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ABSTRACT 

This thesis explains and develops the design of a 

compact 3-5[i,m catadioptric optical imaging system. This 

system is intended for use with a two-dimensional array 

detector that replaces the need for the scan mirrors of a 

traditional FLIR system. 

This design also illustrates the complete optical 

design process. From the basic system requirements, to a 

complete design with consideration to such items as assembly 

and alignment, cost, and maintaining focus for a change in 

the environmental temperature. 

vii 



INTRODUCTION / BACKGROUND 

With the advent of infrared solid-state imaging 

detectors, the need for staring infrared optical systems has 

become more apparent. These systems do not rely on a moving 

scan mirror to produce an image and thus can be made much 

smaller and more reliable. 

The particular design that is discussed and analyzed 

here is the result of the Hughes Aircraft Company needing 

such an optical system. This system had to function in the 

3-5|j,m spectral range and meet many different performance and 

packaging requirements. 

To meet these needs, a catadioptric optical system was 

selected as the best potential design form. The final 

design used two mirrors and three-lens elements. (See figure 

1.) Of these elements, three surfaces (both mirrors and the 

first refractive surface) used a general aspheric equation to 

define the surface shape. This configuration allowed for a 

very compact system, that achieved the desired imaging 

properties. 

Another element of this design project was to develop 

an accurate method of alignment for the two mirrors. The 

approach that was taken in this part of the task was to use 

an additional aspheric mirror, to act both as a null element 

and as the return mirror, in a double pass interferometric 

test. 

1 
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The following pages will discuss the formulation of the 

optical system from first concepts, to a producible optical 

system, with such considerations as cost and tolerancing. 

Because the art of design is an iterative process, where 

each step is dependent on each other. The order of the 

following topics or design steps, are in the basic order 

that they are performed in the design process. 

All of the optical modeling used in the design and 

analysis of this optical system was performed using Code 

running on a Digital Equipment Corporation (DEC) Micro Vax 

II. 

REQUIREMENTS OF THE DESIGN 

The system requirements and ground rules that were 

established by the customer were as follows: 

1. The system had to work in the B-Sp-m wavelength band. 

2. The system had to have a nominal Effective Focal Length 

(EFL) of 6 inches. 

3. The design had to have an f-number of 2 or less. 

4. If a two mirror configuration was used, the central 

obscuration had to be under 45%, where the obscuration 

^Code V is an optical design and analysis program that 
is licensed by Optical Research Associates of Pasadena, 
California. 



was defined to be the ratio of the diameter of the 

central obscuration to the diameter of the primary 

mirror. 

The system had to meet the following packaging 

requirements: 

A. Overall length had to be less than 3.2 inches. 

B. The system diameter had to be less that 3.5 

inches. 

C. Distance between the back of the secondary mirror 

and the front of the primary mirror had to be less 

than 2.25 inches. 

This optical design had to achieve a nominal 

performance on-axis, that within 5% of the diffraction 

limited Modulation Transfer Function (MTF), at a 

spatial frequency corresponding to the highest sampling 

frequency of the detector array. Off-axis performance 

was allowed to have a 20% drop from the diffraction 

limit. 

With the final design, a tolerance budget had to be 

developed, which included the tolerances required for 

fabrication and assembly of the system. After the 

tolerancing of the system, a predicted Modulation 

Transfer Function (MTF) of at least 50% was required 

on-axis, at the spatial frequency that corresponded to 

the highest sampling frequency of the detector array. 



8. The system had to be passively athermal. The 

requirement on this aspect of the design was that the 

system had to remain within a quarter-wave of focus for 

an environmental change of ±40°C. This condition 

assumed a thermal soak environment where all elements 

were of the same uniform temperature, 

DESIGN APPROACHES 

To meet all of the above system requirements, but most 

importantly the packaging requirements, a reflective system 

was decided as the first approach to be studied. Any thought 

of an all refractive system were dismissed on the basis of a 

first order analysis that showed the necessity of a high 

telephoto factor due to the system requirements. 

The first design approach involved a quick survey of 

most of the classical and non-classical two mirror designs. 

None of these designs proved to meet the design needs due to 

poor correction over the field. The most notable aberration 

was the field curvature. The system would also suffer from 

the many stray light problems that are typically found in two 

mirror systems. 

The second design approach that was studied involved 

two mirrors that formed an intermediate image, that was then 

relayed back to the detector by the use of a relay lens 

group. This method provided a system that showed potential 



for becoming a well corrected optical system with adequate 

baffling of stray light since a field stop could be placed 

around the intermediate image. 

The first configuration studied consisted of a two-lens 

relay system to keep cost down, but this system did not meet 

the requirements for performance. By adding another lens it 

was found that a three-lens relay group would meet the system 

requirements. This added lens aided in the correction of of 

the chromatic aberation as well as the field curvature. 

This final design concept, consisting of the two 

mirrors and the three-lens relay, seemed to be the one best 

suited for the application. This design is developed and 

analyzed to the point of becoming a producible system in the 

following pages. 



DESIGN OF THE SYSTEM 

DETERMINATION OF A MERIT FDNCTION 

As with any systems design, the designer must come to 

an understanding of how to measure the system performance. 

This measure of performance is often referred to as a "Merit 

Function". This merit function is often formulated on the 

end use of the system and the system requirements. 

For the design presented here, the merit function is 

based on the Modulation Transfer Function (MTF). This was 

chosen because several of the system requirements, such as 

nominal performance and performance with tolerances, specify 

MTF as the performance measure. The MTF must be specified 

for a given spatial frequency to be a meaningful measure of 

performance. The spatial frequency for the merit function 

was selected on the basis of the resolution limit of the 

detector array discussed in the following section. 

DETECTOR CHOICE 

The first part of any design is to determine how the 

optical energy is to be detected. This can be by any number 

of devices such as a solid-state detector, a piece of film, 

or even the eye. This aspect is important because it 

defines several system parameters, such as field of view and 

the optical bandpass or spectral sensitivity of the system. 

7 
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The detector used in this design was a 256 X 256 

element platinum silicide Schottky-barrier infrared imaging 

detector^. Each pixel is 37 X 31|i,m, and the imaging area of 

the full detector array is 9.473 X 7.935mm (0.373 X 0.312 

inches). The overall detector size defines the full field of 

view. Using the required six inch EFL, the full field of 

view of the system must be 3.560° X 2.982". The full field 

of view along the diagonal of the detector is 4.644°. 

The pixel spacing defines the limiting MTF of the 

system. The MTF limiting resolution is half the spatial 

sampling frequency of the detector. For the vertical 

dimension the Sljim pixel size is also the pixel spacing. So 

for this case the limiting MTF of the array is 1 / (2 * 

spacing) or 16 line pairs per millimeter. For the horizontal 

direction the limiting MTF is 13.5 Ip/mm. These limits are 

determined solely by the detector and not the optical system. 

Limiting resolution based on line pairs per milliradian, on 

the other hand, is dependent on the detector as well as the 

EFL of the optical system. 

Now that the limiting resolution of the detector array 

has been calculated, the merit function of the optical 

^M. Kimata, M. Denda, N. Yutani, S. Iwade, N. 
Tsubouchi, M. Daido, H. Furukawa, R. Tsunoda, and T. Kanno, 
"256 X 256 Element Platinum Silicide Schottky-Barrier 
Infrared Charge-Coupled Device Image Sensor," Optical 
Engineering 26(3), 209-215 (1987) 
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system is defined as: "The performance of the optical 

system measured by the MTF at 16 line pairs per millimeter". 

The detector is also important in calculating the 

spectral response of the system. By using the spectral 

(SPE) utility of Code V as an aid, the best wavelengths and 

their weightings can be calculated, to design and 

characterize the optical system. 

Since the optical system had to have a S-Sjxm bandpass, 

a long-pass filter had to be added to the optical system to 

eliminate the system response to energy with a wavelength of 

less than 3M,m. A filter for the wavelengths greater than 

Sum is unnecessary due to the natural cut-off of the detector 

in that region. Figure 2 shows the relative response of the 

PtSi detector normilized to 1.0 at 3.0M.m, the transmission of 

an idealized long-pass filter, and a normalized blackbody 

curve for 300°K. The combinded curve is the product of all 

of the component curves and a constant to normalize the 

system response to 1. The response curve was then divided 

into three sections, one for each desired wavelength. Three 

wavelengths were chosen because this provides a balance 

between the speed of computation required for optimization 

and analysis, and the accuracy of performance 

characteristics. 
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ACHIEVING THE DESIGN 

Once the spectral properties and the required field of 

view of the system were known, the development of the design 

was started. This design process had two main phases. The 

first phase consisted of achieving a system that would meet 

most of the design parameters such as the obstruction ratio, 

EFL and packaging. The second phase consisted of taking the 

first phase and developing it into a producible system that 

met the remaining design requirements such as the 

athermalization and tolerancing. 

