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I. Gradient Index Germanium
A. Introduction

In an effort to find alternatives to complex multi-element and
aspheric element imaging systems, interest in gradient index optics has surged
in the past decade. Gradient index, as the rame implies, involves using
materials in which the index of refraction varies as a function of spatial
coordinate. Through the use of such materials, the imaging properties of len-
ses can be enhanced, if the proper gradient is chosen. Gradient index optics
presents the lens designer with extra degrees of freedom for use in the
correction of aberrations.

There are three basic requirements for the useful manufacture of gra-—
dient index lenses: (1) Fabrication of gradient index materials, (2)
measurement of gradients, and (3) the ability to design gradient index lens
systems. In extending the previous work done in gradient index optics into
the infrared, the last two requirements can be met by direct extensions of
previous work. In contrast, the fabrication of gradient index materials in
the infrared is, in general, quite different from any work previously done.

The effects of various types of index graiients on the imaging proper-
ties of lenses has been sufficiently well analyzed [ 1-7] to ailow for a basic
understanding of what can and cannot be done with gradient index lenses, aside
from any lack of technology for making a paricular gradient. Through tne use
of gradient index lens design programs [8,9] it is possible to design g:adient
index lenses and investigate the effects of different gradient profiles on
imaging quality. Although there are still many limitations on the usefulness
of these programs, the basic tools for designing gradient index lenses are
available.

There are a vast number of materials which are transparent in various
regions of the infrared spectrum [10-16]. The two major materials which form
the basis of this investigation are germanium and silicon. Since both of
these elements lie in the same column of the periodic table, Group IV, they
have many common properties which make them good candidates for preliminary
work. They are both semiconductors which form crystals of the diamond struc-
ture with totally covalent bonding, and are both transparent over a large and
overlapping region of the infrared spectrum. Since these two elements are so
similar it is possible to form an alloy in any desired ratio. The fact that
they have differing refractive indexes, 3.4 for silicon and 4.0 for germanium,
makes them ideal candidates for making gradient index materials.

Some investigations have been made into the properties of germanium-
silicon alloys, but mostly from the aspect of semiconductor and solid state
research. No attempt has been made to characterize the index of refraction of
any such alloy as a function of composition. Properties such ag lattice
constant, density, band gap and band structure have all been studied as a
function of alloy composition [17-21]. Electrical [22] and some optical [23]
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properties have also been measured. Braunstei{n et al investigated the optical
absorption in varying alloys. Their work includes the region of the spectrum
near the band ga~. These expariments were done to provide a way of substan-
tiating predicte. changes in the band atructure with alloy composition.

The general band structure of germanium-silicon alloys is similar to
the band structure of the two constituents. At a concentration of approxima-
tely 152 silicon, the band structure changes over from a germanium-like to a
silicon-like band structure. Figure 1 shows the ways in which the band gap
changes as a function of ccmposition., Since there has been no work done to
determine index of refraction as a function of composition, the best place to
gtart is with an analysis of the absorption spectra of such alloys. Through a
Kramers-Kronig analysis it is possible to estimate changes in refractive
index. Since germanium and silicon contain only convalent bending there is
litle absorption at all wavelengths below the fundamental absorption edge. In
ionic crystals, absorption in the far infrared is attributed to lattice
vibrations caused through the interaction of the field with the fonic bonds,
further complicating any calculations involving combinations of alkali-
halides. Consequently the change in rerl index of refraction of Ge-Si alloys
throughout the spectral region below the band edge can be estimated through a
Kramers-Kronig analysis of the changes in the absorption spectra above the
band edge.

A methed is needed for making such alloys into a gradient. By
establishing techniques of crystal growing it is possible to make a material
in which the concentration of silicon will vary as a function of length
[24,25]. This technique for making gradients is radically different from any
techniques previously used for the fabrication of gradient index materials.

The specific crystal growing technique used is based on work originally done
by Czochralski [26].

In the Czochralski crystal growing scheme a capillary tube or seed
crystal is lowered into the crucible containing the melted material. The
material attracted into the capillary tube golidifies as a single crystal
seed. This is then slowly withdrawn as material begins to crystalize onto the
seed. By varying the temperature or rate of withdrawal the diameter of the
crystal can be coutrolled. The original melt contains mostly one or the other
of the two elements and only a small concentration of the second element,
called the dopant. ;

A gradient in concentraticn is formed because of the different melting
points of the two materiais. The ratio of the concentration of the materials
in the crystal tc that of the melted material at the crystal-melt interface is
known as the segregation coefficient. For germanium it i1s 5.5 {28]. This
phenomenum of segregation tends to pull out a higher or lower concentration of
dopant than is in the melt, depending on whether the segregation coefficient
is greater or less tnan one, respectively. There are various ways in which
this technique can be used to control the gradient in the material.
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B. Materials

There are a wide variety of materials which are commonly used as opti-
cal materials in the infrared reglon of the spectrum. Some of these are
outlined in various categories on the following page. Most of these materials
have some possibilities for use in gradient type systems using one technique
or another for the fabrication of the gradient index material.

In the first category are the glasses. Many of the standard optical
glasses which are used in optical systems in the visible portion of the
spectrum also transmit into a limited region of the near infrared (0.8-2.0
um). There are also other glasses such as the doped selenium glasses and other
arsenic, sulfide and selenium combinations. Most of these glasses have the
potential for use as gradient index materials by using the techniques
currently used for fabrication of gradiant materials. The most prevalent
technique to be used in glasses is to do an ion diffusion at elevated tem—
peratures. This technique of gradient fabrication is the only one that has
been used for production of gradient materials on a large scale. Glasses can-
not in general be used in the Czochralski technique for fabrication of gra-
dient index material and must have gradients formed using other methods.

The next three categories all involve crystalline solids. The cate-
gory of miscellaneous crystals contains materials which would not be easily
formed into gradient materials using the techniques discussed in this report.
The main problems here arise from the fact that it i1s very difficult to grow
homogeneous crystals of these materials, either due to the nature of the solid
or because of the higher temperatures which would be involved.

Most of the alkali-halides and some of the semiconductor crystals
which are transparent in the infrared would be good candidates for fabrication
of gradient materials using & Czochralski crystal growing scheme. Depending
on the material being used for the base or hot material the refractive index
may be varied by use of a dopant which combines with the host on a substitu-
tional or interstitial basis. 1In the first case the dopant interacts with the
host lattice la such a way that the dopant atom repiaces a host atom one for
one in the crystal lattice. The latter case involves either the trapping of
the dopant atom inside the lattice of the host, or else an actval breakdown of
the lattice in the region of the dopant atom. These different doping schemes
will ve elaborated on later.

The semiconductor crystals have some advantages over the alkali-
halides. The alkali-halides tend to be much more delicate materials than the
semiconductors. They tend to be softer than semiconductors which has certain
disadvantages in handling and use. The alkali-halides also tend to be
hygroscopic¢. This presents many problems in preparation and handling of
samples; it becomes difficult to grind and polish optical surfaces. The
materials must also be kept in controlled enviromments after polishing to
avoid absorption of moisture and subsequent surface damage. These things
aslde, the use of alkali-halides for gradient fabrication using Czochralski
crystal growing techniques could prove to be very rewarding. The feasibility
of forming a gradient using alkali-halides has been demonstrated in a MNMAC1-KCl
sample and in a Ge-S1 sample.
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A Table 1. Infrared Materials
1‘ 1. Glasses - fused silica, arsenic modified selenium,
S arsenic trisulfide, etc.
pt
ol 2. Alksli Halides - potassium chloride, sodium chloride,
o silver chloride, potassium iodide, etc.
ﬁi 3. Semiconductors ~ germanium, silicon, indium antimonide,
), i gallium arsenide, zinc selenide, etc. i
A 4. Misscellaneous Crystals - diamond, sapphire, crystal quartz, etc. -
_ . h
2 5. Miscellaneous Amorphic - gelenium, etc. R
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The semiconductors seem to show the most promise for formation of
infrared gradient index materials. Zinc sulfide-zinc selenide combinations
have been formed into gradients using chemical vapor deposition techniques.
Germanium-silicon alloys have been formed into gradient index materials using
Czochralski growth and have been the basis for most of tho work done on
forming gradients through crystal growing techniquos. There are many reasons
for choosing this binary combination as the basis for preliminary work. Both
materials have irentical crystal structure, thus operating on a substitutional
basis. They have relatively close lattice constants, large ovarlapping
regions of trarsparency, different indices of refraction and neither of the
materials is hygroscopic. All of these properties make this pair a good com-
bination for preliminary work. The last category consists of materials which
do not show much promise for use in gradient index infrared optics.

