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Abstract

An investigation at the Army Research Laboratory is in progress to characterize DOE per-
formance in mil-spec environments. One of the most significant environmental influences is tem-
- perature. An analysis of a diffractive lens is presented in which optical performance is described
. as a function of temperature. In particular, we review the thermal dependence of focal length
: and diffraction efficiency. It is shown that the change in these parameters is independent of lens
shape and relates only to material properties. Athermalized hybrid refractive/diffractive designs

are discussed.

1.0 Introduction

For military and aerospace applications, temperature is one of the more important environmen- .
tal influences. Typical military specifications can require a system to operate over a temperature
range of -30°C to 50°C. In fact, it is not uncommon for commercial products to operate over a
significant temperature range. Sometimes, the combination of changes in dimension and index can
affect the optical performance of a system.!

To date, the effects of temperature on DOEs have received little attention.? Recently, sev-
eral researchers®5:%:7 have independently examined the relationship among temperature, material
properties, and optical performance.

In this paper, we will describe focal length as a function of temperature and describe the
temperature dependence of diffraction efficiency. We will show how an athermalized lens can be
designed by combining refractive and diffractive surfaces and discuss its limitations. In addition,
we will present a new design that is both athermal and achromatic. Finally, we will end with some
concluding remarks.
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2.0 Opto-thermal Expansion Coeflicient

The opto-thermal expansion coeficient for a refractive lens, z,,, as defined by Jamieson,® relates
the change in focal length to a change in temperature. This coefficient is a measure of a system’s
sensivity to temperature. In this section we examine the opto-thermal expansion coefficient for
both the refractive and diffractive lens. e

The opto-thermal expansion coefficient for a thin refractive lens, x4, is given by

e ldf 1 dn dn, ,
e = FaT T T TG T vap ) (1)

where a; is the coefficient of thermal expansion of the lens, n is the refractive index of the lens,
and n, is the refractive index of the image space. Note that the opto-thermal expansion coefficient
is independent of the shape of the lens and is dependent only on material properties. Since z 4,0 I8
normalized by f it can be used to calculate the change in focal length by

. Af=fz AT, | )

For a more complex system, the opto-thermal expansion coefficient is a function of the thermal
properties of all lenses and spaces. To evaluate the effects of temperature, it is necessary to
determine the opto-thermal expansion coefficient for the entire system.

In analyzing systems that include diffractive lenses it is useful to have a similar expression.
With an opto-thermal expansion coefficient for a diffractive lens, z #,d» the techniques that have
been developed to evaluate and athermalize refractive systems can be applied.

In the paraxial region, the focal length of a diffractive lens can be expressed as a function of

the zone radius:
ner3,

f= 2mh,’
~ As the temperature changes, the zone spacing will expand and contract. The zone radius, r,,,
can, to the first order, be expressed as

m=1,2,3,... (3)

Tm(T) = rm(1 + a,AT). v | (4)

Additionally, the index of the image space will change with temperature by

4no A (5)

no(T) :,n,o + a7 AT

By incorporating Egs. 4-5, the optb-t}lerina.l expa'x;sri'ér'i coefficient for a diffractive lens can be

expressed as '
1 dn,

= 20, + — 2. 6
o e . ,??-*T'LO. dT (6)

See References 4 or 7 for a more complete Vderivartiirqn. R
Note that the change in focal length of a diffractive lens is only a function of a, and index
changes of the image space. It is not a function of temperature-induced changes in the refractive

index of the lens material. This is a fundamental difference between the thermal behavior of

*T. H. Jamieson, “Thermal Effects in Optical Systems,” Opt. Engr.20 (1981), pp. 156-160.

272

H
i

(AR I [

g

LR IR

LA




refractive and diffractive lenses. Table 1 shows the relevant parameters and the opto-thermal
expansion coefficients for several optical materials.

Opto-thermal expansion coeflicients can be used by a designer to athermalize a system. One
way in which this is achieved is by matching the opto-thermal expansion coefficient of the lens
system to the coefficient of thermal expansion of the mounting material so that the change in
image position corresponds to the change in position of the focal plane. See Fig. 1.

Because z;, for a refractive singlet and z 74 for a diffractive singlet made of the same material
can be different, it is theoretically possible to design an athermalized hybrid refractive/diffractive
element. Such an element has a refractive power due to the curvature of the surfaces and a
diffractive power due to surface-relief structure. This is pictorially represented in Fig. 2. The
practical limitations on such designs are discussed in the Sec. 4.0.

