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Foreword: This paper is the final report for Grant SC-NGR-47-005-031
from the National Aeronautics and Space Administration. The primary
objective of the grant was to test the quality of a telescope under
operating conditions. If such tests are valid, then the simple tech-
nique of shearing prism tests can surplant the laborious Hartmann tests.
A second goal was to study the use of the shearing prism as a colli-
mation tool for reflective telescopes. The enclosed results are
disappointing in this aspect (at least 3/5 of our efforts went into
this phase of the study) but an alternative is suggested. Finally, the
third goal was to have a look at beam interferometers and a brief
summary of our studies is given.

A copy of this paper is being forwarded to our Research Grants and
Contracts Administrator for the University of Virginia. This completes
the grant and he will submit a final fiscal report and see that the

unspent funds are returned.

L. W. F.



-~ INTRODUCTION

Interferometry has had a long history in the field of optics and
has found many applications in laboratory techniques. In the optical
region of the spectrum, stringent requirements on the surface accuracy
have demanded very delicate and often cumbersome equipment. As a result,
interferometers have found only limited use in the field of Astronomy.
Atmospheric and mechanical problems have limited the effectiveness of
interferometry in astronomy.

There are three general areas of astronomy in which interferometers
find application. The first of these is the testing of optical instru-
ments. After a telescope has been mounted, it is necessary to test the
optical system for collimation and performance under actual operating
conditions. Tests to determine the types and amounts of aberrations
present and the effects of gravitation and temperature gradients on the
system are necessary.

The second area involves the measurement of double star separations.
The conventional micrometer methods are limited by the resolving power
of the telescope, whereas methods of interferometry are effective beyond
this limit.

Finally, few reliable measurements of stellar diameters are availa-
ble. Modern photoelectric techniques should greatly increase our
knowledge of stellar diameters when used with optical interferometers.
Recent papers have emphasized the need for accurate measurements of
stellar diameters (Johnson, 1965) and the work of Michelson and Pease

at Mount Wilson must serve only as a beginning.
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With the advent of space—age astronomy, the needs for reliable
interferometry will increase. The testing of earth-orbit telescopes
for de-collimation during launch is one area where interferometry can
prove helpful. Development of better techniques and new research into
this area must now be undertaken.

Operating under a grant from the National Aeronautics and Space
Administration, we have investigated the design and application of inter-
ferometers to the three areas of astronomy listed above. Taking each area
separately, the results of our investigations are discussed and our re-

commendations for future study are given.

TESTING OF INSTRUMENTS

Previous methods of testing large telescopes, after they are mounted
for use, have been performed with the Foucalt knife edge test or the
Hartmann test. These methods have been used for many years and their
shortcomings are well known. The Foucalt test does not yield any quanti-
tative results but shows instead the overall quality of the surface being
tested. The Hartmann test, which does yield quantitative results of suffi-
cient accuracy, is subject to several other deficiencies. The nature of
the screen or mask employed in this technique is such that the test is
performed only on various zones, This zonal testing has the serious draw-
back that a groove or strain line could be situated such that it will not
appear in a Hartmann test. A well known example of this occurrence is
the l-meter telescope at the University of Manchester. Kopal (1965) has
reported that a groove 8 cm. wide and 0.3A in depth was not detected in

the course of Hartmann testing at the factory due to the "unfortunate
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distribution of holes in the masks employed for such tests.”l Further-
more, cumbersome equipment is needed to tes¥ a large telescope by the
Hartmann technique and much valuable telescope time is taken up. An improve-
ed technique for telescope testing is reduired, and the use of interfero-
metry provides this technique;

We have investigated the metho&s of testing telescopes interferometri-
cally with the assistance of J. B. Saunders, National Bureau of Standards,
Washington, D. C. Mr. Saunders has developed a compact, compound prism
which can be used to measure the shape of any converging wave front from
any optical element or compound instrument. A detailed description of
this prism and the theoretical discussion of wave front shearing interfero-
metry has been given by Saunders (1964%). A brief discussion of the theory

behind this method follows.

THEORETICAL EXPLANATION OF THE W.S.I.

The prism, shown schematically in Figure (1), is located in the
focal plane and on the optical axis of the telescope. The converging
beam of light is divided by amplitude division at a semi-reflecting plane
extending through the center of the prism. Each of the two components
of the beam travel different paths through the prism and is deviated differ-
ently by internal reflections so that the two components emerge at a small
angle to each other. This angle is called the "angle of shear" and can
be varied from prism to prism. Each original ray is divided into four
component rays. Two of these rays emerge from each of the two exit faces
of the prism. If an observer's eye is placed so as to receive either

pair of emerging rays, two images of the objective will be seen. (Primary-

1 Kopal, Z., 1965, Annual Sum, Report No. 3, University of Manchester.
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FIG. 1 - The optical diagram of the wave front shearing prism.




5=
secondary mirror combination in case of a reflector). One image will have
a slight lateral displacement with respect to the other . Thus, the origi-
nal wave front has been made to interfere with a sheared inage of itself.
This interference produces a set of non-localized fringes, whose shape
is a function of the shape of the wave front. (A spherical or ideal wave -
front will produce straight fringes, while an aspherical or aberrated wave

front produces curved fringes).

McCORMICK WAVE SHEAR INTERFEROMETER

We have designed and constructed an interferometer housing which
permits the prism to be held in the focal plane of a telescope. The instru-
ment mounts in a standard 1-1/4" eyepiece holder and is small enough to
fit in one's hand (weight < 3 lbs). A camera is used to receive one of
the emerging sets of interference fringes while an eyepiece allows the
observer to view the other set of fringes. The design allows an inter-
ference filter (or other suitable filter) to be placed in the beam of
light, thus, a nearly monochromatic interference pattern is produced. The
prisms which are used in our interferometer were constructed by John V.
McDermott of the National Bureau of Standards and were donated by him.
They are mounted inside a brass tube which slides snugly inside the barrel
of the interferometer housing. This arrangement allows us to change
prisms at will.