The important properties of germanium and silicon are outlined in Table
2. Both materials are of Group IV elements of the periodic table along with
carbon. Therefore, it is nct surprising that the crystal structure is an
extension of the face-centered cubic structure with totally covalent tetra-
hedral bonding. The crystal structure is the same as that of crystalline car-
bon, namely diamond structured. The fact that the bonding and crystal
structure is identical in the two materials is a great advantage. Covalent
bonds are much stronger than ionic bonds; therefore, many of the problems of
induced stresses causing sample fracture upon cooling are alleviated. Also
the atoms can substitute for one another on a one-to-one basis without
disrupting the crystal structure. A further advantage is gained by the fact
that the lattice constants for the two materials differ by only about 4%, and
the ratio of lattice constants is relatively stable as a function of
temperature.

It is important that both materials are infrared transmitting over
large overlapping regions of the spectrum. Germanium begins transmitting
below its band edge at about 2 ym and silicon transmits at wavelengths longer
than 1.2 um. The two materials are commonly used optical materials and can be
cut, ground and polished without taking extra precautions; they are actually
easier to polish than many optical glasses. Neither material is hygroscopic
and both are semiconductors. The refractive indices are quite different,
which is another important consideration in trying to allocw two materials to
form an index gradient. The last important properties of these materials are
their phase properties. They have well separated melting points with very
simple phase properties. This is important for simplifying the calculations
of index profile for gradients grown using segregation effects.

C. Gradient Fabrication

In general, the techniques of crystal growing are well eatablished and
understood. The use of these techniques is uwsually limited to purification
and production of single crystal materials. Although these methods are used
in yome schemes for doping semiconductors, the gual is usually to produce a
hemogeneous material. Subsequently, not a great deal of work has been done to
produce and control the nature of irt~mogeneous materials.
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Table 2. Properties of Germanium and Silicon

A. Common Properties
1. Group IV of the Periodic Table
2. Totally Covalent Bonding
3. PCC - Crystal (Diamond Structure)
4. Semiconductors
5. IR Transwitting
6. Not Hygroscopic
B. Other Properties
Germanium Silicon
o o
Lattice Constant 5.65 A 5.43 A
Density 5.32 g/cm3 2.33 g/cm3
Melting Point 9379C 14120C
Index @10.6 4.0 3.4
Intrinsic Resistivity 50 Q-cm 1000 Q-cm
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The method used for fabrication of gradient index materials is based
on the use of a crystal growing scheme due originally to Cgochralski. The
crystal growing apparatus consists of an R. F. inductior heating unit, a
sesled envelope to malntain the melted material and crystal under an inert
ataosphere during the crystal growing process, and a hydraulic pulling mecha-
nism and stepper motor drive for pulling the crystal from the melt. The
system allows for variable pulling and rotation speeds during the pulling pro-
cess. The variable rotation speed can be used for varying the amount of agi-
tation in the melt, thereby controlling the homogeniety of the melt. The
pulling speed and melt temperature effect the crystal diameter, and if varied
as a function of time the gradient profile is subsequently altered. The basic
system 13 illustrated in Figure 2.

The index or equivilantly the composition gradient is formed along the
length of the crystal. The gradient arises due to a natural effect known as
segregation. The important thing to note at this time is that the surfaces of
constant index are the surfaces which represent the interfare between the
growing crystal and the melt. These surfaces are igsothermal surfsces at the
time of crystal formation, and are therefore not required to be planar. In
general they are of the shape shown in the diagram due to the fact that the
radictive cooliug from the sides of the crystal tends to cool the outside sur-
face more rapidly than the central core. Heat is also dissipated up through
the seed crystal and pulling rod. Since the outside of the crystal is cooler,
we not only have an axial temperature gradient, but also a radial temperature
gradient. .

It is possible to vary the radial temperature distribution by adding
auxiliary heat into the sides of the crystal. This has the net effect of
balancing the radiative heat losses to varying degrees. These effects have
been demonstrated in the crystal grower. The ultimete limit as to how well
the temperature gradients can be controlled is ultimataly equivalent to the
problem of how well the temperature gradients can be controlled during the
growing process. This is a difficult problem which has not been solved and
needs further investigation, and is a much more challenging problem than that
of countroiling the actual index profile as a function of length. Figure 3
illustrates the general functional form of the index of refraction profile.

D. Segregation

In the techniques which have been attempted to date, the phenomena of
segregation 18 the primary contributor to the formation of a gradient during
the process of Czochralski crystal growth. In order to demonstrate exactly how
the effect of segregatiovn in crystal growth occurs, it is necessary to
understand the phasa properties of the materials which are being used. The
simplest binary system which best 1llustrates how the phase properties of a
compound affect the resultant crystal, is one in which the phase diagram for
the materials is "lens” shaped. This is a term used to describe phase
diagrams ot the form illustrated in Figure 4, where one sees the phase proper-
ties of germanium and silicon plotted as a function of composition. The left
most side corresponding to pure germanium (i.e. O Si) and the right most stde
corresponding to pure silicon. The abscissa is temperature in ©C.
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Figure 2. Czochralski Crystal Growing.
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The phase diagram can be broken into three distinct regione. The
upper region corresponds to a pure liquid state. The lowest region
corresponds to a pure solid state, and the intermediate region is in some
linear superposition of liquid and solid states. One sees that at each end of
the graph the intermediate state disappears. This is because both germanium
and silicon have well defined melting points. These are 935°C for germanium
and .4109C for silicon. The descriptive name given to this type of binary
compound i3 based on the shape of the central region.

In order to illustrate the effect of segregation, it is instructive to
trace an isothermal line across the phase diagram. This isothermal line
corresponds to an isothermal surface which occurs Iintermediate to the crystsl
and the melt during the pulling process, as 1llustrated in Figure 5. Above
the isothermal surface 1is the solid crystal, and below is the molten crystal
melt. If one draws the isothermal line on the phagse diagram so that it inter-
sects the upper curve at the point corresponding to the concentration of sili-
con in the melt, Cj, one can then trace the isothermal line across to see
where it intersects the lower curve and consequently tind the concentration of
silicon, Cg, in the solid state. This result impl’’es that silicon tends to be
removed or crystalized more rapidly than the germaniim. This 18 an expected
result since the melting point of silicon is so much higher than germanium.

A direct result of this effect 18 that a gradient is formed down the
length of the crystal, parallel to the pulling direction. Since the silicon
is depleted from the melt more readily than the germanium, the concentration
of silicon in the melt tends to decrease as a function of the crystal length.
This subsequently reduces the concentration of silicon in crystal as a func-
tion of length in an identical manner. This use of a naturally occuring
effect to form a gradient during the growth of a cryatal is not the only
method of forming a gradient using the Czochralski technique.

It should be possible to use a "floating crucible technique” [ 29] :o
produce gradients in which the concentration in the crystal is identical to
the melt, and the melt concentratisn can be controlled dyuamically by addition
of either the dopant or major cc stituent. This technique and others should
be investisated in the future because of the promise of much greater control
over the index profile.