As the design progressed into the first phase, several 

important factors of the model became evident. First, there 

was the need for several dummy surfaces that did not have an 

optical interface, but that did contain an aperture or 

obstruction. Secondly, there would have to be much thought 

put into the selection of the refractive materials. 

The first step of the design was to setup two dummy 

surfaces. The first dummy surface must have a circular 

obstruction the same size and location as the secondary 

mirror. This was done to model the obstruction of the 

incoming beam of light. The distances between the dummy 

surface and the primary mirror must then be inversely 

coupled with the distance between the primary mirror and the 

secondary mirror, so that during optimization the surfaces 



would remain coincident with each other. This was 

accomplished by assigning the thickness control parameters 

(THC) for surface 1 to 1 and surface 4 to -1. This was done 

since the obstruction is important in the calculation of MTF 

and other performance characteristics. 

The other dummy surface that was used to represent the 

stop of the system as the outside edge of the primary mirror. 

When the stop was located at the primary mirror surface, Code 

V treated the stop as if it were on plane that is 

perpendicular to the optical axis and containing the surface 

vertex point. Thus a dummy surface had to be used as a 

unique surface to properly place the system stop. The 

system uses the actual edge of the primary mirror as the 

stop. 

Another significant step toward achieving the design 

was the selection of the infrared materials for the 

refractive elements. Silicon was chosen due to its high 

index, low dispersion, and machinability. The index was 

important since the relay group needed a lot of power 

especially in the first element. The machinability plays a 

role due to the possibility of using aspherics and silicon is 

a nice candidate for single point diamond turning. 



IRTRAN was chosen for its physical properties such 

as non-solubility to water, as well as its low index of 

refraction. The later property resulted in helping to 

correct the chromatic aberrations as well as aiding in 

correction of the petzval curvature. 

Several optimization techniques were used in reaching 

the first phase design. The first was to use the 

obstruction (OBS) qualifier in the optimization routine. 

This qualifier drops the central rays from being traced, and 

helps to optimize the imagery over the area of the pupil 

that is actually used. Once the design was close to the 

desired performance, many more rays were traced through the 

entrance aperture by using the ray spacing (DEL) qualifier. 

This had the result of flattening out some of the wiggles in 

the wavefront caused by non-optimized aspheric coefficients. 

PERFORMANCE AFTER THE FIRST PHASE 

The merit function for the optical system is shown in 

the MTF plot of figure 3. This shows that the system is 

nearly diffraction limited on-axis and fully within the 

originally specified performance requirements. 

2IRTRAN 1 is a registered product of the KODAK company. 
IRTRAN 1 is made by hot pressing a powder of Magnesium 
Fluoride. The optical properties of IRTRAN 1 and the 
crystallin form of Magnesium Fluoride are very similar, 
except the crystal is birefringent and the IRTRAN 1 is not. 



The full description of the first design phase and its 

performance characteristics are found in Appendix A. The 

design is primarily limited by chromatic aberrations as can 

be seen in the ray fan plot of figure 4. 
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MAKING THE SYSTEM PRODUCIBLE 

THE SYSTEM DESCRIPTION 

The first step in developing the design beyond the 

first phase is to start thinking of actually building the 

optical system. Up to this point, the mirrors have been 

treated just as surfaces without regard to thickness or 

material, so thought was given to the selection of the mirror 

materials. 

Listed below are the optical elements, along with a 

summary of how the elements would be manufactured for the 

final design; (refer to Figure 1) 

1. PRIMARY MIRROR; This element would be constructed out 

of aluminum. Aluminum was chosen for its advantages of 

being lightweight, and a high reflectivity in the 

infrared. Aluminum is also a material that is a good 

candidate for single point diamond turning. The 

surface is described by general eighth order aspheric 

surface description. 

2. SECONDARY MIRROR; This element could also be 

constructed out of aluminum. The surface is described 

by a general eighth order aspheric surface description. 

3. FIRST REFRACTIVE ELEMENT (El); This element is a 

meniscus lens made of silicon. The concave surface is 

a general eighth order aspheric surface and the convex 

surface is spherical. 

17 
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4. SECOND REFRACTIVE ELEMENT (E2); This element is a 

meniscus lens made of IRTRAN 1. Both surfaces are 

spherical. 

5. THIRD REFRACTIVE ELEMENT (E3); This element is a 

meniscus lens that is made of silicon. Both surfaces 

are spherical. 

6. DEWAR AND DETECTOR ASSEMBLY (D); This assembly 

consists of the two-dimensional array detector that is 

mounted inside an evacuated dewar. The dewar window is 

a made from a germanium flat that would also serve as 

the substrate for a long-pass filter that passes 

wavelengths longer than 3.Sum. 

FITTING TO TEST PLATES / ROUNDING ASPHERICS 

One helpful step in making a prototype optical system 

cheaper to manufacture is to fit the surface radii to the 

manufacturer's pre-existing test plates. Many vendors have 

lists of their test plates available to aid the designer 

with this task. 

To fit to test plates the specific vendor must be 

known. This means that a design may go out for bid, and then 

be slightly changed later to fit to the selected vendors 

test plates. For this design, the spherical surfaces were 

fitted to the test plates that were listed by Hughes Optical 
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Products Incorporated (HOPI)^ located in Chicago, Illinois. 

In the fabrication section of Code V there is a routine to 

help fit to test plates. The first step in the process was 

to input the vendors test plate list. With the test plates 

entered, the same parameters that were used to optimize the 

optical system were entered. Code V was then instructed to 

follow a specific routine to set a lens radius to a test 

plate radius and reoptimize the lens. This process was then 

repeated for all of the remaining spherical lens surfaces. 

This procedure was not done to the aspheric surfaces, 

since they cannot be tested using test plates. 

The aspheric surface descriptions were also simplified 

by removing any unnecessary surface coefficients, as well as 

truncating the used coefficients. This process resulted in 

the elimination of all lO"^^ order terms, as well as the 8"^^ 

order term on the silicon lens. This process aids in the 

producability of the system by making it easier to accurately 

communicate to the manufacturer the desired aspheric shape. 

The method that was used to find the significant terms 

of the aspheric equation was to start with the very small 

coefficients and set them to 0. The prescription was then 

reoptimized, and the performance compared to the previous 

iteration. If there were no major differences in 

'^HOPI is an independent subsidiary of the Hu.ghes 
Aircraft Company. 



performance, the aspheric term was considered not to be 

necessary and removed from the prescription. 
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TOLERANCING THE SYSTEM 

As with all optical system designs, a good sensitivity 

analysis is necessary. A sensitivity analysis will show how 

the perturbation of a system parameter, such as the 

thickness of a lens, will affect the performance of the 

optical system. The degradation in performance will be 

based on the original merit function of the optical system. 

The sensitivity analysis is used as a basis for the 

formulation of the tolerances for the optical elements and 

the mechanical pieces that will hold the optical system 

together. In the older days of lens design, the tolerances 

were often assigned either empirically or by painstakingly 

going through each element and hand calculating the affects 

of each tolerance value. 

On some occasions when there was no time for a full 

tolerance analysis, the designer was obliged to say, "As 

good as we can afford to make the lens." 

With the current methods of assigning the manufacturing 

and assembly tolerances, the computer analysis codes can be 

used to help look at all of the system sensitivities in a 

short period of time. This has the advantage of developing 

accurate tolerances in a cost efficient manner. A tolerance 
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should not be overspecified since this causes the elements to 

be more expensive than needed, and to underspecify a 

tolerance leads to an unallowable performance degradations. 

The first step of the sensitivity analysis was to 

assign some default tolerances to the system. These are 

realistic tolerances that serve as a good starting point. 

In the second step, the parameters that could be used 

as alignment and assembly compensators to correct for some of 

the effects of a manufacturing tolerance, had to be 

determined. The Z position of the detector could be used, 

since this variable would be set by the final focusing of 

the system. Also the Z position of the secondary mirror 

could be used as a compensator since this distance could be 

set in a mirror sub-system alignment. 

A sensitivity analysis on the tolerances was then 

performed to determine how sensitive each of the system 

parameters was to change. This was done by using the 

tolerance (TOR) option in Code V. The effect of each of the 

tolerances was determined on the basis of a drop of MTF, at 

the highest sampling frequency of the detector. This 

analysis showed that the following parameters caused at least 

a 5% drop in MTF, at 16 Ip/mm, in one or all of the defined 

field locations: 
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TABLE A; INITIALLY SENSITIVE PARAMETERS 
SENSITIVE PARAMETER DEFAULT TQLEP_ANCE 
TILT OF THE PRIMARY MIRROR 1.0 mRad 
WEDGE OF El 0.001 Inch 
WEDGE OF E2 0.001 Inch 
WEDGE OF THE DEWAR WINDOW 0.001 Inch 
DECENTER OF El 0.001 Inch 
(Wedge is measured as a total indicator runout.) 

