations.  The smallest size of spot 

requires solution of the following two important problems in order to achieve 

high resolution:  

(i) Reducing spherical aberration to the lowest possible value which is the 

task of the correction. 

(ii)  Good focusing by the system elements which is the task of the 

collection part. 

 The process begins by varying R5 and R6 while the thickness of the 

correction lens is assumed to be constant.  The method is repeated for different 

refractive index of the correcting lens material as shown in table (4.3).  

 The analytical consideration is to show what are the effective parameters 

that can provide complete indication about how efficient the suggested optical 
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system design.  Since the function of the optical system design of an IR homing 

head is to detect and track a distance object, the accuracy of the calculations is 

very important.  In order to achieve high accuracy, an analytical study on how to 

determine the effective parameters of the optical system has been performed.  

The analysis includes a test for some of well-known optical functions at 

different amounts of aberration and defocusing, then studying their behavior and 

how they are affected.   

Table 4.3 Spot size, Seidel spherical aberration, and the corresponding 
optimized radius of curvature R5and R6 for MgF2 dome’s material. 

 
Materials of 
correction 

lens 

R3 (mm) R4 (mm) Spot size 
Radius (µm) 

 
Si 
 

Germanium 
(n = 4.025 ) 

-47.25 -37 87.32 0.04134 

Sapphire 
(n= 1.667 ) 

-115.16 -28 43.143 0.03986 

NaCl 
(n = 1.5217) 

Infinity -27.8 88.842 0.04111 

BaF2 
(n = 1.455 ) 

152.5 -28.05 85.692 0.04186 

CaF2 
(n = 1.41 ) 

78 -28 74.837 0.04345 

MgF2 
(n = 1.349 ) 

41 -28 63.471 0.04446 

LiF 
(n = 1.3494) 

41 -28 46.517 0.0447 

 Table (4.3) shows that the Sapphire correction lens, which is a convexo-

concave lens, give a better results, i.e. gives minimum values of Seidel spherical 

aberration and radius of spot size.  After changing R5 and R6 we get that the spot 

radius is 43.143µm with such small Seidel spherical aberration equal to 0.03986. 
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 Figure (4.5) shows the result of image quality after correcting the 

aberration.  From Figure 4.5.a we conclude that we get better spot since it have a 

high intensity with little diffraction pattern.  Also, we conclude that, from figure 

4.5 b, that we approximately get a diffraction curve MTF after correction  the 

aberration. 

            

 

 

 
(a) spot grey  pattern for  MgF2 dome and Sapphire correction lens 

(b) Normalized MTF curve near to perfect 
 

Figure (4.5) Result of image quality after correct the aberrations 
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Table (4.4) shows the result, of radius of curvature of correcting lens R5, 
R6, spot size radius, and Seidel spherical aberration ”Si”.  These results when the 
dome material is sapphire.  

 

Table 4.4 Spot size, Seidel spherical aberration, and the corresponding 
optimized radius of curvature (R5) and (R6) for Sapphire dome’s material. 

Materials of 
correction 

lens 
R3 (mm) R4 (mm) Spot size 

Radius (µm) 
Si 
 

Germanium 
(n=4.025 ) 

-33.9 -28 165.03 0.00589 

Sapphire 
(n=1.667 ) 

-65 -21.8 40.363 0.00493 

NaCl 
(n= 1.5217) 

Infinity -23 147.119 0.00738 

BaF2 
(n=1.455 ) 

37.5 -28 110.287 0.02226 

CaF2 
(n=1.41 ) 

26 -27.95 77.109 0.0247 

MgF2 
(n=1.349 ) 

26.75 -23 58.706 0.01988 

LiF 
(n= 1.3494) 

21 -25 25.047 0.02075 

 
 

 Table (4.4) shows that the Sapphire correction lens, which is convexo-

concave lens, give aberration results, i.e. gives minimum values of Seidel 

aberration and small radius of spot size.  After changing R5 and R6 we get that 

the spot radius is 40.363µm with such small Seidel spherical aberration equal to 

0.00493. 

