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ABSTRACT

This work describes an instrument capable of significantly 
reducing the effects of scattered light originating in the atmosphere 
or the observing instrument. To achieve this reduction, the instrument 
amplitude divides, and subsequently interferes, the wavefront of a 
scattering source. A conceptual discussion and a mathematical descrip
tion of the interferometer is presented as well as a summary of the 
sources and magnitudes of scattered radiation. In addition, various 
unique features are described which enable the interferometer to operate 
over a broad spectral range. Also presented are the parameters for a 
particular solution, the results of. a laboratory demonstration and 
various possible applications.



CHAPTER 1

INTRODUCTION

The presence of unwanted radiation in optical instruments has 
always placed constraints on the effective information gathering abili
ties of a system. Both daytime and nighttime astronomical measurements 
as well as many other fields in optics are directly affected by this 
problem. An extensive reexamination of this problem has been made, 
looking for the possible advances that might be achieved with the intro
duction of interferometric techniques. This work describes in detail 
the solution we have found. It is a member of the class of radial 
shearing interferometers whose properties are such that while the inten
sity of scattered light is reduced by one to two orders of magnitude for 
scattering objects both near and down-range, the intensity of the object 
being monitored is passed unaffected. These properties allow, for 
example, the daytime astrometer to measure with greater accuracy star 
positions within a few solar radii from the sun's limb and will extend 
the magnitude of the nighttime astronomer who is restricted by city 
lights or the glare of the moon.

A description of this background compensating interferometer, 
its properties and restrictions, as well as the results of tests demon
strating its feasibility, are presented. In addition, the background 
radiation problem is reviewed so that the problem as it presently exists
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can be clearly understood. This serves two purposes. First, it points 
the way to the natural inclusion of interferometric techniques in this 
area, and, second, it furnishes the information used to establish the 
specifications for the interferometer.



CHAPTER 2

SCATTERING

Sources and Magnitudes 
When one makes daytime astronomical or astrometric measurements 

of faint objects, one of the most serious problems encountered is the 
flux of unwanted background light entering the detector. This excessive 
background radiation arises from two major sources of scattering. The 
first is the atmosphere and the second is the observing instrument 
itself. This chapter will elaborate on what actually produces the scat
tered radiation, the magnitude of this unwanted brightness, and current 
methods used to reduce its effect. This information can then be used 
to establish the goals for the background compensating interferometer.

In order to set a meaningful goal for the reduction of scattered 
light, one must first understand the sources and magnitudes of this 
radiation. The one major source of scattered light which all earth- 
bound observations must contend with is the atmosphere. The atmosphere 
and the small particles suspended in it give rise to two vastly differ
ent forms of scattering. The molecules in the atmosphere give rise to 
a large angle scatter called Rayleigh scattering. This type of scatter
ing causes the familiar blue sky and is characterized by a low bright
ness gradient near the sun. Since this type of scattering is dependent 
on the density of the molecules at a certain alitude, there is an



exponential decrease in brightness of the Rayleigh sky with altitude.
The pure molecular sky has a scale height of 8 km [1].

Particulate matter, on the other hand, contributes a strong 
forward scatter. This Mie scattering is predominant at small scattering 
angles and is the cause of the bright aureole seen around the sun.
Though this is a major source of atmospheric scatter, its effect de
creases rapidly with altitude. The scale height of atmospheric parti
cles is 1 km with an exponential decrease in density with altitude 
[1, p. 1034].

Even with this rapid decrease in aeresol density, the forward 
component of Mie scattering is so formidable near the sun that even at 
high altitudes it can still dominate Rayleigh scattering. For example, 
at 12,000 ft (3.7 km) a typical sky radiance 2° from the center of the 
solar disk is six times the radiance expected from a purely Rayleigh 
atmosphere. At 80,000 ft (25 km) the sky brightness is still twice 
that predicted by just molecular scattering [1, p. 1037],

Regardless of the actual source of the scattered light, the 
manner in which the overall sky brightness decreases with altitude is 
the information we are interested in. It is this rate of decrease which 
ultimately limits the detection of faint objects. Figure 1 shows the 
daytime sky radiance as a function of altitude measured at X - 0.44 pm 
[1, p. 1037; 2]. The scattering angle was 2° from the center of the sun. 
The brightness scale is in units of 10 ^ times the radiance of the mean 
solar disk. It is this excess sky brightness which must be reduced in 
order to detect the fainter objects in the daytime sky.
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Figure 1. Typical daytime sky radiance.

The graph presents typical values for daytime sky brightness 
normalized to the mean brightness of the solar disk, as a 
function of vertical altitude into the atmosphere. The scat 
tering angle was 2° from the center of the sun. The measure 
ments were made at X = 0.44 pm. The dotted line represents 
the brightness to be expected from only Rayleigh scattering.



The atmosphere itself is not however the only source of scattered 
light one must contend with. The source of the greatest amount of 
scattered light is the observing instrument itself. In work done by 
Bernard Lyot, five sources of instrumental scatter were identified 
[3,4,5]. The first was diffraction of sunlight at the aperture of the 
objective. If not removed, this contributed a radiance in the field of 
approximately 2 x 10^ of the mean solar radiance.

The second major source is the secondary image formed by multi
ple reflections in the optical elements. For an f/100 singlet lens 
objective, the additional radiance is about 6 x 10  ̂times that of the 
sun. The remaining three sources are inherent in the optical glass 
itself. They are macroscopic (1 pm - 100 pm) irregularities such^as 
bubbles and other inclusions, microscopic irregularities which can pro
duce a uniform haze across the objective, and dust and scratches on the 
optically finished surfaces of the glass.

If left unobstructed, the combination of these five sources of 
instrumentally produces scattered light can be one to two orders of 
magnitude, greater than the atmospherically produced scattered light.

Methods to reduce this unwanted light were first introduced by 
Lyot. By using a field lens to image the objective on an aperture stop, 
the bright diffraction ring could be blocked out. He also used a small 
occulting disk within the telescope to eliminate the multiple reflection 
spot. These two techniques alone were sufficient to reduce the stray 
light to 5 x 10™^.

More recently, the work of Newkirk and Bohlin [6] contributed 
additional techniques to reduce this even further. Their investigation



of a wide range of optical glasses showed that high quality borosilicate 
crown, such as Schott BK-7, introduced a radiance level of only 2 x 10 ^ 
Their main contribution, however, was the introduction of external occult 
ing disks to block the direct light of the sun before it ever reached 
the objective of the observing instrument.

By properly utilizing the techniques of Lyot and Newkirk and 
Bohlin, it becomes possible to reduce the instrumentally produced 
scattered light to a level well below that of the atmospherically 
scattered light. However, there still remains the problem of eliminat
ing this atmospheric scatter.

Currently there are no instruments which actually eliminate 
atmospheric scattered light. The schemes used are electronic techniques 
which sample the intensity at one part of the field and then electron
ically subtract this intensity from that portion of the field which 
contains the object under investigation. After a sufficiently long 
integration time, the weak signal of, say a star, will be pulled from 
the noise due to the background intensity. It is the shot noise 
inherent in this type of detection scheme which ultimately limits the 
accuracy of an observation. It is apparent then that this method does 
not actually reduce the scattered light from the atmosphere but merely 
changes its form so that it can be dealt with in another manner.

To summarize the scattering problem, it has been shown that 
there are two major sources of scattered light. The first is the exter
nal ly produced scattering by the atmosphere. Here there are two types 

of scattering, Rayleigh and Mie, with the Mie scattered intensity



dominant for small scattering angles around the sun. At typical observa
tory sites, the ratio of sky brightness to sun brightness is about 10 .

The second source of scattered light is the internal scattering 
by the observing instrument. If left unobstructed, this stray light 
can be as much as two orders of magnitude greater than that of the 
atmosphere. Various schemes have been devised using aperture stops and 
occulting disks which can reduce instrumental scatter to a level below 
that of the atmosphere.

Proposed Goals for the Reduction 
of Scattered Light

The goals to be met in reducing the background radiance level 
are set by the actual observing requirements. At SCLERA (Santa Catalina 
Laboratory for Experimental Relativity by Astrometry), one of the 
various programs currently being undertaken is to measure gravitational 
light bending by monitoring the position of stars as they pass near the 
sun. The present limitation for faint objects is the statistical error 
in the determination of the star's position. If this statistical error 
can be reduced by a factor of ten, then the SCLERA instrument will be 
capable of tracking a sixth magnitude star with arc milli-sec accuracy [7].

To achieve this accuracy requires that the radiance of the back-
-7ground light be reduced to approximately 4 x 10” of the mean solar disk. 

This level of reduction must be achieved for the scattered light both 
in the atmosphere and the telescope. The next chapter describes an 
interferometer which is capable of achieving these goals. It has the 
unique advantage of being able to eliminate scatter without the use of 
additional mechanical or electronic aids.



CHAPTER 3

THE BACKGROUND. COMPENSATING INTERFEROMETER

Conceptual Discussion 
The preceding chapter:defined the problem of scattered light 

and outlined the methods currently used to reduce this unwanted radia 
tion. These methods, however, are not put into use without some 
sacrifice. For example, to properly implement the various Lyot tech
niques requires additional optical elements which are usually spaced 
far apart and must be kept accurately aligned. Zanoni and Hill [8] 
have observed that because of this, such techniques are difficult to 
incorporate in an astrometric instrument and still maintain its astro 
metric qualities. On the other hand, the external stops of Newkirk 
and Bohlin [6] present mechanical problems. To observe within 2 arc 
minutes of the solar disk with a 14 cm aperture, the first external 
occulting disk must be located.262 m before the objective! In either 
case one must still contend with the scatter from the atmosphere and 
dust and scratches on the exposed optical surfaces. The consequences 
of all this is that in order to obtain optimum scatter reduction, an 
instrument will require frequent adjustments and cleanings. This 
type of necessary maintenance is seldom carried out faithfully in 
practice and thus an effective low-scatter instrument may actually

_4be operating with a radiance level of 10 or 10



10
The goals for background reduction in the SCLERA light bending 

experiment were presented, in the preceding chapter. It was mentioned, 
that a reduction of the statistical error by a factor of ten would 
permit tracking a sixth magnitude star with arc milli-sec accuracy.
It was the recognition of this observing potential of the SCLERA facil
ity that prompted, the initial work on a new type of background reduction 
scheme [9„]

To detect a faint star in the daytime sky traditionally requires 
that the intensity of the sky in one portion of the telescope field be 
measured and extrapolated to the region of the field which contains the 
star. These intensities are subtracted and it then becomes possible to 
detect the star. This technique is limited primarily by the shot noise 
of the two intensity signals. This noise is present because the detec
tors are sensitive to intensity only. That is, the number of photons in 
one part of the field, are counted and subtracted from the number counted 
in the other part of the field. The square of the statistical error in 
the measurement is given by the sum of the squares of the individual 
counts. If, however, one could subtract amplitudes of the background 
photons, this statistical error could be greatly redu'ced. This is the 
physics which pointed to using interferometry to reduce background 
radiation.