The interferometer was aligned so that the entrance face of the prism
is normal to the optical axis of the telescope being tested. A small
plano-convex lens has been cemented to the entrance face of the prism,

thus, eliminating the need for a camera lens. The interferometer has been



-6-
calibrated so that both the observer's eye and the camera can be focused
on the objective lens of the telescope. This arrangement permits the
analysis of the wave front immediately after it emerges from the objective
(or mirror). When testing is being performed, a star is used as a point
source of light. The star can be centered in the field of view by using
an eyepiece with a reticle which can be mounted on the interferometer
housing. After the star is focused and centered, this eyepiece can be re-
placed by a magnification eyepiece which permits the observer to view the

fringes.

TESTING THE TELESCOPE

When testing a telescope using this interferometer, the following
technique is used. The interferometer is mounted in the eyepiece holder
of the telescope and is focused on the objective (or secondary mirror).
A suitable prism has been inserted as well as an inteference or absorption
filter. A star is chosen to be used as a point source and the necessary
exposure time is calculated, using a set of tables prepared by us for this
purpose. Exposure times generally vary between 4 seconds and 2 minutes
depending on the several factors involved. (Telescope aperature, stellar
magnitude, filter, emulsion, sky transparency and focal ratio). The
telescope is directed toward the chosen star and using the first eyepiece,
the star is focused and centered. After changing eyepieces, the fringes
are viewed and centered in the field by slight adjustment of the telescope
in hour angle and declination. The zero-th order fringe is centered and
the number of fringes in the field is adjusted by sliding the interfero-

meter along the optical axis. The fringe pattern may now be inspected



.
visually and be simultaneously photographed. It is standard procedure

to shear the telescopic optics along several diameters, hence the inter-
ferometer may be rotated around the optical axis exactly u45°, 90° etc.
with respect to the initial position. (This will provide shear along
eight equally spaced diameters and permit a rapid and complete analysis
of the entire wave front). This entire procedure can be carried out in
less than 15 minutes of telescope time, and no modifications need be made
to the telescope. The only equipment necessary is the eyepiece interfero-

meter.

REDUCTION OF THE INTERFEROGRAM

The interference pattern which was photographed can be measured and
a complete analysis carried out. Saunders (1961) has described a rigorous
mathematical operation for interpretation of sheared interferograms that
does not depend upon symmetry of wave form. The solution is unique for
any chosen family of reference points. This method permits one to evaluate
the deviations of the wave front at the chosen reference points from a
statistically chosen sphere. The family of reference points must be chosen
along a chord parallel to the direction of shear. The fundamental equa-
tion in this method can be given as

8§y =8y +taqytr-ve v=1,2, ..., N (a)

The qy's represent the deviations of ‘the true wave front from that of the
closest fitting sphere. The q,'s represent the measured order of inter-
ference on the interferogram at the chosen reference points. The remaining
parameters r and ¢ are determined in the iteration process. Formula (a)

represents N equationsin N + 3 unknowns. (namely, (N + 1) &,'s, r and €).
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However, the 8,'s do not have significance until the reference circle is
defined. The circle of reference may be fully defined by three equations
of condition and when these are combined with the set of observation
equations, data from a single set of fringes is sufficient for a complete
solution, With some slight modifications, the Saunders procedure has

been programmed for calculation on a digital computer. The reference circle
is chosen using the method of least squares and the only data necessary

are the values of the qv's as measured on the interferogram. The computer
requires less than a minute to compile and compute the desired deviationms.
An analysis of the wavefront along eight different diameters requires
measurement of eight interferograms with one family of reference points
plotted on each. The technique of measurement is simple and requires only

a small amount of time.

The results of the tests may be displayed in tabular form or plotted
graphically. Both of these methods are used in this paper to present the
results of several tests. Another method of displaying the results is to
form a type of contour diagram which indicates the shape of the entire
wave front,

Several telescopes have been tested using this technique of inter-
ferometry. The 26-inch Leander McCormick refractor was tested by both
Saunders and Knappenberger. Saunders (1964) has published the results of
his tests and the more recent tests by Knappenberger using a different
prism have confirmed Saunders' results. This report includes the first
application of this technique to the testing of large astronomical reflect-
ors. The 32-inch reflector at the Fan Mountain Observing Station of

Leander McCormick Observatory has been tested repeatedly under various



test conditions. This telescope is frequently tested under various
conditions of temperature, position angle, mirror-mounting tensions, and
misalignment. The 24-inch reflector at Mt. Cuba Observatory in Delaware
was also tested this summer.

As a thorough test for the interferometry method, we had the oppor-
tunity to test the 84-inch reflector at Kitt Peak National Observatory
while Hartmann tests on this same instrument were being carried out. The

details of the tests of these three instruments are described below.

32-INCH FAN MOUNTAIN REFLECTOR

The 32-inch reflector at Fan Mountain Station of Leander McCormick
Observatory is the first reflector to have been tested by this technique.
The Cassegrain reflector has an effective focal ratio of £f/16 when in
normal use, but interchangeable secondary mirrors permit the use of an
f/32 beam. Series of tests have been performed on this telescope under
various test conditions. The effects of gravity at different position
angles and temperature gradient effects have been studied. The most noticea-
ble change in the shape of the wave front is produced by the tensions due
to the mirror mounting. The results included in this paper point out this
effect.

