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(1) Introduction

The purpose of this report is to imtroduce the reader to the prin-
ciples of operation and capabilities of birefringent filter systems.
Birefringent filters have a number of significant advantages cover more
conventional sgpectral filtering techmiques based upon gratings, Michelson
interferometers, Fabry-Perot interferometric filters, or all deposited
interference filters. Their primary advantage is the wide field of view
compared to the other interference filters. The small angle sensitivity
yields throughput gains of between 50 znd 300 for imaging or collecting
light from extended sources. This means a factor of 50 to 300 in number
of resolution elements or total light collected in the desired spectral
band. Besides the throughput advantage, birefringent filters have the
capability of being tuned over 1,25 decades in frequency, can have
tailored spectral profiles, and can have a set of selectable bandwidths.
The devices are virtually insensitive to the directiom of gravity.
Furthermore, the filters can easily operate from 0°C to 50°C without any
active temperature control.

Birefringent filters have long been used by solar physicists to
study spectral characteristicg of the solar atmosphere, mostly in the
Hydrogen alpha line. Their use by scientists in other disciplines,
however, has been very limited for a mumber of reasons. Commercial
filters have been normally available only for a single wavelength,
although two commercial tunable filters have been made. The filters
are expensive, with single-frequency, 25 mm clear aperture filters
costing about $50,000. Perhaps most importantly, the operation of the
filters has not been understood by potential users and the basic sources
of information sbout the filters have required knowledge of wave propaga-
tion of polarized light in isotropic media at a2 discouragingly high level.
In addition, the basic work on birefringent filters has been published
in foreign language journals for which only private translations are
available.

We feel that the major limitation on the use of birefringent filters
has been the lack of a single reference where an interested scientist can
obtain an overall picture of the principles of operation and capabilities

of these systems. This report is written to provide this overall view.



LMSC/D674593

7 Wormally, birefringent filters are explaiﬁed using the techniques for
analyzing propagation of polarized light, namely, the Jones Calculus.
In this report the Jones techniques are avoided because of their
unfamiliarity to the general reader and, perhaps more importantly,
because of the lack of insight they provide into the behavior of bire-
fringent plates and polarizers. While the Jones Calculus dees an
excellent job of determining the action of polarizing systems, it
often does not make it physically clear why the optical system
operates as it does. Fortunately, birefringent filters can also be
explained by means of pulse response techniques, which only require
some hookkeeping and a limited familiarity with the ideas of Fourier
analysis. The result of this approach is a better physical under-
standing, but less mathematical analysis capability.

Chapter 2 is devoted to explaining the three fundamental types of
birefringent filters: the Lyot (perfect internal polarizers), the Sole
(no internal polarizers), and the filter with partial internal polarizers.
The most straightforward of the filters, the Lyot, is used to introduce
the basic concepts and analysis methods for birefringent systems. The
filter with no interpal polarizers is discussed next. Here it is
expected that the reader will have to make some effort to follow the
somewhat tedious, but reasonably coherent explanation. Chapter 2 ends
with a discussion of partial polarizing filters which, while mathemati-
cally more complex than Solc filters, represent a small logical step
from the éolc.

Chapter 3 is concerned with how the bandwidth or full width at
half maximum (FWHM), free spectral range (FSR), finesse (%), and profile
shape are determined for birefringent filters. The main point of the
chapter is to give the reader the tools to determine the basic design
parameters of a filter system. Explored in some detail is the subject
of profile shape which is a parameter which is not usually under the
control of the filter designer, whereas for birefringent filters,
virtually any profile shape can be achieved.

Chapter 4 discusses the subject of filter tuming. The methods for
tuning the three basic filter types are established and some design

implications of various tuning techniques are discussed. It is assumed
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in the tuning section that achromatic tuning components are available.
Specifically, it is the ready availability of easily fabricated achro—
matic wave plates which makes the methods discﬁssed in this section
possible,

The birefringent widefield element is introduced in Chapter 5.
While a thorough analysis requires a large aﬁount of tedious algebra,

a simplified summary is presented as briefly as possible. The details
of the field of view effects are deferred to an appendix, while only the
important results and design considerations are presented in Chapter 5.

Chapter 6 introduces the subject of bandpass control. Here it is
demonstrated that it is possible to construct Lyot and partial polarizing
filters which can have a preselected set of bandwidths. Sole filters
are not discussed because freedom to adjust all plates means that the
bandpass of a Solc filter can be continuously adjusted.

The engineering considerations involved in reducing the theory to a
workable filter system are discussed in Chapter 7. While this chapter
does nof describe all the considerations well encugh to .enable a novice
to build birefringent filters, it does inpdicate poteﬁtial difficulties
and their solutioms. Since Birgfringent filters are sophisticated
optical instruments they require seﬁe gare}in.their fabrication. Chapter
7 will-indiéaté, howeve}; that Ttheir télerance requi;emenfé can be much
less severe than:othér,'comparably powerful,‘optical sﬁstems.

Chapter 8 ﬁroviﬁes a concise summary of the capabilities of bire—
fringent filggrsr It highlights their operating principles and advantages
over other filter gystems. In addition, some of the current work in
extending the range of applicability of these filters is outlined. .

Finally, two appendices are included which discunss in more detail
gome topics which are felt to be important. Appendix 1 is a detailed
analysis of the field of view properties of birefringent filters.
Although the results of this analysis are summarized in Chapter 5, this
is such an important aspect of these filters that its inclusion is bene-
ficial. The engineering details, specifically for space qualifiable
filters, asre discussed in Appendix 2. There, a more thorough presenta-

tion is given than was included in Chapter 7.
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Throughout this report, spectral tramsmission characteristics are
always Plotted for a full free spectral range of the shortest element in
the filter. The plots are always for transmission with-respect to phase
retardation in the shortest element, which corresponds directly to the
frequency of the incident radiation.

This reporf, then, should yield understanding of the physical
properties and control techniques for birefringent filters. With this
knowledge the reader should Be able to specify bBut not design a filter.
For those desiring more detailed knowledge of the details of filter
operation and analysis, we have prepared a companion volume to this
report that represents a reasonably complete set of scientific papers
on birefringent filters. It includes tramslations of most of the
original Lyot and Solc work, and reprints of many of the important
recent papers. Space only permitted the reproduction of papers speci-~
ficaliy devoted to filter techniques. For Background material on
polarized light and the Jones Calculus techniques, the excellent summary

by Shurcliff and the reprint collection edited by Swindell are recommended.
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{(2-A) Lyot Filters (Perfect Internal Polarizers)

Birefringent filters were introduced by Lyot in 1933, and also
developed independently by Ohman in 1938. These filters have been
described in the literature, particularly in the papers by Lyot (1944)
and Evans (1949) which are reproduced in Volume II of this report. The
basic theory is repeated here because of its simplicit& and as an intro-
duction to the pulse response technique of birefringent filter analysis.

A Lyot filter is made up of a sequence of elements, each of which
congists of a birefringent plate between perfect polarizers. As will
be true of all birefringent plates in this discussion, the plate is
assumed to be a uniaxial crystal cut with its optic axis in the plane
of its faces. TFor a Lyot element the plate is placed with its optic
axis oriented at 45° to the orientation of the parallel entrance and
exit polarizers. When viewed through a spectrograph the transmission
of such an element appears as a series of alternate light and dark bands,

a channel spectrum. Specifically, the transmission, T, of the element is:

2 . .rAd
0

5 Gﬁfﬂ (1)

()

il

with A= (a,-m) , (2)
where d is the thickness of the plate, p is the difference between the
ordinary, nos and extraordipary, n,s indices of refraction, and X is the
wavelength. A thick plate produces a channel spectrum of many thin bands
closely spaced while a thin plate produces a channel spectrum of fewer
thick bands more widely separated.

A Lyot filter, in its simplest form is made of a cascade of n such
elements, each twice the thickness of its predecessor. The important
feature of a cascade of Lyot elements is that the perfect polarizers
isolate the elements so that the total transmission function is simply
the product of the transmission functions of all the elements. Thus, if

the elements have thicknesses

d =27 4 k=0, n-1 , (3)
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the total transmission function becomes

k

n-1 2 w2 dOA
t{(x) = T cos (—l—"-). (4)

I=c

For maximum transmission at an operating wavelength, 10, the total
retardation, do , of the thinnest plate should be an integral number of

wavelengths. The thickness, do is chosen to satisfy
a =—=2 (5)

for gome integer, m. All thicker plates will automatically satisfy the
same criterion.

Shown in Figure 1 is the transmission function of each of the elements
of a four—element Lyot filter, together with the cumulative transmission
from each subfilter of the cascade® These are shown in decreasing order
of thickness of the elements. It is clear from the figure that the
action of each successively thinner element is to double the separation

between transmission maxima while changing the shape of each maximum only
slightly.

The separation between transmission maxima is the free gpectral range
(FSR) of the filter. As is evident from Figure 1, the FSR of the overall
filter coincides with the FSR of the thinnest element. Substituting (5)
into (1) we see that at the operating wavelength, 10, the transmission

function is

9 1Ad 2
T(Ao) = cog  ( 5 o) = cos (mr) =1. (8)
o

The next transmission maximum will occur at a wavelength

M7 At R o

*Remember that all transmission functions are with respect to phase retarda—
tion in the thinnest element, which corresponds directly to frequency.

-G
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Figure 1. Transmission versus frequ'ency for the components of a Lyot filter
(a,b,c,d) and the transmission from each stage of the cascade (e,f,g)
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such that

wAd

0 = —
m"‘_" = (}11 l)'lT . (_7)
o fsr

In usual practice

lo >>‘Afsr

and (7) may be approximated by:

“Ado Afsr .
T a - =) = (m-1)m »
s} [a]

which implies that the free spectral range, kf , hecomes
sT

A
e (8)

If it is assumed that the profile of the transmission maximum at ko
is the same as that given by the thickest element then the filter's bandpass
may be calculated. If the half width at half maximum of the transmission

profile of the thickest element is lhw’ then (1), (3), and (5) imply:

n_lAd

2
2f{ T o} _1
cos ( 10+7Lhw =3 (9

and that

n-lAd
- . ©°
lo+ihw

=m - (10)

=

ain assuming that A >>
Again uming tha o lhw

*w T ToHL (11)
(o]



LMSC/D674593

The filter bandwidth, or more precisely, the full width at half maximum
(FWHM) is

. (12)

In the subsequent analysis this estimate will be refined to account for
the entire filter instead of just the thickest element, but (12) is a
good approximation. Using (8) and (12), the finesse, &, of a Lyot filter

may be approximated as

_FSR__ .n
F = W 2", (13)

In practice the best Fabry-Perot interferometric filters with apertures
greater than a few millimeters have a finesse of 20 to 30. This is
comparable to a 4 to 5 element Lyot cascade.

As mentioned in the introduction, a technique which has proven to
be especially useful in optical filter amalysis is impulse response or
time domain analysis. This is a technique used regularly by electrical
engineers and geophysicists, but only recently by optical designers.
Impulse response analysis is complementary to the more common spectral
analysis, although the two are mathematically equivalent. Either the
time domain or the frequency domain response is sufficient to characterize
a system since the two are conjugates under the Fourier transform operation.
The freedem to investigate a filter's behavior in either domain is often
quite useful. In particular, much of the experience of electrical
engineers in time domain analysis is directly applicable to birefringent
filter analysis and synthesis. Surprisingly, impulse response analysis
of birefringent filters is actually much simpler than impulse response of
more general electrical networks.

In Figure 2 the impulse response of a single Lyot element is diagrammed.
A unit amplitude impulse (indicated by an arrow) emerging from the entrance
polarizer has two components, one along and one orthogonal to the optic
axis of the plate. These each have amplitude 1//2. Light propagates in

these two polarizations with velocities c/n0 and c/ne respectively. As a

-9-
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result the two component impulses incident on the crystal emerge at

different times with a separation, At, given by

{n -n). (14)

When these two impulses encounter the exit polarizer, only their compoments
in the pass polarization orientation are transmitted. The transmitted
components again have relative amplitudes 1/¥2. The response of the entire
element to the single incident unit impulse is therefore, a pair of pulses
of amplitude 1/2 separated in time by At as given by (14). A thick
element produces pulse pairs with long separations while a thin element
produces closely gpaced pairs.

When two Lyot elements, whose length ratio is 2:1, are cascaded,
the output from the first element serves as input to the second. One
input pulse creates four output pulses. More generally, the n element
cascade discussed above will have 20 output pulses for each input pulse.
In Figure 3 the pulse response for a four-element Lyot filter has been
illustrated. There, as is often done for convenience, the time axis has
been redefined such that the output pulses are symmetric about the time
origin. Half the output thus leads the input while the other half lags.
This is a mathematical convenience and has no physical significance.
It is clear from Figure 3 that the factor of 2 length reduction between
successive crystals is the property which creates equally spaced, identical ~
output pulses at each stage of the cascade.

Some properties of the impulse response are evident from Figure 3.

The spacing of the pulses is

d
at === (a_ - ) as)

Q o e

and is determined by the thinnest element. The total time duration, T, of the

response is

T = (,2“—11A~t0. (16)

-11~
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When n is moderately large so that

n

27 > 1

Then T is approximately

T = Ztn (17)

where tn is the time delay of the longest element.

In both the spectral amalysis illustrated im Figure 1, and the pulse
response shown in Figure 3, it was assumed that the longest element was
first, followed by successively shorter elements. Tt should be evident
that the spectral response, being the product of single element spectral
responses, is unchanged by a rearrangement of elements. Equally true,
however, though perhaps not obvious, is the invariance of the pulse
regponse to rearrangements. The detailed structure of the pulse response
tree of Figure 3 changes, but the final pulse output will remain unchanged.
It is a useful exercise to verify this for at least one rearrangement.

As mentioned previously, the pulse response and the spectral response
are intimately related to each other through the Fourier transform opera-
tion. S8ince we have already derived the two respomses for Lyot filters,
we can demonstrate this connection. Some mathematical notation and
definitions will be needed and are summarized below.

An impulse at time tk will De represented by the Dirac delta function,

S(t -~ tk), which has the properties:

§(t-t,) =0 for tft

_[f(t)act-tk)dt = f(tk) . (18)
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The Fourier transform, F(v), of a function, £(t), is defiped as:

F(v) = f £(r) ¢ P ™Car (19a)

with the inverse transform being:

@) = 71];- chv) e~iZmtyy (19b)

Any specific properties of the Fourler transform will be introduced as
needed,

Using the above definitions, the equivalence of the pulse and spectral
responses of a single Lyot element may be demonstrated easily. Assume that

the pulse response of Figure 2 is represented by

£(r) =% 8 (t +i§£) +§ §(t — %E). (20)

This represents a pair of pulses separated by At as given by (14) The

Fourier transform of (20) is

F(v) =% fﬁit _l.!,-\z_t-,) ;'121T\Jtdt + % fﬁ(t _ _té_t) e—121wtdt

~imvat imvAt

-1 1
=5 e + 2 e

= cosmVAL . (21)

~14—
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F(v) as given by (21) is the amplitude response of the element. The trans—
mission is given by the squared magnitude of the amplitude response which

becomes

2 Wd('no-‘na)

T(A) = cos — (22)

. d .. ’
when we substitute, v = %3 and, At = E-(no—ne). This is the same trans-
mission function as given previously, (1), for a single Lyot element.
For a two-element Lyot filter the transform of the pulse response

is:

_1_j 3 1
4_m6('t+2At)+6(t+2Atl

F(v) =
+ 8t - % AE). + 8(t - % ar), 2™
1 .1
= = cos 3FVAt + = cos VAt (23)

2 2

where 4t is again given by (14), and is the time delay of the shorter

element. Using the trigonometric identity

cos A+ cos B = 2 cos (égﬁ) cos (éggi (24)

and the relation for v the transmission becomes

2 2ucAt 2 mcAt
cos .

T(v) = cos 5 3 (25)

-15-
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The equations (21) and (23) suggest that for an n element Lyot
cascade there will be a sum of 2" impulses in the pulse response, a sum
of 2n-1 cosine terms in the amplitude spectral response, and a product
of n cosine squared factors in the transmission function. Though this

may be proven by repeated use of identity (24), here only the result

will be presented.

2n—l
1 E k-Dreat  “8 Frear
cos ~=R=WCAL o [ g S TCAE . (26)
n~-1 A A -
2 =1 k=0

It is not true in general that any sum of cosines can be written as a
single product, but the relationship between these sum and product forms
will be used in further arguments. The specific result, (26), for the
Lyot filter is a consequence, again, of the 2:1 length ratio between

successive elements.
Using the pulse respomse—spectral response relationship, it is easy

to find a closed form expression for the product of cosines;—(26). In
this case it is convenient to redefine the time origin to coincide with

the earliest output pulse, resulting in a transformed response:

Y 211
. 1 i
F(v) = A _£ z §(t-kat) e gy
k=

_ 1 i2rkvat
= n € (27)

2 k=o

Since this is simply the sum of a geometric progression it has the closed

form evaluation

=16~
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. n
1 1 - e121r2 VAL
FOv) == 127vAL
2 1-e™"
. .1
_ 1 sin2%moar  o1T2 VAL (28)
n sinmvAt imvat
2 e
As the transmission is simply the squared magnitude,
. 2 2%rcat
B S
T(A) = — ——
¢ n 2 wcAt (29)

4 sin (_)L_)

Using expression (29) it is possible to re-derive some of our earlier
results, but with more accuracy, In particular, it is evident that unit
intensity transmission maxima occur whenever E%E is an integer. This is
the same result as (6). Now, however, it may be seen that the half

maximum transmission occurs whenever

9 cAtRhw
sin (Znﬁ—-jg-“—)
1.1 A5 .
a = . (31)
2 e} cAt)h
4 . hw
gin” ( ——)
A3

When 2">>1 it is possible to simplify (31) further, yielding

cAtA cAtA

n
sin (2n1r _EJE) =2 —“‘zﬂ (32)
A5 /2 A5
This is a transcendental equation of the form
sin q = ;;-q ‘ (33

/2
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whose solution is

g = 1.39 (34)

This implies that the full width at half maximum is

A%
FWHM = .44 —n_:T (35)

2 At

which is a more accurate result than the earlier estimate, (12), based on
the length of the longest element alone.

The free spectral range is, as given previously in (8),

Consequently the finesse is now given as

F=1,13 2" (36)

The subject of Lyot filters and their modifications will be returned

to in later chapters.

-18-
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(2-B) Solc Filters (No Internal Polarizers)

The Lyot filter discussed previocusly was invented in 1933 and was
developed into a practical solar instrumént during the period 1933 to
1950. 1In 1953 the next major advance in birefringent filter design
came when Solc realized that a filter could be made without internal
polarizers. The explanation of the basic operation of the Solc filter
first appeared in English in 1958 by Evans. By 1964 Harris and his
associates had developed a general procedure for the synthesis of
arbitrary spectral respomse profiles with Solc-type filters. In this
report all such filters without interhal polarizers will continue to
be called Solc or Solc-type filterxs even though their development owes
much to Harris and others whose contributions will be described sub-
sequently. As will be seen, the principle of operation of a Solc filter
is far less intuitive than that of a Lyot filter. This is reflected in
the literature on the subject prior to 1967, none of which provided a
reasonably clear explanation of the mechanism. Fredga and Hogbem (1967)
introduced the concept of pulse paths and path amplitudes which provides
a simple qualitative explanation of the Solc filter and a reasonably close
quantitative approximation for most Solc designs. Volume II of this
report contains reprints of translations of the original Solec papers
from the Czechoslovakian Journal of Physics, in addition to a Solec paper
which appeared in JOSA, the Evans paper mentioned earlier, the Harris
synthesis procedure, and the Fredga and Hoghbom paper.

The original Solec filters, introduced in 1953, were made as a cascade
of identical birefringent plates, at specified orientations, between
entrance and exit polarizers. In this discussion, the angular orienta-

tions will be denoted as:

¢ = orientation of entrance polarizer
(usually taken to be zero)

¢, — orientation of the fast axis of the
k-th plate

¢P — orientation of exit polarizer

Solc presented two different types of filters which, while equivalent,
are not identical. These are known as the fan and folded filters and

are specified as:

~19~
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Fan filter - ¢O =
¢k = (Z2k-1)a 1<k<n (1)
=0
¢P
Folded filter - ¢0 =0
4, = (D% l<ken 2
= 90°
¢P
where a = 45%/n 3

for both configurations.

In Figure 1 the transmission profiles for several fan type filters
are shown along with the corresponding spectral responmses of equal length
Lyot filters. The figure demonstrates some interesting properties of fan
filters. The first is that they are not dramatically different from the
Lyot filters. This is a surprising feature to many who are accustomed
to the Lyot design with internal polarizers. The second property is that
for very few elements the sidelobe level is lower than the corresponding
Lyot profile, but for moderate and large values of n the sidelobe level
i1s higher. This behavior was noticed early in the study of these filters,
and the design was criticized for its relatively poor sidelobe behavior.
As will be shown later, the reason for this behavior is not too difficult
to understand and the mechanism to improve the performance follows
easily. . B

Transmission profiles for the folded filters are not presented
since they have a remarkable equivalence to the fan filter profiles. A
folded filter has the exact same transmission profile as a fan filter
except that the spectrum is shifted by one half of the free spectral range.
For this reason, fan type filters will be the principal subject of this
discussion.

Evans (1958) presented a general formula for the transmission profile

of the fan (and thus the folded) Solc filters. This transmission is:

-20~
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filters (a,b,c) and 2, 3, and 4 element Lyot filters (d,e,f).
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. 2
Ty = [Sin DX
(i) [EEE_EHH cos ¥ tan o
where cos ¥ = cos o cos E%AE (4)

and At is the time delay of a single birefringent plate as in the Lyot
filter analysis. Transmission maxima occur, as stated earlier, at
wavelengths for which eAt = kA. Formula (4) was derived using a power-
ful technique known as the Jones Calculus (R. C. Jomes, (1941)), but,

while elegant, the derivation gave us little insight into the mechanism of
the Sole fiiter. -

The lack of an intuitive explanation was typical of the literature
on Solec filters. While the Jones Calculus was a powerful analytic tool
it did not indicate the enormous potential of the Solc filters.

Sole (1959) showed that by a slight modification of the angles
given by (1)-(3), the sidelobe level could be reduced by a factor of
3 or more. This provided an answer to the earlier criticism of the filters,
but only touched on the real capability, namely that by a suitable modifi-
cation it is possible to achieve almost any spectral profile.

As examples of the capabilities of Solec filters, three responses
have been selected. The first response, shown in Figure 2(a) is the
transmission profile of a seven element Sole filter which is equivalent
to a three-element Lyot filter. Both have identical, uniform pulse
responses and, consequently, identical transmission profiles. Figure 2(b)
is the transmission profile of a filter whose pulse response has a linear
taper, or triangular shape. With increasing time delay the impulse
response rises linearly to a central maximum and then decays linearly
back down again. This results in a further sidelobe reduction over the
uniform pulse response. If the pulse response amplitudes are made pro-—
portional to binomial coefficients, (;), a transmission profile with no
sidelobes at all results. This profile is shown in Figure. 2(c). In order
to facilitate comparisons, the orientations and selected profile charac—

teristics are reproduced here:
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Transmission versus frequency for Solec filters with uniform (a).

linear t_r:rp_g_r___(b)_, and binomial pulse responses (c) on linear (a,b,c)
and logarithmic scales (d,e,f).
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lBasic Sole Lyot Triangle Binomial
by 6.4° 8.4° 3.5° 0.6°
4, 19.3° 18.9° 11.8° 5.0°
6 32.1° 31.4° 25.7° 19.5°
b, 45.0° 45.0° 45.0° 45.0°
bs 57.9° 58.6° 64.3° 70.5°
b6 70.7° 71.1° 78.2° 85.0°
b5 83.6° 81.6° 86.5° 89.4°
FWHM/FSR .113 12 144 .199
Sidelobe .089 .052 .003 0.0

As the figure and the table show there is no limit to the sidelobe reduc-
tion which is possible with suitable angular modifications from the basic
Solc design. The implication is that with the appropriate procedure for
determining the plate orientations, any transmission profile is available.
\In the following?two techniques for determining plate angles corresponding
to a given response will be described.