By tightening these sensitive tolerances the predicted 

performance of a built system was improved. Other 

tolerances that had little effect on performance v;ere 

loosened in an effort to control manufacturing costs where 

possible. By doing trade-off analysis with each of the 

system tolerances, the final predicted performance was 

determined by taking the RSS of all the predicted drops in 

MTF. This final predicted performance provided the three 

sigma low value of system performance if all of the 

tolerances were met. 

The final tolerances that were assigned to the 

spherical elements are shown in Tables B and C. 

The Code V tolerance modeling routines do not take into 

account the conformance of the aspheric surfaces to the 

specified curve in the tolerance analysis. These tolerances 

had to be calculated by hand. 

In the manufacturing of an aspheric surface there are 

two important parameters that must be specified: 
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1. The manufactured aspheric surface conformance to the 

defining equation. This tolerance may be specified in 

a note similar to "SURFACE TO MEET ASPHERIC SAG 

±.000016 INCH" 

2. The slope error on the surface must be specified to 

prevent ripples or zones around the mirror that cycle 

between the upper and lower bounds of the sag 

tolerance. This tolerance may be specified in a note 

similar to "SLOPE ERROR IS NOT TO EXCEED 0.5 ARCSECONDS 

OVER THE CLEAR APERTURE OF THE SURFACE." 

If the aspheric surface is to be manufactured using 

single point diamond turning, it is also important to 

specify the RMS surface roughness. This specification 

controls the allowable micro-roughness of the surface 

generated by the grooves left by the diamond tool, and is 

important in the control of scattering of light from the 

mirror or lens. 

There are several methods of hand calculating each of 

the different aspheric tolerances. Listed below are the 

methods used in the generation of each of the aspheric 

surfaces. 



T A B L E  B  
25-Ji\N-88 ~ POSITICW 1 

C E N T E R E D  
T O L E R A N C E S  

FINAL THESIS DESIGN 

RADIUS FRINGES THICKNESS 
BUR RADIUS TOL PCW/IRR THICKNESS TOL GLASS 
1 1.60866 
2 0.22944 
3 -5.25000 0.0100 4.0/ 1.00 -1.83810 REFL 
4 9.82000 0.0900 10.0/ 2.50 0.72600 REFL 
5 0.26990 
6 -0.59400 0.0010 8.0/ 2.00 0.12000 0.00100 SILICN 
7 -0.46400 8.0/ 2.00 0.00960 0.00100 
8 -0.44700 8.0/ 2.00 0.07000 0.00200 IRTl 
9 -0.59400 8.0/ 2.00 0.10418 0.00300 
10 0.82600 8.0/ 2.00 0.12000 0.00200 SILICN 
11 1.48300 8.0/ 2.00 0.34493 
12 INF 4.0/ 1.00 0.04000 0.00500 GERM 
13 INF 4.0/ 1.00 0.75000 0.02000 
14 INF 12.0/ 3.00 0.02000 0.00500 SILICN 
15 INF 12.0/ 3.00 0.00000 
16 0.00000 

Radius, radius tolerance, thickness and thickness tolerance are given in inches. 
Fringes of power and irregularity are at 546.1 nm. over the clear aperture. 
Irregularity is defined as fringes of cylinder power in test plate fit. 



T A B L E  C  

25-JAN-88 POSITICW ]. 
D E C E N T E R E D  
T O L E R A N C E S  

FINAL THESIS DESIQ^ 

ELEMENT FRONT BACK ELEMENT WEDGE ELEMENT TILT EL. DEC/ROLL(R) 
NO. RADIUS RADIUS TIR ARC MIN TIR ARC MIN TIR inches; 
1 -5.25000 (MIRROR) 0.0009 1.0 0.0006 0.0010 
2 9.82000 (MIRROR) 0.0004 1.0 0.0001 0.0010 
3 -0.59400 -0.46400 0.0005 2.8 0.0006 3.4 0.0002 0.0005 
4 -0.44700 -0.59400 0.0005 2.5 0.0010 5.2 0.0003 0.0010 
5 0.82600 1.48300 0.0005 2.2 0.0005 2.1 0.0005 0.0010 
6 INF INF 0.0003 2.5 0.0021 17.2 
7 INF INF 0.0015 9.3 0.0028 17.2 

Radii are given in units of inches. 
TIR is measured parallel to the optical axis in inches. 
at the smaller of the two clear apertures for wedge and tilt. 
at the individual clear apertures for decenter and roll. 
Decenter or roll is measured perpendicular to the optical axis in inches. 
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CONFORMANCE TO THE SDRFACE EQUATION 

The calculation of the surface fit tolerance was 

accomplished using the following steps^. 

1. Taking the data from the spherical tolerance analysis, 

the predicted MTF, including tolerances was 56.1% at 16 

Ip/mm. The requirement was 50.0%. This left an 

allowable 6.1% drop for the three aspherics. The 

degradation factor in MTF was calculated from the ratio 

of the required MTF to the predicted MTF. This factor 

is 0.891. 

2. Calculate the fractional MTF of the system frequency. 

This is the ratio of the operating frequency to the 

system cutoff frequency. The system cutoff frequency 

is defined by the equation: 

ŵ ;, = 1000 / (f# * lambda) 
where lambda is in microns 

For this system = 120.5 Ip/mm. 

3. Calculate the fractional MTF of the system by taking 

the ratio of the operation MTF frequency to the cutoff 

frequency. This resulted in a fractional MTF of .132 

for The system. 

^The basics of this method are found in the Code V 
manual (Version 6.0). 



According to the graph in the Code V manual (Version 

6.0), the intersection of the MTF degradation factor 

and the fractional MTF corresponds to an allowable RMS 

wavefront error of approximately 0.05 waves for the 

three aspherics. 

Taking into account the random nature of the 

manufactured conformance to the aspheric equation, the 

Root Sum Square (RSS) of the errors can be taken and 

thus each surface is allowed .0289 waves of RMS wave 

error. This was calculated by: 

RMS surface = ((.05 waves)®/3)^ 

Convert the RMS wave front to peak to valley OPD error. 

This was accomplished using the fact that 1/16 to 1/20 

wave RMS is approximately 1/4 wave peak to valley 

OPD®. Going to the conservative side of the 

approximation, 0.289 waves of RMS error is 

approximately 0.1156 waves of OPD. 

Convert the OPD value into a mechanical tolerance 

value. This requires first dividing the OPD by the 

optical power of the surface. For a mirror the power 

is 2 and for the silicon lens the power is 2 (n-1). 

Thus for the three aspherics since the optical power 

®The Infrared Handbook, pg. 8-30 
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was the same for each, the surface tolerance is ±0.2312 

waves from the stated equation. 

8. The final step of the process was to convert the number 

of waves to a physical distance. This is accomplished 

by multiplying the number of waves by the center 

wavelength of the system spectrum. Thus the tolerance 

for each aspheric surface conformance to the defining 

equation is ±0.000039 inch. This tolerance is within 

the state of the art, or what is practically 

achievable, for single diamond point turning of an 

optical surface. 

CALCXJIATION OF THE SLOPE-ERROR TOLERANCE 

The calculation of the slope-error was much simpler 

than the surface conformance tolerance. The purpose of this 

tolerance was to prevent too many zones from being generated 

in the optical surface. This tolerance can also be thought 

in terms of limiting the number of times that the surface 

can reach the maximum or minimum of the surface tolerance 

zone. 

The main logic behind the calculation of this tolerance 

was to find the slope-error the surface normal, at the edge 

of the aperture, that would cause the ray to deviate from 

the on-axis focus to the edge of the Airy disk. The method 

for reaching this tolerance was as follows: 



1. Calculate the effective focal length of the optical 

element based on the surfaces base radius. 

2. Calculate the f/# of the optical surface. This was 

found by taking the effective focal length of the 

surface and dividing by the diameter of the surfaces 

clear aperture. 

3. With this data, calculate the Airy disk diameter using 

the equation: 

Airy disk radius = 1.22 * lambda * f/# 

4. Calculate the sag of the surface, at the clear aperture 

of the element, by using the base radius for R and the 

lateral radius of the optical element H: 

Sag = R - (R' - H®)^ 

5. Calculate the angle of the nominal surface normal using 

the equation: 

Alpha 1 = 1/2 * Arctan (H / (EFL - Sag)) 

6. Calculate the surface normal for the surface that 

causes the ray to intercept the image plane at the Airy 

disk radius (AR). 

Alpha 2 = 1/2 * arctan ((H - AR) / (EFL- Sag)) 

7. Calculate the allowed slope-error by taking the 

difference between Alpha 1 and Alpha 2. 