If one were to draw an analogy between the current methods of 
reducing background radiation and interferometry, the analog would be 
shearing interferometry. In shearing interferometry one wavefront is 
shifted slightly with respect to another. The effect for a small
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portion-of the wavefront is that under the proper conditions a small 
adjacent, portion is amplitude subtracted from itj resulting in an 
interferometric null.

Shearing interferometry is extensively used as an optical 
testing method [10,11]. To apply it to the background reduction prob
lem requires that certain properties be met. The first is that the 
interferometer must be able to distinguish between a scattering source 
and the object being observed. The second is that all scatterers 
within a finite cone angle must be compensated for simultaneously.
And, finally, since the sky is a broad-band spectral source, the inter
ferometer must operate over a significantly large spectral range.

A lateral shearing interferometer was first considered. How
ever, lateral shearing interferometers in general exhibit one peculiar
ity which will not allow their use in this application. The problem 
is that a change in the angle of incidence of the wave into the inter
ferometer will produce a change in the optical path difference between 
the two emerging wavefronts that is proportional to the change in the 
angle of incidence and to the lateral shear. Thus, on axis and off axis 
background radiation cannot both be compensated for simultaneously. 
Condition two is therefore not satisfied.

The class of radial shearing interferometers exhibits an analo
gous property. Fortunately, it is a function of more parameters, i.e., 
there are more degrees of freedom. It is possible then to find a radial 
shearing interferometer which can be used in the background reduction 
problem. The two emerging wavefronts in a pure radial shearing inter
ferometer have different radial magnification and are not shifted

v ■
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laterally relative to each other. However, as one moves off axis, the 
location of the point at which no relative shift occurs does depend on 
the angle of incidence of the wave and the details of the interferometer 
itself (the extra degrees of freedom). To be of any practical value, 
this point must be stationary at some location in the image space, i.e., 
at the detector aperture. Taking advantage of the extra degrees of 
freedom, a design for a radial shearing interferometer has been found 
which does exhibit this stationary property for any source located on 
a preselected plane of the object space.:

One can now turn to satisfying the first property, distinguish
ing the object from the background. The information necessary to 
differentiate between these two exists and is easily accessible. In 
the focal plane of a telescope a stellar wavefront is focused to an 
image. The wavefront produced by a scatterer at a finite distance, 
however, has some nonzero radius of curvature at the focal plane- 
Consequently, a design which capitalizes on this intrinsic difference 
between the wavefronts of finite and infinitely distanced objects is 
what we are after.

The particular design we have settled on can be seen in Figures 
2 and 3. It.is an amplitude dividing interferometer with a symmetric 
design. This symmetry will ultimately allow operation over a broad 
spectral region, satisfying requirement number three. The first element 
is placed near the focal plane of the primary instrument. The function 
of this lens is to map as best possible an extended range of scatterers 
in object space onto the preselected plane described above. Being near 
the focal plane, this lens has little effect on the image of the star.



AUXILIARY

EXIT PINHOLE

J FIELD LENS

/

Figure 2. Background compensating interferometer.
The planned configuration of the optical components for 
the interferometer described in the text.
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EXIT
PINHOLE

FIELD LENS

Figure 5. Ray paths through the interferometer.
Plane view of the interferometer showing the ray paths through 
the two legs. The field lens is placed near the primary focal 
plane of the observing instrument. The surfaces at AB and CD 
are beamsplitting interfaces. The interface at CB is to be 
totally reflecting for both legs.
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Consequently, the star can then be reimaged by the auxiliary lenses in 
legs one and two as two.points either side of the exit pinhole. At the 
same time, these auxiliary lenses reimage the scatterers separately at 
large distances from the exit pinhole. The difference in magnification 
in reimaging the scatterers produces the radial shear and subsequently 
the interference we are after.

The wavefronts which the interferometer will be handling will 
be nominally spherical in shape. The interference which then occurs 
will be a pattern of concentric bright and dark fringes centered on the 
exit pinhole. This type of interferometer is conceptually similar to 
one described by Som [12] but has the advantage that the existing wave
fronts will have traversed the same optical path, except that a 
deliberate half-wave path difference will be introduced into the two 
paths. This path difference will force the central fringe to be a null 
and will then have successfully amplitude-subtracted the unwanted light 
of the background source. It is then a simple matter to place the re- 
imaged star within the null fringe and out to the detector.

Figure 4 shows the light path through the lenses of one leg of
the interferometer for three different imaging cases. The first shows 
how a star is reimaged to the pinhole. The second is for a scattefer 
at the objective. Note that for most cases, the objective will be 
sufficiently far from the field lens so that the wavefront entering the 
interferometer from a scattering center on the objective is essentially 
planar. The third case is for a scatterer in the atmosphere whose
wavefront is being focused by the objective. For the SCLERA instrument



FIELD LENS AUXILIARY LENSES EXIT PINHOLE

_

Figure 4. Imaging properties of the interferometer.
(a) Reimaging of star to exit pinhole. (b) Imaging scatterer located far 
from the field lens to provide a large, negative radius of curvature wave- 
front at exit pinhole, (c) Imaging scatterer in atmosphere to produce a 
large, positive radius of curvature wavefront.



with a 12 cm diameter, f/100 primary, a scatterer one kilometer beyond 
the telescope is imaged 14 cm behind the primary focal plane.

Mathematical Description 
This section presents a summary of the mathematics necessary to 

fully describe the interferometer. A detailed version of the develop
ment of these equations is presented in Appendix A. The equations 
presented here are those necessary to define the relationships within 
which the system will be constrained to operate. These relationships 
arise from two equations. The first gives the location of the images 
produced by the interferometer. The second describes the location of 
the central fringe in the plane of the exit pinhole. With this infor
mation one is able to study the transmission.properties of the inter
ferometer as a function of longitudinal source position and to study 
the degree to which the center of the fringe pattern remains stationary.

This analysis and that of Appendix A deal only with the first 
order monochromatic properties of lenses as defined by the laws of 
geometric optics. The sign convention used has object distances posi
tive to the left of an element and.the image distances positive to the 
right. The exit pinhole distance is also defined to be positive to 
the right of the last lens in the set.

With p as the object distance of lens 1 (see Figure 5), the 
auxiliary lenses reimage this source a distance q’ from lens 2 with

?! - 2fi * 17 fP-̂ i 
-I: = ---------- — —  ------------  , ci)

- i
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LENS 1
  r \

-kJL.-=-̂ -Z= —

Figure 5. Parameter definitions.

The parameters listed are those used in Equations 1-15 of 
Chapter 3. Solid lines represent real ray paths; dashed 
lines are virtual ray paths.



19
where £ is the focal length of lens 1 and 2 and and are defined 
in Figure 5. The subscript i is used to distinguish the two legs of 
the interferometer. This expression was obtained using the thin, lens 
formula. It then follows that the distance from the exit pinhole to 
the final image of the source is

Note that when the final image is located to the right of the exit 
pinhole, this distance is positive.

Equation (2) has an explicit dependence on the object distance 
p. which differs for each leg. By noting the fact that each leg of theX
interferometer images the same virtual object set up by the field lens, 
we can define the invariant quantity.

This distance p* is actually the distance from the image produced by the 
field lens to the exit pinhole and obviously must be the same for both 
legs of the interferometer. The value p' is ideally zero for a-scat
ter©* at the stationary plane. For scatterera at increasingly greater 
distances in the atmosphere, p* increases until p' = f^ where f^ is the 
focal length of the field lens. This is the condition which holds for 
the star image. Combining Equations (2) and (3) yields

(2)

p? = p1 + 2 £ 1 + e 1 + Sj = p2 + 2f2 +-e2 >  s2 (3)
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Cq,-s)i
Y.i

1 + ! if.i
4 -

(4)

where

= PV 1 + ■§■ 1 - f. -f4 + | + | 1 -I- 4 + §- l i - if; li *! f f f f fj - } •

Equation (4) is the first of the two equations which will be used to 
evaluate the transmission properties of the interferometer. It is an 
expression for the distance from the pinhole to the final image of the 
scatterer and thus gives us the radius of curvature of the scatterer 
wavefront at the pinhole.

For the study of the degree to which the fringe pattern is 
stationary, one needs to know the angle of incidence 0^ of the incoming 
waves. The tangent of this angle is given by

tan 0. (qr-s) (5)

where h! is the final image height produced by the interferometer. This 
can be put in terms of the object height, h, and (q'-s)^ of Equation (4) 
to give

tan 0i = - y- (6)

The height h is defined for the scatterer with the object: distance p.
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The requirement that the central fringe be stationary as the 
source is moved off axis is satisfied when

tan Gj = tan 6^ . (7)

Since the off axis distance h is the same for the two legs, the conse
quence of Equation (7) is to require that the denominator of Equation
(6) be invariant. That is, it must be the same for the two legs of the 
interferometer. Since this leads to an equation which is linear in p*, 
there does exist in general a solution that is real. That is, there 
exists a p.*, a particular object distance, for which the location of 
the central fringe at the exit pinhole is independent of the off axis 
source position. This is the property that is desired. With Equations 
(4) and (7)‘we now have the two equations which relate the system 
parameters to wavefront radius of curvature and to the stationary 
property of the fringes. Satisfying Equations (4) and (7) will be the 
key to setting values for the free parameters f^, s^ and Ex . Equation 
(4) will be used to determine the transmission characteristic as shown 
below.

For two equal amplitude spherical waves, the resulting intensity 
distribution in the interference pattern is

Ij = I0 (1 + cos cy) , (8)

where I is the intensity of the individual waves, a. is the phase o j

difference between the two waves, and the subscript j refers to the two 
output paths of the interferometer. The compensated output, j = 1,



is at the exit pinhole and its complement, j = 2, follows the other
route through the last beamsplitter. The values of a. can be shown3
to be

a_ = ir + r IT 1 j_T
X; i v . Ril

and (9)

a. a1 - ir l

where r is the radial distance out from the center of the interference 
pattern and and are the respective radii of curvature of the 
spherical waves. This is valid for r «  R̂ . Note that in Equation 
(9) we have introduced a it phase shift in leg 1 in order to achieve 
a dark central fringe.

Therefore,

R„
_1_
R, ]) -

(10)

where the radii are given by Equation (4), i.e..

Ri - (q’-s)^

Thus it is possible to calculate the transmission of the system for a 
particular configuration.

The transmission, T, for the interferometer is obtained by 
integrating over the exit pinhole and normalizing it to the total 
energy in both output paths. This can be stated as
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•/A I1 dxdyT = ------------- - , (11)
J'a  CIi+I2) dxdy

where A denotes the area of the. pinhole. For the ease where the 
central fringe remains on axis, this can be integrated, yielding

T = |  (1 - sine agZ) , (12) .

where is the radius of the exit pinhole, a = y  {[(l/R^) - (1/R^)]}
and sine ag^ = (sin ag^)/ag^ .o o o

It is obvious on examination of Equation (12) that the desired
2transmission properties are obtained when aCQ «  1 for the scattered 

2wave and a§Q > 1 for the unscattered wave. In other words, (q'-s)^ 
given by Equation (4) must be large and approximately the same size 
when p' corresponds to the preselected plane and when p* is changed to 
that corresponding to a star, (q1-s)  ̂must become small and maintain 
a finite difference.