It is informative to investigate what type of concentration profile
can be expected under simplified assumptions. If it is first assumed that the
segregation coefficient remains constant throughout the growth period of the
crystal, and secondly that the melt {s perfectly homogeneous, then a simple
relation exists which defines the concentration profile of the dopant. The
first assumption is valid for low dopant concentrations, and the value is
given by drawing tangents to the two curves at the lower limit and tracing an
isothermal line through these lines. The second approximation is valid 1if the
melt is sufficiently well agitated, and the crystal is grown sufficiently
slow, so that any change of dopant concentration in the melt changes the con-
centration uniformly throughout the melt. Under these assumptions, it can be
shown that the concentration in the crystal has the following dependsnce;
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C(s) = K Co (1l-g)k-l (1)
where,

C = concentration of dopant in cryétal

K = segregation coefficient

Co

initial dopant concentration in the melt

8 fraction of material which has crystalized

This concentration pro:/ile has been plotted in Figure 6 for silicon
in germanium, k = 5.5. Since the segregation coefficient is greater than one,
we see that the silicon is rapidly removed from the melr as the crystal is
grown. The concentration of silicon is dcwn by an order of magnitude after
only 40X of the material has crystalized. Therefore, for the above approxima-
tions and Yquation 1 to be valid, the melt must be rapidly stirred, or else
the crystal must be grown relatively slowly to allow the concentration of
silicon to remain uniform throughout the melt. Typical pulling speed used is
approximately 2-3 mm/hr. in comparison to growth rates for homogeneous ger-
manium on the same system which are about 40-50 mm/hr. If this is not the
case, the silicon in the region of crystal growth is rapidly denleted and the
profile becomes more complicated.

Since the concentration profile depends on the percentage or fraction
of material crystalized, it is possible to scale the profile spatially by
changing the total amount of material or by changing the pulling rate. Other
methods for controlling the gradient include active addition of silicon during
the pulling process, changing the pull rate, and changing the melt temperature
as a function of corcentration in the melt, and therefore at higher dopant
concentrations the profile will vary because the segregation coefficient
changes with time. There are obviously many ways of controlling the gra.ient
profile and with accurate means of control over the above mentioned variables,
reproducibility shouid be good.

E. Refractive Index as a Punction of Composition

Sirce there has been no work donme to either calculate or measure the
refractive index of germanium—silicon alloys in their region of transparency
in the infrared, an attempt must be made to estimate the index of such
materials as a function of wavelength and composition. One method for esti-
mating the index of refraction is based on a Kramers-Kronig analysis. The
Kramers-Konig dispersion relations give the value of the real or imaginary
index of refraction from un {integral over all values of the other. Since some
work has been done to measure the absorption spectra of such alloys above
their band edge, it 1is possible to use this formulation to estimate changes
in the index of refraction as composition changes. The dispersion relations
are given by the following:

n(we) = 1+2p° wKw) dw (2a)
L
o
14
. N e nthecnfla it ool [T VR SO R

M

N
'3
=9

=
- 1

1 -

. T a
[ YD VP DUPIY SU g S I




- .y W= e e T e T - Pl S S e A A B B Y B M AN BBl N, S i vl aihte P . do-am .

- . : ST T
e YA L

P S

8 * RRACTION OF MATERIAL CRYSTALIZED
J C = CONCENTRATION OF 8i IN CRYSTAL
% = INITIAL. CONCEXTRATION OF Si IN MELT

R = SEGREGATION COEFFICIENT
c/e, =k (1 - g -]
c/ne k=88

4
A NS

S

Rl Bl Sl
-l
.
[}
i

a.0

g

00 Q1 02 03 04 05 08 O7 T

FRACTION OF MATERIAL CRYSTALIZED (g)

|
-
-

VD |

Figure 6. Concentration Profile of Silicon in Germanium.

'y

d

15

w-.._ﬁ
-y

- MR
4-_._..4_.,.‘4;_.

[ _ |




VI e . dni CENN ey

Lg v Lt
K

Cult anal)

- vvl

'rmvg‘f"

>y v

v ——— ——— — T
- J e i rona ok - T T g s 8 v
e ue = e w e mmma T ums WD AN N ERRRC

RK(uw) = =20p _ o) 4o (2b)

n
W

(=]

- W
o

where the P denctes the principle part of the integral, and;
N = n + 1K = complex refractive index
n = real refractive index
K = extinction index

The relation of interest is 2a. This is because the extinction index
is directly related to the absorption, a.

R(1) = o alw) (3)

&
2w

It was stated earlier that there is very little absorption below the band edge
for both germanium and asilicon of adequate purity, and this can also be
assumed for any alloy of the two elements. Thererore, a{w) = K(w) = 0 for w<
Wgap ™ Egap/h- With these facts expression la simplifies to;

n(wg) = 1 +c ™ g(uw) dw (4)

At wavelengthe on the order of 10 microns or longer, the value of
w o 18 down by an order of magnitude from the value of wgape

for the fact that the dielectric constant at 10 microns 1s close to the value

measured at D. C. Therefore the expression can be further simplified in this
region of the spectrum;

This accounts

= 5
n(w ) = 1+ f: 9_{%)_)__ dw (5)

In order to estimate expected changes in refractive index it is not necessary
to quantitatively evaluate equations 4 or 5. If the refractive index of pure
germanium and silicon is known, then it is possible to use these equations to
predict changes in refractive index. Since the fastest changes in the band
structure occur in the lowest conduction band, the major changes in the value
of the absorption occur near the fundamental sbsorption edge. Indeed, the

ma jor change is that the band gap shifts Iin frequency.

In order to get some feeling for the types of changes to be con-—
sidered, a crude ..:.lculation of index change follows. As a first approxima-
tion in trying to predict changes in refractive index as a function of
composition, assume that the value of n(w,) varies linearly with the band gap
of the alloy. That is, ignore the dependancies of the integrand and assume
that n{(w) varies in the same way as Wgaps the lower limit of the integral. An
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estimote of the refractive index can then be mad: from experiments that have
been done to measure the band gap as a function of composition. A plot of
band gap and predicted refractive index are shown in Figure 1 as a function of
composition. This leads to the following dependancies for the refractive
index at 10 microns;

0 - 15X Silicon 0 - 852 Germanium

n= = 4,003 - 0.0179 st n == 3,418 + 0.00373 Z3e

Although this 1s a crude approximation, it is not expected that the changes in
refractive index willi deviate very far from those predicted, because of the
difficulties involved in obtaining large ( 10-15Z) concentration gradients.

One other consideration is the dispersicn of these alloys. From the
form of the integral in Equation (4), it is evident that as w, increases
towards the band edge the contribution to the integral at low frequencies
becomes more important. As the amount of silicon in an alloy increases the
contribution from the lowcer frequencies is lost because the band gap shifts
to higher frequencies. Since this is the portion which contributes the most
to dispersion, the dispersion in higher silicon content alloys tends to be
less than that of germanium rich alloys. This is also evidenced by the fact
that the change in index of pure silicon from 2 - 10 microns is only about 402
of the change in the index of refraction of germanium over the same spectral
region.

II. Infrared Materials Testing

Due to the nature of the gradients formed in the crystal growing
technique it becomes necessary to measure the properties of the gradient using
destructive testing techniques. This is done by taking a slice of tue crystal
from the center of the cylinder parallel to the growth direction of the
crystal. The sample must then be ground and polished to have plane parallel
faces of optical quality. This is to insure that only material properties are
measured and not surface properties. The parallelism of the sample car be
measured in a goniometer or interferometer to assure adequate parallelism.