An elementary description of the Solc filter operation was provided
by Fredga and Hogbom (1967). Here, for the first time, the concept of
pulse paths and path amplitudes was introduced. Harris et al (1964) had
previously used pulse response techniques in their synthesis procedure,
but not in an intuitively appealing development. Unfortunately, the
simplicity of the pulse response analysis of Lyot filters doesn't quite
transfer to Solc filters. The difficulties arise because the plates
are not isolated from each other by polarizers as they are in the Lyot
configuration. This means that at the interface between two plates the
Impulse transmission from one plate to the other must be considered in
two orthogonal polarization states instead of just one. Mathematically
this means that the impulse response must be considered as a vector
quantity instead of just a scalar.

In this section each of the two polarization components will be

considered separately. Any pulse incident on a plate will be decomposed
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into two pulses, one along the fast axis and one al&ng the slow axis of
the plate. This is the natural coordinate system for the plate and is
the key to an understanding of the entire system. The logical consequence
of this is that a pulse incident on the first plate produces two cutput
pulses. These in turn result in four pulses output from the second

plate, eight from the third, and finally 2™ from the last plate and

from the exit polarizer. They, of course, occur at only n+l distinct
time delays so there is considerable overlap. It is much easier, however,
to calculate the amplitude of each of the 2" pulses individually than to
try to calculate the pulse response directly. This is the path amplitude
approach, since each of the 27 output pulses can be imagined to be the
result of a specific path through the system. Each pulse will have
followed a path through some fast axes and some slow axes. The paths

through a two-plate filter can be diagrammed as:
£ £ ! £ £1 H1
l (5)
s 11 s ! ! s 1 s

The advantage of this approach is the ease df calculating the pulse ampli-
tude associated with each path. This is illustrated by a two-plate
example.
In Figure 3, a general Solc configuration with two plates between
entrance and exit polarizers is illustrated. The respective orientations
are ¢6’ ¢l, ¢2, ¢p. In the analysis of such a system the absolute orientations
are unnecessary since the filter must be invariant to overall rotations.

The quantities of interest are the angle differences which will be denoted:

1<k<n

(6)
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With this notation, the response of the filter to an incident impulse
may be considered. Such an impulse will generate two components incident
on the first birefringent plate; one along the fast axis direction and

one along the slow axis direction. These components will have relative

amplitudes:

ACfl)
A(sl)

cos 61 (7)

sin 61

]

respectively. Each of the two pulse outputs of the first plate may be
similarly decomposed into components along the fast and slow axes of the

second plate and the resulting amplitudes calculated. These hecome:

. = = 1S §]
A(fl.fz) cos 92 A(fl) cos cos

2 1
: =—gj ==51 in O
A(sl f2) sin @2 A(sl) sin @2 sin O, )
A(fl:sz) = gin 62 A(fl) = sin 62 cos Gl
A(sl:szl.= cos O, A(sll.= cos~@2 sin 61.
Finally the exit polarizer at orientation, @p, will transmit impulse
components whose amplitudes are:
A(fl:fzzp) = C0S Gp A(fl:fz) = cos @P cos 92 cos Ol
ACsl:fZ:p) = cos Op A(sl:fz) =—cos OP sin 0, sin el 9)
A(flzszzp) =-gin Op ACfl:sz) =-gin @P sin 0, cos el
A(sl:sz:p) =-sin @P A(slzsz) ==sin GP cos @, sin el.

The notation used in (7) - (9), the colon notation, indicates the
local orientation of a scalar impulse component as it goes through each
plate. This is the pulse path concept introduced By Fredga and Hogbom
in which the output impulse response is decomposed into an enumeration
of all possible paths through the plate system. With each path is
associated an amplitude, as in (9), and a time of arxival. The time of
arrival depends on the number of slow axes traversed by the path since
each slow axis traversal results in a relative delay, At, with respect
to a fast axis traversal. In keeping with the convention that the

impulse response of a system is centered at the time origin, the output
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time for any path will be determined by the simple rule:
Rule 1l: Each fast axis traversal contributes a
time delay of -At/2
Each slow axis traversal contributes a

time delay of +At/2 .
In addition, the notatiom, D(to), will be used to mean G(t—to), an
impulse at time tor The total impulse response for a general two-plate

system Becomes, therefore:

AZCt) = cos Ol cos 92 cos @ D(=At)

2
-[sin 01 sin 92 cos ep (10)
4+ cos @l sin @2 sin ep] Do)
- sin @ cos 92 sin Op D{+Atr) .

Since the spectral response depends only on the relative amplitudes of the
pulse response, it is convenient to normalize (10) such that the earliest

output pulse has unit amplitude. The response is then:

Ay (r) = D{=AL) —
Co- [tan @ltan 92
+ tan 9, tan GPJ.DCOl
- tan @, tam ep DGEAtLY.

(1)

L}

It should be apparent from (11) and the preceding development that
the pulse response may be derived by some simple rules for evaluating
path amplitudes simply from the plate to plate transitioms of each path.
The form of these rules will be taken to be the normalized form, to

produce the amplitudes (11) rather than (10). The specific rule is:

Rule 2: The first plate contributes a factor 1 to
the fast path and a factor tan 61 to the slow
path
Each subsequent transition contributes a factor

according to:
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£ :

, i-1 fl 1

£, .18, tan O,
i-1""1 i
Si—l:fi ~tan Gi

Si-18; 1

The exit polarizer contributes a factor according to:

£ 1
n

P
—-tan ©_ .
P D

s
n

r

Finally, the normalization constant is:

n
cos © g cos @i.

Using these rules the total pulse response may be computed by a brute
force enumeration procedure. Though this is tedious, the pulse respounse
may often be approximated without a total enumeration, and as a theoreti-
cal tool, the path enumeration procedure has been very valuable. Many
general properties of Solc filters are proven most easily By arguments
concerning individual path amplitudes. As the enumeration is conceptual
rather than computational in those cases, the efficiency is not an issue.

For an n element Solc filter there are 2n possible paths but only
nt+l possible time delays. In order to understand the pulse response fron
the path enumeration it is necessary to divide the set of paths into
subsets of equal time delay.

The path which only traverses fast axes appears at the relative
time, - % At. Similarly the all-slow path. emerges at time, +-% At. These
are, of course, unique. The cutput pulse at time, - E%% At, will he the
resultant of the paths which include exactly one slow axis. There are

n of these since there are n plates. In general, thHe output pulse at
n-2k
2

relative time - At k=0,...,n will be the resultant of (E)
different paths. ’

Now, if Rule 2 is considered, it is evident that the f:f and s:s
transitions do not attenuate the :elatiye amplitude, but that f:s and s:f
transitions contribute a tan® attenuation. For the usual case in which 0¢45°
this is indeed an attenuation. This means, that for each time delay, those
paths with the fewest axis type changes (fis or s:f) will contribute the

largest amplitudes to the resultant output pulse.
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To first order, therefore, the paths which dominate the pulse response,

in inereasing order of time delay, are giyen as:

= —tan@ tand t = - == At
n P

A(fl:fZ:.":fn—k:snﬂkﬁlzsnzp)

_  n-2k
= —tan@n_k+ltanep t = - —5——-At
. . . . = = ﬂ
A(fl.sz.....sn.p) tan@ztan@p t > At
: = - =1
A(sl.sz ..... s ip) tan@ltaneP t=3 At , {(12)

A first order approximation to a filter design for a given pulse
response would result from the ntl uncoupled simultapeous equations (12).
Take, for example, the construction of a seven-plate filter whose pulse response
is equivalent to a three-element Lyot filter, that is, eight equal
amplitude pulses. Equations (12) imply that the Oi are all equal and
that

1=~ tan &, tan 6 . (13)
i P’ o

This 1is satisfied, and, since the normalization constant is maximized, so

.is the transmission, when

_ 90
ei T ool
=11%.25 (14)
and
8 =0, - 90
P 1
= -78°.75 . (15)

This is the filter whose entrance and exit polarizers are parallel at

0° orientation and the seven plates are uniformly spaced at angles

by = 11°.25 & k=1,,0.,7 . (16)
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Since the design criteria, equations (12), were only approximate.it is
not surprising that this filter only approximates a uniform amplitude

pulse response. In particular the pulse response of this filter is:

Time {At) -

3~
1
ralun
|
MW
1
B e
o f
oW
ra i
ta |~

Amplitude .17 .13 .11 .09 .Q9 Jd1 .13 a7

The spectral response of this filter is shown in Figure 4. As
indicated there, the FWHM is 10.1% of the free spectral range, and the
highest sidelobe is 13% of the peak transmission. This is contrasted
with the spectral response of the three element Lyot filter shown in
Figure 2(a). There the FWHM is 11.2% of the free spectral range but
the sidelobe level is only 5.2% of the peak transmission.

A closer look at the impulse response of this first order approxi-
mation is quite revealing. The pulse amplitudes taper downward from the
outside inward. This means that the central pulses are being attenuated
much more than the outside pulses even though their dominant paths are
all equal. The reason for this is that equation (12) has accgunted for

paths of the form

£ £
) (17)
s s
f:s ’
but not paths of the form
i £
(18)
s s

f:g s:f f:s
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plate distribution.
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since these paths are of third degree in tan@i instead of first degree.
There are, however, many such paths for the interior pulses (remember

n
that there are Ck—l) paths for the k-th pulse) and they are all negative

since they have one s:f transition. In particular there are
(n-k+1) (k-1 (19)

paths of the form (18) for the k-th pulse. Since this is a quadratic
function of k it gives the first order approximation its characteristic
‘form. This pulse response is unfortunate since it is just the opposite
of the response which minimizes sidelobes. Responses which minimize
sidelobes peak in the center and taper downward towards. the ends. In
order to make a good filter, therefore, the angles must be modified to
compensate for this effect. The Solc fan filter does this by making the
.first angle difference, @l’ only half the others (while adjusting all the
angles to maintain symmetry of course).

It is possible to incorporate the type (18) path amplitudes into a
set of equations similar to (12) and solve for the higher order approxima-
tion to a given pulse Tesponse. This isn't too difficult, but it is a
little too cumbersome to include here. Another, related, technique is
to start with the first order approximatién and to iterate to achieve a
desired pulse response. This is possible since, for small angles, Gi,
the angular corrections, Aei, which need be made at each step are approxi-
mately linear functions of the pulse response error terms. Thus, at least
for filters which have no extreme deviations from the basic Solc respounse,
the Solc technique of making small angle modifications will converge to
the desired filter. This is the result which Fredga and Hogbom present as
a consequence of the path amplitude arguments they introduced: sidelobe
reduction to any desired level may be achieved by small angle modifications
from the basic Sole design, or, more generally, any nil term Fourier series
approximation to an-arbifrary transmission profile may he achieved by
iteration from the first or second order filter configurations.

In 1964 Harris, Ammann, and Chang went further, but in a way which

is less intuitive. They used some reasonably sophisticated mathematical
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techniques to relate the impulse response to the roots of n~th degree
polynomial equations. One result of this is a rigorous mathematical proof
that any of the above mentioned transmission profiles can be realized by
a Sole-type filter. Aﬁother result, however, is that for most trans—
mission profiles the filter is not unique. There are essentially differ-
ent plate angle configurations which give the same transmission profile.
This result is non-intuitive and not widely realized, but has some
practical implications for actual filter constructiom.

Consider a filter constructed to give a specified tranemission
profile, |CQR)|2. This filter will have an impulse response whose

pulse amplitudés are:
C. i=0,...,0. (20)

If the exit polarizer were rotated 90° the filter would now have a

transmission profile which is the complement of the original,
2. . 2
Ipay[“ =1~ [co] (21)
and an impulse response whose pulgse amplitudes are denoted

Di i= 0,...,q . (22)

The essence of the argument is that the square magnitude, [C(A)[z, or,
= ;

D) |7, does not uniquely specify the impulse responses, C; or D,

respectively. The filter is, however, specified by the impulse responses.

Consequently any of the compatible C, and Di sequences will generate a

different filter with the specified iransmissiou profiles. In Figure 5(a),
the transmission profile for a 9-element filter with a uniform pulse 4
response is presented along with two different orientat%on configurations
which achieve that profile. Notice that one of .the angle sequences, ¢i,
shows the monotonic progression typical of a modified Solc configuration.
The other, however, has larger angle differences and a much less regular
pattern. Both of these configurations imply the same transmission profile,
lC(l)]z, rejection profile, [D(l)lz, and transmission impulse responce, Cye

They differ, however, in their rejection impulse respomnses, Di' The
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jmpulse responses for these two filters are given as:

$ 6.5 14.4 23,7 34.1 45.0 55.9 66.3 75.6 83.5
I C .10 .10 .10 .10 .10 .10 .10 .10 10 .10

p, -.01 -.03 ~.04 -.06 -.09 -,11 -.14 -.18 =-.22 .88

¢. 15.5 47.9 77.4 T7.1 45. 12,9 12.6 42.1 74.5
11| € .10 .10 .10 .10 .10 .10 .10 .10 10 .10

D, -.03 -.1 -.19 -.26 -.18 =-.09 -.43 -.40 =-.53 .36

The existence of these multiple solutions has some practical impor-
tance. Some of the selutions may turn out to be more. tolerant of alignment
errors than others, and this question is a current research topic. Another
important question raised is whether any of the solutions have consecutive
plates oriented at the same or nearly the same angle. This has the practical
significance that a double length plate could be substituted for the two
single length plates. This would save on fabrication complexity. In
Figure S(b)g such a seven-element approximation to one of the nine-plate
filters of Figure 5(a) is shown. Notice that two pairs of internal plates
have been merged into double length plates at their average orientations.
The performance is nearly identical.

The above example is not an unusual occurrence. In Figure 6(a) two
filters which achieve the same, triangular, impulse response are presented.
Again, there are plate pairs which are very nearly parallel and may be
combined as shown in Figure 6(b). Again, the performance is nearly identical,
with the seven-plate filter actually doing a little better.

Another important aspect of the Harris synthesis procedure is its
value as a diagnostic tool. Since it determines the plate angleé for a
given transmission profile it may be used to adjust a filter. TIf the
£ilter’'s transmission profile is‘measured, the synthesis algorithm may be
used to determine the angle at which each plate is currently set. It is

a simple matter, them, to readjust the angles to their desired settings.
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{2-C)} Partial Polarizer Filter

The effécts of using imperfect, or partial, polarizers in birefringent
filters were discovered in 1953, the same year as the introduction of the
Sole filter. Giovannelli and Jefferies discovered in an ansalysis of Lyot
filters that in some cases the secondary maxima were suppressed if ‘the
internal polarizers were imperfect (the ratio of transmissions in the
rejection and pass directions was non-zero). 1In 1965 Beckers and
Dunn verifjed the partial polarizer result via a computer program for
Lyot filters. However, experimental attempts to verify the effect
failed and the result was generally considered a curiosity. In 1974
Title gave a simple theoretical explanation of why a single partial
polarizer worked in a Lyot filter, and later developed several filter
designs based upon multiple partial polarizers. A number of filters
were constructed using partial polarizers and the theoretical predic-
tions were verified. Previous experiments were shown to have failed
because of neglect of the birefringence of the sheet partial polarizer.

A partial polarizer differs from a perfect polarizer in that it
not only has transmission in the pass direction, say the X direction,
but also transmits in the orthogonal, Y, direction, Mathematically,
the partial polarizer has two transmission amplitude coefficients, Py
and py. Usually P is near.unity and py is much less. The key to
understanding the action of a partial polarizer is to consider it
equivalent to the parallel combination of two optical paths. The first

path will have a perfect polarizer with transmission amplitudes

p_=0. &)

The second path will have a neutral density filter with a transmission

amplitude
p_=p (2)

along all directions.
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A general description of the effect of partial polarizers follows
directly from the pulse path enumeration technique developed in the
previous section. Each partial polarizer will have an easily describable
effect on each of the pulse paths. Before developing the general
analytic technique, however, it is useful to consider an important
special case; the two-element Lyot filter with its intermediate
polarizer replaced by a partial polarizer.

In Figure 1 the two-element Lyot filter with partial polarizer is
shown in its conceptually equivalent form. It is depicted as a pure
two—element Lyot in parallel with a pair of plates separated by a
neutral density filter.

In a normal Lyot filter the plates may be at either plus or minus
45° with respect to the polarizers. 8ince the perfect polarizers isolate
each element from its neighbors the relative orientation of successive
plates does not affect the filter. " When the polarizers are partial,
however, the angles between the plates become important and must be
congidered in the.analysis. This means that for the two—element example
two cages must be distinguished; the plates are either parallel or
perpendicular.

In the path of Figure 1 which contains the neuntral density filter
the time delay will be the sum of the time delays if the plates are
parallel but will be the difference if the plates are perpendicular.

The impulse response is, therefore,

p_"0
Uy - X 'Y _ 3At _ At At 3At
ah = 27 [o¢- 35 +0¢- 55 + 0G5 + Y]
P .
+-21 [D(.— (,2_45-1_)_ At) + D(-ir('z—ié—)—ﬁt)} (3)

where the sum and difference in the second term corresponds to parallel

and perpendicular respectively. The transmission of the filter is then,
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Figure 1. Optical schematic of a two-element partial polarizing filter and its conceptually

equivalent form of a parallel two-element Lyot and two elements with a neutral
density filter between them.
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T(j‘_ = [(px - py) cos CE%). cos Cﬁitl

2
(zxlirenty | %)

+ py cos 3

Although (3) shows the distinction between the perfect polarizer and
neutral density filter components of the pulse response, it is not a

form which is very convenient for analysis. If, however, (3) is

rewritten,
°x Py 3 1 1
Ag(e) = ) [(1+28) D(- 3At) + D(~ At) + D(GAL)
+ (1+28) D(%ﬂt)] (5)
A (L) = (_f_}ﬁz [D(- 2at) + (1425) D(- 24
1) = 5D [n(- 5 ) D(- FAt)
+ (1+25) D(%At) + D(%At)] (6)
P
with § = —Y—
PLPy

it is obvious how the tramsmission will be related to the polarizers.
Since py, the rejection direction transmission amplitude, is always less
than Do the pass direction amplitude, 8 1is always positive. The
parallel plate pulse response, (5), has a taper which is high at the
ends and low in the center. As in the previous section, this taper
produces large sidelobes. The perpendicular plate response, (6), has a
taper which produces lower sidelobes. Specifically it is higher in the
center than at the ends.

In Figure 2 the transmission profiles for parallel and perpendicular
configurations are shown for several values of 5. As may be seen, the
parallel plate transmission sidelobes. increase with S as expected, while
the perpendicunlar plate sidelobes decrease. In fact, when § equals ome,

the sidelobes disappear entirely. The pulse distribution is proportiomal

A .
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to 1:3;3;1, a binomial distribution, and binomially distributed pulse
responses have no sidelobes. For this minimum, the polarizer trans—

mission amplitudes are in the ratio

p
_)1:% 190
Px
and the transmission intensity ratio is
T
X .1
T 4 (8)
p.o

which is quite a poor polarizer.

A temptation, after seeing how much sidelobe control is available
in a two-element Lyot configuration, is to replace more polarizers with
partial polarizers in a multi-element Lyot. It is possible to use
partial polarizers in a three-element Lyot filter and-to_aéﬁ{eve s%dg}bbe
reduction, but for more elements the use of partial polarizers raises the
secondary maxima. There are designs, however, in which some of the polar-
izers are partial and some are perfect, py = {), which are beneficial.
Alternate partial polarizer configurations which are discussed in Title
{1974), are very attractive,

The discussion above has been concerned with the special case of
Lyot configurations. More generally it is possible to consider Sole
configurations with the possibility of partial polarizers between some
of the plates. Since it is knowﬁ that the Solec configuration -already
has enough degrees of freedom to allow the synthesis of arbitrary trans-
mission profiles, the addition of the polarizers would only increase the
multiplicity of solutions for any given profile. This feature, however,
might make it pessible to flnd filter configurations which minimize the
number offpl%fes whal;,stxll allowing for arbitrary profile control.

F N
gf K B

., v::
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In order to amalyze the general plate/partial polarizer.configura-
tions, the pulse pati teclnique of the previous:section has been useful.
The partial polarizers introduce some more notation, but actually very
little more complexity into the procedure. The notation introduced in

the previocus section ig:

¢o - orientation of entrance polarizer

6y - orientation of k-th plate l<k<n
¢P — orientation of exit polarizer

To this must be added:

¥ - orientation of the k—th partial polarizer

k
(following k-th plate) lick<n-1

PP
X

Qk - ———“X) for the k~th partial polarizer
px-*-py

Notice that a perfect polarizer is represented by @ = 1 while no pelarizing
is represented by Q = 0. For general partial polarizing, 0<Q<l. With
this notation, the rules for constructing pulse path amplitudes become:

A Py ifyy) = cos@yp-0,) +Q cos( by =20, )
Aoy isyyy) = sin(d p=0) + Q sin(dy by, 20

A(sk=pk=fk+l) =-_sin(¢k+l—¢k') +Q sin(_gbk+¢k+l—21pk)

Aloy 1Py isyyy) = cos(dy-8) - Q coslhy+e, =20, ) 9

byl
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and as before:

Alp:f;) = cos -9

A(Ptsl) = sin(¢1-si>o)

A(fn:p) cos (dJP—dan)

ACsn:p) =-sin(¢p-@n)_ (10)

Equations (9) and (10) represent the amplitude factors corresponding to
each transition. To find the amplitude of any particular path the

corresponding factors must be multiplied together.

While it is possible to derive equations (9) and (10) from first
principles, similar to the derivation of the Solc filter rules, they are
also directly accessible from the Solc results themselves. A plate-
partial polarizer-plate combination is essentially the same as a three-
plate Solc configuration. The middle plate, however, has zero retardation
but introduces the additional attenunations, P, and py, for paths along its
respective axes. Since no time separation is introduced by the middle
plate, the two patlis which would normally bBe present are easily combined,
resulting in the four path. amplitudes, (9), instead of the eight which
might otherwise be expected.

Equations (9) simplify considerably for some special cases. For

example, in the perpendicular Lyot configuration discussed earlier the
Qk angles alternate between +45° and -45°, In that cage, if the partial
polarizers are all oriented at DO, the terms of equations (9) simplify

such that each factor has only one term:

I

A(f:p:f)

A(fip:s)

Qe
1

[

A(sip:f) =-1

A(s:p:s) =—Qk . (11)

The particular case for which wk = 0 for all polarizers in the system

is, actually, a general configuration. In this case, the transmission is
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a maximum since, when the plate retardatioms are multiples of the wavelength
the plates are effectively absent. The transmission ig only a function of
the polarizers for those wavelengths, and is maximized when all polarizers
are parallel.

In general partial polarizer designs are important, both theoretically
and practically. The extra degrees of freedom may allow for some easily
implementable realizations of useful transmission profiles. Additionally,
relaxation of the perfect polarizer requirement, py = 0, usually results
in a significant increase of pé. This produces dramatic increases in the

overall transmission efficiency of the filters.-
At the present time a general synthesis procedure is being developed

for partial polarizing filters. The extra degrees of freedom add some
complexity over the Solc filter synthesis since they must be constrained
either by restrictive assumptions or By optimization criteria. Both
approaches are being used, and a systematic investigation into partial

polarizing configurations will soon bBe possihle.
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(3) Transmission Profile Management

In the previous chapter a theoretical foundation for the three filter
types has been presented. While some of the design criteria were mentioned,
their implications and control were largely ignored. Some of these criteria,
specifically bandwidth, free spectral range, secondary maxima, and overall
transmission, will be discussed in this chapter. Other performance objec—
tives such as the field of view and tunability will be deferred to subsequent
chapters.