This equation is valid for the scatterers which are located on 
the stationary plane required by Equation (7). For scattering sources 
located in front of or behind this plane, their resulting fringes will 
not all be centered on axis. Consequently the absolute null over large 
fields predicted by Equation (12) will not be totally realizable.

The general expression for the transmission of the interferom
eter, taking into account all:scattering sources in the field of view, 
is considerably more complex. The derivation of this form can be found 
in Appendix B. The result there gives
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and d and £ q  are the semiaperture and focal length of the telescope 
objective, respectively.

Solution for the SCLERA Astrometric Telescope 
The preceding pages have developed the mathematical relation

ships which govern the operation of the interferometer. With this 
information we were able to derive an expression for how well a given 
system will operate. What remains to be done is to use these equations 
to specify physically realizable parameters to be used in a specific 
application. The techniques used to arrive at an actual solution are 
given in Appendix C. .

Using those techniques, a solution was found which is compatible 
with the requirements for the astrometric program at SCLERA. The pri
mary instrument has a 12 cm diameter, f/100 objective. Solution 1 of 
Table 1 lists those parameters found which meet the goals stated in 
Chapter 2. Using these parameters and Equation (13), a plot of trans
mission of the intensity of the incoming wavefront can be obtained as
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Table 1. Two solutions for the background, compensating interferometer.

Solution 1 Solution 2

e1/f1 -0.258 -0.250

e2/f2 -0.195 -0.235

SjV fx 1.40 1.40

s2/f2 2.50 2.60

f2/f1 0.778 0.720

■fj 1.437 cm 2.50 cm

f _g 5 .0 cm 10 cm

L 5.0 cm 10 cm



a function of the altitude of the'scatterer. The following figures 
represent this information. Figure 6 is a plot of T versus altitude 
for three different exit pinhole radii. The pinhole size is directly 
related to the observed field angle. The transmission curves 1, 2, and 
3 correspond to a field diameter of 4.35, 8.70,and 13.0 arc seconds, 
respectively. Figure 7 is a plot of T versus altitude for the three 
primary wavelengths, X = 0.4861 pm, 0.5876 pm, and 0.6563 pm, using a 
pinhole aperture of 0.025 cm diameter. Note that although only single 
element lenses are used in this first design, the symmetry of the design 
ensures that the transmission will have only a relatively weak depend
ence on wavelength.

It is concluded, on the basis of this information and the infor
mation on daytime sky radiance presented in Chapter 2, that the proposed
interferometer will achieve the goal of reducing the observed background

-7radiance to 4 x 10 that of the solar disk.

Demonstration of Feasibility
Though the major emphasis of this work has been the development 

of the theory and design of the background compensating interferometer, 
a laboratory exercise was conducted to demonstrate with a working model 
the basic principles of the interferometer. An instrument was con
structed using off-the-shelf optics which met the specifications of the 
second solution of Table 1. Obviously this system did not meet the 
necessary requirements with regard to tolerances on the figures of the 
transmitted wavefronts as discussed in the next chapter. Nonetheless
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Figure 6. Transmission of the interferometer for three field angles.
Transmission is plotted as a function of altitude of scat- 
terer. Curves 1, 2, and 3 are for field diameters of 4.35, 
8.70 and 13.0 sec of arc respectively.
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Figure 7. Transmission of the interferometer for three wavelengths
Transmission curves for the three primary wavelengths. 
These values are for an interferometer using only single 
element lenses of Schott BK-7 glass.
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it was possible to demonstrate the essential features of the interferom
eter with this optical system.

The two essential features are, first, the stationary property 
of the central fringe for a scattering center location in the pre
selected plane and, second, the condensation of the interference pattern 
into the exit pinhole for a wave simulating one originating from a star. 
For the first test, the scattering center and scattered wave were simu
lated by the diverging wave from a focused laser beam (X = 0.6328 pm). 
The source was located on the stationary plane as defined by the chosen 
optics. It was then moved to various positions off axis. The location 
of the dark fringe was found to be stationary to better than one quarter 
of a fringe over a 1/4° entrance cone. This is to be compared to the 
motion of the central fringe typically found in radial shearing inter
ferometers of several fringes. -

The second test was performed by simulating the stellar image 
in the focal plane of the telescope with the laser now refocused. In 
this case the location of the source was moved from the preselected 
plane to the equivalent focal plane of the telescope. In this instance 
the complex image produced by the interferometer was at the exit pinhole 
and contained in the pinhole.

The main limitation in these two tests was obviously the qual
ity of the interferometer optics. Nontheless, the results clearly 
demonstrate that the principles involved in this interferometer are 
well understood.



Applications
The inclusion of the background compensating interferometer in 

any instrument currently limited by excessive background radiation will 
increase the instrument’s sensitivity by a factor of at least 10 to 100. 
The gains to be made in the gravitational light bending experiment have 
already been cited, yet there is an additional advantage one can claim. 
While, for a given star, the signal-to-noise ratio may be improved by a 
factor of ten, for a given acceptable signal-to-noise ratio, the number 
of stars available for.measurement increases by a factor of 50. This 
improvement in statistics will permit additional reduction of systematic 
errors which arise due to the small sample of objects presently avail
able for study.

Future plans for the SCLERA astrometric facility include the 
use of the background compensating interferometer to help obtain high 
precision measurements of planetary positions. The results of these 
measurements will become immediately useful in the navigation of inter
planetary space probes such as Pioneer 11 and the proposed Voyager.
By accurately tracking the planet Mercury one can determine the advance 
of its perihelion. This will serve as a check on the light bending 
experiment and will allow more conclusive evidence to be gathered with 
regard to the time variation of the sun's gravitational field.

A more widely applicable.use of the background compensating 
interferometer is the study of the solar corona. Initially this struc
ture could only be observed during a total solar eclipse. Not until 
the invention of the coronograph by Lyot [3] in 19.30 did it become 
possible to observe the corona at will. Still, even with the best
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instruments, one can make ground based observations only out to about 
one or two solar radii [13]. With modern technology, instruments can 
be sent into space and observe to greater extents, but this method is 
limited in its information gathering ability and is generally beyond 
the budget of most institutions. By reducing the intensity of back
ground light by two orders of magnitude it would become possible to 
observe the corona to two or three solar radii directly from earth [14].

To this point it has been assumed that either one background 
reduction scheme or the other is used.. That is, either the techniques 
of. Lyot [3,4,5] and Newkirk and Bohlin [6] or the background compensa
ting interferometer is used. However, when it is convenient to do so, 
using a combination of the two— the former techniques to reduce instru
mental scatter and the interferometer optimized to reduce atmospheric 
scatter— would result in even greater gains in background reduction.

The nighttime astronomer also has background limits. On a 
clear, moonless night, far away from the city, the magnitude limit is 
ultimately set by upper atmosphere sky glow and by the integrated dif
fuse starlight in the galaxy. But due to scattering in the instrument 
and near atmosphere this limit can be reached only with great difficulty-. 
Scattered moon light interferes with nearly one half of observing time 
at the telescope. Suburban sprawl steadily encroaches on even the most 
remote observatory site, making light pollution one of the most serious 
problems facing astronomers today. Obviously, a reduction in back
ground light would allow the recovery of precious telescope time.

Another field in which observations are limited in much the same 
way as daytime observations is infrared astronomy. Currently, infrared
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observations are photon limited [15]. That is, random fluctuations in 
the number of photons emanating from the atmosphere and superstructure 
of the instrument are picked up by the sensitive detectors and are 
manifested as shot noise in the output« The background compensating 
interferometer is designed to eliminate this type of photon noise. With 
the proper choice of materials, such as germanium lenses with grating 
[16] or thin film beamsplitters [17], a long wavelength equivalent of 
the optical interferometer could be constructed.

In nonastronomical fields there are also many systems which 
could benefit from reduced background radiation. For example, in line- 
of-site optical communication devices, the range, for low power systems, 
is limited by the signal-to-noise ratio of the incident flux at the 
detector. By eliminating a large portion of the intervening scattered 
light, considerable improvements in the range of such devices could be 
realized.

As an extension of this idea, one can quickly realize the gains 
to be found in the many military applications of optical devices. Laser 
radar systems, atmospherically attenuated communication devices, target 
acquisition and tracking instruments all operate on the same principle, 
locking onto a faint signal which is traveling through an atmosphere 
flooding the detector with scattered light. Any device which can suc
cessfully eliminate all or part of this background light will immediate
ly improve the accuracy and range of such instruments.

Although the above discussion is not quantitative with regard to 
the various applications, it is apparent that the background compensating 
interferometer should, afford considerable gains in many areas of optics.



CHAPTER 4

ADDITIONAL CONSTRAINTS, TOLERANCES AND PROPERTIES

Chapter 3 described the background compensating interferometer 
in terms of only the first order mathematical relationships which must 
hold in order that the interferometer reach its goal of background 
reduction. These equations, however, did not take into account higher 
order perturbations on the interfering wavefronts or additional con
straints which must be met in order to satisfy the requirements of 
interference. In addition, certain properties can be developed which 
can be used as a powerful tool in the design of an actual instrument. 
This chapter will deal directly with these unanswered questions and 
show that indeed this interferometer is capable of being manufactured.

Wavefront Tolerance
The transmission properties described in Chapter 3 were devel

oped assuming two perfectly spherical wavefronts,were being interfered. 
In practice there are three major factors which tend to deform the wave
fronts. They are diffraction, geometrical aberration and surface 
irregularities.

Diffraction effects, though present, will not be an important 
factor for two reasons. First,1 the interferometer will be acting on 
the scattered wavefronts which are far from focus. Thus, the perturbing 
effects of a diffracting aperture will be proportionally small. Second,

33



. 34
the interfering wavefronts will only be sampled near their center, again 
minimizing the effects of edge diffraction.

The geometrical aberrations will also be quite small. The 
primary instrument is a modified Schupmann medial telescope corrected 
for use as an astrometric instrument [18]. Thus the wavefront entering 
the interferometer is well corrected. The interferometer package itself 
also contributes a negligible degradation to the wavefront. Spherical 
aberration, which is dependent on the fourth power of the aperture, is 
kept small since the maximum diameter of the wavefront is only 0.25 mm. 
Coma and astigmatism which have their strongest dependence on field 
angle are also small since the field of view is kept on the order of 
seconds of arc.

To verify these claims, a wavefront analysis was performed 
using the ACCOS V lens design program [19]. The final figure of the 
wavefront was examined for three different conjugate positions between 
the objective and infinity. It was found that the wavefront was spheri
cal to better than 1/100 over the full field and aperture. The inter
ferometer analyzed consisted of equiconvex, singlet lenses with the 
appropriate beamsplitting elements included. The curvature of the lens 
surfaces and the spacings of the other elements were taken from Solution 
1 of Chapter 3. Even if aberrations were present, which may well be the 
case in other applications, they would cancel out to a high degree since 
the two legs of the interferometer are constrained to be very nearly 
the same.