The first set of data was taken on the night of May 26, 1965. The
star used for a light source was Arcturus and the sky transparencey was
rated 3~ on a scale of 4 maximum. The fringe pattern was photographed
through interference filter B and the exposure times were about 20 seconds
per exposure. Several photographs were made at the following settings:

shear NS, EW, SN and WE. The best photographs in each shear direction
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were chosen and the data was reduced. The results are shown graphically

in Plots 1 and 2. (See Appendi# B for tables and plots of McCormick tele-
scope). Plot 1 depicts the deviations of the true wave front from a close
fitting sphere (chosen by a least squares solution), along the north-south
diameter of the mirror combination. Each point on the graph represents

the average of three points corresponding to three separate interferograms.
The size of the arrow indicates the size of the probable error in position-
ing of this point. Plot 2 represents deviations along the east-west
diameter,

The end points of the mirrorand the points closest to the center hole
show generally the largest deviations. This can be caused by several
separate conditions. First, the edges of the mirror are often very slight-
ly turned either up or down in the grinding and polishing processes.
Secondly, the support system which utilizes three support bands around
the edge of the mirror could cause a slight turning near the edges. Finally,
the technique for measuring the order of interference at the end points and
points:closest to the central hole is necessarily less accurate than for
the other reference points. Hence, the end points have the largest proba-
ble error and would be expected to exhibit some turning. Since a close
fitting sphere is determined by the method of least squares, any points
with large deviations will cause the deviations of the other points to be
somewhat larger. The plots show that the mirror combination produces a
wave front with definite aberrations present and these aberrations cause
deviations of as much as 0.3A at some points. It should be mentioned that
the 26-inch refractor at Leander McCormick Observatory has exhibited the
best.'wave front tested .so far.. The total deviations of this objective are

less. than a quarter wave.
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To illustrate the effects of tension on the mirror, some results have
been included which show the shape of the wave front of the same 32-inch
reflector after the tension in the mounting straps has been altered. The
second set of McCormick plots (3, 4, 5, 6) were made from data taken on
the night of August 12, 1965. Several days prior to this, some adjustment
was made to the three support straps surrounding the primary mirror.
Several exposures were taken along each of eight diameters and the best of
these were used to obtain the plots shown. Vega was the light source and
a yellow absorption filter was used. Comparison of the plots before and
after the changed tension shows the effect on the wave front. The tighten-
ing of the bands produced a slight strain in the primary mirror which show-
ed up in the fringe pattern.

It is possible to visually detect the strain being placed on a mirror
by its mounting cell by inspection of the fringe pattern. This technique
should prove very useful when testing telescopes at the time they are
mounted. By visually inspecting the fringe pattern one can achieve the
best possible adjustment of the mounting cell and support system. A photo-

graph of the fringe pattern taken on May 26, 1965 is shown in Figure 2.

MT..-CUBA 24-INCH REFLECTOR

The second reflector tested using this technique was the new 24-inch
Cassegrain reflector at Mt. Cuba Observatory, near Wilmington, Delaware.
This telescope was tested on only one night, August 3, 1965 with the
assistance of Dr. R. B. Herr, University of Delaware. The star Vega was
used as a light source and interference filter B (see Appendix A for list
of filters).was inserted in the light beam. The sky transparency was rated

very good but the seeing was not perfect. Exposures were taken along eight



ick reflector.
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diameters but only the best photographs were chosen to compute the shape
of the wave front, and these had direcfions of shear either north-south
or east-west. The data was analyzed and the results are shown in plots
7 and 8 (Appendix C). Once again-the end points exhibit the largest
deviations as expected. More nights of testing would be required to yield
a complete analysis of the mirror system. The telescope would have to be
tested along the eight diameters at various temperatures and at different
zenith angles.- Improvements in the shape of the wave front could be
obtained by small adjustments to the support system. Preliminary adjust-
ments could be easily carried out by changing the mounting cell tensions

and checking visually, the shape of the fringe pattern.

KITT PEAK 84-INCH REFLECTOR

A comparison between the interferometry technique and the well-known
Hartmann technique seemed highly desirable, and when the opportunity arose
to compare results from the two techniques applied to a very large reflector,
this task was undertaken. For three nights in succession, September 8, 9,
10, 1965, the 8u4-inch reflector at Kitt Peak National Observatory was test-
ed at the Cassegrain focus. With the assistance of Dr. A. Hoag, independent
tests were performed by Saunders and Knappenberger. FEach observer used
his own set of prisms and filters and his own interferometer housing.
The reduction of the interferograms was carried out independently by each
observer and at the time of this writing, a preliminaty check has indicat-
ed close agreement. The following is a description and results of the tests
by Knappenberger.

On September 8, 1965 the sky was partially cloudy and both the seeing

and transparency conditions were only fair. o Agql. was used as the light
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source and several exposures along various diameters were made. None of
these photographs were used in the results shown in this paper. On
September 9, 1965 the conditions were considerably better and Vega was
used as the light source. Exposures of 3 seconds were made at each of
eight diameter settings through the yellow absorption filter. Eight of
these photographs were used and the results were combined with the photo-
graphs taken the next evening. On the 10th, the seeing was good and the
transparency excellent and again Vega was used. It should be noted that
Vega was almost on the meridian during the testing period. The fringes were
photographed through interference filter B and the exposure time was 5
seconds. Figure 3 shows a photograph of the fringe pattern taken on Septem-
ber 10, 196S5.