 Figure (4.6) shows the result of image quality after correcting the 

aberration.  From Figure 4.6.a we conclude that we get better spot since it have a 

high intensity with little diffraction pattern.  Also, we get conclude that, from 
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Figure 4.6.b, that we approximately get a diffraction curve MTF after correction 

the aberration.    

 
   

                
 
 
 
 
 

 

 

 

Figure 4.6 Result of image quality after correct the aberrations 
 

(a) spot  grey  pattern for the Sapphire dome and correction lens 

(b) Normalized MTF curve is a perfect 
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Table (4.5) shows the result, of radius of curvature of correcting lens R5, 

R6, spot size radius, and Seidel spherical aberration ”Si”.  These results when the 

dome material is LiF.  

Table 4.5 Spot size, Seidel spherical aberration, and the corresponding 
optimized radius of curvature (R5) and (R6) for LiF dome’s material. 

Materials of 
correction 

lens 
R3 (mm) R4 (mm) 

Spot size 
Radius (µm) 

Si 
 

Germanium 
(n = 4.025 ) 

-32.2 -28 106.815 0.03818 

Sapphire 
(n = 1.667 ) 

-115 -28 69.406 0.03956 

NaCl 
(n = 1.5217) 

Infinity -27.8 115.37 0.04089 

BaF2 
(n = 1.455 ) 

145 -28 108.997 0.04317 

CaF2 
(n = 1.41 ) 

78 -28 101.108 0.04322 

MgF2 
(n=1.349 ) 

41 -28 89.496 0.04423 

LiF 
(n = 1.3494) 

41 -28 71.655 0.04446 

 
 

 Table (4.5) shows that the Sapphire correction lens, which is convexo-

concave lens, give a better results, i.e. gives minimum values of Seidel 

aberration and small radius of spot size.  After changing R5 and R6 we get that 

the spot radius is 69.406 µm, with such small Seidel spherical aberration 

0.03956.  

 Figure (4.7) shows the result of image quality after correcting the 

aberration.  From Figure 4.7.a we conclude that we get better spot since it have a 

high intensity with little diffraction pattern.  Also, we get conclude that, from 
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Figure 4.7.b, that we approximately get a diffraction curve MTF after correction 

the aberration.   

           
 
 

 
Figure 4.7 Result of image quality after correct the aberrations 

 
 

(a) spot  grey  pattern for the LiF dome and Sapphire correction lens 
 

(b) Normalized MTF curve near to perfect 
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Table (4.6) shows the result, of radius of curvature of correcting lens R5, 

R6, spot size radius, and Seidel spherical aberration ”Si”.  These results when the 

dome material is BaF2.  

Table 4.6 Spot size, Seidel spherical aberration and the corresponding optimized 
radius of curvature R5 and R6 for BaF2 dome’s material. 

Materials of 
correction 

lens 
R3 (mm) R4 (mm) 

Spot size 
Radius (µm) 

Si 
 

Germanium 
(n=4.025 ) 

-33.25 -28 34.789 0.02816 

Sapphire 
(n=1.667 ) 

-112 -25 98.805 0.03368 

NaCl 
(n= 1.5217) 

110 -28 46.36 0.03619 

BaF2 
(n=1.455 ) 

55.8 -28.05 39.164 0.03822 

CaF2 
(n=1.41 ) 

37 -28 54.238 0.04 

MgF2 
(n=1.349 ) 

22.35 -28 84.252 0.04085 

LiF 
(n= 1.3494) 

22.3 -28 118.611 0.04145 

  

 Table (4.6) shows that the Germanium correction lens, which is a 

convexo-concave lens, give a better results, i.e. gives minimum values of Seidel 

spherical aberration and radius of spot size.  After changing R5 and R6 we get 

that the spot radius is 34.789µm ,with such small spherical aberration equal to 

0.02816.     

