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Abstract

The optical modulator was designed by using iterated function
systems (IFSs) by IFS Construction Kit program. The modulator was
inserted into the optical system using ZEMAX optical design
program. In this program, it is assumed that the modulator is made
from one of the infrared transmitting materials, Eight materials at
room temperature were used in this study; these are IRTRAN
materials, Si, and Ge for the range of 3-9 um,

Systems were evaluated and analyzed by using different criteria,
including spot diagram, modulation transfer function, and point spread
function. The effect of optical modulator change with the chang of its
material results in focusing of functions and frequencies as required.
Root mean square and geometrical spot sizes decrease with the
increase of the refractive index, while the maximum spatial frequency
increases.

Introduction

Classical geometry defines the basic shapes such as points, lines,
and circles. Much of the universe around us can be explained and
understood by using those classical constructions. However, there are
many objects in nature that cannot be represented with these simple
shapes. For example, a mountain is not Just a cone. There are smaller
peaks and valleys of all sizes on the surface of the mountain that make
it distinctly different from any simple shape. The shape of a mountain
and other natural objects can be described through something which
called a fractal. A fractal is any object that exhibits self-similarity.
Self-similarity means that any small part of the object always looks
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like a small copy of the whole object. The small peaks and valleys on
the surface of a mountain, often look like small copies of the mountain
itself (1).

An optical modulator (a reticle or a chopper) is used to provide
directional information for tracking and to suppress unwanted signals
from backgrounds. The optical modulator can assume many forms,
but basically each can be described as a pattern of alternately clear and
Opaque areas carried on a suitably transparent substrate (Fig.1).

The infrared (IR) is often subdivided into four regions: the
near IR (NIR) (0.75-3 pum), the middle IR (MIR) (3-6 pm), the far IR
(FIR) (6-15 um), and the extreme IR (XIR) (15-1000 pum) (2). There
are three main windows in the atmosphere; one from 0.75-2.5 pum
(NIR), another from 3-5 pm (MIR), and a third from 7.5-14 pum (FIR)
3).

IRTRAN 1-6 materials are fabricated from hot pressed MgF,,
ZnS, CaF,, ZnSe, MgO, and CdTe, respectively, These polyerystalline
materials are developed by the FEastman Kodak Company of
Rochester, New York (2).

Generally the requirements for infrared transmitting materials
are set primarily by the atmospheric transmission and secondarily by
the operational wavelength range of the sources and detectors and by
the power handling requirements of particular systems (3).

Theoretical Background

Fractals reproducing realistic shapes, such as mountains,
clouds, or plants, can be generated by the iteration of one or more
affine transformations. An affine transformation is a recursive
transformation of the type

(e s :

Each affine transformation will generally yield a new attractor
in the final image. The form of the attractor is given through the
choice of the coefficients a, b, c,d, e, and f, which uniquely determine
the affine transformation. To get a desired shape, the collage of
several attractors (i.e. several affine transformations) may be used.
This method is referred to as an iterated function system (IFS) (4).

In any optical material, the spectral variation of the refractive
index is determined experimentally. However, often it is convenient to
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have an analytical approximation to work with. In the infrared
spectrum, the Herzberger formula is mainly used:

n=A+BL+CL* +DA> +EA*, L=(4’ - 0.028)"" [2]

where 7 is the refractive index at wavelength A, and the other symbols
are constants determined experimentally. Table 1 lists the appropriate
constants for the materials in this study. Also the spectral range of
validity is given (5),

To the system which engineers the purpose of the optics in its
infrared system, it is to collect a radiant flux and deliver it to the
detector which coverts it into an electrical signal Fig. (2). Before
reaching the detector, the radiation from the target may pass through
an optical modulator where it is coded with information concerning
the direction to the target or information to assist in the differentiation
of the target from unwanted details in the background. The electrical
signal from the detector passes to the processor where it is amplified
and the coded target information is extracted. The final step is the use
of this information to automatically control some process or to display
the information for interpretation by a human observer.