Using the above method, the following allowed slope-

error for each surface was found. 
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TABLE D ASPHERIC SLOPE-ERRORS 
PRIMARY MIPJROR 
SECONDARY MIRROR 
SILICON LENS 

±5 = 3 ARC SECONDS OF SLOPE-EPJROR 
±15.0 AJIC SECONDS OF SLOPE-ERROR 
±15.3 ARC SECONDS OF SLOPE-ERROR 

The data from the Code V runs combined with the hand 

calculations for the aspherics constituted the tolerances 

required to create a producible optical system. These 

tolerances were used in the drawing specifications for each 

of the optical elements, and were also needed for the 

development of the alignment procedures. 

SYSTEM OPTOMECHANICAL DESIGN 

Once the tolerances were known, the first cut 

optomechanical layout of the system was started. For this 

process the Generic Cadd^ software package was used, running 

on an IBM personal computer. 

The mechanical design process starts with the layout of 

the optical surfaces (see figure 5) and then adds lens 

cells, thickness of mirrors, and other mechanical pieces to 

position and support the optics (see figure 6). 

Before and during the mechanical design, the procedure 

of system assembly and testing must be taken into 

consideration. Due to our lack of lab equipment for the 

^Generic Cadd is a trademark of Generic Software Inc., 
Redmond, Washington. 
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FIGURE 6 MECHANCIAL LAYOUT 



3-5(im wavelength region, an active alignment of the lenses 

could not be relied on. Therefore, the lens cell had to 

accommodate a "drop-in" assembly method for the refractive 

lenses. The final focus position of the detector/dewar 

assembly would be done with the actual detector being used 

for imagery. The alignment for the secondary mirror would 

have to be done actively since this was a compensator in the 

tolerance analysis. Using a proper test configuration, the 

two mirror alignment would be done with visible light. 

The accompanying mechanical layout is a cross section 

of the full system. There are three struts, three mounting 

screws for both primary mirror to lens cell and lens cell to 

system mounting surface. 

The main features of the mechanical design are as 

follows: 

1. Mechanical mounting features are incorporated into the 

primary mirror. This is a direct result of diamond 

turning the aluminum mirrors. 

2. The lens cell acts as the primary fixture for the 

system assembly. This provides for good mounting 

surfaces for the system to system mounting plate, 

primary mirror to cell, and secondary mirror struts to 

cell. 

3. The secondary mirror struts are mounted to the lens 

cell as opposed to the edge of the primary mirror. 
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This was done to avoid stressing the primary mirror 

when the assembly undergoes a change in temperature. 

4. The back of the primary mirror is slotted to help 

relieve the stress that can occur when the screws that 

hold the primary mirror to the lens cell are tightened. 

The reason for the stress relief is to avoid deforming 

the surface of the mirror. 

5. Focus shims are to be placed between the primary mirror 

and the lens cell to provide three mounting pads and 

prevent mounting stresses that can occur when two 

surfaces that are not perfectly flat are pulled tightly 

together. 

6. The secondary mirror is bonded to a ring that is in 

turn bonded to the stmats. This was done to minimize 

the secondary mirror from stress that the struts may 

inflict upon it to an acceptable level. 

7. A baffle structure is bonded onto the front of the lens 

cell. This structure aids in stray light rejection by 

placing the central aperture around the intermediate 

image, acting as a field stop. 

This mechanical layout is then the basis for a 

mechanical analysis to ensure that the optical tolerances 

will be met as well as the starting point for mechanical 

piece part drawings. 
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SYSTEM ATHERMALIZATION 

Once the basic design v;as completed, the modifications 

required to thermally desensitize the design were developed. 

Since this was a nominally diffraction limited design, the 

goal was to keep the amount of defocus under a quarter wave 

for a change in temperature of ±40°C. Using the center 

wavelength of 4.268nm the quarter wave of defocus becomes 

±.00151 inches. 

The desired method of athermalization utilized the 

stjrut material holding the secondary mirror to act as the 

thermal compensator. This was required because of packaging 

constraints; all other possible locations for a compensator 

are small and basically inaccessible. 

Several basic assumptions were made for the following 

analysis: 

1. The optical assembly is in a thermal soak condition. 

That is, all of the optics and housings are at the same 

uniform temperature (no radial or longitudinal thermal 

gradients). 

2. The dewar/detector assembly is unaffected by changes in 

the environment. It is cooled down to a fixed 

temperature well below the ambient temperature by the 

nitrogen gas cryoengine. 

3. The values used for the coefficient of expansion and 

the change in the index of refraction with respect to 
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a change in temperature were obtained from published 

materials tables,® and are adequate for the analysis. 

The first part of the thermal analysis was to create a 

new model of the optical system which included several dummy 

surfaces representing the different material boundaries of 

the system. The more detail included for the materials and 

their locations, the more likely it is that the analysis 

will provide meaningful data. The prescription of the 

thermal model is found in Appendix C. 

When an environmental analysis is performed, all of the 

optical elements must be changed to model the changes in the 

systems operating environment. By using a, the coefficient 

of linear expansion, for all of the materials of the system, 

the changes the system characteristics such as curvatures 

and lens separations can be calculated. The analysis must 

also take into account the changes in the index of 

refraction with respect to temperature, of the lens elements 

and the resultant change in power of an optical interface. 

Once the all of the lens elements have be adjusted for 

a new temperature, a RMS wave analysis was done on the system 

to see how the performance of the system had changed, most 

notably the location of best focus. 

^MATERIALS ENGINEERING, December 1987. Materials 
Selector issue. 



For the case of this analysis all of the lens cell and 

strut assembly started out being constructed of aluminum. 

The environmental (ENV) option was performed for a 

temperature of -40°C. The change in focus of the system was 

calculated by using the position of the best composite focus 

from the WAV option. Not only did the WAV analysis tell the 

change in focus position but it also gave an indication of 

whether there was a major change in image quality at best 

focus. 

By use of the method of successive approximations to 

determine the desired a for the strut assembly and lens 

cell, an athermal assembly was devised. 

The final configuration arrived at consisted of a lens 

cell constructed of stainless steel 4 04 and struts made from 

stainless steel 304. This produced a total predicted image 

plane movement of 0.0025 inches for a change in temperature 

of ±50°C. Over the required operating temperature of ±40°C 

the total image plane movement was only 0.0020 inches, .001 

inches less than the allowed ±0.0015 inch or 0.0030 inch 

range. 
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Over the operating temperature region the composite T?MS 

xiravefront error remained the same at the best focus. This 

implies that the only image degradation, as the unit was 

thermally cycled, was defocus. 

PERFORMANCE OF THE FINAL DESIGN 

Once all of the producability, tolerancing, and 

athermalization steps have been done, the system can now be 

considered to be a final design. This design has 

approximately the same performance as that of the first 

phase, but is now in the form of a producible system; steps 

have been taken to improve producability. Appendix B 

contains the final system prescription and performance 

characteristics. 



ALIGNMENT OF THE TWO ASPHERIC MIRPORS 

METHODS OF ALIGNMENT 

Due to the need to locate the secondary mirror v/ith 

respect to the primary mirror and lens cell for the desired 

performance of this optical system, a high precision method 

of alignment was needed. 

The approach chosen for the alignment involved the use 

of a Zygo interferometer working at the Helium Neon laser 

wavelength of 632.Snm, and a transmission flat that produced 

a collimated beam of light to obtain a null interferogram. 

As with most interferometers, this would require a double 

pass alignment scheme. The purpose of the transmission flat 

is to produce a collimated beam from the interferometer. 

This would test the system at infinite conjugates. This was 

chosen to reduce the size and effects of the obstruction from 

the secondary mirror, as well as reducing the alignment 

sensitivity that is involved with matching conjugates of a 

finite conjugate test. 

One of the problems of the two mirror alignment was 

that even though the full system is just less than f/2, the 

two-mirror sub-system is faster than f/1. This made the 

development of the initial concepts and the subsequent 

design of a null test difficult. It also made the alignment 

of the secondary very tedious to perform, since the quarter-

wave of defocus is dependent on the f/# and wavelength (2.44 

40 
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* lambda * f/#). The quarter-wave depth of focus which is 

for the full system ±.0005 inch but for the mirror sub-system 

at 632.6 nm the quarter-wave depth focus shrinks to on the 

order of ±.000015 inch. 

There were four different basic approaches considered 

to obtain a null interferogram for the two mirror sub-system 

alignment: 

1. A computer generated hologram. 

2. A refractive null lens in front of the system. 

3. A refractive null lens behind the mirror focus. 

4. A concave aspheric null mirror. 

The first case, involving the use of a computer 

generated hologram, was not fully pursued. This was due to a 

lack of experience in the use and manufacture of these 

elements. This lack of experience would have clouded the 

alignment issue. 

The second case has previously been used by other 

groups in the alignment of cassegrain systems. This method 

was not chosen due to the size of the elements we would have 

had to manufacture. Another disadvantage of this method was 

that there was no conclusive method to locate the 

intermediate image with respect to the lens cell. The final 

disadvantage of this system was that the null lens assembly 

would actually be in the way when trying to adjust the 

secondary mirror. 
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A fair amount of time was spent on the third method 

which used a refractive null and a flat mirror behind the 

focus of the two mirrors. To achieve a wavefront that even 

came close to being able to produce an interpretable 

interferogram for a nominal system required a complex lens 

system of at least 3 lenses. 