The final wavefront error which must be considered is that 
introduced by surface imperfections accrued during fabrication. From
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Equation (8) of Chapter 3 we get the intensity distribution for the
interference of two equal amplitude spherical waves,

I = 'I (1 + cos a) . (14)

When we express the phase, a, in terms of the ir phase shift and the
wavefront deviation, AW, this becomes

[o{I = I 1 1 - COS 2irAW (15)

If AW is small we can expand the cosine term. When we then integrate 
over the aperture and normalize to obtain the transmission equation we 
get

T = -rrAW) 2 (16)

For a T of 1/400 the deviation between the two interfering wavefronts 
must be less than X/60. This would normally be an extremely difficult 
goal to achieve with a multielement system. However, this is required 
over only a small region as mentioned above. Because of"this, it should 
be possible to reach the above.tolerance level in the region of interest 
with overall surface requirements of A/20.

Constraints on Image Separation and f Number 
The technique used by the interferometer to eliminate the back

ground radiation is to introduce a phase shift between the two inter
ferometer legs to provide destructive interference of the scattered 
wavefronts. This interference also takes place between the wavefronts



of the two final star images. The energy that is in the initial wave
fronts is obviously not lost but is redistributed in the circular 
interference fringes that are created.

It is a requirement of the interferometer that the interference 
pattern of the star be contained primarily within the central null 
fringe of the interference pattern of the scatterer. However, since 
the central fringe of the star pattern will also be a null we are then
required to allow at least a A/2 path difference between certain portions
of the wavefronts of the star images. This path difference can be con
trolled by varying the f number of the interfering beams as well as the 
separation of the final images. It becomes apparent from Figure 8 how 
these dependencies are related. More specifically, for and »  r,
the departure of the wavefront from a plane reference surface at a dis-

2 2tance r above the axis is <5z = r /2R = Ru /2, where u = 1/2F and F is 
the f number of the beam. If R^ is defined as (R̂  + t), i.e., the star 
images are separated a distance t, then the optical path difference 
between the wavefronts 1 and 2 at a distance r is

R (u 2 - u 2) + t u 2
AW = ■■ ■ •• -r1, . (17)

In our particular application we have u^ « u^ = u and
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Figure 8. Interference of the stellar wavefronts.

Geometry used to establish constraints on image separation and f number. 
The value t is the separation between the two final star images. The 
other parameters are described in the text.
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By meeting the conditions of Equation (18a), we are assured of not 
losing energy through the complementary leg of the instrument due to 
the interference taking place.

The f number value we use here is the f number of the final 
exiting beam, not necessarily the f number of the primary system. This 
final f number is of course dependent on the focal lengths and separa
tions of the elements in the interferometer. These values, however, 
will already be set to give the best transmission for the instrument 
and application being used. The equation relating F entering the inter
ferometer, the f number of the primary system, with F of the exiting 
beam is

1-1
F . = F.out m

(2f+e) 2
L f2 • f + 1 - ., (19)

where f and e are the parameters described in Chapter 3 and d is the 
distance between the field lens and lens 1 of the interferometer.

Scaling
Once the value for F ^-has been obtained, the value of t, the 

separation of the final images, can be calculated using Equation (18a). 
For the SCLERA instrument the initial interferometer design calls for 
Fout ~ p£n = 100. This would then require t n, 3 cm for optimum perform
ance. To avoid this difficulty one could redesign the instrument to set 
]?out ~ 25, or One might consider scaling the length parameters of the 
system.

For example, the expression we have for the radius of curvature 
of the wavefront at the pinhole is



The separation of the. final star image is

t = |R̂  - R2 | with p' = fg (21)

If we then scale all the lengths in Equation (20) by a factor of m,
the scaled value of t, called t’, is simply

t' = mt (22)

Thus if there were a 3 to 1 ratio between the value of t required by 
Equation (18a) and the value obtained by an initial trial solution, we 
simply need to scale all the lengths of the first solution by a factor 
of 3. This technique is a useful tool for going, quickly between one
solution and another.

To fully utilize this scaling technique one must determined how 
scaling affects the transmission of the background. The equation we 
have describing the transmission of the background radiation is

2
T = J2 {E50(lrecn 4 + 3[(l~ec)Co P0 3p]2 + [Bp P0]4} , (23)

which is Equation (13) from Chapter 3. The scaling properties for 
these parameters can be obtained from their definitions. The results 
are presented in Table 2.
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Table 2. Scaling properties for the transmission formula.

Rf = mR af = l am sp ■ 6p

tan 8' '= —  tan 0 m e« = e 1 <  -

i
po = mP0 4

II
The transmission, T*, of the background radiation after scaling 

by a factor m can then be expressed as:

T  " w  So p. + (24)

Since the first term dominates for scattering particles located at the 
objective and the near field, we actually see an improvement in the per
formance. However, for scatterers located further in the atmosphere, 
the second and third terms begin to dominate and thus we see a degrada
tion in the reduction of atmospheric scattering effects. Nevertheless, 
by finding the appropriate balance one can still achieve very good per
formance two to three kilometers into the atmosphere.

Transmission of the Stellar Image 
The discussion on f number and image separation led to the 

scaling theorem and a new expression for the transmission of background 
radiation. But since the object will also be imaged as two points there 
will be interference occurring between their respective wavefronts.
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In order to get maximum intensity from this interference we must under
stand explicitly how the transmission of the stellar intensity is 
related to the separation of the two images and the f number. In this 
section we will develop a quantitative expression for the stellar trans
mission, T as a function of these two parameters,star /

If we describe the interference occurring between the two wave
fronts of the stellar image with the equation

ip = A e16" * )  - A .lOt-W , (25)

where 2<p is the total phase difference between the two wavefronts, we 
can then separate out the phase dependence as

$ = 2A sin <J> eiaJt . (26)

The phase difference between the two wavefronts is

*  = i x 211 C27:>

and if we use as before

tu2AW ,=r S -  , (28)

we have the expression for <j) as a function of u and t,

<f> = • (29)

The intensity of the interference pattern is then
2'i

I = | $ | = A sin'1 irtu
2\ (30)
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Now in order to obtain the total intensity of the transmitted stellar 
wavefront, we integrate over the entire intensity distribution between
the angle limits 0 and u

star

max ’

u
inax A2 sin2 TttU

2X 2ir u du (31)

star

■u
max ZTT A2 sin2 ITtU

2X u du

u
max 2IT A2 u du
0

(32)

After integrating, the expression for the transmitted intensity of the 
star is

star 1 - sine
2.1

(33)

The behavior of this function is depicted in Figure 9. One particularly 
interesting characteristic of this function is that it is possible to 
achieve greater than 50% transmission with the proper combination of 
f number and image separation. It also shows more clearly that as the 
f number becomes smaller, the image separation also becomes smaller.
This strongly favors improved background reduction.

In summary, this chapter has expanded on some of the properties 
and additional constraints which are in force beyond the simple first 
order equations. It has shown that the wavefront tolerances necessary 
to achieve theoretical background reduction are entirely realizable.
The importance of final image separation and exiting f number has been
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Figure 9. Transmission of the stellar intensity.

The behavior of Tstar, Equation (33), as a function of image separation and f number 
These values are for the wavelength X = 0.55 pm.



discussed and has led to the development of a scaling property which 
describes how the transmission changes as one scales the parameters of 
the interferometer. Lastly, an expression was developed which states 
how the transmission of the stellar intensity is related to f number 
and image separation.



CHAPTER 5

INDIVIDUAL COMPONENTS OF THE INTERFEROMETER

Up to now, this work has been primarily concerned with describ
ing the image forming properties of the background compensating inter
ferometer. From these considerations one can establish the parameters 
necessary to determine the focal length and separations of the lenses 
to be used in the system. The step from theory to practice, however, 
requires the addition of beamsplitters, deviating prisms and, of course, 
the optical elements necessary to produce the phase shift to achieve 
cancellation.

This chapter will concentrate on the two major problems, the 
beamsplitter and the phase shifter* It will deal with the problems 
foreseen in their use and the solutions we have derived which will 
allow their successful inclusion in the interferometer.

FTIR Beamsplitter--Its Properties and Advantages
In order to achieve the cancellation of the background light by 

destructive interference, it is necessary that the optical path differ
ence between the two interfering wavefronts be constrained to a very 
small range of values. As presented earlier, we must control this path 
difference to better than A/60. This criterion defines the constraints 
which must be imposed during the construction and operation of the

4 5
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interferometer. It will be shown that this requirement can be met with 
current optical shop and laboratory practices.

There is, however, one aspect which at first seems a minor con
cern but in reality could pose a major problem. The problem arises in 
deciding what kind of beamsplitting elements should be used. The typi
cal beamsplitter is a thin dielectric coating on a glass substrate.
This technique has two major drawbacks, however. The first is that, 
though the thickness of the layer is generally fixed, there is no con
trol over the minor deviations from the optimum thickness [20]. Even a 
few percent deviation in the optical thickness of the dielectric layer 
would be sufficient to disrupt the performance of the interferometer.
The second drawback is that there can be as much as a 10% difference 
between the percent of light reflected and transmitted over the spectral 
region we are using [21]. This will again degrade the performance of 
the interferometer by reducing the contrast of the final fringes. To 
improve the spectral response, additional layers can be used in the beam- 
splitting interface but this only leads to the problem of controlling the 
thickness of the layers. Another alternative might be to use a pellicle 
beamsplitter, but this too suffers from the same drawback.

The method we have chosen, which avoids these problems entirely, 
is to use frustrated total internal reflection beamsplitters. To help 
explain the phenomenon of frustrated total internal reflection, or FTIR, 
and how we can use its properties to our advantage, we refer to Figure 
10. The FTIR. beamsplitter for our purposes consists of two right angle 
prisms of index n, separated by a gap of thickness d with an index
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INCIDENT TRANSMITTED

Figure 10. Frustrated total internal reflection beamsplitter.
The geometry and pertinent parameters are presented 
which are used to describe the phenomenon of FTIR.



nQ < . In this case the gap will be an air space with nQ « 1 and
we will call n = n^/nQ.

Even though the angle of incidence, i, of the incoming light 
exceeds the critical angle for the medium of index n^, there will be 
a certain amount of light transmitted through the gap into the second 
medium if d is made sufficiently small. By changing, this separation, 
essentially any amount of light, from zero to 100%, can be transmitted 
through the beamsplitter.

As will be shown below, we can achieve a very high peak trans
mission of the incident light over a broad spectral region. With the 
absence of any dielectric layer we have also eliminated the problem of 
random phase variations in the wavefronts and thus have a very efficient 
beamsplitter.