 Figure (4.8) shows the result of image quality after correcting the 

aberration.  From Figure 4.8.a we conclude that we get better spot since it have a 
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high intensity with little diffraction pattern.  Also, we get conclude that, from 

Figure 4.8.b, that we approximately get a diffraction curve MTF after correction 

the aberration.   

            

 
(a) spot  grey pattern for the BaF2 dome and Ge correction lens 

 

(b) MTF curve near to perfect 
 

Figure 4.8 Result of image quality after correct the aberrations 
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Table (4.7) shows the result, of radius of curvature of correcting lens R5, 

R6, spot size radius, and Seidel spherical aberration ”Si”.  These results when the 

dome material is CaF2.  

Table 4.7 Spot size, Seidel spherical aberration, and the corresponding 
optimized radius of curvature R5 and R6 for CaF2 dome’s material. 

Materials of 
correction 

lens 

 
R3 (mm) 

 
R4 (mm) 

Spot size 
Radius (µm) 

Si 
 

Germanium 
(n = 4.025 ) 

-33 -28 49.692 0.03645 

Sapphire 
(n = 1.667 ) 

-71.157393 -23.8 69.621 0.03205 

NaCl 
(n = 1.5217) 

155 -28 62.963 0.04106 

BaF2 
(n =1.455 ) 

71.5 -28 59.298 0.04144 

CaF2 
(n=1.41 ) 

46.6 -28 49.126 0.04126 

MgF2 
(n = ) 

27 -28 56.115 0.04299 

LiF 
(n = 1.3494) 

27 -28 84.832 0.04331 

 
 

 Table (4.7) shows that the Germanium correction lens, which is convexo-

concave lens, give a better results, i.e. gives minimum values of Seidel 

aberration and small radius of spot size.  After changing R5 and R6 we get that 

the spot size is 49.692µm, with such small Seidel spherical aberration equal to 

0.03645.  
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 Figure (4.9) shows the result of image quality after correcting the 

aberration.  From Figure 4.9.a we conclude that we get better spot since it have a 

high intensity with little diffraction pattern.  Also, we get conclude that, from 

Figure 4.9.b, that we approximately get a diffraction curve MTF after correction 

the aberration.   

               

 

 

Figure 4.9 Result of image quality after correct the aberrations 
 

(a) spot  grey  pattern for the CaF2 dome and Ge correction lens 

(b) Normalized MTF curve near to perfect 
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Table (4.8) shows the result, of radius of curvature of correcting lens R5, 

R6, spot size radius, and Seidel spherical aberration ”Si”.  These results when the 

dome material is NaCl.  

Table 4.8 Spot size, Seidel spherical aberration and the corresponding optimized 
radius of curvature (R5) and (R6) for NaCl dome’s material. 

Materials of 
correction 

lens 

 
R3 (mm) 

 
R4 (mm) 

Spot size 
Radius (µm) 

Si 
 

Germanium 
(n=4.025 ) 

-33.65 -28 14.416 0.02404 

Sapphire 
(n=1.667 ) 

Infinity -28.2 130.76 0.03414 

NaCl 
(n= 1.5217) 

80 -28 27.13 0.03377 

BaF2 
(n=1.455 ) 

45.8 -28.05 43.277 0.03357 

CaF2 
(n=1.41 ) 

31 -28 67.179 0.03608 

MgF2 
(n= ) 

19 -28 103.362 0.03607 

LiF 
(n= 1.3494) 

19 -28 144.823 0.03696 

 
 

 Table (4.8) shows that the Germanium correction lens, which is convexo-

concave lens, give a better results, i.e. gives minimum values of Seidel 

aberration and small radius of spot size.  After changing R5 and R6we get that 

the spot radius is 14.416µm, with such small Seidel spherical aberration equal to 

0.02404.  