The interferograms were measured and reduced at the University of
Virginia. The results are shown in plots (9, 10, 11, 12) in Appendix D.
The arrow in the upper left hand corner of each plot indicates the size
of the probable error. The end points and the points near the center of
the mirror have been omitted because of the great uncertainty in reading
the order of interference at these points. The plots reveal high and low
zones on the mirror as well as slightly turned edges. Examination of the
interferograms shows many small zones near the outer edge of the mirror.
These small zones require several families of reference points to be ‘measured
in order to bring these out in the plot. Nevertheless, it is interesting
to note the zones and compare the interferograms ﬁith Foucalt knife tests
of the same mirror. When this is done, it can be seen that the shadows
of zones in the Foucalt test correspond exactly with the "blips" on the

fringes. This result could not be ascertained using the Hartmann technique.
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As was mentioned previously, a comparisoh befween“fhé Hartmann
technique and the interferometry method is desired. Hartmann tests were
performed on the 8u4-inch reflector on the nights immediately preceding the
interferometer tests. The results of the Hartmann tests were made availa-
ble to us by Kitt Peak in late January, 1966, Hence, only a preliminary
check between the Hartmann results and the interferometer results could
be made.

It was found that the overall shape of the wave front determined by
both tests agreed reasonably well ; however, the interferometer tests in-
dicated zones and turned edges which were not shown by the Hartmann test.

A more complete comparison between the two tests will be carried out
and the results of these tests will probably be published jointly with Kitt

Peak.

SEPARATION OF ABERRATIONS

It would be useful if one could obtain the coefficients of the Seidel
aberrations from the results of the interferometer tests. R. Kingslake
(1926) has described a method of analyzing the interferometer pattern
produced by a lens, in order to obtain a measure of the aberrations. We
consider the equations used for evaluating the fringe pattern produced by
the wave front shearing interferometer. Referring to Fig. (4) we can
write 8, + s; = q4 + 8, - 1. As was shown by Saunders (1961) we can write
Sx = (4 - x)e and finally

8y = 6x-1 + Qx + * - Xe (1)

where x = distance along C from the center of the objective to the

reference point, u = distance along C from the center of the objective



13

- IMlustration of the

- - 1

of

t
a

wo wave fronts relative to the images
reference sphere.

=17~



-18-

to the intersection of C and C',

r = ue,

1]

9, the order of interference at the point Px,

8x = deviation of true wave front from close fitting sphere,
If we shear along two axes perpendicular to each other and choose one axis

as the x-axis and the other as the y-axis, then we can write

8x = 8x-1 + gx + ] - Xe] (1a)

8§y = 8y-1 + qy + T - ye2 (1b)
Kingslake (1925) has taken A. E. Conrady's equation for optical path
difference and modified it to evaluate the primary aberrations of lenses
with a Twyman interferometer. By deleting the coefficients which relate
to the adjustments of the Twyman interferometer, we can write the formula
for optical path d¢iflcrence as-

Ax2+ y2)2 + By(x2 + yD) + cx?2 + 3y) + G = P (2)

where A, B, C represent, respectively, coefficients of spherical aberrationm,
coma and astigmatism. These coefficients are related to the Seidel aber-

ration constants by the equations,

LA = aq = Longitudinal (primary) spherical Aberration
s2 f2
fB . ap = coma
Ly sh (3)

262 _ a, = distance between focal lines
R 2h?2

where S is the semi-aperture of the lens, h is the image distance from the
optical axis and f is the focal length. The order of interference is G

at the origin (on the axis of the lens) and is P at any point (x, y).
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Now, on the x-axis, we can wfite eq. (2) as
§x = ax*+ cx2+ 6 (4)
and along the y-axis
Sy = Ay* + By + Cy2 + G, (s)
Combining eqs. (la) and (4) and after rearranging the terms we obtain
A(2% - 1)(2%? - 2x + 1) + C(2x - 1) = g4 - P} - €3 = O. (6)
Eq. (6) is not exact, however, since error does exist in the measured value
of qg. If the error is Aqy, then eq,(6) can be rewritten as
A(2x - 1)(2x2? - 2x + 1) + C(2x - 1) - q, - r] -€;% = Agy. (7)
If we assume that the lens is afflicted with first order aberrations only
and that A, B, and C are constant over the entire lens, and if we impose
the condition that the sum of the Aq, 2 is to be a minimum then we can find
a method for evaluating the Seidel aberrations.
First, let
8qy? = & [A(2x - 1)(2x2 - 2% + 1) + C(2x - 1) - qy - r; - e1x|2 = IM2,
Now,

9rAq, 2 | dIM2
A 3A

S 28(2%-- 1)(2x2 - 2x + 1) M = 0

azAq 2 9IM?
X = = 25(2x - 1) H =0

aC 3C
azag2  AIW

ael = ael = 28(-x) M= O
gl A 25(-1) M= ©

arl arl
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and upon substitution for M and rearrangement of the terms we arrive at

Az{(2x - 1% (22 - 2x + DZ| + ¢ o (2x - D2 (2x2 - 2x + 1))

-r I {(2x - 1) 2%2 - 2% + li} -, I [%(2x - 1)(2x? - 2x + li} =

I [a, (2%~ 1)(2x° - 2x + 1)

AL T(2x - 1)2 (2x% - 2% + 1)} + cx(2x - 1)2 .

-r;Z(2x - 1) - eltx(2x - 1) =1 qu(2x - 1) ®

AL [-x(2x - 1)(2x® + 1)} + CE(-x)(2x - 1)

-rIZ(-x) -€Ix(1-x) = L q (-x)

AT | (2x - 1)(2k% - 2% + 1)] + CE(2x = 1) -py(n - 1) -€,5x = Iq,
where N = number of reference points.
If a similar procedure is applied to the equations along the y axis, then
a set of equations (8') corresponding to (8) will be obtained. Solution
of the four simultaneous equations in set:(8) and the five simultaneous
equations in set (8') will yield numerical values for A, B, and C.