The reticle is, in effect, a sclective modulator that is most
efficient against point-source targets. For the highest modulation
efficiency, the openings in the reticle should match the size of the
target image. In practical designs they may be up to three times as
large as the size of the image, Since the openings in the reticle are of
approximately the same size as the image of the target, the clectrical
signal from the detector is a series of pulses at the chopping frequency

Jes
f.=mf, [3]
where m is the number of pairs of clear and opaque segments in the
reticle and f; is its rotational frequency expressed in revolutions per
second. In Fig. 2, the chopped target signal is shown as a series of
square pulses. It will be realized that the exact shape of the pulses
depends on the relative sizes of the image and the openings in the
reticle, as well as the manner in which the signal is modified by
subsequent signal processing circuitry.

Reduced to its basic elements, any optical system consists of
one or more reflecting or refracting elements. All elements are
considered to be centered; that is, the centers of curvature of each of
the surfaces all lic on the same straight line, called the optical axis.
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Any departure from this condition because of poor manufacturing or
careless mounting impairs the performance of the optics.

In considering the amount of radiant flux collected by an
optical system, it is important to know the diameter of the largest
bundle of rays that can pass through the optics without obstruction.
The physical object that limits this bundle is called the aperture stop.
Should there be optical elements in front of the aperture stop, the
image of the stop that they form is called the entrance pupil.

There are two important ways of describing the amount of
radiant flux collected by an optical system. The first uses
the /'/ number of the optics

=L [4]

where f is the effective focal length and D is the diameter of the
aperture stop or entrance pupil (2) . Working f /# is defined as

1 e 5]
2n'sing,
where g, is the real marginal ray angle in the image space and »'is the
refractive index of the image space. The paraxial working [ /# is

defined as

PW[ h=— [6]

Zn'tanqz:ip
where ¢, is the paraxial marginal ray angle in the image space (9).
An alternative means of describing flux collection is the

numerical aperture, which is given by

NA=n"sinu [7]
where n" is the refractive index of the medium between the final
optical surface and the second focal point, and # is the half-angle of
the cone of rays converging at the focal point. The relationship
between the numerical aperture and £/ number is

l
2(f /) 18]

The image of a point source formed by diffraction-limited
(aberration free) optics appears as a bright central disk surrounded by
several alternately bright and dark rings. The central disk contains
84% of the radiant flux, and the rest is in the surrounding rings. Since

NA =
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Airy was one of the first to analyze the diffraction process, the
central disk is usually called the Airy disk. The linear diameter of this
disk, which is considered to be equal to the diameter of the first dark
ring, is

d,=2.442)( f 1#) [9]
where d and 1 are both expressed in micrometers (2).

The optical transfer function (OTF) of an optical system is a
spatial-frequency dependent complex quantity whose modulus is the
modulation transfer function (MTF) and whose phase is the phase
transfer function (PTF). The former is a measure of the reduction in
contrast from an object to an image over the spectrum. The latter
represents the commensurate relative phase shift. Phase shifts in
centered optical systems occur only off axis and often the PTF is of
less interest than the MTF (10). The MTF describes the ability of a
system clement, or of an entire system, to transfer information, It is of
a particular value because, at least in theory, the transfer functions of
cach system element may be multiplied together to give the MTF for
the entire system (2). The point spread function ¢ (¥, Z) (Fig. 3)
characterizes the imaging performance of an optical system in its
image plane},, for a point object. If the geometrical aberrations

vanish completely, then only diffraction determines the nature of the
point spread function (PSF) (11).

Results and Discussion

To construct any fractal by IFS Construction Kit program,
there are seven required coefficients for cach function. These
coefficients are shown in Table 2 for an optical modulator which has
ten opaque and ten transparent sectors (Fig. 4). It is constructed
through the use of ten affine transformations (with weighted
probabilities).