 Figure (4.10) shows the result of image quality after correcting the 

aberration.  From Figure 4.10.a we conclude that we get better spot since it have 

a high intensity with little diffraction pattern.  Also, we get conclude that, from 
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Figure 4.10.b, that we approximately get a diffraction curve MTF after 

correction the aberration.   

             

 

 

 

 

 

 

 

 

 

 

   

 

Figure 4.10 Result of image quality after correct the aberrations 
 

(a) spot  grey  pattern for the NaCl dome and Ge correction lens 

(b) Normalized MTF curve is a perfect 
 



 60 

 All the above results are repeated using Germanium material for dome, 

this lead to change the size and the shape of the optical system.    

 

                         

 

 

 

Figure 4.11 Result of design and image when using Germanium material for dome 

(b) spot  gry  pattern for the Ge dome and Sapphire correction 

(c) Normalized MTF curve  

(a) Optical system design 
of IR homing head for Ge 
dome and Sapphire 
correction lens 
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   From Figure (4.11) we conclude that when using Germanium material 

for dome we get not good results.  This is because of high refractive index of 

Germanium, which lead to highly refracted beam. 

 Table (4.9) shows the best final results corresponding to the dome 

material and correcting lens material.  

Table 4.9 Final results for Domes materials, Correction lens materials, Spot size 
radius and Seidel spherical aberration   

Dome materials Correction lens 

materials  

Spot size radius 
(µm) 

Si 

Sapphire 
(n=1.667 ) 

Sapphire 40.363 0.00493 

NaCl 
(n= 1.5217) 

Germanium 14.416 0.02402 

BaF2 
(n=1.455 ) 

Germanium  34.789 0.02816 

CaF2 
(n=1.41 ) 

Germanium 49.692 0.03645 

MgF2 
(n= 1.349) 

Sapphire 43.143 0.03986 

LiF 
(n= 1.3494) 

Sapphire 69.406 0.03956 

 



xi 

ABBREVIATIONS                                                                      

 
Symbol   

                                                                                            
Unit 

 
A 

 
Refraction invariant 

 
B 

 
Shape or bending constant 

  
c 

C 

c 

 

 
Velocity of light ≈ 3*108                                                   m/s       

Conjugate or magnification constant 

Curvature of refracting surface                                         cm-1   

 
d 

 D 
 
 

 
diameter of the central maximum                                     mm 

Diameter of the aperture                                                   mm 
 
 

            E 
 

            e 

Seidel eccentricity 
 

Optical efficiency 

 
F# 

 

f 
 

 

 
F-number 
 

Effective focal length                                                        mm 
 
 

 

h 

H 

 

 

Paraxial incidence height                                                  mm 

Lagrange invariant 

 
IR 

i 
 

Infrared radiation 

Paraxial angle of incident 



xi 

P Lens power                                                                   diopter 

MTF Modulation Transfer Function 

 

n 

nd 

nf 

nc 

 

 

Refractive index 

Refractive index at sodium D-line 

Refractive index at hydrogen F-line 

Refractive index at hydrogen C-line 

 

p1, p2 Points on lens surface  

 
R 
 

Radius of curvature                                                           mm 

 

          SI 

               SII 

 SIII 

 SIV 

SV 

 

Seidel spherical aberration 

Seidel coma aberration 

Seidel astigmatism aberration 

Seidel curvature of field aberration 

Seidel distortion aberration 

 

t 

T 

 

Thickness of the lens                                                         mm 

Spot size aberration constant 

u Paraxial convergence angle                                               rad 



xi 

 

v 

V 

 

 

Velocity of light in the material                                        m/s 

Abbe number 

  
λ 
 

 
Wavelength                                                                       µm 
 

η ′/η Transverse magnification  

δd 
 
Spot size                                                                            µm 
 

θi 

 
Angle of incident                                                          degree 
 

φ  Angle that the radius R1 of the lens surface makes at the 
center of curvature 
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