The formal development of the properties of ETIR beamsplitters 
can be found in the literature [22,23,24], The expressions for the 
reflectance R and the transmittance T are as follows:

dx - Cn2-1)2 sinh2a d , .ix - o o n o o o o »

rH =

(n2- « 2 2sinh a d + .2 2. , : 4n cos i (n sin2i - 1)

(n2-I)2 A2 sinh2a d
(n2-l)2 sinh2a t, , 2 2. 1 + 4n cos i (n2 sin2i -1)

24n i 2. ' 2 . 2.cos i (n sin i - 1)

(35)

T1 - T.1 u. L"- 2 2 2 2 2 2 2 - ’  ̂ ; (n -1) sinh a d + 4n cos i (n sin i - 1)



It can easily be seen that RA + Tx = 1 and R1' + = 1 as required.
The superscripts -L and H refer to the plane of polarization of the light 
being perpendicular or parallel to the plane of incidence.

For two equal amplitude spherical waves interfering, the
resulting intensity can be described by

' .

I = IQ (1 + cos 6) (38)

271*where 6 - —  x (path difference between the two wavefronts). If we call 
I^ax the maximum value of Equation (38) and Ipg^ the normalized peak 
value this intensity can obtain, one finds, for the interferometer in 
Figure 2, the result

Ipeak = T P  = 4RT • . C39)

The beamsplitters themselves are polarization sensitive. How
ever, the resulting intensity of the interference pattern can be made 
independent of polarization if the intensities of the two polarizations 
are required to be equal, i.e..
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When this condition is satisfied, then the expression for the peak 
transmitted intensity is

peak
8(n2-l) 
[2+n2-l]2

(41).

Note that to obtain Ipg^ * 1 we need a medium where h % /3. The proper 
choice of glass for the beamsplitter can be made to meet this require
ment. From a practical point of view though, one must also consider 
the other characteristics of the glass such as transmission, bubble 
content, ease of availability, etc. With these as guidelines, the 
optimum choice of glass is the Schott flint glass, F7.

From the theory of FTIR it becomes obvious that the gap between 
the two halves of the beamsplitter must be of the order of the wave
length of light. The exact expression is

d
X 7T(2n2-4)^

sinh C2n2-4)n2 
. (n2-l)3

(42)

For F7 glass, d / X  w 0.22.
Figure 11 shows the curve for and d / X as a function of

wavelength from 0.4 ym to 0.8 ym. As can be seen, a high peak trans
mission can be obtained which varies by only a few tenths of a percent 
over the visible region.

Variations in fpg^k also occur for any changes in the angle
of incidence or gap width,. It can be shown that for AI ./Ipeak peak < 1%
we must maintain Ai < 1° and Ad/d < 4%. These values are all within the
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i

Figure 11. Peak transmission and gap spacing for FTTR beamsplitter.
The' figure Shows' the high peak transmission over a broad 
spectral bandwidth to be expected using FTIR beamsplitters. 
This curve and the one for the optimum gap spacing were 
calculated using F7 glass.



tolerances under which the interferometer package will be operating, 
thus there should be no difficulty in meeting these requirements.

The technical results in this section on the use of FTIR in 
beamsplitting elements for this type of application are from the work 
of Francisco Smolka of the Department of Physics at The University of 
Arizona [25] and have been used in this thesis, with his permission, 
to help describe the complete interferometer assembly.

The Achromatic Phase Shifter
An achromatic phase shifter is a group of optical elements 

capable of introducing a phase shift between two wavefronts which is 
independent of X, the observed wavelength, over a significantly large 
range of wavelengths. The phase shifter designed for the background 
compensating interferometer is described below. It introduces a it 
phase shift, an optical path difference of X/2, over the region of the 
spectrum, 0.4 pm 5 X - 0.7 pm. The need for an achromatic phase shift 
becomes obvious when one considers how the interferometer works. To 
cancel out the effects of the background, there must be a null fringe 
at the center of the interference pattern. But this only occurs when 
the optical paths between the two legs of the. interferometer differ by 
mX/2, where m is an odd integer. Thus only specific wavelengths would 
normally interfere for a given spectral range. To achieve a constant 
ir phase shift for all values of X requires that the optical path differ
ence, OPD, be proportional to X.

Optical path length is defined as a geometrical distance times 
the index of refraction of the medium in which the measurement is
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made [26]. If we have two paths in air (whose index is sufficiently 
close to unity for this disepssion) with the same optical path length 
and then we introduce into path 1 glass of index n^ and thickness t^ 
and into path 2 glass of index n^ and thickness then the OPD between
these two paths caused by the introduction of the glass is

OPD = (n1-l) tx - (n2-l) t2 . (43)

Since n^ and n2 are both functions of wavelength we can express the
requirement for an achromatic phase shift

OPD

as

X- [n^(A)-l]tj - in2(X)-l)t2] = ± • (44)

The task is, for a given choice of glass with n^ and n2 specified, to 
determine the optimum values for t^ and t2 so that this equation holds 
for any value of X within the desired wavelength range. A ,FORTRAN pro
gram was written which searched through the glass choices in the Schott 
catalog [27] and solved for t^ and t2 which gave the best least squares 
fit to Equation (44).

The actual procedure went as follows. First, glass information 
was read in as data. This information consisted of the glass name and 
the dispersion constants A^ through A,.. The index of refraction for any 
wavelength X can be calculated using the dispersion formula,

n2 = Aq + A1X2 + A2A"2 + A3X'4 + A4X"6 + A5X~8 .. (45)

From this equation, accuracies in n of ± 3 x 10 ^ can be achieved over 

the spectral range of 0.4 - 0.7 ym [27, p. IT:-4],' With this equation the 
index of refraction was calculated for various values of A for each glass.
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Rather than searching through the entire Schott catalog, the 

search was limited to about one. hundred glasses which satisfied certain 
optical and mechanical characteristics. These included the glasses 
cataloged in groups 0-2 in bubble content, resistance to climatic 
variations, and resistivity to staining. Also, all choices were to have 
high transmission characteristics over the desired spectral region.

With the index of refraction calculated as a function of wave
length we could then solve for values of t^ and t^ in Equation (44) by 
minimizing the sum of the squares of the deviation D:

9 16 ?£ D = £ {[n(A..)-l]t- - [n(X.)-l]t- - A./2}
1=1 (46)

X = 0.4, 0.42, 0.44, ... , 0.70

Minimizing this equation with respect to t^ and t^ gives two simultane
ous linear equations which provide the final values of t^ and

Using this method and an initial set of 120 glasses, seventy-six 
pairs of glasses were found which have an RMS deviation of less than 0.01 
Tim (or less than 1/50 wave at 0.5 pm) over the spectral region of 0.4 pm 
to 0.7 pm.

The final solution chosen was the glass pair KF-9 and LaK-10
with thickness values of 0.4148 mm and 0.3011 mm respectively. The RMS

~3value of the deviation, D, is 2.7 x 10 pm. As can be seen in Figure 
12 this solution for the achromatic phase shifter gives a one-half wave 
shift from 0.4 to 0.7 pm with a deviation of less than X/120.
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Figure 12. Performance of phase shifting elements.

A plot of deviation in optical path from the optimum of A/2, 
over the visible region. The glass pair used was KF-9 and 
LaK—10.
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To take full advantage of the fine properties of the phase 
shifter, we would like for it to operate as a completely passive set 
of elements. That is, once the intial package is assembled in the 
laboratory, there should be no need to adjust it further, regardless 
of the observing situation. It was for this reason that we limited 
the choice of glass' to include only the "better quality" pieces as 
mentioned earlier. In this section we will describe in more detail 
the particular characteristics of the chosen glasses and investigate 
the tolerances within which these phase shifting elements must be 
constructed.

As mentioned earlier, glasses were chosen from the groups 0-2
in bubble content, resistance to climate variations, and resistivity -
to staining. From the Schott catalog we can get a more definitive
explanation for the characteristics of each group. In the production.
of optical glass, small bubbles or other inclusions such as crystals
or small stones may occur in the final piece. By measuring the total
cross-section of all these inclusions and referencing this number to a 

3100 cm volume of glass, one can characterize all optical glass into 
five groups (see Table 3). For our choice of glasses, KF-9 is in 
group 0 and LaK-10 is in group 1. Also, in ordering blanks for prisms, 
one can order a "special bubble selection" which means the glass will 
be chosen from that portion of the original plate which has the lowest 
bubble content. Thus for these glasses we can be assured of getting 
very high quality glass with no disruptive inclusions.
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Table 3* Defining properties of glass bubble group.

2 3Total bubble cross-section is given in mm per 100 cm 
volume of glass.

Bubble group Total bubble cross-section

0 0 - 0.029
1 0 • 03 — 0.10
2 ̂ 0.11 - 0.25
3 0.26 — 0.50
4 0.51 - 1.00
5 1.01 - 2.00

The second category is resistance to climate variations. Some 
optical glasses show a reaction to the atmosphere, especially over a 
long period of time, due primarily to the presence of water vapor in 
the air. The result is the formation of a cloudy film over the exposed 
surface of the glass which cannot be wiped off. In order to test the 
glass, the people at Schott place the glass in a vapor saturated atmos
phere in which the temperature is varied cycliely between 40°C and 50°C. 
This produces a condensation on the surface of the glass during the 
heating phase which then disappears as the sample is cooled. The 
samples are tested for 30, 100 and 180 hours, and are then classified 
into groups 1 through 4, according to how they react. Glasses in group 1 
show no attack, or only a negligible one even after an exposure of seven 
days. Under normal working conditions this glass should remain unchanged.
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Glasses in group 4, on the other hand, show a marked attack after only 
a few hours exposure to the process. ,

For our choices, KF-9 is in group 1 and LaK-10 is in group 2.
And to further eliminate any chance of attack, the more sensitive 
element can be incorporated into the final interferometer as an element 
cemented between two other pieces of glass.

The third characteristic is resistivity to staining. This test 
groups the glasses according to how they hold up under exposure to a 
corrosive environment. In the test, a polished sample of glass is 
exposed to a standard acetate solution (pH = 4.6) or a sodium acetate 
buffer (pH =5.6). The glasses are grouped according to the time 
required for a reaction to take place. Group 0 glasses show virtually 
no staining reaction even after a 100-hour-long exposure to the stand
ard acetate solution. Group 5 glasses react to both solutions in less 
than twelve minutes. Our glass choices are in groups 0 and 2 for KF-9 
and LaK-10, respectively.

The final aspect to consider in discussing the phase shifting 
elements is the tolerance of the elements with respect to variations in 
temperature, thickness and index of refraction. In doing this type of 
analysis we can make use of a very important point. Since the inter
ferometer is sensitive only to differences in optical path, first order 
sensitivities to the magnitude of a changing parameter essentially can
cel out. The only tight constraint we must then hold is on the differ
ential change between the two legs of the interferometer.

The equation which describes the OPD between the two legs of the 
interferometer which we have seen before is
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OPD = <j> = (n^-1) t1 - (n2-l) t2 . (47)

To examine how this function cf) changes when the parameters of the inter
ferometer are altered slightly, we set up the general expression

d(p = k1 A1 - k2 A2 , (48)

where k represents the sensitivity of a parameter to change and A is the
magnitude of the change. This perturbing effect, A , may represent a 
change in temperature, a change of thickness or any other environmental 
change which affects the performance of the interferometer. We can 
further write the deltas as a combination of two effects,

= (x + y)
(49)

A2 = (x - y)

Here we express the change as the sum of an additive factor, x, and a 
differential factor, y.