For most purposes a goniometer which is accurate to a few seconds of arc is
adequate. Presently only one technique has been proposed and tested for non-
destructive testing of axial gradients. This technique is based upon certain
assumptions which are not true for gradient index materials fabricated using
Czochralski's crystal growth (i.e. Gaussian index profile in an axial
gradient). At present the only methods for testing these types of materials
are all destructive. '

The first method of testing infrared germanium-silicon gradients was
used for preliminary measurements to verify that a transparent materlal had
been produced and that a gradient had been formed. This method involves pre-
paration of the sample crystal as discussed, and then measuring the optical
transmission as a function of wavelength and position along the length of the
crystal. There {s a two-fold purpose in conducting this measurement. This
experiment gives some insight into the optical quality of the crystal and some
measure of the gradient maximum silicon concentration.
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The measurement is done by placing a slit which is 1-2 mm wide across
the polished sample, perpendicular to the gradien: direction. Thc sample
transmission is then measured and plotted as a fuunction of wavelength in a
spectrophotcmeter. This measurement is done in the reglon of the fundamental
absoprtion edge. For the germanium-silicon crystals, data was taken from 1.5
pme to 2.5 m. Since germanium has such a high base refractive index, about
4,0, the surface reflections from a bulk sample amount to 60% of the incident
energy. The transmission of a good quality crystal should be greater than
about 35%. Very weak transwission implies either very large amounts of scat-
tering or heavy absorption. These effects can be brought about through excess
oxygen present causing absorption bands, or formation of Si-C which causes
very strong scattering within the sample.

A series of these measurements can be taken along the length of the
crystal. Figure 7 iliustrates a set of such curves taken for gradient sample
IR-3. It is evident from the plots that the absorption curve shifts to longer
wavelengths as one looks further down the length of the crystal. This is an
expected result since the composition should progress towards lower silicon
content during the crystal pulling process, and the absorption edge for sili-
con 1is higher in energy than that for germanium.

The second method for testing infrared gradient index materials
involves the use of a laser beam and a plane parallel sample with fuces
parallel to the direction of the gradient. The deflection of the laser beam
upon passing through the sample normal to the first gurface is a direct
measure of the gradient slope. This is an important quantity for the specifi-
cation of axial gradieats because it is the magnitude of the gradient slope
which determines the contribution of the gradient to third order aberration
correction when used in an optical element. The expansion of the gradient
along the z axia is given by:

N(z) = Nyo + Np1Z + bbzzz 0.

It can be shown that the value of Ngi 1s given by:

N1 = &
t

where O = angular deflection of the laser beam

t = thichness of the sample

With the use of a COs laser beam it is therefore very easy to get a
rough idea of the slope of the gradient. This method is particularly useful
for very steep gradients where it becomes difficult to measure samples inter-
ferometrically. This 1s the case for the present samples produced using
crystal growing techniques. Due te the steep gradients which have produced,
it has been impossible to measure them interferometrically. '

The infrared interferometer which has been set up 1is of the
Mach-Zehnder type, using germanium beam splitters and piezo-electric modulator
to allow A.C. operation. It was determined in usage that a mirror mounted on
a permanent magnet speaker-like modulator was not stable enough to result in a
useful interferometer. The largest problem here was that one could not main-
tain sufficient angular stability to allow for useful spatial resolution of
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phase. This problem becomes even more severe when one tries to measure high
spatial density fringes or equivalent steep gradients;. Figure 8 illustrates
the basic layout of the interferometer.

As an 1llustration of the resultant electrical signals received from
the detector, the following pictures illustrate the effect of the electrical
signal as the optical path of one arm of the interferometer is changed. This
change in optical path is the quantity of interest as a scan is made with the
detector across the sample. The upper waveform is the applied voltage across
the piezo-electric modulator. The signul below it is the actual detected
signal vhen the system is oy ‘rated with a chopper in the beam. This is
necessary because of the use of pyroelectric detectors which cannot detact
d.c. intensity changes and sutsequently requires modulation of the laser beam
along with the modulation of the phase in the interferometer which is at a much
lower frequency (~10Hz). It is easy to see the way in which the phase of the
detected signal change relative to the phase of the modulation; this is a
direct measurement of the optical phase (See Fig. 9).

One of the limiting aspecis of thig system is the fact that as it is
currently being operated the A. C. phase modulation is leus than 2n. This
limitation arises from the use of the plezo—-electric modulator. Some of the
advantages of >2x modulation are: it becomes much easier to correct for
nonlinearities in the modulating system, it becomes much simpler electroui-
cally to accurately measure the electrical phase, and the system as a whole is
much more stable. It is therefore advantageous to try and lucrease the modu-
lation so that one is working in this domain.

The other limiting aspect of using an interferometer for measurement
of gradient materials arises from the fact that steep gradients cause large
beam deviations and it becomes difficult to measure the gradient accurately if
at all. It is difficult to image and subsequently resolve the fringe pattern
formed by the sample at the detector. This problem is more pronounced in the
infrared because of the large wavelengths involved, and from the point of view
of diffraction one is forced to use very low f/# imaging systems. This is a
problem because "fast™ systems tend to require higher field angles to view a
sample and subsequently increases in aberrations.

As things stand now, interferometry has been the least useful tool
for the measurement of infrared gradients. The reasons for this are all based
on system limitations, and the need for improvements. Interferometry is the
only real hope for characterizing gradients to the extent necessary for the
accurate testing of gradients. Therefore, more work shouid be done to improve
the system. The other two techrniques which were discussed are useful fcr the
preliminary measurement of materials but cannot give anywhere near the resolu~
tiocn needed to produce accurate enough information to allow for the use of
infrared gradient materials in optical systems.

III. Ray Tracing in Anamorphic Gradjent Index Media

There are a number of optical systems in which the power or magnifica-
tion in one principal meridian is different from that of the other meridian. 1In
conventional systems this effect 18 achieved by the use of components that
have cylindrical surfaces. The performance of these anamovphic systems 1is
limited by the difficulties associated with fabricating cylindrical surfaces
to within close tolerances.

20

e

H
=

i
‘l
®

]
rd
“
y‘:]

2

e 1;' PR

Tuey -
P SRS

LR B A
IV SO U PR

)

1 ';',‘. T
. e . . B s
P TYIR WP TE D G W IR s IRLY)

J
ah

S

b e




°ﬂ

'R

- <
]
[
O
8
<

OFF-AXIS FPARABOLIC COLLMSATOR
W

\I\

Q\

MODULATED MIRROR

GE BEAM SPLITTER

\\
o

~

§ -
2

Infrared A. C. Interferaneter.

Figure 8.

......

P R
N R PR W YV

21

PR GG S S S

-~




T 1d

- L 0L AN S S S ae g ——ry

Nz

pm gl

b o

e B
-

s r—w—r—y—

The incorporation of gradient index components into rotationally sym-
metric systems has proven to be a useful design technique. A complicated
series of homogeneous lenses may often bte replaced by a smalier number of gra-
dient index lenses. The additional degrees of freedom assoclated with the
profile of the gradient make it possible to match or improve upon the perfor-
mance of the homogeneous system. Similarly, it 1s expectaed that non-
rotationally symmetric gradient index components could be used advantageously
in the design of anamorphic svstems. For the analysis and design of such
systems, the designer needs to be able to predict the paths of rays through
non-rotationally symmetric gradient media that may have gpherical surfaces.

If a Cartesian coordinate system is chosen, the path of a4 ray through a

general index medium is described by two coupled second-order differential
equations:

ONY - 3N)1 + Y2 +22) + N = O
ox Y

(ONZ = 3Ny + V2 +22) + 2 = 0
dx dZ (6)

These are !t > result of the application of the Euler equations to Fermat's
principle. Since these equations cannot be salved in general, some restric-
tions must be placed on the representation of the ray path and the index pro-

file. The ray path is expanded in two power series in x, the coordinate along
the optical axis:

Y(x) =) A xi1

=1 3
z(x) =) B xi-l
=1 3 : (7

The coefficients A) and B} give the position of the ray as it enters the
nmedium, and A2 and By give the direction of the ray.