0f all the performance criteria, the easiest to control is the free
spectral range (FSR). In the frequéncy domain the response is a periodic
function, which is directly related to the impulse train response in the
time domain. The periodicity in the frequency domain is, therefdfe, the
reciprocal of the pulse position spacing in the time domain. Usually, the
pulse position spacing will be the minimum distance between pulses in the
impulse response. 1In general, however, the pulse pesition spacing will be
the greatest common divisor of the interpulse spacings. If this greatest
commont divisox is At, then the corresponding free spectral range, FSR, will
be

FSR = fﬁ )
cht
Since there is a direct linear relationship between pulse spacings and
crystal lengths, the time delay, At, will correspond to the greatest common

divisor, do, of all the crystal lengths. Specifically

se = feel% % . 2)
c
For a standard filter configuration all the crystal lengths are multiples
of the shortest lemgth., Most frequently then, the free spectral range is
simply determined by the length, do’ of the shortest crystal according to
(1) and (2).
In order to increase the free spectral range of a filter it is necessary
to make the shortest crystal even shorter. TFor a Lyot or partial polarizing-

configuration this usually means adding one more short element to the filter.
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For a Solc, no internal polarizer, filter with identical plates, each
crystal must be made shorter and the entire design reconfigured. Composite
designs, in which a thin Lyot element is used as a blocking filter to
increase the free spectral range of a Solc filter, are also feasible.

The design criterion which is usually of greatest concern is the
bandwidth, or full width at half maximum (FWHM). Although bandwidth is
intimately linked to secondary maxima, or sidelobe, level, it may be approxi-
mated separately. While the free spectral range is determined by the minimum
interpulse spacing, the bandwidth depends mainly on the total time duration
of the impulse response.

The minimum bandwidth response for a given total time duration, T,

results from a single Lyot element of length
d = ] €)]
For this element the transmission is

T(\) = cos?(Ih %)

and the full width at half maximum is

i o 0
= 2eT 5]

where lo is the operating wavelength.
As the crystal of length, dT’ is divided into shorter crystals to make
a Lyot, Solc, or partial polarizing filter, the FWHM will increase somewhat

while the secondary maxima recede. If the total length, d_, is used to make

T
an n element Lyot filter, the bandwidth becomes approximately:

FWHMIyot = 1.77 7eT ) (6)

Similarly, if the total length is sliced into n equal length elements and

used for a Solc fan or felded filter, the bandwidth becomes:
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12
= 1.59 =2 (N
ic ¢ 2eT

FWHMSO
In general, except for extreme impulse response apodizations, the FWHM will

be inversely related to the total crystal length and will be of the above

form:

FWHM = K 5+ (8)

where K ig a constant, depending on the design. The constant, K, is always
greater than one, and for most designs will be less than three.

The finesse, &, of a filter is the ratio of its free spectral range to
its bandwidth. Since the FSR is determined by the greatest common divisor
of its crystal lengths and the FWHM is determined by the total crystal length,

the finesse is a function of their ratio. Specifically,

F= 2 ©)

For the Lyot and Solc filters,

4 . n
g?Lyot = 1.13-2
(10)
gSolc: = 1.26*n

where n is the number of elements in each filter.

To be comparable to a Fabry-Perot filter whose finesse is usually between
20 and 50, a Lyot filter would have 4 to 6 elements and a Sole filter would
have 20 to 50 plates. Other, more highly apodized designs, would have corres-
pondingly more plates for a given finesse. Partial polarizing filters, for
example, have about 25% more elemeuts than a corresponding Lyot filter.

Each of the birefringent filter types has the freedom to control trans-
mission profile parameters such as the bandwidth and sidelobe level.. Any
change in the filter design which introduces a taper in the impulse response
will have a corresponding effect on the transmission profile shape. There

are, therefore, two major questions. The first is, what are the relation-
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ships between desirable transmission profiles and impulse response
tapers. The second is, what impulse response tapers are available with
birefringent filters and how are they achieved.

Although the first issue, the relationship of desirable spectral
properties to impulse response, is an extremely sophisticated problem,
it has received considerable attention recently. The impulse response,
characteristics of birefringent filters are identical to those of finite
impulse response digital filters and discrete array aﬁtenna systems. Conse-
quently the results from these disciplines are directly applicable to the
design of birefringent filters. An extremely complete catalog of known
filter responses is given by Harris (1978), though only selected designs
and design criteria will be discussed here.

The fundamental design tradeoff is between bandwidth and sidelobe
(secondary maxima) level. In general filter designs which result in
impulse respouses which peak in the center and taper downward towards the
edges result in lower sidelobes but wider bandwidths. This tends to
concentrate most of the filter transmission in the main passband, but at
the expense of some resolution. Two similar, but slightly different design
objectives are, first, to minimize the peak sidelobe level for a given band-
width, and, second, to minimize the integrated out of band transmission for
a given bandwidth. The first criterion is natural when the filter is to be
used for examining the line structure of emission spectra in the presence of
very low background radiation. For examining the structure of absorption
spectra in the presence of a large background continuum, the second criterion
is more applicable. It has been demonstrated that the first objective is
achieved by Dolph~Chebyshev tapers (Harris, 1978) while the second is
achieved by discrete prolate spheroidal sequences (Slepian, 1978). 1In
addition, many useful suboptimal designs .are known which have other desirable
properties.

The question of which impulse response tapers are desirable may be
congidered to be solved for these purposes. This leaves the remaining
question of which tapers are achieyable by birefringent filters. In prin-
ciple the answer to this question is that all tapers are achievable by bire-

fringent filters. As discussed previously, Harris (1964) has presented a

synthesis algorithm for achieving any impulse response with a Solc filter.
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In particular, Schiffman and Young (1968) have demonstrated that this
technique can, in fact, be used to build Dolph-Chebyshev birefringent
filters. TFigure 1 shows the response of these designs for 15-plate
filters with sidelobe levels of 10~1’ 10-2, 1072 and 107, An interesting
characteristic of these profiles is that, while the peak sidelobe level

is minimized, all the sidelobes are equal. _

A corresponding synthesis for filters with perfect intermal polarizers
was presented by Ammann and Chang (1965). It demonstrates that any speci-
fied impulse response may be achieved by such a filter. The disadvantage
of this procedure is that the internal polarizers decrease the transmission
substantially from that achievable with a lossless Solc filter. As an
advantage, however, is the possibility of using fewer crystals, of differing
lengths, such as in the Lyot design. The number of polarizers is not always
prohibitive, therefore.

Practical considerations impose some restrictions on the list of achiev—~
able responses. TFor Sole type, lossless filters, the large number of elements
required is the major problem. With larger numbers of plates, the angle
tolerances for setting the plates become more severe. Present technology
for producing precisely matched elements, coupled with the computational
éapability for initial alignment, makes these filters more practical now
than in the past. Designs with more than 50 plates, however, are probably
only speculative at this time.

Perfect internal polarizing filters are limited by the number of
required polarizers, and by the difficulties of manufacturing elements of
different but precisely matched lengths. As will be discussed subsequently,
tunability allows for the compensation of length mismatches, so that problem
may be avoided. The transmission loss of polarizers, however, presents a
limitation in the use of these filters for arbitrary spectral transmission
profiles. The solution to the practical limitations has been to use
feasible design techniques which result in suboptimal, but satisfactory,
profiles. A very common design modification for Lyot filters is the intro-
duction of a contrast element, an element whose length equals the second
longest element in the original Lyot filter. This introduces an amplitude

taper which reduces the sidelobe level significantly. In Figure 2 a four-
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element Lyot response is compared with a five-element filter which uses
a contrast element. Also shown in Figure 2 is the response of an
untapered filter whose total length is equal to the contrast element
filter.

Partial polarizing filters, having more degrees of freedom, certainly
have all the capabilities of both perfect polarizer and no polarizer filters.
Their utility is that because of the extra degrees of freedom, more practical
realizations for filters may be found. In particular, designs which use Lyot
element lengths or nearly Lyot lengths but which Have better sidelobe control
have been the major interest. The Lyot element lengths are the most efficient
since they represent the division of a total crystal length into the fewest
pieces while achieving a given minimum length, cAt. Any division using fewer
plates will have zeros in the interior of its impulse response.

The simplest partial polarizing design is one in which the first internal

polarizer of a Lyot filter is replaced by a partial polarizer with:
= = l
0 py/px 1/3. (11)

The responmse of such a design is very similar to that of a contrast element
Lyot filter. A four-element Lyot filter with omne partial polarizer is showmn
in Figure 3. The respomse of that filter should be compared with the contrast
element Lyot shown in Figure 2. There is a 26% increase in bandﬁidth but this
is due to the 27% more crystal in the contrast element filter. The sidelobe
levels are comparable, however.

If all the polarizers are replaced by partial polarizers in a Lyot
filter the profile does not improve. There are, however, designs in which
more than one polarizer can be made partial and improvement is expected.

These are discussed by Title (1976) aé the alternate partial polarizing (APP),
double partial polarizing (DPP), and redundant alternate partial polarizing
(RAPP), filters.

The APP design is one in which alternate internal polarizers are partial,
p = .333, and the others are perfect, p = 0. Across a partial polarizer the
crystal lengths are in the Lyot ratio, 2:1, but across a perfect polarizer

the ratio 3:2 is needed. A four-plate alternate partial polarizer filter is
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Transmission versus frequency for four—-element Lyot (a), contrast
element Lyot (b), and linear pulse response filter with the same
: length as the contrast Lyot (c).

Figure 2.
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Figure 3. Transmission versus frequency for a four—element Lyot with a
single partial polarizer (a) and a pure Lyot (b).
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shown in Figure 4. As is typical of partial polarizer designs, the plates
following the partial polarizers are orthogonal to the plates preceding the
partial polarizers. Notice the extrewe sidelobe reduction, while the band-
width expansion is due to the reduced total crystal length.

A double partial polarizing module may be designed with three Lyot
length elements arranged in the order (2:4:1) with partial polarizers between
elements. TFor this arrangement the partial polarizers should have orthogonal
transmissions, P, equal to .333 and .111 respectively. Figure 5 shows the
responses of a single DPP module and, for comparison, the equivalent perfect
polarizer Lyot filter. Notice that the sidelobe level has been reduced but
at the expense of an increase in bandwidth, A filter can be constructed
of double partial polarizing modules alternating with perfect polarizers
just as an APP filter is constructed from single partial polarizing modules.

A partial polarizing design which uses the idea of duplicating element
lengths, like the contrast element design, is the redundant alternate partial
polarizing configuration. The elements have Lyot lengths, but all but the
longest and shortest elements are duplicated. The polarizers alternate,
partial and perfect. Figure 6 shows a RAPP configuration with six elements,
and the same configuration with perfect polarizers. Notice the excellent
sidelobe reduction at only a modest bandwidth increase. In addition to
their spectral profile advantages, the partial polarizing designs have been
found to be wuch less sensitive to construction errors than the traditiomal
Lyot, perfect polarizer, design. 1In particular, crystal length errors produce
much weaker secondary maxima in the partial polarizing designs than in the
Lyot filter. Also, surprisingly, some partial polarizing designs have been
found to be particularly tolerant to the polarization, p. This is particularly
‘important for short wavelengths where sheet polarizing materials have poor
polarizing properties. Specifically the polarization of sheet polarizers
deteriorates rapidly at wavelengths Below 4500 2 s0a design which. is rohust
with respect to p is very desirable., Figure 7 shows the behavior of a partial
polarizer design whose elements have lengths (4:8:6:4:2:1). Notice that as
p increases the finesse decreases, and the sidelobe structure changes, but
the filter doeg not deteriorate catastrophically. A current topic is the
search for partial polarizing designs which have their best performances when
P is about .25. That should insure a greater uniformity over a broad range of

P. Designs of this type should make it possible to design filters which are
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Figure 4. Transmission versus frequency for a four-element APP filter (a) and
a uniform pulse filter of the same length (b).
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acceptable down to 3500 2 using the same materials and construction techniques
as used for longer wavelengths. '

The major transmission losses in birefringent filters are caused by
absorption by polarizers and imperfect filter comstruction. A minor source
of loss is interface Fresnel reflection at the plates. However, for filters
that are in an index matching fluid this problem is minimal. A ten percent
transmission loss occurs for 100 calcite or 3400 quartz surfaces.

All birefringent filters require high quality entrance and exit polar-
izers. These can be ordinary sheet polarizer, but it is also practical to
ugse thin £ilm or crystal polarizers which can have virtuoally 100% efficiency.
Unfortunately both thin film and crystal polarizers are nearly cubical and
a serious length penalty is imcurred if such polarizers are used internally
in the filter. The additional length introduces optical complicatioms, so
that for most designs sheet polarizing materials must be considered the only
option for the majority of the internal polarizers.

A perfect polarizer filter requires {(n-1) internal polarizers for

elements, so that relative to a lossless filter the transmission is

- . -l .
TLyot - To (12)

where T is the transmission of the internal polarizers in the pass directiom.

For a partial polarizing filter

n

TPartial =.H Ti
i=1

where the T are the transmissions of the partial polarizefs. Figure 8

is a plot of total transmission versus number of intermal polarizers for
various TO. This should be compared with Figure 9 which shows the finesse
of a Lyot filter as a function of the number of internal polarizers.

Figure 10 has plots of transmission, T,» Vversus wavelength for high quality
specially treated polarizer materials mounted in AR coated glass. Visible

wavelength polarizers superior to those in Figure 10 can be produced, but

at present are not stable for more than a few months. Beyond 7500 2 there

are at least two methods to produce good polarizers besides polarizing sheet.
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These are sheet crystal polarizers and wire grids. At present it would
appear possible, using modern holographic techniques, to make wire grid
polarizers useful for wavelengths beyond onme micron. Below 4000 R, however,
there is a serious problem with polarizers. UV polarizing sheet does exist,
but its maximum transmission is in the region of 60%. It might be possible
to create partial polarizer sheet material below 4000 8 with reasonable
transmission, which would make the partial polarizer designs very attractive.
Another possibility is the use of electron beam and X~ray lithographic tech—
niques for production of wire grid polarizers. At the present state of the
art it might be possible to create polarizers for wavelengths down to 1500 2.

For the visible Figures 8 through 10 provide a useful guide to what can
be dome using Lyot type designs. If a total transmission criterion is at
least ten percent transmission, then opervation around 4000 R is limited to
a finesse of 64. At present the best blocking filters have FWHM of 6 2 in
this spectral region, so that a minimum FWHM of the birefringent filter is
0.1 . oOn the other hand it is possible to comstruct a filter with a finesse
of 2048 which operates from 4600 2 to 7500 R with a minimum transmission of
35% and a maximum transmission of 64%. If the wavelength range is restricted
to above 5000 X, a transmission of 48 to 60 percent can be achieved,

At present it is reasonable to construct 0.1 X filters for the wisible
and difficult to produce filters narrower than .05 2. A0.18% filter could
be blocked for the entire range 4800 - 7800 £ and have a transmission in the
range of 25% to 50% over the entire spectral band., For a more moderate resolu-
tion of say 2 R, the required finesse implies a transmission range of 35% to
65%. And for a 25 % filter, the transmission range would be 537 to 75%.

Polarizer limitaéions make it necessary to consider other designs which
try to combine the transmission efficiency of Solc filters with the crystal
utilization of Lyot filters. As has been demonstrated in the previous section
it is often possible to find Solc type filters with some multiple length plates.
A particularly dramatic example of this is shown in Figure 11. The nine-plate
Solc filter with a triangular taper impulse response is shn%n, along with a
five-plate compression. Notice that the first and last three plates have
been replaced by single, lengthﬁéhreé, plé%es at their average orientations.
The performances of these two filters are equivalent, but the compressed

filter has only half as many plates. In Figure 11(ec) this five-element
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filter has been used as a module and duplicated using plates six times as
long. The two sections are separated by a perfect polarizer which combines
the large free spectral range of the short section with the narrow bandwidth
of the longer section. The resulting filter compares favorably with the
six—element Lyot filter which has the same total crystal length. It has

ten elements instead of six, a finesse of 49. instead of 72., but it only
has one internal polarizer instead of five, and sidelobes which are a

factor of 50 below the Lyot. This or similar filter designs would be very
attractive for the ultraviolet or infrared wavelengths where polarizers

are critical.
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(4) Tuning Birefringent Filters

There are two methods for tuning Birefringent filters, a direct method
which is conceptually simple but difficult in practice and an indirect
method which is practical but difficult to understand. The direct method
is to actually change the optical length of each crystal plate in order
to make each plate have a retardation which is a multiple of the wave-
length of interest, while maintaining the proper length ratios. This
may be accomplished by using pairs of wedge shaped plates as adjusters
for each element. By moving the wedges in and out, the thickness in the
optical path may be changed and the elements may be tuned. The optical
path length may also be changed by controlled temperature changes. A
change in temperature will change both the physical length and the bire-~
fringence. Although direct adjustment is the method for tuning air spaced
Fabry-Perot and Michelson interferometers it has not been the most practi-
cal method for birefringent filters.

In practice most birefringent filters are tuned By rotation of thin
waveplates or polarizers. The key to understanding this method of tuning
is to consider the effect of a birefringent plate on the polarization
state of monochromatic light. Thus spectral or frequency domain analysis
is more suited to this probBlem than the pulse Tesponse or time domain
techniques of previous chapters.

Consider linearly polarized light incident on a birefringent element
as in a Lyot filter. The plane of polarization is assumed to be at 45°
to the fast axis of the plate and the incident light is monochromatic
with wavelength, A. In the coordinate system of the plate the incident

light may be expressaed as:

A; =L cos 2r £ )
/7 A
(1)
at = L cos (27 £ ).
s /5 A

The birefringent plate introduces a pure time delay, At, in the slow axis,

which is equivalent to a wavelength dependent phase shift
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- oo AE
Ad = Znc " (2)

The light exiting the plate is, therefore, represented as

AE = ;% cos (2% %-t)
(3
AS -k cos (27 St - Ad) .
s /3 A

When the phase shift, Ad, is a multiple of 27 the two components of
(3) are in phase and the output is linearly polarized parallel to the
incident plane of polarization. If A9 is an odd multiple of m, the output
is again linearly polarized, but in a plane perpendicular to the input
plane. TFor other values of A$, the output light is, generally, ellipti-
cally polarized. The axes of the ellipse are parallel and perpendicular
to the input polarization plane. Rotating the output. coordinate system by
450 to express the output in terms of components parallel and perpendicular

to the entrance polarizer:

A =A_+ A
=

iy VE

(4)

A_L="Af+AS.

After some algebra (3) and (&) imply:

Ay = COS‘A% cos (27 %‘t - %éﬁ

(5)
= ain DO . c . _ 4
AL sin 5+ sin Qn A t 5 Y .

Equations (5) may be combined, eliminating the time dependence, to exhibit

the ellipticity

2 2
_f—”A—- +—5JLA-=1. (6)
cos 59- sin--z*i
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Equation (6) is, as asserted, the equation of an ellipse whose axes are
parallel and perpendicular, respectively, to the entrance polarizer, but
whose ellipticity is a function of the wavelength.

In order to tune this element, therefore, the plate must be followed
by an optical element which is sensitive to the ellipticity of the output.
A polarizer is a detector of linearly polarized light, and is therefore

sensitive to the limiting cases:

Agy. = Znw
)
A¢i = (,zn"'l)_'ﬂ' .
Using a polarizer and switching from the parallel to the perpendicular
orientation switches the wavelength from
cht
Ay =
) (8)
_ 2cht
to %L = ool

A more general ellipticity sensitive device is constructed by insert-
ing an achromatic quarter waveplate between the element and the polarizer
as shown in Figure 1. An achromatic quarter waveplate is a birefringent
plate which behaves as implied by equations (3) but for which the phase
shift, A = /2, indepeﬁdent of wavelength., The theory of these waveplates
is described im Title (1975) and McIntyre and Harris (1968} which are
included in Volume II, and in Pancharatnam (19552 and 1955B) and will
not be desecribed in this section. It is, however, the ease of making
achromatic waveplates inexpensively which makes tunable birefringent
filters practical.

While the theory underlying the construction of achromatic quarter
waveplates is difficult, their application as tuning elements is not too
difficult. Comsider linearly polarized light incident on a quarter waveplate
at some arbitrary orientatiop, ©, with respect to the fast axis of the plate.

In the coordinate system of the plate the incident light is represented as:
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i_ c
A.f = cos @ cos (27 S t)
(9)
AT = sin © cos (2“_5 B,
s A
The light exiting the quarter waveplate is,
e _ <
Af = cos @ cos (27 5 t)
e _ s L, _5
A.s sin ©® cos (2% 5 t 2 (10)
or A: = gin O sin (2w %‘t).

Equations (10) represent elliptically polarized light whose axes are the

fast and slow axes of the waveplate. The ellipse so defined is represented:

e 2
A A: '
cos® sin® =1 (11)

A quarter waveplate, therefore, comverts linearly polarized light into
elliptically polarized light. By reciprocity, however, it must also convert
elliptically polarized light into linearly polarized light. The crucial-
point is that the plane of polarization of the linearly polarized light
will depend only on the ellipticity as determimned by (11).

The mechanism is, therefore, that each wavelength (modulo a free
spectral range) will emerge from the Birefringent element as elliptically
polarized light with axes parallel and perpendicular to the input plane of
polarization. An achromatic quarter waveplate with its fast axis parallel
to the entrance polarizer, at 450 to the fast axis of the element, will
convert the elliptically polarized light to linearly polarized light at an
orientation which depends on wavelength, Specifically, from (2), (6), and

(11), the dependence is:

cos@ = + cos ‘—"\‘2-9 12)
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or <] - or

Ag
2

= EféE - 0m . {13)

At & = 0 the natural wavelength, ko, of the element emerges, so (13) may

be written

0 = meat (L - %—D) (14)
The wavelength, A, is then selected by rotating an exit polarizer to the
appropriate angle, Q.

The tuning scheme described above is the most commonly used system
for Lyot filters. It has, however, one serious liability. Since the exit
polarizer for the first element is the entrance polarizer for the second
element, the second and subsequent birefringent plates must rotate as the
filter is tuned. While rotating the crystals is theoretically satisfactory,
as a practical matter it is very bad. No crystal elements are perfect, but
the overall imperfections of a fixed set of crystals can be calibrated or
polished out. If the crystals rotate, differentially, the errors become
wayelength dependent and are very much more difficult to compensate.
Additionally, if the rotation axes differ from the optic axis, displacements
occur which are also wavelength dependent.

The problem of rotation of successive elements can be solved by the
addition of an achromatic half waveplate in the tuning element. An
achromatic half waveplate is a birefringent plate which bshaves as implied
by equations (3) but for which the phase shift, A = 7, independent of
wavelength. Conceptually they are just two quarter wave plates in series.
When linearly polarized light is incident on a half waveplate at an
orientation, O, with respect to its fast axis it exits linearly polarized
but at an orientation, 20. The half waveplate may, therefore, be used to
rotate the plane of polarization in between the exit polarizer and the
succeeding crystal. This configuration is shown in Figure 2.

The only problem with the position of the half waveplate in Figure 2

is that as the polarizer rotates to tume the element the half waveplate
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Figure 2. Diagram of a tuning element with a half wave plate behind it to
" rotate the exit polarization direction parallel to input directiom.
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must rotate half the angle in order to correct the oriemtation. If,
however, the half waveplate is placed before the exit polarizer, as
in Figure 3, only the half waveplate need rotate. The exit polarizer
and the succeeding erystal will stay fixed. Each of these placements
of the half waveplate have been used in the Lockheed tunable filters.

The tuning technique for partial polarizing and Sole filters is
more complex than that for Lyot filters. In Lyot filters the tuning
only has to be concerned with one plane of linear polarization since the
entrance and exit polarizers reject the other plane. In the context of
the configuration shown in Figure 3, the element is tuned to a wavelength,
A> if vertically polarized light at the entrance polarizer emerges verti-
cally polarized at the exit polarizer. This is the behavior which was
demonstrated above. The Solc and partial polarizing filters, however,
place more demands on the tuning section. They require linearly
polarized light of wavelength, A, at any orientation, to emerge from
the tuning section at the same orientation as the imput. The polarizers
are, of course, absent.