We have just described a method for obtaining values for the Seidel
coefficients of spherical aberration, astigmatism and coma using the data
from the wave front shearing interferometer., It should be possible to

obtain a measure of the quality of a lens or mirror by testing it with the

wave front shearing interferometer.

COLLIMATION TECHNIQUES

An attempt to use the wave front shearing interferometer to measure
decollimation effects in a Cassegrain reflector was carried out at the
McCormick Observatory. Since a misalignment in the optics causes a non-

symmetrical distortion in the deviated wave front, it was supposed that



-2]-
the WSI would prove very useful in evaluating decollimation effects.
In order to test this statement, an 8-inch Cassegrain reflector located
at the Leander McCormick Observatory was modified for the purpose. An
attachment for the secondary mirror support was designed which would
enable the secondary mirror to be tilted off-axis with respect to the
optical axis of the primary. The modification would allow the tilted secon-
dary to be rotated about the optical axis of the primary, thus permitting
a controlled amount of tilt in any direction. The angular amount of tilt
was controlled by a finely threaded rod which extended out beyond the tele-
scope tube and the adjustments could be made quite easily by a single
observer,

The modifications were carried out in the machine shop of the Depart~
ment of Astronomy by the instrument maker, Hermann Bluemel. Once complet-
ed, the telescope was remounted and the testing was started. It was hoped
that any decollimation effects could be detected quite readily by signi-
ficant changes in the fringe pattern. However, this was not the case.

Only by tilting the secondary mirror through large angles (%5°) could any
noticeable change in the fringe pattern be detected. Very small decolli-
mation effects could not be detected by visually examining the fringes.
Only after - measurement of the interferogram and subsequent reduction
of the data did the effects become evident.

As is evident from the theory of wave front shearing interferometry,
the interferometer does not compare the wave front being tested with
reference sphere, but rather compares the wave front with a sheared image
of itself. The shape and the width of the fringes are measures of the

deviation of the original wave front from a sphere. If the angle of shear
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is small (about 0.0039 radians or less), the curvature and difference in
width of the fringes is also small for slight deviations of the wave front
from the sphere. The larger the shear angle, the more noticeable becomes
the curvature of the fringes and the accuracy in testing becomes corre-
spondingly higher. It should also be mentioned that the wave front shear
prism can be constructed with a built-in wedge which allows the fringes

to rotate. The fringes can therefore be rotated so as to be parallel to
the direction of shear. Keeping these points in mind, let us consider the
problem of the decollimation of a Cassegrain reflector.

The tilting of the secondary mirror causes the optical axis of the
secondary mirror to make a small angle with the optical axis of the primary
mirror. Thus, aconverging spherical wave front produced by the primary
mirror will, upon encountering the secondary, be given a certain non-
symmetrical distortion. The amount of distortion will depend upon the
size of the angle between the optical axis of the secondary and primary
mirrors. If the tilt is small, the amount of distortion will be small.
Now, if the slightly distorted wave front were compared with a reference
surface (either an optical flat or a reference sphere) the discrepencies
in the resulting fringe pattern could be easily noticed. However, if the
wave front were given only a small amount of shear and caused to interfere
with itself, the discrepencies would not be easily recognized. This
statement has been confirmed by our testing with prisms of small shear.

It would seem that if one used a prism with a large shear angle, say
0.0060 radians or greater, the effects would be more pronounced. However,

we did not have such a prism readily available.
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Another point worth mentioning is that the prisms which we used in
these tests did not have a built-in wedge. In this case, the fringes re-
main always perpendicular to the direction of shear and the width (or
spacing) of the fringes determines the shape of the wave front. It would
be a much simpler task to detect deviations from a straight line along one
fringe than to detect small changes in the width of the fringes across
the fringe pattern. It would appear then, that if the wave front shearing
interferometer were to be used to test Cassegrain reflectors for decolli-
mation, a prism with a built-in wedge and a large shear angle would be requir-
ed. In discussing this problem with Mr, Saunders of the National Bureau
of Standards, it was brought to our attention that the KBsters prism, as
modified by Saunders, would be the ideal prism to use for such a task.

The KYsters prism will be discussed in some detail later in this paper
in connection with double star and stellar diameter work. It is sufficient
here to point out that this prism folds one-half of the wave front being
tested over onto the other half. Therefore, any non-symmetries in the
wave front become immediately obvious. This prism is extremely sensitive
to non-symmetry of wave form and this property makes the Kbsters prism
ideally suited for our desired tests for decollimation. We propose to
obtain a KBsters prism as well as a shearing prism with built-in wedge
and large shear angle and use both of these prisms to test our modified
reflector for decollimation effects. It should be possible to visually
align a Cassegrain reflector using these prisms, and we propose a thorough
test of this statement. A catalogue of interference patterns could then
be produced under all conditions of misalignment which would be most useful

to astronomers when aligning a two element or more reflector. Since,
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these prisms are so small but yet so rugged, they could easily be used

to test for decollimation in earth orbit telescopes. The forces encounter-
ed during launch would tend to introduce some decollimation into a re-
flector type system. By transmitting the fringe pattern produced by one

of these prisms back to earth, a check with a catalogue of fringe patterns
would enable the observer to make a correction in the proper direction

by the proper amount. Further investigations into this technique are there-
fore needed.

The first area of astronomy in which interferometers find application
has just been discussed. This area of testing of instruments can be great-
ly improved by using techniques of interferometry. Methods of testing tele-
scopes interferometrically have been described and the results that can
be expected have been shown. Wave front shearing prism techniques offer
many improvements over presently existing methods of testing., Visual
inspection of fringe patterns permits adjustments to be made to the support
system of a mirror, while careful analysis of the interferogram yields the
Seidel coefficients of the primary aberrations in an optical system. The
small size of the test instrument and the ease with which it can be used
are very favorable characteristics. We now turn our attention to the second

area of astronomy in which interferometry finds application.