The index distribution is expanded in a double power series:

N(x)Cn) - N M
L] N x® gy®
n=0 @m=0

where L, = a ¥2 + b22 + cx2 + 2d YZ + 2en,Yx + 2f,.Zx +
n n n n n n n
8nY + hpZ + i,x + ky. (8)

The radial component [, represents media in which the surfaces of constant
index are ellipsoids. The coefficients a,, b,, and c, give the shape of the
ellipegold, d,, e, and f, allow rotations about the coordinate axes, and gp,»
hys ip, and ky give the decentration of the ellipsoids with respect to the
coordinate system. In the case of an anamorphic lens, c, = 0, that is, the
width of the ellipsoid is infinite in the direction of the optical axis.
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With these expansions for the ray path and the index distribution, the
differential equations can be solved. If the initial height and slope of the
ray are known and the coefficients N,, are given, then A3, A4 ... and B3, Bg ...
need to be calculated. .

To simplify the solution of the differential equations, each term is
expanded in a separate power series:

1+ Y2 +22 ] uxdl,

=1 ] ‘(9)
ON = z ¢ x3-1
& =1 g (10
gY_. Y Ex3l, '
=1 ] (11)
3N =} F x3-1
T 4=l 4 (12)

N=] Dxdl
=1 j (13)

When these expansions are introduced into the differential equations, two
recursion relations result:

k k+1-m
Ags2 = __ =L ] wmhper § Grtoepeqllp
k(k + 1)D; m=l n=1
k k-1 '
- ] EpHkilem + ] w(m + DApioDisiq
m=1 m=1
and
k k+1-m
B2 = -1 1 mByiy }  Gk4+2-m-nfn
k(k + 1)D; wm=1 n=1
k k-1
- ] FpHgtiom + ! m(m + 1)ByioDktl-m
m=1 m=1 (14)
Next, equations are derived for the coefficients HJ, Gj, Ej, Fy, and Dj. From
Eq. (9,
h|
Hy= | m(i+1-m) (Ap+14 j42-n+Bn+1 Bj+2-m) (15)
m=1
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For the terms involving the index of refraction, an expansion for P 1s

needed. If the power series for [, is defined as n
-chljx“ (16)
j-
then
]
Cn,1,1 = mzl (apAuAj+l-m + bnBn Bytl-m + 2 dnApBi+1—n)
g Ay + hy By (17)
{ +2ey Ay +2 £, By i
{ + kg i=1
{ +1, f=2
{ +cq j=3

For other powers of {v

p
n ujzl n,p,J xj—l (18)

and the coefficients C, , 4 can be expressed in terms of Cp p.) 4 and Cp 3 4 =

b
Cn,p,j = mzl Cn,l,m cn,p—l,j+1"m (19)

For n = 0 define Co p,

f l. with these expansions, the expression for N can
be found. Using Eq. (13),

3
=N,5-1*+L I Nap-1Cn,n,j-utl (20)
n=1 m=l

The derivation of the expressions for Ej Fj and GJ requires two more
definitions:

I Cayn,p,gxdt -2 [ ayxdl X Cn,p, 3 x371

=1 =1 =1
le Cb,n,p, ] xJ-1 = 2 le By x3-1 Jz Cn,p,J x3-1 (21)
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Equating terms with equal powers in x gives

3

Ca,n,p,j = 2m§1 Co,p,m, Aj-mtl (22)

h |
Cb,n,p,j = zm'z'l Cn.p,m Bj‘ﬂ"'l

and for p = 0

Ca n,0,3 * 2 AJ

(23)
b n,0,3 = 2 By
Then from Eq. (10), the coefficients of 3N can be expressed
ox
J
Gy = J Noj + 21 Xl (m Nop Cnyn, j~mtl + 0 Ny pn-1 (ep Cy n, n-1, j-mtl
n=1 me
*+ f4 Cb n,n-1, j-m+1))
J
+ 11 Mg+ ] 1 inn Ny pe1 Cnynel, jemil
n=2 m=l
(24)
-1
{+2c) M,4-2+ [ ] 2cunypyCy po1,4n 3oL
n=2 m=]1
and the derivations with respect to Y and Z are
b
Ey = X I n Mn,m-1 (an Cq n,n-1, j-m+l * dn Cp n,n~1, jm+l)
n=l m=1
h|
81 M g1+ I 7 8n U My m-1 Cp,n-1, j-mt+l
n=2 m=i (25)
-1
{+2e M, 42+ 22 21 2 eq n My p-1 Cnyn-l, §-m 151
n=2 =
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and |
Fj - 2 X n Nn,m-l (dn Cq n,n-1, j-m+1 * by Cp n,n—l,j-m+1)
n=1l m=1
]
+hi B 41 + I I ban Ny,m-1 Cn,n-1, j-urtl
n=2 m=l
-1 (26)
{+2€ M 42+] 1 2¢€;n0 N1 Cy nl,ju 3>1
u=2 m=1

Although the equations that have been described are complicated, they can
be easily adapted to DO-loops in a computer program. The ray trace algorit*a
has been programmed and a2 series of spot diagrams have been generated. PRz 4
were traced from an axial object point through an anamorphic Wood lens tha.
has a tangential focal length of 20 and a sagittal focal length of 10. The
third order spherical aberration has been corrected in each dimension with the
coefficients Nyg a3, and by, The first three figures are spot diagrams at
three different focal positiona. Figure 10 shows the ray positions at the
sagittal focal plane, Figure 1l was generated at the tangential focal plane,
and Figure 12 gives the ray positions at a plane halfway in between. The line
foci that are observed demonstrate the presence of axial astigmatism in an
anamorphic lens.

The remaining series of figures are spot diagrams obtained by tracing rays
through the same anamorphic Wood lens, but now the gradient has been rotated
about the optical axis by 25°. As would be expected, Figure 13, 14, 15 show
that the spots merely rotate by 25°.

The ray trace procedure that has been described allows the designer to
compute the paths of rays in anamorphic gradient index media. The algorithm
is fast and efficient enough to be incorporated into an automatic design
prograa. The ray trace can then be used as an important analytical tool with
which to evaluate the importance of anamorphic gradients in optical design.

IV. Pabrication of Six Gradient Index Samples

The six lenses were produced by exchanging ions of a conventional homoge-
neou3 glass with ifons of the same valence from a molten salt. The sample is
cylindrical with a diameter of 1.25 cm and a length of 3.75 cm. The base
glass, manufactured by Bausch and Lomb, is an alumino-silicate glass con-
taining approximately twenty-five weight percent sodium and no other valence
one ions. Lithium bromide salt (melting point = 550°C) is used as the dif-
fusant. The following table summarizes the fabrication procedure:

Sample Timetable

Time(Hours) Process Description
0.25 ramp temperature from 20°C to 200°C (Oven rate)
34.40 ramp temperature from 2009C to 5720C
27
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Sample Timetable (Continued)

Time (Hours) Process Description
36.33 ion exchange at 572°C
29.33 post heat treatment in air at 546°C
33.50 ramp temperature 546°C to 200°C
24.00 ranp temperature 200°C to 20°C (Oven1 rate)

The sample was removed from the salt and post heat treated to eliminate the
stress induced by contraction of the salt as it resolidifies. The temperature
chosen for the post heat treatment is below the melting point of the salt.

This allows the salt to resolidify and reduces the amount of vapor in the
oven.

The oven specifications are as follows:

control Lindberg 1000 controller specifically designed
for temperature control to an accuracy of better
than + 1°C

setability 19¢

accuracy typically + 1°C maximum with a change of + 5°C
ambient temperature

stability maximum + 1°C over a one week period

compensation maximum + 0.59C with a + 10 change in line voltage

The lenses were fabricated by cutting plane—-parallel slabs from the
cylindrical samples and polishing the faces. The actual index profile was
mersured using an a.c. Mach Zehnder intexferometer. The results are given in
the accompanying Figure 16. It can be geen that there is a change in the
index of refraction of 0.013 from the center to the edge of the sample. The
index is higher at the edge of the sample than it is ar the center. The index
profile at A = 0.5145 um is described by

An = 1.5062 + 0.00112 rZ2 - 0.0000296 r#%

In the lens with a thickness of 3mm, this corr~-sponds to a focal length of
=-148.5 mm.