In order to determine the effect on arbitrary orientations it is
only necessary to examine the effect on horizontal and vertical polariza-—
tions. A1l other polarizations are simply linear combinations of these
two orthogonal polarizations. By extending the calculations of equations
(5) to include the effects of the quarter wave plate and the rotating half
waveplate of Figure 3 the responses to vertically and horizontally polarized
light may be determined. TFor a vertically polarized input, the vertical

and horizontal components of the output are, respectively:

i

27c Ad
AV cos o t + > )

(15)

]
o

Ay

Similarly, for a horizontally polarized input, the output components are

il
<

&y
2re

AH. cos —K— t + 4 _ éﬂ). (18)
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PLATE (0°)

BIREFRINGENT PLATE {45°)

ENTRANCE POLARIZER (0°)

Figure 3. Diagram of a tuning element with a rotating half wave plate tuner.
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Equations (15) and (16) assume that the system is tuned to the wave-

length, A, by rotating the half waveplate by an angle

= 8¢ _ meAt
0= 5 - an

An examination of (15) and (16) indicates that vertically or horizon-
tally polarized input becomes vertically or horizemtally polarized output
respectively. This is what is required, except for the 3%/2 phase lag
indicated by (17). This phase lag implies that arbitrary linear input
polarizations will become elliptically polarized outputs. The addition
of an additional quarter waveplate, oriented as shown in Figure 4, will
solve this problem by introducing an extra m/2 phase lag in the horizontal
component. The resulting configuration becomes a tunable element which
may be used in Solc or partial polarizer filters. With the addition of
entrance and exit polarizers it will still work in Lyot filters, although
the extra quarter waveplate is then unmnecessary.

There are filter configurations for which modifications must be made
to the above tuning system because of the introduction of waveplates in
the filter for other purposes. These usually only involve a fixed rotation
or the addition of achromatic waveplates. The principles described above,

however, remain the same.
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QUARTER WAVE
PLATE (0°)
HALF WAVE
PLATE (ROTATES)

QUARTER WAVE
PLATE (0°)

BIREFRINGENT
PLATE (45°)

Figure 4. Diagram of wave plate arrangement for tuning a Sole or partial
polarizer element.
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(5) Field of View

One of the most significant advantages of the birefringent filter
is its large field of view compared to Michelson and Fabry-Perot inter-
ferometric filters. This advantage, which is between 50 and 300 means
that a birefringent filter can gather 50 to 300 times more light than
a comparable diameter interference filter. 1In order to achieve this
field of view advantage, the elements of the birefringent filter must
be constructed as widefield elements. The widefield construction was
discovered by Lyot and was subsequently described by Evans. Recently,
it was discovered that special materials and alignment perturbations
can increase the field by another factor of 3 to 10. A complete analysis
of these field of view effects appears in Title and Rosenberg (1979)
which is included as an appendix to this report. In this section a
brief analysis will be presented accompanied by a summary of some of
the important results.

A widefield birefringent element is made by dividing an ordinary
element in half, rotating the second half around the optical path by 90o
with respect to the first half, and then separating the halves by an
achromatic half waveplate. The half waveplate is oriented parallel to
the entrance and exit polarizers, at an angle of 45° Withggggpect to the
first erystal. As discussed in the preceding section, a half waveplate
rotates a plane of polarization by twice the angle between the input
plane and the axis of the wayeplate. An impulse exiting the first
crystal along the fast axis, at 00, will be rotated by the waveplate
to an orientation of 90°. It will, therefore, also traverse the fast
axis of the second crystal. Similarly, a pulse along the slow axis of
the first crystal will also traverse the slow axis of the second crystal.
for a normally incident light ray the widefield element will, therefore,
have the same retardation as a simple, narrow field, element.

The reason that simple elements aren't wide field is that, for
non-normally incident rays, the retardation of a plate varies with the
angle of incidence, i, as strongly as in a Fabry-Perot. Unlike a Fabry-
Perot, however, it also varies with the azimuthal orientation, 0, of

o , .
the ray. Imn particular for rays at 0 azimuth, with respect to the
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crystal’s optic axis direction, the retardation decreases with increasing

incidence angle, i as:
o sinzi
R(1,07) =R |1 - —5—1. (1)
At an azimuth of 900 the retardation increases with incidence angle as:
R(1,90°) = R |1 + sin’s (2)
’ ) o ZnOne

where n, and n_ are the ordinary and extraordinary indices of refractionm,
respectively, and R_0 is the nominal retardation of the plate. For arbi-
trary azimuths the retardation is given, as a second order approximation,

as;

. sinzi 2 2
R=R [1 - =—— (cos“® - p sin“e) (3
o 2n2

with p

Il
ﬁlon
e SOl

The azimuthal behavior is the key to making a widefield element. Im
the quadrant containing the optic axis, @ = 00, the retardation variation
is negative with incidence angle, as in (1), while in the next quadrant
it is positive, as in (2). Thus, in the widefield element with the
exrystals orthogonal, these positive and negative quadrants overlap each
other. An off-axis ray at 0° azimuth, as it goes through the first crystal
will have less retardation than a normally imcident ray. As it continues
through the second crystal it will have a relative azimuth of 900, since
the crystal is rotated and therefore have more retardation than a normally
incident ray. Overall, therefore, the retardation variationm will be
reduced as these positive and negative quadrants tend to cancel. To
find out what the residual variation is equation (3) can be used twice,

once for each crystal, The result is
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R . .
RWF(i,G) = EQ-[l - Eig—i (cosze -p sinzeﬂ
Ro sinzi 2 2
+-§— [l - = (cos” (6+90) -~ p sin”(a+50)) (&)

which simplifies to

[ sinzi ne~n0
RWF(l,G) = R0 1- 5 ]

. 2.
=p |1-322% (l—p)} X (5)
o1 4n§

There is still some retardationfvariation with, i, but it is considerably
reduced from (3). The factor (l-p) is very small for all knmown birefringent
materials, always less than 0.2. For example, for calcite it is .11 and

for quartz it is .006. Thus,-for calcite there is about a factor of 20
difference between the coefficients of sinzi in (3) and (5). For even
smaller index differences, the angular retardation variation decreases

even further, but for very small differences the second order approxima-
tions (3) and (5), are no longer adequate.

The actual expression for the single crystal retardation is:

2 2,42 2, 212
R(i,0) = %{ne[l _(a_2 +’°—2)] - 0[1 - (é—;_—“!—)] } (6)
o]

1l n
Q

in which

g3in i sin @

I

sin i cos ©

[a?
[}

crystal length
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and the nominal retardation is

Though this is difficult to work with, increasingly higher order approxi-
mations have been developed. These become important for small index
differences or relatively large bandwidth elements.

The relative variation im transmitted wavelength is the same as

the relative variation in retardation,

o R (7)

When the filter is used in an optimal optical system the field of view
is set such that the wavelength shift of the extreme rays is equal to

the FWHM at normal incidence. Thus, the field of wiew is limited by

82 . FwHM
ER Y )
o o
max
Equation (5} is applicable whenever
2
(n_-n )
FWHM < e o . (9)
A 2
[o] n 1
e

For smaller index differences or longer bandwidths the higher order terms
must be used. This is illustrated in Figure 1 in which the incident angle
limits are shown for quartz and calcite, as a function of the bandwidth

or relative wavelength tolerance. Im Figure 1, the bandwidth shown is

the equivalent bandwidth when the element is used in a telecentric optical
system since this is the usual application. A telecentric system insures

that the rays have the same angular distribution at all points within the
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field of wiew, but at the expense of increasing the filter bandwidth
by a factor of v¥2 over collimated, normally incident rays.
It is well known that for air gpaced Michelson or Fabry-Perot

filters the relative wavelength tolerance is

(=0

. 2.
A _ _sin"1
rul 5 (1)
o]
If (10) is compared with (5) it is seen that, for equal wavelength
tolerances, there is a solid angle, or throughput, advantage for bire-

fringent filters of:

. 2. 2
sin lBR 2n0
= (11)
sini 1-p
FP

This throughput advantage, and the corresponding incident angle ratio,
ig also shown in Figure 1 as a function of the telecentric bandwidth.
Begides the throughput per unit aperture advantage of birefringent
filters, there is also a significant potential advantage in aperture
size. Currently calcite is available in crystals of 40 mm to 50 mm
diameter, but quartz can be obtained with diameters up to 300 mm. Even
more exciting is the possibility of building filters using oriented plastic
£ilm as a birefringent material. These could have apertures as large as
1 meter diameter.
Table I summarizes some of the properties of birefringent elements.
The "index difference, throughput advantage, and FWHM-length product are
shown for various materials. Two plastics are included, PVA, polyvinyl
alcohol, and PET, poly (ethylene terephthalate). PET is more commonly
known by the duPont tradename, Mylar. As the table indicates, the bire-
fringence of plastic film is not unique and depends on the degree to which

the material has been oriented.
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Table T
Throughput FWHM-

Material (no—ne) Advantage#® length#**
Calcite L1720 £7.5 .727
KDP L0454 151.6 2.76
MeF .0118 450.5 10.58
Quartz .0091 g13. i3.7
PVA .003-.013 370.-1500. 10.-42.
PET .05-.20 25.-98. 2.5-6.

2n2n

*  Throughput advantage = o 12 and is relative to an air spaced
e o

Michelson or Fabry-Perot filter.

- 2
% FWHM-length is in units of R-cm (10 12m )}, and is measured at

A
o

= 5000 K.
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(6) Bandpass Control

In a preceding chapter the question of profile management and
bandwidth determination was discussed, but all the alternatives offered
there were design decisions before the filter was constructed. None,
except perhaps rotating all the crystal elements of a Solc type filter,
had any capability to adjust the bandwidth after the filter was con-
structed. There are, however, applications for which the ability to'
control the bandwidth of a filter is useful. As the bandwidth is
increased the transmission increases, so if there isn't a need for
particularly fine spectral resolution a wider bandwidth could be
desirable. A design for which the bandwidth may be adjusted in use
would, therefore, be advantageous.

For a Lyot filter, the bandwidth can be adjusted by a physical or
optical removal of the longest element. That would double the band-
width without changing the free épectral range. Physical removal,
while conceptually simple, has many practical difficulties and is
considered an unacceptable approach. Optical removal is possible and
the rest of this section will discuss several, both simple and sophis-
ticated, methods which are feasible.

If the filter is a mnarrow field filter, then each element is made
from a single crystal (with, perhaps, a tuning section on its end).
Optical removal of such an element is enabled by using two crystals,
each half as long as the original. Ordinarily the two halves would be
aligned with their fast axes parallel. Their retardatiomns will, of course,
add and the element will be active in the filter. To remove the element
one half is rotated by 90°. The retardatioms will subtract and the
element will effectively be removed. Tﬁis has, however, two disadvantages.
The first is that total removal is wasteful. It would be more useful if
only part of the retardation is removed, thus enabling the element to be
used as a contrast element for profile control in the wider bandwidth
mode. This problem could be remedied by splitting the element into non-—
equal pieces, which would make the element effectively short but non—zero
in the rotated configuration. The second problem is that, as -discussed

previously, rotating a large retardation crystal element is undesirable.
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Fortunately, as with a tuning section, achromatic quarterwave and half
waveplates may be used to accomplish the rotation. If a half waveplate,
oriented at 00, is placed between two crystals which are oriented at

+450 and —450, respectively, then the fetardations will add. Now,
replace the half waveplate by two quarter waveplates, each oriented at

00 and nothing changes since they add to equal a half yaveplate. If,
now, one of the quarter waveplates is rotated to 900, the quarter wave-
plates cancel, and effectively disappear from the optical path. The two
crystals, being orthogonal, also subtract retardation. By the rotaticn
of a single quarter waveplate, therefore, the retardation of an element
may be switched from long to short. Similarly, if the crystal is divided
into several pieces, say of lengths 1, 1, 2, 4, 8, ... , separated by
quarter waveplate pairs, then the element can be adjusted to synthesize any
even length by appropriate waveplate rotations.

In practice, however, the situation is almogst as simple, but the
theory must be extended to the wide field elements described in the
previous section. Remember that a widefield element is constructed by
splitting an ordinary element and placing a half waveplate between the two
orthogonally oriented halves. The obvious realization of a variable band-

width widefield element is, therefore, just two variable bandwidth ordinary

elements, orthogonalkly oriented, separated by a half waveplate. As long

as the two halves are each adjusted to the same retardation the combination
will behave as a widefield element of twice the retardation. Thus, to

make a widefield element which can be switched from a retardation of 16 to

a retardation of 4 the following configuration would suffice:
5(0%) :Q(45°) :Q(245°) :3(0%) :H(45°) :3(90%) :Q(545°) :Q(-45°) :5¢90%) (1)

where Q and H denote quarter and half waveplates, respectively, and the
orientations of each plate are in parentheses. Such an element could be
switched between a narrow bandwidth or a contrast element role in a Lyot
filter

The configuration shown above may be simplified. slightly by replacing
each quarter waveplate pair with a single rotatable half waveplate. This

doesn't work for a single narrow field element since the extra half wave
o
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of retardation will shift the transmission, but in the split widefield
element the two outer half waveplates will camcel. The resulting con-

figuration will then be:

Q

Q
5(00):H(ago):3(00):H(450):3(900):H(ﬁgo):5(900)_ (2)

An important feature of this configuration is that its field of view
properties correspond to its effective retardation, not its total crystal
length. When it is adjusted to have retardation 16, it has the field of
view of a widefield element of retardation 16. After rotation of the two
outer half waveplates, however, it has both the retardation and the wider
field of view of a widefield element of retardation 4. Though this
property is not obvious it will become more apparent in the subsequent
discussion.

Besides the wvariable bandwidth feature there is another reason to
consider configurations such as the example above. In order to meke the
shortest elements of a Lyot filter, very thin crystal plates must be
fabricated. Especially in widefield elements, where each plate is only
half its normal thickness, this becomes a very difficult procedure.
Additionally, the resulting plates are very fragile and impractical to
use in any system which is subject to mechanical shock. For this reason
it is desirable to use thicker crystals in the subtractive mode described
above. For example, a widefield element of retardation 2 could be con-

structed from longer crystals as:
5(0%) :4(90°) :H(45%):4(0%) :5(90%) . (3)

The remarkable property of configuration (3) is that it has the full field
of view of a widefield element of retardation 2. It is, therefore, a true
equivalent of such an element.

There is a moderately simple extension of the mathematical analysis
of widefield elements which allows for the analysis of more complicated
crystal/waveplate configurations. In particular it specifies easily veri-
fiable conditions for which a configuration is widefield. From the discus-

sion in the Field of View section, the off-axis behavior of a single crystal

is:

-88-



LMSC/D674593

. 2,
sin”d
2

2n
o

R(i,®) = Ro {1 -~ 1 - (@1 + p)sinze]} (4)

where R(i,0) is the effective retardation at the angle of incidence, i,
and azimuth, ©, and p is the ratio of the ordinary to the extraordinary
indices of refraction:

p=n/n_. (5)
For the widefield element:

R, (0% :1(45%) :R0(90°) - (6)

the retardation of the two crystals add and the field behavior becomes:

Ryp = R(1,8) + R(1,0 + 90°) (7
sinzi 2 2
=R {2 - = [2 - (I+p)sin”® - (I1+p)cos 0]}
2n
Q
» sinzi . .2 2
= 2R - ;;?“"[ZRb - R (1+p)sin”e - R (I+p)cos‘e] | (8)
o]

Since the coefficients of the sinze and c052® terms are equal, the azimuthal

dependence vanishes and (8) becomes:

2,
Ryp = 2R, = X, S5 (10 @

2n
o

The vanishing of the azimuthal dependence is equivalent to the widening of
the field since p is nearly unity. In the following, the coefficients of
(l+p)sin20 and (l+p)cosze will be denoted by S and C respectively. When S
equals C the element will be widefield.

Suppose that the first half of the widefield element is split into

two parts of lengths aRO and (1—a)R0, and that the second part is oriented
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at 90°. The retardations of these two pieces subtract and the field

behavior of the whole element becomes:

o
]

aR{i,8) - (1-a)R(i,® +90) + R(i,0 + 90) (10)

a[R(i,0) + R(i,0 + 90)]

w3

2aR - aR 2L (1.p) (11)
0 o 2
2nO

~This is still a widefield element, but with retardation, ZaRO. The field
behavior is determined by the coefficient of
. 2.
sin”i

——— (1-p)
2n2
o

and is easily seen to be that of an ordinary widefield element of retarda-
tion ZaRO.

It may be easily verified that for any division of the two crystals
the field behaviof is given by an expression similar to (11). All that is
required is that the sum oﬁ the crystal lengths on one side of the half
waveplate he equal to the sum on the other side, assuming that all the
crystals are oriented at +45° with respect to the waveplate. If this is
satisfied, then the element will be widefield.

It is relatively easy to generalize this result o configurations with
more than one half waveplate., Assuming that all the waveplates are at 450,
and that the crystals are at 0° or 90° the following rules characterize

the behavior of a configuration:

(1) crystal at 0°
If the crystal follows an even number of half waveplates it
contributes positively to the retardation.,
If the crystal follows an odd number of waveplates it contributes

negatively to the retardation .
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The azimuthal contribution is to the coefficient, 5, and is

equal in magnitude and sign to its retardation contribution.

(2) Crystal at 90°
If the crystal follows an even number of waveplates its
retardation contribution is negative.
If the crystal follows an odd number of waveplates its
retardation contribution is positive,
The azimuthal contribution is to the coefficient, C, and is

equal in magnitude and sign to its retardation contributiom.

If, after applying these rules to all the crystals in the element, the
coefficients, § and C, are equal the element is widefield. Moreover, the
field characteristics will be that of an equivalent widefield element of
the same effective retardation.

As an example of the application of these rules, consider the

cenfiguration:
Ll(o") H(45°) :LZ(OO) :H(45°) :L3(900) :1(45%) :L4(900) ) (12)

The contributions to the retardation and the azimuthal coefficients are,

respectively:

2 (13)

(o}
]

—L3 + L4.
The widefield condition is, therefore,
L. - L2 = L4 - L3 (14)

and the retardation is, in the widefield mode ,

ZCLl - LZ)‘ (15)
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The two outermost waveplates in (12) may be optically removed by rotating

o . . ,
them ta 0, as in (3), which results in:

LICOO):LZCOO):H(#SO):L3(9OO):L4(9OO), (16)

The respective contributions are:

R=L1+L2+L3+L4
§=1 +1L, _ ) (an
C=1y+1L, .

For this configuration, the widefield condition is:

L, + L2 = L3 + L4 . (18)

In order to use thils element as an adjustable element, both (14) and (18)

must be satisfied simultaneously. These imply

Ll = L4
(19)
L2 = L3
with the retardation switchable between
R = Z(Ll - Lz)
(20)
and R = 2(L1 + LZ)'

This is the same result as in (3), but now it should be more apparent why

éhe field behavior is the same as the equivalent widefield elements.
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(7) Engineering Considerationg

The previcus chapters have been largely theoretical and have examined
the optical principles of birefringent filter systems. This theoretical
development, however, has largely been guided by a desire to design opera-—
tional filter systems. It has been the goal of the entire filter study
program to congtruct filters which are suitable for operational ground or
space telescopes. Consequeuntly, the concepts of the previous chapters
are the theoretical foundations for systems which actually work.

There are some engineeving problems which are encountered in the
reduction to practice of birefringent filters. Some of these are typical
of optical systems, and others are peculiar to birefringent filters.
Generally the engineering difficulties may be partitiomed into three
categories: mechanical, thermal, and electronic. While none of these
present serious engineering obstacles to filter comstruction and operation,
they represent legitimate considerations.

The primary mechanical problem is mounting the crystals sufficiently
firmly for the optical requirements. subject to the constraint that they
are not fractured by shock or acoustic loading. A method of solving the
mechanical mounting problem is described in detail in Appendix 2, Devel-
opment of Filters for Spaceflight. The basic concept is the mounting of
the crystals in a primary holder with a thin non-hardening adhesive such
as silicon rubber. These primary holders are then mounted in a fixed
(non-rotating) structure which serves to provide both mechanical alignment
and good thermal contact to the crystals. As stated previously, both
spectral and image motion problems occur when crystals are rotated, so
for high quality imaging systems the crystals are fixed, and only thin,
quarter and half wave plates are rotated.

Before the development of inexpensive electronic computers, tuning
narrow band filters presented a severe mechanical problem. All tuning
elements of the filter were geared together and rotated by a single drive.
Since these were Lyot filters with 2:1 crystal lemgth ratios, each element
had to rotate twice as far as its predecessor. Additionally, the optical
lengths of the crystals had to be very precisely 2:1 or the system would

quickly lose spectral alignment during tuning. These restrictions are
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50 severe that mechanically geared, narrow bandwidth filters never
operated over more than +20 R without some differential corrections
to the element cascade.

With presently available minicomputers, however, these problems
are easily solved. It is straightforward to tabulate, or have an
accurate analytic expression for, all the transmission peaks in the
chamnel spectrum of each filter element. ZEach element may then be
tuned individually by rotation of its tuning waveplate, under computer
control. To tune an element through its free spectral range requires
a 180° rotation, implying a wavelength accuracy of FSR/180° per degree
of rotational accuracy. Since the free spectral range of each element
is just twice its full width at half maximum, a wavelength accuracy of
FWHM/100 implies a rotational accuracy requirement of only 0.9° for
" even the thickest element. This is well within the capabilities of
even modest shaft encoders.

The rotational accuracy requirements for birefringent filters should
be compared with the equivalent requirements for Fabry-Perot or Michelson
interference filters. There, the path lengths must be adjusted to accura—
cies of small fractions of wavelengths. The rotational requirements of
tunable birefringent filters represent very simple mechanical problems by
comparison.

‘Thermal control of birefringent filters has been a serious problem
in the past, but, like tuning, it is solvable with minicomputer control.
The temperature sensitivity of a 0.1 8 FWHM calcite element is about
0.3 K/OC which means that holding the element to an accuracy of FWHM/10
implies a temperature control to .03°¢. While this has been an extremely
difficult requirement previously, it may be solved by using the filter's
own tuning capability. Instead of trying to maintain a constant thermal
environment to .0300, it is easier to monitor the temperature and compen-
sate for variations by retuning each element. This requires precise
knowledge of the temperature sensitivity of the filter materials, good
temperature sensors, good thermal design of the filter housing and a
small minicomputer to do the necessary calculations. Fortunately, none
of these represent severe restrictions. The filter itself can be used

to determine the temperature sensitivity of the materials by placing the
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filter assembly in an oven and monitoring the spectral profile at various
temperatures. The required sensors and minicomputer are now readily
available. Two 0.1 & FWHM filters have been built using the temperature
compensation by tuning concept and they have proven to be accurate to

.0L & over a temperature range of 40°¢.

The filter electronics package serves as an interface between the
filter and the minicomputer. It must be able to operate the drive motors
for the tuning sections and also monitor the temperature sensors. The
electronics package is well within the state of the art and represents
no serious problems.

There are, of course, problems associated with the preparation and
assembly of the filter components. These filters are sophisticated
optical assemblies and must be given the same care as any precise opticai
device. Fortunately, as in other optical comstruction, there are highly
sensitive interferometric testing techniques which can insure proper
preparation and alignment. Moreover, each component or subassembly of
a birefringent filter is, itself, an interferometer. Thus each component
need only be viewed in monochromatic light to produce the diagnostic
fringe patterns.