DOUBLE STAR TECHNIQUES

Conventional methods of measuring double star separations are limited
by the resolving power of the telescope. In order to set the micrometer
cross hairs on the two stars, they must be resolved. The formula for
the resolving power of a telescope is

da" = 1.22) x 206265".

A
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Here d is the separation in seconds of arc between two stars which can
just be resolved, A is the telescope aperture and A is the wavelength ex-
pressed in the same units as A. This theoretical limit is never reached,
however, due to seeing conditions. The use of interferometry techniques
enables one to work below the limit set by the resolving power: The

KBsters prism provides such a technique and it is discussed below.

THE KUSTERS INTERFEROMETER

Details on the construction and alignment of a KBsters double-image
prism and a discussion of the KYsters interferometer and its various appli-
cations have been given by J. B. Saunders (1957a, 1957b). In a more re-
cent publication, Saunders (1963) describes how the KBsters prism can be
used as an alignment interferometer and points out that the prism is ex-
tremely sensitive to position of the source. A brief description of the
KBsters prism will aid in understanding the discussion which is to follow.

The, KUsters prism is made by cementing two identical right-angled
prisms back to back, with their common surface being aluminized to act as
a beam divider. The entrance face can be ground to a spherical shape to
reduce refraction effects when a converging light beam is being used. A
thin cement wedge is formed between the two components of the prism and
all adjustments are carried out before the cement is hardened. If the
K8sters prism is placed near the focal point of a telescope and the beam
dividing plane is adjusted so as to coincide with a diameter of the tele-
scope lens or mirror, then the observer will see an image similar to that
shown in Fig. 5(b). The prism folds one-half of the wave front over onto

the other half and introduces some tilt between the two halves. If a point



FIG. 5-(a) The optical diagram of the modified K8sters prism.
5-(b) Interference pattern produced by Kosters prism.

FIG. 6 - The appearance of the interference fringes when the point source is
(a) in the beam divider plane, (b) off of the plane, (c) further off the

plane.

a b c
FIG. 7- The appearance of the interference fringes when the source is (a) single,
(b) double, (c) extended
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source is used and lies in the plane of the beam divider, the fringes
will be perpendicular to the dividiﬁg plane. If the source is moved off
of the plane of the beam divider, the fringes will remain fixed at the
dividing plane but the angle between the fringes and the dividing plane will
be altered. Figure 6 shows this effect.

In the case of a double source, each point source will produce its
own set of interference fringes. These two sets of interference fringes
will have a definite angle between them, dependent upon their separation.
The resulting pattern will be a series of bright and dark bands parallel
to the dividing plane. These bands will be produced by the fade out and
support of the two sets of fringes.

The separation between adjacent dark bands (nulls) or adjacent bright
bands is inversely proportional to the separation of the stars. The equation
showing this relationship is given as

an = A x 206265" (10)
435

vliere d is the angular separation between the stars, A the wavelength

being used and S is the distance from the dividing palne to the first fade-
out. The limiting case occurs when the first fade-out is at the edge of
the objective farthest from the dividing plane. In this situation, S/2

and hence the limiting separation which can be measured is given by

d"( tim) = X x 206265". (11)
2A

This limit is below the resolving power of the telescope and separations
one-half as small as the resolving limit of the telescope can theoretically

be measured. With atmospheric seeing, the fringes will wave like the stripes
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on a flag but they remain anchored at the dividing plane and the bright

and dark bands will not be shifted. Unless the atmospheric turbulence

becomes too great, the fade out distance can readily be measured. This
interferometer is similar to the wave front foiding stellar interferometer
described by L. Mertz (1963) but permits measurement of fainter stars.

Saunders has constructed an eyepiece attachment that holds a Kbsters
prism in the correct position near the focal plane and permits adjustment
of the orientation of the beam dividing plane. This instrument has been
tested briefly on the Leander McCormick 26-inch refractor and appears to
be very promising. A small micrometer in the viewing eyepiece permits
measurements on the first fade-out to be made. The position angle is
determined by rotating the beam divider plane and measuring the first fade-
out. When the beam dividing plane is coincident with the line joining
the two stars, the two sets of fringes will be coincident and no fade-out
will occur, and when the beam divider plane is perpendicular to the line
joining the two components, the fade-out distance will be a minimum.

Unlike many interferometers currently being used to measure double
star separations, this technique utilizes the whole telescope objective,rather
than - only two small slits. Thus, the limiting magnitude which can be
reached by this method should be somewhat greater than that reached by
other techniques. This same principle can be applied to stellar diameter

measurements and this is discussed in the next section,

STELLAR DIAMETER MEASUREMENTS
The Michelson stellar interferometer has been used by various observers
in attempts to measure stellar diameters. The original work, which was done

by Michelson and Pease at Mt. Wilson Observatory, produced the apparent
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angular size of about seven stars, all of them giants or supergiants of
late spectral type. A later attempt by Pease, using a 50 ft. interfero-
meter beam, turned out to be somewhét fruitless. The mechanical rigidity
of the interferometer beam was not sufficient enough to prevent optical path
differences from being introduced into the two channels of the interferometer.
Another serious problem was that the outer mirrors had to be adjusted until
the fringe visibility was a minimum in order to get an estimate of the
stellar diameter. During this procedure, path-inequalities were introduced
which caused even the fringes of the comparison star to disappear.
The effects of atmospheric seeing seriously reduced the reliability
of the quantitative results obtained. As was pointed out in a recent dis-
cussion with Dr, Willet Beavers of Iowa State University, even at six feet
separation there is a definite coherence loss, probably due to atmospheric
scintillations. This has the effect of reducing the visibility of the
fringes and could cause the fringes to disappear before the star was resolved.
We have made a careful study of the Michelson stellar interferometer
2nd the application of modern electronic and recording technigues to it.
Ve have discussed the problem in some detail with Dr. Willet Beavers, who
is currently engaged in Michelson interferometer work at Iowa State Univer-
sity, Ames, Iowa. Dr. Beavers is using the Michelson technique and apply-
ing electronic detectors and recorders. Figure 8 shows the principle of
Dr. Beavers' instrument. Two rectangular mirrors (M1M2) about 1" by 6"
effective aperture are used to gather the light and reflect it to the image
forming mirror M3. The fringes are detected photoelectrically and the
visibility of the fringes can be measured quantitatively, hence there is