V. Technology Assessment

The technology assessment of gradient index optics car be divided in a
mumber of different ways. The first choice would be to do the division by
design, materials, testing, and manufacturing capability. An alternative
method is to perform the assessment by geographical area, i.e. by country or
by company. In this report we have chosen the former approach. In all cases,
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however, we have tried to assesu each company's and country's capabilities.
This is particularly Iimpcrtant since the gradient index technology is divided
among two major groups; the group in the United States and that in Japan. The
effort in Japan is much more solidified and organized, while the work in the
United States 18 very highly fragmented without interaction of the others.

This section of the report is divided into four major areas: (1) The
design of optical systems using gradient index, (2) the manufacture of
materials, (3) the measurement of the properties of materials, and (4) produc-
tion methods. In all cases, the current technology has becn discussed, and
the areas of future research and development are explored.

A. Design of Gradient Iniex Sys:ems

One would belleve that a large amount of design effort would have been
performed in order to determine what types of profiles would be suitable for
gradient index systems. This, in fact, is not the case. One method of deter-
mining the meusure of the design is the number of patents issued in the gra-
dient index field. At this writing, only two design patents have t:en issued
[30, 31]. While other patents alude to certain design profiles, particularly
the parabolic profile, complete design analysis has never been completed.
Further, tolerance analysis on the profiles and on the systems themselves has
not been conducted for either of the patented systems. The difficulty in the
design analysis is principally due to the complex formulae that are involved
and in calculating a third and higher ord:r aberration couefficlent of these
systems. Ray-trace analysis has been used, but most algorithms are based on
the integral solution of the ray-trace equations which are very time consuming
and costly even on the fastest computers. These problems have been solved,
and 1t 1s now possible to analyzc gradient index gystems. However, computer
lens design programs involving gradient index systems are not available. For
example, the major programs in the United States (CODE V, ACCOS V, COOLGENII)
do not have the capability of analyzing gradlent index systems. The exception
is the CODE V program which will allow the analysis of very weak gradients
introduced by thermal variatious in optical components. The only program in
the United States that hes such cavability is the prggram at the University of
Rochester (ADIOS). While this program has been available under various cir-
cumstances to people cutside of the University of Rochester, the requests for
such use have not been overwhelming. The lens design community is by in large
very conservative and is waiting for the materials to be developed.

Therefore, until more materials are available, it will be difficult to con-
vince lens designers to even consider these types of systems.

The other major effcrt in design revolves around the so-called Selfoc or
grinrod. In these types of lenses, the profile is parabolic or nearly parabo-
lic in the radial coordinate. The diameters of these lenses range from 1 to 5
mm, hence they are called rod lenses. These designs are principally being
conducted by researches in Japan at Nippon Sheet Glass. The diameter of these
rods limits their application and in general are not applicable to conven-
tional lens system.:. However, when a serles of thesc rods are put together it
is possible to create arrays of images. Arrays of Selfoec lenses have been
used in photocopying leunses. (Current production of these arrays is approxi-
mately 30 thousand units per month. The cost of the systems is approximately
835 to $40 per unit. The only manufacturer of these systems is M ppon Sheet
Glass of Japan). Other smaller efforts on design of gsystems are occuring at
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Canon and Asahi Optical in Japan. The principal interest at these two facili-
ties is the production of larger radial gradient lenses for photographic use.
During my recent visit to Japan, I talked to a number of designers there who
are deing gradient.index design using radial gradients. Their capability is
such that within 3 to 5 years, Canon or Pentax (Asahi) will probably have a
commercial product embodying a gradient index system. The first application
will probably be in lenses for the 11J format camera with subsecguent applica-
tions for the 35 mm format. The level of effort in Japan is fairly high
involving perhaps 2 to 3 designers in each of these two companies. 1 expect
the other major camera companies, (¥Wkon, Minolta, Olympus) to be involved in
this gradient index lens design. ThLeir aggressive nature in this business
seems to be outstripping that of the United States.

Miscellaneous designer efforts are occurring in the medical field, prin-
cipally for the use of instruments and the endoscope systems. In the United
States that effort is being carried out by Dyonics, a company in the
Massachusetts area, and on a limted basis at American Cystoscope Makers, of
Stanford, Connecticut. It has also been rumored that Olympus (Japan) has
developed an endoscope with such materials. In all cases, the efforts are
being limited by the choice of materials available to them. No =ffort has
been made to integrate the materials and design aspects. The approach geems
to be to acrept whatever materials are being made by the Japanese and to
design around them.

Another effort .s being conducted by General Dynamics in the use of
transmission of images on gradient index rods with distances of 1 to 3 meters.
In this case, the infrared image 1is relayed to a remote sensor. It has been
found that it is possible to transmit 100 by 100 data points over distances of
1 meter with a fiber that is only 4 mm in diameter if the image is at a wave-
length of 10.6 microns. If the image is at visible wavelengths, then the
fiber i1s reduced to less than 1 mm [32].

Other efforts are being conducted at very low levels including the use of
gradient index for video disk applications, microscope objectives and for a
non-unit magnification copying lens.

Very few people have been willing to make the effort to design highly
gsophisticated lenses without any knowledge of the materials properties that
are possible. The approach at the University of Rochester has been to design
lenses without regard to the profiles that are needed and to establish goals
for the materials manufacturers. Over the last few years, a number of design
studies have been conducted which have resulted in lenses of the following
types: (1) A one element binocular objective to replace a four element
system in the M~19 military binocular [33] (2) the design of a photographic
obiective for a 35 mm camera which will replace the six element Double Gauss
gystem with a 2 element gradient index system [34] and (3) an analysis of the
rhotocopying array system where the use of gradient index lenses was optimized
[35] . Each system established the theoretical limit for the number of ele-
ments that can be eliminated. It 18 now the feeling of the group at Rochester
that the conversion between gradient index systems and conventional systems is
3 tol, i.e. if a lens system has 6 elements, this system can be reduced to 2
elements using radial gradient optics. The conversion to axlal gradients is
not quite so obvious, as it depends to a great degree on the type of aberra-
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tion present. If the lens is dominated by its axial performance, then axial
gradients have an important influence on it. However, if the lens is domi-

nated by chromatic aberrations or field curvature, the axial gradient is not
effective.

The only way that gradient index systems will become a viable entity, is
for some systems to be manufactured and demonstrated to the optics community
showing that this is a viable tecbnique. Currently, no company is willing to
invest the development cost, which involves the design of a particular system
and the manufacture of a mumber of prototype systems to determine that this 1is
a viable technology. This seems to be limited by the amount of money that
will be necessary in development costs (probably between 1 and 2 million

dollars) and the nature of the business community which would require the pay
off in a very short term.

B. Materials

The most important aspect of the gradient index optics is the
materials research. As 1is the case in a developing technology, we are limited
by materials research and the availability of suitable materials for optical
components. This need is independent of the wavelength or the lens system.

No matter what gradients are manufactured, the designer will always need
larger index of refraction differences or greater depths of the gradients,
thus putting severe restrictions on the types of lens systems that can be
made. However, the current limitations are so restricted that it is
impossible to make most gradient index lens systems in production. The excep~
tion 18 small radial gradients manufactured by the Japanese.

In order to adequately assess the technology in this area, it is
necessary to describe in some small detail the techniques that are used and
limitations in each of these techniques, including the maximum index change
that can be produced, the depth of the gradient and the mechanical properties
that are created by the gradient. The teéhniques that can be used to make
gradient index materials (either glass, plastic or crystalline) are ion
exchange, ion stuffing in phase separated glasses, chemical vapor disposition,
vapor phase axial deposition, neutron radiation, ion bombardment, photopoly-
merization in either glasses and mixtures, and crystal growth.