The same analysis which was used to determine the field characteristics
of a well-aligned wide-field element can also be used to determine the
behavior of misaligned or mismatched elements. This has been done, and
a catalog of fringe patterns for various states of adjustment has been
prepared, and is included in Appendix 1. These representative patterns
make it easy to identify and correct problems during the optical polishing
and assembly stages. Each element must be prepared so that the retardation
is uniform to within a fraction of a wavelength. This is not an especially
difficult optical task since it is the retardation which must be uniform
to A/10, not necessarily the crystal surface. BRecause the birefringence
is much less than unity this -makes the tolerance requirement weaker than
the corresponding A/10 requirement for good optical.surfaces. In particular,
it is weaker by a factor of about 10 for calcite or 200 for quartz.

The distinction between optical surface quality and retardation
accuracy is very important in birefringent filter comstruction. TFor a

quartz element, an optical surface which is uniform to A/10 implies a
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retardation which is uniform to A/2000. In Fabry-Perot filters, for
comparison, there is no distinction. In order to achieve the required
A/200 retardation accuracy it is necessary to actually polish the
surfaces to that figure. Thus, a birefringent element can achieve more
precise retardation uniformity with less stringent optical polishing
requirements.

Since it was recognized that there was no need to rotate the
crystal elements themselves it has been possible to completely separate
the preparation and assembly difficulties from the operational considera-
tions. It has been found that a properly aligned filter, omce assembled,
remains stable, to the extent of being space qualifiable, This is in
contrast with many optical systems in which the critical operational
parameters are the same as the critical alignment adjustments. TFor
example, in a Fabry-Perot filter a critical factor is the plate spacing,
but this is just the dimension which must be changed to tune the filter.
In the birefringent filters the critical alignment parameters are the
crystal element orientations, but these are never changed during opera-
tion. This insures the stability of these systems.

Examples of narrow band tunable birefringent filters are shown in
Figures 1 through 5. In Figure 1 all the optical components of the
Lockheed Alternate Partial Polarizing Filter (LAPPU) are shown prior
to assembly. The widefield elements, clearly showing the length differ—
ences, are in the background. The rotatable half wave tuning plates,
the perfect internal and externaljpolarizers and the internal partial
polarizers are in the foregréund. An exploded view, indicating the
assembly of these components is shown in Figure 2, and the final filter
with tuning motors is pictured in Figure 3. The result of evolution of
the design of these filters is shown in Figure 4. This is a Spacelah 2
fiight prototype filter with more compact motors and a somewhat more
sophisticated mechanical drive system. Fundamentally, however, it is
very similar to the LAPPU filter. Each filter has a 0.1 2 bandwidth and
an aperture of 35 mm.

Figure 5 shows a view of a tunable 10 2 Lyot filter with rotating

crystal elements, The aperture is 75 mm. Elements for this filter were

-k
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Figure 1. Optical components of the 0.1 K LAPPU showing wide field elements,
half wave plates, polarizers and partial polarizers.
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Complete LAPPU filter.

Figure 3.
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Figure 4. Flight prototype 0.1 R filter for Spacelab 2.
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Figure 5. A 10 R tunable filter with 75 mm clear aperture.
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manufactured using techniques normally used to produce silicon wafers
for integrated circuits. Although the filter operates spectrally,
there are some undesirable variations introduced by the rotating
elements. The filter will be rebuilt to tune by rotation of wave-
plates instead. It does demonstrate, however, that direct 2:1 gearing
can be used for a filter of modest bandwidth. This filter is tuned by
a single motor, although two motors can be used to increase the tuning

speed between widely separated wavelengths.
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{(8) Conclusions, Projections and Recommendations

At the start of this program it seemed clear that it would be
possible to build filters, tunable through the visible spectrum, and
with significant throughput gains over conventional interference filter
techniques. That such filters could have bandwidths as small as .05 K
or as large as desired also seemed evident. The 0.1 8 and 10. & tunable
space flight filters which were built during this program have verified
these beliefs. The theoretical and experimental results of the progran,
moreover, have indicated that even more may be expected.

The detailed analysis of the field of view characteristies
reported in Appendix 1 has shown that an additional factor of from 3
to 10 in throughput is even possible. The field behavior predictions
of this analysis have also been shown to be an effective diagnogtic
tool for the proper alignment of the widefield elements of the filters.
Knowing the relationship between the field pattern and the alignment
status makes it possible to determine the exact state of an element.
This makes the actual construction of filters much more practical.

The bandpass control techniques which are discussed in Chapter 6
indicate that a single filter can be an extremely versatile-instrument.
Its operating characteristics may be selected, in use, to match the
immediate needs of an observing program. Because an elememt can be
configured so that it always has the field characteristics of its band-
width equivalent, angular throughput may be traded off against spectral
resolution while still exercising control over the out of band spectral
profile. Thus, instead of a filter having a single operating character-
istic which is matched to one scientific task it may have a selectable
set of characteristics making it suitable for mamy tasks with no perform~
ance degradations for any one. Such versatility can be especially
valuable for space platform applications.

Outside of the visible band, above 7500 2 or below 4500 & the poten—
tial of birefringent filters wasn't as clear at the beginning of this
program. The most immediate problem was the availability of suitable

polarizers. In the infrared, up to about & pm, sheet polarizer is
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available. Though similar in operation to visible wavelength polarizers
its efficiency is too low to make Lyot filier designs practical. Another
choice, however, now seems promising. Modern holographic and shadow
deposition techniques make wire grid polarizers a real possibility down
to below 1 um and perhaps as low as 7500 2. Several wire grid polarizers
for the 1 um region have been built and the process seems promising. An
advantage to wire grid polarizers is that they have the possibility of
100% polarization efficiency.

For the shorter wavelengths, below 4500 R, the prospect for a
birefringent filter was not promising. Only crystal polarizers appeared
practical because the transmission of sheet polarizers drops to below
50% wery quickly as the wavelength decreases. The roughly cubical shape
of the crystal polarizers makes them very unattractive for a Lyot cascade.
The added length to the optical path presents serious engineering problems
if many of the polarizers are used. For this reason partial polarizer and
lossless, Solc, configurations were considered.

Although a 2800 8 solc filter had been built by Fredga and Hogbom and
operated successfully, there seemed to be many objections to that design.
For example, Solc filters seemed difficult to tune with crystal wedges;
they were difficult to manufacture because of the large number of plates;
and they were difficult to align because of the sensitive, interacting plate
orientations.

It was finally realized, however, that the conventional waveplate
tuning techniques, discussed in Chapter 4, would apply to Solc and partial
polarizing designs. This makes the Solc design seem very attractive.
Similarly the silicon wafer manufacturing techniques were shown to apply
to moderate aperture quartz elements by actually constructing a 10 R
tunable filter from laminated quartz plates. Most recently, moreover, it
has been realized that the synthesis algorithms developed by Harris et al
provide a solution to both the multitude of plates and the alignment
problems.

The surprising result of Harris, namely that there are many plate
orientation combinations which generate the same filter profile, offered

the possibility of multiple thickness plates in some configurations. As
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was shown in Chapter 6, this actually occurs and results in nearly a
factor of two reduction in the number of plates. Also, as discussed

in Chapter 2, the Harris synthesis procedure provides an excellent
diagnostic tool for the alignment of a Solc filter. Now it appears that
Sole filters will offer a practical solution for the shorter wavelength
region, and for verification, an actual coastruction project is just
beginning.

Since Solc type filters have the capability of almost arbitrary
profile synthesis it is also possible to design hybrid, Solc-Polarizer-
Solc, filters to achieve moderate to large finesses. The design pre-
sented in Chapter 6, while not optimal, is certainly very promising.

As these designs use only one or two internal polarizers, rather than
six or seven, they are still practical and make tunable ultraviolet
filters a real possibility.

The filter development program has made significant advances in

both the theory and practice of tunable birefringent filter design:

(1) TFor the visible, 4500 R to 7500 R, region extremely narrow
band filters with transmissions exceeding 50% in polarized
light have been shown to be practical and versatile. Two

such filters have been qualified for space flight.

(2} In the near infrared, wire grid polarizers have been built
and appear quite practical. As they offer the possibility
of 100% polarization efficiency it should be possible to
build practical filters in the IR. Work is progressing
slowly in this area but should be increased. The Solc~type

filters are also being considered for the near infrared.

(3) TFor the ultraviolet region between 1500 £ and 4500 & there
are two possibilities. Partial polarizing filters should
work well down to 3500 & with virtually the same techniques
as were used for the longer visible wavelengths. ¥New designs
are being investigated but the principles of construction
have been established. Below 3500 R, however, the recently

discovered Solc-hybrid configurations seem most promising.
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Currently a crystal set is being fabricated so that experimental

filter construction can begin this year.

In all, the prospects for conéinued development of practical, high-perform-
ance filters for space platform observations from 1500 R to 10 um seem
very promising. It is even likely that the infrared developments may be
extended to the millimeter region for which birefringent Solc filters
have already been constructed.

In order to enable the continued improvement of widefield tunable

birefringent filters the following development programs are recommended:

(1) Holographic and electron beam fabrication of polarizers for

the infrared and ultraviolet.
(2) Artificial growth of large diameter calcite crystals.

(3) New birefringent material investigation for the various

spectral regions.
(4) Electro-optical waveplate construction.

{(5) Theoretical extensions to the general synthesis procedures

to include hybrid and partial polarizing configurations.
and finally,

(6) The support and encouragement of non-solar applications of

birefringent filters to utilize their full scientific capabilities.
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ABSTRACT

The field of view characteristics of wide field birefringent (WFB) elements
are compared to those of the Fabry~Perct (FP), Michelson (II), and wide field
Michelson (WFM) interferometers. Throughput gains of 50 to 300 or more with
respect to the FP or MI are demonstrated. Further, it is shown that by proper
choice of material, WFB elements can have angular characteristics identical to
WIM interferometers. The properties of misaligned and mismatched half lengéh
WFP elements are calculated. Tt is shown that properly "Misadjusted" WFB elements
can exhibit throughput gains with.respect to properly adjusted systems. Finally,

a catalog of fringe patterns for WFB elements of different materials and differing

angular misadjustment is presented.
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I. INTRODUCTION

Wide field birefringent elements offer significant advantages in field of
view compared to Fabry-Perot and conventional Michelson interferometers. This
advantage has been realized by solar astronomers since the invention of the
wide field element by Lyot! in 1933. However, the relationship between wide field
birefringent elements and Fabry-Perot and Michelson interferometers has not been
generally appreciated. Further, although the basic approach of Lyot? and Evans?
in describing the field characteristics of the wide field element was correct,
the approximate expressions that they reported are only valid for a limited range
of cases. In particular, they are not valid for crystals significantly less
birefringent than calcite.

In the past, birefringent filters have seen use largely as solar instruments.
These devices have typically operated in a single line such as hydrogen alpha and
had bandpasses in the fange of 1 to 0.1253. For such systems the descriptions of
Lyot and Evans are adequate; however, even in these cases the properties of
elements with misaligned or imperfectly matched element half lengths cannot be
properly handled with extensions of the second order expansions.

At present it appears that the significant gains in throughput;(fifty to
several thousand) of birefringent elements, the easily implementable
techniques for tuning over 1.25 decades in"frequency and their superior out of
band rejection make tunable birefringent elements very attractive systems in
applications which require imaging of extended sources or light gathering from
diffuse sources. In the more conventional spectrum scanning applications bire-
fringent systems do not require the intensive data processing of Michelson ;ystems
nor do they require that the spectral region under investigation be sampled

uniformly. In addition birefringent elements are not sensitive to their orientation
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with respect to gravity nor are precision motion controls required for scanning.
Temperature sensitiviey, which used to be a problem with high resolution systems
(R>10%), can now easily be controlled by temperature sensing and thermal
compensation via the tuning elements'.

Because of the apparent advantages of birefringent systems it is worthwhile
to establish their relation to the more conventional Fabry-Perot and Michelson
interferometers. This is done in Section II. In Sections III, IV and V the
formalism for the angular sensitivity of a simple birefringent plate, a well-
aligned wide field element, and misaligned and mismatched wide field elements are
developed. Using the formalism developed in the earlier sections the throughput
advantages of the wide field birefringent element are calculated in Section VI.

The purpose of Section VII is to explain the fringe patterns produced by
wide field elements of differing matefial properties and differing aligoment
states. Experimentally, it has been found that the principle areas of transmission

loss in birefringent elements are due to wide field misadjustment problems.

Section VII demonstrates that virtually all sources of misadjustment can be identi-

fied, understood, and corrected by reference to tne fringe patterns.



I1. RELATTONSHIPS BETWEEN WIDE FIELD BIREFRINGENT ELEMENT, FABRY-
PEROT, MICHELSON, AND WIDE FIELD MICHELSON INTERFERQMETERS

It is important to establish the connection between the wide field bire-
fringent (WFB) element and the wmore traditiomal Fabry-Perot (F-P), Michelson (MI),
and wide field Michelson (WFM) interferometerg. This can be efficiently done in
terms of the time delays introduced by the various systems. Shown in Figure 1 is
an optical schematic of a simple birefringent element and a standard Michelson
interferometer.

The simple birefringent element consists of an entrance polarizer, a bire-
fringent plate with its optic axis in the plane of the crystal face and an exit
polarizer. The purﬁose of the entrance polarizer is to prepare a single state of
polarization, since light originating from different polarization states do not
interfere. Waves propagating through the plate parallel tq the optic axis
propagate at velocity c/n0 and those perpendicular at velocity c/ne, where
n and n, are the ordinary and extra-ordinary indices of refraction. Since the
entrance polarizer is at 45% to the optic axis, equal amounts of light are in the
two components. After propagating along a length d of birefringent plate, the two

polarized beams are separated in time by

Ao =

(e Q=%

(ne~no), (1)

where A, is the time delay for waves at normal incidence to the crystal. The exit
polarizer being parallel to the entrance polarizer passes equal components of the
two beams. Because the two beams arose from the same state and after passing
through the exit polarizer they are indistinguishable, they will interfere. The

intensity relation for two beam interference with time delay &, is just
I = cos2c&§.€)= 2
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Figure 1. Optical schematic of a simple birefringent element and a normal
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where A is the wavelength and ¢ is the speed of light.

Now consider the Michelsgon; the incoming beam strikes a 50/50 beam splitter
and half the beam is reflected upward while the other half is transmitted. The
reflected beam strikes a mirror, M, and returns to the beam splitter. The trans-
mitted beam strikes M' and is similarly returned to the beam splitter where half
the light is reflected in the same direction as the transmitted beam from M. If
M and M' are not equal distances from the beam splitter, there will be a time

delay

2
Ay = = (dM - dyr) (3)

between the two beams. Since the beams arose from the same initial states and
after merging they are indistinguishable, they too will interfere. Again, the

intensity relation is just that given by relation (2).
T(A) = cos? (EA_ES)

Note that the beam splitter functions twice in the Michelson, first to divide the
incident beam into two beams, and second to recombine the two beams from Ehe

;
mirrors. That is, the beam splitter serves functions identical to both the
entrance and exit peolarizers of the birefringent element. The difference in spacing
of the two Michelson mirrors has the same functiom as the difference in the optical
path lengths along the two polarization directioms in the birefringent plate.

There are, however, some angle sensitivity differences between the bire-

fringent element and the Michelson. These arise from the off axis wave propagation

characteristics of birefringent materials. For a Michelson the angular dependence

of the time delay is given bys



1/
A=%[l-@&£ﬂ : )

n2

where n is the index of refraction of the Michelson optical path, and

sin 1 cos 8

[
1l

(5)

o
I

sin 1 sin 6,

where i is the angle the incident ray makes with the normal to M' and 8 is the
angle the projection of the ray makes with the plane of the interferometer. The
theta dependence has been written implicitly to illustrate the formal similarity
with the birefringent plate. From Equations (4) and (5), however, the theta
dependence drops out for the MI. Most MI operate in air, but the index of the
optical path has been included because the Miphelson angular dependence is the
same as that of a Fabry-Perot or interference filter which is often filled with

a dielectric material. Equation (4) can be rewritten as

i

s
A=%[1—E%%}¥24 6)

The equation is usually seen expanded to second order in sine i, or

N 1 sin?i
A_AO[I_ET] . (7)
Since
3A SA
L. 82, ®)
A, Ao

Where 84 and 6} are the variations with angle of the time delay and wavelength,

respectively, the relation between relative wavelength shift and incident angle

__ 1 i
x;'— -5 5 (9)
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or

§A L 1,0
K; - 2(n)

Equation (9) is the relation normally used for evaluating F-P, MI, or interference
filter systems. Neglect of the proper expression (Equation (6)) seldom causes

problems.

For a birefringent element the angle dependence of the time delay® is

2 2 1/2 24p2 /2
5 =§-{ne[1—(§—oz+ -E—z)] [1 Eot) ! (10)

e

where the theta axis coincides with the optic axis of the birefringent plate.
Equation (10) represents the time difference between an ellipsoidal (extraordinary?
and spherical (ordinary) wave. Expanding Equagion @0) to second order, a

relation similar to Equation (7) can be obtained

- oL
A = ao{l - ST [cosze - & sinze] } (11)
o 2

g

where A, is given by Equation (1). There are several important differences

between relations (7) and (11). First, when

cos? ( sin?@ ‘ (12)

or

1/2

n
tang = + (&
- 'n

then

§& _ Sh _ ..
A - lo Os (13)
that is, the field of view is infinite at particular angles of theta. More
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importantly, the sign of the angle sensitivity changes between the sectors defined
by Equation (li). Along the optic axis and the orthogonal axis the angular

sensitivities are, respectively:

- 2.
Clg=0 o
and
s D
%& -+ gln i (15)
olg = 9g° Bole

Along the optic axis the angular sensitivity ig the same as aJMI as is to
be expected. Orthogonal to the axis, however{ the difference in curvature
between the ordinary and extraordinary waves reverses the angular sensicivity.

The reversal of the sign of the angular sensitivity in orthogonal directions
is the physical phenomena that allows construction of a system of much lower angular
sensitivity. The WFB element (see Figure 2) is constructed by splitting a normal
element in half and rotating the second half so that the optic axes of the two
halves are orthogonal. 1In addition, a half wave plate is inserted between the
halves with its axis along'the bisector of the angle between the optical axes of
the crystals. Since the effect of a half wave plate is to rotate a plane of
polarization by twice the angle between the polarization directicon and the axis
of the wave plate, the effect of the wave plate is to rotate, for states of
polarization, the optic axes of the two halves back to parallel. Hence, the on
axis time delay of the WFB and a simple element are the same, but for off axis rays

the time delay is

_d a2 p2 _}1/2 [ a24p2 1/2}
A-Eg{ne 1—(—1—1';-z'+-11—e2‘) —nol-l-(l—l-;-z-——)

4 a'2  pr2ft/2 a'2 ¢ pr2 j1/z (16)
{ne L= G e 20 ng |1 - (—T)
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where

[
I

sin 1 cos (8 + 90) (17)

and '

sin i sin (6 + 20).

To the second order

1 Ng - .2
& =48, (1 - bng? ( ene 7Q) sin?i) (18)
or
[Py 1 N - 1 .9
22 . (—= s) sini . (19
Ao 4ng~ ng )

Since the difference between the ordinary and extraordimary indices is less than
one, the wide field construction has the desired result of decreasing the angular
sensitivity,

" Note that Equation (19) implies that by decreasing the index difference,
the angular sensitivity can be indefinitéiy decreased. This is not the case

because of the higher order terms in the expansion. It is, however, worthwhile to

consider the WFM, an analogous system whose field effects are determined by- fourth

order terms. The wide field Michelson, shown in Figure 2, achieves its larger
field of view by a block of material placed in front of M', of lensgth, dM" such
that the image of M', through the b lock, is optically coincident with M. The

time delay7 is

- gi a - sinz:i.)l/2
A=indy 02

. 2 1/2]
_— sin"1
- 1N d-M[ Cl - n'2 ) -‘- (20)
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To the

is zero

fourth order

2 sin?i d dvry  sinti,dy  dye '
ve 2 [@ay - wa - S gey sy an] g
Equation (21) was carried to fourth order because the second order term

under the wide field condition which occurs when

. I
dyr = 4y, (22)
so that
TR
sin i
& = ﬂo (1 + SnZHIZ)s (23)
where
=2 .
AO = E(ndM - n dM‘), (24)
and thus
SA _ sin®i . (25)
Ao 8nZn'?
If the lengths of the WFM are not exactly adjusted, so that
n’ A
db1l=n_dM+€n—0" (26)
then
' s _ slnéi sin®i
o 2nan' © ¥ SnZn'Z 27

Cleariy for the case of the WFM the field of view does not become infinite

as £ goes to zero, but is limited by the fourth order term. A similar effect

should

be expected for the WFB, It will be demonstrated below that for a well

aligned WFB the angle sensitivity is virtually identical to an appropriately

misadjusted WEM.
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IIT. FIELD EFFECTS OF A SIMPLE BIREFRINGENT PLATE

In order to analyze the field effects of not only perfect WFB elements,
but also elements which are misaligned or mismatched in length, it is necessary
to examine the higher order properties of a simple birefringent plate. The

expression for the time delay, equation (10), will be rewritten as:

= 101 2 w201 - (1-e2y.5 12 _p [y _ 2]1/2
A Ao;{q [1 x2(1 - (1-p )z)] : [1 x2 } (28)
in which )
b = (- ny), ()
sl
p = E% , (b)
q=1-p, (c) (29)
. sin i
X = —no - s (d)
z = sin2@#- (e)

Symbolically this is written:
A= 8E( b, q, 2) (30)

and has the power series expansion

A=A, 1+ cgx2 0(1) +Cp 02+, . .40 x20(n)+. .. (31)

The coefficients, C,, are the coefficients of ST in the expansion of

(1—5)1/2. _Specifically

- 2 (2n-23!
Cn = - 42 n!(n-1)! (32
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The factors, 0(n), are nth degree polynomials in z. From the expansion of the

form (1—8)1/2 it may be seen that

0(n) = ;-[}1—(1-p2)2)n - p] . (33)
4 J

The first few terms of expansions (32) and (33), are given by:

c; = -1/2 0(1) = 1-(l+p)z (a)
¢, = ~1/8 0(2) = 1-2(l+p)a+q(l+p)z” (b) (34)
cy = ~1/16 0(3) = 1-3(l+p)z+3q(l+p) 2,2 q2(1+p) 3,3 . (o)

Before geoing further it is,worth noting one point, namely that 0(2) is

nonzeéro when 0(1l) is zero. Clearly 0(1) is zero when

S S

“ = 1+p (35)

or when
1/2

tan 8 = + (Ee.) . (36)

- 0, -
At this point

0(2) = -p - (37)
Therefore, to fourth order, for tan?e = (%9—),

o]
A _ sini b (38)
Ao 8n0':' :

The fourth order term indicates a deviation from the straight line asymptotes at

tan 0 = + ne/no. There are still arbitrarily large angles of incidence for which

the time delay sensitivity is zero, but they occur at different thetas.
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v, FIELD EFFECTS OF A WELL ALIGNED WIDE FIELD ELEMENT
The analysis of the single plate may now be used to calculate the
properties of a perfect WFB element. Using the formalism of (30), the time delay

of a WFB element is

'A
4 = E&[f(xs P, @, z) + £(x, Py 9, Z')] ’ (39)
where, as before,

z = sin20 (40)
and
- 1 “
z = sin2(6+90°) = cos?0 . (41)

As before, expression (39) may be expanded in a power series in the

variable x;
A=A 14G x2 4 %0 (20) -
o 110 x OWF(1)+C2x OWF(2)+“’+Cn WF .o (42)
The coefiicients, Ch» are the same as '(32), the coefficients of S in the
expansion of (1-8)1/2. The factors, Owén), however, are more involved for the
wide field element. They are:
=1 [ 2y, 300 2y, 1y
R [(1—(1—1: )T+ (1--pDa) (43)
In this expansion of A, the angle of incidence dependency is represented by the
power series in x. The theta dependency, the wvariation of field width as a
—function of azimuthal position, is included in the polynomial factors, Oy (n).
As will be shown, each of these factors has a dominant term which is independent
of theta, and smaller terms which are functions of sin 20. Specificaily this
theta independent term will be the sensitivity along the e=0° ray, and is
particularly easy to evaluate.
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For this special case we have

z = sin2C-} < 0
1 . 2 (44)
2 = cos O=1,

and (43) reduc;as to

pfn—-2p+l
2q

0@ lgo o= (45)

To sixth order in the sine of the angle of incidence, the sensitivity is given as:

>—101
-t

2 4, 6 6
= _ L sin"i 1 2 sini 1 p - 2p+l, sin i
- 4 q nz - 16 (q P (1+P)) 0 4 - 32 ( q ) a 6 . (46)

¢] [s]

[=]

Since q is small and p is a number near unity for most crystals, the factors,

0. .(n) | = {q/Z n=1
WE 0= 0 1l - n. n> 1 47

Along the €= 0° ray, therefore, the angle sensitivity is approximately given by

8 _ _ g sinzi + 1 sinéi 1 sin6i ) (48)
A 4 2 8 4 8 6
o 1 n n

o o o

Equation (48) resembles, at least to fourth order, a slightly misadjusted WFM
(equation 27). An interesting consequence of equation (47) is that the coefficients

n
of ¥ decay slowly. In particular,

- T
Cn OWZE‘ @ | = Z_(_gp_z.L(n—l) >l (49)
= ( 40 nt (n-1)!
2 Zn=-2
4" n
The first few such factors are
- i _
cnom,(n) | = § - 125 n =2
8= 0
s 1 - -
= 5 125 n 3 (50)
= 15 _ _
= 17§ A7 n= 4
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The consequence of this is that for moderate field widths low order expansions
will not be accurate.
In order to consider the general form, (43), including the theta dependency

it is convenient to expand OWF(n) using the binomial theorem. This results in

2]

n
OWF(H) =1+ Fq Z (-'l)i (l"Pz)l(;) (sinzi 0 + COSZi@) n>1. (51)
i=1

The factors

Si = sin21@-+ CDSZlG

(52)

may be expressed as
i/2 )
- 2
s, =1 - A, (K sin kZG (33)
= 1 = —_

in which the coefficients, Ai k), may be determined from the relations:

Ai (1Y = i/4 . i>2
(54)
. _ 1 .
Ai+l(k) = Ai(k_) -3 Ai_l(k-l) . k>1, i>2
The first few expressions for the sums, Si’ are
Sl = sin26-+ cosze'= 1
82 = sin46-+ c054@ =1 - %-sinZZG ) (55)
53 = sin6®-+ c0560 =1 - %-sin22@
84 = sinSG + cosse =1~ sin22€ + %-sin42@
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Substituting expressions such as (55) into (51) enables the evaluation of the

factors, OWF(n), including the theta dependency. Again the first few such factors

axe:
OWF(1) - q/2
Y oprl (4p)2q sinZ20
OWF(Z) = P—Z——B__ - __P_[;_g.
q

¢ .
OWFCB) - P - 2p+l - %~(l+p)2q (1+p2) sin220

2q (56)

OWF(é)

I

8 1 2 2, 4, 2. "1
p - 2ptl - f'(1+P) q (IH+p™+p ) sin 26-+ig-(l+p)4q3 sin42@.
2q

For p very near unity, equations (56) become, respectively:

Op(1) . q/2
OWF(2> = -1 —q sin22®

(57)
0,..(3)

WF( = =2 -3q sinZZG

0,.(4) = =3 -6q sin®26 + q3 sin426 .