The best performance and the method that was ultimately 

chosen involved using the aspheric null mirror of the fourth 

method. This mirror was designed to be manufactured using 

single point diamond turning. By taking this approach, 

additional mechanical features that would be an aid in the 

alignment of the system were machined into the mirror. One 

such feature was produced on the opposite side of the 

aspheric mirror. A flat mirror was machined so that the lens 

cell could be placed perpendicular to the optical axis of the 

zygo interferometer. Another machined feature of the piece 

was a flat mounting surface around the edge of the concave 

aspheric portion of the mirror. The purpose of this surface 

was to pick up the same mounting feature of the lens cell 

that the first refractive element would, as well as 

preventing the mirror from rolling upon the mounting surface. 

This provides for a good and simple way of aligning the 

mirrors, and to position the intermediate image with respect 

to the lens cell. 
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FIGURE 8 ALIGNMENT LAYOUT 



44 

DESIGN OF AN ASPHERIC NULL MIRROR 

The method of design used to specify this element was 

to take the model of the full system and delete the 

refractive relay sub-system and detector portions of the 

prescription. A spherical mirror was added in the desired 

location. The mirror radius was set to be approximately 

concentric with the paraxial focus of the two mirror sub

system. The primary and secondary mirrors were flipped and 

added back to the system to simulate a double pass 

configuration. Following this a perfect lens was added to 

the system by using the AFC characteristic, to take into 

account the afocal nature of the system. The following 

parameters of the null mirror were then optimized: Base 

radius, the conic constant, the 4"^^, 6'^'^, 8"^^, and lo"^^ 

aspheric constants. 

In the optimization of this system, the optical path 

difference (OPD) option was specified to measure performance 

as opposed to the RMS spot size which is the default. This 

was done because the alignment system had to have an equal 

optical path length throughout the pupil of the system to 

achieve a null interferogram. The prescription and 

performance of the null arrangement is found in Appendix D. 

The designed test configuration showed an RMS residual 

wavefront error on the order of 1/8 wave. This is more than 
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adequate to perfonn the job of aligning the two mirrors with 

respect to the cell. Since the first fringe is visible at 

1/2 wave chere is room to allow for some build-up of 

tolerances. 

Upon deriving the best mirror surface, the actual piece 

was designed and specified for the manufacturer. The 

tolerances were set to be very tight so that any departures 

could be attributed to the other mirrors or preferably their 

alignment. 

On a system similar to this design, excellent results 

were achieved. One of the concerns involved the micro-

roughness inherent in diamond machined surfaces; the fringes 

would be of poor contrast. In reality, this did not pose a 

problem, as the fringes had enough contrast; there was no 

problem in their visibility or interpretation. 



CONCLUSIONS 

By the use of focal plane array technology in a FLIR 

imaging systems, a compact and reliable optical system can 

be designed and built. This particular design showed the 

use of aspherics, producability steps, and a precise method 

of alignment for the two mirrors. 

46 
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THESIS DESIQI 
k'l P!ki|' T3Pa<5T? 

EDEMENr SURFACE RADIUS THICKNESS GIASS 

OBJ: INFINHY INFINITY 
OBSTFUCnCW 1: INFINHY 1.612481 
STOP STO: INITNTIY 0.229443 
PRIMARY 3: -5.25000 -1.841925 

MIRROR ASP: 
K : -1.000000 
A :0. 325198E-04 B :0.295811E-04 

SEOCXmARY 4: 12.81488 1.033614 
MIRROR ASP: 

K : -1.000000 
A 334229E-0i 5 :0.52543IE-01 

ELEJyiENr #1 5: -0.58349 0.120000 
ASP: 
K : -1.000000 
A 972205E+00 B :-.158688E+01 

6: -0.46413 0.008945 
EDEMENT #2 7: -0.44708 0.070000 

8: -0.59324 0.074310 
ELEMENT #3 9: 0.77395 0.120000 

10: 1.27503 0.327539 
DEWAR WINDOW 11: INFINnY 0.040000 

! 12: INFINTIY 0.750000 
DEIECTOR 13: INFINITY 0.020000 
EtIMENT 14: INFINITY 0.000000 

BE: INFINITY 0.000000 

sPECiFicancxi DATA 
EFD 3.11000 
DIM IN 
V3L 4822.44 4268.37 3711.22 
REIF 2 
wrw 59 99 62 
CWL 4000.00 
XAN 0.00000 0.00000 0.00000 
YAN 0.00000 1.78000 2.32200 
VUY 0.00000 0.00000 0.00000 
VL̂  0.00000 0.00000 0.00000 

REEL 

C :0.691258E-05 
REEL 

C: -.296DS5£;-0i 
SILICN SFECIA 

C :-.363665E-04 

IRTl SFECIA 

SniCN SFECIA 

GEM SFECIA 

SinCN SFECIA 

AFERTURE DATVEDGE DEFINITK̂ IS 
Ck 

CIR SI OBS 0.650000 
CIR SI 3.000000 
CIR S2 1.555000 
CER S3 1.555000 
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THESIS DESIGN - FIEST EHASE 

AEEKIURE DEIFINinONS CJCWTINUED 

CIR S3 OBS 0.700000 
cm S4 0.625000 
cm S5 2.000000 
cm S6 0.310000 
cm S7 0.350000 
cm S8 0.350000 
cm S9 0.390000 
cm SIO 0.415000 
cm Sll 0.395000 
cm S12 0.274350 
cm S14 0.278000 
cm 315 0.278000 
cm S16 0.265500 
cm S3 EDG 1.555000 
cm S4 EDG 0.650000 
cm S6 EDG 0.365000 
cm S7 EDG 0.365000 
cm S8 EDG 0.390000 
cm S9 EDG 0.390000 
cm SIO EDG 0.450000 
cm Sll EDG 0.450000 

REn?ACriVE INDICES 
GIASS CODE 4822.44 
SXLrCN_SEECIA 3.422504 
IKn_SFIECIA 1.340424 
GEEM_SEECIA 4.016611 

INFINITE OONJOGftlES 
EFL -6.0000 
BFL 0.0018 
FFL -42.9668 
ENO -1.9293 
IMS DIS 0.0000 
QAL 2.5644 
PARAXIAL IMAGE 
HT 0.2433 
ANG 2.3220 
ENTI?ANCE PUPIL 
DIA 3.1100 
THI 1.6125 
EXIT PUPIL 
DIA 0.4186 
THI -0.8057 

4268.37 
3.424208 
1.348923 
4.021477 

3711.22 
3.426753 
1.356219 
4.02S791 
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TANGENTIAL 

1,00 

l.CO ncLATIVc 

FIELD HEIGHT 

j ( 2.32° ) 

SAGITTAL 

1.00 
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1 -1.00 

THESIS DESIGN 
FIRST PHASE 

OPTICAL PATH DIFFERENCE (WAVES) 

-3711.2 NM 
4268.4 NM 
4822.4 NM 

JST 14-APR-8B 

-3711.2 NM 
4268.4 NM 
4822.4 NM 



ASTIGMATIC 

FIELD CURVES 
DISTORTION 

1 1 
-0.0050 -0.0023 0.0 0.0025 0.0050 

FOCUS (INCHES) 

-• 1.74 

2.3Z 

-- 1. 

i 1 1 1 
-B -4 0 4 B 

X DISTORTION 

THESIS DESIGN FIRST PHASE J5T 14-APR-8a 

to 



FIELD 
POSITION 

0.00.  1.00 
0.0, 2.3 DG 

0.00, 0.77 

0.0. 1.8 DG 

0 . 0 0 ,  0 . 0 0  
0.0, 0.0 DG 

T 

+ + 

^ I# I < +2+jjw+'>++ 
+ ++;?i+H++++ + +++v̂ ++t+ 

+ +-H-H-+ + 
+ + 

0.00050 IN 

DEFOCUSING 0.00000 

THESIS DESIGN FIRST PHASE 
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FINAL THESIS DESIGN 

I , 
0.67 IN 

SCALE 1.5 JST lO-MAR-ae 
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FINAL THESIS DESIOJ 