1. Techniques for Manufacture of Gradients

The simplest technique for making a gradient in a glassy material is
ion exchange. In this method, one fon from a glass 18 exchanged for an ion in
a bath. The bath is normally a sal: solution such as lithium bromide or
silver chloride, raised to a temperature above its melting point but below the
softening point of the glass. The thermal energy is sufficient to unbind the
ion in the glass from the glass structure and the ion is exchanged for an ion
in the bath. In the simplest form, this diffusion follows the same equations
as does the gas law diffusion with time constants orders of magnitude slower.
The depth of the gradient i{s determined by the length of time and temperature
of the diffusion while the maximum index change i3 determined by the glass
composition. For example, if there i1s a large number of ions that can be
exchanged out of the glass for ions in the glass, large index of refraction
changes can be created. Two effects determine the index of refraction change.
The first is the difference of the polarizability of the ions themselves, and
secondly and as important is the change in density of the glass.
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For double valence ion such as lead, zinc, and cadmium the index change can

be rather large; however, the binding energy of these ions in the glass struc-
ture is rather high and thus, the depth of the gradient that can be created is
relatively small. As is the case with many types of materials research we are
left with a trade—off between the maximum index change and the depth of the
gradient. If more mobile ions (potassium, lithium, and sodium) are used, a
very deep gradient can be formed, Lut the maximum index tuat can be created is
of the order of 0.04. In recently completed research, the group at Grenoble,
France has reported index changes of .22 by this technique [36]. The host
glass TiF-6 manufactured by Schott Optical in Mainz, Germany, has a large con-
centration of lithium and potasium. By exchanging silver for this material,
very large index gradients can be formed. However, the depth of such a gra-
dient is limited to approximately 100 to 150 micrometers. Larger depths are
not possible as the mechanical properties of the glass are changed con-
siderably and the glass fractured with larger depth in creating. Again, a
smaller gradient could be created over a larger depth. No unified theory has
been developed at this point which described this phenomena, and thus it is
impossible to give an exact relationship for the maximum index change versus
depth of the gradient. This would provide a very interesting plece of
research which would be conducted in the next three years.

Ion exchange is a simple technique to implement which requires
only normal ammealing ovens and a few days of time. No special instrumen-
tation is required. The accuracy of the oven should be held to + 0.5°C. It
is therefore probable that ion exchange will remain a viable technique for
manufacture of gradients for at least a decade until other techniques are suf-
ficiently develcped. The range of index changes and depth of gradients is
sufficiently large (A N's of .22 or depths of up to 10 mm).

In Japan, the principle technique for making gradient Index glass
for imaging purposes 1s the ion exchange method. The glass that is used there
ig cesium based and potassium ions are exchanged from a potassium nitrate bath
into the glass material. The resulting lens systems has consideralbe chroma-
tic aberration. As a result of work done by Fantone and others, it has been
found that in exchange for lithium for potassium, it makes much better achro-
matized systems. Therefore, it 1s expected by the end of this year, that they
will be changing to a lithium based glass and exchanging either potassium or
sodium into it. This will result in a slightly lower gradient, but will
result in better chromatic correction.

The future areas of research for lon exchange include the unified
theory of the index change and depth. In order to accomplish this task it is
important to have a theory that predicts a mechanical properties (varlation of
expansion coefficient and change of index with temperature). Research in this
area 1s continuing. However, the problems of making such measurements to
verify the theory are complicated. Once this 1is done however it will be
possible to determine the maximum number of ions that can be exchanged before
the glass will fracture. This will be an important addition te the index
change and chromatic properties models. The most important development for
ion exchange 1s to start the task of builling a pilot project to determine
what are the problems of actually producing these types of materials. While
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the Japanese have already accomplished this in geometries of 1 to 5 mm., no
such project has been undertaken in the United States. Of all the techniques
described in this section this is the most viable one and the one that is clo-
sest to actual production.

2. Gradients in Plastics

There seem to be two different methods for introducirg gradient index
in plastics. The first is to mix two polymer materials together (see patent
by Hamblen, No. 4,022,855.) The second is to use the photorefractive effect
to partially polymerize the monomer. This technique can be divided into two
subcategories. The first method uses ultraviolet light which is varied across
the sample to introduce varying amounts of polymerization. The work on mixing
of polymers was originally conducted at Eastman Kodak Company. This work has
ceagsed, principally due to the difficulty of keeping uniformity of the gra-
dient within the volume. The very nature of the mixing process made it very
complicated and it was not possible to introduce arbitrary gradient profiles.

In the second technique the absorption energy of two intersecting
lager beams 1is used tc partial polymerize the material. In the intersection
volume of the two laser beams, there 1s sufficient energy to introduce this
photorefractive effect. (see patent by Swainsen, No. 4,041,476) The work on
this effect has been rather limited.

Work on ultraviolet setting plastics has been investigated as a per-
manent recording material for video disk or optical disk memories. In this
application, both read-write and read-only memory have been explored. The
plastics have inherent problems for this application, but ihe results of some
of this research may be applicable to gradients. Perhaps the most interesting
technique is that of two photon absorbtion using two laser beams. At least in
principle it should be possible to write arbitrary gradient profiles within
the volume, thus making very complicated gradients that would not otherwise be
possible. At this writing, only Battelle in Columbus, Chio, has done any work
on this process, and that work has been rather limited. This is probably the
most exciting way of making gradients because of its potential for arbitrary
profiles. Further, the possibilities of reducing the thermal problems in
plastics may be possible with these materials as these thermal effects from
the gradient may counteract those from the normal plastic materials. At this
writing, no such measurements have been conducted. Further, no materials
model exists currently to predict the gradient, its spectral properties or its
mechanical properties. This appears to be very important area for future gra-
dient index research. Pareanthetically it should be added, however, that the
use of plastics in Army systems may not ever come to be. The very nature of
the softness of the materiala, their thermal properties, may not be correc-
table from gradient materials. However, it is worth at least a small investi-
gation to determine the possible mechanical thermal properties. I am not,

however, very hopeful that they will be applicable to normally fielded army
system.

Another effort in plastics 1s being conducted in Japen by the group at
Keio University. Their work has been continuing for over ten years row and

the lenses that I have seen are very good. Their teciinique 13 to simply use
ultraviolet light to create the gradient. Similar research is going on at
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Tokyo Institute of Technclogy arnd the University of Tokyo. It¢ is clear from
my recent visit te Japan, that they are perhaps two to five years ahead of us
in the research in this area.

3. Deposition Techniques

There are tv.o methods of depositing glassy materials which have been
used to create gradiant index glasses. The older technique called chemical
vapor deposition (moiified chemical vapor deposition), CVD, has been used for
making .ow loss gradient index and step fibers for a number of years. 1In
making a gradient index fiber, a series of layers of homogeneous glass are
deposited on the inside of a tube material. (The technique can also be used
on the outside of the tube and is called outside CVD). Each composition of
glass that is deposited has a slightly different composition than its neigh-
bor. By varying the composition of the materials, the index of refraction can
be varied in a prescribed way. In optical communications, the index profile
is normally parabolic. This material which !s approximately 25 mm. in
diameter is then drawn down to a S50 micron gradient index fiber. The layers
which were tens of micrometers thick originally are now less than the wave-
length of light after drawing. Thus, the gradient is continuous to the opti-
cal radiation. To modify this technique for fabricating large geometry optics
requires many more layers of glass. In order to make the glass look con~
tinuous, it would be required to increase the number of layers by a factor of
one hundred. 1In doing so, the time of fabrication would be substantially
increased. Further, the cost of the material that is used in optical com-~
munications is rather high. This creates an additional problem for commer-
cialization.