no need to extend the beam to the separations where the visibility is a
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FIG. 8 - The optical diagram for a Michelson stellar interferometer

showing Dr. Beavers' electronic additions.
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FIG. ¢ - The optical diagram for the proposed stellar interferometer

using the modified Kbsters prism.
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minimum, Dr. Beavers believes that such measurements would reduce the
mirror separation needed to measure any given angle by at least a factor
of 4 and it would be possible to measure limb darkening of a number of
stars. It will be necessary to measure the relationship between scintil-
lation effects and the fringe visibility, and take this coherence loss
into account when determining the actual fringe visibility at a given mirror
separation.

The observations by Michelson and Pease were done visually and the
best they could do was to estimate the coherence loss due to atmospheric
scintillation. Furthermore, since they were working at separations where
the fringe visibility curve was a minimum, the assumptions they made on
limb darkening could affect the angular diameter of a star to a large extent.
The use of photoelectric detection techniques permits one to measure the
coherence loss quite accuarately and make the necessary corrections for
it. The technique also permits one to work further in on the visibility
curve where the éffects of limb darkening are not as great.

We have examined the possibility of using the KbBsters prism as a
stellar interferometer and have concluded that there are very definite ad-
vantages in this technique. With some sliight modi

found in Saunders contribution to John Strong's Concepts of Classical

Optics, (1958), the optical diagram of the interferometer that we have
studied is shown in Fig. 9. This arrangement has the great advantage that
the light is gathered by two small or medium-sized telescopes and then com-
bined by the Kdsters prism. As a result, much fainter magnitudes can be
reached than have ever before been possible. Beavers estimates his limit-

ing magnitude with the 1" x 8" mirrors to be about 2nd magnitude. The
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intensity interferometer as described by R. Q. Twiss in Space Physics and

Radio Astronomy has been designed to measure stellar diameters of stars

brighter than magnitude 3.5 provided that such a star is hot enough not

to be appreciably resolved by an individual mirror. The design which we
propose could go beyond this limit using only two 12-inch aperture instru-
ments. The use of photoelectric detection and recording techniques should
enable us to work on the same part of the visibility curve as Beavers,

and permit us to measure quite accurately the effects of scintillation on
coherence loss.

We plan to submit a proposal for funds to construct and do research
with an instrument such as this. Details on the design of this stellar
interferometer will be included in the proposal. One important advantage of
the increased amount of light available with the instrument would be the
ability to use narrow-band optical filters which would define the wavelength:
of the measurement as well as reduce the seeing effects. Twiss( 1964)
points out that if a re-engineered version of the Michelson stellar inter-
ferometer is to be built, it should be able to measure accurately the ampli-
tude of the visibility curve at any point within the range of the inter-
ferometer base line. Such an instrument would be of considerable value to
astronomy if its operation were not confined to nights of exceptional seeing.

We believe the K¥sters instrument will meet both of these specificationms.



APPENDIX A Table of Filters

Filter Peak (A) Halfwidth (A) Type
A 4200 90 Interference 2nd Order
‘B 5500 200 Interference lst Order
C 5920 140 Interference 2nd Order
D Cut off at 4950 Absorption

APPENDIX B Results of the interferometer tests on the
Leander McCormick 32-inch reflector.

Plot Interferogram Date Time  Soutce ' Filter Exp. Time
Table (EST) (Sec.)
1 AB - 6 5/26/65 22:30 Arcturus B 16

AB -7 " 22:33 " B 24
AB - 12 " 23:05 " B 16
2 AB -2 u 22:20 " B 20
X -2 " 23:20 " B 12
AB -9 " 22:48 " B 12
3 SN 8/12/65 22:00 Vega D 4
4 WE " 22:10 " D 4
5 SW - NE " 22:20 " D 3
6 SE - NW " 22:26 " D 5

The following plots represent the deviations of the wave front of
the Mc Cormick 32-inch reflector from a spherical wave front. The
deviations, &, K are expressed in wavelengths determined by the filters
as listed in thé*preceding table, D represents inches along the diameter.

The direction of shear is indicated below the plot and the size of the arrows

indicate the probable error for each point.
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APPENDIX C: Results of the interferometer tests on the
: Mt. Cuba 24-inch reflector.

e e —
Plot Interferogram Date Time Source Filter Exp.Time
Table (EST) (sec.)