ELEMEUr SUREACE RADIUS TEUCKNESS GLASS 

OBSTRUCTION 
STOP 
PRIMARY 
MIRRDR 

SEOmfiRY 
MIRROR 

iSM.fijfc; 
ELEMENT #1 

EIEMENT #2 
I 

ELEMENT #3 
I 

DEWAR WINDOW 

OBJ: INFINITY 
1: INFINITY 

STO: INFINITY 
3: -5.25000 
ASP: 
K ; -1.00000 
A :0.852600E-04 

4: 9.82000 
ASP: 
K : -1.000000 
A :-.375600E-01 

5: INFINITY 
6: -0.59400 
ASP: 
K : -1.000000 
A :-.961900E+00 

7: -0.46400 
8: -0.44700 
9: -0.59400 
10: 0.82600 
11: 1.48300 
12: INFINITY 
13: INFINITY 

INFINITY 
1.608656 
0.229443 
-1.838100 REFL 

B 

B 

B 

:0.279100E-04 C :0.742700E-05 
0.726000 REFL 

:0.558800E-01 C :-.325100E-01 
0.269897 
0.120000 SILICN SPECOA 

:-.127600E+01 
0.009600 
0.070000 
0.104177 
0.120000 
0.344930 
0.040000 
0.750000 

DETECTOR 14: INFINITY 0.020000 
ELEMEMT 15: INFINITY 0.000000 

IMS: INFINITY 0.000000 

SPEdFICATIĈ I DATA 
EED 3.11000 
DIM IN 
WL 4822.44 4268.37 3711.22 
REF 2 
WIW 59 99 62 
CWL 4000.00 
XAN 0.00000 0.00000 0.00000 
YAN 0.00000 1.78000 2.32200 
VUY 0.00000 0.00000 0.00000 
VLY 0.00000 0.00000 0.00000 

APERIURE DATA/EDGE DEFINITIC»IS 
CA 
CIR SI OBS 0.650000 
cm SI 3.000000 

:0.000000E+00 

IRTl SPECIA 

SILICN SPECIA 

GERM SPECIA 

SILECN SPECIA 

CIR S2 
CIR S3 

1.555000 
1.556000 



FINAL THESIS DESIGN 

AFERIURE naTA/EDGE DEFINTHQUS OraTTINUED 

CIR S3 OBS 0.700000 
CIR S4 0.700000 
CIR S5 2.000000 
CIR S6 0.310000 
CIR S7 0.350000 
CIR S8 0.350000 
CIR 89 0.390000 
CIR SIO 0.415000 
CIR Sll 0.395000 
CIR S12 0.274350 
CIR S14 0.278000 
CIR S15 0.278000 
CIR S16 0.265500 
CIR S3 EDG 1.555000 
CIR S4 EDG 0.650000 
CIR S6 EDG 0.365000 
CIR S7 EDG 0.365000 
CIR S8 EDG 0.390000 
CIR S9 EDG 0.390000 
CIR 310 EDG 0.450000 
CIR Sll EDG 0.450000 

REFRACTIVE INDICES 
3711.22 
3.426753 
1.356219 
4.028791 

INFINITE CCaOUGATES 
EFL -6.0000 
BFL 0.0014 
FFL -41.1137 
FNO -1.9293 
IMS CIS 0.0000 
QAL 2.5746 
PARAXIAL IMAGE 
HP 0.2433 
ANG 2.3220 
ENTRANCE HJPIL 
DIA 3.1100 
THI 1.6087 
EXIT PUPIL 
DIA 0.4368 
THI -0.8412 

GIASS CODE 4822.44 4268.37 
SrLEOfJSEECIA 3.422504 3.424208 
IRT1_SFECIA 1.340424 1.348923 
GEPM SEECIA 4.016611 4.021477 
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FINAL HffiSIS DESIC2J EABraCATiai DMA 

SURFACE DESCRIPITON IHECKNESS AEEEOURE DESCKEPnON 
EET SUR RADIUS SHAPE OR DIMENSIOl SHAPE MATERIAL 
NO. NO. SEPARAnC»r 

OBJECT INF FIIT INFINITY 
1.6087 6.000 C-1 

1 1 0.2294 3.110 C3R (STOP) 

2 2 -5.2500 A-l -1.8381 3.112 C-2 REFL 
3 3 9.8200 A-2 0.7260 1.400 CIR REFL 

0.2699 4.000 CIR 

4 4 -0.5940 A-3 0.1200 0.620 CIR SILICN 
4 5 A CA r\ \J o oim /> /• UoUUrO Uft /uu CIR 

5 6 -0.4470 cc SJH 0.0700 0.700 CIR lETl 
5 7 -0.5940 cx SEH 0.1042 0.780 CIR 

6 8 0.8260 cx SEH 0.1200 0.830 CIR SILICN 
6 9 1.4830 cx: SFH 0.3449 0.790 CIR 

7 10 INF FLT 0.0400 0.549 CIR GEPM 
7 11 INF FliT 0.7500 0.411 CIR 

8 12 INF FIIT 0.0200 0.556 CIR SILICN 
8 13 INF Fiir 0.0000 0.556 CIR 

IMAGE INF FLIT 0.531 

NOTES - Positive radius irxiicates the center of curvature is to the 
rî t. Negative radius indicates the center of curvature is to 
the left. 

- Dimensions are given in inciies 

- Thickness is axial distance to next surface 

- Image diameter shown above is a paraxial value, it is not a ray-
traced value. 

- Other glass suppliers can be used if their materials are 
functionally equivalent to the extent needed by the design; 
contact the designer for approval of substitutions. 
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FTNAL THESIS DESIGN 

APERTURE DATA 

APERTURE 

EABRICAnOI DATA 

SHAPE 

C- 1 

C- 2 

CIRCIE 
CIRCLE 
CIRCLE 
CIRCLE 

(OBSC) 

(OBSC) 

DIAMETER 
X Y 

1.300 
6.000 
3.112 
1.400 

1.300 
6.000 
3.112 
1.400 

ASEHERIC a»ISTANTS 

2 
(am)Y 4 6 8 10 

Z = + (A)Y + (B)Y + (C)Y + (D)Y 
2 2 1/2 

1 + (1-(1+K) (CURV) Y ) 

ASHJERIC CURV K A B 

A- 1 
A- 2 
A- 3 

-0.19047619 
0.10183299 
-1.68350168 

-1.000000 8.52600E-05 2.79100E-04 
-1.000000 -3.75600E-02 5.58800E-02 
-1.000000 -9.61900E-01 -1.27600E+00 

7.42700E-06 
-3.25100E-02 
O.OOOOOE+00 



FINAL THESIS DESIGN EAERICAinai DATA 

ASE«ERIC CmSTANIS 

2 
(CURV)Y 4 6 8 10 

Z = + (A)Y + (B)Y + (C)Y + (D)Y 
2 2 1/2 

1 + (1-(1+K) (CURV) Y ) 

ASEHEKIC CURV K A EC 

A( 1) -0.19047619 -1.000000 0.852600E-04 0.279100E-04 0.742700E-05 

CLXV!AJLUHB OF HcST SrtiEiE?E = —0.184326 
RADIUS OF BEST SEHERE = -5.425 

Y ASFH SAG SEHERE SAG SAG 1/SIDEE FRINGES 
(Z) DIFFERENCE 

0.700000 -0.046642 -0.045349 0.000000 -7.50845 0 
0.734000 -0.051280 -0.049883 0.000105 -7.16167 9 
0.768000 -0.056138 -0.054635 0.000209 -6.84570 19 
0.802000 -0.061214 -0.059607 0.000313 -6.55661 29 
0.836000 -0.066509 -0.064799 0.000416 -6.29115 38 
0.870000 -0.072022 -0.070213 0.000517 -6.04654 48 
0.904000 -0.077755 -0.075847 0.000614 -5.82045 57 
0.938000 -0.083705 -0.081704 0.000708 -5.61086 65 
0.972000 -0.089874 -0.087785 0.000796 -5.41607 74 
1.006000 -0.096260 -0.094088 0.000879 -5.23458 81 
1.040000 -0.102864 -0.100617 0.000955 -5.06509 88 
1.074000 -0.109686 -0.107371 0.001022 -4.90649 95 
1.108000 -0.116723 -0.114351 0.001080 -4.75778 100 
1.142000 -0.123978 -0.121558 0.001127 -4.61808 104 
1.176000 -0.131448 -0.128993 0.001162 -4.48664 108 
1.210000 -0.139134 -0.136657 0.001183 -4.36277 110 
1.244000 -0.147034 -0.144552 0.001190 -4.24587 110 
1.278000 -0.155149 -0.152677 0.001179 -4.13539 109 
1.312000 -0.163477 -0.161035 0.001150 -4.03086 106 
1.346000 -0.172019 -0.169625 0.001100 -3.93184 102 
1.380000 -0.180772 -0.178450 0.001028 -3.83794 95 
1.414000 -0.189736 -0.187511 0.000932 -3.74881 86 
1.448000 -0.198911 -0.196809 0.000809 -3.66414 75 
1.482000 -0.208294 -0.206344 0.000657 -3.58364 61 
1.516000 -0.217885 -0.216119 0.000473 -3.50706 43 
1.550000 -0.227683 -0.226135 0.000255 -3.43415 23 
1.584000 -0.237686 -0.236393 0.000000 -3.36471 0 
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FINAL IHESIS DESIGN EAESlTCATiaJ DATA 