On the more positive note, it would be possible to use CVD with less
expensive materials. The cost of the materials in optical communications is
dictated by low losses that are required over tenths of kilometers. This is
not a requirement in imaging optics, and thus less pure and presumally less
expensive materials could be used. While there are a number of difficulties
in trying to do this with other materials, this does not rule out this as a
possible technique.

The second technique for deposition of glass 1is called vapor phase

axial deposition (VAD). This technique was develoned by MNippon Telephone and

Telegraph in Jaran. In this case, material is again deposited in a way
somewhat similar to the CVD process, except that it is done in an axial
manner, (that is along the optical axis of the element). By varying the tem-
peraiure radially, the gradient can be made continuous from center to edge and
glasses of arbitrary length can be manufactured. However, this method also
suffers frum the cost of materials and deposition rates. The time required to
make reasonable sized elements may be several hundred hours. The advantage of
continuous gradients make it possible to fabricate two inch diameter optics.
This has been succesgfully completed in Japan; however, the use for optical
lenses has not been demonstrated yet.

In the same way as CVD process is used for the making of glasses it
can also be used for manufacturing other materials. For example, the tech-
nique of using CVD for making zinc selenide and zinc sulfide has been used for
many years at Raytheon Corporation. By coevaporating the materials and
varying the composition, it is possible to create an index gradient. Zinc
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selenide has an index of 2.4 and zinc sulfide has an index of 2.2, thus with
very small changes in composition very large index variations can be created.
This has actually been completad for a very different purpose - to increase in
the mechanical stability of zinc selenide. As is well known, the zinc sele-
nide doves not perform very well in hostile environments, while the zinc
sulfide does. However, the zinc sulfide does not have the high trausmission
that zinc selenide possesses. Therefore, in order to increase the atmospheric
durability of zinc sele~ide, the two materials are coevaporated near the outer
boundary to strengthen it. This creates a slight gradient which is imper-~
veable. However, the fact that this has already been accomplished by Raytheon
indicates that this is a viable technique for making infrared transmitting
gradients.

4. Miscellaneous Techniques

A number of techniques have been proposed over the years to produce
gradient index materials. These techniques include phase separated glasses
and ion or molecular stuffing, neutron irradiation, ion bombardment, and
crystal growth. In the first technique, a glass 1s made to phase separation
by heating {37]. One of the phases is dissolved in an acid bath and a glass
matrix (sponge) remains. The sponge can then be stuffed with various molecu-
les or ions to create a variation in the index of refraction. The structure
is very loose, and it is possible to diffuse ions to a very large depth. In
principle, this should be very good technique; however, it suffers from the
problem that most glasses do not phase separate uniformly on the submicrometer
level. Variations in phase separation cause variations in stuffing, which
cause local variations of the gradient. These are not acceptable becuase they
cause high frequency variation of the gradient. Some work has been conducted
on this technique at Catholic University and at Battelle Labs, of Columbus,
Ohio. The principle emphasis bas been to get more uniformly phase separated
glasses by using the Sol-Gel process. This technique forms the glass from
liquids rather than from soiids. The underlying theme 1is that liquids mix
more uniformly, and thus if the glass 1f formed from these {t would be more
uniform. When the phase separation is conducted it also will be uniform.
Work is continuing on this problem, but this will not be a viable technique
until uniformy phase separated glasses are available.

Neutron irradiation has been proposed [38!. 1In this techuique, the
boron changes state by absorbing the neutron and thus changes its index of
refraction. This technique has been used in France on a limited basis, but
the technique causes the glass to yellow and makes the glasses radiation hot
for a period of time. The depths of the gradients are limited to less than

one millimeter. Thig does not appear to be a viable technique for gradient
index. .

Ion bombardment is a variation of a neutron irradiation technique.
Here, ions are bombarded onto the surface to cause an index of refraction in
gradients. In this case, the depths of the gradients are even less than the
previous one being limited to less than one hundred microns in depth.

Gradient index crystals can be grown. In this technique, a seed of
one material is used to pull a crystal from a bath of material which has two
or more constituent parts. Depending upon the nature of the crystal growing
process, one of the parts of the bath will be preferentially drawn out of it
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onto the crystal plane. In the case of germanium and silicon the higher
segregation coefficlent of silicon creates an index of refraction gradient of
silicon down the crystal. This has been previously reported in the other sec~—
tion of this report. In addition, gradient index crystals of sodium chloride
and silver chloride have also been manufactured. This of course creates very
unique crystals, the profile being determinred by the concentration variation
and the growth rate. It is certainly an interesting approach for making
infrared transmitting materials.

C. Measurements

The invention of gradient index materials has created some interesting
problems for characterization. It is necessary to measure the index of
refraction as a function of spatial coordinate, and its dependence on wave-
length and temperature. In addition, most models predicting the index of
refraction are based on compositional data; therefore, ion probe or some other
technique for measuring the materials aspects of the materials are necessary.
Standard techniques of ion probe have been used and appear to be satisfactory.
Other techniques of x-ray diffraction of ESCA and EDAX are also possible. In
general, it is necessary to measure concentrations to approximately 1/10 of a
percent by weight with a lateral resolution of 10 to 15 micrometers.

The optical measurements are fairly straight forward also, although
they require a great deal of expensive instrumentation. The use of inter-
ferometry, imaging techniques, schlieren system, moire fringe topography, and
autoccollimation have been reported in literature. For reference to complete
measurement techniques, the reader is referred to reference number 39.

The only remaining problems in measurement rest on making measurements
at an unusual wavelength (non visible) and making the measurement of the ther-
mal and mechanical properties of gradient index materials. Since there is a
variation of chemical compostion with the glass, we expect a variation of
thermal expansion coefficient dn/dT. No instrument currently exists for this
measurement and it will be a very important one before these systems are
fielded. One of the important implications may be the ability to athermalize
single elment lenses. This would create a very important step to making
environmentally insenritive optical systems. Other measurements that may be
important are those of stress at the surfeces. It would be possible to put
the surface layers under compressive stress so that the surfaces are harder
than they normally would be. This is exactly the technique that 1s used in
chemical strengthening of glassy materials. No techniques currently exist for
these measurements.

Generally the problea of measurements are well under control and
within one to four years most of the problems currently stated should be
solved.

D. Production Capability

Currently only one facility exists in the world for the production cof
gradient index components. This factory located in Sagamihara, Japan produces
the photocopying arrays from a series of gradient index rods. These rods are
approximately 1 mm. in diameter and are 25 mm. in length. A photocopying
array comprises approximately 600 of these rods in two linear rows. Currently
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this facility is producing between 20 and 30 thousand units per month,
although the estimated capability of this factory is approximately 60 units
per month. These arrays are used exclusively in Japanese manufactured copying
machines, although it 1s expected that within a year that a U. S. manufacturer
will also be using these same systems. The philaosophy of M ppon Sheet Glass
has been not to second source these, but rather to keep 100% of the production
in Japan. While they are aware of the difficulties of this from the U. S.
purchasing standpoint, thev seem unwilling to license. While other facilities
exist for the high production of low loss optical communication fiber by the
chemical deposition and other deposition techniques, these techniques do not
lend themselves to the production of large diameter gradients. Further, no
development has been done on the various materials (described in an earlier
section) to establish the difficulties of actually producing gradients in
large volumes over geometries needed for normal lenses. The problems of pro-
duction are not unique to the visible, but extend to the infrared as well. It
is expected that in order to adequately manufacture gradients in either
visible or infrared, a development between 1 and 2 million dollars will be
necessary. This can only be an estimate as the exact technique that will be
used to manufacture gradients has not been established. This estimate is
based on an ion exchange process.

Perhaps the most significant contribution that can be made to gradient
index 1Is to create an enviromment in which these techniques can be developed.
Cross-fertilization of the academic, industrial, and govermmental communities
is needed to create a gradient index optical industry.
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