There are many optical design softwares such as ZEMAX,
ATMOS, OpTaliX, CODE V, and others. In this work, ZEMAX
program were used.

Firstly, data in Table 1 must be used to define the materials
into ZEMAX program,

In this study, an entrance pupil diameter of 2.9 mm , one field
angle of zero , and five wavelengths (3-5, 8, and 9 um) have been
used .
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Table (3) shows data editor for a system without reticle. General
data of this system are listed in Table 4 and its two-dimensions layout
is shown in Fig. (5).

This system and those to follow, can be analyzed by several
different criteria, such as spot diagram, MTF, and PSF. For this
system, spot diagram is shown in Fig. 6, MTF is in Fig. 7, and PSF in
Fig. 8. The general tendency of MTF curves is that higher spatial
frequencics mean lower MTF values. In MTF plots, MTF = 1 at zero
spatial frequency and MTF = 0 near and at maximum spatial
frequency.

Table (5) shows data editors when the reticle is added .The
general data are listed in Table 6. Now, this system (Fig. 9) is similar
to that shown in Fig. (2).

Table (7) shows the differences in systems 2-9. Every property
in this table wo either decrease or increase with increasing refractive
index of the reticle material. From this table the following can be
observed:

1. All materials which were studied showed a small change in
the effective and back focal lengths with the changing reticle
material, i.e. with changing refractive index and this change
does not affect focusing.

2. Changing refractive index results in no appreciable change of
J/# or NA. This change is insignificant in this work.

Working f'/# is greater than the paraxial working [ /#

(ie.p, <@,).

3. Increasing the refractive index would cause a small increase
in stop radius.

4. Entrance pupil position decreases clearly with the increase of
the refractive index, while exit pupil diameter increases by a
small value. This is due to the change in refractive angles of
rays through system material.

5. Root mean square (RMS) and geometrical (GEO) spot sizes
decrease when the refractive index is increased because of the
change in the refractive angles of rays with the refractive
index. Diameter of the Airy disk decreases with the increase
refractive index.

6. The effect of the increase in refractive index is to increase the
maximum spatial frequency.
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7. Side (in PSF figure) decreases with the increase of the
refractive index.

The MTF of the fractal (Fig. 4) and that of the optical design
(Fig. 9) may be multiplied together to give the total MTF, i.e.
(MTF )= (MTF) . (MTF) opt
In this study, it is assumed that (MTF) g4 has a value of unity for all
spatial frequencies (i.c. perfect MTF) so that the total MTF is that of
Fig. 9.

Conclusions

From the results, the following conclusions can be drawn:

1. The variation of the optical modulator material indicates that
the refractive index is associated with spot sizes, functions,
and frequencies.

2. If the size of the smallest detector available is 50 pm, the step
to take is to use systems 2-9 at a wavelength larger than 5 um
or to decrease temperature in order to insure that the size of
the image is smaller than the size of the detector (i.e. the
diameter of the Airy disk is larger than the size of the
detector).

- ZEMAX program can be used to design systems which
contain optical modulator.

L2
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Table (1): Data for Herzberger’s dispersion formula for eight

optical materials at room temperature. Data for IRTRAN

materials are taken from (6).

Material | Spectral A B C D E
Range
(um)
IRTRAN- | 059 13776955 | 0.0013515529 | 2.1254394=107 | —1.5041172~10° | 4410970810
1 3 f
IRTRAN- | 0.5-11 14278071 | 0.0022806966 | -9.1939015%10° | ~1.1165792=10° | =1 3940650~ 107
3 5 3 (i3
IRTRAN- | 0.5-9 1.7200516 | 0.00561199 ~L.098a148%10° ;3.0994558<10" | —9.6139613%10°
5 5 a
IRTRAN- | 0.5-13 22569735 | 0.032640935 | 6.0314637x107 | —5.2705532710° —6.0428638=10°
2 4 T
IRTRAN- | 0.5-20 24350823 | 0.051567572 | 2.4901923x107 | -2.7245212~10° | 08541375~ 10
4 2 .
IRTRAN- | 0.9-16 2.682384 | 0.118029 0.03276801 -1.202984x107 | 2.177336%10°
6
Si(7 24-25 3.41983 0.159904 -,123109 1.26878%10° | <1.95104%107
Ge(8) 2-13.5 3.9993] 0.391707 0.163492 —6x109 | 532107
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Table (2): IFS codes of fractal