ASFHERIC CC»ISTANIS 

2 
(Ct]RV)Y 4 6 8 10 

Z = + (A)Y + (B)Y + (C)Y + (D)Y 
2 2 1/2 

1 + (1-(1+K) (CURT) Y ) 

ASEHEREC CURV K A B C 

A( 2) 0 .10183299 -1. 000000 -0.375600E--01 0.558800E--01 -0.325100E-01 

(jsjicvflLLTjHE OF 5ESx SniSRE = 0.08d075 
RADIUS OF BEST SHERE 11.754 

Y ASHi SAG SPHERE SAG SAG 1/SIDEE FRINGES 
(Z) DLb'Jj'JiHENCE 

0.000000 0.000000 0.000000 0.000000 0.00000 0 
0.025000 0.000032 0.000002 -0.000005 393.162 0 
0.050000 0.000127 0.000106 -0.000021 197.123 -1 
0.075000 0.000280 0.000239 -0.000046 132.015 -4 
0.100000 0.000505 0.000425 -0.000080 99.6374 -7 
0.125000 0.000787 0.000665 -0.000122 80.3484 -11 
0.150000 0.001127 0.000957 -0.000170 67.5999 -15 
0.175000 0.001526 0.001303 -0.000223 58.5847 -20 
0.200000 0.001980 0.001702 -0.000278 51.8978 -25 
0.225000 0.002488 0.002154 -0.000335 46.7577 -31 
0.250000 0.003049 0.002659 -0.000390 42.6943 -36 
0.275000 0.003659 0.003217 -0.000441 39.4074 -41 
0.300000 0.004317 0.003829 -0.000488 36.6955 -45 
0.325000 0.005021 0.004494 -0.000527 34.4182 -49 
0.350000 0.005769 0.005212 -0.000557 32.4742 -51 
0.375000 0.006560 0.005983 -0.000577 30.7884 -53 
0.400000 0.007393 0.006808 -0.000585 29.3040 -54 
0.425000 0.008266 0.007686 -0.000580 27.9772 -53 
0.450000 0.009180 0.008617 -0.000563 26.7743 -52 
0.475000 0.010133 0.009602 -0.000532 25.6689 -49 
0.500000 0.011128 0.010639 -0.000488 24.6413 -45 
0.525000 0.012163 0.011730 -0.000433 23.6768 -40 
0.550000 0.013240 0.012875 -0.000365 22.7652 -33 
0.575000 0.014359 0.014073 -0.000287 21.900 -26 
0.600000 0.015523 0.015324 -0.000200 21.0798 -18 
0.625000 0.016732 0.016628 -0.000104 20.3037 -9 
0.650000 0.017986 0.017986 0.000000 19.5754 0 



FINAL THESIS DESIGN FABKECAnC»J DATA 

ASFHERIC CmSTANTS 

2 
(CUFV)Y 4 6 8 10 

Z = + (A)y + (B)Y + (C)Y + (D)Y 
2 2 1/2 

1 + (1-(1+K)(CURT) Y ) 

ASIHERIC CUR7 K A EC 

A( 3) -1.68350168 -1.000000 -0.961900E+00 -0.127600E+01 O.OOOOOOE+00 

CLm'\SinjHE OF ncis-r SrnEHE = —1.739387 
RADIUS OF HEST SHffiRE = -0.575 

Y ASFH SAG SHffiRE SAG SAG 1/SIDEE FEONGES 
(Z) DIFFERENCE 

0.000000 0.000000 0.000000 0.000000 0.00000 0 
0.012000 -0.000121 -0.000125 -0.000004 -49.483 0 
0.024000 -0.000485 -0.000501 -0.000016 -24.717 -1 
0.036000 -0.001093 -0.001128 -0.000036 -16.451 -3 
0.048000 -0.001945 -0.002007 -0.000063 -12.309 -5 
0.060000 -0.003043 -0.003139 -0.000097 -9.8186 -8 
0.072000 -0.004390 -0.004526 -0.000137 -8.1524 -12 
0.084000 -0.005988 -0.006170 -0.000182 -6.9576 -16 
0.096000 -0.007840 -0.008072 -0.000231 -6.0575 -21 
0.108000 -0.009951 -0.010235 -0.000284 -5.3539 -26 
0.120000 -0.012325 -0.012663 -0.000339 -4.7879 -31 
0.132000 -0.014966 -0.015359 -0.000393 -4.3219 -36 
0.144000 -0.017880 -0.018326 -0.000447 -3.9310 -41 
0.156000 -0.021073 -0.021569 -0.000497 -3.5978 -46 
0.168000 -0.024553 -0.025094 -0.000541 -3.3102 -50 
0.180000 -0.028326 -0.028905 -0.000579 -3.0588 -53 
0.192000 -0.032402 -0.033008 -0.000607 -2.8371 -56 
0.204000 -0.036788 -0.037410 -0.000622 -2.6398 -57 
0.216000 -0.041496 -0.042119 -0.000623 -2.462 -57 
0.228000 -0.046536 -0.047143 -0.000607 -2.3033 -56 
0.240000 -0.051920 -0.052491 -0.000571 -2.1583 -53 
0.252000 -0.057661 -0.058172 -0.000512 -2.0259 -47 
0.264000 -0.063771 -0.064199 -0.000427 -1.9045 -39 
0.276000 -0.070267 -0.070582 -0.000316 -1.7927 -29 
0.288000 -0.077164 -0.077338 -0.000174 -1.6893 -16 
0.300000 -0.084479 -0.084479 0.000000 -1.5935 0 
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FINaL IHESIS DESIGN EZ^ERICftnON DftIA 

SPACER TABLE 

SPACE lyKXJNTING DIMETERS SPACER 
(EIJMENT NOS.) SAGl SAG2 SURFl SURF2 LENGTH 

0 / REF 0.0000 -0.2294 3.1100 3.1120 0.0000 
REF f REF -0.2294 0.0206 3.1120 1.4000 -1.5880 
REF / 1 0.0206 -0.0909 1.4000 0.6200 0.8844 
1 / 2 -0.1594 -0.1690 0.7000 0.7000 0.0000 
2 f 3 -0.1460 0.1118 0.7800 0.8300 0.3620 
3 f 4 0.0536 0.0000 0.7900 0.5487 0.2914 
4 f 5 0.0000 0.0000 0.4112 0.5560 0.7500 



64 

TAMRFMTTAI C A C TXT A I 

FIELD HEIGHT 
0.0010 0.0010 

-0.0010' -0.0010 

0.7/ RELAsIVE 

FIELD HEIGHT 
0.0010 0.0010 

-0 .0010  -0.0010 

0.00 RELATIVE 

FIELD HEIGHT 
0.0010  0 .0010  

-0.0010 -0.0010 

FINAL THESIS DESIGN 
-3637.2 NM 
-4239.9 NM 
-4B55.3 NM RAY ABERRATIONS (INCHES) 

29-FEB-BS JST 



1.00 RELATIVE SAGITTAL 

1.00 
( 2.32° ) 

1.00 

"  '  -  ,  

^ . - - - -

• — *• -
_ ^ ^ — — — — ' r 

-1.00 

0.77 RELATIVE 

-1.00 

1.00 
FIELD HEIGHT 

( 1,76") 
1.00 

v -  .  .  
V. • -  -  ,  

. ^ " 

-1.00 

0.00 RELATIVE 

-1.00 

1.00 
FIELD HEIGHT 

( 0.00 ") 
1.00 

v. 

-1.00 -1.00 

FINAL THESIS DESIGN 

OPTICAL PATH DIFFERENCE (WAVES) 

JST 29-FEB-08 

-3637.2 NM 
-4239.9 NM 
- 4855.3 NM 



ASTIGMATIC 
FIELD CURVES 

DISTORTION 

(DEG) (DEG) 

1.74 

-- 0.51 

-0.0025 0.0025 0.0050 0 . 0  

T 2.32 

-- 1.74 

- • 0 . 5 8  

-8 0 8 4 

FOCUS (INCHES) X DISTORTION 

FINAL THESIS DESIGN JST 29-FEB-8B 



DIFFRACTION LIMIT 

AXIS 
FINAL THESIS DESIGN WAVELENGTH WEIGHT 

4822.4 NM 59 

4258.4 NM 99 

3711.2 NM 62 

DIFFRACTION MTF 
T 

— S 1-MAR-B8 JST 

DEFOCUSING 0.00000 

0.9 -

0.5 

0.3 

0 . 2  

a 12 
SPATIAL FREQUENCY (CYCLES/MM) 