7 1-1 8/5/65  22:30 Vega B 15
1-2 " 22:31 " " 20
1-3 " 22:32 " " 15
1-4 " 22:33 " " 10
2-3 " 23:04 " " 20
2-4& " 23:06 " " 15
2-5 " 23:07 " " 10
8 1-5 " 22:37 " " 10
1-6 " 22:38 " " 15
1-7 " 22:39 " " 20
1-8 " 22:40 " " 15
2-6 " 23:15 " " 10
2-7 " 23:17 " " 15

The following plots represent the deviations of the wave front of
the Mt. Cuba 24-inch reflector from a spherical wave front. The
deviations, 6., are expressed in wavelengths determined by the
filters as listed in the preceding table; D represents inches along ;h,,e
diameter. The direction of shear is indicated below the plot and tﬁe

size of the arrows indicate the probable error for each point.
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MTe CURA 24=INCH REFLECTOR

NIRECTIUN UF SHEAKRS SN

INTERFERUGRAM IDENTIFIC

REFERENCE
POINT 1=1 1=2 1=3 1=0
0 Ue043 =0+0109 PeQ406 D.,027
1 Jg,uny ~Q0,05Yy - 02/ =0,07¢C
2 -0.011 0070 =0.050 0,070
3 -y, 049 0,043 -J,060 -0 _001
4 0,103 0002 0,067 0,037
5 -0,105 0.055 -0,043 V_.042
6 ~0.033 D76 0.0G2¢ 0,u2A
7 0,081 G.USY 0.098 0,003
8 (VIR s =J.u08 d.097 -0,001
16 U, 37U Ued 30V Uo,l440 0,290
17 U.137 0.135 )e253 0.146
18 =0.024 “0.031 O.028 =0 ,02¢72
19 -6.171 ~0aZh8 ~0.166 =0,164
20 “0.315 -C,408 0,316 -0,243
21 =0.307 ~(0.301 =V, 388 =0,253
292 -0,15% -(0.176 ~0,173 -0 ,15%
23 0 ,0NAY Cel153 0.132 0,052
24 (}a307 e8G9 3 D548 04357

PROSABLE ERRUOR FUR ANY ME!

32—' TABLE 7
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0.125
-0,054
0,117
=0,116
=0,049

0,014

0,081

0,114

* %k kok Kk

U,374
0.195
-0.,029
=0.228
=0,371
=0.289
-0,122
0,081
0,389

SUREMENT ¢

=0.018
-0,049
-0,043
-0,013
0.032
0.053
0.049
-0,010

* %k ok ko ok

0,436
0.133
0,094
"00236
=0,293
=0.275
~0.161
0.078

0411

0.032

2=5

0eNO7
0,051
0,056
=-0,027
0eN25
U.071
0,070
0,022
“J,0k7

U,.373
0.139
=0.112
-1.269
=U,323
-0,273
=0.135%
04160
NDeL66

NORMAL
POINTS

U.031
“0.061
-0,045
~0.018

U.012

Ue04?

v,.050

U.035

U,.388
04163
~0,041
-0.215
-0,324
~0s.311
-U,147
Ul.104
deldS2
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REFERENCE
POINT

X NI B WA O

16
17
18
19
20
21
2?

WEZ,H

1=5

-J,310
“J,07¢6
v OTT
Ue158
Ne190
U.,186
felra
0,061
=0.27%

UeH28d
Wel172
=U,135
-0.324
0,394
-0.33"»
~i1,149
U, 147
.69

M,

DIRECTTUN JF SHEAKS

1=6

=0.345
=Q.u67
0.123
0235
0250
.156
Ne(163
=G.«170
~0«316

Cal25
0e163
=008
=0.746
=0.,362
=0.320
“(0.169
0,101
0e432

CUBA Z24=1nNCH REFLECTNR

N E

INTERFERUGRAM  IDENTT

1=7

-0.,26¢C
=-0.084
0,059
0.142
0.174
0175
Ne«135
0,025
=-0.307

0.4a09
Ge182
=0,087
=D, 246
=0.345
=0,.346
=0.137
Cc,101
Ne508

i=06

0,270
-0 ,077
0,071
0,160
0.194
0,164
0.07¢
=0,061
=0,26%

0,324
0,093
=-0,063
0,173
=0,25R
~0,257
0,117
0,100
Q.344

PROSABLE ERRNOR FUR ANY

TABLE 8
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2=6

-0,158
-0.077
0.001
0,077
0149
0,148
0.084
=0.042
~0.182

EASUREMENT @

2«7

=0,193
=0,075
0.020
6,082
0121
0,138
0102
=0.007
=0.188

0.581
0.188
-00107
=0.325
=0.436
~0.399
=0,215
0.117
0.595%

0.033

NURMAL
PUINTS

~0,257
“0,07%
U.059
Del4?2
Vel181
0.161
0.095
~0.,061
=0.255

0e44?
\)0159
-0,087
=259
=0.353
-0.321
0,160
v,109
Qell70
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APPENDIX D: Results of the interferometer tests on the
Kitt Peak 84-inch reflector.

== =
Plot Interferogram Date Time Source Filter Exp. Time
Table MST) (sec.)
._.__._._“‘»,;_.—-——_..—_—_-——..—-____———:————_—-—- ———
9 i 4-1 9/9/65 8:31 Vega D 3

! 4-10 1" 8:40 2 D 1

6-1 9/10/65 8:16 i B 5

! 6-5 " 8:20 " B 5
10 4-3 9/9/65 8:33 " D 3

4.1 " 8:41 " D 3

6-2 9/10/65 8:17 " B 5

| 6-6 " 8:21 " B 5

t
11 ! 4-8 9/9/65 8:38 " D 1

i 4-15 " 8:45 " D 3

? 6-4 9/10/65 8:19 z B 5

f 6-8 " 8:23 " B 5
12 i 4-6 9/9/65 8:36 " D 1

i 4-13 " 8:43 " D 3

6-3 9/10/65 8:18 " B 5

g 6-7 L 8:22 L B 5

The following plots represent the deviations of the wave front of
the Kitt Peak 84-inch reflector from a spherical wave front. The
deviations, 8 ,, are expressed in wavelengths determined by the
filters as listed in the preceding table; D represents inches along
the diameter. The direction of shear is indicated as the angle made
with the north-south line of the mirror. The size of the arrow in the
upper left hand corner indicates the size of the probable error for -

all the points.
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