To determine how these definitions can be applied, we first 
consider the change in OPD, A(J>, as we change the temperature of the 
environment surrounding the interferometer. In Equation (47) both 
thickness and index of refraction are temperature dependent. This can 
be expressed as

<P = [nx m-lJt^T) - [n2(T)-l]t2(T) , (50)

where T denotes temperature.

I
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In order to find the change in (f> as we change temperature, 
we set up the differential

a* = + ^ a2ct)
or

dt dn dt dn '
d(p = (nl 1') dTx + t l dT^ \  (T) - (*2-1) df^ + t 2 dTj

(51)

A2(T) . (52)

The terms enclosed in the brackets represent how the index of refraction 
and the thickness of the material change with temperature. The Schott 
catalog provides this information in terms of the coefficient of linear 
thermal expansion, a, and the temperature coefficient of refractive 
index, 8. These two terms are defined as

and
CL =

8 =

d(ln t) 
dT

dn
dT

1 dt 
t dT

(53)

We can now rewrite Equation (52) as

d(j) = [(n1-l)t1a1 - t181] (T) - [(n2-l)t2a2 + t282] A2(T) . (54)

To relate this to the general form. Equation (48), we see that k^ repre
sents the first term in brackets and k2 is the second bracketted term.

It is at this point that we can now take advantage of the differ
ential sensitivity of the interferomter. Let (T) and A2(T) be defined 
as
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\  (T) = (AT + AT1j2) 

and (55)
A2(T) = (AT - AT1j2) .

The value AT represents the change in the ambient temperature while 
AT^ 2 represents the difference in temperature between path one and path 
two, i.e., the temperature gradient across the interferometer.

The equation for the change in optical path with temperature 
now becomes

dcj> = {[(n1-t)t1a1 - (n2-l)t2a2] + [ t ^  - t ^ ] }  AT
(56)

+ [(n1-l)t1a1 + (n2-l)t2a2 + t^ 1 + t232] AT^ 2

Expressed this way it becomes apparent that the sensitivity to AT is 
considerably less than the sensitivity to AT 9.

As a demonstration of this marked difference we can find the 
tolerance on the chosen glass pairs, KF-9 and LaK-10. Using the infor
mation in Table 4, we obtain for d(J>,

d(f> = -2.078 x 10"5 ym (AT) + 5.462 x 10"3 ym (AT^ 2) , (57)

which shows that there is roughly two orders of magnitude difference 
in the sensitivity of the phase shifter for two different types of 
temperature changes.



Table 4. Glass parameters for phase shifting elements.
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Glass 1: KF-9 Glass 2: LaK-10

II1—1 
+-> 4.14809 x 10^ pm "2 = 3.01138 x 10^ pm

1.52341 = 1.72000

“l = 58 x 10"7/°C a2 = 57 x 10"7/°C

Bi * 3.0 x 10“6/°C *2 = 5.0 x 10"6/°C

For example, if AT = -100°C and AT^ ^ ~ 0*5 °C, d(J) « 5 x 10  ̂pm 
or d<{) % X/100 for X = 0.5 pm. Thus, the only temperature tolerance we 
need be concerned with is the temperature gradient across the interferom
eter. The thermal problem then reduces to designing a proper thermally 
insulated interferometer housing to guarantee that the temperature 
gradients are kept below the minimum level.

The second tolerance we must adhere to is the constraint placed 
upon the thickness of the phase shifting elements. This inforamtion 
will be used in the fabrication and assembly of the phase shifter 
elements. To establish this tolerance we again use Equation (47) and 
set up the differential with respect to the thicknesses t̂  and t̂ .

d*  = + % a2w  • (58)
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which yields

d(J> = (n1-l) A1(t) - (n2-l) A2(t) . (59)

Equation (59) expresses the fact that if leg one is changed by an amount
A^(t) then leg two must be changed by [ (n2-l)/(n^-1)] A2(t) in order to
maintain equal optical paths. However, this does not constrain the
magnitude of A(t) in any way. To place a limit on this value we must
consider the wavelength interval over which the phase shifts will occur.
If we call Xq the median wavelength of the desired spectral range then
n will be the refractive index measured at X and n will be the refrac- o o
tive index of the material measured at any other wavelength in the
interval. We now write A^ and A2 as

Al(t) = Cno-l)2 (itabs ♦ &t1>2) 
and (60)

A2(t) = (%-l)^ (Atabs - At^ 2) .

The value At , is related to the amount the thickness of the abs
two legs can change simultaneously. The value At.. 7 is related to the1, ̂
amount of random change which can be tolerated between the two thick
nesses. We can now express dcf) as

d(p = [(n1~l) (no-l)2 - (n2-l) (n^-l)^ At^^
(61)

+ [(n1~l) (n0-1)2 + Cn2-1) (ng-l)i] At^ 2
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Expressed in this way we have separated out the wavelength dependent 
parameters and the thickness parameters. We can restate this in the 
form

d* = nW a b s  Atabs + n(X)l,2 Atl,2 ' C62)

In the fabrication stage of these components, it is the toler
ance At , which must be maintained. To set a value on At , we can use abs abs
the information in Figure 13. From this, one can easily determine the 
bounds for At^^ for any desired spectral range centered on Xq. For 
example, if we use only the wavelength range A = 0.5 pm to A = 0.6 pm 
and we want less than 1/100 wave deviation over the full range, we have

d* = iC^abs Atabs 
or (63)

d+ = ^   ̂™  = 4.5 x IQ'S Atabs '

This says

Atabs - 0.125 mm . (64)

For the full visible spectral range we can similarly obtain

A ^ s  " 0*029 ” 0.001 in . (65)

To relate this to an actual thickness we have

At.. = (n -1)_ At , = 0.021 mm1 o 2 abs (66)
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Figure 13. Wavelength dependence of thickness tolerance.
For a given spectral range centered around X = 0.5461 ym, 
one can determine a value for n(A)abs, which°in turn relates 
to the amount of thickness change that can be tolerated in 
the phase shifter elements.
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It is this tolerance which the optician must maintain while working 
the first piece. The second piece must then match the constraint

(n -i)!
“ 2 “ in -1L At! ' , . t67’

The random thickness difference we are allowed between the two. pieces 
can be found by using

d(p = n O ) ^  2 (68)

Fdr our glass choices and wavelength interval we find that At, 9 ~
X/100. This at first appears to be a very tight tolerance, whereas 
in fact this number merely indicates the sensitivity which must be 
maintained in the laboratory during the actual construction of the 
interferometer.

The final tolerance we must consider is the tolerance to be held 
on the index of refraction. Using the same formalism as above, we reach 
the following conclusions. First, as long as we maintain the relation
ship '

An- = —  An (69) ̂ t2 i

over the entire spectral region of interest, ^nâ s has no bounds.
Second, the constraint on An^ 2 leads to the fact that we must hold 
Avd/Vd - 0-02% (v is the partial dispersion of the glass and is defined 
as = (n^-1)(np-nc). This is a factor of ten tighter than the toler
ances which can be maintained by Schott. Fortunately, this poses no



major problems, for in reality when ordering glass we can obtain the 
dispersion constants AQ through and reoptimize the thicknesses t^ 
and tg for these particular constants.

In summary, this chapter has presented two unique features of 
the background compensating interferometer. The FTIR beamsplitters 
are used to obtain high peak transmission with low spectral sensitivity. 
The achromatic phase shifter is used to introduce a uniform X/2 path 
difference between the two legs of the interferometer over a broad 
spectral region. The analysis presented has shown that the tolerances 
to be maintained in these components are entirely realizable with modern 
laboratory techniques.



CHAPTER 6

SUMMARY AND CONCLUSIONS

This work has provided the first detailed account of an ,
instrument capable of considerably reducing the effects of unwanted 
scattered light. The transmitted intensity of the scattered light, 
whether originating in the atmosphere or the primary instrument itself, 
can be reduced by a factor of 50 to 500. This dramatic reduction is 
accomplished by amplitude dividing, and subsequently interfering the 
wavefront of the scattering center. By constraining the design of the 
instrument to image near by objects according to a particular scheme, 
one can reduce the scattered light while simultaneously allowing the 
object under observation to be reimaged virtually unaffected. The 
mathematical formalism necessary to describe the interferometer was 
presented in Chapter 3. For the sake of completeness, a considerably 
more detailed discussion of these equations as well as the methods used 
to obtain a final solution are presented in Appendices A, B, and C.

The background compensating interferometer has numerous advan
tages over present background reduction techniques. To demonstrate 
these advantages, a solution was found which met the goals necessary 
to achieve a factor of ten improvement in the accuracy of the astro- 
metric measurements made with the SCLERA instrument. These goals were

68
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arrived at by examining the sources and magnitudes of scattered light 
and the efficiency of current background reduction techniques.

The background compensating interferometer is also a very 
versatile instrument. One can immediately imagine numerous applications 
for a small passive package whose insertion into a primary instrument 
achieves substantial background reduction. Some of these applications 
are presented in an informal discussion. Also discussed are various 
properties of the interferometer which must be considered when designing 
for a particular application. .

Two novel ideas are incorporated into the interferometer. The 
first is the use of frustrated total internal reflection beamsplitters. 
This technique allows us to achieve high peak transmission over a broad 
spectral region. The second idea is the development of an achromatic 
phase shifter. The addition of these elements produces an optical path 
difference between the two legs of the interferometer which is propor
tional to wavelength. Thus we can shift one wavefront one half wave 
with'respect to the other for a large range of wavelengths. The combi
nation of the FTIR beamsplitters and the achromatic phase shifter are 
the key to the successful broadband operation of the background compen
sating interferometer.

The conclusion, therefore, is that this interferometer is a 
unique and versatile instrument whose properties are understood well 
enough so that an actual instrument can be constructed. The inclusion 
of interferometeric techniques in the background reduction problem can 
be considered as the first fundamentally new approach in reducing 
scattered light to appear in the past twenty years.



APPENDIX A

DETAILED DEVELOPMENT OF THE CONSTRAINT EQUATIONS

This appendix is provided to help fill in the steps which were 
omitted in presenting the equations of Chapter 3. We will concentrate 
primarily on the development of the two constraint equations, (4) and 
(6). The notation defined in that chapter and in Figure 5 will again 
be used. The following terms are.explicitly defined here to help 
remind the reader of the important parameters:

p is the object distance for lens 1,
q is the image distance for lens 1,
q' is the image distance for lens 2
d = 2f+e is the separation between, lenses 1 and 2, 

whose focal lengths are both f.