IB 20 



DIFFRACTION LIMIT 

AXIS 
FINAL THESIS DESIGN 

WAVELENGTH WEIGHT 

4822.4 NM 59 

4268.4 NM 99 

3711.2 NM 62 

DIFFRACTION MTF 
T 

— S JST 

FREQUENCY 16 C/MM 

O.B 

0.7 

-0.00400 -0.00300 -0.00200 -0.00100 -0.00000 

DEFOCUSING POSITION (IN) 
0.00100 0.00200 0.00300 



FINAL THESIS DESIGN 

JST l-MAR-88 

( 0.0. 0.0) DEGREES 
( 0.0. l.B) DEGREES 
( 0.0. 2.3) DEGREES 

V 
CD 
(X 
lU 
2 
UJ 
a 
LU 
-i 
CJ 
tr 
n 
u 
2 
LU 

1.0-1 

o.g-

0 . 0 -

0.7 

0 . 6  

DEF0CUSIN6 0.00000 

0.5-

0 . 0  
O.OE+00 4.Bfc'-04 9.2E-04 1.4E-03 l.aE-03 2.3E-03 2.8E-03 3.2E-03 3.7E-03 /l.lE-03 4.6E-03 

DIAMETER OF CIRCLE (IN) CTi 
vo 
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0.67 IN 

SCALE 1.5 JST 1-MAH-aa THESIS-ENVIRONMENTAL BASE MODEL 



THESIS-EimKMlENTaL BASE MODEL 

72 

ELEMENT SURFACE RADIUS TEiIC5(MESS GLASS 

OBJ: INFINTIY INFINITY 
MIRRDR DAIUM 1: 9.82000 2.835100 

2: INFINITE -1.229443 
STOP STO: INFINITY 0.229443 
EREMARY 4: -5.25000 1.000000 REFL 
MIRRDR ASP: 

K : -1.000000 
A : 0.852600E-04 B :0.279100E-04 C :0.742700E-05 

MIRRDR DAIUJM 5; INFINTIY -1.250000 
STRUT MOUNT 6: INFINITY -1.608100 
SEC. MOUNT 7: INFINITY 0.020000 

o • O • -y o^uuu ~U#U^UUUU REFL 
MIRROR ASP: 

K : -1.000000 
A : -.375600E-01 B :0.558800E-01 C :-0.325100E-01 

SEC. MOUNT 9: INFINITY 1.608100 
STRUT MOUNT 10: INFINITY 1.250000 
FRCOT OF CELL 11: INFINITY -1.842203 
EIEMENT #1 12: -0.59400 0.120000 SILRCN_SEECIA 

ASP: 
K : -1.000000 
A :-.961900E+00 B :-.127600E+01 C :0.000000E+00 

13: -0.46400 0.009600 
ELEMENT #2 14: -0.44700 0.070000 IRT1_SPECIA 

15: -0.59400 0.104177 
ETiFMENT #3 16: 0.82600 0.120000 SILICN_SPECIA 

17: 1.48300 1.418426 
END OF CFTITI 18: INFINITY -1.073496 
DEWAR WINDCW 19: INFINITY 0.040000 GEEM_SPECIA 

20: INFINITY 0.750000 
DEEEdOR 21: INFINITY 0.020000 SILICN_SEECIA 
ELEMEMT 22: INFINITY 0.000000 

IMS: INFINITY 0.000000 

SPECTFTCSATAN DATA 
EPD 3.11000 
DIM IN 
WL 4822.44 4268.37 3711.22 
REF 2 
WIW 59 99 62 
CWL 4000.00 
XAN 0.00000 0.00000 0.00000 
YAN 0.00000 1.78000 2.32200 
VUY 0.00000 0.00000 0.00000 
VLSF 0.00000 0.00000 0.00000 



IHESIS-ENVIRaNMEMlAL BASE MDDEL 

AFEKIURE DMCft/EDGE DEFINITTC^IS 
CA 
cm SI OBS 0.650000 
CTR SI 3.000000 
CIR S2 3.000000 
CIR S3 1.555000 
CCR S4 1.556000 
CTR S4 OBS 0.700000 
can S5 3.000000 
CTR S6 1.600000 
CCR S7 0.700000 
CIR S8 0.700000 
CIR S9 0.700000 
rr-rn CI ̂  JL • OVWW 
cm Sll 3.000000 
CTR S12 0.310000 
CCR S13 0.350000 
CER S14 0.350000 
CIR S15 0.390000 
CER S16 0.415000 
cm S17 0.395000 
CCR S18 3.000000 
CCR S19 0.274350 
CTR S20 0.250000 
CER S21 0.265500 
CCR S22 0.265500 
CIR S23 0.265500 
CER S7 EDG 0.600000 
CER S8 EDG 0.650000 
CIR S9 EDG 0.600000 
CER S12 EDG 0.365000 
CER S13 EDG 0.365000 
CER S14 EDG 0.390000 
CER S15 EDG 0.390000 
CER S16 EDG 0.450000 
CIR S17 EDG 0.450000 

REEE?ACnVE INDICES 
GLASS CJDDE 4822.44 4268.37 3711.22 
SILICN_SEECIA 3.422504 3.424208 3.426753 
IRri_S]FECIA 1.340424 1.348923 1.356219 
GEFM SFECIA 4.016611 4.021477 4.028791 



THESIS-ENVIRCMffiNTAL BASE MODEL 

INFINITE CONJUGATES 
EFL -6.0000 
BFL 0.0014 
FFL -41.1169 
FNO -1.9293 
IMS DIS 0.0000 
QAL 2.5716 
PARAXIAL IMAGE 
HT 0.2433 
ANG 2.3220 
ENTRANCE KiPIL 
DIA 3.1100 
THI 1.6057 
SXTT ruPIL 
DIA 0.4368 
•nil -0.8412 
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t 

I 1 
0.67 IN 

FINAL THESIS DESIGN MIRROR ALIGNMENT SCALE 1.5 JST iO-MAR-88 
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EILiEMEIN']? 

FINAL THESIS DESIGN 

SURFACE RADIUS 

MIRROR ALEQJMEiNT 

THICKNISS GLASS 

OBSIUCriCN 
STOP PLANE 
HRIMRRY 
MIRROR 

SEOCMDARY 
MIRROR 

WUJJLI ITLLKKUK 

SECXNDARY 
MIRROR 

HOMARY 
MIRROR 

PERFECT lENS 

OBJ; 
1; 

STO: 
3; 

4: 

o: 

ASP: 
K ; 
A :0. 

ASP: 
K : 
A 

ASP: 
K : 
A :0. 
D 

6: 

7: 

ASP; 
K : 
A 

ASP: 
K : 
A :0. 

8: 
IMG: 

INFINITY 
INFINITY 
INFINITY 
-5.25000 

-1.000000 
.852600E-04 

9.82000 

-1.000000 
,375600E-01 

-0.36227 

0.858514 
13921IE+01 
521934E+01 

9.82000 

-1.000000 
375600E-01 
-5.25000 

-1.000000 
852600jE-04 
INFINnY 
INFINITY 

INFINITY 
1.608656 
0.229443 
-1.838100 REFL 

B :0.279100E-04 C :0.742700E-05 
1.040000 REFL 

B :0.558800E-01 C :-.325100E-01 
-1.040000 REFL 

B :0.254202E+02 C :0.906736E+01 

1.838100 REFL 

B :0.558800E-01 C :-.325100E-01 
-2.000000 REFL 

B :0.279100E-04 C :0.742700E-05 
-3.000000 

0.000000 

SPECIFICAnaT DATA 
EPD 3-11000 
AFD -3.00000 
DIM irj 
WL 632.80 
REF 1 
WIW 1 
CWL 4000.00 
IRS 
3ffiN 0.00000 
YAN 0.00000 
VUY 0.00000 
VLY 0.00000 

APERTURE DAT2VEDGE DEFTNITICXJS 
CA 

cm SI OBS 0.650000 
CIR SI 3.000000 



78 

FINAL TEIESIS DESIGN MIRRDR AHOOMENT 

APERIURE DMA/EDGE DEFINITIĈ IS OCMINUED 

CER 52 1.555000 
CIR S3 1.556000 
cm S3 OBS 0.700000 
CIR S4 0.700000 
CIR S7 OBS 0.650000 
CIR S3 EDG 1.555000 
CIR S4 EDG 0.650000 

No refractive materieils defined in system 

No solves defined in system 

INFINITE OMUUGATES 
EEL -3.0093 
BFL -3.0017 
FFL -30.3394 
INO 0.9676 
IMS DIS -3.0000 
QAL -0.1619 
PARAXIAL IMAGE 
HT 0.0000 
ANG 0.0000 
ENTRANCE HIPIL 
DIA 3.1100 
IHI -29.3334 
EXIT HJPIL 
DIA 9.3030 
THE 6.0000 
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TANGENTIAL SAGITTAL 0.00 RELATIVE 

FIELD HEIEHT 
0.50 0.50 

-0.50 -0.50 

FINAL THESIS DESIGN 
MIRROR ALIGNMENT 

OPTICAL PATH DIFFERENCE (WAVES) 

632.8 NM 

lO-MAR-aS JST 