WF(
Each of the factors, OWF(n)’ may be seen to consist of a constant, theta independent,
texm and theta dependent terms which are even powers of sin20. This is the decom—
position into the indepeﬁdent and dependent terms, for which the independent terms
represent the behavior at 6= 0°. Additionally, they represent the behavior at all
multiples of 90° around the element.

Although these theta independent components decrease slowly, as indicated by

equations (50), the theta dependent terms decrease rapidly by comparison. This is

because the first appearance of a sin2n29 term is in the OWF(Zn) factor., It is
- A-21 .
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therefore already multiplied hy Eﬁn’ or sinéni/no4n. In addition, the coefficient

of sin’"20 in the expression for OWF(Zn) is:

(rl)n (1+p)2n . 2n-1 (58)
40

For p close to unity this is approximately

n
(-1) aén-1 63
which decreases very quickly as n increases.

The time delay expression, equation (42), could then be written as

- f A + A4, 6
A=A, {1 RS L_,= 0 - G )} . (60)
This implies that th itivity is d 4 as 2o 8 + 82 (61)
is implies tha e sensitivity is decomposed as X =1 lo=g AOFQ). (

The first term on the right hand side of (61) has been given, to sixth order, by
(46) or approximately by (48). The second term, the theta dependent term, is given

approximately by:

$a (g = g-sinéi sinZZG‘+ §£[-s;inGi sin220 . (62)
A 8§ —— g ==
o) 4 6
n n
o (o)

To fourth order the total sensitivity is then:

4
6 _ _gsin’i 1l gin'i . 2
_)\ oo + g 4 (1+q sin“26) . (63)
) n n

At this point some insight into the angle sensitivity characteristics of the
WFB element can be obtained. Clearly the second order expansion, equation (19),

is no longer valid when the second and fourth order terms are equal in magnitude,
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This occurs when

n’s, = 2 |afn,’
Slnle-- qno (64}

1/2

. o1 .
i, = sin (2 Iq[ni) (65)

For this angle the wavelength shift, to second order, would be

. A 2
|5A|lef S (66)

Since filters or spectrometers are normally used with the maximum wavelength shift
equal to the full width at half maximum (FWHM), the second order expangion should
be valid for filters with FHWM less than the limit given by equation (66).

For quartz and calcite, the most commonly used birefripgent'matérials, ie and GA
at 50008 are (9.7°, .087998) and (45°, 34.78) respectively. The second order
approximation is, therefore, almost always valid for wide field calcite elements,
but is often not valid for quartz elements. In fact, when a quartz element is used
beyond 9.7° even the sign of the wavelength shift predicted by the second order

approximation is incorrect.

It should be noted that all the terms in the expansion for A (equation 42
et. al.), with the possible exception of the second order term, are positive,
Since the coefficlents do not decrease rapidly, the overall convergence of the
series is, therefore, slow. Detailed calculations of wide field systems must
consider terms of higher order than the fourth, especially when the second order

term is negative.
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V. MISALIGNMENT AND MISMATCH EFFECTS

The variation of the angular sensitivity with azimuth, theta, is negligible
for well aligned WFB elements. If the crystals are not perfectly orthogonal,
however, then the situation changes markedly and the field of view develops a
strong azimuthal dependence. It is worthwhile to investigate these effects of
non-orthogonal crystals not only to determine the error sensitivities, but also
because angular misalignment offers a mechanism for cancellation of the second
and fourth order terms, thereby extending the field of view for some angles.

When the two crystals in the WFB element are non-orthegonal the time delay

is again given by equations (39) through (43) but with

z! = sin2 {H90+a) = c052 ( Gta) (67
in which o is the misalignment angle. The time delay is again expanded as a power

(n),

series in xz, the angle of incidence dependency, but the polynomial factors, OWF

need to be modified. In place of equation (51) the expression for OWF(n) now

becomes:
) i
Ogr@ =1 4 2%— E , -nt (1—132)i (?_) (sin® 0 + cos>t (6 + o))n>l.  (68)
i=1

By analogy with equation (52) we will define

Si (o) = sin219-+ c:c:s;2:L {0+ a), {69)
Letting
. 2 1 .
R =sin o cos 20+ 7 sin 2¢ sin2@, (70)
we have
2 2
cos” {0+ @) = cos”O-R {71)a.
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and Ci

c0321 (6+0) = c05219-+ gi; 1 (-H)k (:) pk COS2%r2k 1)

The factors, Si (¢}, may then be expressed as the well aligned component, Si’
plus a correction sum:

i
K k292
5, (@) =5, + >—;'= . DF (D R eos®H (72)

This means that the polynomial factors, OWF(n)’ may also be decomposed into a
well aligned component plus an alignment error coinpcnent. The alignment error

component has the form:
(nie) _ 1 2 i 2,1 n, = ki ‘
% Tz X DT a»Ht @y af @ ok ik

4 fty k=1 (73)

For small misalignments, the factor R may be approximated by

R = a sin 20, (74)
and terms in R2 or higher powers of R may be neglected. Equation (73) is then

replaced by:

» N
(n;a) ¢ sin“@ i 241 m,
OWF 2 o~ -—-Tq-——— Z (—l) (l—P ) (L‘L) L, (75
i=1
which equals
no sin 20 (E%E) pzn_2 )

Again letting p be very near unity,

Oup(mie) = na sin 20 , (77)
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Adding this term into equations (57) yields, respectively:

= g- i
OWF(l) > + o sin 26

(2) 1-~¢g sin229-+ 2¢ sin 20

Our
(78)

13

0...(3) -2 - 3g sinzze + 30 sin 20

WF

OWF(é) = - 3 - 6q sin22® + q3 sin4 20 + 4g sin 26 .

Including the misalignment terms, the angle sensitivity relation is to fourth
.
order:
2 . b,
A _ 1 sin'i 1 sin®s

o = F g (@t 2asin 20 +5 ST (120 sin 204 q sin?20). (79)

o el n
0 (o]

Developed this way it is easy to see the relative magnitudes of the theta independent
component, the well aligned theta dependent component, and the misalignment theta
dependent component. As may be seen, an angular misalignment can be chosen to cancel
the other components for certain directions. This will be discussed Ffurther subse-
quently, but first we will show a similar effect for a length mismatch between the
two halves of the WFB element.

Suppose that the lengths of the erystal parts are

- + Td (80)

The time delay is then
A 3
A = '2_9" £ (x, p, 4, z)+ £ (x, p, q, z")

81
+TAO f (X, P: q, Z)- £ (X, Ps G Z,) ( )

The first term is the familiar wide field time delay, while the second term is
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similar except for the minus sign. Again, this second term may be expanded as

a power series in xz,but with the polynomial factors:

1 2 n 2 n
oD =¢ [@ - ash 9 - a-ah 0], (82)
If we consider only a length mismatch this becomes
n T
0, (n3T) = = EL 1" a9t @ (sinle - costie) (83)
W¥ 2q = ] 1
The factors -
Di = sinziG - COSZie (84)
may be expressed as i-1
2 2k
D, = - cos 29[1 + B, () sin 29} (85)
k=1 ‘

in which the coefficients, Bi (k}, may be determined from the relations:

2 - i R

B. (k)

I

1 .
7 BypU-l) -4 () - i>3, k>1

The terms, Ai—l(k)’ are as defined by-equations (54).
Since we are assuming that the length mismatch, T, is small and that p is
near unity, we may neglect all but the first term of (83):
OWFCn;T) = 1ncos 20 . , (87)

The contribution of the length mismatch to the time delay expansion is, therefore,

4 (T) = n'loT coszefdl :{2 + 2c2 x.é -!—-...-l-ncn X?.n +...}

(88)

Combining this with the fourth order expansion, equation (63), the total sensitivity,

including mismatch, is:

) 4 5 20
[ - %-§i%_i (q + 2T cos 26) + %.ééz_&. (L+ g sin"28 - 2T cos” ). (89)
A n n
o o o
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Equation (89) shows that the effect of a length.mismatch is very similar to a

rotation misalignment except that the field of view expands in differemt angular

ranges.
We will not consider the combined effect of rotation misalignment and length

mismatch since the additional terms would be on the order of (aT), which can be safely -

neglected.
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VI. THROUGHPUT ADVANTAGES OF WIDE FIELD SYSTEMS

With the relations between relative wavelength shift and the angle of
incidence and azimuth derived in the sections above it is possible to demonstrate

the relation of the WFB element to the F-P, MI, and WFM. For negative crystals

there are two regimes as indicated by equations (64) through (66), depending upon
whether the second or fourth order terms dominate the angle sensitivity.

When the second order term dominates

L2 q2/2 , (90)
A

and the maximum incident angle for an allowed relative wavelength tolerance is

obtained from

o 1/2

sin 4§ = (s} S

lq] —
Relation (9) is a similar result for the F-P and MI. So that the ratio of acceptance
angles of a WFB to a F-P or MI is:

oy ¥2
I = FOP) q"‘l/z .

F |ql (92)

Since q is always less than one, the WFB has a larger field than the F-P and MI.

The gain in throughput for equal area devices, neglecting vignetting is

- 2n
G, = 122 =2 (.5.9)2 (83)
- ¢ App -
For a calcite filter (q = .12) the gain in throughput is approximately 46 for

n = 1.67 and Oep = 1.

Regardless of the sign of q, when the fourth order term dominates the waveléngth

‘sensitivity the maximum incident angle for the WFB is obtained from

1/4 - 1/4
sin 1 = 2 n (%5—; /=no (sﬁ—i) (94)

o
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and the ratio of acceptance angles with respect to a F~P or M is

1/4
o A
L=2) @23 (95)
4 HFP A . 3 .

and the gain in throughput is
n 2 -1/2
FP (96)

Since é%— can be very small the WFB has the potential of significant throughput
gain with respect to the F-~P and MI. Comparison of relations (94) and (25) shows
that the angular field and hence throughput of the WFB and WFM are equivalent when

the fourth order term dominstes.
For positive crystals another possibility exists because the wavelength
sensitiyity is zero at the point the second and fourth order terms balance in

magnitude, thus the wavelength sensitivity has an extremal which is determined by

2 o
y(sini) G270 o

and occurs when

sin & = noﬁl q . (98)

From relations (98) and (63) the extremal value is
%‘ = = q%/8 . (99)

From the equality condition (equation 64) the relation between angular field and
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wavelength tolerance in the optimized condition is
I §3.1/4
sin 1 = 2n_ (2 iéﬁ / (1.00)

So that the gains in field and throughput compared to a F-P or MI are

n 1 2 1/4
I=2G2) G 5o (101)
o Opp 2 8A
and
n 2 1 a 1/2 {102)
6 =4 (2)Y & %),
o nFP 2 G8Xx

respectively. The optimized condition. thus yields a factor of 2 gain in through-
put over the fourth order éondition. It ;hould also be clear that a WFM can be
adjusted to increase its throughput by an appropriate adjustment.

The angular characteristics of the WFB can be illustrated by a pair of log-log
plots as shown in Figure 3. The upper plot, (3a), shows sine i versus relative
wavelength, GA/AO, for quartz and'calcite. The true values (solid lines) are
compared with the 2nd and 4th order approximations (dashed lines). 1In addition,

a curve for a crystal of optimal q (equation 100) is also presented for comparison.

On the right hand scale of Figure 3a are values of the angle of incidence and on

the top scale are the values of filter bandpass at 10 = 50008 for telecentric systems
whose maximum shift equals the wavelength tolerance. Immediately below, in Figure 3b,
are the corresponding plots of the ratio of incidence angle (left scale) and the

throughput ratio (right scale) versus the relative wavelength tolerance.
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Figure 3 clearly indicates the regions for which the 2nd and 4th order ap-
proximations are valid for quartz and calcite. It also presents the size of the
gains in acceptance angle and throughput which are possible with a WFB with respect
to a F-P or MI. A calcite WFB can be built for the range cf relative wavelength
. tolerance from 10“5 to 10_3 where a throughput gain of nearly 50 can be realized.

For quartz, the wavelength tolerance range from 2 x 10—4 to 6 x 10“3 is practical,
for which throughput gains from 40 to 300 are possible,

The arguments above for optimimization of q are not strictly academic. Although
the selection of natural crystals is strictly limited it should be possible to create
sheet plastic materials with desired q. Uniaxial sheet plastic wide field elemeﬁts
can be built by lamination.

Even if it is not possible to select q it is clear from equations (79} amnd (89)
that the factor multiplying the second order term can be made zero by appropriate
rotation or mismatching of crystal lemgths, respéctively.

Adjustment of the angle or lengths has the greatest effect when the second order
term dominates the wavelength sensitivity. To estimate the field gain consider
equation (79). and suppose o is adjusted such. that at 45° and 225° the second order
term vanishes. Then the wavelength sensitivity function will have an oval shape

with major and minor axes given by

1/4
n 3 - 1 8
sin 1 major - Za, G Ao) (103)
and
» - [""‘ §&_1/2 (104)
sin 1 minor 2 no (A ) .
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The misadjustment results in an increase in throughout

1/2 1/4
W= J%J‘ (%%h) (105)

compared to the properly aligned element. For a caleite element of 0.12 bandpass
(lSOOOg) this gain is about 3, which means that the field in one direction in-

creases by a factor of 6. TUsing the higher order terms yields somewhat higher

estimates,.
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VII. FRINGE PATTERNS OF WIDE FIELD SYSTEMS

An important use of the wavelength sensitivity calculations performed

above is for the explanation of the fringe patterns produced by wide field ele-
ments of different materials in various states of alignment or length
mismatch. The patterns are easily produced by observing an element over a diffuse
monochromatic scurce. Since a hright fringe occurs whenever the optical path
difference is an even multiple of halfwaves, the fringe pattern is a contour map
of the wavelength yariation. That is, the radius vector to a given bright fringe
is determined by the angle of incidence and azimuth required for a particular wave-
length shift. It also should be noted that unless the illuminating source has t&o
wayelengths the contours are unsigned; the fringes can be caused by either a posi-
tive or negative wavelength shift. Of course, with two wavelengths reversal of the
wayelength shift will causa a reversal of the fringe colors

Once the fringe patterns are understood 'the ohserver has a wonderfully sensi-
tiye tool to use for aligning and matching cryséals. Further, the patterns are very
.beautiful and are in ou; opinion werth understanding on purely esthetic grounds.

The bright fringes occur from the fourth. order expansion whenever
_.§igii sinéi

5 (9 + 20 sin 20 + 2T cos 20) + | s (106)
4n0 8n_

m = R

where m is a signed integer, and

R =8¢ (107)

o

g

For equation (106) it has been assumed that the effects of q, ¢, and T on the

4th order term in sine i can be neglected. In order to calculate the fringe pattern
A-35
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accurately, higher order terms must be considered in regions where the wavelength
sensitivity is slowly varying. Contours on gently slopes can move a great deal
with very small changes in inclination of the slope. For this reason a computer
program called PAT has been written to solve an eighth degree polynomial equation.
Since all terms higher than second order in sine i are positive (equation (46),
the general shape of the fringe pattern can usually be determined from equation
(106), which means most of the properties of the fringe patterns follow from the

characteristics of a simple equation in x2

.x4 - 2q‘x2 - %ﬂ- = 0, (108)

where

q' = q -+ 20 sin 20 + 2T cos 20 . (109)

Fringes arise from solutions of relation (108) for all possible integer values
(both positive and negative) of m for fixed ¢, o, and T. The solutions are limited,
however, by the condition that x2 be real, positive and less than no_z. The limi-~
tations on x2 are because gine i must be less than one. As is well known, there
are two solutions of a quadratic equation which involve, respectively, a positive

and negative contribution from a surd. For equation (108) the surd is

Q= [czq'>2 + 32m_/R]” 2, (110)

Because xz must be real Q must alsoc be real. This means that when q' is small,

that is, when q'2 < 8m/R . (111)

only solutionsfor positive m are possible, while if q' is large

i, q'% > —f{ﬂ (112)
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both positive and negative solutions are possible. The condition that x? be

positive places further limits on m depending on whether q is positive or negative.,

The valid solutions for positive and negative m with the assumption that either

(111) or (112) holds are summarized in Table I. -
For perfect elements C& and T equal zero) of small q, Téble 1 shows that

there are only solutions for positive m regardless of the sign of q. Thus the

fringe pattern for small q is generated by

-

s 8m. 1
sin i =mn/ (ﬁgi /4 . (113)

Note that the circular fringes have radii proportional to the fourth root of the
integers and, therefore, form a pattern similar to that of a WFM.
For perfect elements of large negative relative birefringenice, Table I shows

that there exist only solutious for positive m and that the fringe pattern is gener-

ated by
1/2

sin i = 2n0‘(,%[—qT) . ' (114)

The fringe radii of this pattern are proportional to the square roots of the inte-
gers, and thus the pattern is similar to that of a F-P or MI.
For the case of large positive values of q, Table I suggests that there are

three possible sets of fringe patterns. For negative m there is the expected set

of fringes given by

1/2
sin i = 2n0 GEEL) . (115)
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and also the set given by

1/2
sin 1 = n, [ 2q a+%§t)] _ ' (116)

Further, there are positive m fringes given by

P 2m| 1/2

The fringes indicated by expressions (116) and (117) occur because of the cancel-

lation of the second and fourth order terms, and the angle

i=sin " czqnoz)lfz . (118)

represents the transition between second and fourth order fringe patterms.
Unfortunately, positive crystals with high relative birefringence are not

normally made into wide field elements, so that these fringes have not been observed,

at least by our group. However, it is straightforward to calculate the appea%ance

of any fringe pattern using PAT. Shown in Figures 4a, 5a, and 6a are the locations

of the first few bright fringes of a 18 (A 5000, §$-= 2 x 10'4) wide field element
of quartz (small q), calecite (large negative q) ang reverse calcite, (large positive
q), respectively. In all PAT plots negative fringes are dashed. Reverse calcite is
{maginary material with reversed ordinary and extraordinary indices from calcite.
For elements that are misaligned, o is non zero énd the value q' oscillates in
magnitude when 2a is less than |q] and oscillates both in magnitude and sign when

20 is greater than lq|. First consider the case of a large negative q material.

When 2c is less than [q|, Iq'l will decrease in the 45°-225° direction and increase

A-39



y Snd i‘ﬁaﬂ,

B . @
o]

wisaligpnments of &, .be .,

patterns for
respectively, of a guartz slement.

Figure 4. TFringe

Adly -






ALPPR=0.0 i ALPHR=0.024

T ALPHR=0.047 ALPHR=0.0S8

61€1 60

ALPRE=C o83

Figure 6.

Fringe patterns for misaligonments of 0, .2q, .4q, .5q,
respectively, of a reverse calcite element.
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in the 135°-315% direction. Since the fringe radii are inversely proportional to

1/2, the fringes expand along the 45°-225% direction and contract along the or-

la'|
thogonal direction. The expansion and contraction are, therefore, along and or-
thogonal to the polarizer dirgction. When o is positive the expansion is along the
45°-225° direction, while when o is negative it-is along the 135°-315° line. Note
also that as o approaches Iq' the fringes do not extend to infinity, but are limited
by the small q sclution which is alﬁoét independent of ¢ and depends mostly on m and
R.

When 20 is greater than |q], Table I, shows that fringes of negative m become
possib}e. The negative m solutions give rise to egg-shaped fringes that nest dinside
the extended positive fringe system. The fringe pattern for a 18 calcite (large
negative q) WEB element is illustrated in Figures 5b, ¢, d, e where « eguals
-2q, .4q, .5q, .75q, respectively. The pattern of Figﬁre S5e is very similar to that
of a biaxial crystal. : . -

For misaligned WFB elements of large positive q the situation is somewhat
different. When 20 is less than q the inmer fringes behave in a similar manner to
those of a negative q material except the elongation i; along the 135°-315° 1ine
and the contraction along the 5°-215° line for a positive rotation. Both the
positive and negative m outer fringes expand along 450;2250 direction and contract
along in the 135°-315° direction Becéuse (see Table I) they are proportional to q'

1/2

rather than inversely proportional to Iq'L as are the inner fringes. When 2c is

greater than q the angular range of the negative m fringe system is limited because

there are no solutions for both negative m and q'. What occurs is illustrated in.