Using the lensmaker's formula, we have for lens 1

(Al)

from which we obtain

d = 1  _ d = d(p-f) 
q f p fp (A2)

For lens 2 we have
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which can be written as

q* (A 4 )

Combining Equations (A2) and (A4) gives us

q. = f(dp - fp - df) 
dp - 2fp + - df

(A5)

If we now subsitute d = 2f+e into this equation we obtain

p - 2f + 7  (p-f)

1 ’ I

(A6)

This is Equation (1) of Chapter 3. We have dropped the subscript, i, 
here for simplicity, the notation being valid for either leg of the 
interferometer. Equation (2) of Chapter 3 follows simply by subtracting 
the distance s from both sides. For completeness this equation is 
rewritten here:

(q’-s) = -
p - 2f + s + ? (p-f)

I - S  f£-i1
(A7)

Realizing now that we want to make use of the invariant quan
tity, p' = p + 2 f + e + s ,  we proceed to add and subtract the appro
priate values to the numerator and denominator of Equation (A7). First 
dealing with the numerator the steps proceed as follows:

(p + 2f + e + s) - 4f - £ + (p-f) (A8)



[p* - 4f - e] [■*f + e 1 -

P 1 [ i  + f  -
se
A

- 4f + e
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(A9)

(A10)

which finally can be worked into the form

P' [-•i 1 - f ■ f j 4 + 1 + 1 1 - 1] [4 > |  - ' - i (All)

To work the denominator we again add and subtract the appro
priate terms to obtain the relation

1 • I I - 1 1 - Y ? (P~f)
(A12)

= 1 - — p 1 + —y [4 + 0 - f + s]
f f

It is then an easy step to reach the form

(A13)

Using the values (All) and (A13) we obtain the expression for the 
radius of curvature of the wavefront as measured from the exit pinhole:

(q’-s) = „ p'fr+f j1-?)]- £{4*f * f  / - f ]  [4+| -  j1-?]]]
1 + 1  [4 - ^ + f  - l -ij\

■ (A14)
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This is Equation (4) of Chapter 3 and is the first of the constraint 
equations used to develop our solutions.

The second constraint equation we are after relates the off-axis 
height of the scatterer to the system parameters. The first form of the 
equation. Equation (5) of Chapter 3> is easily obtained by simple geom
etry. To express this in the form of Equation (6) of Chapter 3 requires 
the use of the imaging properties of geometric optics. To start, what 
we want is to relate the final image height of the scatterer, h', to its 
height prior to lens 1, called h. This can be expressed as

h' i
t a n  6  =  *  ( m h )  ' ( A 1 5 )

where m is the transverse magnification for finite conjugates. Refer
ring the distances now to the principle planes of the system, we can
make use of the formula

h* "̂T
m = TT = " ~  ' (A16)

where f^ is the focal length of the combined system of lenses 1 and 2, 
and x is the distance to the object minus the focal length of the 
system [28]. From our parameters, one can easily identify

fT = " T
and (A17)

x = £ - fT ,

where £ is the distance of the object from the.principle plane. This
value, can be shown to equal
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£ = p - 2 F + f (A18)

which, when combined with gives the magnification as
,2

m =
H
£ (A19)

Beginning with this form and then adding and subtracting the appropriate 
values to transform p to the invariant form p ', we can then work Equa
tion (A15) into the form of Equation. (6) as it appears in the text.



APPENDIX B

DEVELOPMENT OF THE TRANSMISSION EQUATION

The equation used in the body of this thesis to describe the 
transmission of the background scatterers. Equation (13), is in a com
pletely general form. It includes the contributions from both on-axis 
and off-axis scatterers as well as those located in and out of the 
stationary plane.

This formula is developed in four steps. First it is recognized 
that at the exit pinhole there will be contributions from both on-axis 
and off-axis fringe patterns. An expression for uq , the off-axis height 
of the center of a fringe pattern, is first presented in terms of h, the 
scatterer height as seen from the auxiliary lenses of the interferometer. 
The second step transfers from h in the interferometer object space to 
hQ, the actual height of the scatterer in the object space of the 
observing instrument. Thirdly, that portion of space centered on h 
which contributes to scattered light at the focal plane is parameterized 
in terms of focal length, lens separation, etc. Finally, we integrate 
over all contributing space and obtain the equation for the normalized 
transmission of background radiation.

To begin with, for a scatterer located a distance h off axis in 
the obj ect space of the interferometer, and - not in the stationary plane, 
h is reimaged by the two legs of the interferometer at heights h^ and h^
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above the axis in image space. Using Figure B1 to describe this geom
etry, the value of uq, the height of the dark central fringe of the 
resulting interference pattern can be described as

u = V hi " h2
Rl - R2

(Bl)

which can be put into the form

u h2 R1 ' hl R2 
R1 - R2

(B2)

Equation (5) of Chapter 3 states that

l, = (q’-s). tan 0. =1 n i - R. tan 9.i i (B3)

The minus sign is inserted here because in this development is meas
ured from the scatterer to the pinhole rather than vice versa as done in 
the text. Using this we have for u

u
tan 0^ - tan 0̂

R1 R2
(B4)

As stated in the text, tan 0^ can be expressed in terms of h, 
the object space scatterer height, the distance p1 and various system 
parameters. R^ can similarly be expressed in terms of p 1 and system 
parameters.
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EXIT PINHOLE 
PLANE

Figure Bl, Location of central fringe.
The geometry described here defines the parameters necessary 
to develop the expression for u q, the height of the central 
fringe.
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The value of u can then be written as o

uq = -h e(p’) CBS)

where

3(P') =
(P')2 Cm1Y2'in2Yl) + P' tm2ai'inia2-Yin2+Y2nl̂  + ain2‘a2nl

with

mi

ni

£.
1 + T 7i i - l

= f.. {_4 - f  - f  (l - f) [4 + f  - (l - f)]}

a.1 = 1 + f7 [4 + I  - t1 - f ) ] .

Yi = 71

The next step to be taken is to transfer the value of h back 
through the system and find its relationship to hQ, the true scatterer 
height. Figure B2 sets up the geometry. If we define p^ and h^ as the 
object distance (measured positive to the left of the field lens) and 
object height of the scatterer as seen by the field lens, then we have

r Pf i ,
IL-P'j (B6)
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Figure B2. Imaging geometry for scatterer.
The parameters defined here are used to transfer from the image height, h, 
to the object height, hQ, of the scatterer.



If we similarly define pQ and hQ for the objective we get
80

fo"Pf
(B7)

Using the fact that -J— = —  + —̂  we can rewrite h as
fo po fo"pf

fp0 - fol Lf (B8)

Now from Newton’s law of image formation we know that

C-Pf) (P0 - f0) = f0‘ (B9)

which allows us to write

ho = - h £ •pf
(BIO)

Finally, using the expression for h^. Equation (B6), we can write hQ in 
terms of h,

' £

or
h = - ho

h = - h

L-p’ 

L-P'

(Bll)

(B12)

This is now a simple expression for transferring an actual scatterer 
height, hQ, to the scatterer height as viewed by the interferometer, h, 
in terms of some basic system parameters.
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The third step is to obtain an expression for that portion of

space, centered around hQ, which contributes to scattered light in the
focal plane. In order to do this we define a position vector hQ. For
each scattering source, this vector sweeps out and defines the portion
of space we are interested in. Figure B3 depicts this situation. The
vector hQ depends on both field angle and the aperture of the observing

->
instrument. The vector £ defines the field dependence and ranges in
magnitude from zero to £0> which is the radius of the exit pinhole.
The vector R defines the aperture dependence and ranges in magnitude
from zero to R, the radius of the objective. From the figure, the value
for h can be seen to be o

h0 = R + 5
rp0i (B15)

This expression is valid for the range of scatterer positions, pQ, for 
which diffraction effects are small. Using what we know from the pre
vious section this can be worked into the form

hQ = R + £ 1
r
1 + f

"(ff-L) + p'" 1
0 ff(L-p') ,

(B14)

This is the value of hQ in terms of the system parameters we were after.
-> ->■

Substituting this into Equation (B12) and assuming £ «  R, we can obtain
->■

an analogous expression for the image plane vector, h.

h = fL-p'l ■> -+ 
R - £

"(ff-L) + p"
fo f

(B15)
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Figure B3. Contributing space of scattering center.
The position vectors defined above are used to define the region of space 
which contributes to scattered light in the image. By integrating over 
this contributing space we can define the transmission characteristics 
of the interferometer.
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If we now constrain the design to satisfy = L, i.e., the focal length 
of the field lens is equal to the distance between the lens and the exit 
pinhole, we have

V p '->
h = R - £ 21

ff>
(B16)

This can now be put back into Equation (B5). The result gives the loca
tion of the center of the fringe pattern for any position in the con
tributing space.

uo = 6(p') V P ' R + £ El
ff>

(B17)

To aid in the following section, we rename the variables to obtain the 
simpler form

-> -> -> (B18)
where

uo = 6p p + 6c c

f

P = R

ff-P'-f 3(p') ,

^  3(p')

What the preceding pages have done is to define the value u q in 
terms of system parameters and field parameters. The system parameters 
we know from the design information. The field parameters define that 
portion of space which contains scatterers whose radiation enters the



exit pinhole. By integrating over this field we can ultimately obtain 
the long sought after transmission formula.

The intensity distribution of the fringe pattern can be 
expressed as

2 'I = I {1 - cos ar: } . (B19)

2For values which give ar «  1, we can use the expansion

I = Io |  (ar2)2 , (B20)
where

%7T I 1 1 ]

and

r2 - K  - " Sp Pu)2 * 6 /  Pv2 .

The value r is the distance out measured from the center of the fringe 
pattern. The value p is the distance to the center of the fringe pat
tern measured from the center of the pinhole. The vector notation is 
now dispensed with by defining a two dimenstional, orthogonal coordinate 
system in the u and v direction. The v axis is perpendicular to u and 
the axis of the optical system. This technique is essentially a coor
dinate transfrom from the coordinate system centered on the pinhole to 
the coordinate system centered on the fringe pattern.

To find the transmission formula, we integrate over the contrib
uting space which is, first, aperture dependent, and, second, field 
dependent. For the first step we find the normalized integrated inten
sity for the field with a p dependence:
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<I> f f I du dv 
f f du dv (B21)

Defining u =

< I >

Pu and v = Pv,

v ! '
27rp2

{[C(l-3c)-6pu]2 + [3pv]2}2 du dv (B22)

Converting to polar coordinates allows us to set meaningful bounds on 
the integration

I a
(I) = -2P 2irp

2tt
{[S(l-Bg) - Bpu]2 + [Bpv]2 d0p dp, (B23)

where u = p sin 0 and v = p cos 0. Going through the integration even
tually yields

I a
<I>P = -T- {54(l-Bs)4 + 2[C(1-BS) Bp P0]2 + j Bp4 p^4}. (B24)

The next step is to integrate again, now over the scatterer 
space with £ dependence.

27T
o

° <I> £ d£ d0
2TT r£ (825)

£ d£ d0

This integration yields the result

I a
- V  {5o (1‘V 4 + 3[(1- V  50 po Bpl2 + BP po }- (626)
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Finally, by normalizing this quantity to the total output of both legs 
of the interferometer, we obtain the transmission formula

2
T - Y2 {[eoCl-Bc)l4 + 3[C1-BC) c0 P0 Bp]2 + [Bp Pp]4} . .(B27)



APPENDIX C

TECHNIQUE FOR FINDING SOLUTIONS 
AND SAMPLE APPLICATION

After examining the equations in Chapter 3, one soon realizes 
that there is no unique solution to the constraint equations, (4) and 
(7). Indeed, even finding one solution may at first seem an almost 
impossible task. The purpose of this appendix is to outline the 
approach used to determine an actual solution. In order to facilitate 
the use of the equations and to maintain a grasp on the real world, an 
example will also be presented.