3.0 Diffraction Efficiency

Diffraction efficiency is also an important consideration for systems. In this section we examine
the temperature-dependent parameters that are associated with diffraction efficiency and present
an analysis that determines the effect of temperature. _

To attain a diffraction efficiency of 100 percent, a continuous-phase profile must have a blaze
height given by '
Ao

y
n—7,

h= (7
where ), is the design wavelength, n is the index of refraction of the lens material and n, is the
index of the image space. A temperature change will cause the blaze height to change. An incorrect
blaze height will reduce the diffraction efficiency. Additionally, the index of both the lens material
and the image space will change with temperature, influencing the diffraction efficiency.
For a relative error, ¢, in the blaze height, Swanson® has shown from scalar diffraction theory
that the first order diffraction efficiency, 71, is
sin(7e)
——% (8)
By examining the index and physical expansion effects separately, a desired height, kg4, and an
actual height, kg, can be defined. Considering only the changes in index, hq can be thought of as
a desired height that would be required to maintain maximum diffraction efficiency:

Ao
[n+ (B)AT] - [, + ‘—’;’%AT]'

m=| "

hg =

(9)
The actual height, h,, is associated with the physical expansion of the lens material with a
temperature change. It can be expressed as
he = h(1 + 04AT). (10)
Therefore, the true error, §, after a temperature change is
6 = hg — hq. (11)

9@. J. Swanson, “Binary Optics Technology: The Theory and Design of Mulit-Level Diffractive Optical Elements,”
MIT Lincoln Laboratory Tech. Rep. 854 (1989).
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The relative error, ¢, in Eq. (10) is

6] :

If we consider optical systems that operate in air, we have found that, fpfﬁrgqsrti materials, the
change in diffraction efficiency due to temperature effects is negligible. This is true even for plastics
which have both a high a, and dn/dT. , B

For example, acrylic has a coefficient of thermal expansion of 65.5 x 10~%C~! and a dn/dT of
—125 x 107%C~1. If the temperature of a diffractive lens made of acrylic is increased by 30°C, ¢
would be 0.0056 and the change in diffraction efficiency would be less than 0.1 percent.

4.0 Design Examples

In the following section, we show how opto-thermal expansion data can be used to design hybrid
athermalized lens systems. Here we restrict our analysis to the case of an athermalized doublet
and an athermalized/achromatized triplet . For systems containing more elements or airspaces, the
same methodology applies.

The total power of a lens, ¢, imersed in air, can be expressed as

1

¢ = IA (13)

where f; is the focal length of the lens. It follows that for a k-element lens, ¢, can be determined
by R
Pe=¢1+ P2+ . + oi. (14)

In Eq. 14, ¢, is the power of the first lens, and ¢, is the power of the second lens and so on.
An opto-thermal expansion coefficient for the lens, « #,t, is given by

zre = fidrzp1 + fidazsa + oo + fidrz i (15)

In Eq. 15, z41, 22, and z4; are the corresponding opto-thermal expansion coefficients of the
individual lens elements. o

Consider lenses made from polycarbonate. This material offers several advantages: it is inex-
pensive, lightweight, and easy to shape. However, for the refractive case, polycarbonate has an
extremely high opto-thermal expansion coefficient (245 x 10-%°C~1). This can be attributed to
its large coefficient of thermal expansion and its large dn/dT. For the diffractive case, the opto-
thermal expansion coefficient is also quite large (130 x 10~8°C -1 ). Therefore, polycarbonate lenses
are difficult to incorporate in optical systems that must operate over wide temperature ranges.

If it were necessary to athermalize a polycarbonate lens, a hybrid doublet could be designed
to meet this requirement. Consider an f/5 doublet with a focal length of 100 mm operating at
A, equal to 632.8 nm. By using Eqs. 14 and 15, we can select powers in the refractive surface
and diffractive surface such that the net opto-thermal expansion cocflicient mat ches 1 he maunting
malerial. For an aluminum mount, Table 2 shows the coefficients and calculated powers required
for athermalization.

As a basis of comparison, it is appropriate to compare the performance of the athermalized
hybrid to an all refractive singlet made from polycarbonate mounted in aluminum.

The thermal performance of a refractive singlet is shown in Fig. 3. It is assumed that the
system is perfectly aligned at 20°C. If focal length and detector position are plotted as a function
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of temperature, it is seen that when the system is heated to 50°C, the distance between detector
and focal length is 0.67 mm. This seperation is more than 20 times the tolerable depth of focus for
diffraction limited performance.

On the other hand, Fig. 4 is a plot of focal length and detector position for the athermalized
hybrid. For a first-order approximation of material properties, the distance between the two remains
the same.