7J346.000 [297.000 |

210,000
_il380. 000

:;%-.u. 300

Table (3): Data editor of system 1.

Surf:Typa Radius Thickness Glass Sani=Diemetey

oBa Standard Infinity Infinicy 0.000000
1 Stendard Infinity 0.zooo0o| | IRTPAN-2Z L.600000| U
z Standard -11.E00000 9.000000 1.s00000| U0
| g100 Srandard 5.000000 0.200000 IATRAN-3 1.looooo| o
% Standard -14,800000 2700000 1.050000| U
IMA Standard Infinity L. 80o00c0|U
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Table (4): General data of system 1.

VOL.21 (4) 2008

Effective Focal Length (in air or in 9.051101

image space)

Back Focal Length 0.1710887

Image Space 7 /# (=Paraxial 3.121069

Working £ /#)

Working 1 /# 3.192604

Image (IMA) Space NA4 0.1581845

Object (OBJ) Space N4 1.45e-010

Stop(STO) Radius 0.06114088

Entrance Pupil Position 213.5301

Exit Pupil Diameter 0.1230167

Exit Pupil Position —2.912855

Glass Catalogs Infrared

Ray Aiming Off

Apodization Uniform, factor =
0.00000E+000

Paraxial Image Height 0

Paraxial Magnification 0

Angular Magnification 0 )

Table (5): Data editors of systems 2-9,

Surf:Type Radius Thickness Glase Zemi-Diameter
QEd Scandard Infinity Infinity 0. 060000
1 Scandard Infinicy 0. 200000 IRTRRN-2 L. 00000
z Standard -11.800000 9.000000 1. 500000| u}
2 Evandard Infinicy 0.looo0ao HATRRIAL 1. 500000 10}
ETO Standard Infinicy Z.000000 1. 10000017
Standard & 000000 0. 300000 LETRAN-3 1.lo00cofw
6 Standard =14. 800000 2. 700000 l.050000) U
THA Standard Infinitw 1.800000) |
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Fig. (1): Optical modulator

Optgcs { Candenser
(
& ﬂ intrared | [0/ 1 [ ewectricar | OOH____
£ .’ detector filker
Reticle

Fig. (2) Reticle system (2)

Optical system ! /

Fig.( 3)The point spread function (10)
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Fig.( 4) Fractal optical modulator

LAYOUT

TOTAL LENGTH: 12.2000@ MM

Fig. (5) Layout of system 1
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Fig.( 6) Spot diagram of system 1

L

m

MOOULUS OF THE CTF
x

.
2. 2m 184,43

52,21
SPATIRL FREQUEMCY IN CYCLES PER HILLIMETER

POLYCHROMATIC OTFFRACTION MOOULATION TRENSFER FUNCTION

OATA FOR 2.8222 TO 9. @888 pm

Fig.( 7) MTF of system 1

14




IBN AL- HAITHAM J. FOR PURE & APPL. SCI VOL.21 (4) 2008

POLYZHROMATIC F:‘;T_ POTNT SFREEAD FUNLCTION

3.0008 TO 9.030¢ pm FT ©.0B28 DEC.
SICE IS 299.89 m

Fig.( 8) Fast Fourier Transform (FFT) PSF of system 1

LAYDUT i

TOTAL LENGTH: 145.38088 MM

Fig.(9) Layout of systems 2-9
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