Tigures 6b, c, d, e for a 18 reverse calcite (large positive q) WFB element., The
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o values are the same as for Figure 5.
When q is small the fourth order term in sine i dominates and quite a differ-
ent process dominates the rotational misalignment fringe patterns. This can be
seen using equation (79) and the approximation that g can be neglected with respect

to o, We then have:

m/R = {1 - 20 sin 20 x4 - 2a sin 20 x2 . (119
When a is small compared to 1/R only positive m solutions are possible and the
fringes will elongate along t£e line 45°-225° and contract along 135°-315°, 1f
o is increased further a neg;tive fringe system will occur iaside the elongated
positive fringes. The result for small q is that regardless of sign the fringes
will elongate along the 45°-225° or 1359-315° 1ine depending upon whether a is
positive or mnegative. The first ﬁégative fringe -can be expected when o is ap-

proximately equal to:
« = /r. (120)

The value a, in (120) is determined by the extremal value of equation (110)
for the case m equals minus one. Shown in Figures 4b; c, d, -« are the fringe
patterns of a quartz 18 WFB element for « equal .4 s .8 @ O, and 1.5 a,-

The patterns of Figures 4, 5, and 6 represent a reasonably complete catalog
of the misalignment fringe patterns of uniaxial WFB elements. When WFB elements
are mismatched in length a very similar set of patterns arise as should be expected

from comparing equations (79) and (89), The elongations are along the 0°-180° or
A=44
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90°-270° lines or along Or orthogonal to the optic axes depending upon whether T
is positive or negative.

In general a WFB element if it is removed from a birefringent filter or in
an early state of manufacture will have both angular and length misadjustment.
Therefoée; the field of view may be elongated in an arbitrary direction. By care-
ful adjustment of the element halves with respect to each other, however, it should
be possible to get either circular fringes or more likely fringes elongated along
or orthogouai to the optic axis. TFrom Figures 4, 5 or 6 and equation (89), the
elongations can be estimated. WNearly perfect fringes will occur for large (small)
q WFB elements when o and T are less than 1/20 q /10 R_l/z), For calecite and

quartz this means the tolerance on angle and length match of a 18 are (.320, 004 cm)

and Cull4o,_.026 cm), respectively.
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VIIT, DISCUSSION

In this paper the main intent has been to explain the very significant
throughput advantages of WFB filters and the possible modifications of the
field of view for sources that are extended in one direction. The paper is
not intended to be a complete discussion of off axis error sources and light
loss in wide field elements as was paper 1118 of this series for on-axis effects.
The effects of imperfect waveplates, waveplate field, and crystals with optic
axis not in the plane of the crystal face will be cénsidered in a further paper
of this series.

This paper has resulted in large part from experience gained in constructing
three wide field of view birefringent filters. The filters are a pure Lyot 108
bandpass quartz filter, a redundant alternate partial polarizer(RAPP)6OK bandpass
polyvinyl alcohol filter, and a modified alternate partial polarizer filter (APP)
with 60m& bandpass. All of these filters use the élastic waveplates discussed in

paper 1 through 1119’10

and the internal apodization of pulse structure concepts
introduced in paper IJJZ However, a new general technique for partial polarizer
filter design was used for the RAPP and modified APP designs which also will be
described-in a later paper of this series.

The quartz and polyvinyl alcohol filters are wide field and tunable from
4500-70004 and have diameters of 70m and 35mm, respectively. They exhibit the
large throughput advantages predicted above. The polyvinyl filter is especially
interesting because its elements are constructed by laminations of omne wave. sheets

of stretched polyvinyl purchased from Polaroid Corporation. Such lamination tech-

niques should allow experimentation with optimally stretched sheet plastic materials.
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GENERAL INTRODUCTION

This report 1s on work done for the WASA Solar Fhysics Spacelab
Quick Reaction and Special Purvose Facility Definition Team on the critical pro-
blems of a spsce qualified birefringent filter suitable for use on en Ho/magnetograph.
This report uses data, fabrication technigues and computer prograns for_the analysis
of blrefringent systems Oreviously developed by ithe Lockheed Solar Observatory.
The construction design philosophy of the filter modules vested as well gs the
construction technigues were based on previocus sexperience with numerous birefringent

Tilters,

The critical problem for flight of a birefringent filter is the shock
mounting of the calceite. The design presented here bonds the calcite block
with silicon rubbers to the calcite holder. The calcite together with its
all necessary polarizers and rotating achromatic plates are mounted together
in units called a' filter module. By using a set of modules containing calcite
crystals of differing lengihs, a filter can be produced. 4 description of the
modules is contained in Section I. Also described in Section I is a container

Tor the filter modules, which can De used both to hermetically seal the system

or contazin an index matching oil.

A second serious problem with birefringent filters has been wavelength
drifts introduced by thermal variations. The traditionsl approach to vhe thermal
drift problem has been a hardwired temperature coniroller and oven enclosure
for the calcite. Section IT reports on the response of a filter element while

being controlled by the Lockheed Tempesrature Control.

4 tungble Tilter such as proposed for the Ha/magnetograph offers the
possibility of using the ftuning elements to compensste for any thermal drifts
thus eliminating any need for a hardware temperature controller if the rate of
change of wavelength with temperature is known. Section ITI describes the

determination of the wavelength sensitivity to temperature of calcite. The

B-L



Lockheed Universal filter has been buili with temperature sensors on the
calcite elements. Section IV describes operation of the filter u51ng a software

control algorithm instead of a hardware temperature coniroller.

.

Section V briefly reviews some radiation considersiions of filter sys-

tems. Also included is an appendix thet indicates fubure areas of resezrch

o

for filter materials and systems.



I. SPACE HARDENED FILTER MODULES

INTRODUCTION

The goal of the space hardening experiments was to contain calcite elements
in 2 cell that would sustain both shock btesting znd thermal cycling. It was
desired that the cell also contain the necessary components for a complete
tunable module., A preliminary test model was used to verify the cell design,
a2 prototype was designed to verify the tunable module, and an oil sealed

protetype to verify a complete filter assembly.

In addition, optical cementing technigues were developed to allow reliable
cement bonds between calcite to calcite, calecite to glass, and caleite to
polyvinyl alcochol (PVA). Ronding was of some concern because previous
calcite cements had a tendency to cause fracture when bonded assemblies were
thermally cycled. Reliable cements allow construction of filters that do not

require index wmatching oils.

SHAKE TEST

Preliminary Test Unit

Before making a full 30 mm aperturs 14 filter module, a test unitv with
25 mm aperture was constructed. The test unit consisted of 44 and 28 wide
field elements. Table I lists the components of the Mark I test unit. The
Test unit was constructed with and sealed in its housing with GE RTV 602.
The test units were shaken to the specification given in Astronomy Spacelab
Payload Accommodations and Interfaces Handbook (May 1975), Figure 4.2.2.2-1
(reproduced in Figure 1). The unit was shaken in three orthogonal axis,

where the y axis was parallel to the filter optical axis. A sample shake

test chart is shown in Figure 2,

The first test unit shake, 2-25-T6, showed separation of the waveplates

and thelr cover glasses. The separation was evident from fringe patterns



seen when the filter was mounted over a diffuse helium source. 4 photograph
of thefringes is shown in Figure 3. The filter was disassembled and the
separation of the waveplates was verified. The failure was attributed to the

poor bond between RTV 602 and the polyvinyl waveplate materigl.

Although the separation occurred, the calcite showed no evidence of
damage nor did any of the components rotate with respect to each cther,
The spectral performasnce of the Mark I version of the test unit did not

change,

The test unit was rebuilt using Fastmen Kodak HEF-L optical cement to
bond the waveplate material. The glass covers of the polyvinyl in intermediate
positions in the filter were eliminated. The optical component list is
shovn in Table II. The filter was bonded in the cell with RTV 602 ag before.
The mechanical drawing of the Mark II system is shown in Figure &. A photo-
graph of the cell and shake fixture are shown in Figure 5.

Kodak HEF-U is a non-hardening optical cement. Calcite elements have
been cemented with HEF-4 and temperature cycled between 20° and 60°C.

On 3-17-76 the unit was reshaken. No separation was observed. No
evidence of any adverse effects was shown by the filter. Spectral performance

was not affected.

Prototype Filter Module

After the successful experience with the test unit a flight prototype

unit was constructed, The flight proTotype unit has an achromatic half wave-
Plate and g rotating polarizer. Iis optical components are listed in Table

IIi. A mechanical diagram ard a photograph are shown in Figures 6 and 7.

On 5-4-T75 the prototype unit was successfully shaken. The calcite did

not rotate and the spectral performance was unchanged.

The cglcite used was Tabricated by Halle Nacht and has two small cracks
on its edge. This calcite was especiglly chosen to see if the cracks would

ineresse., They did not.



Material

1. Glass

2. /% n (FVA)
3. Glass

b, Caleite

5. QGlass

6. 1/2 ) (FVA)
T. Glass

8. Calcite

9. Glass
10. HN-38 (Pva)
11, Glass
12, Calcite
13. @Glass
e, A2 (PVa)
15. Glass
16. Calcite
17. Glass
18, M e (EVA
19. Glass

TABLE T
MARK I COMPONENTS LIST

Thickness (cm) Orientation
.203
. 00254 s
.203
254 0°
.203
.0025L 45°
203
.25 50°
.203
. 0025k o°
.203
.127 90°
.203
.00258 &5°
.203
.127 0°
.203
, 00255 15°
.203

Comment
Bonded To 2- RTV 602
3

HE

W O~ Oy



Material

(=]

0 @R awF e

E 5

Glass

/6 n (EVA)
Calcite
1/2 A (BVA)
Calcite
m-38 (PVA)
Calcite
A/2 (Bva)
Calcite
A4 (EVA)
Glass

TABLE IT

MARK TT COMPONENTS LIST

Thickness (cm) Orientation

.203

. 00254 15°
. 254 o°
00254 45°
.o5n 90°
254 0°
.127 90°
. 00251 y5°
127 o°
00254 45°
.203

Comment
Bonded to 2 - HEF4L
3

MO ) ON o
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TABRLE ITT
Prototype Components List

Material Thickness (cm) Qrientation Comment

1. Glass .203 Rotates Bonded o 2 with HEF-4
2, HN-38 . 00254 as 3

3. Glass .203 unit

L, Space LA1h

5. Glass .203 Bonded wo T with HFF-&
6. \/u (TVA) . 00254 15° 8

7. Calcite .5588 0° 9

8. r/2 (=va) . 00254 15° 10

9. \/2 (FVA) . 00254 75° 1L

10. A/2 (FVA) .0025% 15° 12

11, Calcite .5588 90° 13

12, #N-38 . 00254 0° 1

13, Glass .203



SEALED FILTFR ENCLOSURE

After the successful shake test of the prototype filter module the spur

gears were replaced by bevel gears which were more suitable for the rotary
feed-through system used for the sealed enclosure assembly. The enclosure

was designed as a hermetic or oil sealed case for the birefringent filter.

The enclosurs actually built is just sufficiently long to contain the prototype
filter module, but a larger enclosure with more feed-throughs could contain

any number of filter modules.

The enclosure was built with 0- ring seals at all the non-rotating joints.

The enclosure components and the complete enclosure are shown in Figs. 8 and 9.
For a flight unit epoxy or welded seals might be judged more suitable. The
rotary feed-through necessary to control the tuning module has no rotary oil
seal. Rather, rotary motion is transferred through an intermediate plate

that rocks. The plate is welded to a metal bellows which in turn is welded

to the side of the feed-through so that there is no piercing connection between

the input and output shafts. No magnets of any kind were used in the seal.

The enclosure was tested for gas tightness by flooding the exterior with

helium while pumping on the interior with a vacuum pump. 4 helium lesk
detector in the output part of the pump showed no ieakage signal., The tuning
motor was operated as the unit was pumped. Following the gas seal tests
the enclosure was filled with index matching oil and placed in a vacuum chamber,
After forty hours in the chamber at lO_6torr no oil was detectable on the
surfaces of the container. The motor was operated periodically while the

it was in the vacuum chamber.

Oun 6-25-76 the oil filled enclosure was shaken %o the shuttle shake profile.

At the time of the shake test the enclosure contained the prototype filter

module. No oil leaskage was observed after the shake. The unit was then replaced
in the vacuum chamber and left in vacuum for 16 hours. The motor was periodically

rotated, After removal from the vacuum chamber, no leakage was observed.



The oil inspection was carried out by wiping a clean cotton swab over gll
metal parts. The exposed optical surfaces were visually inspected. Any

oil filter would create interference colors or tint, ncone were observed.

A-R COATING FOSSIBILITIES

A major problem with ground based Tilters has been lezking and contaminaition
of the index matching fIuid or oil in the filter. In space, the consequencss of
leakage azre much more severe. One soclution to the leakage problem is to
completely seal the filter as described gbove. Another is to eliminate the

index matching fliuid.

The index wmatching fluid serves two purposes. The Tirst 1s to eliminate
fresnel reflection losses at the interfaces. The second is to eliminate '1
image displacement caused by rotating tilted optical elements in the filter,
During this study a cementing ftechnique has been developed which allows
reliable stress-free assembly of caleite to ecalcite and caleite to glass.

The index of the cement is 1.57. The index of the cement used for the

waveplate is 1.5k4.

If 2 Lyot filter is constructed from a set of turnable modules of the form
half wave, quarter wave, calcite, half wave, calecite, polarizer where the
firgt half wave plate rotates and all the other components ars cemented
together, there are only four air-glass interfaces per module. A plot of
maximum Transmission, neglecting polarizer losses, versus number of modules
is shown in Fig. 10 for several wvalues of per surface reflection loss.
Shown in Fig, 11 is the per surface reflection loss for a sample four
layer antireflection coating. From 43008 to 6600A the per surface
reflection loss is less than 0.2%. This spectral region spans the useful
region of currently available polarizing materials. Recent developments
suggest coatings may be available that have reflectance less than 0.2%

over the entire range from .3 to 2.2 microns.

For the filter design suggested above, only the half wave plates rotate.

=4
*ﬁ

the half wave plates are 0.25 em thick and are mounted in 3-cm ring
bearings with less than 1.25 x 10_3 cm axial play, then the displacement of

the optical beam through the plate is



/-1
)

d = 5 {

-3
_ -1, ,1.25 x 10 .52
d - (2°5 x 10 ) ( 2'5 ) (1.52)

bl lO-5 cm

o
I

An image scale of LO arc seconds per em is such that 0.1 arc second occupies
2.5 x 1073

thus is nearly 2 orders of magnitude greater than any image motion caused

cm, the size of 2 typical diode array element. A 40 T cm scale

by rotation.

To verify that a cemented filter would operate well,one of the observatory
Halle Hy filters was disassembled, degreased, and reassembled with cemented
components and A-R windows. The filter is now in routine usé in the

observatory patrol system.

The rebuilt Halle has been repeatedly cycled between 10°C and 56°C. AL
present 1%t 1s left outside with the power off during the evening hours and
is also uncovered during normal operation in order to subject the cement

bonds to larger than normal thermal loads.

B- 10



TEMPERATURE CONTROLLER TESTS

FURFOSE

The purpose of the thermal controller tests was to evaluate the ability
of a stand alone temperature coniroller to maintain the temperature of cgl-

-

cite filter elements in the presence of environmental thermal loads and

solar heaving. The temperature controller used was the Lockheed Filter
Controller designed by R. Lindgren. This device senses ambient temperature
and supplies a steady state heat input based on the difference between ambient
and the control temperature. In addition, it applies a fine control heat
input based on a sensor near the calecite erystal. The power input follows

the law:

. N Y- N
HT = kl(tc—ua) + ke(tc ns) sgn(tc-us) + kg

where kl, ke and k3 are adjustable psrameters, and tc’ ts and ta are respective
the control, sense, and ambient temperature values. If the sensed temperature
is greater than the desired control temperature, the ambient control hest
input is reduced. The control input is limited %o be less than 20 percent

of the ambient heat input.

METHOD OF MEASURFMENT

Two fundamentally different systems were used to measure the characteris-
tics of the controller. One, using a quartz crystal thermometer, measured the
temperature in the oven close to the calcite. The second measured the mean
temperature through the crystal using a laser probe. The laser probe allowed
measurements of possible tempergture Inhomogenities in the calcite it-
self, Messurements were made on a .084 wide field filter element which was
installed in a Halle oven. A guartz thermometer probe was mounted in the
aluminum block enclosing the calcite (see Figure 12). The temperature was
read out on a Hewlett-Packard (Dymec) Quartz Thermometer. The quariz
thermometer is repeatable over the short term to % .000500 and over times
of days to = ,001°C. It is linear over the range used to £ .0008 degrees

Der degree,



Showm in Figure 13 is an optical schematic of the test system. A
2 mm He-Ne collimated laser beam is sent through the filter and the outout
detected by a photometer, In addition to the laser beam, a solar beam can
be simultaneously shone through the filter, The filter is tunable by rotating
a half waveplate behind the entrance polarizer. Both the entrance and exit

volarizers are mounted separately from the Halle oven,

As the temperature changes, the index of refraction difference and
the length of the calcite changes, so that the laser line is alternately
transmitted and extinguilshed. For this crystal there are spproximately 2,22
transmission cycles/oc. Fractions of a cycle can be measured by rotating
the half waveplate to an angle where g transmission minimas occurs. The
locations of transmission minima can be reliably located to one degree in
angle, thus the equivaleni femperature measurement accuracy is = 1/90 of

1/2.22 or = .005°C.

CHARACTERISTICS OF THE CONTROLLFR

Four identical controllers were evaluated. Controllers were set to con-
trol at approximately 3000, 3600, 42°C and #8°C. Tn a normal room environ-
ment, all the controllers would maintain an oven temperature of % .001°%
as indicated by the gquartz thermometer readout. When the tempberature reading
of the quartz thermometer was stable, the laser transmission was also stable.
The effects of thermal environment of the temperature controller iitself
was tested by separately placing the calcite oven and the temperature control
electronics in a thermal chamber that could be cycled from 0° to BOOC.

The temperature of the caleite oven changed by ~.0028°C/?30f anbient over the
ambient range from 0°C to 50°C. The electronics caused a change of .001°C/°c
ambient. With precision components the tempersture control system could be

improved by a factor of at lesst two.

B~ 12



SOLAR EFFECTS ON OVEN TEMPERATURE

With the oven interior temperature well stabilized and the waveplate adjusted
so that a transmission minime occurred for the laser beam, zn £/17 solar beam was
allowed t0 pass through zhe filter. The beam wzs vprefiliered by a S84 three veriod
blocker and an IR rejection filter. There was some tendency for the trans-
mission minimg to move a degree in angle or for the calcite to change by .OOBOC
in temperature. However, after repeating the test a number of times, no

sTatistical significance could be obtained for a shift of a degree.

To Turther test for evidence of solar heating, the 84 blocker was
replaced by a 1505 blocker which increased the flux by a factor of nearly
20. Again, there was some evidence of a change in angle of maximum extinction
by a degree in angle. Hence, temperature change, if it exists, must be attri-
buted to a minor IR leakage of the trim filter. In any case, the calcite
changed by less than ‘00500 or .001814 which is certainly not of any conse-

guence,

TRANSTENT EFFECTS AND THERMAT. GRADIENTS

By tracking the transmission of the laser beam as a function of time,
it was rossible to measure the temperature of the calecite as a function of
time. To measure the Temperature response on heating the oven was set at
a control temperagture using a temperature controller. The waveplate was
rotzted to obtain a transmission minima, and then a new temperature controller
was atiached to the oven. (Separate temperature controllers were used because
each individual comtroller is tuned to control optimzlly at 2 specific tem-
perature. The controller can be fine tuned over a one degree range.) During
the heating period, the output of the laser was continuously recorded on a
strip chart recorder. As the calcite heagted, the laser transmission was
modulated, a new minima occurring when the total phase change of the caleite

changed 7 radians {one fringe).

When marks on the rscorder chart were made at specific tempergtures
indicated by the quartz thermometer during the warm-up, a comparison of

the thermal response of the filter oven and the calcite crystal was obtained.



A plot of oven temperature and calcite temperature versus time during g
transition from 30° %o 36T is shown in Figure 1. As can be seen from

the curve, there is almost a degree centigrade differsnce between the zluminum
block and the center of the calcite during the heat-up phase. (The laser
beam probed the calcite at its center.) For the run showvn, the calcite was

a press it into the aluminum housing.

If the observed temperature difference was occurring across the calcite,
sbout 2 fringes would have been observed along the aperture radius. Under
illumingtion by a full aperture laser beam, the radial vhase change would
manifest itself by two concentric bright rings which continuously expanded
out from the center of the crystal as the crystal heated. When illuminated
by a Tull aperture collimagted beam, ro ring structure was observed during
heagt up. To check more quantitatively, the Emm laser beam monitor was moved
to pass through the calcite 1.5 mm from the edge of the crystal and then
thermal cycle experiment was repeated. The response of the calcite at the edge
was identical to the response at the center of the crystal. Thus, no thermal
gradient exists across the caleite even under the fastest heat input condition

of the controller, .:°C/min.

To further check the location of the thermal gradient, the element was
removed and thermal contact silicon grease was installed in the space between
the crystal, its contgining tube, and the oven block. The thermal cycle
experiment was repeated. The grease reduced the gradient by a factor of two.
The rest of the gradient most probably is across the sluminum tape that is

wrapped around the calecite.

From the tests on the sample element it can be inferred that a shock
mounted and space qualified calcite element would be isothermal, but that a
temperature gradient would exist across elastomer mounting substance. The
size of the gradient would be dependent upon the thermal input rate. In any

case, such gradients can be measured and calibrated.
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TEMPERATURE SENSITIVITY OF CALCITE

INTRODUCTICN

The sensitivity of the operating wavelength of a birefingent filter to temperature
is a critical parameter in the design of an active filter controller which corrects
Tor temperature changes by tuning elements by rotation of polarizers or wave-
plates. A knowledge of the temperature sensitivity is also important for the
design of & constant temperature enclosure. Somewhat surprisingly, the

temperature sensitivity of calcite has nob been measured with high accuracy

or a2s a function of wavelength. The only published value being that of Lyot

at the Sodium D line.

The thermal effect can be measured by two techniques. The first

directly measures the change in wavelength of a transmission peak of a Lyot
element due to a change in temperature. The second measures transmission
modulation as a function of temperature at a fixed wavelength. The wavelength

sensitivity is obtained from the transmission modulation through the relation

A _,2 & 2w A (1)
o7 ® T (1 - Ao,
i@ 9
where
- ud o
0 = 27 X . . (2)

and where u is the index difference, d is the thickness of the crystal, and
A the wavelength. The change in phase, o, with temperazture comes from both

change in index and crystal length. That is,

do _ o, 1 2d (3)
= ¢ (% 3 t 3 3w

Cowmparison of equations (1) and (2) shows that the temperature sensitivity is
independent of crystal length.
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Measurements of both the thermal coefficient of expansion and of index are
given in the International Critical Tables; however, they are not sufficiently
" accurate to determine the wavelength sensitivity. The index values have been
fitted by a polynomial by Beckers which is accurate %o a part in 105 - the

accuracy of the index values. The temperature derivative term in the polyncmial is on
the order of 1 x 10-5 per degree, so that it is not surprising that the

temperature sensitivity predicted by the critical wvalues are not accurate to

vetver than 10-20 percent.:

To measure the shift in wavelength directly requires a very well calibrated
high resoluticn spectrograph. Therefore, these experiments were carried out
at Kitt Peak. To measure the modulation with temperature requires only stable
wavelength sources and an accurate photometer. The modulation experiments

were performed at Lockheed,

MEASUREMENT TECHNIQUES

In order to measure values of d\/d%, a Halle filter oven was modifisd to
contain a single calcite crystal. The crystal was a normal wide-field ILyot
element with a geparation between transmission maxima of approximately 14.

The oven temperature was monitored by the quartz thermometer, The temperature
was controlled by a set of four Lockheed temperaturs controllers with nominal
control temperaturesof 30, 36, 40, and L48°C.

The filter was mounted vertically over the entrance slit of the main specto-
graph of the McMath Solar Tslescope at Kitf Peak National Observatory (which
is a 13.7 meter Czerny-Turner with a spectral resolution 300,000). The filter
was fed with an f/60 solar beam. Measurements were made by using the
spectrograph in 2 spectrometer mode scanning over approximately 108 centered
at 702, 5150, 5850 and 6439, A total of 12 scans were co-added for each
measurement. At each of the wavelengths, a solar spectrum was taken before

and after the measurements at the four temperatures.