The example concerns an application to which the background 
compensator is ideally suited. A present trend in astronomy is to place 
large telescopes in orbit to escape the detrimental effects of the 
earth's atmosphere. Though this eliminates the effect of turbulence and 
atmospheric scatter, there is still instrumentally produced scatter to 
degrade the image. The methods of Lyot [3,4,5] and Newkirk and Boh1in 
[6] can be used to reduce much of this scatter. However, there is one 
source of scatter on which these methods have no effect. Any surface 
exposed to open space is continually bombarded by micro-meteorites. 
Though these may be only a few microns in diameter, their effect on an 
exposed optical surface can be considerable, and only becomes worse with 
time. Present techniques do nothing to reduce this scattered light. 
Also, considering the weight and volume constraints placed on orbiting
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payloads, combined with the fact that the background compensator is as 
effective as the above techniques for instrumental scatter, this seems 
to be an ideal application for the instrument.

As in any design exercise., one must generally temper decision 
making in the early design stages with thoughts of what the final system 
will be. This is the philosophy we will take here. By invoking proper
ties which we know the final system must exhibit, we can guide and 
simplify the earlier decisions.

The primary system in this example will be a reflecting tele
scope one meter in diameter with a focal length of 5 x 10^ cm operating 
in the visible region at a nominal wavelength, X = 0.6 x 10^ cm.

To start the search for the best solution we use Equation (27) 
of Chapter 3 which gives the transmission of the stellar intensity as 
a function of the separation of the two star images.

T = istar 2 1 - sine ■ irt:
4XF2

(Cl)

where t is the image separation and F is the f number of the system.
3t tRealizing that 1 - sine a has a maximum for a = — , we find that 

to obtain peak stellar intensity

t = 6 X F2
or (C2)

t = 0.01 cm

for this example.
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For two star images focused either side of the exit pinhole, the 

radius of curvature of the stellar wavefront is (q'-s)^, which is Equa
tion (4) of Chapter 3. The separation, t, can then be expressed as

t = (q?-s)2 - Cq,-s)1 (C3)

To recall what (q'-s) is in terms of the system parameters, we have

1 + 4-^*1 - f ) l CG4)

Before pursuing the solution any further, it would be well to develop 
some of the properties of Equation (C4). The two imaging extremes of 
the interferometer are for scatterers located at the objective and for 
an image focfised by the primary, or in general when p ’ - 0 and when 
p! = ff.

In the first case, the properties which must hold are that 
p* - 0 and (q'-s) -*■<». This means that to effectively cancel the back
ground light, the interfering wavefronts must have a large radius of 
curvature. To satisfy this requires that the denominator of Equation 
(C4j must be near zero,

2
1 + 4 £

f = 0 CCS)

The consequence of the second imaging property is that when p ' = fp the 
focal length of the field lens, the radius of curvature of the stellar 
wavefront, (q'-s) % 0. This will be expanded upon shortly.
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Returning to Equation (C5) we can begin to make some decisions 

and pull out the first parameters. In this example we would like to 
keep the overall interferometer package small. The size of the instru
ment is set essentially by the focal length of the field lens. For this 
application we will set f^ = 4 cm.

Now realizing that we must put two lenses, beamsplitters, and 
a phase shifter in this space suggests that the focal length of the 
lenses will be on the order of one centimeter. Since e is some small
fraction of f, the product ^ 1 - | will be small. Using Table Cl,
we can balance these two factors, against each other and choose a value 
of 0.175 as .their product. Using this in Equation (C5) will give us 
that value of e/f which will satisfy the first imaging condition for 
one leg of the interferometer. The results are:

A = 0.175

0.218 (C6)

i - f = - 0.803

This now fixes the parameters for the first leg. Once the parameters 
for one leg have been chosen, regardless of the manner, the parameters 
for the second leg will be chosen to satisfy the necessary constraints.

In order to successfully determine the proper parameters for the 
second leg, we must satisfy the constraints which are simultaneously 
dependent on both legs. The first is Equation (C3) mentioned above,



Table Cl. Table of values for the product ^  1 -

- .  100 .04 .05 .06

-.125 Vos .0625 .075

-.150 .06 .075 .09

-.175 .07 .0875 .105

-.200 .08 .10 .12

-.225 .09 .1125 .135

-.250 .10 .125 .15

-.275 .11 . 1375 .165

-.300 .12 .15 . 18

-.325 .13 .1625 .195

-.350 .14 .175 .21

-.375 .15 . 1875 .225

-.400 .16 .20 .24

- .7 0  - .8 0  - .9 0  -1 .00 -1.10

07 .08 .09 .10 .11

0875 .10 .1125 . 125 .1375

105 .12 .135 .15 .165

1225 .14 .1575 .175 . 1925

14 ,16 .18 .20 .22

1575 .18 .2025 .225 .2475

175 .20 .225 .250 .275

1525 .22 .2475 .275 .3025

21 .24 .27 .30 .33

2275 .26 .2925 .325 .3575

245 .28 .315 .35 .385

2625 .30 . 3375 .375 .4125

.28 .32 .36 .40 .44

-1.20 -1.30 -1 .40 -1.50 -1.60

.12 .13 .14 ,15 .16

.15 .1625 .175 .1875 .20

.18 .195 .21 .225 .24

.21 .2275 .245 .2625 .28

.24 .26 .28 .30 .32

.27 .2925 .315 .3375 .\36

.30 .325 .350 .375 .40

.33 .3575 ,385 .4125 .44

.36 .39 .42 .45 .48

.39 .4224 .455 .4875 .52

-42 .455 .49 .525 .56

.45 .4875 .525 .5625

o
.

.48 .52 .56 .60 .64
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and the second is the stationary property derived as Equation (7) of 
Chapter 3. That is.

tan 6̂  = tan 02 (C7)

This property must hold for one particular value of pf, i.e., for one 
plane of scatterers. In this example, the predominant source of scatter 
is at the objective, p' =0. Consequently Equation (C7) can be stated as

fl ^  - u1) = f2 (4 - u2)
where

u.i
E E
f •H w i

1 -

(C8)

(C9)

In order to satisfy Equation (C3), we can make use of the follow
ing properties which considerably simplify the final expression. The 
denominator of (q1-s) can be written as

1 + 4 f r 1 'f

But by satisfying Equation (C5), the bracketted quantity goes to zero. 
In the numerator of (q'-s) are the values

P' [ - • f l - J - f(4-u)

Realizing that we must eventually satisfy the stationary condition. 
Equation (C8), we know that f(4-u) for each leg will be the same. 
Thus the term in f is constant and taking the difference between the
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two legs, the result largely cancels. But because there must be a 
finite distance between the stellar wavefronts, the value must come 
from the p 1 term. Consequently, this is the dominant term in the 
difference. We can now write Equation (C3), the star image separation, 
in the simplified form

1-4: i - f 1 - 4- 1 - f
= 0.01 cm (CIO)

The two legs of the interferomter will have to be very similar in order 
to satisfy the imaging condition, so it is reasonable to set (e/f)^ = 
(e/f)2 and write Equation (CIO) as

1 ' I 1 ' i = 0.01 T (Cll)

From this we can determine the value

i - l = - 0.793 (C12)

The only parameters left to be specified are f̂  and f^. To 
start, we use the stationary property. Equation (C8), to obtain the 
ratio

f, 4-u,
(C13)4-u,



The values of and can be found from the known parameters, using 
Table C2, with the results

f „
= 1.031 (C14)

Using the imaging property for the star, p* = f̂ , and, satisfying the 
second imaging condition.

p' 1 -
4l fll‘4~Ul-) = 0 , (CIS)

we obtain the value

f1 = 1.025 (C16)

The exercise is now completed. The results are summarized 
in Table C3.



Table C2. Table of values for the expression f-i - (i-fj 4 + ! )]]

- .40 .50 .60 .70 ..80 .90 -1.00 -1 .10 -1.20 -1.30 -1.40 -1 .50 -1.60

.100

.125

.150

.175

.200

.225

.250

.275

.300

.325

.350

.375

.400

.072 -.120  

.089 -.148

.105 -.176

.121 -.203

.136 -.230

.151 -.256

.165 -.281

.179 -.306

.195 -.330

.205 -.353

.217 -.376  

.229 -.398

.240 0.420

.170

.211

.251

.290

.328

.366

.403

.439

.474

.509

.543

.576

.608

.220

.275

.328

.379

.430

.480

.529

.577

.624

.670

.716

.760

.804

-.276  

- .343  

-.408  

- .473  

-.536  

-.599  

-  .660 

-.721  

- .780  

-.839  

-.896  

-.953  

-1.008

-.332

-,412

-.491

-.569

-.646

-.722

-.796

-.870

-.942

-1.013

-1.083

-1.152

- 1.22

-.390  

f.484. 

-.578  

-.669  

-.760  

-.849  

-.938  

-1.024 

- 1.110 

-1.194 

-1.278 

-1.359 

.1.44

-.450

-.559

-.667

-.773

-.878

-.982

-1.084

-1.185

-1.284

-1.382

-1.479

-1.574

- 1;688

-.512  

-.636  

-.759  

- .880 
- 1.000 
-1.118  

-1.235  

-1.350  

-1.464  

-1.576  

-1.687  

-1.796  

-1.904

-.576

-.716

-.854

-.991

-1.126

-1.259

-1.391

-1.521

-1.650

-1.777

-1.902

-2.026

-2.148

-.642

-.798

-,952

-1.105

-1.256

-1.405

-1.552

-1.698

-1.842

-1.984

-2.124

-2.263

-2.40

-.710  

-.883  

-1.054 

-1.223 

-1.390 

*1.555 

-1.719 

-1.880 

-2.040 

-2.198 

-2.354 

-2.508 

-2.66

-.780

-.970

-1.158

-1,344

-1.528

-1.710

-1.897

-2.068

-2.244

-2.418

-2.590

-2.760

-2.928
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Table C3. Summary of solution results,

£
f ■1-|,

Leg 1 

Leg 2

-0.218

-0.218

-0.803

-0.793

1.025 cm

1.027 cm
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It must now he determined how effective this design is. Using 
the above parameters and values p ‘ - 0 and £ - 0.072 cm, we can use 
Equation (13) of Chapter 3 to obtain the transmission of the scattered 
light emanating from the objective. The results show that the trans
mission is down by a factor of 500 over a one minute of arc field of 
view. This is a considerable improvement using only simple optical 
components. This exercise is valuable in many ways. First, it shows 
that a solution can be found for most any given problem. By exploring 
the properties presented, one can gain valuable insights into the physi
cal significance of the cumbersome equations used. By developing one's 
expertise at this stage, it will soon become possible to use the results 
found at this stage and finely manipulate the parameters to obtain 
optimum performance for the given application.
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