This athermalization technique is similar to one used to achromatize refractive and diffractive
surfaces.1® In achromatization, power is distributed in the refractive and diffractive surfaces based
on the relative dispersions of the lens materials. Typically, the dispersion of a lens material is
measured by its Abbe number, V. Therefore, an achromatized lens with a real object should meet
the following condition:

0=—+—+..... —. 16
V1+Vz+ +Vk (16)

For the refractive surface, the Abbe number of polycarbonate is 30. The diffractive surface has an
Abbe number of -3.45. Note that in the athermalized hybrid, the refractive power is negative and
the diffractive power is positive. Therefore, the conditions of Eq. 16 are not satisfied and chromatic
aberrations must be addressed.

For diffraction limited performance, the refractive singlet has a bandwidth of 4+ 2.94 nm, and the
athermalized doublet has an equivalent bandwidth of & 0.1 nm. Thus, the chromatic aberrations are
more severe in the athermalized hybrid element. For polycarbonate, this athermalization technique
may only be useful for monochromatic applications.

Estelle!! has examined the requirements for simultaneously athermalizing and achromatizing
refractive lens systems. For the most part, a three-material triplet is required. With three materials,
one can use Egs. 14-16 to set up a system of 3 equations and 3 unknowns in which to solve for
the necessary power in each element. Other aberrations, for example spherical aberration, can be
reduced by solving for the optimal bending of the lens elements. Estelle studied a family of triplet
solutions consisting of two plastics and one glass element. In the following, due to the unique
dispersive and thermal behavior of the diffractive lens, we examine the possibility of replacing one
of the three materials with a diffractive surface. See Fig. 5. ,

Assume now that it were necesssary to design an f/5, 100 mm focal length lens mounted in
aluminum. In this case, the lens must be achromatized over the visible range. If we use BK-7
and polycarbonate, both inexpensive materials, an element can be designed that has the mass
and volume of a doublet but the performance of triplets discussed by Estelle. Table 3 shows the
calculated powers for a solution with the glass element in front and the diffractive surface on the
back. Note that the diffractive surface is relatively weak and would therefore be easier to fabricate.
Additionally, the powers in the refractive components are manufacturable. In fact, similar levels of
performance can be attained in IR lenses.!? Infrared materials exhibit large changes in index with
temperature. Traditionally it has been difficult to athermalize such systems.

10T Sione and N. George, “Hybrid diffractive-refractive lenses and achromats,” Applicd Optics, 27, (1988) pp.
2960-2971.

111, R. Estelle, “Third-Order Theory of Thermally Controlled Plastic and Glass Triplets,” SPIE Proceedings, 237,
(1980) pp. 392-401.

12 Behrmann, “Color Cotrection in Athermalized Hybrid Lenses,” to be presented at OSA Topical Meeting,
Design for Photonics, March 22, 1993.
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5.0 Conclusions

We have performed an analysis of thermal effects and their influence on the performance of
diffractive lenses. Formulas describing the change in first-order properties have been presented.
These expressions are useful for designing systems that must operate over wide temperature ranges.

The opto-thermal expansion coefficient for a diffractive lens has been derived. It is different
from its refractive counterpart in that the focal length of a diffractive lens is not dependent on
temperature-induced changes in refractive index of the lens material. An analysis of the change in
diffraction efficiency due to temperature was performed. We have found for systems operating in
air that the changes are insignificant. B o

A design technique was presented that shows how refractive and diffractive surfaces can be
used together to produce hybrids with desirable thermal behavior. For a single hybrid, the amount
of chromatic aberration will usually be increased if the athermal conditions are imposed. It was
also shown that a diffractive surface can be used to significantly reduce the mass and volume of

all-refractive triplet solutions that are both athermal and achromatic.
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Fig. 1 Athermalized Lens System

Fig. 2 Athermalized Hybrid Lens

lrnount X | ¢r ) ¢d

23 ppm/°CG246 ppm/°Ci -0.0092 | 130 ppm/°C| 0.0192

Table 2 Coefficients, Refractive and
Diffractive Power for 100 mm focal length hybrid
polycarbonate lens, athermalized to aluminum.
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Fig. 5 Athermal/Achromatic Hybrid Lens

Mat'| X, V ¢
BK-7 0.98 ppm/°C 64.2 0.0088
Polycarb.| 246 ppm/°C 30.0 0.0006

| DOE 130 ppm/°C -3.45 | 0.0006

Table 3 Athermal/Achromatic Hybrid Lens, 100
mm focal length, athermalized to aluminum.
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