The measurements at Lockheed were mgde using the system used for the thermal

controller experiments, where the laser could be replaced by a line source
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with a collimator and appropriate isolation filter (Figure 13). The line source
measurements were carried out at 17032, 5461, 4800, 4678, and 1358.
Laser measurements were made at ) 6328. These measurements used

the 0.08& calcite element - the element used in the thermzl controller

experiments.

KITT PEAK NATIONAL OBSERVATORY DATA REDUCTION

A1l of the raw Kitt Peak data were manipulated using a spectral

data handling program called REDUCER. The spectral data were corrected for the
grating equation, fourier transformed, filtered, and reiransformed. The
transform operations served to optimally smooth the data. The smoothed data
were then analyzed to find all of the locations of intensity maxima and minima.
The wavelength differences between corrésponding minima or maxima on records

made at different temperatures yielded bl/bT-

The measured values for the temperature sensitivity did not show any temperature
dependence, The results of the KPNO measurements sre shown in Table IV. The
least squares straight line fit through the data points is

% = 7.35 % 1077 A - .10273 (1)

where g&T is in .&/”C and A is in angstroms. The mean temperature is 39°C.

TOCKHEED DATA REDUCTICN

The experiment azt Lockheed directly meazsured the number of intensity cycles between
two temperaturss. Because the number of cycles could be cobtained with high
accuracy it was noted in the first measurements that the fringe count/°C was

temperature dependent. Since even Lyot had stated that the temperaturs sensitivity
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Table IV

Temperature Sensitivity of Calcite From XTN0 Data

oA o

> T (39°)
k702 2433
5150 LTTL
5866 .3306
6439 .370L
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of calcite was independent of temperaturs from 13°C to 40°C, numerous

measurements were made at each tempersature in order to obtain good statisties.

Shown in Table V are the mean temperatures and mean seﬁsitivity as well as the

least saquare fit straight line parameters for each of the measured wavelengths.

Also shown in Table V are the total number of measurements ait each waveiength.
Using all the straight line fits of the fringe counti per degree at the various tem-
Deravures, a mean Temperature dependent siraight line can be obtained for the fringe

count.

8

FRa - @ (1+5.88 %107 AT) (5)

The parameter o is excellently fit by
L
@ = 1.hok x 107/ 2 - .16Lk3

Thus the number of fringes/°C is

F/C = (-.16bL3 + 1.hol % 101‘/ v) (L +5.88 x 10'8 AT) (6)

where A is in engstroms and T in °C. The values given in equation (6) agree with
the experimentsl values to within 0.1% from 24358 to A7032. The length of the
calcite element used in the experiment was 13.010 cm, so that the number of

fringes/em/°C is

F/em/PC = (-.0126% + 1.1483 x 103/ x)

% (1 + 5.88 x 1078

Ta) (7)
The fringe sensitivity times the free spectral range (peak to peak separation)

is just the wavelengih sensitivity to temperature. The free spectral range is

LA

2
FSR = 7 (8)

oo
ralt
=™
o —
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Fringe Count Parameters and Temperature Sensitivity
of Caleite From Lockheed Experiment

Table V

It

7oC FSR (39°) g—A-T (39°) 2y o x 107 N
L4358 3.3L .06575 .2176 8
L1678 3.06L6 .Q7887 .2ko5 3.03L 7.76 ol
L800 2.9 .08Lk17 .2hoe 8
5461 2.602 L1152k .2999 2,568 8.712 35
6328 2.225 1622 .36 2.197 7.11h 60
7032 1.99k .20540 .hoge 1.958 9.58 2L
Note: 1) F/°C=a +ay T

1

2) N is the number of measurements
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The FSR for a centimeter length calculated.from the Beckers formula can be

Tittad to better than a tenth of a percent by

1

e
PSR = (-2.722 x 10" - 1.5065 x 10°° )

+ 5.9725 x 1070 3 2) (9)

The product of equations (7) and (Q) represents an analytic expression for the

temperature sensitivity with an accuracy of a tenth of a percent.

Thus, the {inal analytic approximation for the iemperature sensitivity is
¥

&l

x (1. +5.88 x 1070

A T) (10)
The temperature sensitivity and the number of fringes/cm/°C versus wavelength

at 40° are shown in Fig.15. The FSR for a om of calcite versus wavelength is
shown in Fig.16.

Although it is not readily aprarent from casunal comparison of equations {(4) and

(10), the KPNO and Lockheed results do agree at 39°C for the region 4700 to

= (-3.126 x 102/;\ #1711 x 1073 £ 6.86 x 1072 ) - 7.55 x 1071032

65008, Both above and below the XFNO range (4700-6500) the tempersture sensitivity

departs as can be ssen on Figure 15.
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AUTCMATIC WAVELENGTH STABILIZATION

INTRODUCTION

The traditional source of wavelength drift in birefringent filters has been
inadequate thermal control of the calcite. The temperature controller
described above is adequate for control to better than .005°C for periods

of weeks to months, which is more than adequate for ground based uses,
However, for a universal filter with individual tuning controls on esach
element, automatic temperature compensation by tuning is possible.

Automatic tuning has the advantage of eliminating the temperature controller
electronics. Absolute wavelength calibration is also possible by reference

to a laser.

LOCKHEED UNIVERSAL TECHNIQUES

The Lockheed Alternate Partiasl Polarizer Universal Filter (LAPPU) is the

Tirst filter system designed to operate without a2 temperature controller.
Instead, temperature sensors are mounted adjacent to the calcite crystals

and the elements are tuned to maintain wawvelength based on the siénals from
the sensors and temperature sensitivity of calcite. (Some care has been taken
in the design to make the filfer respond slowly and uniformly fto temperature
perturbations.) Although additional software complexity is introduced to
compensate for the lack of a stand-alone temperature controller, the soft-
ware required is a relatively small addition to wavelength referencing and
automatic filter assembly which are features which are useful if not necessary

for a Universal filter.
For the purpose of auto wavelength referencing, a Helium-Neon laser beam is shown

<hrough the filter. The filter control computer can read the values of the laser inten-

sity transmitted by the filter. This data is used by a control program which successively
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rotatss each element and estimates the position of maximum transmission. Fach
tuning element is set to its individual vosition of maximum transmission.
Several iterations of the program are sufficient to optimally assemble the
filter on A6328. Periodic use of the laser reference and anto-assembly

.

guarantees that the filter is operating proverly and is on wavelength.

In order to operate the filter at any other wavelength than A 6328 either

the laser is referenced or the currsnt estimated setting of 16328 is used

to set the locations of the waveplates., Since the temperature sensitivity is
known to a part in 1000, the setting capabiliiy is better than a degree in angle
for the widest element. Narrower elsments have corresponding higher resolution.
One degree accuracy corresponds to a wavelength setting accuracy of the

element FSR/180.

Operationally, to go to a standard waveleagth in the spectrum a table of
angle offsets from 16328 is referenced. These values are corrected by the

temperature sitate of the filter. That is

op = oy (1) + 22 B 20 A (g (1)
FSR6328 6328 FSRK 4

Whare e;(TO) 18 the angular &fiset ¢ rom A6328 of element i- operating at wavelength
k. at the reference temperature TO’ ek is the angular offset to which slement i

is driven to operate at wavelength k, and FSRk is the peak to vesk separation of
element i at wavelength k. Any nearby wavelength can be cbtained by rozating the
components proportional to the length of the elements tuned. To maintain wavelength
the angular positions are updated when a change in temperature is sensed. The
angular change is

i 180
Aek = ==, %?'tﬁ AT (2)
) FSR£ &
At present analytic approximations For FSRk and gh exist. Analytic expressions

for the now tabulabted values of § (m ) will be developed. They can be easily obiained

by feeding the filter with a solar beam on the spectrograph bench and using a
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version of the wavelength reference auto agsembly program that obtains
intensity data from the spectrometer ocutput. The only reguirement is

that the spectrograph is set in the continuum.

MEASUREMENTS

Using the laser referesnce.system built into the Lockheed Universal filter
sach element was successively spun and the position of maximum transmission
measured, After each spin overation, the particular filter tuning element
was set To the position of maximum trgnsmisgion. This opesration was carried
out continously for 6 hours. All spin data was stored. This included the
set position of 21l elements, the transmission at the set point, and the
transmission as a function of angle for each element. After each gpin sequence,
the filter was set to the position of A6328 predicted by the temperature
compensation program. A comparison of the predicted position and the spin
set positions yields the relative error of the temperaturs compensation

routine.

During the testing, alli stepping motors were always on, even if not.
stepping, and the filter was enclosed by a box. In a six hour period the
interior temperature of the calcite increassed from 20°¢ to h3OC. During the
entire period thé differsnce between the setting of the filter based on the thermal
compensation program and the measured setting on the laser line was dominated
by the least count errors of the Thermal sensors. Ignoring least count effects

the filter stayed on wavslength to within .01& for the entire period.

The test described above is much more severe than ever would be encountered
in normal operation. If the filter is not enclosed in a box, the interior
tempergture does not rise significantly. Normsl operstion would not operate

the motors on much more than a five percent duty cycle.
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RADIATION EFFECTS
The radiation ovroblem for birefringent filters comes from two sources.
One is the incident solar optical radiation and the other is the penetrating

particle and X-ray flux,

Because of the sensitivity of the required blocking filzers To solar
radiation below 40004 and the leakage of polarizers above 7500%, the entrance
windows must limit the solar optical flux to the QOOO-TBOOﬁ band. The filters
used by the Skylab H-glpha telescope accomplish this and should be used in
front of the birefringent filtver. The solar flux behind the Skylab type filver

is just the same azs normally used on ground-~based telescopes.

Penetrating radiation will have to traverse at least 3 cm of aluminum
when incident from the side of the filter housing. Radiation along the axis
of the filter will have all the optics and the secondary mirror structure
in the path which will bve greater than the equivalent of 3 cm of gluminum.
Measurements of the radiation dose indicates that in & 330 nautical mile polar

orbit the dosage is well described by
Dose = 2"{’.5;-10«'1:'/':1"9 rads/day

where © is in cm of aluminum. Radiation dose in a shuttle orxbit would be less
than this. This relation was obtained by E. Gaines (IMSC) based on data from
Trapped Particle Enviromment of SMM, GSFC X-601-76-97. For & thickness of 3 cm

of Al, the dose is
Tose (3 em) = 3 x 10712 rad/day.

Radiation demage occurs in polymer, crystals, and glasses at a radiation dose of
10° to 107 rads (Space Materials Handbook, Addison-Wesley, 1965).

From the above numbers the likelihood of damage to any of the materials

inside the housing is very small.
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SUMMARY AND CONCLUSIONS

The basic direction of this study has been guided by the desire of %he
Quick Reaction and Special Purpose Faciliiy Definition Team for feasibility
data on a birefringent filter system for an Et/magnetograph telescope. The Drimary
requirements were for a 1/6A or narrower filter that was tunzble from HY to a

sultable magnetically sensitive line or lines in the visible. The two principal

unresolved problem areas for a space qualified filter were proper shock mount-
ing for the calcite filter elsments, and wavelength stability. This study
has developed a prosotype tunable filter module which has survived the shuittle

shake specification.

Experience has shown that the primary cause for wavelength instability is
temperature induced wavelength shifts., Tests of the Lockheed temperature con-
troller demonstrate sufficient temperature stability for a facility magnetograph.
Tests of the Lockheed Universal filter using thermal sensors on the calcite
elements and a software program to control the tuning components have shown
that it is possible to temperzture compensate without a hardware tempersture
controller. An advantage of the software system is the ability to incorporate
a wavelength reference He-Ne laser to periodically verify the state of the
Tilter. The complete software system for wavelength tuning, thermal control,
and wavelength reference can easily be contained by a small sophisticated desk
calculator such as an HP 9825, Further studies of the Lockheed Universal filter
have shown that with a knowledge of the wavelength dependence of temperature
it is possible to actively tune a filiter to any desired wavelength with suffi-

cient accuracy (> .0li) without a hardwired temperature control.

A secondary concern of this study has been the vossibility of leakage of
index matching oil from the filter. An oil sealed container with a novel rotary
Teed-through has been constructed and environmentally tested and demonstrated

not to legk.

Oil filled versus non-oil #illed filter designs have been evaluasted.

Optical cementing techniques have been developed which allow the majority of
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the filter components to be mounted in groups, thus minimizing the number

of alr-glass intverfaces. Calculation of cemerited-A-R coated filter designs

have shown %hat it is practical to eliminate the oil in a birefringent filter.

A production grease~filled Halle HX filter has been dissssembled and reassembled

with cemented components and A-R coated surfaces, but without oil. The A-R-

cemented filter performs satisfactorily., Recenwtly amnounced A-R coatings

should allow operation from .35 to 2 microns without oil.
The modular gpproach to filter design and construction illustrated by

the prototype filter module and the Lockheed Universal filter allows the

construction of filters of any full width at half-meximum (FWHM) and free

spectral range (FSR). Limitations on the full widih at half-maximum are

imposed by length of caleite. However, the existing Lockheed Universal has

& FWHM a factor of three narrower than that desired by the ¥DT, The FSR is

limited only by the number of modules used. The state of the art in blocking

filters reguires six to eight modules for o magnetograph system.

As a result of the work performed in this study, in the opinion of the
authors, a tunable birefringent filter suitable for flight is now within the
state of the art. However, A-R coated filters are limited to the range of

the A-R coating.
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APPENDTX T

The purpose of this appendix is to record my (A.M. Title) judgement

on material and technigues Tor Yroducing birefringent elements.

1. Calcite

AT present there seems to be at least four sources of ecalcite. The
calcite comes from mines in Mexico, South Africa, India, and perhaps the USA.
We have contacted g half dozen agents and have obtzined vrices in the range
of $750 to $2000 per kilogram. The calcite in the Lockheed Universal, as well as
all the Spectra Optics filters, has come from Mexican mines represented by CGary
Anderson. Karl Lambrect Company sells both Mexican and South African caleite.
We have obtained a sample of the South African material and it is of signi-
Ticantly higher whiteness of any previous Mexican caleite. Lambrect claims
to have a significant stock of such material and guarantees its quality

at $2000 1 kg.

Harry Ramsey has had extensive conversations with representatives or
owners of calcite mines and sample calcite has been exgmined. If high quality
caleite exists, there is no reason to look further Tor aliternative materials.
It would appear prudent therefore to have someone knowledgesble about calcite
and calecite working actually visit and examine to known mined stock piles
to asgess the claims of the mine owners and their representatives. Most
eritical is the stock of mined South African caleite, since this material,
because of political problems, could rapidly become unavailabls., In view
of the high quality of the samples in hand, it is my opinion that sufficient

caleite can be obiained.

2. Metal Acid Pthalates

The most attractive alternate crystal appears to be potassgium acid

pthalate (KAP) or one of its alkali metzl relatives., These crystals have been
grown in fairly large sizes and have an effective birefringence negrly thaz

of calcite. We have some of the crystals produced at New Mexico State
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and found them to be of non-uniform birefringence. These crystals are water

soluable, fragile, and extremely sensitive to thermal shock.

At present, I feel that investigating KAP and its relatives is a lower
=1

priority than the plastic materisls discussed below.

(W%

Plgstic Materials

Polyvinyl alecohol (PVA) is a mgjor commercial plastic. It is the plastic
film base material for Polaroid Corporation polarizer and waveplste sheets.
FVA becomes birefringent when ssrevched. Reasonable stretches yield birefrin-
gencies up to three times quartz. The plastic can be stretched very uniformly.
The sheest material can be laminated to form birefringent elements. We have
made a 80A tunsble filter using PVA sheet. The sheet and the laminate are scatter

free and are obtainable in at least 15 cm diameter,

FVA sheet should be considered for the purpose of making tunable pre-
filters for the final filter. Sole type filters become much more attractive
using laminate csheets. I would recommend looking into the Universal blocking

Filter using plastic sheet.

b, Michelson Flements as Analog Lyot Elements
Evans in 1949 suggested that Michelson interferometers could be used

to build Lyot filters. The respouse of a fixed Michelson is identical to
that of a Lyot element. A fixed wide field Michelson offers two significant
advantages for elements narrower than Ll/b &, First, since 2 Michelson is
roughly cubical regardless of -its effective FWHM for elements narrower than
1/4 &, there is increasing greater length advantages. Second, a wide field
Michelson has a field of view which is the square of the field of an .

identical bandpass wide {ield Lyot element.

We have built a prototype 1/20 A rolarizing wide field Michelson. The
device is quite stable and easily tuned by rotation of a waveplate or polarizer.
a 1/50 & filter using 2 or 3 wide field Michelsons is a regsonably straight-

forward development.

In my opinion; a 1/50 & tumable filter could almost eliminate the need
for high dispersion spectrograrphs. t would provide an enormously powerful

tool for line profile analysis and magnetic field svrength.
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FIGURE CAPTIONS

Figure 1 Pgllet random vibration levels.

Figure 2 Filter random vibration levels,

Figure 3 Fringe patterns visible in preliminary test unit due o separa-
tion of waveplates.

Figure & Mechanical drawing of Mark I and IT Preliminary Test Unit (dimen-
gions in cm).

Figures 5 Fhotograph of Mark IT Preliminary Test Unit and mounting fixture
for shake table.

Figure 6 Mechanical drawing of prototyve filter module (dimensions in cm).

Figure 7 Fhotograph of prototype filter module prior to assembly.

Figure 8 Exploded photograph of prototype filter module and sesled
enclosure,

Figure 9 Photograph of assembled sezled enclosure.

Figure 10 Transmission versus number of modules for severzl values of
reflection loss per surface.

Figure 11  Reflection coefficient (full scale one percent) versus wavelength
for a simple four layer A-R coating. Properties calculated using
a published (Thetford, Optica Acta 11, 159, 1969) design and
program thin £ilm.

Figure 12 Drawing of Halle oven showing location of the guartz probe and
controller sensors.

Figure 13 Optical schemaiic for the thermal controller <test system.

Figurs 14 Temperature response of the quartz probe (oven) and calcite interior
versus time.

Figure 15 Temperature sensitivity and fringes/cm/°C versus wavelength at 40°C.

Figure 16 Free spectral range versus wavelength for a one centimeter calcite

elament.

B~ 30



T 1
COMPONENT WEIGHT F 0/26 0.72
(q) .| ms=27g]
0.48 05
25/50 {rms = 20.4 g}
50/100 / 0.36 (92 /Hz|
{rms+ 17 g}
0.25
100/25 ;‘)
{rms=12.2 g} .

o

2

Fad

\ 0.1
/-~ y
0.06
250/800 =TT N\ X
Q.06
0.01
10 20 50 100 500 1000 2000
FREQUENCY [ Hz |
FIGURE 1

PALLET RANDOM VIBRATION LEVEL

B-32

ACCELERATION SPECTRAL DENSITY



TTH~ W0 1

?:; \-t'_”:

DATT]

RUN NO,~ &

FIXTURL L]
SPECIMEN K

GRIMS~- 277, 2.

for 28
F—

AX1S~

2

I.D.- Re\\-{% t\\\t(
F.8.- \.O0 ¢ /HzZ

FREQUENCY IN HZ.

SIHVHD DNIOHOD3H ]5)

o
L m H ) _
" )
NPT S O T
T =it O EE
e T “
i ! !
1 4 .
m b
H i L ) *
3 ] - e T S e
b * ' .
. @]
——— e v wmaales - am o ms oae O
O
m ) - —— a1 ok g et o it - 1
i i B ——
' ! ' .
J. :
1 ' iy
1 i _— N —
| . P 1
i e i i
N E : .
1 el
Ao . : 1 i
. H . i
i I !
.w ! ' : H !
: - T T T TS OISOy S S —
i ) : .
! . ; :
y ;
AR Pl !
iR m I 2 i ' H
b 4 L3 . i — .l4.l.. L]
‘ ; ' . ; i
. ' e i
i
P i . I
T - I _
T ] H .
.\ ” 1 .._ 1 ” m
i 1 ' H H '
) I -
i . L
: " = .l. |
. . ol ] e e w2 !
T DR . i P I [ i
T » L T 1 ¥ .
. R . } | ! H ,
‘ N ox . ' 1 N H
. up RIS O S
b | g i | (I i : i
T 1 i ;
. / . : :
ISR S P
. 1 R i | PPt ol !
v . ' . boa . b . \ ‘ ' .
. . - . T . HERM | 1
,_,/ ' VI _ b HE | A i
. b : . | !
/A - e —— -le mmmefr  —memym v e e
: . T .. : R . ‘ { } 1
b . el . R ' H Co i . .
OO | , : . .
. w . : . " |
» 1 ! !
Tem® ' / |
WYHOA MIN OVvadand -
NURYHOHIHOD STOHINGD DIMJYHY e ™.
A

RECEDING PAG: BLANK NOT FILMED

P

Flgure 2

B~32

&)



4y

B-33

Figure 3




MARK 11

|



——p - e — ey

o -t

B-35

Figure




96T-48P GEAR

/ 24T-48P GEAR

Figure 6
B-36










R e

AN

g T e — s

~mvarre

g ———

— P e e

S i e e

S

i O
o
: o 7
\ e
] IL B
y b
] -l
1 Py
i
q
i
i
!
1

e L



1
f
o P i = —— CALCTTE i
90 - \\ e e e 0.1% |
e R — &t
80 sy \“: \O&i
P g B SN l
70 a0 P S !
o l
60 -
i
50 -
. 1
gao g l
Z
(= 4
= 1
E 30 - l
1
20 J |
E
|
i
1 ¥
é NUMBERé OF FILTER MODULES
i
i
Figure 10 o l




Ty-4

T 2an8Tg

fI3 s 7 =TT TR T

™

1 -

arad
e

e

.
-

G5
=

na
S
b

R
i,
(L

[ it

SUELE TIMES 16

\. /'/

i 1 1 1. | : |

SUISEE PR L A I L eeRiEe




VEN SENSOR

/HALF WAVE

AMBIENT SENSOR

WINDOWS

i/
-

CALCITE

In3td

AN

At}

(auartz fprose ||
, e—

/

o]

18]

!/

U

4AT£R WINDING

INSULATION

MICARTA SPACER




ey-g

€T =an3Tg

SOLAR

BEAM
LINE SOURCE
¥ Q
1/2 PLATE
OBJECTIVE OVEN

m é H ~ DETECTOR
7 Vv

Il | |
D POLARIZERS

LASER
OPTICAL SCHEMATIC



79-4
HT 2an3ig

DEGREES 1°C)

36

35-

(o5
=
H

J

wo
wo
1]

Lo
o
1

CALCITE

12

T
16

20
TIME (MINUTES)



£
0o/ WIISTONI ¥ 8
_ .. g
. -
9
ez - Ee—— = em et e —— T T T I ——, .... -IO.I.
h m ——
, Q
: L)
- PN SR SR - ™
s O
i i
i} S
[1 § 0
t [+y}
A : |
i .
/ LIS 4
r
ﬂ I8
&
h .
t * THI
! 132
K ) nUW“
' 7W
; =
N = w
& / * ©
d 19
! .
)
N/ ,
; .
8
\ - s
) ]
; .
’ g =
7 N\ Q
7 . oD
’ .// I i
\\\ // m )
J ’ :
h N " " I 3 .\ PR S R ¥ . PO _cym 3 m
) o [ o) L 2
~ @ » - T X 2 e
< o Y > N o)

Figure 15

B-45

© < ) )
(PHOS) IV ALIAILISNIS HIINTTIAVM



I L1 1

1 4 _¢ )

+ aree

. /'1

; - 0D Y 0009 (1060 11000
o fugo Svop (o0 mvmw&ﬁw Qoeo W60» ({pos 120

. i L\
¥ N ..n_..m.u.om.. It W..nwm.w [ .m L S Lo ._ .W.Jo
2?2 2 2 @2 = © 9 9 3 W=
T © ™ - o = N o - )

41197V 40 WO INO ¥04 39NVY TYYLI3dS 3384

Figure 16
B-46



